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1.

Introduction

This proposed research is designed to address the critical knowledge gap as identified by the FY18
PRCRP Program: "Blood Cancers”. Pediatric leukemias account for almost 35% of all childhood cancers,
leaving leukemia as the leading cause of cancer death for children. In addition to children, leukemia also
affects adults. Adult leukemia usually occurs around age 60 and carries a very poor prognosis, with most
patients live less than 18 months. Active duty military members are frequently exposed to ionizing
irradiation, chemicals, infectious agents and/or environmental carcinogens. This exposure can cause
mutations in blood cells that lead to blood cancer (leukemia). For instance, there are increasing numbers of
Gulf War veterans returning from theater with irradiation or toxin exposure-related leukemia. Despite
significant progress in treating leukemia, some patient populations response poorly to conventional
chemotherapy. Unfortunately, little progress has been made in treating leukemia over the past 4 decades.
Clearly, new treatment strategies are urgently needed. Leukemia is initiated and maintained by a rare
population of leukemia-initiating cells (LICs). LICs, and in particular those that are in a dormant state, are
resistant to chemotherapy or targeted therapies. This proposal seeks to validate and pharmacologically
modulate new leukemia targets with an eye toward clinical translation. As we found that protein tyrosine
phosphatase PRL2 is highly expressed in MLL leukemias, the objective of this proposal is to determine the
effects of genetic and pharmacological inhibition of PRL2 on human leukemia-initiating cells in order to
further assess its clinical potential. We found that PRL2 is essential for the self-renewal and survival of
LICs expressing MLL-AF9. We developed a novel PRL2-specific inhibitor (PRLi) and found that PRLi
treatment decreases the proliferation and survival of human MLL leukemia cells in vitro. Importantly, we
found that in vivo PRLi treatment significantly increases the survival of MLL leukemia mice. The proposed
work will facilitate the clinical application of PRL2 inhibitors in treating military personnel, veterans and their
dependents with leukemia, thus improving their quality of life.
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Accomplishments

Major goals and accomplishments: From August 1, 2019, to August 31, 2022, we have carried out all
experiments proposed in both Aim 1 and Aim 2. We have completed all proposed research as indicated in
the Statement of Work (SOW).

PRL2
Specific Aim 1: Determine the impact of genetic and 20001
pharmacological inhibition of PRL2 on leukemia-initiating cells. g ™ =

S 6000
Rationale: MLL-rearranged leukemias represent about 10% of all g 50004 s
leukemia cases, including acute lymphoblastic leukemia (ALL) and 2 0001 -
acute myeloid leukemia (AML). We found that PRL2 is highly expressed S a0l C T
in human AML with MLL translocations (Fig. 1). Given that elevated g 2000 Sl .
PRLs have been shown to promote cancer cell proliferation and survival, & 1000- ¢
PRL2 may be a potential therapeutic target in MLL leukemias. Increased . ' ' .
self-renewal potential and enhanced survival are two key behaviors of HSC HPC  AMLwith
leukemia-initiating cells. The objective of this aim is to determine the _ | TezyMLL
impact of inhibiting PRL2 on LIC self-renewal and survival in MLL i';'g“L‘Zé;j'—i‘&["gh&}’eg‘spresﬁﬁﬁ
leukemias. Our working hypothesis Is that |nh|b|t|qn of PRL2 qctlwty WI|| translocations compared to normal
decrease LIC self-renewal and survival. To test this hypothesis, we will human bone marrow hematopoietic
determine the impact of genetic and pharmacological inhibition of PRL2 stem and progenitors (*p<0.05).
on human leukemia cells with MLL translocations by employing a mouse

model of human AML and Patient-Derived Xenograft (PDX) models.

Major Task 1: Determine the impact of genetic inhibition of PRL2 on human leukemia cells with MLL
translocations.



Genetic inhibition of PRL2 decreases the proliferation of human MLL leukemia cells: MV4-11 is a human B-
myelomonocytic leukemia cell line with MLL-
AF4 translocation and Molm-13 is a human A B

AML cell line with MLL-AF9 translocation. To MVA-11 cells Molm-13 cells
knock down PRL2 expression in human
leukemia cells, we transduced human MV4-11
and Molm-13 cells with lentiviruses expressing
a control shRNA (Sh-Luc) or a PRL2 shRNA.
We observed downregulation of both PRL2
MRNA and protein in cells expressing PRL2

shRNA (data not shown). We found that ° Dzay N day
knockdown of PRL2 using shRNA targeting Figure 2 (A) Knockdown of PRL2 expression decreases the
PRL2 decreases the proliferation of both MV4- prgliferatic()n)of MV4-11 cells (**p<0.OF.’)L, n=3). (B) Knockdown of
11 and Molm-13 cells (Figs. 2A and 2B). Thus, PRL2 expression decreases the proliferation of Molm-13 cells
we demonstrated that PRL2 is important for the (**p<0.01, n=3).

proliferation of human leukemia cells with MLL-
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human MLL leukemia cells: To understand why PRL2 deficiency
decreases leukemia cell proliferation, we examined phosphorylation of

[ = —— | pakr

AKT and ERK in Molm-13 cells following SCF stimulation. We found that . | acr
knocking down of PRL2 significantly decreases both the levels of pAKT e - | pERK
and pERK in Molm-13 cells (Fig. 3). Interestingly, we also observed Pr———
decreased levels of CBL, an E3 ubiquitin ligase responsible for [— m—] GAPDH

ubiquitination of both KIT and FLT3 in hematopoietic cells, in Molm-13
cells expressing PRL2 shRNA (Fig. 3). These findings suggest that CBL

| —— | PRL2

Figure 3 Immunoblot analysis of

may be involved in modulating oncogenic signaling in PRL2 null HSPCs. AKT and ERK phosphorylation in
PRL2 is essential for the maintenance of MLL-AF9 driven leukemia: We g%ﬂ;{ifon cells following SCF

utilized a well-established mouse model of human MLL leukemia-induced
by MLL-AF9 to determine the role of PRL2 in the initiation and maintenance of MLL leukemias. We
introduced MLL-AF9 into hematopoietic progenitor cells isolated from wild-type (WT) and Prl2 null mice
using a retrovirus carrying cDNA that encodes MLL-AF9 (MSCV-MLL-AF9-IRES-GFP). We then
transplanted transduced cells (GFP?) into lethally irradiated recipient mice. The development of leukemia in
host that received wild-type cells transduced with MLL-AF9 retrovirus was rapid, with all control animals
succumbing to the disease and died 7 weeks following transplantation. In contrast, animals repopulated
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Figure 4 (A) PRL2 deficiency extended the survival of recipient mice transplanted with hematopoietic progenitor cells expressing
MLL-AF9 (***p<0.001, n=7). (B) Loss of PRL2 decreased spleen size. (C) Recipient mice repopulated with different numbers of
Pri2”- LSCs (GMPs) show extended survival compared to that of the Prl2** LSCs (***p<0.001, n= 7).

with Prl2 null cells showed extended survival (Fig. 4A). Expression of MLL-AF9 causes splenomegaly in
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recipient mice repopulated with WT cells and loss of PRL2 significantly decreased spleen size (Fig. 4B).
To determine the role of PRL2 in LIC self-renewal, we performed limiting dilution transplantation assays
and transplanted 100 or 1000 leukemia stem cells (GMPs) purified from the BM of primary recipients that
have developed leukemia into sublethally irradiated recipient mice. While most recipient mice repopulated
with Prl2** cells expressing MLL-AF9 developed leukemia and died within 30 days, the recipient mice
repopulated with Prl2” cells displayed significant protection from disease and showed extended survival
(Fig. 4C).
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Figure 5 (A) MLL-AF9 targets were significantly downregulated in PRL27/- HSPCs expressing MLL-AF9 compared to that
of the WT HSPCs. (B) MLL-AF9 target genes, including HoxA9, HoxA10, and Meisl, were significantly downregulated in
PRL2- HSPCs expressing MLL-AF9 compared to that of the WT HSPCs (**p<0.01, ***p<0.001, n=3).

MLL-AF9 targets were significantly downregulated in Prl2”- HSPCs: To determine the mechanisms by
which PRL2 enhances LIC self-renewal, we performed RNA-seq analysis to compare gene expression in
Pri2*"* and Prl2™ fetal liver HSPCs (LSKs) expressing MLL-AF9. To ensure reproducibility, three biological
replicates wereperformed. We then employed Gene Set Enrichment Analysis (GSEA) to group potential
PRL2 target genes into specific pathways important for LIC behavior. MLL-AF9 targets were significantly
downregulated in Prl2” HSPCs compared to Pri2** HSPCs (Fig. 5A). We confirmed that MLL-AF9 target
genes that are important for LIC self-renewal, including HoxA9, HoxA10, and Meis1, are downregulated in
MLL-AF9*Prl2”- HSPCs (Fig. 5B). Thus, we demonstrate that PRL2 is important for MLL-AF9-induced gene

expression in HSPCs.

e . Molm-13
Genetic inhibition of PRL2 prolongs the survival of human
leukemia cells in vivo: To determine the impact of PRL2 100 .
deficiency on leukemia development in vivo, we have T :
established Patient-Derived Xenograft (PDX) models. We S 807 K
injected 1.5 x 10° Molm-13 cells expressing control ShRNA S 604 “ 1.
(sh-Luc) or PRL2 shRNA into sublethally (2.5 Gy) irradiated 2 401 ( | 7P<0.03
A . . . . i
immunodeficent mice (NSG-S) and monitored disease SR |
development and survival. Consistent with our findings in 201 _ shpR2 ":
mouse model of human AML (Fig. 4), we found that 0 ' —
knocking down of PRL2 in Molm-13 cells significantly 0 10days 20
extended the survival of NSG-S mice (Fig. 6). Thus, we
demonstrate that genetic inhibition of PRL2 in human Figure 6. Survival curve for NSG-S mice
leukemia cells delays leukemia development and prolongs repopulated with human leukemia cells (n=5,
survival in vivo. *p<0.05).

Major Task 2: Determine the impact of pharmacological inhibition of PRL2 on human leukemia cells
with MLL translocations.



Development of a PRL2-specifc inhibitor that decreases the proliferation and survival of human MLL
leukemia cells: Recently, we identified a small molecule PRL2 inhibitor (PRLI) using computer-based virtual
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Figure 7 (A) Human AML cell lines and primary human AML cells are sensitive to PRLi treatment in a dosage-dependent
manner. (B) PRLi treatment induces apoptosis in human leukemia cells (*p<0.05, **p<0.01, n=3). (C) PRLi treatment
decreases the colony formation of human CD34" cells expressing MLL-AF9 (**p<0.01, n=3).

screening. PRLi did not affect the viability of human cord blood mononuclear cells and CD34* cells (data
not shown). To determine the role of PRL2 in the proliferation and survival of human leukemia cells, we
treated several human AML cell lines with different concentrations of PRLi and monitored cell proliferation
and survival. We found that PRLi treatment of PRL2-expressing human AML cell lines resulted in
decreased proliferation and survival (Fig. 7A). Furthermore, we found that primary human AML cells are
sensitive to PRL2 inhibitor treatment in a dose-dependent manner (Fig. 7A). We also found that
pharmacological inhibition of PRL2 function using PRLi decreases the survival of human AML cells (Fig.
7B). Human leukemia-initiating cells (LICs) are enriched in the CD34" population of leukemia blasts.
Human CD34" cells expressing MLL-AF9 represent a valuable tool for studying MLL-AF9-positive AML.
While DMSO treatment did not affect the colony formation of human CD34* cells expressing MLL-AF9,
blocking PRL2 function with PRLi decreased the colony formation of human CD34" cells expressing MLL-
AF9 (Fig. 7C).

Pharmacological inhibition of PRL2 decreases leukemia burden and extends the survival of mice
transplanted with human leukemia cell lines:
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Figure 8 (A) PRL inhibitor (PRLi) treatment significantly decreased the colony formation ability in MV-4-11 cells (n=3).
Representative images of the colonies are displayed. (B) 3 x 108 MV-4-11 cells expressing luciferase were injected into
sublethally irradiated NSG mice. One week after the transplantation, NSG mice were treated with DMSO or PRLi (25mg/kg,
I.P.) daily for three weeks. The leukemia burden in NSG mice were monitored by In Vivo Image System (IVIS) once a week
for three weeks (n=5 mice per group). (C) Kaplan-Meier survival curve of NSG mice treated with DMSO or PRLi (n=7 mice
per group). (D) PRLi treatment reduced splenomegaly seen in NSG mice transplanted with MV-4-11 cells.

PRLi treatment reduces the colony formation of MV-4-11 cells (Fig. 8A). To determine the efficacy of PRLI
on human leukemia cells in vivo, we transplanted luciferase-labeled MV-4-11 cells into sublethally
irradiated NSG mice via tail vein injection. One week after the transplantation, we treated NSG mice with
vehicle (10% DMSO) or PRLi (25 mg/kg, I.P.) daily for three weeks. Leukemia burden in NSG mice was
monitored via bioluminescence imaging weekly. Serial imaging of luminescence showed that PRLI
treatment dramatically decreases leukemia burden compared with the control group (Fig. 8B). The
radiance of the NSG mice was significantly reduced after exposure to PRLi. Furthermore, PRLi
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substantially extended the survival of NSG mice transplanted with human leukemia cells (Fig. 8C). PRLi
also considerably decreased the engraftment of human leukemia cells in PB, BM, and spleen of NSG mice
(data not shown). PRLI treatment significantly reduced the size and weight of spleen of NSG mice (Fig.
8D).

Pharmacological inhibition of PRL2 reduces leukemia burden and extends the survival of mice transplanted
with primary human AML cells:
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Figure 9 (A) PRLi treatment decreased the viability of primary human AML cells with FLT3-ITD mutation in a dosage-
dependent manner. (B) PRLi treatment reduced the colony forming ability of primary human AML cells with or without FLT3-
ITD mutation. Samples 3153 and 3202 are from AML patients with WT FLT3, whereas samples 3142 and 3179 are from
AML patients with FLT3-ITD. (C) Kaplan-Meier survival curve of NSG mice transplanted with 4 x 108 human CD45* leukemia
cells (AML3179) following three weeks of DMSO or PRLi treatment (n=6 mice per group). (D) Flow cytometry analysis of
human CD45* cells in PB, BM, and spleen of NSG mice transplanted with 4 x 106 human CD45* leukemia cells (AML3179)
after three weeks of DMSO or PRLi treatment (n=4 mice per group).

PRLi decreases the proliferation of primary human AML cells in vitro in a dosage-dependent manner (Fig.
9A). In addition, PRLI treatment decreases the colony formation of primary human AML cells with or
without FLT3 mutations (Fig. 9B). To determine the efficacy of PRLi on primary human leukemia cells in
vivo, we generated two patient-derived xenograft (PDX) models of FLT3-ITD positive AML in NSGS mice.
12-16 weeks post primary transplantation, we confirmed engraftment of human CD45* (huCD45%) AML
cells in NSGS mice (data not shown) and generated secondary recipients for drug administration. After
confirmation of human leukemia cell engraftment in peripheral blood of NSG mice (>1% human CD45*
cells), NSG mice were treated with vehicle (10% DMSO) or PRLi (25 mg/kg, I.P.) daily for three weeks.
PRLi substantially extended the survival of NSG mice transplanted with human CD45* leukemia cells (Fig.
9C). PRLi also considerably decreased the engraftment of human CD45* leukemia cells in PB, BM, and
spleen of NSG mice at the end point of treatment (Fig. 9D).

Specific Aim 2: Determine the mechanisms by which PRL2 contributes to the pathogenesis of
leukemia.

Rationale: Most human leukemia cells depend on aberrant A"’“ el PRI sefitont AL ool
receptor tyrosine kinase signaling and the subsequent
downstream effectors for proliferation and survival. KIT and m \

FLT3 are two of the major oncogenic receptor tyrosine W:f“‘\

kinases that are aberrantly activated in leukemia. We om]-I ) \E 'mlhl ===
found that PRL2 enhances KIT activation in hematopoietic \ // \\

stem and progenitor cells following cytokine stimulation. l

KIT inactivation can be mediated by removal from the cell increased cell profferation becressed cell roliferation and
surface and intracellular degradation. Indeed, we found and survival enhanced apoptosis
that PRL2 modulates KIT internalization in hematopoietic Figure 10 PRL2 dephosphorylates CBL and
progenitor cells and leukemia cells. Further, KIT half-life is g‘[‘%‘fﬂ'iiﬁr']'ﬁgsciﬁsc“‘”ty toward KIT and
reduced in PRL2 null hematopoietic progenitor cells due to '

enhanced ubiquitination. The CBL family E3 ubiquitin

ligases, including CBL and CBL-B, are responsible for the ubiquitination and degradation of KIT and FLT3
in hematopoietic cells. Upon SCF stimulation, KIT binds to and induces the phosphorylation of CBL
proteins, which in turn act as E3 ligases, mediating the ubiquitination and degradation of KIT and
themselves. We found that PRL2 showed enhanced association with CBL, KIT, and FLT3 in human
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leukemia cells, suggesting that CBL may be a substrate of PRL2 in leukemia cells. We hypothesize that
PRL2 inhibits the E3 ligase activity of CBL toward KIT and FLT3, leading to decreased ubiquitination and
degradation of KIT and FLT3, thereby activating downstream signaling pathways in leukemia cells (Fig. 10,
left panel). We further speculate that CBL is hyper-phosphorylated in PRL2-deficient leukemia cells,
leading to enhanced ubiquitination and degradation of both KIT and FLT3 (Fig. 10, right panel). To test the
hypothesis, we will perform four parallel experiments. First, we will determine the role of PRL2 in CBL
phosphorylation in mouse HSPCs expressing MLL-AF9 and in human AML cells with MLL translocations.
Second, we will determine the impact of CBL E3-dead mutant on KIT and FLT3 ubiquitination and
degradation in PRL2 null hematopoietic progenitor cells. Third, we will determine the impact of CBL-
deficiency on PRL2™ LIC self-renewal. Finally, we will determine the impact of KIT and FLT3 inhibitors on

human MLL leukemia cells with high PRL2 expression.
Major Task 3: Cbl in PRL2" LIC self-renewal.

PRL2 enhances oncogenic KIT and FLT3 signaling in hematopoietic progenitor cells: Previously, we

discovered that PRL2 is important for SCF/KIT signaling in
hematopoietic stem and progenitor cells (HSPCs). PRL2 null
hematopoietic progenitor cells showed decreased KIT
phosphorylation at tyrosine 703 as well as AKT and ERK
phosphorylation following SCF stimulation (Fig. 11). Importantly,
we observed decreased levels of CBL in PRL2 null HSPCs
following SCF stimulation. As CBL is responsible for ubiquitination
and degradation of both KIT and FLT3, these findings suggests
that PRL2 enhances KIT and FLT3 activation in HSPCs through
regulating CBL phosphorylation.

PRL2 is important for FLT3-ITD driven cell proliferation: To
determine the role of PRL2 in oncogenic FLT3 signaling, we
introduced FLT3 and FLT3-ITD into WT and PRL2 null HSPCs
and performed colony formation and proliferation assays. As
shown in Figure 12A, loss of PRL2 decreased the colony
formation of HSPCs expressing FLT3-ITD, but not FLT3. We then
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Figure 11 Immunoblot analysis of KIT,
AKT and ERK phosphorylation in WT
and Prl2 null hematopoietic progenitor
cells following SCF stimulation.

examined the response of HSPCs to FLT3 stimulation. We found that PrI2 null HSPCs expressing FLT3-
ITD show decreased proliferation both in the presence of FLT3 and in the absence of cytokine (Fig. 12B).
Thus, we demonstrate that PRL2 is a critical mediator of FLT3-ITD signaling in hematopoietic stem and

progenitor cells.
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Figure 12 (A) Loss of PRL2 decreased the colony formation of HSPCs expressing FLT3-ITD (*p<0.05, n=3). (B) PRL2 is important
for FLT3-ITD driven cell proliferation (*p<0.05, n=3). (C) Total cellular proteins from MV4-11 cells were isolated, incubated with
GST, GST-PRL2 or GST-PRL2/CS-DA and immunoblotted with antibodies against FLT3 and CBL.

PRL2 interacts with CBL and FLT3 in human leukemia cells: To understand how PRL2 modulates FLT3
signaling in hematopoietic cells, we performed GST-pulldown assays using wild-type PRL2 and a
substrate-trapping mutant PRL2/CS-DA. The PRL2/CS-DA mutant, in which the catalytic cysteine 101 and
aspartic acid 69 were mutated to serine and alanine respectively, binds to its substrates stronger, but is
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unable to catalyze substrate turnover. We found that the PRL2/CS-DA mutant shows increased association
with FLT3 and CBL compared to wild-type PRL2 in human MV4-11 cells (Fig. 12C). Thus, CBL may be a
substrate of PRL2 in human leukemia cells.

Generating Prl2”FLT3'™" mice: MLL-AF9 cooperates with FLT3-ITD in leukemogenesis. To determine the
impact of PRL2 in MLL-AF9 and FLT3-ITD driven leukemia, we have generated Pri2”FLT3'™"* mice. We
will characterize hematopoiesis in Pri2”FLT3'™" and determine the impact of PRL2 deficiency on the
functions of FLT3-ITD* HSPCs in vitro and in vivo.

Cytokine and cytokine receptor interaction genes are downregulated in Pri2”- HSPCs expressing MLL-AF9:

Our RNA-seq data also revealed that
cytokine and cytokine receptor
interaction genes are significantly
downregulated in Prl2” HSPCs
compared to that of the WT HSPCs
(Fig. 13A). Notably, FIt3 is one of the

downregulated genes in Prl2” HSPCs,

suggesting that FLT3 signaling is
diminished in PRL2-deficient LICs.

Loss of PRL2 decreases STAT5, AKT,

and ERK phosphorylation in FLT3-
ITD" HSPCs: To determine the impact
of PRL2 on oncogenic FLT3 signaling,
we have generated Pri2”FLT3'™"* and
Pri2"FLT3'™'™ mice. We examined
STATS5, AKT, and ERK
phosphorylation and found that loss of
PRL2 decreases STAT5, AKT, and
ERK phosphorylation in both FLT3'™"*
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Figure 13. (A) Cytoklne and cytokine receptor interaction genes were
significantly downregulated in PRL27- HSPCs expressing MLL-AF9. (B) Loss
of PRL2 significantly decreased STAT5, AKT, and ERK phosphorylation in
FLT3™"* and FLT3'T™T0 HSPCs.

and FLT3'™"® HSPCs (Fig. 13B), demonstrating that PRL2 is a key mediator of FLT3 signaling in HSPCs.
Loss of PRL2 reduces splenomegaly seen in FLT3-ITD mice: FLT3-ITD KI mice develop MPN overtime

and show splenomegaly. We found that loss of PRL2 significantly reduced splenomegaly seen in FLT3-ITD

mice (Fig. 14A and 14B).
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Figure 14. (A) Loss of PRL2 reduces the splenomegaly seen in FLT3-ITD mice. (B) Spleen weight in mice (n=9, (*p<0.05,
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Loss of PRL2 extends the survival of FLT3™"™ mice: To determine the impact of PRL2 in FLT3-ITD-driven
MPN, we performed bone marrow transplantation
assays. We transplanted 3 x 10° BM cells from 1 e emiae e
PRL2**, PRL27, FLT3'™" FLT3'™' PRL2" 1003 [ — PRZ/neo
FLT3™* and PRL2FLT3™™ mice into lethally ] e
irradiated recipient mice and then monitored FLTSTOM o10.
survival and disease development in these mice. FLTS™/™® PRL2-1-n=10
We found that loss of PRL2 significantly extends ]

the survival of FLT3'™"™° mice (Fig. 15). ol

Loss of PRL2 decreases the repopulating potential
of FLT3-ITD" HSPCs: We performed serial
competitive BM transplantation assays and found
that loss of PRL2 significantly decreases the
engraftment of FLT3'™" BM cells in both primary and secondary transplantation assays (Fig. 16A and data
not shown), demonstrating that PRL2 is essential for the self-renewal of FLT3-ITD* HSPCs in vivo.

Loss of PRL2 decreases replating potential of MLL-AF9"FLT3-ITD" HSPCs: To determine the role of PRL2
in MLL-AF9-driven leukemia, we

bt

50

Percent survival

-y
40 60 80 weeks

Figure 15. Loss of PRL2 extends the survival of FLT3-
ITD/ITD mice.

introduced MLL-AF9 into Prl2”" A B
ITD/+ 1007@® PRL2+/+
FLT3 HSPCs. We performed - Py
serial replating assays and found that g0l ¥ PSRRI 4003 przers i
PR

Bl FLT3™PRL2--

loss of PRL2 significantly decreases
the replating potential of MLL-
AF9'FLT3-ITD" HSPCs (Fig. 16B),
suggesting that PRL2 may be
important for MLL-AF9 and FLT3-
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phosphorylation Figure 16. (A) Loss of PRL2 decreases the engraftment of FLT3'™™* BM cells
) at 16 weeks following secondary transplantation (****p<0.0001, n=10). (B)

PRL2 associates with and Loss of PRL2 decreases the replating potential of MLL-AF9*FLT3'™®* HSPCs

dephosphorylates CBL at tyrosine (**p<0.0001, n=3).
371 in leukemia cells: We confirmed
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Figure 17 (A) Co-immunoprecipitation assays showed that PRL2 interacts with FLT3 and CBL in MV-4-11 cells. (B)
Immunofluorescence analysis showed that PRL2 co-localizes with CBL in MV-4-11 cells. (C) Representative western blot
analysis showed that knocking down of PRL2 increases CBL phosphorylation at tyrosine 371 in MV-4-11 cells. (D)
Representative western blot analysis showed that ectopic expression of PRL2-CSDA increases CBL phosphorylation at
tyrosine 371 in MV-4-11 cells.

that PRL2 associates with FLT3 and CBL in MV-4-11 cells using co-immunoprecipitation (Co-IP) assays
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(Fig. 17A). We also found that PRL2 and CBL co-localizes in MV-4-11 (Fig. 17B). Given that CBL is an E3
ubiquitin ligase which is responsible for ubiquitination and degradation of FLT3 in hematopoietic cells,these
findings suggest that CBL may be a PRL2 substrate. CBL becomes activated upon Tyrosine 371
phosphorylation, which enables it to target receptor protein tyrosine kinases for ubiquitin-mediated
degradation. Indeed, we found that knockdown of PRL2 increases CBL phosphorylation at tyrosine 371,
whereas the levels of CBL phosphorylation at tyrosine 700, 731, and 774 were not affected by PRL2
inhibition in MV-4-11 cells (Fig. 17C). We detected that ectopic expression of the catalytically inactive
PRL2-CSDA mutant increases CBL phosphorylation at tyrosine 371 in MV-4-11 cells (Fig. 17D). Further,
we found that PRLi treatment increases CBL phosphorylation at tyrosine 371 in MV-4-11 cells (data not
shown). Collectively, the data presented above demonstrate that CBL is a substrate of PRL2 and that
PRL2 associates with and dephosphorylates CBL at tyrosine 371 in leukemia cells. It follows that
dephosphorylation of CBL at tyrosine 371 by PRL2 blocks CBL-mediated FLT3 ubiquitination and
degradation, leading to heightened FLT3 signaling in leukemia cells.
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Figure 18 (A) GST pull-down assays. Total cellular proteins from Kasumi-1 cells were isolated, incubated with GST, GST-
PRL2 or GST-PRL2-CSDA and immunoblotted with antibodies against KIT, CBL, SHP2, and PLC-y. (B) Co-
immunoprecipitation assays showed that PRL2 interacts with KIT and CBL in Kasumi-1 cells. (C) Knockdown of PRL2
increases CBL phosphorylation at Y371 in Kasumi-1 cells. (D) Ectopic expression of PRL2-CSDA increases CBL
phosphorylation at Y371 in Kasumi-1 cells. **p<0.01.

The CBL family E3 ubiquitin ligases, including CBL and CBL-B, are responsible for the ubiquitination and
degradation of KIT in hematopoietic cells. In response to cytokine stimulation, CBL is phosphorylated and
activated, leading to ubiquitination and degradation of KIT. However, how CBL phosphorylation is regulated
in leukemia cells remains elusive. Upon SCF stimulation, KIT binds to and induces the phosphorylation of
CBL proteins, which in turn act as E3 ligases, mediating the ubiquitination and degradation of KIT. We
found that the catalytically inactive mutant PRL2-CSDA displays enhanced association with KIT, CBL,
SHP2, and PLC-y compared to WT PRL2 in Kasumi-1 cells (Fig. 18A). We confirmed the association of
PRL2 with CBL and KIT in Kasumi-1 cells (Fig. 18B). Indeed, we found that knockdown of PRL2 increases
CBL phosphorylation at tyrosine 371, whereas the levels of CBL phosphorylation at tyrosine 731 was not
affected by PRL2 inhibition in both Kasumi-1 cells (Fig. 18C). Further, we found that ectopic expression of
the PRL2-CSDA mutant also increases CBL phosphorylation at tyrosine 371 in Kasumi-1 cells (Fig. 18D).

Major Task 5: CBL E3-dead mutant on KIT and FLT3 ubiquitination and degradation.

PRL2 requlates KIT and FLT3 ubiquitination and degradation: Attenuation of Kit signaling is important to
obtain a suitable intensity and duration of signal transduction to meet the biological needs. There are at
least three levels of Kit downregulation that function in concert: (1) tyrosine dephosphorylation, (2)
inactivation of the kinase domain by serine phosphorylation, and (3) removal from the cell surface and
intracellular degradation.® We first examined Kit activation in Prl2”- hematopoietic stem and progenitor cells
(HSPCs) following SCF stimulation. PRL2 null HSPCs showed decreased Kit phosphorylation at tyrosine
703 as well as ERK1/2 and AKT phosphorylation following SCF stimulation (Fig. 19A), indicating that
Kit¥"%%is not a substrate of PRL2. To further characterize Kit phosphorylation in the absence of PRL2, we
utilized mast cells (MCs) derived from BM cells. Given that PKC-dependent phosphorylation is a known
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negative feedback mechanism of Kit, we examined the phosphorylation status of KitS*4 (human S746) in
MCs following SCF stimulation using a phospho-specific antibody. PRL2 null MCs showed decreased Kit
phosphorylation at serine744 upon SCF stimulation (data not shown), suggesting that the negative
feedback mechanism does not function in MCs. We found that Kit internalization was enhanced in Pri2”
MCs compared to Prl2*"* cells following SCF stimulation (Fig. 19B). We then treated serum starved MCs
with cycloheximide and measured the half-life of Kit protein. The half-life of Kit in Prl2”"MCs was
significantly shorter than that of the Prl2*"* MCs (Fig. 19C). Furthermore, Prl2” MCs showed enhanced Kit
ubiquitination compared to WT cells following SCF stimulation (Fig. 19D).
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Figure 19 (A) PRL2 is important for KIT activation in HSPCs following SCF stimulation. (B) MCs were stimulated with SCF.
Levels of Kit on the surface of MCs were determined by flow cytometry analysis; n=3. (C) PRL2 null MCs showed decreased
half-life of Kit following SCF stimulation. (D) Serum-starved MCs were stimulated with SCF, collected at each time point, and
followed by immunoprecipitation with a Kit antibody. Ubiquitinated proteins were detected by immunoblotting with an anti-

ubiquitin antibody.

We observed decreased phosphorylation of AKT, STAT5, and ERK in MV4-11 and primary human AML
cells isolated from NSG mice following three weeks of PRLi treatment (Fig. 20A and 20B). To investigate
the mechanism by which PRL2 promotes FLT3 signaling, we determined the effect of PRL2 inhibition on
FLT3 stability. We discovered that both knockdown of PRL2 and PRLi treatment can lead to a reduction in
FLT3 protein level as a result of a decrease in FLT3 half-life in MV-4-11 cells (Fig. 20C). In line with this
observation, we found that both knockdown of PRL2 and PRLi treatment increase FLT3 ubiquitination in

MV-4-11 cells (Fig. 20D).
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Figure 20 (A) Representative western blot analysis of FLT3, AKT, STAT5, and ERK phosphorylation in MV-4-11 cells
following 24 hours of DMSO or PRLi (10 uM) treatment. (B) Representative western blot analysis of FLT3, AKT, STAT5, and
ERK phosphorylation in primary AML cells with FLT3-ITD mutation (AML3080 and AML3220) following 24 hours of DMSO or
PRLi (10 uM) treatment. (C) Genetic knock down PRL2 decreased FLT3 half-life in MV-4-11 cells.

(D) Genetic knock down PRL2 enhanced FLT3 ubiquitination in MV-4-11 cells.

Major Task 6: Determine the impact of KIT and FLT3 inhibitors on human leukemia cells.
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We showed that PRLi is synergic with KIT inhibitor AC220 or FLT3 inhibitor Gilteritinib in inhibiting the

proliferation in MV-4-11 cells (Fig. 21).

Opportunities for training and professional

MV-4-11 cells

Fkkk
1.5 Fkkok

development:

Dr. Yan Liu has trained four graduate students, PRU -+ -t PRLE -+ -
including Sergio Barajas, Wenijie Cai, Shiyu Figure 21 MV-4-11 cell proliferation at 24 hours after PRLi (5

Xiao and Christopher Borchers and three
postdoctoral fellows, including Sasidhar
Vemula, Yuxia Yang and Hongxia Chen, from

0.5

Relative OD (460)

Relative OD (460)

0.0 0.0
AC220 - -+ o+ Gilteritinib - -+ 4+

puM) and AC220 (2.5 nM) or PRLi (5 uM) and Gilteritinib (5nM)
treatment.

2019 to 2022.

Dissemination of results to communities of interest:

Invited speaker (Dr. Yan Liu):

2019

2019

2019

2019

2019

2019

2020

2021

2022

Impact

Chronic inflammation increases cancer development in LFS patients. Wells Center for Pediatric
Research, Indiana University School of Medicine.

Genetic and Epigenetic Regulation of Leukemia Stem Cells, University of Notre Dame, South
Bend, Indiana.

Mutant p53 drives clonal hematopoiesis through modulating epigenetic pathways, the 8" Mutant
p53 Workshop, Lyon, France.

Genetic and Epigenetic Control of Pre-leukemia Stem Cells and Leukemia Stem Cells,
University of Minnesota, Minnesota.

Understanding and Targeting of Pre-leukemia Stem Cells and Leukemia Stem Cells,
Northwestern University.

Understanding and Targeting of Pre-leukemia Stem Cells and Leukemia Stem Cells, University
of Miami.

Understanding and Targeting of Pre-leukemia Stem Cells and Leukemia Stem Cells, University
of Florida.

Understanding and Targeting of Pre-leukemia Stem Cells and Leukemia Stem Cells, Chicago
Blood Club.

Genetic and Epigenetic Control of Normal and Malignant Hematopoietic Stem Cells and
Leukemia Stem Cells, Loyola University School of Medicine.

What was the impact on the development of the principal discipline(s) of the project?

Pediatric leukemias account for almost 35% of all childhood cancers, leaving leukemia as the leading
cause of cancer death for children. In addition to children, leukemia also affects adults. Adult leukemia
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usually occurs around age 60 and carries a very poor prognosis, with most patients live less than 18
months. Active duty military members are frequently exposed to ionizing irradiation, chemicals,
infectious agents and/or environmental carcinogens. This exposure can cause mutations in blood cells that
lead to blood cancer (leukemia). For instance, there are increasing numbers of Gulf War veterans
returning from theater with irradiation or toxin exposure-related leukemia. Despite significant progress in
treating leukemia, some patient populations response poorly to conventional chemotherapy. Unfortunately,
little progress has been made in treating leukemia over the past 4 decades. Clearly, new treatment
strategies are urgently needed.

The long-term goal of this research is to develop new treatments for leukemia patients that decrease
relapse and improve cure rates. Given that leukemia-initiating cells (LICs), and in particular those that are
in a quiescent state and capable of self-renewal, are resistant to chemotherapy or targeted therapies, the
objective of this proposal is to develop therapeutic strategies in order to eradicate LICs and improve
leukemia treatment. At the completion of this proposed work, the anticipated short-term outcome is to
establish PRL2 as a new druggable target in leukemia treatment and provide new translational information
from preclinical animal models for the development of more effective therapeutic approaches that can
eliminate drug-resistant leukemia-initiating cells (LICs) and improve leukemia treatment.

The next translation goal would be to move PRL2 inhibitors into clinical trials for both pediatric and adult
leukemia patients. This advancement will also likely to change the standard of care for patients with
leukemia. To facilitate the fast transition from bench to bedside, Dr. Liu has assembled a strong
translational team consisting of basic scientists and clinicians. Dr. Boswell is the Co-Investigator on this
grant. He is an attending physician of the Hematology/Oncology service at the Indiana University Simon
Cancer Center and the Richard Roudebush VA Medical Center. He is involved in both patient care and
patient-oriented research. In addition, we will collaborate with Dr. James Croop, an attending physician of
the Pediatric Hematology/Oncology section at the Riley Hospital for Children. He is involved in both patient
care and patient-oriented research, as well.

Drs. Boswell and Croop have been involved in multiple clinical trials involving adult and pediatric leukemia
patients at the Simon Cancer Center and Riley Hospital for Children. We will discuss a project design for
moving PRL2 inhibitor into clinical trials with the Simon Cancer Center and the Riley Hospital for Children
Clinical Research Program. Upon completion of this study, we believe the approach for pharmacological
targeting PRL2 in LICs will allow for the commencement of efficacy and safety phase I/ll clinical trials in the
near term, providing novel therapeutic options for leukemia patients. Thus, the proposed research is highly
translational; it will facilitate the development of novel strategies for the treatment of leukemia and other
human cancers. Indeed, the translation of the discovery from the proposed studies will likely expand the
horizon for both leukemia research and for patients suffering from such a life-threatening disease.

Approximately 2,000 military personnel, veterans and their dependents are expected to develop
leukemia in the United States in 2018. Within the next decade, it is expected that patients with leukemia will
receive new and effective medications that can eradicate the drug resistant leukemia-initiating cells, which
will significantly benefit the US military community. Thus, the successful completion of these studies
would be expected to have a potentially important positive impact on US military personnel, veterans
and their family members. In addition, the novel information gained while conducting this work will be of
great value to the military, as these approaches will facilitate the clinical application of PRL2 inhibitors and
lead to life-saving therapies, improving the quality of life of active duty military members, military
families and, the US veterans.

What was the impact on other disciplines?

Nothing to report

What was the impact on technology transfer?
Nothing to report

What was the impact on society beyond science and technology?

Nothing to report
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5. Changes/Problems

Dr. Yan Liu at the Indiana University was the PI of this award from 2019 to 2021. Dr. Liu moved to
Northwestern University on April 1, 2021. Dr. James Croop at the Indiana University became the PI of this
award on April 1, 2021. Dr. Yan Liu at the Northwestern University became the co-investigator (Co-I) of this
award on April 1, 2021. Due to COVID pandemic, our research was significantly delayed. DOD granted one
year no cost extension (NCE) to the award. The Liu lab at the Northwestern University has been working
closely with Dr. James Croop at the Indiana University and completed all experiments proposed in SOW in
August 2022.

6. Products

Publications, conference papers, and presentations

a. Journal publications.

1. Chen H, Bai Y, Kobayashi M, Xiao S, Cai W, Barajas S, Chen S, Miao J, Nguele Meke F, Vemula S,
Ropa JP, Croop JM, Boswell HS, Wan J, Jia Y, Liu H, Li LS, Altman JK, Eklund EA, Ji P, Tong W, Band H,
Huang DT, Platanias LC, Zhang ZY, and Liu Y. PRL2 phosphatase enhances oncogenic FLT3 signaling
via dephosphorylation of the E3 ubiquitin ligase CBL at tyrosine 371. Blood (In press, 2022).

2. Chen H, Bai Y, Kobayashi M, Xiao S, Cai W, Barajas S, Chen S, Miao J, Nguele Meke F, Croop JM,
Boswell HS, Jia Y, Liu H, Li LS, Altman JK, Eklund EA, Ji P, Band H, Huang DT, Platanias LC, Zhang ZY,
and Liu Y". PRL2 phosphatase promotes oncogenic KIT signaling via dephosphorylation of the E3 ubiquitin
ligase CBL. Haematologica. (Submitted, 2022)

3. Barajas S, Cai W, Liu Y*. Role of p53 in regulation of hematopoiesis in health and disease. Curr Opin
Hematol. 2022 Jul 1;29(4):194-200.

4. YuH, Gao R, Chen S, Liu X, Wang Q, Cai W, Vemula S, Fahey AC, Henley D, Kobayashi M, Liu SZ,
Qian Z, Kapur R, Broxmeyer H, Gao Z, Xi R and Liu Y*. Bmil regulates Wnt signaling in hematopoietic
stem and progenitor cells. Stem Cell Rev and Rep. 2021 Dec;17(6):2304-2313.

5. Broxmeyer HE, Liu Y, Kapur R. et al. Fate of Hematopoiesis During Aging. What Do We Really Know,
and What are its Implications? Stem Cell Rev and Rep. 2020; (16): 1020-1048.

6. Kobayashi M, Lin Y, Mishra A, Shelly C, Gao R, Wang P, Xi R, Wenzel P, Liu Y, Liu Y*, and Yoshimoto M.
Bmil maintains the self-renewal property of innate -like B lymphocyes. Journal of Immunology. 2020 Jun
15;204(12):3262-3272. (Co-corresponding author).

7. Chen S, Wang Q, Yu H, Capitano ML, Vemula S, Nabinger SC, Gao R, Yao C, Kobayashi M, Geng Z,
Fahey AC, Henley D, Liu SZ, Barajas S, Cai W, Wolf ER, Ramdas B, Cai Z, Gao H, Luo N, Sun Y, Wong
TN, Link DC, Liu Y, Boswell HS, Mayo LD, Huang G, Kapur R, Yoder MC, Broxmeyer HE, Gao Z, and Liu
Y*. Mutant p53 Drives Clonal Hematopoiesis through Modulating Epigenetic Pathway. Nature
Communications. 2019 Dec 11;10(1):5649. doi: 10.1038/s41467-019-13542-2. PMCID: PMC6906427.

8. Chen S, Liu Y*. p53 involvement in clonal hematopoiesis of indeterminate potential. Curr Opin
Hematol. 2019 Jul;26(4):235-240. doi: 10.1097/MOH.0000000000000509.
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9. Nabinger S, Chen S, Yao C, Gao R, Kobayashi M, Vemula S, Fahey AC, Wang C, Daniels C, Boswell
HS, Sandusky GE, Mayo LD, Kapur R, and Liu Y*. Mutant p53 enhances leukemia-initiating cell self-
renewal to promote leukemia development. Leukemia. 2019 Jun;33(6):1535-1539. PMID: 30675010

a. Books or other non-periodical, one-time publications.
Nothing to Report

b. Other publications, conference papers, and presentations.
Nothing to Report

Website(s) or other Internet site(s)

Nothing to Report

Technologies or techniques
Nothing to Report

Inventions, patent applications, and/or licenses
Nothing to Report

Other Products
Identify any other reportable outcomes that were developed under this project. Reportable outcomes are
defined as a research result that is or relates to a product, scientific advance, or research tool that makes a

meaningful contribution toward the understanding, prevention, diagnosis, prognosis, treatment, and/or
rehabilitation of a disease, injury or condition, or to improve the quality of life. Examples include:

a. data or databases;
Nothing to Report
b. biospecimen collections;
Human leukemia patient samples
c. audio or video products;
Nothing to Report
d. software;
Nothing to Report
e. models;
Nothing to Report

f. educational aids or curricula;

Nothing to Report

g. instruments or equipment;
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Nothing to Report

h. research material (e.g., Germplasm; cell lines, DNA probes, animal models);

Cell lines: MV4-11 (control shRNA) and MV4-11 (PRL2 shRNA); Molm-13 (control shRNA) and
Molm-13 (PRL2 shRNA)

Animal models: FLT3-ITD-Prl2-/-, mice; Mouse models of human leukemia (MLI-AF9); and
patient-derived xenograft (PDX) models of leukemia.

i. clinical interventions;
Nothing to Report

j- new business creation;
Nothing to Report

k. other.

Nothing to Report

7. Participants & Other Collaborati

ng Organizations

What individuals have worked on the project?

a. Provide the following information for: (1) PDs/Pls; and (2) each person who has worked at least one
person month per year on the project during the reporting period, regardless of the source of

compensation (a person m

onth equals approximately 160 hours of effort). If information is

unchanged from a previous submission, provide the name only and indicate "no change."

worked:

Name: James Croop
Project Role: PI
Researcher Identifier N/A

(e.g. ORCID ID):

Nearest person month 1

Dr. Croop was responsible for supervising the conduct of the

Contribution to Project: | experiments, analyzing data, and obtaining human AML patient

samples.
Funding Support:
Name: Yan Liu
Project Role: Co-l
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Researcher
Identifier (e.g.
ORCID ID):

0000-0003-4878-9111

Nearest person
month worked:

3

Contribution to
Project:

Dr. Liu supervised the conduct of the experiments, analyzed data,
developed hypotheses, planned future experiments and writing, revising,
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6. Croop, J., Gros, P., and Housman, D. Genetics of multidrug resistance. J.
Clin. Invest. 1988; 81:1303-1309.

7. Croop, J. P-glycoprotein structure and evolutionary homologies. In: Multiple
Drug Resistance in Cancer, Clynes, M. (Ed), Kluwer Academic Publishers,
1994:1-32.

8. Bosch, I., Croop J. P-glycoprotein and cancer. BBA Reviews on Cancer
Biochim Biophys Acta, 1996; 1288:F37-F54.

9. Dunussi-Joannopoulos, K., Weinstein, H., Arceci, R.J., and Croop, J.M. B-7
Gene therapy with B7.1 and GM-CSF vaccines in a murine AML model. J Ped
Hem/Onc. 1997 19:536-540.

10. Bosch, 1., and Croop, J.M. P-glycoprotein structure and evolutionary
homologies. Cytotechnology. 27:1-30, 1998.

11. Croop, J.M. Evolutionary relationships among ABC Transporters. Meth.
Enz. 1998 292:101-116.



12. Abonour R, Croop, J., Cornetta, K. Multidrug-resistance gene therapy in
hematopoietic cell transplantation. In, Gene Therapy of Cancer, Ed. Lattime,
E.C., and Zgerson, S.L., Academic Press, San Diego, 2001 pp. 355-364.

13, Croop, J. Gene Therapy for Fanconi Anemia. Current Hematology Reports.
2003; 2:335-340

14. Williams, D.A., Croop, J., Kelley, P. Gene therapy in the treatment of
Fanconi anemia, a progressive bone marrow failure syndrome. Current Opinion
in Molecular Therapeutics 2005; 7:461-466.

Abstracts

1. Croop,J., Gros, P., and Housman, D. Mutational analysis of a site involved in
colchicine resistance in the mouse mdrl gene. Proc. AACR 32:(1991).

2. Abonour, R. , L. Einhorn, R. Hromas, M.J. Robertson, E. Srour, C.M.
Traycoff, A. Bank, I. Kato, K. Asada, J. Croop, F.O. Smith, D.A. Williams, K.
Cornetta Highly Efficient Mdr-1 Gene Transfer Into Humans Using Mobilized
CD34+ Cells Transduced Over Recombinant Fibronectin CH-296 Fragment.
1998; Blood 92(Suppl):690a.

3. J.M. Croop, R. Cooper, H. Hanenberg, S. Kreissman, C. Thompson, V.
Graves, F.O. Smith, D.A. Williams. Feasibility Of Large Scale Peripheral Blood
CD34+ Cell Collections In Normal Donors And In Patients With Fanconi
Anemia. Blood 1998; 92(Suppl):441a.

4. Pradhan, K., Berg, S.L., Liu, X., Minard, C.J., Croop, J., Reid, J.M., Fox, E.,
and Weigel, B.J. A dose escalation and toxicity study using pre-determined
target concentration of Ramucirumab, a novel anti-angiogenic agent in children
with recurrent / refractory solid tumors: A report from the children's oncology
group phase I/ pilot consortium (ADVL1416) 2018: Cancer Res (13
Supplement): 78

Patents



1. Croop, J.M., Gros, P., and Housman, D. DNA Sequence That Encodes the
Multidrug Resistance Gene. Patent No. 5,198,344; Issued March 30, 1993.

2. Arceci, R.J., and Croop, J.M. Antibodies for P-glycoprotein encoded by the
MDR1 Gene and Uses Thereof. Patent No. 5,369,009; Issue November 29,
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Email: yan.liu@northwestern.edu

EDUCATION

1988-1992

1992 - 1997

1998 - 2001

2001 - 2006

B.S., Jilin University, China

Ph.D., Chinese Academy of Sciences, Beijing, China, Xuexian Peng and Jingrui
Dai - Mentors

Postdoctoral Fellow, University of Arizona, Tucson, Arizona, Brian Larkins -
Mentor

Research Fellow, Memorial Sloan-Kettering Cancer Center, New York, New
York, Stephen Nimer - Mentor

ACADEMIC APPOINTMENTS

2006-2008

2008-2010

2010-2016

2016-2021

2011-2021

2011-2021

2021-present

2021-present

Research Associate, Memorial Sloan-Kettering Cancer Center, New York,
NY

Senior Research Scientist, Memorial Sloan-Kettering Cancer Center, New York,
NY

Assistant Professor of Pediatrics, Biochemistry and Molecular Biology (tenure-
track), Indiana University School of Medicine, Indianapolis, IN

Associate Professor of Pediatrics, Biochemistry and Molecular Biology (tenured),
Indiana University School of Medicine, Indianapolis, IN

Member, Indiana University Simon Cancer Center

Member, Indiana University/NIDDK Cooperative Center of Excellence in
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Associate Professor of Medicine (tenured), Feinberg School of Medicine,
Northwestern University, Chicago, IL

Co-Leader, Hematologic Malignancies Program, Robert H. Lurie Comprehensive
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PROFESSIONAL ORGANIZATIONS

2002-present
2007-present
2011-present
2011-present
2015-present

2016-present

Member, American Society of Hematology (ASH)

Member, International Society for Stem Cell Research (ISSCR)
Member, International Society for Experimental Hematology (ISEH)
Member, Chinese Biological Investigators Society (CBIS)

Member, Society of Chinese Bioscientists in America (SCBA)

Faculty Member, Faculty of 1000 Medicine

PROFESSIONAL SERVICE

2013-present

2013-2017

2013-present

2014-present

2015-present

2017

Member, NYSTEM Study Section, New York State Department of Health and the
Empire State Stem Cell Board

Member, the Early Career Reviewer (ECR) program at the Center for Scientific
Review (CSR), National Institutes of Health

Foreign Expert (Member), Hematology Study Section, National Natural Science
Foundation of China (NSFC), China.

Member, Career Development Award (CDA) Program, International Human
Frontier Science Program Organization (HFSP), France

Reviewer, St. Baldrick’s Foundation, USA

Ad hoc Reviewer, Cancer Genetics (CG) Study Section, NIH

2019-present Reviewer, Leukemia Research Foundation (LRF), USA

HONORS AND AWARDS
2009 International Society for Stem Cell Research (ISSCR) Travel Award
2010 NYSTEM Idea Award

2012 Showalter Research Trust Fund New Investigator Award

2013 DOD/PRCRP Career Development Award

2013 American Cancer Society (ACS) New Investigator Award
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2014 Elsa U. Pardee Foundation New Investigator Award

2014 St. Baldrick’s Foundation Scholar Award

2014 Alex’s Lemonade Stand Foundation Research Award

2016 Leukemia Research Foundation (LRF) New Investigator Award
2016 Children’s Leukemia Research Association Research Award
2016 Showalter Research Trust Fund Young Scholar Award

2017 St. Baldrick’s Foundation Extended Scholar Award

2017 NIH/NIA R56 Award

2018 DOD/BMFRP Idea Development Award

2018 NIH/NIDDK R56 Award

2018 St. Baldrick’s Foundation Extended Scholar Award

2019 NIH/NHLBI RO1 Award

2019 DOD/PRCRP Idea Development Award

2019 Leukemia & Lymphoma Society (LLS) TRP Award

2019 Showalter Research Trust Fund Scholar Award

RESEARCH SUPPORT

CURRENT ACTIVE SUPPORT:

RO1HL150624 (PI: Liu) 07/15/19-06/30/23 3.6 calendar
NIH/NHLBI

Molecular mechanisms underlying clonal expansion of hematopoietic stem cells

Role: Principal Investigator

6581-20 (PI: Liu) 07/01/19-06/30/23 0.6 calendar
Leukemia & Lymphoma Society (LLS) TRP Grant

Development of therapeutic strategy for the treatment of MDS

Role: Principal Investigator

F31HL160120 (PI: Barajas) 01/01/22-12/31/24
NIH/NHLBI

Mutant p53 in pathogenesis of myelodysplastic syndromes

Role: Sponsor/Mentor

Innovation Challenge Award (PIs: Liu and Yue) 01/01/22-12/31/22
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Robert H. Lurie Cancer Center

Mutant p53 remodels epigenetic landscape and rewires three-dimensional DNA topology to alter
gene expression in leukemia cells

Role: Principal Investigator

H Foundation Core Usage Pilot Project Award (PI: Liu) 08/10/21-08/12/22

Robert H. Lurie Cancer Center

Identify and validate proteins interacting with tumor suppressor p53 and protein tyrosine
phosphatase PRL2 in human leukemia cells

Role: Principal Investigator

PENDING SUPPORT:

RO1 DK134788-01 (Pls: Liu and Halene) 09/01/22-08/31/27 2.4 calendar
NIH/NIDDK

Understanding and targeting mutant p53 in myelodysplastic syndromes

Role: Principal Investigator

BM210041 (Pls: Liu and Halene) 10/01/22-09/30/25 1.2 calendar
DOD/BMFRP Investigator-initiated Award

Understanding and targeting mutant p53 in myelodysplastic syndromes

Role: Principal Investigator

LLS SCOR (Pls: Eklund, Ji and Liu) 10/01/22-09/30/27 1.8 calendar
Leukemia & Lymphoma Society (LLS) TRP Grant

Molecular mechanisms of inflammation-driven clonal progression in myelodysplastic
syndromes

Role: Principal Investigator of project #3

COMPLETED SUPPORT:

Startup Fund (PI, Liu) 11/01/10-10/31/15
Indiana University School of Medicine (IUSM)

p53 in normal and malignant hematopoiesis

Role: Principal Investigator

R56AG052501 (PI, Liu) 09/15/17-08/31/18 2.4 calendar
NIH/NIA

Mutant p53 rejuvenates aged stem cells through modulating epigenetic regulators
Role: Principal Investigator

R56DK119524 (PI, Liu) 09/15/18-08/31/19 1.2 calendar
NIH/NIDDK

Molecular mechanisms underlying clonal expansion of hematopoietic stem cells

Role: Principal Investigator

W81XWH-13-1-0187 (PI: Liu) 07/01/13-06/30/15 2.4 calendar
DOD/PRCRP Career Development Award

Modulating Leukemia-initiating Cell Quiescence to Improve Leukemia Treatment
Role: Principal Investigator
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W81XWH-18-1-0265 (PI, Liu) 07/01/18-03/31/21 1.2 calendar

DOD/BMFRP Idea Development Award Understanding and

Targeting Mutant p53 in Myelodysplastic Syndromes Role: Principal

Investigator

NCE

W81XWH-19-1-0575 (PI: Liu) 08/01/19-07/30/22 2.4 calendar
DOD/PRCRP Idea Development Award Targeting

Leukemia-initiating Cells to Improve Leukemia Treatment Role:
Principal Investigator
NCE

RO1 AI121197-01A1 (PI: Yoshimoto) 06/13/16-05/31/17 1.2 calendar
NIH/NIAID

Embryonic origin and self-renewal of B-1a cells

Role: Co-investigator

R56A1110831 (PI: Yoshimoto) 03/10/15 - 02/29/17 1.2 calendar
NIH/NIAID

Embryonic origin and self-renewal of B-1a cells

Role: Co-investigator

1F32CA203049-01 (PI: Nabinger) 07/01/16 — 6/30/18
NIH/NCI

Targeting PRL2 Phosphatase in acute myeloid leukemia

Role: Mentor

Scholar Award (PI: Liu) 07/01/19-03/31/21

Ralph and Grace Showalter Research Trust Fund
Role: Principal Investigator

Scholar Award (PI: Liu) 07/11/14-12/31/19 7.2
St. Baldrick’s Foundation calendar

Targeting PRL2 phosphatase in T cell acute lymphaoblastic leukemia

Role: Principal Investigator

NCE

New Investigator Award (PI: Liu) 01/01/14-12/31/14 1.2 calendar
Elsa U. Pardee Foundation

Targeting PRL2 in Acute Myeloid Leukemia

Role: Principal Investigator

New Investigator Award (PI: Liu) 07/01/16-12/31/17
Leukemia Research Foundation

Targeting PRL2 phosphatase in Acute Myeloid Leukemia
Role: Principal Investigator

Research Grant (PI: Liu) 07/01/12-06/30/13 1.2 calendar
Showalter Research Trust Fund
The role of gain-of-function mutant p53 in hematopoietic stem cell self-renewal
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Role: Principal Investigator

Young Scholar Award (PI: Liu) 7/01/16-6/30/18
Showalter Research Trust Fund

The role of Polycomb repressive complex 1 in hematopoietic stem cells
Role: Principal Investigator

Research Grant (PI: Liu) 06/01/13-05/31/14

1.2 calendar

American Cancer Society and Indiana University Simon Cancer Center The

role of PRL2 Phosphatase in Acute Myeloid Leukemia
Role: Principal Investigator

Research Grant (PI: Liu) 01/01/16-12/31/16
Children’s Leukemia Research Association

Targeting PRL2 in acute myeloid leukemia

Role: Principal Investigator

Research Grant (PI: Liu) 09/02/14-08/31/15
Alex’s Lemonade Stand Foundation

Targeting PRL2 phosphatase in pediatric acute myeloid leukemia
Role: Principal Investigator

Research Grant (PI: Liu) 10/01/11-09/30/12
NIDDK Cooperative Center of Excellence in Hematology (CCEH) The
role of mutant p53 in hematopoietic stem cell self-renewal

Role: Principal Investigator

Research Grant (PI: Liu) 7/01/16-6/30/17
NIDDK Cooperative Center of Excellence in Hematology (CCEH)
Polycomb repressive complex 1 in hematopoietic stem cells

Role: Principal Investigator

Research Grant (PI: Liu) 07/01/11-12/31/12
Indiana University Simon Cancer Center (IUSCC)

Targeting mutant p53 to improve leukemia treatment

Role: Principal Investigator

Research Grant (PI: Liu) 10/01/18 - 02/28/19
Wells Center for Pediatric Research/I[USM

0.6 calendar

Molecular mechanisms underlying clonal expansion of hematopoietic stem cells

Role: Principal Investigator

Research Grant (PI: Liu) 01/01/19 -12/31/19
Wells Center for Pediatric Research/IlUSM

Molecular mechanisms of stem cell aging and pathogenesis of age-related diseases

Role: Principal Investigator

Biomedical Research Grant (PI: Liu) 07/1/13 - 06/30/14
Indiana University School of Medicine (IUSM)

Bmil is a key regulator of Wnt signaling in hematopoietic stem cells
Role: Principal Investigator
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Biomedical Research Grant (PI: Liu) 03/1/11 - 02/28/12
Indiana University School of Medicine (IUSM)
The role of Bmil in hematopoietic stem cell self-renewal

Role: Principal Investigator

RSFG Grant (PI: Liu) 7/01/16-6/30/17

Indiana University-Purdue University Indianapolis

Mutant p53 rejuvenates aged stem cells through modulating epigenetic regulators
Role: Principal Investigator

Research Support Funds Grants Award (PI: Liu)  07/01/13-06/30/14
Indiana University-Purdue University Indianapolis

The role of mutant p53 in acute myeloid leukemia

Role: Principal Investigator

Seed Fund (Pls: Liu and Mayo) 01/1/18 - 02/28/19
Wells Center for Pediatric Research

Genotoxic stresses in mutant p53-driven MDS pathogenesis

Role: Principal Investigator

Seed Fund (PI: Liu) 06/1/15 - 12/31/15
Wells Center for Pediatric Research

PRL2 phosphatase as a novel therapeutic target in Acute Myeloid Leukemia
Role: Principal Investigator

Pilot Grant (PI: Liu) 5/01/15-4/30/16
Indiana University Simon Cancer Center (IUSCC)

Targeting mutant p53 to improve leukemia treatment

Role: Principal Investigator

Pilot Project Grant (PI: Liu) 07/01/12-12/31/13
Indiana University Simon Cancer Center (IUSCC)

The role of Bmil in the pathogenesis of myelodysplastic syndromes
Role: Principal Investigator

Research Grant (PI: Kobayashi) 07/01/14 - 06/30/15
Ralph W. and Grace M. Showalter Research Trust Fund

Targeting PRL2 in Acute Myeloid Leukemia

Role: Mentor

Biomedical Research Grant (PI: Kobayashi) 11/1/15 - 10/31/16
Indiana University School of Medicine (IUSM)

Targeting PRL2 phosphatase in Acute Myeloid Leukemia

Role: Mentor

Research Grant (PI: Kobayashi) 06/01/14 - 05/31/15
American Cancer Society and Indiana University Simon Cancer Center The
role of PRL2 Phosphatase in the pathogenesis of T-ALL

Role: Mentor
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Pilot Project Grant (PI: Kobayashi) 11/01/14 - 10/30/15
NIDDK Cooperative Center of Excellence in Hematology (CCEH) The
role of PRL2 Phosphatase in T cell development

Role: Mentor

PUBLICATIONS (*Corresponding author)

PUBLICATIONS SUBMITTED/IN PREPARATION

1. Vemula S, Chen S, Barajas S, Nabinger SC, Schmitz DA, Chen H, Yang Y, Cai
W, Xiao S, Gayatri S, Capitano ML, Ropa JP, Zhang Y, Henley D, Fahey A, Wan J, Perna F,
de Andrade KC, Khincha PP, Kapur R, Jia Y, Liu H, Abaza Y, Altman JK, Eklund EA, Ji P,
Yue F, Halene S, Vaughan DE, Platanias LC, Abdel-Wahab O, Croker BA, Mayo LD,
Savage SA, Liu Y*. Inflammatory stress drives p53 mutant clonal hematopoiesis via
activating the NLRP1 inflammasome. Leukemia (Submitted, 2022)

2. Chen H, Bai Y, Kobayashi M, Xiao S, Cai W, Barajas S, Chen S, Miao J, Nguele
Meke F, Croop JM, Boswell HS, Jia Y, Liu H, Li LS, Altman JK, Eklund EA, Ji P, Band H,
Huang DT, Platanias LC, Zhang ZY, and Liu Y. PRL2 phosphatase promotes oncogenic
KIT signaling via dephosphorylation of the E3 ubiquitin ligase CBL. Haematologica.
(Submitted, 2022)

3. Olivos D, Hauck P, Jacobsen M, Sandusky G, Liu Y, and Mayo L. Emergence of

Tumor-Initiating Cells with the Loss of Mdm2. Molecular Cancer research (In revision,
2022).

PEER-REVIEWED PUBLICATIONS

1. Chen H, Bai Y, Kobayashi M, Xiao S, Cai W, Barajas S, Chen S, Miao J, Nguele Meke F,
Vemula S, Ropa JP, Croop JM, Boswell HS, Wan J, Jia Y, Liu H, Li LS, Altman JK, Eklund
EA, Ji P, Tong W, Band H, Huang DT, Platanias LC, Zhang ZY, and Liu Y’. PRL2
phosphatase enhances oncogenic FLT3 signaling via dephosphorylation of the E3 ubiquitin
ligase CBL at tyrosine 371. Blood (In press, 2022)

2. Barajas S, Cai W, Liu Y*. Role of p53 in regulation of hematopoiesis in health and disease.
Curr Opin Hematol. 2022 Jul 1;29(4):194-200.

3. YuH, GaoR, Chen S, Liu X, Wang Q, Cai W, Vemula S, Fahey AC, Henley D, Kobayashi
M, Liu SZ, Qian Z, Kapur R, Broxmeyer H, Gao Z, Xi R and Liu Y*. Bmil regulates Wnt
signaling in hematopoietic stem and progenitor cells. Stem Cell Rev and Rep. 2021
Dec;17(6):2304-2313.

4. Broxmeyer HE, Liu Y, Kapur R. et al. Fate of Hematopoiesis During Aging. What Do We

Really Know, and What are its Implications? Stem Cell Rev and Rep. 2020; (16): 1020—
1048.
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https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=31045645
https://www.ncbi.nlm.nih.gov/pubmed/31045645

10.

11.

12.

13

14.

Kobayashi M, Lin Y, Mishra A, Shelly C, Gao R, Wang P, Xi R, Wenzel P, Liu Y, Liu Y*,
and Yoshimoto M. Bmil maintains the self-renewal property of innate -like B lymphocyes.
Journal of Immunology. 2020 Jun 15;204(12):3262-3272. (Co-corresponding author).

Chen S, Wang Q, Yu H, Capitano ML, Vemula S, Nabinger SC, Gao R, Yao C, Kobayashi
M, Geng Z, Fahey AC, Henley D, Liu SZ, Barajas S, Cai W, Wolf ER, Ramdas B, Cai Z,
Gao H, Luo N, Sun Y, Wong TN, Link DC, Liu Y, Boswell HS, Mayo LD, Huang G, Kapur
R, Yoder MC, Broxmeyer HE, Gao Z, and Liu Y*. Mutant p53 Drives Clonal
Hematopoiesis through Modulating Epigenetic Pathway. Nature Communications. 2019
Dec 11;10(1):5649. doi: 10.1038/s41467-019-13542-2. PMCID: PMC6906427.

Chen S, Liu Y*. p53 involvement in clonal hematopoiesis of indeterminate potential. Curr
Opin Hematol. 2019 Jul;26(4):235-240. doi: 10.1097/MOH.0000000000000509.

Nabinger S, Chen S, Yao C, Gao R, Kobayashi M, Vemula S, Fahey AC, Wang C, Daniels
C, Boswell HS, Sandusky GE, Mayo LD, Kapur R, and Liu Y*. Mutant p53 enhances
leukemia-initiating cell self-renewal to promote leukemia development. Leukemia. 2019
Jun;33(6):1535-1539. PMID: 30675010

Cai Z, Kotzin JJ, Ramdas R, Chen S, Nelanuthala S, Palam LR, Pandey R, Mali RS, Liu
Y, Kelley MR, Sandusky G, Mohseni M, Williams A, Henao-Mejia J, and Kapur R.
Downregulation of Morrbid in Tet2-deficient preleukemic cells overcomes resistance to
inflammatory stress and mitigates clonal hematopoiesis. Cell Stem Cell. 2018 Dec
6;23(6):833-849.e5. PMID:30526882

Chen S and Liu Y*. Battle in stem cell niches: canonical verse non-canonical Wnt
signaling. Journal of Leukocyte Biology. 2018 Mar;103(3):377-379. PubMed PMID:
29393968.

Chen S, Gao R, Yao C, Kobayashi M, Liu SZ, Yoder MC, Broxmeyer HE, Kapur R,
Boswell HS, Mayo LD, and Liu Y*. Genotoxic stresses promotes the clonal expansion of
hematopoietic stem cells expressing mutant p53. Leukemia. 2018 Mar;32(3):850-854.
PMCID:PMC5842141

Sayar H, Liu Y*, Cripe LD, Wilson-Weekes AM, Weisenbach J, Cangany M, Sargent KJ,
Nassiri M, LiL, Al Baghdadi Y, Gupta S, Suvannasankha A, Gao R, Pan F, Shanmugam R,
Goswami C, Xu M, Boswell HS. Consecutive Epigenetically-active Agent Combinations act
in ID1-RUNX3-TET2 and HOXA pathways for Flt3ITD+ve AML. Oncotarget. 2017 Dec
25;9(5):5703-5715. PubMed PMID: 29464028; PubMed Central PMCID: PMC5814168.
Co-corresponding author

. Yao C, Kobayashi M, Chen S, Nabinger S, Gao R, Liu SZ, Asai T, and Liu Y*. Necdin

modulates leukemia-initiating cell quiescence and chemotherapy response. Oncotarget.
2017, 8:87607-87622. PMCID: PMC5675657.

Kobayashi M, Chen S, Bai Y, Yao C, Gao R, Sun XJ, Mu C, Twiggs TA, Yu ZH, Boswell
HS, Yoder M, Kapur R, Mulloy J, Zhang ZY, and Liu Y*. Phosphatase PRL2 promotes
AML1-ETO-induced acute myeloid leukemia. Leukemia. 2017 June; 31(6):1453-1457.
PubMed PMID: 28220038. PMCID:PMC5695226
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5695226/

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Kobayashi M, Bai Y, Yoshimoto M, Gao R, Chen S, Yao C, Dong Y, Zhang L, Rodriguez
S, Carlesso N, Yoder MC, Kapur R, Kaplan MK, Lacorazza HD, Zhang ZY, and Liu Y*.
Protein tyrosine phosphatase PRL2 mediates Notch and Kit signals in early T cell
progenitors. Stem Cells. 2017 Apr;35(4):1053-1064. PMCID: PMC5367971.

Kobayashi M, Bai Y, Chen S, Gao R, Yao C, Cai W, Croop J, Zhang ZY and Liu Y*.
Phosphatase PRL2 promotes oncogenic Notch-induced T cell leukemia. Leukemia. 2017
Mar;31(3):751-754. PMCID:PMC5695227

Chen S, Gao R, Kobayashi M, Yu H, Yao C, Kapur R, Yoder M, and Liu Y*.
Pharmacological inhibition of AKT activity in human CD34+ cells enhances their
engraftment in immunodeficient mice. Experimental Hematology. 2017 Jan;45:74-84.
PubMed Central PMCID: PMC5859321.

Ghosh J, Kobayashi M, Ramdas B, Chatterjee A, Ma P, Mali RS, Carlesso N, Liu Y, Plas
DR, Chan RJ, and Kapur R. S6K1 regulates Stem Cell Self-Renewal and Leukemia
Maintenance. Journal of Clinical Investigation. 2016 Jul 1;126(7):2621-5.
PMCID:PMC4922705.

Gao R, Chen S, Kobayashi M, Yu H, Young SK, Soltis A, Zhang Y, Wan Y, Vemula S,
Fraenkel E, Cantor A, Xu Y, Yoder MC, Wek R, Kapur R, Ellis S, Zhu X and Liu Y*. Bmil
promotes erythropoiesis through regulating ribosome biogenesis. Stem Cells. 2015
Mar;33(3):925-38. PMCID:PMC4380436.

Chatterjee A, Ghosh J, Ramdas B, Mali RS, Martin H, Kobayashi M, Vemula S, Canela
VH, Waskow ER, Visconte V, Tiu RV, Smith CC, Shah N, Bunting KD, Boswell HS, Liu Y,
Chan RJ, Kapur R. Regulation of Stat5 by FAK and PAK1 in Oncogenic FLT3- and KIT-
Driven Leukemogenesis. Cell Reports. 2014 Nov 20;9(4):1333-1348.
PMCID:PMC4380442.

Kobayashi M, Shelly WC, Seo W, Vemula S, Liu Y, Kapur R, Taniuchi I, Yoshimoto M.
Functional B-1 progenitor cells are present in the hematopoietic stem cell deficient embryo
and depend on Cbff3 for their development. Proc N atl Acad Sci U S A. 111(33):12151-6,
2014. PMCID: PMC4143017

Kobayashi M, Chen S, Gao R, Bai Y, Zhang ZY, and Liu Y*. Phosphatase of regenerating
liver in hematopoietic stem cell self-renewal and hematological malignancies. Cell Cycle,
2014;13(18): 2827-2835. PMCID: PMC4614371

Kobayashi M, Bai Y, Dong Y, Yu H, Chen S, Gao R, Zhang L, Yoder MC, Kapur R, Zhang
ZY and Liu Y*. PRL2/PTP4A2 phosphatase is important for hematopoietic stem cell self-
renewal. Stem Cells. 32(7):1956-67, 2014. PMCID: PMC4063874.

Vu LP, Perna F, Wang L, VozaF, Figueroa ME, Tempst P, Erdjument-Bromage H, Gao R,
Chen S, Paietta E, Deblasio T, Melnick A, Liu Y, Zhao X and Nimer SD. PRMT4 blocks
myeloid differentiation by assembling a methyl-RUNX1-dependent repressor complex. Cell
Reports. 5(6):1625-38, 2013. PMCID: PMC4073674

Sabelli PA, Liu Y, Dante RA, Lizarraga LE, Nguyen HN, Brown SW, Klingler JP, Yu J,
LaBrant E, Layton TM, Feldman and Larkins BA. Control of Cell Proliferation,
Endoreduplication, Cell Size and Cell Death by the Retinoblastoma-Related Pathway in
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Maize Endosperm. Proc Natl Acad Sci U S A. 110(19):E1827-36, 2013. PMCID:
PMC3651506

Liu Y*, Yu H, Nimer SD. PI3K-Akt pathway regulates polycomb group protein and stem
cell maintenance. Cell Cycle. 12(2):199-200, 2013. PMCID: PMC3757235.

Asai T, Liu Y and Nimer SD. Necdin, a p53 target, in normal and cancer stem cells.
Oncotarget. 4(6):806-7, 2013. PMCID: PMC3757235

Liu Y*, Liu F, Yu H, Zhao X, Sahsida G, Deblasio A, Chen Z, Lin HK, Di Giandomenico S,
Elf SE, Yang YY, Miyata Y, Huang G, Menendez S, Mellinghoff I, Pandolfi PP, Hedvat CV
and Nimer SD. Akt Phosphorylates the Transcriptional Repressor Bmil to Block Its
Association with Tumor Suppressing Ink4a-Arf locus. Science Signaling, October 23; 5,
ra77, 2012. PMCID: PMC3784651. Co-corresponding author

Vemula S, Shi J, Mali RS, Ma P, Liu Y, Hanneman P, Koehler KR, Hashino E, Wei L, and
Kapur R. ROCK1 functions as a critical regulator of stress erythropoiesis and survival by
regulating p53. Blood, Oct 4; 120(14):2868-78, 2012. PMCID: PMC3466968

Hu P, Nebreda AR, Liu Y, Carlesso N, Kaplan M, Kapur R. P38a negatively regulates T
helper type 2 responses by orchestrating multiple TCR-associated signals. Journal of
Biological Chemistry, Sep 28; 287(40): 33215-26, 2012. PMCID: PMC3460427

Asai T, Liu Y, Di Giandomenico S, Bae N, Xu H, Nadiaye-Lobry D, Deblasio A, Menendez
S, Antipin J, Reva B, Wevrick R, and Nimer SD. Necdin, a p53 target gene, regulates
hematopoietic stem/progenitor cell quiescence and response to genotoxic stress. Blood,
Aug 23;120(8):1601-12, 2012. PMCID: PMC3429304. Co-first author.

Hu P, Carlesso N, Xu M, Liu Y, Nebreda AR, Takemoto C, and Kapur R. Genetic
evidence for critical roles of P38a in regulating mast cell differentiation and chemotaxis
through distinct mechanisms. J. Biol. Chem, June 8;287(24):20258-69, 2012. PMCID:
PMC3370208

Huang G, Zhao X, Wang L, EIf S, Xu H, Zhao X, Sashida G, Liu Y, Lee J, Menendez S,
Yang Y, Yan Y, Zhang P, Tenen DG, Osato M, Hsieh J, and Nimer SD. The ability of MLL
to bind RUNX1 and methylate H3K4 at PU.1 regulatory regions is impaired by MDS/AML-
associated RUNX1/AML1 mutations. Blood, Dec 15;118(25):6544-52, 2011. PMCID:
PMC3242717

Asai T, Liu Y, Bae N, and Nimer SD. The p53 tumor suppressor protein regulates
hematopoietic stem cell fate. J Cell Physiol, Sep; 226(9):2215-21, 2011. PMCID:
PMC3575444.

Sashida G, Bae N, Di Giandomenico S, Asai T, Gurvich N, Bazzoli E, Liu Y, Huang G,
Zhao X, Menendez S, Nimer SD. (2011). The Mef/Elf4 transcription factor fine tunes the
DNA damage response. Cancer Research, July 15; 71(14): 4857-65, 2011. PMCID:
PMC4073677

Sashida G, Bazzoli E, Menendex S, Liu Y, and Nimer SD. The oncogenic role of the ETS
transcription factors MEF and ERG. Cell Cycle, Sep 1; 9(17):3457-9, 2010. PMCID:
PMC3230474
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MiyataY, Liu Y, jankovic V, Sashida G, Lee JM, Shieh JH, Naoe T, Moore M, and Nimer
SD. Cyclin C regulates human hematopoietic stem/progenitor cell quiescence. Stem
Cells, Feb; 28(2):308-17, 2010. PMCID: PMC3144254

Liu Y, Asai T, and Nimer SD. Myelodysplasia: battle in the bone marrow. Nat Med, Jan;
16(1):30-2, 2010.

Liu Y, Hoya-Arias R, and Nimer SD. The role of p53 in limiting somatic cell
reprogramming. Cell Res, Nov; 19(11):1227-8, 2009.

Liu Y, EIf SE, Asai T, Miyata Y, Liu Y, Sashida G, Huang G, Di Giandomenico S, Koff A,
and Nimer SD. The p53 tumor suppressor protein is a critical regulator of hematopoietic
stem cell behavior. Cell Cycle, Octl; 8(19):3120-4, 2009. PMICID: PMC4637974

Sashida G, Liu Y, EIf S, Miyata Y, Ohyashiki K, Izumi M, Menendez S, and Nimer SD.
ELF4/MEF activates MDM2 expression and blocks oncogene-induced p16 activation to
promote transformation. Mol Cell Biol, Jul; 29(13):3687-99, 2009. PMCID: PMC2698769

Lin HK, Wang G, Chen Z, Teruya-Feldstein J, Liu Y, Chan CH, Yang WL, Erdjument-
Bromage H, Nakayama KI, Nimer S, Tempst P, and Pandolfi PP. Phosphorylation-
dependent regulation of cytosolic localization and oncogenic function of Skp2 by Akt/PKB.
Nat Cell Biol, Apr; 11(4):420-32, 2009. PMCID: PMC2830812

Liu Y, EIf SE, Miyata Y, Sashida G, Liu Y, Huang G, Di Giandomenico S, Lee JM,
Deblasio A, Menendez S, Antipin J, Reva B, Koff A, and Nimer SD. p53 regulates
hematopoietic stem cell quiescence. Cell Stem Cell, Jan 9; 4(1):37-48, 2009. PMCID:
PMC2839936

Morales M, Liu Y, Laiakis EC, Morgan WF, Miner SD, and Petrini JH. DNA damage
singaling in hematopoietic cells: a role for Mrell complex repair of topoisomerase lesions.
Cancer Res, Apr 1; 68(7):2186-93, 2008. PMCID: PMC2996041

Yao JJ, Liu Y, Lacorazza HD, Soslow RA, Scandura JM, Mimer SD, and Hedvat CV.
Tumor promoting properties of the ETS protein MEF in ovarian cancer. Oncogene, Jun 7;
26(27):4032-7, 2007.

Liu Y, Hedvat CV, Mao S, Zhu XH, Yao J, Nguyen H, Koff A, and Nimer SD. The ETS
protein MEF is regulated by phosphorylation-dependent proteolysis via the protein-
ubiquitin ligase SCFSkp2. Mol Cell Biol, Apr; 26(8):3114-23, 2006. PMCID: PMC1446966

Lacorazza HD, Yamada T, Liu Y, Miyata Y, Sivina M, Numes J, and Nimer SD. The
transcription factor MEF/ELF4 regulates the quiescence of primitive hematopoietic cells.
Cancer Cell, Mar; 9(3):175-87, 2006.

Larkins BA, Dilkes BP, Dante RA, Coelho CM, Woo YM, Liu Y. Investigating the hows and
whys of DNA endoreduplication. J Exp Bot, Feb;52(355):183-92, 2001. PMID: 11283162.

INVITED PRESENTATIONS

2007

Transcriptional regulation of the Normal and Leukemic Hematopoiesis. Sloan
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2007

2009

2009

2009

2010

2010

2010

2010

2011

2011

2012

2012

2012

2012

2012

Kettering Institute Scientific Colloquium, New York, NY.

Regulation of Hematopoietic Stem Cell Quiescence - a Novel Role for p53. The
49™ American Society of Hematology (ASH) Conference, Atlanta, GA.

Using cord blood to identify cell cycle regulatory targets for treating leukemia.
The 7" Annual International Umbilical Cord Blood Transplantation Symposium,
Los Angeles.

Necdin regulates hematopoietic stem cell quiescence. The 7" Annual
International Society for Stem Cell Research (ISSCR), Barcelona, Spain.

Molecular Basis of Hematopoietic Stem Cell Quiescence and Self Renewal.
Children’s Hospital Oakland Research Institute, Oakland, CA.

Molecular Basis of Hematopoietic Stem Cell Quiescence and Self Renewal.
Rochester University School of Medicine, Rochester, NY.

Molecular Basis of Hematopoietic Stem Cell Quiescence and Self Renewal. New
York University School of Medicine. New York, NY.

Molecular Basis of Hematopoietic Stem Cell Quiescence and Self Renewal. St.
Jude Children’s Research Hospital

Molecular Basis of Hematopoietic Stem Cell Quiescence and Self Renewal.
Department of Pediatrics, Indiana University School of Medicine, Indianapolis, IN.

Molecular basis of hematopoietic stem cell quiescence and self-renewal. Institute
of Hematology & Blood Diseases Hospital, Chinese Academy of Medical
Sciences, Tianjin, China

Akt-mediated phosphorylation of Bmil regulates hematopoietic stem cell self-
renewal. Midwest Blood Club, Cincinnati, Ohio

Molecular basis of hematopoietic stem cell self-renewal and leukemogenesis.
National Institute of Biological Sciences, Beijing, China

Molecular basis of hematopoietic stem cell self-renewal and leukemogenesis.
Tsinghua University, Beijing, China

Molecular basis of hematopoietic stem cell quiescence and self-renewal.
Department of Biochemistry and Molecular Biology seminar, Indiana University,
Indianapolis, IN

Molecular basis of hematopoietic stem cell self-renewal and leukemogenesis.
Neonatology morning conference, Department of Pediatrics, Indiana University.

Akt-mediated phosphorylation of Bmil inhibits hematopoietic stem cell self-
renewal. Midwest Blood Club, Indianapolis, Indiana
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2013

2013

2014

2014

2015

2015

2015

2016

2016

2016

2016

2016

2016

2016

PRL2 maintains hematopoietic stem and progenitor cells through regulating
SCF/KIT signaling. Midwest Blood Club, Cincinnati, Ohio

Bmil regulates hematopoietic stem cell self-renewal and lineage commitment.
Center of Excellence of Molecular Hematology, Indiana University

Bmil regulates ribosome biogenesis during erythroid differentiation. The 55
American Society of Hematology (ASH) Conference, New Orleans, LA.

PRL2 phosphatase in normal and malignant hematopoiesis. Institute of
Hematology & Blood Diseases Hospital, Chinese Academy of Medical Sciences,
Tianjin, China

Polycomb group protein Bmil regulates hematopoietic stem cell self-renewal and
differentiation. National Institute of Biological Sciences, Beijing, China

Polycomb Repressive Complex 1 enhances HSC self-renewal through
repressing the canonical Wnt signaling pathway. Midwest Blood Club, French
Lick, Indiana

Gain-of-function Mutant p53 enhances HSC self-renewal. Keystone Symposia,
Hematopoiesis (B6), Keystone, CO.

Polycomb Repressive Complex 1 enhances HSC self-renewal through
repressing the canonical Wnt signaling pathway. The 57" American Society of
Hematology (ASH) Conference, Orlando, FL.

Epigenetic Control of Hematopoietic Stem Cells. Institute of Health, Chinese
Academy of Sciences, Shanghai, China

Epigenetic Control of Hematopoietic Stem Cells. Fudan University, Shanghai,
China

Mutant p53 drives the development of pre-leukemic HSCs through modulating
epigenetic regulators. The 11" Bi-annual Chinese Biological Investigator Society
(CBIS), Chengdu, China

Epigenetic Control of Hematopoietic Stem Cells. Penn State College of Medicine,
Hershey, PA

Genetic and Epigenetic Control of Hematopoietic Stem Cells. Wells Center for
Pediatric Research, Indiana University.

PRL2 Phosphatase Is a Key Mediator of Oncogenic Cytokine Signaling in
Leukemia Stem Cells. The 58" American Society of Hematology (ASH)
Conference, San Diego, CA.

Polycomb Repressive Complex 1 in Hematopoietic Stem Cell Self-renewal and

Differentiation. NIDDK Cooperative Center of Excellence in Hematology (CCEH)
Meeting. Seattle, WA.
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2018

2018

2018

2018

2018

2019

2019

2019

2019

2019

2019

2020

2021

2022

Gain of function mutant p53 drives the development of pre-leukemic HSCs
through epigenetic modulations, Indiana University Cancer Research Day
Symposium.

Genetic and Epigenetic Control of Hematopoietic Stem Cell Expansion and
pathogenesis of MDS. Wells Center for Pediatric Research, Indiana University
School of Medicine.

Understanding and Targeting Mutant p53 in Hematological Malignancies. Simon
Cancer Center, Indiana University School of Medicine.

PRL2 phosphatase in normal and malignant hematopoiesis. Cooperative Center
of Excellence in Hematology, Indiana University School of Medicine.

Developing Novel Therapeutic Approaches to improve childhood leukemia
treatment, the St. Baldrick’s Foundation, CA

Mutant p53 promotes hematopoietic stem and progenitor cell expansion through
interacting with epigenetic modulator EZH2. The 60" American Society of
Hematology (ASH) Conference, San Diego, CA.

Developing Novel Therapeutic Approaches to improve leukemia treatment,
Indiana Science and Technology Club, IN

Chronic inflammation increases cancer development in LFS patients. Wells
Center for Pediatric Research, Indiana University School of Medicine.

Genetic and Epigenetic Regulation of Leukemia Stem Cells, University of Notre
Dame, South Bend, Indiana.

Mutant p53 drives clonal hematopoiesis through modulating epigenetic
pathways, the 8" Mutant p53 Workshop, Lyon, France.

Genetic and Epigenetic Control of Pre-leukemia Stem Cells and Leukemia Stem
Cells, University of Minnesota, Minnesota.

Understanding and Targeting of Pre-leukemia Stem Cells and Leukemia Stem
Cells, Northwestern University.

Understanding and Targeting of Pre-leukemia Stem Cells and Leukemia Stem
Cells, University of Miami.

Understanding and Targeting of Pre-leukemia Stem Cells and Leukemia Stem
Cells, University of Florida.

Understanding and Targeting of Pre-leukemia Stem Cells and Leukemia Stem
Cells, Chicago Blood Club.

Genetic and Epigenetic Control of Normal and Malignant Hematopoietic Stem
Cells and Leukemia Stem Cells, Loyola University School of Medicine.
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PROFESSIONAL SERVICE

EDITORIAL BOARD:

2014 to present International Journal of Neonatal Science and Therapeutics
2014 to present Journal of Stem Cell Research and Transplantation

2014 to present Stem Cells Research, Development and Therapy

2014 to present Journal of Stem Cells and Translational Investigation

2014 to present Pediatrics and Neonatal Biology

2016 to present Cancer Translational Medicine

2020 to present Leukemia & Lymphoma

REVIEWER FOR JOURNALS: Cell Stem Cell, JCI, PNAS, Blood, Leukemia, Stem Cells,
Journal of Leukocyte Biology, BMC Cell Biology, PLoS ONE, Frontiers in Oncology,
Cancer Biotherapy & Radiopharmaceutics, Molecular and Cellular Biochemistry, Tumor
Biology, Journal of Hematology and Oncology Research, In Vitro Cellular &
Developmental Biology, International Journal of Biochemistry and Molecular Biology,
Oncotarget, Blood Advances, and Cell Communication and Signaling.

UNIVERSITY SERVICE
INSTITUIONAL COMMITTEE:

2012 to 2017 Member, Institutional Animal Care and Use Committee (IACUC), Indiana
University School of Medicine

2017 to 2020 Member, Graduate Faculty Council, Indiana University

REVIEWER FOR GRANTS:

2011 IUSCC ITRAC pilot project

2012 Simon Clinical Research pilot project
2013 IUSCC Pancreatic Center pilot project
2013 IUSCC Bioinformatics Core Pilot projects
2013-2016 IUSM Wright Scholarship

2015 Indiana CTSI Core Pilot projects

2017 IUSCC ITRAC pilot project
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2017 IUSCC Associate Member pilot project

2018 IUSCC Associate Member pilot project
2018 Wells Center Translational Research Grant
2019 Wells Center Translational Research Grant

OTHER SERVICE:
2012 to 2016 Associate Editor, the Wells Center Newsletter

2012 Poster Judge, Research Day, Department of Biochemistry and Molecular
Biology, March 2012

2013 - 2017 Poster Judge, Cancer Research Day, Indiana University Cancer
Research Day

2013 - 2015 Panelist and Judge, Wells Center Summer Intern Program, Oral
Presentation

2013 -2015 Poster Judge, Student Research Program in Academic Medicine

Poster Presentations

2013 Interview prospective international graduate students for the IBMG
program, IUSM, March 2013

2014 -2018 Career Panelist, Molecular Medicine in Action (MMIA) program, IUSM

TEACHING ASSIGNMENTS

UNDERGRADUATE SUMMER STUDENTS AND MEDICAL STUDENTS:
2007 Youyang Yang, Summer Student, Harvard University
2008-2009 Narae Bae, Graduate Student, Cornell University

2011 Joel Pollack, Undergraduate Student, Wells Center Summer Intern program,
Boston University

2012 Sisi Chen, Graduate Student, Indiana University School of Medicine

2012 Zhixiang Zhang, Undergraduate Student, Wells Center Summer Intern program,
Indiana University

2012 Awahngie Akwo, Medical Student, SRPAM program, Indiana University
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2013

2013

2014

2014

2015

2015

2016

2017

2017

2018

2018

2018

2019

2019

2019

Levi Hadley, Undergraduate Student, Wells Center Summer Intern program,
Indiana University

Hyewon Hwang, Undergraduate Student, CEMH Summer Intern Program, Inje
University, Korea

Wenjing Cai, Undergraduate Student, Indiana University
Chen Mu, Medical Student, SRPAM program, Indiana University
Taylor Twiggs, Medical Student, SRPAM program, Indiana University

Christine Wang, Medical Student, Wells Center Summer Intern program, Indiana
University

Cecil Daniels, Undergraduate Student, Undergraduate Research for Prospective
Physician-Scientists, Indiana University

David Schmitz, Medical Student, SRPAM program, Indiana University
Aidan Fahey, Graduate student, Ulster University at Coleraine

Odelia Satchivi, Undergraduate Student, Indiana University

Danielle Henley, Undergraduate Student, University of South Alabama
Sergio Barajas, Graduate Student, Indiana University School of Medicine
Wenijie Cai, Graduate Student, Indiana University School of Medicine
Katherine Strube, Undergraduate Student, Butler University

Javona Freeman, Undergraduate Student, Indiana University

GRADUATE SCHOOL THESIS COMMITTEES:

2011-2012

2017-2018

2017-2018

2020-2021

Wenjuan Liao, PhD Candidate, Department of Biochemistry and Molecular
Biology, IUSM

Yang Lin, PhD Candidate, Department of Biochemistry and Molecular
Biology, IUSM

Aidan Fahey, Graduate student, Ulster University at Coleraine, UK

Aditi Khatpe, PhD Candidate, Department of Biochemistry and Molecular
Biology, IUSM

Ph.D. THESIS DIRECTOR:
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2012-2018

2019-2021

2019-2021

2020-2021

2020-2021

2021-present

Sisi Chen, PhD Candidate, Department of Biochemistry and Molecular
Biology, IUSM

Wenjie Cai, PhD Candidate, Department of Biochemistry and Molecular
Biology, IUSM

Sergio Barajas, PhD Candidate, Department of Biochemistry and Molecular
Biology, IUSM

Christopher Borchers, PhD Candidate, Department of Biochemistry and
Molecular Biology, IUSM

Shiyu Xiao, PhD student, Department of Biochemistry and Molecular
Biology, IUSM

Shiyu Xiao, PhD Candidate, Department of Medicine, Northwestern University
Feinberg School of Medicine

2021-present Wenijie Cai, PhD Candidate, Visiting Predoctoral Fellow, Department of Medicine,

2021-present

Northwestern University Feinberg School of Medicine

Sergio Barajas, PhD Candidate, Visiting Predoctoral Fellow, Department of
Medicine, Northwestern University Feinberg School of Medicine

POSTDOCTORAL FELLOWS:

2003-2006

2004-2005

2005-2006

2007-2008

2008-2010

2011-2013

2011-2015

2011-2016

2015-2017

2014-2018

Jinjuan Yao, MD & PhD, Postdoctoral Fellow, MSKCC

Yasuhiko Miyata, MD & PhD, Postdoctoral Fellow, MSKCC

Goro Sashida, MD & PhD, Postdoctoral Fellow, MSKCC

Fabiana Perna, MD, Postdoctoral Fellow, MSKCC

Takashi Asai, MD & PhD, Postdoctoral Fellow, MSKCC

Hao Yu, PhD, Postdoctoral Fellow, Indiana University School of Medicine
Rui Gao, PhD, Postdoctoral Fellow, Indiana University School of Medicine

Michihiro Kobayashi, MD & PhD, Postdoctoral Fellow, Indiana University School
of Medicine

Chonghua Yao, MD & PhD, Postdoctoral Fellow, Indiana University School of
Medicine

Sarah Nabinger, PhD, Postdoctoral Fellow, Indiana University School of
Medicine
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2017-2021 Sasidhar Vemula, PhD, Postdoctoral Fellow, Indiana University School of

Medicine

2019-2021  Yuxia Yang, PhD, Postdoctoral Fellow, Indiana University School of Medicine

2019-2021 Hongxia Chen, MD & PhD, Postdoctoral Fellow, Indiana University School of

Medicine

2021-present Hongxia Chen, MD & PhD, Department of Medicine, Northwestern University
Feinberg School of Medicine

AWARDS TO STUDENTS AND POSTDOCTORAL FELLOWS:

F32 Award

New Investigator Award

Abstract Achievement Award

Abstract Achievement Award

Abstract Achievement Award

Abstract Achievement Award

Abstract Achievement Award

Graduate Student Travel Award

Graduate Student Travel Award

Honorary Mention

Sarah Nabinger, PhD, Postdoctoral Fellow
Mentor, Yan Liu, PhD., NIH/NCI
2016-2018

Sisi Chen, Graduate Student; Mentor, Yan Liu, PhD, 45"
International Society for Experimental Hematology (ISEH)
Annual Meeting, 2016

Sisi Chen, Graduate Student; Mentor, Yan Liu, PhD, the
59" American Society of Hematology (ASH) Conference,
Atlanta, GA, 2017.

Sarah Nabinger, PhD, Postdoctoral Fellow; Mentor, Yan
Liu, PhD, the 57" American Society of Hematology (ASH)
Conference, Orlando, FL, 2015.

Sisi Chen, Graduate Student; Mentor, Yan Liu, PhD, the
57" American Society of Hematology (ASH) Conference,
Orlando, FL, 2015.

Sisi Chen, Graduate Student; Mentor, Yan Liu, PhD, the
56" American Society of Hematology (ASH) Conference,
San Francisco, CA, 2014.

Michihiro Kobayashi, MD, PhD, Postdoctoral Fellow;
Mentor, Yan Liu, PhD, the 55" American Society of
Hematology (ASH) Conference, New Orleans, LA, 2013.

Sisi Chen, Graduate Student; Mentor, Yan Liu, PhD,
IUPUI, 2016.

Sisi Chen, Graduate Student; Mentor, Yan Liu, PhD,
IUPUI, 2014.

Sisi Chen, Graduate Student; Mentor, Yan Liu, PhD,
Biochemistry Research Day, IUSM, 2014.
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Honorary Mention Sisi Chen, Graduate Student; Mentor, Yan Liu, PhD,
Biochemistry Research Day, IUSM, 2017.

Honorary Mention Sisi Chen, Graduate Student; Mentor, Yan Liu, PhD,
Indiana University Cancer Research Day, 2015.

Oral presentation First Prize Chen Mu, Medical Student; Mentor, Yan Liu, PhD, the
Summer Research Program in Academic Medicine
(SRPAM), Indiana University, 2014.

Oral presentation First Prize Taylor Twiggs, Medical Student; Mentor, Yan Liu, PhD, the
Summer Research Program in Academic Medicine
(SRPAM), Indiana University, 2015.

Oral presentation Second Prize Christine Wang, Medical Student; Mentor, Yan Liu, PhD,

Wells Center Summer Intern program, Indiana University,
2015.

GRADUATE TEACHING ASSIGNMENTS:

Developmental Genetics-G726 Spring 2012, Lecture 8: Hematopoiesis
Role: Instructor

Developmental Genetics-G726 Spring 2013, Lecture 8: Hematopoiesis
Role: Instructor

Clinical Problem Soving-X604 Spring 2013, Cases: 5-8
Role: Instructor

Clinical Problem Soving-X604 Spring 2014, Cases: 5-8
Role: Instructor

Clinical Problem Soving-X604 Spring 2015, Cases: 5-8
Role: Instructor

Stem Cell Biology-G720 Spring 2015, Lecture 8: Cancer Stem Cells
Role: Instructor

Stem Cell Biology-G720 Spring 2016, Lecture 8: Cancer Stem Cells
Role: Instructor

Stem Cell Biology-G720 Spring 2017, Lecture 8: Cancer Stem Cells
Role: Instructor

Stem Cell Biology-G720 Spring 2019, Lecture 8: Cancer Stem Cells
Role: Instructor

Stem Cell Biology-G720 Spring 2020, Lecture 8: Cancer Stem Cells
Role: Instructor

Yan Liu, CV, 21



Stem Cell Biology-G720 Spring 2021, Lecture 8: Cancer Stem Cells
Role: Instructor
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PRL2 phosphatase enhances oncogenic FLT3 signaling via dephosphorylation of the E3 ubiquitin

ligase CBL at tyrosine 371
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KEY POINTS
Genetic and pharmacological inhibition of PRL2 significantly reduce the burden of FLT3-ITD-driven

leukemia and extend leukemic mice survival.

PRL2 dephosphorylates CBL at tyrosine 371 and blocks CBL-mediated FLT3 ubiquitination and

degradation, leading to enhanced STAT5, AKT, and ERK signaling in leukemia cells.
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Abstract

Acute myeloid leukemia (AML) is an aggressive blood cancer with poor prognosis. FLT3 is one of the
major oncogenic receptor tyrosine kinases aberrantly activated in AML. While protein tyrosine
phosphatase PRL2 is highly expressed in some subtypes of AML compared to normal human
hematopoietic stem and progenitor cells (HSPCs), the mechanisms by which PRL2 promotes
leukemogenesis are largely unknown. We discovered that genetic and pharmacological inhibition of PRL2
significantly reduce the burden of FLT3-ITD-driven leukemia and extend the survival of leukemic mice.
Further, we found that PRL2 enhances oncogenic FLT3 signaling in leukemia cells, promoting their
proliferation and survival. Mechanistically, PRL2 dephosphorylates the E3 ubiquitin ligase CBL at
tyrosine 371 and attenuates CBL-mediated ubiquitination and degradation of FLT3, leading to enhanced
FLT3 signaling in leukemia cells. Thus, our study reveals that PRL2 enhances oncogenic FLT3 signaling
in leukemia cells through dephosphorylation of CBL and will likely establish PRL2 as a novel druggable

target for AML.
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Introduction

Acute myeloid leukemia (AML) is an aggressive blood cancer with poor prognosis.l® Some human
leukemia cells depend on aberrant receptor tyrosine kinase activation and the downstream effectors for
proliferation and survival.*® FMS-like tyrosine kinase receptor-3 (FLT3) is one of the major oncogenic
receptor tyrosine kinases aberrantly activated in AML.%7 Activating FLT3 mutations, including internal
tandem duplications in FLT3 (FLT3-1TD), are seen in approximately 30% of AML patients and confer a
poor prognosis.®’ Despite substantial efforts devoted to the development of FLT3 inhibitors, the
effectiveness of these inhibitors as a single agent in AML has been limited and development of drug
resistance in leukemia patients is always a concern. ®° The resistance to targeted therapies seen in AML
patients may be associated with a rare population of leukemia-initiating cells (LICs) or leukemia stem

cells (LSCs) that are capable of self-renewal and initiating leukemia.0-%4

The CBL family E3 ubiquitin ligases, including CBL and CBL-b, are responsible for the ubiquitination
and degradation of FLT3 in hematopoietic cells.®®> CBL is a tumor suppressor in hematological
malignancies. Indeed, loss of both CBL and CBL-b results in fetal myeloproliferative neoplasms (MPN)
in mice.'518 Both somatic and germline CBL mutations are frequently found in myeloid malignancies,
including juvenile myelomonocytic leukemia (JMML), myelodysplastic syndromes (MDS), MPN, and
AML.122 In response to cytokine stimulation, CBL is phosphorylated and activated.'®> However, how

CBL phosphorylation is downregulated in leukemia cells is largely unknown.

The phosphatases of regenerating liver (PRL1, 2 and 3) are members of the protein tyrosine phosphatase
(PTP) family that are being pursued as biomarkers and therapeutic targets in human cancers.?®>? PRL2,
also known as PTP4A2, is essential for hematopoietic stem and progenitor cell (HSPC) proliferation and
promotes AML1-ETO-induced leukemia.?” 2 In addition, PRL2 regulates T cell development and
promotes oncogenic NOTCH1-induced T-cell leukemia.?® % While PRL2 is highly expressed in some
subtypes of AML compare to normal human HSPCs,?® the mechanisms by which PRL2 promotes

leukemogenesis are unclear. In this study, we discovered that PRL2 dephosphorylates CBL at tyrosine
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371 and inhibits its E3 ubiquitin ligase activity toward FLT3, leading to decreased ubiquitination of FLT3,

and activation of FLT3-induced downstream signaling pathways in leukemia cells.

Methods

Detailed methodology is provided in the Supplemental Information (Available on the Blood Web site).

Mice

Wild type C57BL/6 (CD45.2%), B6.SJL (CD45.1%), C3H/HelJ, and FIt3*/'T° mice were purchased from the
Jackson Laboratories. Pri2*/*, PrI2”, FIt3*/'™0, FIt3*/'™PPr|27, FIt3'™'T0 and FIt3'™'T°PrI2”- mice were
maintained in the Indiana and Northwestern University Animal Facility and kept in Thorensten units with
filtered germ-free air. Embryonic day 14.5 (E14.5) fetal liver cells (Pr12*/* and Pr12”") were isolated from
pregnant PrI2*" female mice that were mated with PrI2* male mice. The Institutional Animal Care and
Use Committee (IACUC) of Indiana University School of Medicine and Northwestern University

Feinberg School of Medicine approved all experimental procedures.

Statistical Analysis

The animal sample size was based on previous studies evaluating the roles of PRL2 in leukemia and
POWER analysis.?627 Using Chi-Square analysis, 7 mice per group will provide 80% POWER in
detecting difference with 95% difference. Gehan-Breslow-Wilcoxon test was used for Kaplan-Meier
survival curves. Other data were analyzed by paired or unpaired t test or analysis of variance for nonlinear
distributions using GraphPad Prizm 9. Results are expressed as the mean + standard error of the mean
(SEM) for at least triplicate experiments. P values of < 0.05 were regarded as statistically significant
which was calculated by GraphPad Prism9. *p<0.05, **p<0.01, ***p < 0.001, ****p < 0.0001. Further

details about methods are available in supplementary information.

Data Sharing Statement
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RNA-seq data are available at GEO under accession number GSE208136.
Results
FLT3 mutated AML patients with high PRL2 expression have reduced overall survival

To determine the role of PRL2 (PTP4A2) in the pathogenesis of human AML, we first analyzed the

published TCGA (https://www.cancer.gov/about-nci/organization/ccg/research/structural-

genomics/tcga) dataset and found that PRL2 expression is higher in intermediate and poor risk AML
compared to favorable risk AML (Figure 1A). PRL2 expression is also higher in dead AML patients

compared to AML patients that are alive (Figure 1B). We then analyzed the dataset from cBioPortal

(https://www.cbioportal.org) and found that PRL2 levels are higher in patients with cytogenetic and
central nerve system (CNS) relapse (Figure 1C; supplemental Figure 1A). We defined PRL2 expression
above median as high PRL2 expression group and below median as low PRL2 expression group. Notably,
AML patients with high PRL2 expression have reduced overall survival compared to AML patients with
low PRL2 expression (Supplemental Figure 1B). In AML bearing poor cytogenetic risk, patients with
high PRL2 expression have reduced overall survival compared to patients with low PRL2 expression
(Figure 1D; supplemental Figure 1C-D). Next, we performed DEG (differentially expressed gene)
analysis to compare gene expression in a subset of AML patients with high or low PRL2 expression. There
are 790 genes upregulated and 948 genes downregulated in AML patients with high PRL2 expression
(Figure 1E). Gene Set Enrichment Analysis (GSEA) revealed that AML, AML prognosis, leukemia stem
cell (LSC), and hematopoietic stem cell (HSC) gene signatures are enriched in AML patients with high
PRL2 expression (Figure 1F). In addition, pathways associated with FLT3 as well as its downstream
effectors, including STAT5A, PISK/AKT, and ERK1/ERK2, are enriched in PRL2 high group (Figure

1G-H).

We then analyzed PRL2 expression in AML patients with or without FLT3 mutations using GSE15434

and cBioPortal dataset and found that AML patient with FLT3 mutations have higher PRL2 expression
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compared to AML patients negative for FLT3 mutations (Figure 11; supplemental Figure 1E). In AML
patients without FLT3 mutations, PRL2 expression did not appear to affect overall survival (Supplemental
Figure 1F). However, in FLT3 mutation positive AML, patients with high PRL2 expression have reduced
overall survival compared to patients with low PRL2 expression (Figure 1J). Taken together, these clinical

data suggest that high PRL2 expression may be a prognostic marker in FLT3-mutated AML.

PRL2 deficiency alters FLT3 mediated gene transcription in murine hematopoietic stem and

progenitor cells

To gain insights into the molecular mechanisms underlying the role of PRL2 in hematopoietic stem and
progenitor cells (HSPCs), we performed RNA-seq analysis to compare gene expression in Prl2** and
Prl27- E14.5 (Embryonic day 14.5) fetal liver cells which are enrich with HSPCs. Approximately 400 genes
were significantly downregulated, and 75 genes were significantly upregulated in Pri2” fetal liver cells,
respectively (Figure 2A). We then employed GSEA analysis to group potential PRL2 target genes into
specific pathways important for HSPC behavior. Notably, long-term hematopoietic stem cells, receptor
tyrosine kinase signaling, PISBK/AKT signaling, and ERK signaling gene signatures were significantly
downregulated in Prl2 null fetal liver cells (Figure 2B). In addition, receptor regulator activity, receptor
complex, positive regulation of receptor tyrosine kinase signaling, and positive regulation of ERK
signaling gene signatures were significantly down regulated in Prl2 null fetal liver cells (Figure 2C-D).
We utilized STRING 11.5 to perform protein association network analysis on genes downregulated in
Pri2 null fetal liver cells and observed strong interconnection between downregulated genes with FLT3
and its downstream proteins in Prl2 null fetal liver cells (Figure 2E). We confirmed that the expression of
genes interacting with the FLT3 signaling pathway was downregulated in PrI2 null fetal liver cells (Figure
2F), Pr12 null fetal liver Kit" cells (supplemental Figure 2A), as well as Prl2 null bone marrow Lin cells
(Figure 2G). Loss of Prl2 significantly decreased AKT, STAT5 and ERK phosphorylation in fetal liver
cells (Figure 2H; supplemental Figure 2B) and bone marrow Lin" cells (Figure 2I; supplemental Figure

20).
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Loss of Prl2 decreases the self-renewal capability of FLT3-1TD positive hematopoietic stem and

progenitor cells

To determine the role of PRL2 in FLT3-ITD-mediated hematopoietic cell proliferation, we introduced
wild-type (WT) FLT3 or FLT3-ITD mutant into Lin" cells purified from WT and Prl2 null mice and found
that Pr12 null Lin™ cells expressing FLT3-1TD exhibit decreased proliferation compared to that of the WT
cells both in the absence of cytokines and in the presence of FLT3 ligand (supplemental Figure 2D). As
expected, ectopic expression of FLT3-ITD increased the colony formation of WT HSPCs (supplemental
Figure 2E). While Prl2 deficiency did not affect the colony formation of HSPCs expressing WT FLT3,
loss of Pri2 decreased the colony formation of HSPCs expressing FLT3-1TD (supplemental Figure 2E).
These findings suggest that PRL2 is important for FLT3-ITD-mediated hematopoietic cell

hyperproliferation.

To further determine the impact of PRL2 on oncogenic FLT3 signaling, we have generated FIt3*'™PPr|2-
" and FIt3"™"™pr127 mice.®? Pri2”- mice show decreased body size as we previously reported;?3
however, expression of FLT3-ITD did not rescue the body size defect seen in the Prl2” mice
(supplemental Figure 3A). To determine the impact of Prl2 on hematopoiesis, we first analyzed the
peripheral blood (PB) and bone marrow (BM) of 8- to 12-week-old PrI2**, Pri2”, FIt3*/'T°, FIt3*/'T°Pr|2-
" FIt3'TP'T and FIt3'™Ppr127 mice. FIt3'™/'™ mice show increased white blood cell (WBC) counts
as reported,® whereas loss of Prl2 brought WBC counts back to normal (supplemental Figure 3B). Both
FIt3'™'0 and FIt3'™"'TPPr|27- mice are anemic, manifested by decreased red blood cell (RBC) counts
and reduced hemoglobin (HGB) levels in peripheral blood (supplemental Figure 3C-D). In addition,
FIt3'™'® mice displayed decreased levels of platelets but increased levels of basophil and monocyte
counts (supplemental Figure 3E-H). There is increased number of myeloid cells in PB of FIt3'™"'™° mice;
however, loss of Prl2 mitigated this effect (supplemental Figure 31). Both FIt3*'™ and FIt3'™"'™ mice

displayed increased BM cellularity compared to WT mice, whereas loss of Prl2 brought BM cellularity
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back to normal (supplemental Figure 3J). There are decreased number of B cells but increased number of
myeloid cells in the BM of FIt3'™"™ mice (supplemental Figure 3K-M). Loss of Prl2 significantly

reduced the number of myeloid cells in the FLT3-1TD background (supplemental Figure 3M).

We next examined the number of primitive hematopoietic stem and progenitor cells in the BM of Pri2*/*,
Pri2”, FIt3*'°, FIt3*™pr127, FIt3'™"T0 and FIt3'™"™PPrI27 mice. FIt3'™'™ mice have increased
number of long-term hematopoietic stem cells (LT-HSCs), multipotent progenitor cells (MPPs), and Lin
Scal*Kit" cells (LSKSs) in their BM, whereas loss of Prl2 brought the numbers of hematopoietic stem and
progenitor cells (HSPCs) back to WT level (Figure 3A, C-D; supplemental Figure 3N). While loss of Prl2
decreases the number of ST-HSCs, Pri2 deficiency has modest impact on ST-HSCs in FLT3-ITD
background (Figure 3B). We then performed methylcellulose colony-forming unit (CFU) assays to
quantify myeloid progenitor cells. While FIt3'™/'™ BM cells show increased colony formation, loss of
Prl2 significantly decreased their ability to form colonies in vitro (Figure 3E), suggesting that PRL2 is

important for FLT3-1TD-mediated enhanced hematopoietic cell proliferation.

To examine whether Prl2 deficiency affects FIt3*'™® HSPC function in vivo, we performed serial
competitive BM transplantation assays using Pri2*"*, PrI2”, FIt3*'™°, and FIt3*'™°PrI2”- BM cells
(CD45.2%). Equal numbers of donor and competitor BM cells were transplanted into lethally irradiated
recipient mice (supplemental Figure 4A). Sixteen weeks after primary transplantation, we found that loss
of Prl2 significantly decreases the engraftment of FIt3*"'™ BM cells (Figure 3F). Recipient mice
repopulated with FIt3*/'™® BM cells showed increased levels of WBC counts, whereas loss of Prl2 in the

FIt3*"'® pbackground brought WBC counts back to normal (supplemental Figure 4B-C).

Analysis of the BM revealed a striking increase in the number of phenotypically defined MPPs and LSKs

in the recipients repopulated with FIt3*"'™ BM cells, whereas the number of LT-HSCs and short-term
9
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hematopoietic stem cells (ST-HSCs) are normal (Figure 3G-H). Loss of Prl2 significantly reduced the
number of MPPs and LSKs in the FIt3*"'™ background (Figure 31-J; supplemental Figure 4D). We then
transplanted 3 x 10¢ BM cells isolated from the primary recipient mice repopulated with Pri2**, Pri2",
FIt3*'™°, and FIt3*"'™°Prl27- BM cells into lethally irradiated secondary recipients (supplemental Figure
4E). Sixteen weeks after transplantation, FIt3*"'"°Pr127- cells continued to show decreased repopulating
ability (Figure 3K). Recipient mice repopulated with FIt3*'™® BM cells showed increased levels of WBC
counts, whereas loss of Prl2 in the FIt3*'™® background brought WBC counts back to normal
(supplemental Figure 4F). Interestingly, we observed increased lymphocyte counts in the secondary
recipients repopulated with FIt3*"'™ BM cells and loss of Prl2 mitigated the effect (supplemental Figure
4G). Strikingly, loss of Prl2 significantly decreased the number of FIt3*"'™® ST-HSCs, MPPs, and LSKs,
but not LT-HSCs in the BM of secondary recipient mice (Figure 3L-O; supplemental Figure 4H).
Recipient mice repopulated with FIt3*'™® BM cells showed enlarged spleen and loss of Prl2 rescued the

defect (supplemental Figure 41-J).
PRL2 is important for FLT3-1TD-induced myeloid proliferative neoplasm in mice

Both FIt3*'™° and FIt3'™"'™® mice develop MPN with monocytic features.3? F1t3*/'™° and FIt3'™/™ mice
displayed dose-dependent development of progressive splenomegaly, whereas loss of Prl2 significantly
reduced splenomegaly seen in FIt3*"'™ and FIt3'™"™ mice (Figure 4A-B). While there are increased
number of LSKSs in the spleen of FIt3*/'™° and FIt3'™"™ mice, loss of Prl2 mitigated the effect (Figure

4C).

To determine the hematopoietic cell intrinsic effect of PRL2 on FLT3-1TD induced MPN, we transplanted
3 x 10% BM cells (CD45.2%) isolated from PrI2*"*, PrI2”, FIt3*'™ FIt3*'™pr127 FIt3'™"P  and
FIt3'™"OPr[27- mice into lethally irradiated recipient mice (CD45.1%). All recipient mice repopulated
with FIt3'™'° BM cells developed MPN and died within 60 weeks after transplantation; however, loss
of Prl2 significantly extended the survival of FIt3'™/'T° mice, with 50% of mice still alive at 73 weeks

following transplantation (Figure 4D). PrI2 deficiency rescued anemia seen in recipient mice repopulated
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with FIt3'™" TP BM cells, manifested by increased RBC counts and HGB levels in PB (Figure 4E-F;
supplemental Figure 5A-B). In addition, loss of PrI2 rescued myeloid expansion seen in PB of FIt3'™™/'T0
mice (supplemental Figure 5C-G). Flow cytometric analysis further confirmed the expansion of
Mac1*Gr1* myeloid cells in PB of recipient mice repopulated with FIt3*/'° or FIt3'™™ BM cells and
loss of Prl2 rescued the defect observed in the FIt3'™"™® group (Figure 4G-H). Recipient mice
repopulated with FIt3*'™° and FIt3'™"™® BM cells developed MPN, manifested by splenomegaly and
infiltration of maturing myeloid hyperplasia in bone marrow, spleen, and liver as well as accumulation of
myeloid blast cells in PB; however, these abnormalities were significantly reduced in FIt3*'T°PrI2” and
FIt3'™"Tpr127- mice (Figure 41; supplemental Figure 5H). Recipient mice repopulated with FIt3'T/TP
BM cells displayed splenomegaly, whereas loss of Prl2 significantly reduced splenomegaly seen in

FIt3'™T0 mice (Figure 4J).

To complement our murine studies, we ectopically expressed WT PRL2 or a catalytically inactive mutant
(PRL2-CSDA, where the active site C101 and D69 were mutated to S and A, respectively) in a murine
hematopoietic progenitor cell line 32D and performed in vitro and in vivo experiments.®® ** We found
that ectopic expression of PRL2-CSDA decreases the proliferation of 32D cells expressing FLT3-1TD
(Figure 4K). We also transplanted transduced 32D cells into sublethally irradiated C3H/HeJ mice and
monitor their survival. While ectopic expression of PRL2 had no effect on the survival of C3H/HeJ mice
transplanted with FLT3-1TD expressing 32D cells, expression of PRL2-CSDA significantly extended the

survival of C3H/HeJ mice (Figure 4L).

Genetic and pharmacological inhibition of PRL2 decreases leukemia burden and extends the

survival of mice transplanted with human leukemia cell lines

MV-4-11, MOLM-13, and K562 are human AML cell lines.®® To examine the impact of PRL2 deficiency

on human leukemia cell proliferation, we have developed two shRNAs targeting different regions of
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human PRL2.2"-3° Both shRNAs can efficiently decrease PRL2 proteins in MV-4-11 cells (Figure 5A).
We focused our studies using one of the PRL2 shRNA and found that knockdown of PRL2 decreases the
colony formation of MV-4-11, MOLM-13, and K562 cells (Figure 5B and supplemental Figure 6A-C).
To determine the impact of PRL2 deficiency on leukemia development in vivo, we transplanted 3 x 108
MV-4-11 or MOLM-13 cells expressing control or PRL2 shRNA into sublethally irradiated NSG mice
and monitored their survival. We found that loss of PRL2 significantly extended the survival of recipient
mice transplanted with MV-4-11 or MOLM-13 cells (Figure 5C; supplemental Figure 6D). In addition,
we found genetic inhibition of PRL2 significantly decreases the engraftment of MV-4-11 cells in PB, BM,
and spleen of recipient mice (Figure 5D). Furthermore, knockdown of PRL2 significantly decreased

splenomegaly seen in recipient mice transplanted with MV-4-11 cells (Figure 5E-F).

To further substantiate the PRL2 knockdown results, we also utilized compound 43,3 a small molecule
PRL inhibitor (PRLi) that blocks PRL trimerization, which is essential for PRL function.3% 3¢ 37
Consistent with previous findings,®! PRLi treatment reduces the colony formation of MV-4-11, MOLM-
13, and K562 cells (Figure 5G; supplemental Figure 6E-F). To determine the efficacy of PRLi on human
leukemia cells in vivo, we transplanted luciferase-labeled MV-4-11 cells into sublethally irradiated NSG
via tail vein injection. One week after the transplantation, we treated NSG mice with vehicle (10% DMSO)
or PRLi (25 mg/kg, I.P.) daily for three weeks. Leukemia burden in NSG mice was monitored via
bioluminescence imaging weekly. Serial imaging of luminescence showed that PRLI treatment
dramatically decreases leukemia burden compared with the control group (Figure 5H). The radiance of
the NSG mice was significantly reduced after exposure to PRLi (Figure 5I). Furthermore, PRLI
substantially extended the survival of NSG mice transplanted with human leukemia cells (Figure 5J).
PRLI also considerably decreased the engraftment of human leukemia cells in PB, BM, and spleen of
NSG mice (Figure 5K). PRL.i treatment significantly reduced the size and weight of spleen of NSG mice

(Figure 5L-M). Finally, we found that PRL. is specific for PRL2 as it does not affect the colony formation

1L
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of MV-4-11, MOLM-13, and K562 cells expressing a ShRNA targeting PRL2 (supplemental Figure 6G).
Further, PRLi inhibits the proliferation of MV-4-11 and MOLM-13 cells expressing PRL2, but not MV4-

11 and MOLM-13 cells expressing PRL2-CSDA (Supplementary Figure 6H).

Pharmacological inhibition of PRL2 reduces leukemia burden and extends the survival of mice

transplanted with primary human AML cells

PRLi decreases the proliferation of primary human AML cells in vitro in a dosage-dependent manner
(Figure 6A). In addition, PRLi treatment decreases the colony formation of primary human AML cells
with or without FLT3 mutations (Figure 6B). PRL.i treatment also arrested primary AML cells with FLT3-
ITD mutation at the GO/G1 phase of the cell cycle and decreased the percentage of cells in S or G2M
phase (Figure 6C; supplemental Figure 61). Further, PRLi treatment significantly increased the apoptosis

of primary human AML cells with FLT3-1TD mutation (Figure 6D; supplemental Figure 6J).

To determine the efficacy of PRLi on primary human leukemia cells in vivo, we generated two patient-
derived xenograft (PDX) models of FLT3-ITD positive AML in NSGS mice. 12-16 weeks post primary
transplantation, we confirmed engraftment of human CD45* (huCD45%) AML cells in NSGS mice (data
not shown) and generated secondary recipients for drug administration. After confirmation of human
leukemia cell engraftment in peripheral blood of NSG mice (>1% human CD45" cells), NSG mice were
treated with vehicle (10% DMSO) or PRLI (25 mg/kg, 1.P.) daily for three weeks. PRLi substantially
extended the survival of NSG mice transplanted with human CD45" leukemia cells (Figure 6E;
supplemental Figure 6K). PRLi also considerably decreased the engraftment of human CD45" leukemia
cells in PB, BM, and spleen of NSG mice at the end point of treatment (Figure 6F; supplemental Figure

6L).
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PRL2 is a positive mediator of oncogenic FLT3 signaling in murine hematopoietic cells and human

leukemia cells

To determine the impact of PRL2 on FLT3 signaling, we examined STAT5, AKT, and ERK
phosphorylation and found that loss of Prl2 decreases STAT5, AKT, and ERK phosphorylation in both
FIt3*'™° and FIt3'™'T° BM cells (Figure 6G). These observations suggest that PRL2 is a positive mediator
of FLT3-ITD signaling in hematopoietic cells. To determine the impact of PRL2 deficiency on FLT3
signaling in leukemia cells, we found that knock down of PRL2 significantly decreases pFLT3, FLT3
expression, AKT, ERK and STAT5 phosphorylation in MV-4-11 cells (Figure 6H, left panel). In addition,
we showed that PRLi treatment also decreases pFLT3, FLT3 expression, AKT, ERK, STAT5, STAT3
and MEK phosphorylation in MV-4-11 cells (Figure 6H right panel; supplemental Figure 7A). Moreover,
we observed decreased pFLT3, FLT3 expression, phosphorylation of AKT, STAT5, STAT3, STAT1 and
MEK in K562 cells following PRL.i treatment (supplemental Figure 7B), but there was no change in the
levels of BCR-ABL, BCR, and c-ABL (supplemental Figure 7C). We also found that PRLi treatment
reduces FLT3 expression and decreases the phosphorylation of AKT, ERK, and STAT5 in U937 cells
expressing WT FLT3 or FLT3-ITD (supplemental Figure 7D). We found that decreased phosphorylation
of AKT, STATS5, and ERK in MV4-11 cells expressing shPRL2 isolated from NSG mice at 4 weeks
following transplantation (Figure 6J left; supplemental Figure 7E left). Notably, we observed decreased
phosphorylation of AKT, STAT5, and ERK in MV4-11 and primary human AML cells isolated from
NSG mice following three weeks of PRLi treatment (Figure 6J-K; supplemental Figure 7E). While PTEN
is a negative regulator of the AKT signaling pathway,?® PRLi treatment did not affect PTEN expression
in MV4-11 cells (supplemental Figure 7F). Finally, we showed that PRL.i is synergic with FLT3 inhibitor

AC220 or Gilteritinib in inhibiting the proliferation in MV-4-11 cells (supplemental Figure 7G).

PRL2 associates with and dephosphorylates CBL at tyrosine 371 in leukemia cells
To investigate the mechanism by which PRL2 promotes FLT3 signaling, we determined the effect of

PRL2 inhibition on FLT3 stability. We discovered that both knockdown of PRL2 and PRL.i treatment can
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lead to a reduction in FLT3 protein level as a result of a decrease in FLT3 half-life in MV-4-11 cells
(Figure 7A; supplemental Figure 8A). In line with this observation, we found that both knockdown of
PRL2 and PRLI treatment increase FLT3 ubiquitination in MV-4-11 cells (Figure 7B; supplemental

Figure 8B).

To understand how does PRL2 promote FL T3 stabilization, we carried out substrate trapping experiments

to identify potential PRL2 substrates in leukemia cells. To that end, we utilized the GST-tagged PRL2-

CSDA mutant, which is competent for substrate binding but unable to catalyze substrate turnover.34 3

Indeed, we found that PRL2-CSDA shows enhanced association with CBL, FLT3, PLCy, and SHP2
compared to wild-type PRL2 in MV-4-11 cells (Figure 7C). We confirmed that PRL2 associates with
FLT3 and CBL in MV-4-11 cells using co-immunoprecipitation (Co-IP) assays (Figure 7D). We also
found that PRL2 and CBL co-localizes in MV-4-11 (Figure 7E) and U20S cells (supplemental Figure
8C). Given that CBL is an E3 ubiquitin ligase which is responsible for ubiquitination and degradation of

FLT3 in hematopoietic cells,’® these findings suggest that CBL may be a PRL2 substrate.

CBL becomes phosphorylated on several tyrosine residues following cytokine stimulation (supplemental
Figure 8D). To determine whether CBL can serve as a substrate for PRL2, we expressed PRL2 in 293
cells and found that ectopic PRL2 expression decreases CBL tyrosine phosphorylation in 293 cells (Figure
7F). Conversely, knockdown of PRL2 increases CBL tyrosine phosphorylation in MV-4-11 cells (Figure
7G). CBL becomes activated upon Tyrosine 371 phosphorylation, which enables it to target receptor
protein tyrosine kinases for ubiquitin-mediated degradation.'® 22 3941 Indeed, we found that knockdown
of PRL2 increases CBL phosphorylation at tyrosine 371, whereas the levels of CBL phosphorylation at
tyrosine 700, 731, and 774 were not affected by PRL2 inhibition in MV-4-11 cells (Figure 7H). We

detected that ectopic expression of the catalytically inactive PRL2-CSDA mutant increases CBL
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phosphorylation at tyrosine 371 in MV-4-11 cells (Figure 71). Further, we found that PRLi treatment

increases CBL phosphorylation at tyrosine 371 in MV-4-11 cells (supplemental Figure 8E).

To further examine the enzyme-substrate interaction between PRL2 and CBL at the molecular level, we
utilized APEX2 proximity labeling, which is a widely used method for rapid covalent labeling of
neighboring proteins within a 10-20 nm radius of a protein of interest in living cells.*** To that end,
APEX2-PRL2 fusion protein was used to perform proximity labeling to identify its interacting proteins.
To our satisfaction, we identified CBL as a PRL2 neighboring protein, but not the nonphosphorylatable
CBL¥"'F mutant, in live cells (Figure 7J). Consistently, the PRL2-CSDA substrate trapping mutant shows
enhanced association with CBL compared to the CBLY*"*F mutant in both HeLa and 293 cells (Figure 7K-
L). Notably, CBL expression is correlated with PRL2 expression in human leukemia patients
(supplemental Figure 8F). Collectively, the data presented above demonstrate that CBL is a substrate of
PRL2 and that PRL2 associates with and dephosphorylates CBL at tyrosine 371 in leukemia cells. It
follows that dephosphorylation of CBL at tyrosine 371 by PRL2 blocks CBL-mediated FLT3

ubiquitination and degradation, leading to heightened FLT3 signaling in leukemia cells.

Discussion

Members of the PTP family dephosphorylate target proteins and counter the activities of protein tyrosine
kinases to control the strength and duration of tyrosine phosphorylation mediated cellular signaling.*> 46
FLT3 is a major oncogenic receptor tyrosine kinase aberrantly activated in leukemia.® ” PRL2 is known
to be overexpressed in some subtypes of AML.?" In the present study, we demonstrate that PRL2 enhances
oncogenic FLT3 signaling and promotes leukemia cell proliferation and survival. We further establish
that PRL2 dephosphorylates CBL at tyrosine 371 and inhibits it’s E3 ligase activity toward FLT3, leading
to decreased ubiquitination and degradation of FLT3, thereby activating its downstream signaling

pathways in leukemia cells. Finally, we also show that genetic and pharmacological inhibition of PRL2
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significantly reduce the burden of FLT3-ITD-driven leukemia and extend the survival of leukemic mice.

Together, our work validates PRL2 as a novel druggable target for AML.

We previously found that loss of PRL2 does not change HSC number in the BM but decreases adult
HSPC proliferation.?® We now show that receptor tyrosine kinase, PI3K/AKT, and ERK signaling gene
signatures are significantly downregulated in Prl2 null fetal liver HSPCs. In addition, loss of Prl2
significantly decreased AKT, STAT5 and ERK phosphorylation in fetal liver cells. Given that fetal liver
HSPCs are characterized by a massive expansion of HSCs whereas BM HSCs are much more quiescent,

PRL2 effect could be associated with cell proliferation instead of "stem™ ability in fetal livers.

Members of the CBL family E3 ubiquitin ligases share a highly conserved N-terminal tyrosine kinase-
binding (TKB) domain, a short linker helical region (LHR), and a RING finger (RF) domain.’® The LHR
and RF domains dictate the E3 activity of CBL family members by serving as a structural platform for
optimal binding of a ubiquitin-conjugating enzyme E2.1® CBL’s ubiquitination activity is stimulated
by phosphorylation of a Tyr residue in a linker helix region (LHR).3%-*! Structural and biochemical studies
show that phosphorylation of Tyr 371 activates CBL by inducing LHR conformational changes that
eliminate autoinhibition and enable direct participation of LHR phosphotyrosine in the activation of
E2~ubiquitin complex for catalysis.**’ This activation is required for receptor tyrosine Kkinase
ubiquitination. We found that PRL2 associates with and dephosphorylates CBL in human leukemia cells
and that inhibition of PRL2 activity increases CBL Tyr 371 phosphorylation in human leukemia cells.

Our results suggest that CBL/pTyr371 is a novel PRL2 substrate in leukemia cells.
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Most CBL mutations in myeloid malignancies are found in the RING finger domain and the linker region
of CBL.%-?! Some CBL mutants such as CBLY?"*" and CBL-70Z do not have E3 ubiquitin ligase activity
but compete against wild-type CBL and CBL-B, leading to prolonged activation of receptor tyrosine

40 nactivating CBL mutations-mediated hematopoietic

kinases after cytokine stimulation.®®
transformation in AML depends on FLT3 signaling.*® Indeed, loss of CBL E3 ubiquitin ligase activity
enhances the development of myeloid leukemia in FLT3-ITD mutant mice.*® Further, myeloid leukemia
development in CBL RING finger mutant mice is dependent on FLT3 signaling.> Our finding that PRL2
dephosphorylates CBL at Tyr 371 thereby compromising CBL’s ability to ubiquitinate FLT3 is consistent
with a tumor suppressor role for CBL in hematological malignancies. We previously showed that PRL2
is important for SCF/KIT signaling in HSPCs.?® Thus, decreased AKT, ERK and STATS5 phosphorylation
seen in Prl2 null fetal HSPCs could be due to diminished FLT3 and KIT signaling. Given that CBL is the
E3 ligase for both FLT3 and KIT,* it is possible that PRL2 could also promote KIT signaling in HSPCs

through dephosphorylation of CBL at tyrosine 371.

Despite substantial efforts devoted to the development of FLT3 inhibitors, the effectiveness of these
agents in AML has been limited.®® 5! Even though FLT3 inhibitors show relative success at prolonging
survival rates compared to the standards therapies, the short duration of response and therapeutic
resistance are still a clinical challenge in AML treatment.*? 5152 The strategies to overcome resistance
mutations and provide durable remissions, such as a combination of inhibitors or use of more potent FLT3
inhibitors, have been evaluated.® Here we show that PRL2 functions upstream of FLT3 and promotes
oncogenic FLT3 signaling in leukemia cells by inhibiting CBL mediated FLT3 ubiquitination and
degradation. We further demonstrate that PRL2 deletion or inhibition decrease leukemia burden and
extends the survival of mice transplanted with human leukemia cells. Consequently, PRL2 inhibitors may
offer an alternative strategy for AML treatment. To therapeutically target the PRL family members in

cancer, we sought to exploit a unique regulatory property of the PRLs, namely their propensity for trimer
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formation, which is required for PRL-mediated cell growth and migration.3! 363753 Using structure-based
virtual screening we identified compound 43 (PRLi), which disrupts PRL trimerization and blocks PRL
induced cell proliferation and migration.®* PRLi displays a respectable pharmacokinetic profile and
exhibits not obvious toxicity to major tissues and organs in mice.>! Notably, PRLi did not affect the
viability of human cord blood mononuclear cells and CD34" cells.?” PRLi treatment significantly reduced
tumor volume in NSG mice transplanted with human melanoma cells.3! Furthermore, we found that both
human AML and acute lymphoblastic leukemia (ALL) cells are sensitive to PRLi treatment in vitro.?”°
We now showed that in vivo PRLi treatment significantly reduces leukemia burden and extends the
survival of NSG mice transplanted with primary human leukemia cells with FLT3-ITD mutations. Our ex
vivo studies showed that FLT3 WT and FLT3 mutated primary AML samples are equally sensitive to
PRL2 inhibition, suggesting that there is an underlying mechanism that is different among AML samples
based on their mutations. PRL2 is highly expressed in some subtypes of AML?” and AML patients with
high PRL2 expression have reduced overall survival compared to AML patients with low PRL2
expression. It is possible that PRL2 utilizes distinct mechanisms to promote cell proliferation and enhance
oncogenic signaling in different cellular context. We thus demonstrate that PRL2 is a novel druggable

target in human AML.
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Figure Legends

Figure 1. FLT3 mutated AML patients with high PRL2 expression have reduced overall survival

(A)Relative PRL2 (PTP4A2) mRNA expression in AML patients with favorable or intermediated & poor
cytogenetic risk.

(B) Relative PRL2 (PTP4A2) mRNA expression in live or dead AML patients.

(C) Relative PRL2 (PTP4A2) mRNA expression in AML patients with or without cytogenetic relapse.

(D) Overall survival of poor cytogenetic risk AML patients with high (n=17) or low (n=14) PRL2
expression.

(E) DEGs between the PRL2 high expression group and PRL2 low expression group in AML. Genes with
P<0.05 and Log2FC >1 is indicated in red and blue colors in the volcano plot. Red indicates genes
upregulated in the PRL2 high expression group, whereas blue indicates genes downregulated in the
PRL2 high expression group. The X-axis is the log2-transformed fold change, and the Y-axis is the
log10-transformed P-value.

(F) Gene Set Enrichment Analysis (GSEA) of gene transcription between the PRL2 high expression group
and PRL2 low expression group in AML. Acute myeloid leukemia (AML), AML prognosis, leukemia
stem cell, and hematopoietic stem cell gene signatures were enriched in the PRL2 high expression
group compared to the PRL2 low expression group.

(G) GAEA showed that FLT3-mutated APL, FLT3 signaling, and cytokine-cytokine receptor interaction
gene signatures are significantly enriched in the PRL2 high expression group.

(H) GSEA showed that STATS5A targets, PI3BK/AKT signaling pathway, and ERK1/ERK2/MAPK
pathway gene signatures are significantly enriched in the PRL2 high expression group.

() Relative PRL2 (PTP4A2) mRNA expression in AML patients with or without FLT3 mutation.

(J) Overall survival of FLT3 mutation positive AML patients with high (n=20) or low (n=19) PRL2

expression.
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Figure 2. Prl2 deficiency alters gene transcription in murine hematopoietic stem and progenitor

cells

(A) Heat map of Prl2-regulated genes that are upregulated (red) or downregulated (blue) (Log2FC < -1,

FDR<0.05, p<0.05) in Prl2 null E14.5 (Embryonic day 14.5) fetal liver cells compared to WT fetal
liver cells.

(B) GSEA analysis of gene transcription between WT and Prl2 null E14.5 fetal liver cells. Hematopoiesis
stem cell, receptor tyrosine kinases, PI3KAKT signaling pathway, and MAPK pathway gene
signatures were significantly downregulated in Prl2 null E14.5 fetal liver cells.

(C) GSEA showed that receptor regulator activity, receptor complex, cell surface, and receptor protein

tyrosine kinase gene signatures were significantly downregulated in Pri2 null E14.5 fetal liver cells.

(D) GSEA showed that regulation of receptor signaling pathway, positive regulation of ERK1 and ERK2
cascade, and positive regulation of MAPK cascade gene signatures were significantly downregulated
in Pri2 null E14.5 fetal liver cells.

(E) STRING protein-protein interaction network between downregulated genes (Log2FC >1, FDR<O0.5,
p<0.05) related to FLT3 signaling in Pri2 null E14.5 fetal liver cells.

(F) Quantitative RT-PCR analysis of gene expression in WT and Prl2 null E14.5 fetal liver cells (n=4).

(G) Quantitative RT-PCR analysis of gene expression in WT and Prl2 null bone marrow Lin" cells (n=4).

(H) Immunoblot analysis of AKT, STAT5, and ERK phosphorylation in WT and Prl2 null E14.5 fetal
liver cells (n=3).

() Immunoblot analysis of AKT, STAT5, and ERK phosphorylation in WT and Prl2 null bone marrow
Lin™ cells (n=3).

Mean values (SEM) are shown (*p<0.05, **p<0.01, and ***p<0.001).

Figure 3. Loss of Prl2 decreases the self-renewal capability of FLT3-1TD positive hematopoietic

stem and progenitor cells.
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(A-D) The frequency of LT-HSCs (Lin'Scal’cKit"CD1507CD48"), ST-HSCs (Lin"Scal*cKit"*CD150

CD48"), MPPs (Lin'Scal*cKit"CD150°CD48%), and LSKs (Lin"Scal*cKit") in the bone marrow (BM) of

Pri2*™*, Pri2”", FIt3*'°, FIt3*™Pr127, FIt3'™™P and FIt3'™/'T°PrI2”"- mice (n=6 mice per group).

(E) Serial replating assays of Pr12**, Prl2”, FIt3*'™°, FIt3*'™Pr127, FIt3'™/' P and FIt3'™™'T°PrI2- BM
cells (n=3 independent experiments performed in triplicate).

(F) The percentage of donor-derived cells (CD45.2") in the peripheral blood (PB) of primary recipient
mice (n = 9-10 mice per group).

(G-J) The frequency of LT-HSCs, ST-HSCs, MPPs and LSKs in the BM of primary recipient mice (n=6

mice per group).
(K) The percentage of donor-derived cells in PB of secondary recipient mice (n = 9-10 mice per group).
(L-O) The frequency of LT-HSCs, ST-HSCs, MPPs, and LSKs in the BM of secondary recipient mice

(n=6 mice per group).

Mean values (SEM) are shown (*p<0.05, **p<0.01, ***p < 0.001, ****p < 0.0001).

Figure 4. Prl2 is important for FLT3-1TD-induced myeloid proliferative neoplasm in mice.

(A) Loss of Prl2 reduced splenomegaly seen in FIt3*'™° and FIt3'™/™° mice.

(B) The spleen weights of Pri2**, Pri2”-, FIt3*/'™, FIt3*™Pr127, FIt3'™'P and FIt3'™"TPPr|27 mice
(n=6 mice per group).

(C) The frequency of LSKs in the spleen of Pri2**, Pri2”, FIt3*'™°, FIt3*'™pPr127-, FIt3'™/'T° and
FIt3'™'TOPr[27- mice (n=6 mice per group).

(D) Kaplan-Meier survival curve of lethally irradiated recipient mice transplanted with 3x108 Pri2**,
Pri2”, FIt3*'™°, FIt3*/™pr127, FIt3'™™P and FIt3'™'TPPr127- BM cells (n=9-10 mice per group).

(E-F) Red blood cell (RBC) and hemoglobin (HGB) counts in PB of recipient mice transplanted with

Pri2*"*, Pri2”, FIt3*'™° FIt3*'TPPr127-, FIt3'™™P and FIt3'™"™pr|27- BM cells (n=9-10 mice per

group).
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(G) Representative flow cytometric analysis of myeloid cells (Gri*Mac1®) and lymphocytes in PB of
recipient mice repopulated with Pri2** Pri2”, FIt3*"™° FIt3*"™pr127 FIt3'™"T° and
FIt3'™"TPpr127" BM cells.

(H) The frequency of myeloid cells (Grl*Mac1*), B cells (B220%) and T cells (CD3*) in PB of recipient
mice repopulated with Pri2**, Pri2”, FIt3*'T°, FIt3*'™Ppr|27, FIt3'™/' and FIt3'™"™PrI27- BM
cells (n=8 mice per group).

() Representative H&E (10 x) images of the peripheral blood smears, bone marrow, spleen, and liver of

recipient mice repopulated with FIt3'™/'T° or FIt3'™P/'™Ppr|27- BM cells.

(J) The spleen weights of recipient mice repopulated with Pri2** Pri2”, FIt3*'° FIt3*'TPpr|2",

FIt3'T™"TD and FIt3'™/'TPPr[27- BM cells (n=4 mice per group).
(K) Ectopic PRL2-CSDA expression decreased the proliferation of 32D cells expressing FLT3-1TD (n =
3).

(L) Expressing the PRL2-CSDA mutant, but not the WT PRL2, extended the survival of C3H/HeJ mice

transplanted with 32D cells expressing FLT3-1TD (n= 7 mice per group).

Mean values (SEM) are shown (*p<0.05, **p<0.01, ***p < 0.001, ****p < 0.0001).

Figure 5. Genetic and pharmacological inhibition of PRL2 decrease leukemia burden and extends

the survival of mice transplanted with human leukemia cell lines

(A) Western blot analysis for PRL2 in MV-4-11 cells transduced with lentiviruses expressing a control
ShRNA (shCtrl) or PRL2 shRNAs (shPRL2 and shPRL2#2).

(B) Knocking down of PRL2 significantly decreased the colony formation of MV-4-11 cells (n=3).
Representative images of the colonies are shown.

(C) Kaplan-Meier survival curve of sublethally irradiated NSG mice transplanted with 3x108 MV-4-11
expressing shCtrl or shPRL2 (n=7 mice group).

(D) Flow cytometry quantification of GFP* cells in PB, BM, and spleen of NSG mice transplanted with

MV-4-11 cells expressing control ShRNA or shPRL2 (n=3 mice per group).
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(E-F) The size and weight of spleen from NSG mice transplanted with MV-4-11 cells expressing control
SshRNA or shPRL2 (n=3 mice per group).

(G) PRL inhibitor (PRLI) treatment significantly decreased the colony formation ability in MV-4-11
(n=3). Representative images of the colonies are displayed.

(H) 3 x 10° MV-4-11 cells expressing luciferase were injected into sublethally irradiated NSG mice. One
week after the transplantation, NSG mice were treated with DMSO or PRLi (25mg/kg, I.P.) daily for
three weeks. The leukemia burden in NSG mice were monitored by In Vivo Image System (IVIS)
once a week for three weeks (n=5 mice per group).

() Quantitative results from bioimaging (n=5 mice per group).

(J) Kaplan-Meier survival curve of NSG mice treated with DMSO or PRLi (n=7 mice per group).

(K) Flow cytometry analysis of human CD45" cells in PB, BM, and spleen of NSG mice transplanted with
MV-4-11 cells after three weeks of DMSO or PRL.i treatment (n=3 mice per group).

(L) PRLi treatment reduced splenomegaly seen in NSG mice transplanted with MV-4-11 cells.

(M) The spleen weights of NSG mice transplanted with MV-4-11 cells following three weeks of DMSO

or PRL.i treatment (n=3 mice per group).

Mean values (SEM) are shown (*p<0.05, **p<0.01, ***p < 0.001, ****p < 0.0001).

Figure 6. Pharmacological inhibition of PRL2 reduces leukemia burden and extends the survival of

mice transplanted with primary human AML cells

(A) PRLI treatment decreased the viability of primary human AML cells with FLT3-1TD mutation in a
dosage-dependent manner.

(B) PRL.i treatment reduced the colony forming ability of primary human AML cells with or without
FLT3-1TD mutation. Samples 3153 and 3202 are from AML patients with WT FLT3, whereas samples

3142 and 3179 are from AML patients with FLT3-ITD.
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(C) Cell cycle analysis of primary AML cells with FLT3-1TD mutation (AML3242) at 24 hours following
DMSO or PRLi (10 uM) treatment.

(D) Apoptosis analysis of primary AML cells with FLT3-ITD (AML3242) at 24 hours following DMSO
or PRLi (10 uM) treatment.

(E) Kaplan-Meier survival curve of NSG mice transplanted with 4 x 106 human CD45" leukemia cells
(AML3179) following three weeks of DMSO or PRL.i treatment (n=6 mice per group).

(F) Flow cytometry analysis of human CD45" cells in PB, BM, and spleen of NSG mice transplanted with
4 x 10° human CD45" leukemia cells (AML3179) after three weeks of DMSO or PRLi treatment (n=4
mice per group).

(G)Representative western blot analysis of AKT, STAT5 and ERK phosphorylation in Pri2**, Pri2”,
FIt3*/'™0, FIt3*'TPPr127, FIt3'™'TP and FIt3'™"™PPr|27- BM mononuclear cells.

(H) Representative western blot analysis of FLT3, AKT, STAT5 and ERK phosphorylation in MV-4-11
cells expressing shCtrl, shPRL2 or shPRL2#2 (Left) and following 24 hours of dimethyl sulfoxide
(DMSO) or 5 uM PRLi treatment (Right).

() Representative western blot analysis of FLT3, AKT, STAT5, and ERK phosphorylation in primary
AML cells with FLT3-1TD mutation (AML3080 and AML3220) following 24 hours of DMSO or
PRLi (10 uM) treatment.

(J) Representative western blot analysis of AKT, STAT5 and ERK phosphorylation in human CD45" cells
isolated from the BM of NSG mice at 4 weeks after transplantation with MV-4-11 cells expressing
control sShRNA or shPRL2 (Left panel, n=3 mice per group); human CD45" cells in the BM of NSG
mice transplanted with MV-4-11 cells following three weeks of DMSO or PRLi treatment (Right
panel, n=3 mice per group).

(K) Representative western blot analysis of AKT, STAT5, and ERK phosphorylation in human CD45"
cells isolated from the BM of NSG mice transplanted with PDX cells (AML3179) following three

weeks of DMSO or PRL.i treatment (n=3 mice per group).
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Figure 7. PRL2 associates with and dephosphorylates CBL at tyrosine 371 in leukemia cells

(A) Genetic knock down PRL2 decreased FLT3 half-life in MV-4-11 cells.

(B) Genetic knock down PRL2 enhanced FLT3 ubiquitination in MV-4-11 cells.

(C) Total cellular proteins from MV-4-11 cells were isolated, incubated with GST, GST-PRL2 or GST-

PRL2-CSDA and immunoblotted with antibody against FLT3, CBL, SHP2, and PLC-y.

(D) Co-immunoprecipitation assays showed that PRL2 interacts with FLT3 and CBL in MV-4-11 cells.

(E) Immunofluorescence analysis showed that PRL2 co-localizes with CBL in MV-4-11 cells.

(F) Representative western blot analysis showed that ectopic PRL2 expression decreases tyrosine
phosphorylation of CBL in 293 cells.

(G) Representative western blot analysis showed that knocking down of PRL2 increases the tyrosine
phosphorylation of CBL in MV-4-11 cells.

(H) Representative western blot analysis showed that knocking down of PRL2 increases CBL
phosphorylation at tyrosine 371 in MV-4-11 cells.

() Representative western blot analysis showed that ectopic expression of PRL2-CSDA increases CBL
phosphorylation at tyrosine 371 in MV-4-11 cells.

(J) APEX2-PRL2 proximity labeling was performed in HA-CBL or HA-CbIY®"'F transiently expressed
293 cells stably expressing APEX2-PRL2. After labeling, biotinylated proteins are enriched with
neutravidin beads and examined with anti-HA and anti-PRL2 antibodies by Western blot analysis.

(K-L) PRL2-CSDA substrate trapping assays was performed in HA-CBL or HA- CbIY?*"*F transiently
expressed HeLa (J) or 293 (K) cells stably expressing Flag-PRL2-CSDA. After Anti-Flag pulldown,
bound proteins were boiled in 50 ulL Laemmli sample buffer and examined with anti-HA, anti-PRL2

antibodies by Western blot analysis.
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PRL2 phosphatase enhances oncogenic FLT3 signaling via dephosphorylation of the E3 ubiquitin

ligase CBL at tyrosine 371

Supplementary Information



Supplementary materials and methods

Human AML cell lines

Human AML cell lines, including MV-4-11, MOLM-13, K562, and U937, were obtained from ATCC
(List in supplemental Table 2). All cell lines were authenticated by SRT profiling and tested for

mycoplasma contamination.

Patient samples

AML samples were collected by Dr. H. Scott Boswell after informed consent. Mononuclear blasts from
each sample were isolated by Ficoll (Axis-Shield) density centrifugation, and Trypan Blue Exclusion
Assay was used to detect the cell viability. Protocols for sample handling and data analysis were approved
by Indiana University Cancer center and Roudebush VA Medical Center Ethics Committee and were
performed in compliance with the Declaration of Helsinki. Patient information is shown in supplemental

Table 1.

Flow cytometry

Murine hematopoietic stem and progenitor cells were identified and evaluated by flow cytometry using a
single cell suspension of bone marrow mononuclear cells (BMMCs). Hematopoietic stem and progenitors
are purified based upon the expression of surface markers. BM cells were obtained from tibia, femur and
iliac crest (6 from each mouse) by flushing cells out of the bone using a syringe and phosphate-buffered
saline (PBS) with 2mM EDTA. Red blood cells (RBCs) were lysed by RBC lysis buffer (eBioscience)
prior to staining. We defined hematopoietic stem and progenitor as well mature cells by flow cytometry
markers. LT-HSCs (Lin'Scal*cKit"CD150"CD48"), ST-HSCs (Lin'Scal*cKit"*CD150°CD48), MPPs
(Lin'Scal*cKit"CD150CD48"), LSKs (Lin'Scal*cKit"), MyePro (Lin'ScalcKit"), MEP (LinScal
cKit"CD34°'CD16/32), CMP (Lin"ScalcKit"CD34"CD16/32), and GMP (Lin"Scal

cKit"CD347CD16/32"), myeloid cells (Gr1*Macl"), B cells (B220™) and T cells (CD3"). Experiments



were performed on FACS LSR IV cytometers (BD Biosciences) and analyzed by using the FlowJo_v10

software (TreeStar). All antibodies were listed in Supplementary table 2.
Transplantation assays

For competitive bone marrow transplantation assays, 5 x 10° BM cells (CD45.2%) isolated from Prl2*/*,
Pri27, FIt3*"™, and FIt3*'™°PrI2”- mice together with 5 x 10° competitor BM cells (CD45.1%) were
injected into lethally irradiated (9.5 Gy) B6.SJL mice (CD45.1%) via tail vein. At 16 weeks following
primary transplantation, 3 x 10 BM cells isolated from primary recipients were transplanted into lethally
irradiated secondary recipient mice (CD45.1%). The engraftment of donor cells in peripheral blood and

bone marrow were determined by flow cytometry analysis.

To determine the impact of PRL2 deficiency on FLT3-1TD-induced MPN, 3 x 10°% bone marrow cells
isolated from Pri2**, Pri2”-, FIt3*"°, FIt3*"TPPr127, FIt3'™" ™ and FIt3'™"™PrI27 mice were

transplanted into lethally irradiated B6.SJL mice via tail vein.

To determine the impact of PRL2 deficiency on human leukemia cells in vivo, 3 x 10° transduced MV-4-

11 or MOLM-13 cells (GFP*) were injected into sublethally irradiated (2.5 Gy) NSG mice via tail vein.

To determine the efficacy of PRLi on primary human leukemia cells in vivo, we generated two patient-
derived xenograft (PDX) models of AML in NSGS mice. 1 x 10° primary AML mononuclear cells with
FLT3-1TD mutation were injected into sublethally irradiated (2.5 Gy) NSGS mice via tail vein to expand
primary human AML cells in vivo. 12 to 16 weeks post primary transplantation, we confirmed the
engraftment of human CD45" (huCD45%) AML in NSGS mice and utilized the human CD45" cell
enrichment Kit to isolate human cells from the bone marrow of NSGS mice. We transplanted 4 x 10°
human CD45" leukemia cells isolated from the BM of primary recipients into sublethally irradiated (2.5

Gy) NSG mice via tail vein injection. After confirmation of human leukemia engraftment in peripheral



blood of NSG mice (>1% human CD45" cells), NSG mice were treated with vehicle (10% DMSO) or

PRLi (25 mg/kg, I.P.) daily for three weeks.

PRLIi treatment in vivo

After confirmed the human cell engraftment by checking the human CD45" cells in peripheral blood reach
to 1% by flow, the NSG mice start to receive the PRLI treatment. The small molecule inhibitor of PRL
(PRLi, compound 43) was synthesized as described previously.3* PRLi were dissolved in DMSO at
25mg/ml stocking concentration saved in -80°C freezer. PRLi stock solution or DMSO was diluted in
PBS before administration. 25mg/kg PRLi or DMSO was administrated by intraperitoneal injection for

consecutive 21 days.

Immunoblotting analysis

Cells were washed with ice-cold PBS and lysed on ice for 30 min in lysis buffer (50 mM Tris-HCI, pH
7.4, 150 mM NacCl, 1% Triton X-100, and 10% glycerol) supplemented with a Complete Protease Inhibitor
tablet (Roche Applied Science). Cell lysates were cleared by centrifugation at 15,000 rpm for 10 min. The
lysate protein concentration was estimated using a BCA protein assay kit (Pierce). The protein samples
were boiled with sample buffer, separated by SDS-PAGE, transferred electrophoretically to a
nitrocellulose membrane, and immunoblotted with appropriate antibodies, followed by incubation with
horseradish peroxidase-conjugated secondary antibodies. The blots were developed by the enhanced
chemiluminescence technique (ECL kit, GE Healthcare). Representative results from at least two
independent experiments are shown. Representative results from at least two independent experiments are

shown. All antibodies were listed in Supplementary table 2.

In vivo image system

Bioimaging of leukemia burden in vivo was performed by Spectral Lago System at Northwestern
University Center for Advanced Microscopy generously supported by NCI CCSG P30 CA060553
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awarded to the Robert H Lurie Comprehensive Cancer Center. Before imaging, Luciferin (in vivo grade,
Gold Bio, CAS# 115144-35-9) was prepared in PBS, and 150 mg/kg Luciferin was injected by i.p., after

10 minutes. The signal data was analyzed by the Aura software.

Production of Retrovirus and Lentivirus

Retroviral particles were produced by transfection of Phoenix E cells with MSCV-IRES-GFP, MSCV-
PRL2-IRES-GFP, MSCV-PRL2-CSDA-IRES-GFP, MSCV-FLT3-IRES-GFP, or MSCV-FLT3-ITD-
IRES-GFP plasmids, according to standard protocols. Mouse hematopoietic progenitor cells were
transduced on retronectin (Takara)-coated non-tissue culture plates with high-titer retroviral suspensions.
Twenty-four hours after infection, GFP-positive cells were sorted by FACS. Transduced cells were then
transplanted into lethally irradiated recipient mice. The presence of GFP™ cells in the peripheral blood was

measured by flow cytometry analysis.

Lentiviral shLuciferase was a gift from Huipin Liu laboratory at the Northwestern University. Lentiviral
shRNA plasmid (pLB) was purchased from Addgene (11619). Oligonuculeotides targeting control
(Luciferase) and human PRL2 cDNAs were cloned into the pLB plasmid. Oligonuculeotide sequences are
available upon request. Lentiviral particles were generated by standard method using the third-generation
packaging system (pMDL, pMD2.G, and pRSV-Rev). Human AML cell lines were infected with high-
titer lentiviral suspensions. 48 hours after infection, GFP-positive cells were sorted by FACS. The

reduction of PRL2 proteins was determined by immunoblot analysis.

Colony formation unit assays

The colony formation of murine bone marrow Lin™ cells was determined in methylcellulose medium
(MethoCult GF M3434, StemCell Technologies). Bone marrow Lin™ cells were isolated by mouse Lin-

cell depletion kit. Lin™ cells were transduced with MIGR1 (MSCV-IRES-GFP), MIGR1-FLT3 (MSCV-



FLT3-IRES-GFP), or MIGR1-FLT3-ITD (MSCV-FLT3-ITD-IRES-GFP) retrovirus. 48 hours after
infection, GFP positive cells were sorted by FACS. 5 x 10° GFP" cells were seed into methylcellulose

medium (6-well plate). Colonies were scored after 7 days of the initial culture.

The colony formation of mice bone marrow cells was determined in methylcellulose medium (MethoCult
GF M3434, StemCell Technologies) using 2 x 10* BM cells per well (6-well plate). Colonies were scored

after 7 days of the initial culture.

The colony formation of human leukemia cells was determined in methylcellulose medium (MethoCult
H4435, StemCell Technologies) using 1 x 10° leukemia cells or 5 x 10* primary AML patient BM cells

per well (6-well plate). Colonies were scored after 10 days of culture.

Proliferation assays

Bone marrow Lin™ cells were transduced with MIGR1 (MSCV-IRES-GFP), MIGR1-FLT3 (MSCV-
FLT3-IRES-GFP), or MIGR1-FLT3-ITD (MSCV-FLT3-ITD-IRES-GFP) retrovirus. 48 hours after
infection, GFP positive cells were sorted by FACS. 2 x 10° GFP* cells were cultured in serum-free

medium with or without 1200ng/ml human FLT3 ligand for 48 hours.

For proliferation assay using primary AML patient samples, 1 x 10° cells were treated with or without
gradient concentration of PRLi in 96 well plate. After 24 hours, 10 ul of WST-1 added to each well and

incubate at 37° C for 2 hours. Experiments were performed on SpectraMax iD3.

To determine the specificity of PRLi on PRL2 in leukemia cells, MV-4-11 and MOLM-13 cells were
transduced with retroviruses expressing GFP (MSCV-IRES-GFP), PRL2 (MSCV-PRL2-IRES-GFP), or
PRL2-CSDA (MSCV- PRL2-CSDA -IRES-GFP). GFP positive cells were sorted by FACS. 2 x 10° GFP*
cells were cultured with or without 5 uM PRLi for 7 days and cell viability was determined by Trypan

blue staining.



Cell cycle analysis

Primary AML cells were harvested after treated with DMSO or PRLi (10 uM) for 24 hours. Wash once
in PBS. Add cold 70% ethanol drop wise to the pellet while vertexing and fix for 30 min at 4°C. Wash
twice in PBS and spin at 850 g in a centrifuge and be careful to avoid cell loss when discarding the
supernatant especially after spinning out of ethanol. Add 50 pl of a 100 pg/ml stock of RNase to avoid
RNA. Add 200 ul PI (from 50 pg/ml stock solution) in each sample and incubate 15 minutes at room
temperature. Wash once in PBS then perform flowcytometry analysis. Experiments were performed on

FACS LSR IV cytometers (BD Biosciences) and analyzed by using the FlowJo_v10 software.

Apoptosis assays

Primary AML cells were harvested after treated with DMSO or PRLi (10 uM) for 24 hours. Wash once
in PBS. Resuspend cells in 1X Binding Buffer Solution at a final concentration of 1 x 10° cells/ml. To
each 100 pL of cell suspension, add 5 pL of Annexin V and 5 pL of Propidium lodide Staining Solution.
Incubate cells at room temperature for 15 minutes avoiding the light. Add 400 puL of 1X Binding Buffer
Solution. Experiments were performed on FACS LSR IV cytometers (BD Biosciences) and analyzed by

using the FlowJo_v10 software.

Co-Immunofluorescence

HA-CBL was co-transfected with GFP-PRL2 in U20S cells. 24 h after transfection, U20S cells and MV-
4-11 cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min at room
temperature, permeabilized with 0.2% Triton X-100 in PBS for 10 min and blocked with BSA. Anti-HA
antibody was applied to U20S cells and Anti-CBL and anti-PRL2 antibodies were applied to MV-4-11
cells overnight at 4°C, followed by three times of washing with PBS and 1h incubation with goat anti-

mouse alexa fluor 555 secondary antibody. After washing with PBS, the coverslips were mounted with



VECTASHIELD® PLUS Antifade Mounting Medium with DAPI (Vector Laboratories, H-2000-10).

Images were obtained with a Nikon Inverted Microscope Eclipse Ti-S.

GST pull down assays

1 x 10° MV-4-11 cells were treated with 1 mM pervanadate for 30 minutes and collected by centrifugation.
The cell pellet was lysed with 3 ml lysis buffer (20 mM Tris, pH 7.5, 100 mM NacCl, 1% Triton X-100,
10% glycerol, supplemented with 5 mM iodoacetic acid, 1 mM orthovanadate, and proteases inhibitors).
10 mM DTT was added in the lysate and incubated for 15 min on ice to inactivate any unreacted iodoacetic
acid and pervanadate. Supernatant was collected by centrifugation at 14,000 g for 15 min. 25 pug GST,
GST-PRL2 or GST-PRL2-CSDA were coupled to GST beads in lysis buffer, incubated at 4°C for 1h. Cell
lysates were incubated with GST proteins conjugated to beads at 4 °C for 2h. The beads were pelleted and
washed 3 times for 5 min with lysis buffer. Bound proteins were re-suspended in 50 uL Laemmli sample

buffer, boiled for 5 min, and the samples are resolved by SDS-PAGE gels.

Immunoprecipitation (IP) assays

For Immunoprecipitation (IP), Cells were washed with ice-cold PBS and lysed on ice for 30 min in lysis
buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 1% Triton X-100, and 10% glycerol) supplemented with
a Complete Protease and Phosphorylation Inhibitor tablet (Thermoscientific, A32961). Cell lysates were
cleared by centrifugation at 15,000 rpm for 10 min. The lysate protein concentration was estimated using
a BCA protein assay kit (Pierce). IP antibody plus Protein A Agarose beads (Sigma-Millipore) was added,
and samples were incubated on shaker at 4 °C for overnight. After washing with lysis Buffer, the samples

were ready for western blot analysis.

For the peroxidase APEX2 assay, HA-CBL or HA-CBL/Y371F were transiently expressed in 293 cells
stably expressing APEX2-PRL2 with PEI. 48 h after transfection, biotin-phenol labeling was performed

by changing the medium to fresh growth medium containing 2.5 mM biotin-phenol for 30 min at 37 °C



under 5% CO; according to previously published protocols.** Then, a final concentration of 0.5 mM H20;
was added into the plate for 1 min. The reaction was then quenched by replacing the medium with 1X
PBS containing 5 mM Trolox, 10 mM sodium ascorbate and 10 mM sodium azide. Cells were washed
with PBS containing 5 mM Trolox, 10 mM sodium ascorbate and 10 mM sodium azide for three times
and lysed with lysis buffer (50 mM Tris (pH 8.0), 150 mM NaCl, 10% Glycerol, 1% Triton-X-100)
supplied with phosphatase inhibitor (Bimake, B15002) and protease inhibitor mixture (Roche Applied
Science, 04693132001). Biotinylated proteins are enriched with neutravidin beads (Thermo Scientific,

P129202) and identified by Western blot.

For the Flag-PRL2-CSDA trapping assay, HA-CBL or HA-CBL/Y371F were transiently expressed in
HEK293 cells or HelLa cells stably expressing Flag-PRL2-CSDA trapping mutant with PEI. 48 h after
transfection, the cells were treated with 300 uM pervanadate for 30 min, then the medium was replaced
with fresh medium for another 30 min, and the cells were washed for three time with PBS. Then the cells
were lysed with 1 mL lysis buffer (50 mM Tris (pH 8.0), 150 mM NaCl, 10% Glycerol, 1% Triton-X-
100) supplied with phosphatase inhibitor (Bimake, B15002) and protease inhibitor mixture (Roche
Applied Science, 04693132001) on ice for 15 min and then spun at 14,000 rpm at 4 °C for 30 min, and
the supernatant was transferred to a fresh tube and Flag agarose beads (Bimake, B23102) were added and
incubated at 4 °C for 3 h. Beads were collected by centrifugation at 3,000 rpm for 1 min and the
supernatant was removed. Beads were washed three times with 1 mL lysis buffer. Bound proteins were
resuspended in 50 pL Laemmli sample buffer and boiled for 5 min, and the samples were resolved by

SDS/PAGE and examined by Western blotting.

Sequencing data

Transcriptional expression data of PRL2 and all data on clinical, cytogenetic characteristics, and survival
were derived from TCGA official website (https://www.cancer.gov/about-

nci/organization/ccg/research/structural-genomics/tcga) or cBioPortal (https://www.cbioportal.org).



For RNA-seq assays in hematopoietic stem and progenitor cells (HSPCs), embryonic day 14.5 fetal liver
cells were collected from Pri2*- pregnancy female. Total RNA was isolated by MiniRNA universal kit.
RNA-seq was performed by Genomic Core in Indiana University. Library was prepared by Clontech
SMART-Seq v4 Ultra Low Input RNA Kit, lllumina Nextera XT DNA Lib Kit. and RNA-seq was
performed on Illumina NovaSeq 6000 system (lllumina, Inc.). RNA-seq data was analyzed, and the raw
data was deposited in NCBI GEO (GSE208136). The Limma package in R Studio (version 4.1.0, RStudio
Team (2020) was used to identify the DEGs. P<0.05 and |log2 fold change (FC)|>1 was used as the cut-off
criteria for volcano plot for clinic data and heat map for fetal liver sequencing data by R Studio. All the
DEGs were used to do Gene-set enrichment analysis by GSEA v4.2.2 software (http://www.gsea-
msigdb.org/gsea/index.jsp). For HSPC sequencing data, the DEGs (P<0.05 and |log2 fold change (FC)[>1)

was used to construct PP networks with an interaction score >0.4 by STRING (version 11.05).

Immunohistochemistry

Recipient mice repopulated with Pri2**, PrI2”7, FIt3*'™°, FIt3*'TPpr|27, FIt3'™'TP and FIt3'™'Ppr|2-
~BM cells mice were sacrificed at the same time. BM, liver, spleen, and PB were collected. Cellular
morphology of PB smears were analyzed by May-Griinwald Giemsa staining. Bone, Liver and spleen
section were stained with hematoxylin/eosin (H&E) at the Northwestern University (Chicago, IL). All
slides were evaluated by conventional light—field microscopy using an optical microscope (Olympus,

Japan).

Supplemental Figure Legends
Supplemental Figure 1.
(A) Relative PRL2 (PTP4A2) mRNA expression in AML patients with or without CNS relapse.

(B) Overall survival of AML patients with high (n=71) or low (n=69) PRL2 expression.
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(C) Overall survival of favorable cytogenetic risk AML patients with high (n=16) or low (n=15) PRL2
expression.

(D) Overall survival of intermediate cytogenetic risk AML patients with high (n=38) or low (n=38) PRL2
expression.

(E) Relative PRL2 (PTP4A2) mRNA expression in AML patients with or without FLT3 mutation,
datasets are from cBioportal.

(F) Overall survival of FLT3 mutation negative AML patients with high (n=49) or low (n=48) PRL2

expression.

Supplemental Figure 2

(A) Quantitative RT-PCR analysis of gene expression in Kit* cells from E14.5 WT and Prl2 null fetal
liver (n=4).

(B) Image Lab software was used to calculate the gray value of each band. Graph showing the ratio of the
relative density of phosphorylated protein/total protein expression and normalized with B-actin from
WT and Prl2 null fetal liver cells (n=3).

(C) Graph showing the ratio of the relative density of phosphorylated protein/total protein expression and
normalized with B-actin from WT and Prl2 bone marrow Lin" cells (n=3).

(D) Prl2 deficiency decreased the proliferation of hematopoietic progenitor cells expressing MIGR1-
FLT3-ITD (MSCV-FLT3-ITD-IRES-GFP) both in the absence of cytokines and in the presence of
FLT3 ligand (n=3).

(E) Wild-type FLT3 (MSCV-FLT3-IRES-GFP) or FLT3-ITD (MSCV-FLT3-ITD-IRES-GFP) were
introduced into Lin~ cells purified from wild-type and PRL2 null mice. Loss of Prl2 decreased the
colony formation of HSPCs expressing FLT3-ITD (n = 3). CFU-M: Colony forming unit-
macrophages, CFU-G: Colony forming unit-granulocytes, CFU-GM: Colony forming unit-
granulocytes/ macrophages.

Mean values (xSEM) are shown (*p<0.05, **p<0.01, and ***p<0.001).
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Supplemental Figure 3

(A) Representative body size of PrI2**, Pri2”, FIt3*'™°, FIt3*'™Pr127, FIt3'™™P and FIt3'™'™Ppr|27
mice.

(B-H) White blood cell (WBC), red blood cell (RBC), hemoglobin (HGB), platelet, basophil, monocyte,
and eosinophil count in peripheral blood (PB) of Pri2**, Pri2”, FIt3*'™°, FIt3*™PprI27, FIt3'TP/'TD
and FIt3'™/"TPpPr[27- mice (n=8 mice per group).

() The frequency of myeloid cells, B cells and T cells in PB of Prl2**, Pri2”, FIt3*''™°, FIt3*'TPPri2"",
FIt3'™"P and FIt3'™"'TPPr|27 mice (n=8 mice per group).

(J) BM cellularity of PrI2*"*, Pri2”, FIt3*'™0, FIt3*'TPPr127", FIt3'™"™0 and FIt3'™"™Pr127 mice (n=6
mice per group).

(K-M) The frequency of myeloid, B, and T cells in the bone marrow of Pri2** Pri2”, FIt3*/'P,
FIt3*'™Pr127, FIt3'™'P and FIt3'™'™PPr|27 mice (n=6 mice per group).

(N) The frequency of myeloid progenitor (MyePro) (Lin'ScalcKit*), MEP (Lin'ScalcKit*CD34
CD16/32°), CMP (Lin"ScalcKit*CD34"CD16/32°), and GMP (Lin"Scal cKit*CD34"CD16/32") in the
BM of Pri2**, Pri2”, FIt3*'T°, FIt3*'™Pr127, FIt3'™"™P and FIt3'™/'T°PrI2” mice (n=6).

Mean values (£SEM) are shown (*p<0.05, **p<0.01, ***p < 0.001).

Supplemental Figure 4

(A) Experimental design of primary competitive BM transplantation assays.

(B-C) White blood cell (WBC), neutrophil, lymphocyte, and monocyte count in peripheral blood (PB) of
primary transplantation recipient mice (n=8 mice per group).

(D) The frequency of donor derived myeloid progenitor (MyePro), MEP, CMP, and GMP in the BM of
primary transplantation recipient mice (n=8 mice per group).

(E) Experimental design of secondary BM transplantation assays.
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(F-G) WBC, neutrophil, lymphocyte, monocyte count in peripheral blood (PB) of the secondary
transplantation recipient mice (n=8 mice per group).

(H) The frequency of donor derived myeloid progenitor (MyePro), MEP, CMP, and GMP in the BM of
secondary transplantation recipient mice (n=8 mice per group).

(1-J) The size and weight of spleen of the secondary transplantation recipient mice (n=9-10 mice per

group).

Mean values (£SEM) are shown (**p<0.01, ***p < 0.001, ****p < 0.0001).

Supplemental Figure 5

(A-G) RBC, HDB level, WBC, platelet, neutrophil, monocyte and basophil count in peripheral blood (PB)
of recipient mice repopulated with Pri2** Pri2”", FIt3*'T° FIt3*"™prI27, FIt3'™" T and
FIt3'T™TOpr127- BM cells (n= 9-10).

(H) Representative H&E (10x) images of the peripheral blood smears, bone marrow, spleen, and liver of
recipient mice repopulated with Pri2**, Pri2”, FIt3*'™° FIt3*™pr127-, FIt3'™" T and
FIt3'™"TPpr127 BM cells.

Mean values (SEM) are shown.

Supplemental Figure 6

(A)Western blot analysis for PRL2 in MOLM-13 and K562 cells transduced with lentiviruses expressing
a control shRNA (shCtrl) or a PRL2 shRNA (shPRL2).

(B-C) Knocking down of PRL2 significantly decreased the colony formation of MOLM-13 and K562
cells (n=3). Representative images of the colonies are shown.

(D) Kaplan-Meier survival curve of sublethally irradiated NSG mice transplanted with 3x10® MOLM-13
cells expressing shCtrl or shPRL2 (n=7 mice group).

(E-F) PRLI treatment significantly decreased the colony formation of MOLM-13 and K562 cells (n=3).

Representative images of the colonies are shown.
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(G) Colony formation of MV-4-11, MOLM-13, and K562 with or without genetic knock down of PRL2
treated with PRLi (n=3).

(H) Proliferation of MV-4-11 and MOLM-13 cells expressing GFP, PRL2, or PRL2-CSDA in the
presence or the absence of PRLi (5 uM) (n=3).

(1) Cell cycle analysis of primary AML cells with FLT3-1TD mutation (AML3150) at 24 hours following
DMSO or PRLi (10 uM) treatment.

(J) Apoptosis analysis of primary AML cells with FLT3-1TD (AML3150) at 24 hours following DMSO
or PRLi (10 uM) treatment.

(K) Kaplan-Meier survival curve of NSG mice transplanted with 4 x 10® human CD45" leukemia cells
(AML3242) following three weeks of DMSO or PRL.I treatment (n=6 mice per group).

(L) Flow cytometry analysis of human CD45" cells in PB, BM, and spleen of NSG mice transplanted with
4 x 10° human CD45" leukemia cells (AML3242) after three weeks of DMSO or PRLi treatment (n=4

mice per group).

Supplemental Figure 7

(A) Representative western blot analysis of STAT3, STAT1 and MEK phosphorylation in MV-4-11 cells
following dimethyl sulfoxide (DMSO) or PRL.i treatment.

(B) Representative western blot analysis of FLT3, AKT, STAT5, STAT3, STAT1 and MEK
phosphorylation in K562 cells following dimethyl sulfoxide (DMSQ) or PRL.i treatment.

(C) Representative western blot analysis of BCR-ABL, BCR, and c-ABL in K562 cells following DMSO
or PRLi treatment.

(D) Representative western blot analysis of FLT3, AKT, STAT5 and ERK phosphorylation in U937 cells
expressing WT FLT3 or FLT3-ITD following DMSO or PRL.i treatment.

(E) Graph showing the ratio of the relative density of phosphorylated protein/total protein expression and
normalized with B-actin in human CD45" cells in BM of NSG mice 4 weeks after transplanted with

MV-4-11 cells expressing control sShRNA or shPRL2 (Left panel, n=3 mice per group); in human
14



CD45" cells in BM of NSG mice transplanted with MV-4-11 cells following three weeks of DMSO
or PRLi treatment (Middle panel, n=3 mice per group); and in human CD45" cells in BM of NSG
mice transplanted with PDX cells (AML3179) following three weeks of DMSO or PRLI treatment
(Right panel, n=3 mice per group).

(F) Representative western blot analysis of PTEN levels in MV-4-11 cells expressing shCtrl or shPRL2
(Up panel) or in MV-4-11 cells following DMSO or PRL.i treatment (Bottom panel).

(G) MV-4-11 cell proliferation at 24 hours after PRLi (5 uM) and AC220 (2.5 nM) or PRLi (5 uM) and
Gilteritinib (5nM) treatment.

Supplemental Figure 8

(A) PRLI treatment decreased FLT3 half-life in MV-4-11 cells.

(B) PRL.i treatment enhanced FLT3 ubiquitination in MV-4-11 cells.

(C) Immunofluorescence analysis showed that PRL2 co-localizes with CBL in U20S cells.

(D) Protein structure of CBL. CBL becomes phosphorylated at Y371, Y700, Y731, and Y774 following
cytokine stimulation.

(E) Representative western blot analysis showed that PRL.i treatment increases CBL phosphorylation at
tyrosine 371 in MV-4-11 cells.

(F) The mRNA level of PRL2 and CBL from AML were plotted and Spearman rank-correlation analyses
were performed. PRL2 expression is positively correlated with CBL expression in these AML samples

from TCGA dataset.
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B C D

& WBC RBC HGB

50

-
@
1
N
o
1
*

Cell number in PB (X103/uL)
o
1
Nl I
o I
K
4.
o d%
HGB in PB (g/L)
g 3

*k

40

-
o
1

Cell number in PB (X103/uL)

m
T
@
L

EOS

25007

o
o
1

o

IS
1

°

2000 g@

1500 H

- ]
1000 i ! H S
* Q s ¢
N 3 B

o
()
1

0.5 o

o
o
1

Cell number in PB (X103/uL)
Cell number in ;IB (X103/uL)
Cell number in :B (X103/uL)
Cell number in l.’B (X103/uL)

60 - pize B cells
, < Figm T — T cells
° « FIt3*™Pri2 o * RSN <.
. ; o8 3 Fygmomo R S e 151 « 5
I T o FI3™™ priz+ % 2 9
= I = * ° S ° =
= 4 100 ——_=* ° . = 44
m 40 g = = ° o = ¢ °
o *x =) m e o
< ¥ Er c c
- ~ = =
> o ] > >
g - s 2z o ., 8
© 20" . H €0 o 54 ]
S .o 5§ = o o 3
o c 9 =3 S T
o - lof [} —_ o It o
: f lll| e : Al
n = ren w
g o
0 T T T X X o X R X QX
¢ & S0 &O T & g & o
. & S N QS QY A B & N
B cells Tcells Myeloid cells T EE S Q&&O@Q AR & <«
& 8 & O
& < &
Myeloid cells _—
1L T o Pri2*
*% -
— 907 —_ o o Priz’
Fit3+m0
5\5 x uis °\¢ 3 Fit3*™0pr| 2
~ - Flt3mom
= = A o FIt3™m priz~
m m X
c = ]
£ I
> > L
g o &l .
@ a:, I 133 b ]
S S ,d H v
o o #l ° i LA
e g : 1
& & AL LTI &
alll




Supplementary Figure 4

>
w
o

40—fe Priz*

o Priz*

o Fit3:1m0 o
o Fit3"m™PrIZ*

407

30 30

Primary Transplantation

/ s
CD45.®\ « 950cGy 300
LA \ 500K ™ o~ @ 28,1216 weeks "B analysis & (;‘

Fltg=m CD452

FIt3*m0Pri2* )

~ P

CD45.1 — | 500K CD45.1 16 weeks
ES

Primary recipient mice

{Mature cells, HSC, HSPC analysis

Secondary transplantation

Cell number in PB (X103/uL)
d
L ]

Cell number in PB (X103/uL)

o Priz
@ Priz*
Flt3*m™

o Fitgmprz- Secondary Transplantation

- a
[

=
[}
Shee

Pri2+
i

Jai e )
Pz ‘N ©9950cGy 5| )
> 48,1216 weeks ~PB analysis G

- CD45.
S \ 3million —

ES AR

145.1
©l®)

)|

cells in BM (%)

CD45.1 CD45.1 T 16weeks \ — Mature cells, HSC, HSPC analysis
16 weeks of Primary recipient mice Secondary recipient mice

Frequency of donor derived

MyePro  CMP GMP MEP

WBC

25—, Priz Fhkk ek
® Priz* —

® Fit3m ¢

o FIt3"™PrIZ

40 o Fit3»m
o Flt3mPriz*

Fkkk sk oo

®
1

oo
-

20
- o
30

£
1
[

-
1

cells in BM (%)

Cell number in PB (X103/uL)

MyePro  CMP GMP  MEP

Cell number in PB (X103/uL)
Frequency of donor derived

PR L. S—7 T
& 0.157]

[ 1]
s’

o,
0.10 Ll

0.057]

R ,
.
e
el
Weight of spleen (g)
°
°




-
)

©

o

Cell number in PB (X103/uL)
»

RBC

8- Priz
—k— Priz*
—%— Fit3*m

- FIt3"™PrIZ"
—&— Fit3mm

—8— FIt3™/™ priz*

-
(3]
1

-

HGB in PB (g/L)
<

N

O

Cell number in PB (X103/uL)

1 2 3 4
month

PLT

_@ Priz
—A— Priz
Fit3*m™
-
= FIt3*™pr|2
Fit3mom™

P Fit3'™1m prjz+

HGB

@~ priz+
& Priz+
|-V Fitz»m

-l Fit3vmpriz*
5— |—— Fit3mom

|8~ Fit3mm priz

Supplementary Figure 5

C

T T T T
1 2 3 4

month

F

NEU

~@— Pri2"*

—h— Priz~

—¥— Fit3*1™

~li- FIt3*"™Pri2*
—@— Fit3™1m

—&— FIt3m™™ priz+

Bone
Marrow

Cell number in PB (X103/uL)

Fit3+m

Cell number in PB (X103/uL)

MON

—o- Priz»

6 — —h— Priz*

—— FIt3+™

—l- FIt3*™Pri2*
—o— Fit3mom
—8— FIt3T™ priz+

»

=)

©w
=)
1

N
o
1

-
)
1

WBC

| Fit3 Pz

|_g— Fit3™m priz+

Cell number in PB (X103/uL)
o

Cell number in PB (X103/uL)

o o o o o
o o o o 1Y
=) o o o o
1 1 1 1 1

FIt3*"™Pri2 Fit3/mono

BAS

—@— Priz"
—&— PriZ™
Fitg+m
_m FIt3"™Priz+
—e— Flt3mm™
—@— FIt3™1™ Priz*

month

FIt3m0mopy 2+



>

C

Supplementary Figure 6
D

MOLM-13 cells K562 cells MOLM-13 cells
i, - & ,,,]Log-Rank P=0.01
shCtrl ShPRLZ‘ 3 250 [ ] . ‘ 3 300 wkk =
o = = — s 2 >
S | PRL2 gﬁ e 5o ERRe oH = :
| . [ . » © 200
2 |— w— | B-Actin * », o @ ‘ o 2
| O 100 - o °
3 W = 100 >
S| — PRL2 N 8. ~ 2 = { -~shCtrl
g o £, 2 . +i E 2 |~shPRL2
- @G | f-Actin & 2 N o = ° q g T T T
» & Qv < | O M =
&) QQ~ Sie @ Qq. o 0 5 100 15 20 25
& B j & P Days post transplantation
MOLM-13 cells MV-4-11 MOLM-13 K562
*kk
. dkk ey hakd *
8 » é 250 ” 33»0— ok g:mo— — g30«— >
= o S ' S
= = 200 o (] o
" . 8 ©200- ©° 0 200
- w 150 o (8] o
N 5 0s 5 5
— g h 3100 3 511)0
o} S100 g S 100+
z £ £ £ £
z Z 2 2
= " 60 O 0 0-
N & PRLI - - + + PRLI - - + + PRLI - -  +
shPRL2 - + -+ shPRL2 - + -+ shPRL2 - + -
F H MV-4-11 MOLM-13 I
*kdk *hkk
Kk k.
**:** ennn AML3150
K562 cells P ns @ R 80 = 7= DMSO
. £ NS e £, o _ wm PRL
. o ° ° =
o * D 400 - o o 0 R 60
o0 o 2 = = ns 55
= o o o > ]
[=1 o g 300 go. go.s— Z > %40—
L] = = -
Y= 200 ® = % % ] *
- O - _ / o * —_
5 E K % $ £
5 L ] .g 100 0.0 % & -
z . 5 PRLI - - - + + + |
o - z 0 PRL2 - + CSDA - + CSDA G0/G1 S G2M
T - e .. am» e~ | PRL2
B-Actin — —— — — | O_Actin
J AML3150 AML3242 AML3242
DMSO PRLi _ 59 een & 354 T e
5 113 ,.5 2 Log-Rank P=0.005 g =
“‘IU E gt 10 = 100 § 4 [} 2 304 . ‘g‘ 404
4 4 2 In vivo 0 ° g o 8
10 10 g treatment o 31 © S 301
s 7] *x £ S 257 - .
T 10° 1073 "g 507 g 2+ 2 g 204
£ Q 1 20+ LT
1ot L § = B 2
95.8., : Ii.95 'g [ e e e e i e e e e B T T < 15 T T < 0
0 10 10 a 14212835 56 63 70 77 84 91 98 DMSO PRLi DMSO PRLi DMSO PRLi
Annexin V Days post transplantation



Supplementary Figure 7
D

MV-4-11 cells K562 cells K562 cells
- + PRLi B + PRLi - + PRLi U937 cells
| pSTAT3 ]
(’im, e swme | PFLT3 BCR-ABL WT WT ITD ITD FLT3
(Y591)
pSTAT1 [ |paxT MC-ABL s = &= pFLT3
(Y701) (s473) o —= (Y591)
STAT1 —ve s e |PRL2 == FLT3
1 s . [y ' " AKT
pPMEK G  |pSTATS == e |(-Actin b - i fars)
1 (8217/221) ——————— (Y694) AKT
MEK w— w— | STAT5 - . . -
— pSTAT5
PRL2 ! » | psTATS [ .o
——— (Y705) STAT5
L X X ]
B-Actin W | sTAT3 DERK
- A .pSTAT1 -— - (T202/Y204)
e (Y701) ERK
w— e | STATH ===
p— ~| pMEK e —
1 (s217/221) — -Acti
e MEK — wmse ws | (-Actin
A esme ( PRL2
— e | (3-Actin
MV-4-11 cells
cn R
MV-4-11 MV-4-11 AML3179 PDX 2OY P
& GFP+ cells in Bone marrow ?hCD45 cells in Bone marrow - hCD45 cells in Bone marrow = s |PTEN
2’1.5— =shcm 271.5— =DMS_0 2’1-5‘ =DMS_O
% LS:PRLZ ke ek 'g **_*P*RLI okk kkk % *PRLI ek ek e < PRL2
T T T
2 1.0 £ 104 2 1.0 — 3 _Actin
£ 2 £ - +  PRLI
§o.5— go.s— @o.s— e == (PTEN
[ [ (]
> > >
£ £ £ - s PRL2
S 0.0~ 3 0.0- S 0.0~
x pAKT pSTAT5 pERK & pAKT pSTAT5 pERK & pAKT pSTAT5 pERK S wm— (3-Actin
IAKT ISTAT5 /ERK IAKT /STAT5 [ERK IAKT ISTAT5 /ERK
MV-4-11 cells
1.5 T 1.5 Khkk
g g
E 1.0 a 1.0
o [¢)
g g
'-E 0.5 g 0.5
& &
0.0 0.0
AC220 Gilteritinib - - + +
PRLI - + - + PRLI - + - +



A

MV-4-11 cells

DMSO PR

Li

CHX o

1.2 4 01 2 4

Hour

=

A BN GES G auS (D &S B | < PRL2

< FLT3

N N— — — —— — S—

< B-Actin

IP: FLT3

Input

IP:CBL

Input

250—
150—

250—
150—

100—

MV-4-11 cells

-+ - #
+  +

——

. -
[ el

PRLi
MG132
Ubiquitin
FLT3

Ubiquitin

FLT3

PRL2

| —-— — — - |p-Actin

MV4-11 cells

U20S cells

TKB

domain

Supplementary Figure 8

CBL

RING Proline-rich

Y731 UBA/LZ

v

I4H

IEF] SHZH Ll

[ [

The expression of CBL
Log, (FPKM+1)

Y371

5.5

5.0 1

4.5

4.0 1

3.5

3.0 1

2.5

4!5 5:0 575 6:0 6!5
The expression of PTP4A2
Log, (FPKM+1

Y700 Y774 906



Supplementary Table 1. Clinical information relevant to AML patient samples

Sample Disease
Sample# Age Sex type Status Karyotype Mutations WBC
3142 56 F BM  Relapse t(12;15)[4] XX FLT3-ITD 6.4K
(46,XX)[20]//Donor

3150 55 F PB Relapse (46,XY)[7] FLT3-ITD 19.5K
New

3163 63 F PB  diagnosis Normal karyotype FLT3-ITD,NPM1 38K

3179 46 M BM Relapse Normal karyotype FLT3-ITD 31K
New KRAS,ASXL1,WT1,

3220 33 F BM  diagnosis Normal karyotype FLT3-ITD 69K
New FLT3-ITD,NPM1,

3242 56 F BM  diagnosis Normal karyotype PTPN11 81K
New

3080 37 F BM  diagnosis Normal karyotype FLT3-ITD 70K
New

3145 69 M BM  diagnosis trisomy 8 FLT3-ITD 76K
New

3202 25 M PB diagnosis Normal karyotype Negative FIt3 mutation 63k

3153 26 M BM Relapse Complex Negative FIt3 mutation 10K

BM= Bone Marrow; PB=Peripheral Blood



Supplementary Table 2. Key resources

Reagents or Resource Source Identifier
Western-Blot antibodies

pAKT-S473 Cell signaling Technologies 9271
AKT Cell signaling Technologies  4691S
pSTAT5-Y694 Cell signaling Technologies 9351
STATS Cell signaling Technologies 94205
pERK-T202/Y204 Cell signaling Technologies 9101
ERK Cell signaling Technologies 9102
B-Actin Cell signaling Technologies 3700
Ubiquitin Cell signaling Technologies 3936
PLCy Cell signaling Technologies 5690
SHP2 Cell signaling Technologies 3397
CBL-human Cell signaling Technologies  8447s
CBL-Y774 Cell signaling Technologies 3555
CBL-Y731 Cell signaling Technologies 3554
CBL-Y700 Cell signaling Technologies 8869
FLT3 Cell signaling Technologies  3462S
pFLT3 Cell signaling Technologies 3464
pSTAT3-Y705 Cell signaling Technologies 91458
STAT3 Cell signaling Technologies 12640S
pSTAT1-Y701 Cell signaling Technologies  9167S
STAT1 Cell signaling Technologies 149945
pMEK-Y217/221 Cell signaling Technologies  9154S
MEK Cell signaling Technologies = 4694S
Anti-mouse 1gG, HRP-linked Antibody Cell signaling Technologies 7076
Anti-rabbit IgG, HRP-linked Antibody Cell signaling Technologies 7074
PRL2 Sigma Aldrich 05-1583
pTyr Sigma Aldrich 05-321
CBL-Y371 Syed Feroj Ahmed et al., 2021
CBL-mouse Transduction C40320
Flow Cytometry antibodies

FITC anti-mouse/human CD45R/B220 Antibody biolegend 103206
PE/Cy7 anti-mouse CD3¢ Antibody (100 ug) biolegend 100320
APC/Cy7 anti-mouse/human CD11b Antibody biolegend 101226
PerCP/Cyanine5.5 anti-mouse Gr-1 Antibody biolegend 108428
APC anti-mouse CD45.2 Antibody biolegend 109814
PE anti-mouse CD45.1 Antibody biolegend 110708
APC/Cy7 Streptavidin biolegend 405208
Pacific Blue™ anti-mouse Sca-1 Antibody biolegend 108120
PE/Cy7 anti-mouse CD117 (c-Kit) Antibody biolegend 105814
PerCP/Cy5.5 anti-mouse CD150 Antibody biolegend 115922
APC anti-mouse CD48 Antibody biolegend 103412
FITC anti-mouse CD45.2 Antibody biolegend 109806
APC/Cy7 Streptavidin biolegend 405208
PerCP/Cyanine5.5 anti-mouse Sca-1 Antibody  biolegend 108124
PE anti-mouse CD117 (c-Kit) Antibody biolegend 105808
antimouse CD34 APC biolegend 128612
PE/Cy7 anti-mouse CD16/32 Antibody biolegend 101318
Pacific Blue™ anti-mouse CD45.1 Antibody biolegend 110722
Biotin anti-mouse Lineage Panel biolegend 133307
PE Anti-mouse CD45 biolegend 103105
BD Pharmingen™ APC Mouse Anti-Human CD45BD Biosciences 555485




Continue to Supplementary Table 2. Key resources

Reagents or Resource Source Identifier

Chemicals, Culture medium

PRLi (Cmpd43) Yunpeng et al. (2016)

RIPA buffer Sigma-Aldrich R0278

RBC lysis buffer Biolegend 420302

Fetal Bovine Serum GeminiBio 100-106

Antibiotic-Antimycotic Gibco™ 15240062

MethoCult™ GF M3434 Stem cell tech M3434

MethoCult™ GF H4435 Stem cell tech H4435

Critical commercial assays

PureLink™ HiPure Plasmid Maxiprep Kit Life tech corp K210007

DNeasy Blood & Tissue Kit (50) Qiagen 69504

MiniRNA universal kit Qiagen 74134

MicroRNA universal kit Qiagen 74034

FastStart Universal SYBR Green Master (Rox)  Sigma-Aldrich 4913850001

SuperScript™ |V First-Strand Synthesis System invitrogen 18091200

Mouse Lin-cell depletion kit Miltenyi Biotec 130-090-858

Human CD45 cell enrichment kit Miltenyi Biotec 130-104-694

Mouse Kit+ cell selection kit Miltenyi Biotec 130-091-224

Cell cycle kit Abcam ab139418

Apoptosis kit Abcam ab214485

Cell Proliferation Reagent WST-1 Sigma-Aldrich 11644807001

Deposited data

RNA-seq data Klein HU et al., 2009 GEO:GSE15434

RNA-seq data This paper GEO:GSE208136
The Cancer Genome Atlas

TCGA Program https://www.cancer.gov/tcga
Cerami et al., 2012 & Gao et

cBioPortal al., 2013 https://www.cbioportal.org/

Software

Gene set enrichment analysis
Rstudio 4.1.0
GraphPad Prism 9

Subramanian et al. (2005)
RStudio Team (2020)
GraphPad

https://www.gsea-
msigdb.org/gsealindex.jsp
http://www.rstudio.com/
https://www.graphpad.com/
https://www.flowjo.com/soluti

FlowJo_v10 BD Life Sciences ons/flowjo/
Image J Schneider et al., 2012 https://imagej.nih.gov/ij/
Experimental Models: Cell Lines

MV-4-11 ATCC CRL-9591
K562 ATCC CCL-243
32D ATCC CRL-11346
293 ATCC CRL-1573
U937 ATCC CRL-1593.2
MOLM-13 Accegen Biotechnology ABC-TC517S
Experimental Models: Organisms/Strains

NOD-scid IL2Rgnull-3/GM/SF(NSGS) The Jackson Laboratory #013062
NOD.Cg-Prkdcscid l12rgtm1Wil/SzJ (NSG) The Jackson Laboratory #005557
B6.SJL(CD45.1+) The Jackson Laboratory #002014
C57BL/6 (CD45.2+) The Jackson Laboratory #000664
C3H/HeJ The Jackson Laboratory #000659
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PRL2 phosphatase promotes oncogenic KIT signaling in leukemia cells via dephosphorylation of
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Acute myeloid leukemia (AML) is an aggressive blood cancer with poor prognosis.! Most human
leukemia cells depend on aberrant receptor tyrosine kinase signaling and the subsequent downstream
effectors for proliferation and survival.? KIT is one of the oncogenic receptor tyrosine kinases that are
aberrantly activated in leukemia.>* Activating mutations in KIT are confined to either the extracellular
(exon 8 mutations) or the PTK2 domain (D816 mutations). Both classes of KIT mutations have been
identified predominantly in core binding factor (CBF) leukemia and are associated with poor prognosis
and reduced survival.>® As there are no effective therapies for leukemia patients with KIT mutations,*®
novel therapeutic approaches are urgently needed to improve leukemia treatment. The phosphatase of
regenerating liver (PRL) family of phosphatases, consisting of PRL1, PRL2, and PRL3, represents an
intriguing group of proteins that are being pursued as biomarkers and therapeutic targets in human
cancers, including hematological malignancies.®’ PRL2, encoded by PTP4A2 gene, is highly expressed
in some subtypes of AML, including AML1-ETO* AML and AML with mixed lineage leukemia (MLL)
translocations.” While PRL2 is important for SCF/KIT signaling in hematopoietic stem and progenitor

cells (HSPCs) and leukemia cells,”® the underlying mechanism is not fully understood.

Enforced KitD814V expression in HSPCs induces myeloproliferative neoplasms (MPN) in mice® and we
found that PRL2 deficiency significantly delays the onset of MPN induced by the KitD814V in mice
(Figure 1A), demonstrating that PRL2 is important for KitD814V-driven MPN in vivo. To determine the
role of PRL2 (PTP4A2) in the pathogenesis of human AML, we analyzed the published TCGA

(https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga) dataset and

found that high PRL2 expression is correlated with activation of oncogenic KIT signaling in AML (Figure
1B). Kasumi-1 and SKNO-1 are human AML cell lines with KIT mutations.” To examine the impact of
PRL2 deficiency on human leukemia cell proliferation, we have developed two shRNAs targeting
different regions of human PRL2 and showed that these sShRNAs can efficiently decrease PRL2 proteins
in human leukemia cells.” We focused our studies on one of the PRL2 shRNA and found that knockdown

of PRL2 decreases the colony formation of both Kasumi-1 and SKNO-1 cells (Figure 1C, Online
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Supplementary Figure S1A). To determine the impact of PRL2 deficiency on leukemia development in
vivo, we transplanted 3 x 10% Kasumi-1 cells expressing control or PRL2 shRNA into sublethally-
irradiated NSG mice and monitored their survival. We found that loss of PRL2 significantly extended the
survival of recipient mice transplanted with Kasumi-1 cells (Figure 1D). Notably, genetic inhibition of
PRL2 significantly decreases the engraftment of Kasumi-1 cells in peripheral blood (PB), bone marrow
(BM), and spleen of recipient mice (Figure 1E). Furthermore, knockdown of PRL2 significantly decreased

splenomegaly seen in recipient mice transplanted with Kasumi-1 cells (Figure 1F).

To further substantiate the PRL2 knockdown results, we utilized compound 43,” 1% a small molecule PRL
inhibitor (PRLI) that blocks PRL trimerization, which is essential for PRL function. We found that PRL.
treatment reduces the colony formation of both Kasumi-1 and SKNO-1 cells (Figure 1G, Online
Supplementary Figure S1B). To determine the efficacy of PRLi on human leukemia cells in vivo, we
transplanted luciferase-labeled Kasumi-1 cells into sublethally-irradiated NSG mice via tail vein injection.
One week after the transplantation, we treated NSG mice with vehicle (10% DMSO) or PRLi (25 mg/kg,
I.P.) daily for three weeks. Leukemia burden in NSG mice was monitored via bioluminescence imaging.
Imaging of luminescence showed that PRLi treatment dramatically decreases leukemia burden compared
with the control group (Figure 1H). The radiance of the NSG mice was significantly reduced after
exposure to PRLi (Figure 11). Furthermore, PRLi treatment substantially extended the survival of NSG
mice transplanted with human leukemia cells (Figure 1J). PRLi also considerably decreased the
engraftment of human leukemia cells in PB, BM, and spleen of NSG mice (Figure 1K). Finally, PRLi

treatment significantly reduced spleen weight of NSG mice (Figure 1L).

Attenuation of Kit signaling is important to obtain a suitable intensity and duration of signal
transduction to meet the biological needs. There are at least three levels of Kit downregulation that
function in concert: (1) tyrosine dephosphorylation, (2) inactivation of the kinase domain by serine
phosphorylation, and (3) removal from the cell surface and intracellular degradation.® We first examined

Kit activation in Prl2”- hematopoietic stem and progenitor cells (HSPCs) following SCF stimulation.
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PRL2 null HSPCs showed decreased Kit phosphorylation at tyrosine 703 as well as ERK1/2 and AKT
phosphorylation following SCF stimulation (Figure 2A), indicating that KitY'% is not a substrate of
PRL2. To further characterize Kit phosphorylation in the absence of PRL2, we utilized mast cells (MCs)
derived from BM cells (Online Supplementary Figure S1C).!* Given that PKC-dependent
phosphorylation is a known negative feedback mechanism of Kit,*2 we examined the phosphorylation
status of Kit>** (human S746) in MCs following SCF stimulation using a phospho-specific antibody.
PRL2 null MCs showed decreased Kit phosphorylation at serine744 upon SCF stimulation (Figure 2B),
suggesting that the negative feedback mechanism does not function in MCs. We found that Kit
internalization was enhanced in Pr12”- MCs compared to Pri2*"* cells following SCF stimulation (Figure
2C). Importantly, PRL2 null MCs had progressively reduced Kit expression on cell surface during SCF-
induced differentiation (Online Supplementary Figure S1D). In addition, we observed reduced Kit
expression on the surface of human AML cell line MO7e expressing either a ShRNA targeting PRL2 or
overexpressing a catalytically inactive PRL2-CSDA mutant (Online Supplementary Figure S1E). We
then treated serum starved MCs with cycloheximide and measured the half-life of Kit protein. The half-
life of Kit in PrI2”- MCs was significantly shorter than that of the Prl2*/* MCs (Figure 2D).
Furthermore, Prl2”- MCs showed enhanced Kit ubiquitination compared to WT cells following SCF

stimulation (Figure 2E).

The CBL family E3 ubiquitin ligases, including CBL and CBL-B, are responsible for the ubiquitination
and degradation of KIT in hematopoietic cells.’3* In response to cytokine stimulation, CBL is
phosphorylated and activated, leading to ubiquitination and degradation of KIT.***> However, how CBL
phosphorylation is regulated in leukemia cells remains elusive. Notably, GSEA analysis revealed that high
PRL2 expression is correlated with CBL signaling in human leukemia patients (Figure 2F). Upon SCF
stimulation, KIT binds to and induces the phosphorylation of CBL proteins, which in turn act as E3 ligases,
mediating the ubiquitination and degradation of KIT.*3*# We found that the catalytically inactive mutant

PRL2-CSDA displays enhanced association with KIT, CBL, SHP2, and PLC-y compared to WT PRL2 in
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Kasumi-1 cells (Figure 2G). We confirmed the association of PRL2 with CBL and KIT in Kasumi-1 and
SKNO-1 cells (Figure 2H, Online Supplementary Figure S2A, B). In addition, we found that
overexpression of PRL2 increases KIT levels in HEK293 cells (Online Supplementary Figure S2C) and
we confirmed the PRL2 and CBL interaction in HEK293 cells expressing KitD814V (Online
Supplementary Figure S2D). CBL becomes activated upon Tyrosine 371 phosphorylation, which enables
it to target receptor protein tyrosine kinases for ubiquitin-mediated degradation.'® Indeed, we found that
knockdown of PRL2 increases CBL phosphorylation at tyrosine 371, whereas the levels of CBL
phosphorylation at tyrosine 731 was not affected by PRL2 inhibition in both Kasumi-1 and SKNO-1 cells
(Figure 21, Online Supplementary Figure S2E). Further, we found that ectopic expression of the PRL2-
CSDA mutant also increases CBL phosphorylation at tyrosine 371 in Kasumi-1 and SKNO-1 cells (Figure

2J, Online Supplementary Figure S2F).

In summary, we discovered that PRL2 promotes oncogenic KIT signaling by dephosphorylating CBL at
tyrosine 371 and inhibits its E3 ubiquitin ligase activity toward KIT, leading to decreased ubiquitination
of KIT and activation of downstream signaling pathways in leukemia cells. Furthermore, genetic and
pharmacological inhibition of PRL2 blocks oncogenic KIT driven AML in vivo. Our studies uncover a
novel mechanism that fine-tunes oncogenic KIT signaling in leukemia cells and will likely establish PRL2

as a druggable target in AML with KIT mutations.
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Figure Legends

Figure 1. Genetic and pharmacological inhibition of PRL2 blocks oncogenic KIT driven AML in
vivo. (A) PRL2 deficiency extended the survival of recipient mice transplanted with hematopoietic
progenitor cells expressing KitD814V; n= 9 mice per group. (B) Signaling by KIT in disease, KIT
pathway, signaling by SCF-KIT, regulation of KIT signaling, KIT receptor signaling pathway were
enriched in the PRL2 high expression group compared to the PRL2 low expression group in AML. (C)
Knocking down of PRL2 significantly decreased the colony formation of Kasumi-1 cells; n=3 independent
experiments performed in duplicate. Representative images of the colonies are shown. (D) Kaplan-Meier
survival curve of sublethally-irradiated NSG mice transplanted with 3x108 Kasumi-1 expressing shCtrl or
shPRL2; n=6 mice per group. (E) Flow cytometry quantification of GFP* cells in peripheral blood (PB),
bone marrow (BM), and spleen of NSG mice transplanted with Kasumi-1 cells expressing control ShRNA
or shPRL2; n=4 mice per group. (F) The weight of spleen from NSG mice transplanted with Kasumi-1
cells expressing control shRNA or shPRL2; n=4 mice per group. (G) PRL inhibitor (PRLi) treatment
significantly decreased the colony formation of Kasumi-1 cells; n=3 independent experiments performed
in duplicate. Representative images of the colonies are displayed. (H) 3 x 10® Kasumi-1 cells expressing
luciferase were injected into sublethally irradiated NSG mice. One week after the transplantation, NSG
mice were treated with DMSO or PRLi (25mg/kg, I.P.) daily for three weeks. The leukemia burden in
NSG mice were monitored by In Vivo Image System (IVIS) once a week for three weeks (n=3 mice per
group). (1) Quantitative results from bioimaging; n=3 mice per group. (J) Kaplan-Meier survival curve of
NSG mice treated with DMSO or PRLi; n=6 mice per group. (K) Flow cytometry analysis of human
CD45" cells in PB, BM, and spleen of NSG mice transplanted with Kasumi-1 cells after three weeks of
DMSO or PRLI treatment; n=4 mice per group. (L) The spleen weights of NSG mice transplanted with
Kasumi-1 cells following three weeks of DMSO or PRLi treatment; n=4 mice per group. *p<0.05,

**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 2. PRL2 enhances oncogenic KIT signaling in leukemia cells via dephosphorylating CBL at
tyrosine 371. (A) PRL2 is important for KIT activation in HSPCs following SCF stimulation. (B) Mast
cells (MCs) were induced from WT and PRL2 null BM cells, serum starved, followed by stimulation of
SCF. Total cell lysates harvested at each time point were subjected to western blot analysis using
antibodies against KIT or KITS"® (mouse KITS™#), (C) MCs were stimulated with SCF. Levels of Kit on
the surface of MCs were determined by flow cytometry analysis; n=3. (D) PRL2 null MCs showed
decreased half-life of Kit following SCF stimulation. (E) Serum-starved MCs were stimulated with SCF,
collected at each time point, and followed by immunoprecipitation with a Kit antibody. Ubiquitinated
proteins were detected by immunoblotting with an anti-ubiquitin antibody. (F) CBL pathway and
regulation of signaling by CBL were enriched in the PRL2 high expression group compared to the PRL2
low expression group in AML. (G) GST pull-down assays. Total cellular proteins from Kasumi-1 cells
were isolated, incubated with GST, GST-PRL2 or GST-PRL2-CSDA and immunoblotted with antibodies
against KIT, CBL, SHP2, and PLC-y. (H) Co-immunoprecipitation assays showed that PRL2 interacts
with KIT and CBL in Kasumi-1 cells. (I) Knockdown of PRL2 increases CBL phosphorylation at Y371
in Kasumi-1 cells. (J) Ectopic expression of PRL2-CSDA increases CBL phosphorylation at Y371 in

Kasumi-1 cells. **p<0.01.
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Supplementary Information

PRL2 phosphatase promotes oncogenic KIT signaling in leukemia cells via dephosphorylation of

the E3 ubiquitin ligase CBL



Materials and Methods

Mice

B6.SJL (CD45.1%) and NOD.Cg-Prkdcscid 112rgtm1W;jl/SzJ (NSG) mice were purchased from the
Jackson Laboratories. Pri2** and Prl2”- mice were maintained in the Indiana and Northwestern
University Animal Facility and kept in Thorensten units with filtered germ-free air. The Institutional
Animal Care and Use Committee (IACUC) of Indiana University School of Medicine and Northwestern

University Feinberg School of Medicine approved all experimental procedures.
Human AML cell lines

Human AML cell lines, including Kasumi-1, SKNO-1, and MO7e were obtained from ATCC (List in

tablel). All cell lines were authenticated by SRT profiling and tested for mycoplasma contamination.
Transplantation assays

To determine the impact of PRL2 deficiency on KitD814V induced leukemia, 1 x 10° KitD814V
transduced Lin- cells isolated from PRL2** and PRL2”- mice were transplanted into lethally irradiated

B6.SJL mice via tail vein.

To determine the impact of PRL2 deficiency or inhibition on human Kasumi-1 leukemia cells in vivo, 3
x 108 transduced Kasumi-1cells (GFP*) were injected into sublethally irradiated (2.5 Gy) NSG mice via

tail vein. shCtrl or shPRL2 were used to study PRL2 deficiency.
PRL.I treatment in vivo

Small molecule inhibitor of PRL (PRLI) was synthesized at the Department of Medicinal Chemistry and
Pharmacology Department of the Purdue University. PRLi were dissolved in DMSO at 25mg/mi
stocking concentration saved in -80°C freezer. PRLI stock solution or DMSO was diluted in PBS before

administration. 25mg/kg PRLiI or DMSO was administrated by intraperitoneal injection for consecutive



21 days.

In vivo image system

Bioimaging of leukemia burden in vivo was performed by Spectral Lago System at Northwestern
University Center for Advanced Microscopy generously supported by NCI CCSG P30 CA060553
awarded to the Robert H Lurie Comprehensive Cancer Center. Before imaging, Luciferin (in vivo grade,
Gold Bio, CAS# 115144-35-9) was prepared in PBS, and 150 mg/kg Luciferin was injected by i.p., after

10 minutes. The signal data was analyzed by the Aura software.

Flow cytometry

To determine the engraftment in NSG mice, peripheral blood or bone marrow cells from NSG mice were

obtained from tibia, femur and iliac crest (6 from each mouse) by flushing cells out of the bone using a
syringe and phosphate-buffered saline (PBS) with 2mM EDTA. Red blood cells (RBCs) were lysed by
RBC lysis buffer (eBioscience) prior to staining. Other cells were washed twice by PBS before staining.
mCD45(103105), mCD117(105808), hCD117 (983302) FceRla (134316) were obtained from Biolegend.
hCD45(555485) were obtained from BD Biosciences. Experiments were performed on FACS LSR IV

cytometers (BD Biosciences) and analyzed by using the FlowJo_v10 software (TreeStar).

Production of Retrovirus and Lentivirus

Retroviral particles were produced by transfection of Phoenix E cells with MSCV-IRES-GFP, MSCV-
PRL2-IRES-GFP, MSCV-PRL2-CSDA-IRES-GFP, MSCV-KITD814V-IRES-GFP plasmids, according
to standard protocols. Mouse hematopoietic progenitor cells were transduced on retronectin (Takara)-
coated non-tissue culture plates with high-titer retroviral suspensions. Twenty-four hours after infection,

GFP-positive cells were sorted by FACS.

Lentiviral shLuciferase was a gift from Huipin Liu laboratory at the Northwestern University. Lentiviral



shRNA plasmid (pLB) was purchased from Addgene (11619). Oligonuculeotides targeting control
(Luciferase) and human PRL2 cDNAs were cloned into the pLB plasmid. Oligonuculeotide sequences
are available upon request. Lentiviral particles were generated by standard method using the third-
generation packaging system (pMDL, pMD2.G, and pRSV-Rev). Human AML cell lines were infected
with high-titer lentiviral suspensions. 48 hours after infection, GFP-positive cells were sorted by FACS.

The reduction of PRL2 proteins was determined by immunoblot analysis.
Colony formation unit assays

The colony formation of human leukemia cells was determined in methylcellulose medium (MethoCult
H4435, StemCell Technologies) using 1 x 10° Kaumi-1 or 5 x 10* SKNO-1 cells per well (6-well plate).

Colonies were scored after 14 days of culture.

Generation of murine mast cells

We cultured low-density BM mononuclear cells from PRL2*"* and PRL2" mice in IMDM supplemented
with 10% fetal calf serum (FCS; inactivated at 56°C), 2 mM L-glutamine, 1 mM pyruvate, 100 U of
penicillin/ml, 100 pg of streptomycin/ml, 20 U of mIL-3/ml, and 50 U of mIL-4/ml. Nonadherent cells
were transferred to fresh culture plates every 2 to 3 days for a total of at least 21 days to remove adherent
macrophages and fibroblasts. The resulting cell population consisted of more than 95% BMMCs as
determined by flow cytometry analysis using anti-mouse CD117 and anti-mouse FceRIa antibody (Hu et

al., 2012).

Immunoblotting analysis

Cells were washed with ice-cold PBS and lysed on ice for 30 min in lysis buffer (50 mM Tris-HCI, pH
7.4, 150 mM NaCl, 1% Triton X-100, and 10% glycerol) supplemented with a Complete Protease
Inhibitor tablet (Roche Applied Science). Cell lysates were cleared by centrifugation at 15,000 rpm for

10 min. The lysate protein concentration was estimated using a BCA protein assay kit (Pierce). The



protein samples were boiled with sample buffer, separated by SDS-PAGE, transferred
electrophoretically to a nitrocellulose membrane, and immunoblotted with appropriate antibodies,
followed by incubation with horseradish peroxidase-conjugated secondary antibodies. The blots were
developed by the enhanced chemiluminescence technique (ECL kit, GE Healthcare). Representative
results from at least two independent experiments are shown. Representative results from at least two
independent experiments are shown. pAKT-S473(9271), AKT(4691S), pERK-Y202/204(9101),
ERK(9102), B-Actin( 3700), Ubiquitin(3936), PLCy (5690), SHP2(3397), CBL-human(8447s), KIT (
3074S), CBL-Y731(3554), were obtained from Cell signaling. CBL-mouse(C40320) was obtained from
Transduction. PRL2(05-1583) and pTyr(05-321) were obtained from Sigma Aldrich. pCBL-Y 371 and

pKIT-S746 antibodies have been described previously (Edling et al., 2007; Ahmed et al., 2021).

GST pull down assays

1 x 10° Kasumi-1 cells were treated with 1 mM pervanadate for 30 minutes and collected by
centrifugation. The cell pellet was lysed with 3 ml lysis buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 1%
Triton X-100, 10% glycerol, supplemented with 5 mM iodoacetic acid, 1 mM orthovanadate, and
proteases inhibitors). 10 mM DTT was added in the lysate and incubated for 15 min on ice to inactivate
any unreacted iodoacetic acid and pervanadate. Supernatant was collected by centrifugation at 14,000 g
for 15 min. 25 ug GST, GST-PRL2 or GST-PRL2-CSDA were coupled to GST beads in lysis buffer,
incubated at 4°C for 1h. Cell lysates were incubated with GST proteins conjugated to beads at 4 °C for
2h. The beads were pelleted and washed 3 times for 5 min with lysis buffer. Bound proteins were re-
suspended in 50 uL Laemmli sample buffer, boiled for 5 min, and the samples are resolved by SDS-

PAGE gels.

Immunoprecipitation (IP) assays

For Immunoprecipitation (IP), Cells were washed with ice-cold PBS and lysed on ice for 30 min in lysis

buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 1% Triton X-100, and 10% glycerol) supplemented



with a Complete Protease and Phosphorylation Inhibitor tablet (Thermoscientific, A32961). Cell lysates
were cleared by centrifugation at 15,000 rpm for 10 min. The lysate protein concentration was estimated
using a BCA protein assay kit (Pierce). IP antibody plus Protein A Agarose beads (Sigma-Millipore)
was added, and samples were incubated on shaker at 4 °C for overnight. After washing with lysis

Buffer, the samples were ready for western blot analysis.

TCGA sequencing data

Transcriptional expression data of PRL2 and all data on clinical, cytogenetic characteristics, and

survival were derived from TCGA official website (https://www.cancer.gov/about-

nci/organization/ccg/research/structural-genomics/tcga). The Limma package in R Studio (version 4.1.0,

RStudio Team (2020) was used to identify the DEGs between PRL2 high group (PRL2 expression
above medium) and PRL2 low group (PRL2 expression below medium). P<0.05 and |log2 fold change
(FC)|>1 was used as the cut-off criteria for volcano plot for clinic data and heat map for fetal liver
sequencing data by R Studio. All the DEGs were used to do Gene-set enrichment analysis by GSEA

v4.2.2 software (http://www.gsea-msigdb.org/gsea/index.jsp).

Statistical Analysis

Long rank test was used for Kaplan-Meier survival curves. Other data were analyzed by paired or
unpaired t test or analysis of variance for nonlinear distributions using GraphPad Prizm 9. Results are
expressed as the mean + standard error of the mean (SEM) for at least triplicate experiments. P values of
< 0.05 were regarded as statistically significant which was calculated by GraphPad Prism9. *p<0.05,

**p<0.01, ***p < 0.001, ****p < 0.0001.
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Supplementary Figure Legends

Supplementary Figure 1

(A) Knocking down of PRL2 significantly decreased the colony formation of SKNO-1 cells; n=3
independent experiments performed in duplicate. Representative images of the colonies are shown. (B)
PRL inhibitor (PRLI) treatment significantly decreased the colony formation of SKNO-1 cells; n=3
independent experiments performed in duplicate. Representative images of the colonies are shown. (C)
Mast cells were induced from BM cells in vitro. (D) Expression of KIT is progressively declined in PRL2
null MCs. MCs were induced from BM cells and KIT median fluorescent intensity (MFI) was measured
by flow cytometry at each time point. (E) Knockdown of PRL2 in human AML cell line MO7e decreased
the level of KIT on the cell surface (Left). MO7e cells were transduced with retroviruses expressing GFP,
PRL2 or PRL2-CSDA mutant and the levels of KIT were assessed by flow cytometry analysis (Right).

HHH%1<0,0001.

Supplementary Figure 2

(A) and (B) Co-immunoprecipitation assays showed that PRL2 interacts with KIT and CBL in SKNO-1
cells. (C) PRL2 regulates the level of KIT in a dosage-dependent manner in HEK293 cells. (D) PRL2
interacts with KitD814V and CBL in HEK293 cells. (E) Knockdown of PRL2 increases CBL
phosphorylation at Y371 in SKNO-1 cells. (F) Ectopic expression of PRL2-CSDA increases CBL

phosphorylation at Y371 in SKNO-1 cells.
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To the Editor

Acute myeloid leukemia (AML) is an aggressive blood
cancer with poor prognosis [1]. AML is thought to be initi-
ated and maintained by a rare population of leukemia stem
cells (LSCs) or leukemia-initiating cells (LICs) that have
acquired the capacity for self-renewal and is blocked in their
ability to differentiate by the accumulation of a series of
mutations and/or epigenetic changes [2, 3]. Clinical studies
show that LICs are resistant to conventional chemotherapy
and/or targeted therapies [3]. Thus, there is an unmet need to
elucidate the molecular mechanisms governing LIC self-
renewal and develop novel therapeutic approaches that can
target LICs and improve leukemia treatment [3].

The tumor suppressor p53 is a stress response protein
that regulates a large number of genes in response to a
variety of cellular insults, including oncogene activation,
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material, which is available to authorized users.
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DNA damage, and inflammation [4]. These signals acti-
vate p53 primarily through post-translational modifica-
tions that result in augmented levels of p53 protein and
transactivation activity [4]. Activated p53 suppresses
cellular transformation mainly by inducing growth arrest,
apoptosis, DNA repair, and differentiation in damaged
cells [4]. Accordingly, p53 function is always compro-
mised in tumor cells, usually as a result of somatic
mutations and deletions, which occur in approximately
half of all human cancers [5]. The TP53 gene encodes the
tumor suppressor p53. The frequency of TP53 mutations
in AML is ~10%. However, in AML with complex kar-
yotype, the frequency of TP53 mutations and/or deletions
is almost 70% [6]. While TP53 mutations confer drug
resistance and poor prognosis in AML, the role of mutant
p53 in the initiation and progression of AML is largely
unknown [6, 7].

We have been investigating the role of tumor suppressor
p53 in normal and malignant hematopoiesis. We found that
wild-type p53 maintains HSC quiescence and inhibits HSC
self-renewal [8]. Codon 248 of p53 is frequently mutated in
AML and p53%**8W has been shown to be a gain-of-function
(GOF) mutant in human cancer cells as well as in animal
models [6, 7, 9]. We recently reported that p53%*4W
enhances HSC self-renewal in steady state and promotes
HSC expansion following genotoxic stresses [10]. Of note,
homozygous p53~'~ and p53RPHEVRZEW mice develop
lymphoid tumors, including lymphoma and thymoma, but
not myeloid malignancies [9], suggesting that expression of
mutant p53 is not sufficient for inducing myeloid leukemia
in mice. This has led to a search for potential second hits
that cooperate with mutant p53 in the pathogenesis of
myeloid malignancies, primarily focused on using mouse
models.

While coexisting mutations with 7P53 mutations in AML
are limited [6, 7], previous studies indicate that 7P53 muta-
tions co-occur with AML driver mutations in oncogenic
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Fig. 1 Mutant p53 cooperates with FLT3-ITD in the pathogenesis of
myeloid leukemia. a FLT3'™”* and p53%#W* FLT3™+ mice show
decreased survival compared to p53+/ * mice (n =11, p53+/+; n=11,
FLT3™/%; = 12, p53R8W ELT3ITD/ sepc.01, ##%%p<0.0001). b
Disease spectrums in FLT3™" and p53F#"* FLT3™ mice were
determined by pathological analysis of the bone marrow, spleen, liver,
and peripheral blood (n =9, FLT3'™/*; n = 12, p53R248W+ pL T30/,

signaling molecules, such as FMS-like tyrosine kinase
receptor-3 (FLT3) [11]. Mutations in FLT3 have been iden-
tified in myeloid malignancies, including myeloproliferative
neoplasms (MPN) and AML [12]. Internal tandem duplica-
tions in the juxtamembrane domain (FLT3-ITD) and muta-
tions in the activating loop of FLT3 (FLT3-TKD) are seen in
30-35% of AML patients [12]. Both ITD and TKD mutations
of FLT3 lead to constitutive activation of the tyrosine kinase,
promoting proliferation, and survival of leukemic blasts [12].
Given that expression of FLT3-ITD in the hematopoietic
compartment results in MPN in mice and that FLT3-ITD
impairs HSC self-renewal in vivo [13], we reasoned that
mutant p53 might synergize with FLT3-ITD in driving the
development of myeloid leukemia through enhancing LIC
self-renewal.
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To test this hypothesis, we generated p53%2#W* FLT3/™0/+

mice and monitored overall survival and tumor develop-
ment of these mice. We observed that both FLT3'™" and
53RV EL T3P/ mijce have decreased life span com-
pared with p53™" mice (Fig. 1a). Some p53%F**"* mice
develop myelodysplastic syndromes (MDS) with age and
other p53%2#W*+ mice developed lymphoma and sarcoma
based upon pathological analysis of the bone marrow (BM),
spleen, liver, and peripheral blood (PB) (SC and YL,
unpublished data). However, the majority of p53%*#W
FTFLT3™"" mice developed MPN as seen in FLT3TP*
mice (Fig. 1b, c and data not shown), suggesting that FLT3-
ITD-induced MPN development does not depend on mutant
p53. Histological observation of spleen sections from MPN
mice showed disarray of normal splenic architecture with a
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reduction and almost total absence of the white pulp in
some cases and increased red pulp area with increased
extramedullary hematopoiesis (Fig. 1c). These features
appeared in conjunction with hepatosplenomegaly, variable
leukocytosis and overproduction of myeloid cells in the
bone marrow, spleen, and peripheral blood (Fig. 1c). We
noted that the bone marrow cellularity decreased as sple-
nomegaly increased, consistent with increased extra-
medullary hematopoiesis. Notably, ~25% of p53R#W+
FLT3"™" mice developed chronic myeloid leukemia
(CML) [14]. Upon necropsy, mice with CML displayed
severe splenomegaly, and some also displayed hepatome-
galy. Morphological analysis of peripheral blood smears
revealed increased myeloid cells with dysplastic features
(Fig. 1c). The bone marrow cellularity varied from hypo-
cellular to hypercellular among animals. Increased number of
myeloid cells (blast to immature myeloid cells) was observed
in the bone marrow with extensive spread of myeloid ele-
ments in the spleen and in a few livers (Fig. 1c). While
pS3RAWA RT3 mice showed marked splenomegaly
compared with p53*'" and FLT3™* mice (Fig. 1d), this is
not likely due to CML development as majority of double-
mutant mice developed MPN (Fig. 1b, c).

Given that patients with homozygous FLT3-ITD muta-
tions have a more severe disease compared with those with
heterozygous FLT3-ITD mutations [11, 12], we examined
whether mutant p53 cooperates with homozygous FLT3-
ITD mutant in leukemia development. We transplanted 3 x
10° whole bone marrow cells from p53*+, FLT3™"™ o
53RV B T3ITDATD mice into lethally irradiated recipient
mice and measured their overall survival. Both FLT3/P
and p53R28W pLT3TDMD recipient mice had decreased life
spans compared with p53*/" recipient mice (Figure Sla).
Interestingly, ~30% of the pS537**WHTELT3™MD trans-
planted animals developed CML (Figure S1b), similar to
that seen in p33®F*#W T FLT3™* animals (Fig. 1b). Rest of
the pS53R4W/+ g T3ITDATD

mice developed MPN
(Figure S1b).
Given that some pS53R#WFELT3™" mice develop

CML, we next examined the impact of mutant pS3 on
FLT3-ITD" hematopoietic stem and progenitor cells
(HSPCs) in order to understand the underlying mechanisms.
We first analyzed peripheral blood (PB), the bone marrow
(BM), and the spleen of p53*/*, p53R4WH  FrT3™/F and
p53R#WIE B T3P mice (8—12 week old). PB white blood
cell (WBC) counts, BM cellularity, and spleen weight were
comparable among the four groups of mice (Figures Slc,
S1d, and Sle). We then examined the frequency of hema-
topoietic stem and progenitor cells in the BM of p53R2#W/+
FLT3"™"" mice. While the number of LT-HSCs and ST-
HSCs was comparable among these mice, LSKs and MPPs
were expanded in the p53%F**W T FLT3™" mice compared
with that of the p537F, p53R#¥W* and FLT3™ " mice

(Figure S2a). We also observed increased frequency of
myeloid progenitors (LinKit" cells) in the bone marrow of
pS53R#WA RT3 mice (Figure S2b). These findings
suggest that the effects of mutant p53 and FLT3-ITD on
myeloid progenitor cell expansion appears additive. How-
ever, the number of common lymphoid progenitors (CLPs)
was comparable among four group of mice (Figure S2c).

FLT3 mutations have been shown to enhance the pro-
liferation of hematopoietic stem and progenitor cells [13].
We then examined the cell cycle status of LSKs isolated
from pS3TH, pS3RMWA ELT3IDN and  pS3RASWA
FLT3'™"* mice. We confirmed that FLT3'™"" LSKs shown
enhanced proliferation compared with p53** LSKs (Fig-
ure S2d). However, mutant p53 did not alter the prolifera-
tion of FLT3™* LSKs (Figure S2d). To determine the
impact of mutant p53 on myeloid progenitors, we per-
formed serial replating assays using BM cells from p53™/,
PSRV B3R and  pS3RWARL TIITDA  pice.
While the colony formation potential of p53™* and
FLT3"™ BM cells was comparable in serial replating
assays, p53R*WAELT3™% BM cells show enhanced
replating potential compared with p53%#"/* and FLT3™*
BM cells (Fig. 2a), suggesting that expanded myeloid
progenitors in p353R*BWTEL T3P mice are functional
in vitro.

To examine the impact of mutant pS3 on HSCs in vivo, we
performed serial competitive bone marrow transplantation
assays. We transplanted 5x 10° donor BM cells (p53*'™,
p53R248W/+’ FLT3ITD/+ or p53R248W/+FLT3ITD/+, and CD452+)
into lethally irradiated (11 Gy) F1 recipient mice (CD45.1"
CD45.2™) along with 5 x 10° competitor BM cells (CD45.17).
Peripheral blood white blood cell counts were comparable
among the four groups of mice following transplantation
(Figure S2e). While FLT3'™"* BM cells showed decreased
repopulating ability compared with p53™" cells 16 weeks post
transplantation, pS3FSVTELTI™ T BM  cells displayed
enhanced engraftment compared to FLT3™”" BM cells
(Fig. 2b). We then killed the recipient mice and examined the
frequency of donor-derived hematopoietic stem and progenitor
cells in their bone marrow. We found increased number of
donor-derived LSKs in the BM of recipient mice repopulated
with p53%2#W+ BM cells compared with that of the p53™* and
FLT3™* BM cells, whereas the frequency of donor-derived
LSKs in the BM of recipient mice repopulated with p53*2#W+
and pS3FWEELT3™ cells was comparable (Figure S2f).
We found increased number of donor-derived GMPs in the BM
of recipient mice repopulated with p53%*#W*FLT3™"* bone
marrow cells compared with that of the FLT3™" BM cells
(Figure S3a). The spleen size was comparable in recipient mice
repopulated with four group of BM cells (Figure S3b).

To determine the impact of mutant p53 on the self-
renewal potential of FLT3-ITD" HSCs, we transplanted 3 x
10° BM cells isolated from the primary recipient mice

SPRINGER NATURE
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Fig. 2 Mutant p53 enhances the
self-renewal potential of FLT3-
ITD" LICs. (a) Serial replating
assays of bone marrow cells
from young p53+/+’ pjij248W/+7
FLT3™' and p53R248W/
+FLT3™" mice. Mean values
(£ SD) are shown (n =3, *p<
0.05, ****p <(0.0001). (b)
p53%28W enhances the
repopulating potential of
FLT3'™" hematopoietic cells.
Percentage of donor-derived
(CD45.2™) cells in the peripheral
blood of primary recipient mice
post-transplantation, measured
at 4-week intervals. Mean values
(+=SEM) are shown (n=7,
##%p < 0.001). (c) The
percentage of donor-derived
cells in the peripheral blood of
secondary recipient mice. Mean
values (+ SEM) shown, (n=7,
PSRV o BLT3IDA and
FLT3™"* s ps3R4sW/
FFLT3TPA | sskiep < 0.0001).
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repopulated with p5 FLT3"™"*  or
53RV B 73T/ cells into lethally irradiated secondary
F1 recipients. Sixteen weeks after transplantation, p53%#"
TFLT3™* cells continued to show increased repopulating
ability compared with FLT3'™”" BM cells (Fig. 2c). These
findings suggest that mutant p5S3 may promote leukemic
transformation through enhancing LIC self-renewal.

To examine the impact of mutant p53 on oncogenic sig-
naling pathways, we performed western blot analysis on
macrophage progenitor cells derived from p53+/*, p53R2#8W
FLT3™% or p53R#8WAEL T3 bone marrow cells.
Consistent with previous studies, cells from FLT3™* mice
had activated FAK, STATS, and AKT (Fig. 2d). Further,
expressing FLT3-ITD in a mutant p53 background
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enhances activated ERK levels, but slightly decreases acti-
vated FAK and STATS levels (Fig. 2d). We found increased
levels of FLT3 in p53%®W*pLT3™* macrophage pro-
genitor cells (Figure S3c). Thus, expressing FLT3-ITD in a
mutant p53 background has no effect on FLT3-ITD-induced
activation of signaling pathways. However, ERK inhibitor
treatment decreased the replating potential of p53%*#W+
FLT3™* and p53R248W/ tFLT3™* bone marrow cells
(Figure S3d). These findings suggest that mutant p53 and
FLT3-ITD may function through different signaling path-
ways in the pathogenesis of hematological malignancies. In
future, we will elucidate the mechanisms by which mutant
p53 upregulates FLT3 in HSPCs.
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While TP53 and FLT3 mutations are rarely co-occur in
MPN and AML [11], the underlying mechanisms are not
known. We found that the majority of p53%2#W*+ pp 30+
mice developed MPN, as seen in FLT3"™"* mice [13].
Further, we discovered that mutant p53 and FLT3-ITD
cooperate in CML development in mice. Functionally,
mutant p53 synergizes with FLT3-ITD to expand the
myeloid progenitor cell pool and enhance the self-renewal
potential of LICs. 7P53 mutations are present in both
chronic and blast crisis phase of CML [15], underscoring
the importance of mutant p53 in CML pathogenesis. Deli-
neating the role of mutant pS3 and FLT3-ITD in LIC self-
renewal and pathogenesis of hematological malignancies
may facilitate the development of novel therapeutic
approaches that can improve leukemia treatment.
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Mutant p53 drives clonal hematopoiesis through
modulating epigenetic pathway
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Clonal hematopoiesis of indeterminate potential (CHIP) increases with age and is associated
with increased risks of hematological malignancies. While TP53 mutations have been iden-
tified in CHIP, the molecular mechanisms by which mutant p53 promotes hematopoietic
stem and progenitor cell (HSPC) expansion are largely unknown. Here we discover that
mutant p53 confers a competitive advantage to HSPCs following transplantation and pro-
motes HSPC expansion after radiation-induced stress. Mechanistically, mutant p53 interacts
with EZH2 and enhances its association with the chromatin, thereby increasing the levels of
H3K27me3 in genes regulating HSPC self-renewal and differentiation. Furthermore, genetic
and pharmacological inhibition of EZH2 decreases the repopulating potential of p53 mutant
HSPCs. Thus, we uncover an epigenetic mechanism by which mutant p53 drives clonal
hematopoiesis. Our work will likely establish epigenetic regulator EZH2 as a novel therapeutic
target for preventing CHIP progression and treating hematological malignancies with TP53
mutations.
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lonal hematopoiesis of indeterminate potential (CHIP),

also known as age-related clonal hematopoiesis (ARCH),

occurs when a single mutant hematopoietic stem and
progenitor cell (HSPC) contributes to a significant clonal pro-
portion of mature blood lineages during aging!-3. CHIP is
common in aged healthy individuals and associated with
increased risks of hematological neoplasms, including myelo-
dysplastic syndromes (MDS) and acute myeloid leukemia
(AML)48. CHIP is also associated with increased all-cause
mortality and risk of cardio-metabolic disease~%°. While these
findings suggest that mutations identified in CHIP likely drive
disease development, mechanisms by which these mutations
promote HSPC expansion are largely unknown*-°.

Most individuals with CHIP carry hematological malignancy-
associated mutations, including DNMT3A, TET2, ASXLI1, JAK2,
and TP53%*6. The TP53 gene, which encodes the tumor sup-
pressor protein p53, ranks in the top five among genes that were
mutated in CHIP4-%10-12/ p53 bears the usual hallmarks of a
transcription factor and regulates a large number of genes in
response to a variety of cellular insults, including oncogene
activation, DNA damage, and inflammation, to suppress tumor-
igenesis!>14, TP53 mutations and deletions were found in
approximately half of all human cancers, including hematological
malignancies'>14. Recently, somatic TP53 mutations were iden-
tified in CHIP4-°. TP53 mutations were also commonly found in
therapy-related CHIP!%12. Interestingly, some individuals with
Li-Fraumeni syndrome (LFS), who carry germline TP53 muta-
tions, develop MDS and AML as they age!#15. Indeed, somatic
TP53 mutations are present in 10% of MDS and AML cases and
in 30% of secondary MDS and AML patients arising after
exposure to radiation or chemotherapy>!1-1° While TP53
mutations are associated with adverse clinical outcomes in MDS
and AML219-19) how mutant p53 drives the pathogenesis of
hematological malignancies are not fully understood.

We have been investigating the role of p53 in normal and
malignant hematopoiesis. We discovered that wild-type (WT) p53
maintains hematopoietic stem cell (HSC) quiescence and identi-
fied Necdin as a p53 target gene that regulates DNA damage
response (DDR) in HSCs?02l, We extended our research to
mutant p53 to generate additional knowledge in order to develop
therapeutic strategies that can enhance our abilities to prevent
CHIP progression and treat hematological diseases. We discovered
that mutant p53 enhances the repopulating potential of HSPCs?2,
similar to what has been reported previously?>24, While clinical
studies suggest that expansion of HSPCs with TP53 mutations
predisposes the elderly to hematological neoplasms*-10-12, the
role of TP53 mutations in CHIP progression remains elusive.

Polycomb group (PcG) proteins are epigenetic regulators that
have been implicated in stem cell maintenance and cancer
development2>-28, Genetic and biochemical studies indicate that
PcG proteins exist in at least two protein complexes, Polycomb
repressive complex 2 (PRC2) and Polycomb repressive complex 1
(PRC1), that act in concert to initiate and maintain stable gene
repression?>~28, EZH2, a key component of PRC2 complex, cat-
alyzes the trimethylation of lysine 27 of histone H3 (H3K27me3)
in cells?”. While EZH2 plays important roles in HSCs and MDS
development!02930, its regulation in HSPCs is not fully
understood.

In the present study, we discovered that mutant p53 confers a
competitive advantage to HSPCs following transplantation and
promotes HSPC expansion after radiation-induced stress.
Mechanistically, mutant p53 interacts with EZH2 and enhances
its association with the chromatin, thereby increasing the levels of
H3K27me3 in genes regulating HSPC self-renewal and differ-
entiation. Thus, we have uncovered an epigenetic mechanism by
which mutant p53 drives clonal hematopoiesis.

Results
TP53 mutations identified in CHIP enhance HSPC functions.
TP53 ranks in the top five among genes that were mutated in
CHIP (Fig. 1a)*-610-12_ Approximately 90% of somatic TP53
mutations in CHIP are missense mutations in the DNA-binding
domain (DBD) of the p53 protein (Fig. 1b)4-%19-12. The most
frequently mutated codon in p53 was 248, followed by codons
273, 220, and 175 (Fig. 1c). TP53 mutation spectrums in CHIP
are similar to hematological malignancies. Different mutant p53
proteins have been shown to exhibit distinct functions in pro-
moting cancer initiation, progression, or metastasis!4. To deter-
mine the impact of TP53 mutations on HSPC functions, we
introduced eight hot-spot TP53 mutations identified in
CHIP#-6:10-12 (Fig, 1c), into WT mouse HSPCs using retrovirus-
mediated transduction and performed in vitro and in vivo assays
(Fig. 1d). Ectopic expression of some mutant p53, including

53R248W  53R248Q p53RIZSH - p53R273H - 53C238Y and
p53Y220C enhanced the replating potential of WT HSPCs com-
pared to control viruses (MIGR1) transduced cells (Fig. le).

p53R248W - p53R2Z73H - and  p53Y220C  are  hot-spot TP53
mutations in CHIP, MDS, and AML and predict leukemia
development4-6:10-1217-19 " These mutations have also been
shown to gain oncogenic properties in mouse models of human
cancer!431-33, We introduced p53R248W, p53R273H o p53Y220C
into WT HSPCs (CD45.2%) using retrovirus-mediated transduc-
tion, and then transplanted transduced cells (GFPY) together
with competitor bone marrow (BM) cells (CD45.17) into lethally
irradiated recipient mice. We observed increased number of
GFP cells in peripheral blood (PB) of recipient mice repopulated
with HSPCs expressing mutant p53 compared to that of control
viruses transduced cells at 16 weeks following transplantation
(Fig. 1f). Increases in total GFP* cells in PB at 16 weeks from
mice with mutant p53 proteins were highly suggestive of
enhanced HSPC repopulating potential.

p53 is important for HSC survival following genotoxic stress
and p53 null HSCs are less sensitive to irradiation as manifested
by decreased apoptosis?). We found that ectopic expression of
p53R248W - p53R273H - o p53Y220C iy WT HSPCs resulted in
decreased apoptosis following 2 Gy irradiation (Fig. 1g), suggest-
ing that HSPCs expressing these mutant p53 proteins are not
sensitive to radiation-induced stress.

TP53 mutations in CHIP confer competitive advantage to
HSPCs. Given that codon 248 of the p53 protein (p53R%48) is
most frequently mutated in CHIP, MDS, and AML406:10-12,18,19,
we focused our investigation on p53R248W in hematopoiesis.
Since overexpression of mutant p53 from an MSCV promoter
may not reflect accurate function when expressed at physiological
levels, we utilized the p53R248W knock-in mice, where p53R248W
was introduced into the humanized p53 knock-in (HUPKI) allele
in mice, expressing human p53 mutant protein from the endo-
genous murine Trp53 promoter33. The HUPKI allele encodes a
human/mouse chimeric protein consisting primarily of human
p53 sequence (amino acids 33-332) flanked by the conserved
extreme amino and carboxyl-termini of mouse p5334. HUPKI
mice were described as p531/* mice in the text.

Since the majority of TP53 mutations in CHIP are mono-allele
missense mutations (Fig. 1b)*-%10-12 we utilized heterozygous
mutant mice (p53R248W/) to investigate the biological impact of
mutant p53 on primitive HSPC populations. As nonsense,
frameshift, and splice site mutations result in TP53 deletions!4,
we also included p531/~ and p53~/~ mice in the experiments. We
first analyzed the BM of p531/+, p53+/=, p53~/=, and p53R248W/+
mice and found that BM cellularity is comparable among these
mice (Supplementary Fig. 1a). We observed increased number of

2 | (2019)10:5649 | https://doi.org/10.1038/s41467-019-13542-2 | www.nature.com/naturecommunications


www.nature.com/naturecommunications
www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/541467-019-13542-2 ARTICLE

a b _
Frequency of TP53 mutations
o
S 1000 ]I Splice (4%) - Frameshift (4%)
c Non-sense (4%)
o 800
2
S 600 %
o
S 400
£ 300
5 200 Missense (88%)
-g 100
S 0
= TAD PRD DBD TET REG
d
Retrovirus transduction 9.5 Gy lethal irradiation
MSCV-IRES-GFP }
or
MSCV-p53 mutant-IRES-GFP
Recipient (host)
[eNe) : 1 @ : @ Transplant Examine GFP+ cells
© oy — 0 .. — —p in PB every 4 weeks
[} *
WT HSPCs l
CFU assay
e TOP
° MIGRH o p53%esTo
o p53R17sH o p53Rzeew
R248Q o p53he7eH
500 1 : p53 P H179Y
" v p53Y220C v p53 *
o i
g 400 = p530238Y .
3
= 300 - &
3
£ 200
S
=z
100 =
sinfalfint=ininln
0 T T T
Week 1 Week 2 Week 3
f 60 - - MigR1 9 124
Y220C = e
ek p53 &\o, T
- p53ReeW = 9 - .
E 40 - = p53R273H % *k Fkk ke
% *kk 9 67 T
i z 4+
% s ] ) I
20 - * e 34 A
R £
0 T T T T
N RN © Y
0 — @\0@ & &
0 4 8 12 16 $ P
¢ ¢ ¢

Weeks (post transplantation)

Fig. 1 TP53 mutations identified in CHIP enhance HSPC repopulating potential. a Tumor suppressor gene TP53 ranks in the top five among genes that
were mutated in clonal hematopoiesis with indeterminate potential (CHIP). b Pie chart representing different types of TP53 mutations identified in CHIP.
¢ TP53 mutations in CHIP are enriched in the DNA-binding domain (DBD) of the p53 protein. TAD, transactivation domain; PRD, proline-rich domain; DBD,
DNA-binding domain; TET, tetramerization domain; and REG, carboxy-terminal regulatory domain. d Several hot-spot TP53 mutations identified in CHIP
were introduced into wild-type hematopoietic stem and progenitor cells (HSPCs) using retrovirus-mediated transduction. In vitro and in vivo stem and
progenitor cell assays were then performed using sorted GFP (green fluorescent protein)-postive cells. e Serial replating assays of HSPCs expressing
different mutant p53 proteins. The methylcellulose cultures were serially replated, weekly, for 3 weeks; n =3 independent experiments performed in
duplicate. f Percentage of GFP* cells in the peripheral blood (PB) of recipient mice following competitive transplantation; n = 3-5 mice per group. g HSPCs
expressing mutant p53 proteins were assessed for apoptosis at 24 h after radiation (2 Gy); n=3 independent experiments. Data are represented as
mean = SEM. P-values were calculated using two-way ANOVA (analysis of variance) with Dunnett's multiple comparisons test in e and f, one-way ANOVA
with Dunnett's multiple comparisons test in g; *P <0.05, **P <0.01, ***P<0.001, ****P < 0.0001. Source data are provided as a Source Data file.

LSKs and LT-HSCs in the BM of p53~/~ mice as reported?0; p53+/*, p53+/=, p53=/=, and p53R248W/+ mice in steady state
however, p53R248W affects neither the frequency nor the number  (Fig. 2e). Thus, mutant p53 does not affect the frequency,
of HSPCs in the BM (Fig. 2a, b, and Supplementary Fig. 1b, ¢). quiescence, or the survival of HSPCs when expressed at
While loss of p53 decreases the quiescence of LSKs and LT- physiological levels.

HSCs20, mutant p53 does not affect HSPC quiescence (Fig. 2, d). Hematopoietic transplantation is a cellular stressor that has
In addition, we observed similar number of apoptotic HSPCs in  been shown to promote the expansion of mutant HSPCs!2-3%:36,
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We recently reported that p53R248W enhances the repopulating
potential of BM cells?2. To further establish that the enhanced
repopulating potential is HSC intrinsic, we purified HSCs
(CD48~CD1501LSKs, CD45.2%) from p531+/+, p53+/—, p53—/-,
and p53R248W/+ mice and performed HSC transplantation assays.
Both p53~/~ and p53R248W/+ HSCs exhibited a substantially
higher contribution to PB production compared to p531/+ and
p531/~ HSCs at 20 weeks following primary transplantation
(Fig. 2f). In addition, the percentage of donor-derived hemato-
poietic cells and HSPCs in the BM of recipient mice repopulated

Dose (number of donor cells, X1000)

with p53=/~ and p53R248W/+ HSCs was significantly higher than
that of the p531/+ HSCs (Fig. 2g, h). Mutant p53 did not affect
myeloid and lymphoid differentiation in PB and the BM of
recipient mice following HSC transplantation (Supplementary
Fig. 1d, e).

To determine the impact of mutant p53 on HSC self-renewal,
we performed secondary BM transplantation assays. We found
that both p53~/~ and p53R248W/+ HSCs continue to show
enhanced engraftment compared to p531/* and p531/~ HSCs at
20 weeks following secondary transplantation. Interestingly,
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Fig. 2 p53R248W/+ confers a competitive advantage to HSPCs. a The frequency of Lin~Scal*Kit* cells (LSKs) in the bone marrow (BM) of p53+/+,
p53+/=, p53~/~, and p53R248W/+ mice; n = 7 mice per genotype. b The frequency of long-term hematopoietic stem cells (LT-HSCs) in the BM of p53+/+,
p53+/=, p53—~/=, and p53R248W/+ mice; n =7 mice per genotype. ¢ The quiescence of LSKs was determined by Ki67 and DAPI (4’,6-diamidino-2-
phenylindole) staining followed by flow cytometry analysis; n = 3-7 mice per genotype. d The quiescence of LT-HSCs was determined by Ki67 and DAPI
staining and flow cytometry analysis; n = 3-7 mice per genotype. e The apoptosis of LSKs was determined by Annexin V and DAPI staining and flow
cytometry analysis; n =5 mice per genotype. f Percentage of donor-derived cells in PB of recipient mice at 20 weeks following HSC transplantation; n =7
mice per group. g Percentage of donor-derived cells in the BM of recipient mice at 20 weeks following HSC transplantation; n =7 mice per group.

h Percentage of donor-derived LT-HSCs, short-term hematopoietic stem cells (ST-HSCs), multi-potent progenitors (MPPs), and LSKs in the BM of
recipient mice repopulated with p53+/+, p53+/=, p53—~, or p53R248W/+ HSCs; n = 7 mice per genotype. i Measuring the number of functional HSCs in the
BM of p53+/+ and p53R248W/+ mice utilizing limiting dilution transplantation assays. Recipients with <2% donor-derived cells in the peripheral blood were
defined as non-respondent; n = 7-10 mice per group. P = 0.00114. j Poisson statistical analysis of data from Fig. 2i using L-Calc software. Shapes represent
the percentage of negative mice for each dose of cells. Solid lines indicate the best-fit linear model for each dataset. Data are represented as mean = SEM.
P-values were calculated using one-way ANOVA with Dunnett's multiple comparisons test in a, b, ¢, d, e, g and h, two-way ANOVA with Dunnett's
multiple comparisons test in f, and y?2 test in i and j; *P < 0.05, **P < 0.01, ***P < 0.001. Source data are provided as a Source Data file.

p531/~ HSCs show increased repopulating potential compared to
p53T/+ HSCs in secondary transplantation assays (Supplemen-
tary Fig. 1f). We observed increased number of donor-derived
hematopoietic cells in the BM of secondary recipients repopulated
with p537/=, p53~/=, and p53R248W/+ cells compared to p53+/+
cells (Supplementary Fig. 1g). However, neither TP53 mutation
nor p53-deficiency alters terminal differentiation of HSCs
(Supplementary Fig. 1h).

To enumerate the numbers of functional HSCs in the BM of
Pp53R248W/+ mice, we performed competitive BM transplantation
experiments with limiting-dilution of donor cells. The frequency
of competitive repopulation units (CRU) in the BM of
p53R248W/+ mice is three- to four-fold higher than that of the
p53t/+ mice (Fig. 2i, j). Enhanced repopulating potential of
p53R248W/+ BM cells could be due to changes in homing capacities
of donor cells. We performed homing assays but did not detect
difference in the frequency of donor-derived cells in the BM of
recipient mice repopulated with p53R248W/+ BM cells compared to
p531/T BM cells (Supplementary Fig. 1i, j). Taken together, we
demonstrate that mutant p53 identified in CHIP confers a
competitive advantage to HSPCs following transplantation.

TP53 mutations promote HSPC survival following radiation.
Therapy-related CHIP in patients with non-hematologic cancers
is common and associated with adverse clinical outcomes!%12.
Cytotoxic therapy results in the expansion of clones carrying
TP53 mutations'®!237, Indeed, we found that chemotherapy
treatment expands HSPCs expressing mutant p53%2. Given that
HSPCs expressing mutant p53 are not sensitive to radiation
(Fig. 1g), we then examined the impact of radiation on mutant
HSPC expansion. We generated mixed BM chimeras containing
both p53R248W/+ (CD45.2%) and p53+/+ (CD45.17) cells with a
1:10 ratio of mutant to WT cells. Eight weeks following trans-
plantation, recipient mice were treated with or without 5 Gy total
body irradiation (TBI) (Fig. 3a). We found that mutant BM cells
outcompeted p531/F cells, and became clonally dominant
following TBI (Fig. 3b). Further, TBI significantly increased fre-
quency of mutant HSPCs in BM of recipient mice (Fig. 3¢, d).
Thus, we demonstrate that radiation promotes the expansion of
HSPCs with mutant p53.

To determine the impact of radiation on p53*/+ and p53R248W/+
mice, we irradiated these mice and monitored their survival. While
most p53T/*T mice died 5 weeks following 9 Gy TBI, most

53R248W/+ mice were still alive (Supplementary Fig. 2a). Further,
p53R248W/+ HSCs show decreased apoptosis both in vitro and
in vivo following 2 Gy irradiation (Fig. 3e, f). Using phosphoryla-
tion of histone H2AX (yH2AX) as an indicator of DNA damage,
we found that p537/* HSCs stained positive for yH2AX, whereas

p53R248W/+ HSCs were largely devoid of YH2AX foci (Supple-
mentary Fig. 2b, ¢).

To determine the impact of radiation on p53R248W/+ HSPC
function in vivo, we treated p531/* and p53R248W/+ mice with 2
Gy TBL Two hours following TBI, we isolated live BM cells from
irradiated mice and performed competitive transplantation
assays. Irradiated mutant BM cells displayed enhanced repopulat-
ing potential in primary transplantation assays compared to
irradiated WT cells (Fig. 3g). We observed increased number of
donor-derived HSPCs in the BM of primary recipient mice
repopulated with live p53R248W/+ BM cells (Fig. 3h and
Supplementary Fig. 2d). Sixteen weeks after secondary transplan-
tation, p53R248W/+ cells continued to show increased repopulat-
ing ability (Fig. 3i). While mutant p53 had no effect on multi-
lineage differentiation in PB of primary recipient mice (Supple-
mentary Fig. 2e), we found decreased myeloid differentiation and
increased B cell differentiation in the PB of secondary recipient
mice repopulated with mutant BM cells (Fig. 3j). Thus, we
demonstrate that TP53 mutations identified in CHIP confer
resistance to radiation, leading to the selective expansion of TP53-
mutant HSPCs.

HSC and AML signatures were enriched in p53 mutant HSPCs.
WT p53 is a transcription factor that activates the transcription of
several target genes in HSCs, including p21 and Necdin?021,
However, we found that mutant p53 does not alter the expression
of p21 and Necdin in HSCs (Fig. 4a). To understand how mutant
p53 enhances HSPC self-renewal, we performed transcript pro-
filing (using RNA-seq studies and quantitative real-time PCR
(qQRT-PCR) anal)rsis) to compare gene expression in HSPCs iso-
lated from p531/* and p53R248W/+ mice. We employed Gene Set
Enrichment Assays (GSEA) to group potential mutant p53 target
genes into specific pathways important in HSPC behavior. HSC
and AML signatures were significantly enriched in p53 mutant
HSPCs compared to p531/+ HSPCs (Supplementary Fig. 3a, b).
Several pathways important for HSC maintenance, including
Regulation of hematopoiesis, Hematopoietic organ development,
Immune response, and Positive regulation of cytokine response,
were significantly enriched in p53R248W/+ HSPCs compared to
p53T/T HSPCs (Supplementary Fig. 3c). Collectively, the gene
expression profiling data suggest that mutant p53 modulates
specific pathways associated with HSC maintenance and
leukemogenesis.

EZH2 targets were downregulated in p53 mutant HSPCs.
While we found that several hundred genes are either upregulated
or downregulated in p53 mutant HSPCs compared to WT
HSPCs, how mutant p53 regulates gene expression in HSPCs is
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unknown. Recent studies revealed that some mutant p53
proteins increase the expression of epigenetic factors, including
MLL1, MLL2, and MOZ (KAT6A), in human cancer cells3s.
MLL1 and MLL2 are key components of the MLL complexes
that confer histone H3K4 trimethylation (H3K4me3), which
is an active histone mark important for gene expression3%40.
MOZ is a histone acetyltransferase and mediates histone H3K9
acetylation (H3K9ac)*142, However, we found that the expression
of MLL1, MLL2, and MOZ is comparable in p53 WT and
mutant HSPCs (Supplementary Fig. 3d), suggesting mutant p53
may utilize other mechanisms to modulate gene expression in
hematopoietic cells.

6

Interestingly, RNA-seq assays revealed that genes that only
marked by H3K27me3 were negatively enriched with significance
in mutant HSPCs compared to that of the WT HSPCs (Fig. 4b,
left panel). EZH2 target gene signature (without EZH1 compen-
sation) was also negatively enriched with significance in mutant
HSPCs (Fig. 4b, right panel). However, loss of p53 in HSPCs did
not significantly change EZH2 target gene signature (Supple-
mental Fig. 3e). Western blot analysis showed increased levels of
H3K27me3 in p53 mutant HSPCs compared to WT HSPCs
(Fig. 4c). Further, p53R248W/+ HSCs displayed higher levels of
H3K27me3 compared to p537/+ HSCs quantified by flow
cytometry analysis (Fig. 4d).

NATURE COMMUNICATIONS | (2019)10:5649 | https://doi.org/10.1038/s41467-019-13542-2 | www.nature.com/naturecommunications


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Fig. 3 p53R248W/+ confers a survival advantage to HSPCs after radiation. a BM chimeras were generated by transplanting a 1:10 ratio of p53R248W/+
cells (CD45.2%) to p53+/+ cells (CD45.17) into irradiated recipient mice (CD45.17CD45.2+). After hematopoietic reconstitution (8 weeks), mice were
treated with or without 5 gray (Gy) total body irradiation (TBI). b Percentage of p53R248W/+ (CD45.2+) cells in PB of recipient mice following TBI
treatment; n = 7 mice per group. ¢ Percentage of p53R248W/+ cells (CD45.2+) in the BM of recipient mice at 16 weeks following TBI treatment; n = 7 mice
per group. d Percentage of p53R248W/+ | SK cells (CD45.2) in the BM of recipient mice at 16 weeks following TBI treatment; n =7 mice per group.

e Hematopoietic stem and progenitor cells from p53*+/+ and p53R248W/+ mice were assessed for apoptosis 2 h after 2 Gy TBI; n = 3 mice per group. f HSCs
purified from the BM of p53+/+ and p53R248W/+ mice were treated with 2 Gy TBI and then assessed for apoptosis; n =3 mice per group. g Competitive
transplantation assays using BM cells isolated from p53+/+ and p53R248W/+ mice treated with 2 Gy TBI. Two hours following TBI, we isolated BM cells
from irradiated mice and transplanted 500,000 live BM cells together with equal number of competitor BM cells into lethally irradiated recipient mice. The
percentage of donor-derived cells in the PB of recipient mice; n = 7-8 mice per group. h Percentage of donor-derived LT-HSCs, ST-HSCs, MPPs, and LSK
cells in the PB of the primary recipient mice 16 weeks following transplantation; n = 7-8 mice per group. i Contribution of p53*/+ and p53R248W/+ BM cells
to recipient mouse PB in secondary transplantation assays; n = 5-7 mice per group. j Lineage contribution of donor-derived cells in the PB of secondary
recipient mice 16 weeks following transplantation; n = 5-7 mice per group. Data are represented as mean = SEM. P-values were calculated using two-way
ANOVA with Bonferroni's multiple comparisons test in b, e, g, i, and j, unpaired t-test with Welch's correction in ¢, d, f, and h; *P<0.05, **P < 0.01,
***P<0.001, ****P<0.0001. Source data are provided as a Source Data file.

To further understand how mutant p53 modulates gene
expression in hematopoietic cells, we performed H3K27me3
ChIP-seq assays in HSPCs from p531/+ and p53R248W/+ mice. As
expected, H3K27me3 is enriched at the transcription start site
(TSS). Large regions of H3K27me3 enrichments are also found
covering entire gene regions as well as intragenic regions. We
found that p53 mutant HSPCs exhibited significantly higher
levels of H3K27me3 at TSS compared to that of the WT HSPCs
(Fig. 4e). The heat map of H3K27me3 ChIP-seq also revealed that
many genes show increased H3K27me3 enrichment in mutant
HSPCs compared to that of the WT HSPCs (Fig. 4f). The
majority of H3K27me3 peaks (2582 out of 2669) in WT HSPCs
are overlapped with H3K27me3 peaks in p53 mutant HSPCs
(Supplementary Fig. 4a). By using the same enrichment thresh-
old, we obtained 1232 additional peaks in mutant HSPCs. These
peaks are likely targeted by H3K27me3 in WT cells but failed to
reach the threshold. Indeed, these peaks show a similar pattern of
fold enrichment between mutant and WT HSPCs (Supplemen-
tary Fig. 4b). We also observed increased H3K27me3 enrichment
in other genes in p53 mutant HSPCs (Supplementary Fig. 4c, d).

Increased levels of H3K27me3 were found in genes regulating
HSC self-renewal and differentiation, including Cebpa and
Gadd45¢*3-45, in p53R248W/+ HSPCs compared to p531/+ HSPCs
(Fig. 4f, g). The transcription factor C/EBP alpha is required for
granulopoiesis and frequently disrupted in human AML. Loss of
Cebpa  enhances HSC repopulating capability and self-
renewal*344, Tumor suppressor GADD45G induces HSC differ-
entiation following cytokine stimulation, whereas loss of
GADD45G enhances the self-renewal potential of HSCs*>. We
confirmed that there were increased levels of H3K27me3 at both
Cebpa and Gadd45g genes by ChIP experiments (Fig. 4h).
Consistently, both Cebpa and Gadd45g were significantly down-
regulated in p53R248W/+ HSCs compared to p53+/t HSPCs
(Fig. 4i, ).

Stimulation of WT HSPCs with thrombopoietin (TPO)
dramatically increased Gadd45g expression; however, TPO
treatment only modestly increased Gadd45g expression in p53
mutant HSPCs (Supplementary Fig. 5a), suggesting that mutant
P53 may repress Gadd45g expression upon cytokine stimulation.
To determine the impact of Gadd45g on HSPC function in vitro,
we introduced Gadd45¢ into BM cells from p531/* and
p53R248W/+ mice using retroviruses and performed colony
formation as well as transplantation assays. We found that
ectopic Gadd45g expression decreases the colony formation of
p53 mutant BM cells (Supplementary Fig. 5b). Further, ectopic
Gadd45g expression decreased the engraftment of p53 mutant
BM cells in vivo (Supplementary Fig. 5¢). Given that loss of
Gadd45g increases HSC self-renewal®®, it is possible that
inactivation of Gadd45g is responsible for increased self-

renewal and colony formation seen in p53 mutant HSPCs. We
also found that ectopic Cebpa expression decreases the colony
formation of p53 mutant BM cells (Supplementary Fig. 5d). These
data suggest that mutant p53 may repress gene expression in
HSPCs through increasing the levels of H3K27me3.

Mutant p53 enhances the association of EZH2 with the chro-
matin. The PRC2 complex consists of EZH2/EZH1, EED, and
SUZ12%7. While the levels of EZH2 was modestly increased in
mutant HSPCs, the expression of other PRC2 core components
was comparable between p53 WT and mutant HSPCs (Supple-
mentary Fig. 6a). As the protein levels of PRC2 complex in mouse
HSPCs were very low, we determined the impact of mutant p53
on the expression of PRC2 complex in murine hematopoietic
progenitor 32D cells. We found that ectopic expression of mutant
P53, but not WT p53, increased levels of H3K27me3 in 32D cells
(Fig. 5a). However, ectopic expression of neither WT nor mutant
p53 affected the protein levels of PRC2 core components in 32D
cells (Supplementary Fig. 6b). Thus, the increased H3K27me3 in
p53 mutant HSPCs may not be due to increased expression of
catalytic components of PRC2, including EZH2 and EZH1, or
other components of the PRC2 complex.

We then tested whether mutant p53 interacts with EZH2. We
performed co-immunoprecipitation assays and found that several
mutant p53 proteins, including p53R248W, p53R273H - apnd
p53RI75H displayed enhanced association with EZH2 compared
to WT p53 (Fig. 5b). The recruitment and displacement of the
PRC2 complex on chromatin are a dynamic process and tightly
regulated to activate or repress transcription?>-28, Genome-wide
H3K27me3 ChIP-seq assays revealed that the majority of
H3K27me3 peaks in p53 mutant HSPCs are overlapped with
that of the WT HSPCs (Fig. 4e, f, Supplementary Fig. 4a),
suggesting that mutant p53 may enhance the association of EZH2
with the chromatin, thereby increasing the levels of H3K27me3.
To test this, we examine the co-localization of p53 and Ezh2 in
p53 WT and mutant HSPCs utilizing the ImageStream flow
cytometry analysis. The median fluorescent intensity (MFI) of
p53 and Ezh2 in the nucleus was comparable between p53+/+ and
p53R248W/+ HSPCs (Supplementary Fig. 6¢, d). However, we
found that mutant p53, but not WT p53, show increased co-
localization with Ezh2 in the nucleus (Fig. 5¢, d).

To determine whether mutant p53 enhances the association of
Ezh2 with the chromatin, we separated proteins in p53 WT and
mutant HSPCs into cytosol, nuclear cytosol, and chromatin
bound fractions. While EZH2 was present in the cytosol of both
p53 WT and mutant HSPCs, we observed increased levels of Ezh2
in the chromatin bound faction of p53 mutant HSPCs compared
to that of the p53 WT HSPCs (Fig. 5e). We then performed p53
and EZH2 ChIP assays in p53t/t and p53R248W/+ HSPCs
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(Lin~Kit* cells) and found that both mutant p53 and EZH2 show
increased association with Cebpa (Supplementary Fig. 6e, f).
Thus, we demonstrate that mutant p53 interacts with EZH2 and
enhances its association with the chromatin, thereby increasing

the levels of H3K27me3 in HSPCs.
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Inhibiting EZH2 decreases p53 mutant HSPC expansion.
Hematopoietic-specific deletion of Ezh2 impairs HSC self-renewal
and terminal differentiation30. To determine the functional
impacts of mutant p53 and Ezh2 interaction on hematopoiesis,

we generated p53R248W/+Ezn2flf-Mx1Cret mice®0. While Ezh2-
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Fig. 4 EZH2 targets were significantly downregulated in p53 mutant HSPCs. a Quantitative reverse transcription polymerase chain reaction (RT-PCR)
analysis of MRNA levels of p53 target genes, including p27 and Necdin, in HSCs; n = 3 biological replicates. b Gene Set Enrichment Assays (GSEA) analysis
shows that EZH2 targets were significantly downregulated in p53 mutant HSPC compared to p53+/+ HSPCs. ¢ p53 mutant HSPCs display increased levels
of H3K27me3 (trimethylation at lysine 27 of histone H3) determined by immuno-blot analysis. d Lineage depleted HSPCs were stained with SLAM
(signaling lymphocyte activation molecule) surface markers (CD48 and CD150) before fixation. Median fluorescence intensity of H3K27me3 in p53+/+
and p53R248W/+ HSCs (Lin~ScalTKittCD48~CD150" cells) was detected by ImageStream flow cytometry analysis. p53t/+ n =35 cells, p53R248W/+
n=>52 cells. e H3K27me3 ChlP-seq (chromatin immunoprecipitation sequencing) tag density in p53+/+ and p53R248W/+ HSPCs, centered on TSS
(transcription start site). f Heat map shows genes in HSPCs marked by H3K27me3. g Genome browser views of H3K27me3 ChlIP-seq profiles of Cebpa
(CCAAT/enhancer-binding protein alpha) and Gadd45g (growth arrest and DNA-damage-inducible 45 gamma). h H3K27me3 enrichment on Cebpa and
Gadd45g genes in p531/+ and p53R248W/+ HSPCs were examined by H3K27me3-ChlP assays; n = 3 independent experiments. i Quantitative RT-PCR
analysis of mMRNA levels of Cebpa in p53+/+ and p53R248W/+ | T-HSCs; n =3 biological replicates. j Quantitative RT-PCR analysis of mRNA levels of
Gadd45g in p53*t/+ and p53R248W/+ L T-HSCs; n = 3 biological replicates. Data are represented as mean = SEM. P-values were calculated using unpaired
t test with Welch's correction in a and d, paired t-test in h, i, and j, and GSEA software in b; *P <0.05, ***P < 0.001. Source data are provided as a Source
Data file.
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Fig. 5 Mutant p53 enhances the association of EZH2 with the chromatin in HSPCs. a 32D cells expressing mutant p53, but not wild-type (WT) p53,
displayed increased levels of H3K27me3 as determined by immuno-blot analysis. b Several mutant p53 proteins, but not wild-type p53, show enhanced
association with EZH2 as assayed by co-IP (co-immunoprecipitation) experiments. ¢ Mutant p53 and EZH2 localization in HSPCs (Lin—ScaltKit*CD150+)
as determined by ImageStream flow cytometry analysis. d Quantification of p53 and Ezh2 co-localization in the nucleus of HSPCs (Lin~ScaltKitTCD1501).
A similarity feature determined the amount of overlay between p53 and Ezh2 within the DAPI mask. The higher the similarity score is, the more co-
localized staining is within the nucleus; n = 3 biological replicates. e Cellular fractionation shows increased EZH2 association with the chromatin fraction in
p53 mutant HSPCs. The absence of Gapdh (glyceraldehyde 3-phosphate dehydrogenase) and exclusive distribution of histone H3 in the chromatin fraction
indicates no cross contamination between different cellular compartments. WC whole cell extract, Cyto cytosol, NE nuclear cytosol, Chrm chromatin. Data
are represented as mean = SEM. P-values were calculated using paired t-test in d; *P < 0.05. Source data are provided as a Source Data file.
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deficiency did not affect Cebpa and Gadd45g expression, Ezh2
deficiency brought the expression of Cebpa and Gadd45g back to
normal in the mutant p53 background (Fig. 6a and Supplemen-
tary Fig. 7a).

To determine the impact of genetic inhibition of Ezh2 on p53
mutant HSPC function in vitro, we performed serial replating
assays using BM cells from p531/+, Ezh2/+-MxICret, p53R248W/+
and p53R28W/+Ezn2fi+ MxICret mice following polyinosinic:
polycytidylic acid (pL:pC) treatment. We found that Ezh2-
deficiency brings the replating potential of p53 mutant BM cells
back to the WT cell level (Fig. 6b). To determine the impact of
Ezh2 deficiency on HSPC function in vivo, we performed
competitive BM transplantations. We treated recipient mice with
pL:ipC at 8 weeks after transplantation to delete Ezh2 and then
examined donor cell engraftment every 4 weeks for 20 weeks.
p53R248W/+ BM cells exhibited a substantially higher contribution
to PB production compared to p537/+ cells at 20 weeks following
pl:pC treatment, whereas loss of Ezh2 decreased the engraftment
of mutant BM cells to the WT cell level (Fig. 6¢). While both the
frequency and the absolute number of donor-derived HSPCs in
the BM of recipient mice repopulated with p53R248W/+ BM cells
was significantly higher than that of the WT cells, the frequency
and the number of donor-derived HSPCs in the BM of recipient
mice repopulated with p531/+ and p53R248W/+Ezh2—/— BM cells
were comparable (Fig. 6d, e). In addition, we observed decreased
number of donor-derived CMPs and MEPs in the BM of recipient
mice repopulated with p53R248W/+ Ezh2—/= BM cells compared to
that of the p53R248W/+ BM cells (Supplementary Fig. 7b, c),
whereas the number of donor-derived GMPs was comparable in
the BM of recipient mice repopulated with p53R248W/+ cells and
p53R248W/+Ezh2—/— cells (Supplementary Fig. 7d). To determine
the impact of Ezh2-deficiency on mutant HSC self-renewal, we
performed secondary BM transplantation assays and found that
EZH2-deficiency decreases the repopulating potential of
p53R248W/+ HSCs following secondary transplantation assays
(Fig. 6f).

To determine the effect of pharmacological inhibition of
Ezh2 activity on mutant p53 HSPCs, we treated p531/* and
p53R248W/+ BM cells with DMSO or EZH2 specific inhibitor
EPZ01198946 and performed serial replating assays. While EZH2
inhibitor had no effect on the colony formation of WT BM cells,
EZH2 inhibitor treatment decreased the replating potential of
p53R248W/+ BM cells to the WT level (Fig. 6g). Thus, we
demonstrate that EZH2 is important for mutant p53 HPSC
functions both in vitro and in vivo.

Discussion

WT p53 is a transcription factor that activates the transcription of
target genes to mediate DNA damage repair, growth arrest, or
apoptosis!>47. Most TP53 mutations observed in human cancers
abrogate or attenuate the binding of p53 to its consensus DNA
sequence (p53 responsive element) and impede transcriptional
activation of p53 target genes!4. However, we found that mutant
p53 does not alter the expression of p53 target genes, including
p21 and Necdin, in HSCs (Fig. 4a). Genome-wide transcriptome
assays revealed that HSC and AML signatures are enriched in p53
mutant HSPCs, which is different from gene expression sig-
natures regulated by the WT p53 protein2%47. Thus, our findings
provide experimental evidence that TP53 mutations identified in
CHIP regulate gene expression in a distinct manner compared to
WT p53.

Some mutant p53 proteins have been shown to promote cancer
development through modulating gene transcription'. Dysre-
gulated epigenetic control has been implicated in HSC aging and
the pathogenesis of hematological malignancies!®#8-50, RNA-seq

assays revealed that Ezh2 target genes are significantly down-
regulated in p53R248W/+ HSPCs compared to p53+/+ HSPCs. We
observed increased levels of H3K27me3 in p53 mutant HSPCs.
Further, H3K27me3 ChIP-seq assays revealed that p53 mutant
HSPCs exhibit significantly high levels of H3K27me3. Genes
important for HSC self-renewal and differentiation, including
Cebpa and Gadd45g%3-4°, were occupied with increased levels of
H3K27me3 in p53 mutant HSPCs. Thus, mutant p53 may
enhance HSPC self-renewal through increasing the levels of
H3K27me3 in genes involved in HSC self-renewal and
differentiation.

Then, how does mutant p53 enhances H3K27me3 in HSPCs?
One possible mechanism is that mutant p53 upregulates the
expression of the core PCR2 components, thereby increasing
PRC2 activity. However, the expression of the core PRC2 com-
ponents was comparable between p53 WT and mutant HSPCs.
Mutant p53 is incapable of binding to its normal binding sites
and has been shown to be targeted by interactions with other
transcription factors, including ETS family and SREBP!438, We
discovered that several mutant p53 proteins show enhanced
association with EZH2 compared to WT p53. H3K27me3 ChIP-
seq assays revealed that the increase in EZH2-dependent
H3K27me3 is broad across genes, pointing toward an alter-
native EZH2/PRC2 targeting strategy or an increase in enzymatic
activity but with normal targeting mechanisms. As shown in
Supplementary Fig. 4a, 96.7% H3K27me3 peaks in WT cells also
show H3K27me3 occupation in p53 mutant cells. Although
additional peaks are enriched in p53 mutant cells, they are indeed
associated with H3K27me3 in WT cells as well albeit lower
enrichment. Further, we found that mutant p53 interacts with
EZH?2 and enhances its association with the chromatin in HSPCs.
Thus, mutant p53 appears to enhance H3K27me3 occupation
rather than change its genome-wide distribution in HSPCs.

While the PRC2 complex controls dimethylation and tri-
methylation of H3K27, the Jumonji domain containing-3 (Jmjd3,
KDM6B) and ubiquitously transcribed X-chromosome tetra-
tricopeptide repeat protein (UTX, KDM6A) have been identified
as H3K27 demethylases that catalyze the demethylation of
H3K27me2/3°1°2, Decreased activity of KDM6A/UTX and
JMJD3 may be an alternative mechanism leading to increased
EZH2 activity. Future studies will be needed to investigate the
potential impact of UTX and JMJD3 on regulating H3K27me3 in
p53 mutant HSPCs.

Most of TP53 mutations in human cancer result in either
partial or complete loss of tumor suppressor function!4. Some
mutant p53 proteins acquire new oncogenic properties that are
independent of WT p53, known as the gain-of-function (GOF)
properties!4, Most GOF properties are believed to stem from
binding of mutant p53 to cellular proteins such as transcription
factors and altering their activity!®. These (neomorphic)
GOF properties can be experimentally demonstrated in the
absence of a functional WT p53. Homozygous p53R248W/R428W
and p53R273H/R273H mice developed novel tumors compared to
537/~ mice3133, demonstrating that some mutant p53 proteins
have enhanced oncogenic potential beyond the simple loss of p53
function. WT p53 has not been shown to be associated with
EZH2 activity or H3K27me3. RNA-seq assays revealed that
PRC2-related gene signature was not significantly different
between p53*/* and p53—/~ HSPCs, which is different from what
we observed in p53 mutant HSPCs, suggesting that loss of WT
p53 may affect neither EZH2 activity nor H3K27me3 in HSPCs.
Ectopic expression of mutant p53, but not WT p53, enhances
H3K27me3 in 32D cells. Further, we found that several mutant
p53 proteins show enhanced association with EZH2 compared to
WT p53. While both loss of p53 (p53—/~) and mutant p53
(p53R248W/+) enhances HSC repopulating potential, our data
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Fig. 6 Loss of EZH2 decreases the repopulating potential of p53 mutant HSPCs. a Cebpa expression in p53+/+, Ezh2+/~, p53R248W/+ and p53R248W/+
Ezh2+/= HSPCs; n = 3 biological replicates. b Serial replating assays of BM cells from p53+/+, Ezh2+/~, p53R248W/+ and p53R248W/+ Ezh2+/~ mice; n = 3
independent experiments. ¢ Percentage of donor-derived cells in the PB of recipient mice at 20 weeks following pl:pC (polyinosinic:polycytidylic acid)

treatment; n = 7 mice per group. d Percentage of donor-derived HSCs in the BM of recipient mice at 20 weeks following pl:pC treatment; n = 6-7 mice per

group. e The absolute number of donor-derived HSCs in the BM of recipient

mice at 20 weeks following pl:pC treatment; n = 6-7 mice per group.

f Percentage of donor-derived cells in the PB of recipient mice at 20 weeks following secondary transplantation; n =7 mice per group. g Serial replating
assays using p53+/+ and p53R248W/+ BM cells treated with DMSO (dimethyl sulfoxide) or EZH2 inhibitor (3 uM); n = 3 independent experiments. Data
are represented as mean = SEM. P-values were calculated using one-way ANOVA with Tukey's multiple comparisons test in a, d, and e, two-way ANOVA
with Tukey's multiple comparison test in b, ¢, f, and g; *P < 0.05, **P < 0.01, ****P < 0.0001. Source data are provided as a Source Data file.

suggest that increased levels of H3K27me3 in p53 mutant HSPCs
is likely due to the presence of the mutant allele, but not the result
of losing WT p53 activity. While a dominant-negative (DN) effect
has been shown to drive selection of TP53 missense mutations in
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myeloid malignancies®3, GOF mutant p53 appears to play an
important role in myeloid leukemia2. Our work suggests that
both DN and GOF properties may contribute to enhanced HSC
self-renewal seen in p53R248W/+ mice.
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Clinical studies revealed that hematopoietic clones harboring
specific mutations in individuals with CHIP may expand over
time*-%. However, how different cellular stressors affect clonal
expansion is largely unknown. Recently, two different stressors,
including hematopoietic transplantation and cytotoxic therapy,
have been shown to expand hematopoietic clones!®12:22:35-37,
We discovered that TP53 mutations identified in CHIP confer a
competitive advantage to HSPCs following transplantation. TP53
mutations are associated with prior exposure to chemother-
apy'®12 and we observed that TP53 mutations confer radiation
resistance, leading to selective expansion of TP53-mutant HSPCs.
Recently, PPM1D mutations were found in CHIP, especially in
patients previously exposed to chemotherapy!0:12:35:36. PPMI1D is
a phosphatase that negatively regulates p53 and several proteins
involved in the DDR pathway>*>5. While PPMID mutations
result in the expansion of PPMID-mutant hematopoietic cells
following chemotherapy treatment3>3, they do not confer
competitive advantage to HSPCs following BM transplanta-
tion123%.36_ Thus, p53 and PPM1D appear to play distinct roles in
driving clonal hematopoiesis.

While we have identified a stem cell intrinsic mechanism by
which mutant p53 drives clonal hematopoiesis, recent studies
indicate that mutations identified in CHIP may utilize cell
extrinsic mechanisms to promote clonal hematopoiesis®®>7. We
will investigate the cell extrinsic mechanisms by which mutant
p53 drives CHIP in the future. Some individuals with CHIP
developed AML with age?3. However, the role of mutant p53 in
the initiation and progression of AML is largely unknown!858,
We recently reported that mutant p53 synergizes with FLT3-ITD
in leukemia development®®. We will elucidate the mechanisms by
which mutant p53 drives leukemia development.

In summary, we discovered that TP53 mutations drive clonal
hematopoiesis in response to distinct cellular stressors. Mechan-
istically, mutant p53 interacts with EZH2 and enhances its
association with the chromatin, increasing the levels of
H3K27me3 in genes regulating HSPC self-renewal and differ-
entiation. EZH2 is rarely mutated in CHIP#-% and we found that
genetic and pharmacological inhibition of EZH2 decrease the
repopulating potential of p53 mutant HSPCs. Thus, our work will
likely establish epigenetic regulator EZH2 as a novel therapeutic
target for preventing CHIP progression and treating hematolo-
gical malignancies with TP53 mutations.

Methods

Mice. The HUPKI (p53*/+) and p53R248W/+ mice used in our studies have been
backcrossed to the C57BL6 background for 12 generations?233, All young p53*/+,
p531/=, p53~/=, and p53R248W/+ and Ezh2F/F-Mx1-Cre™ mice used in these
studies are 8—12 weeks old and are tumor free. WT C57BL/6 (CD45.2%), B6.SJL
(CD45.11), and F1 mice (CD45.2F CD45.17) mice were obtained from an on-site
core breeding colony. We have complied with all relevant ethical regulations for
animal testing and research. All animal-related experiments have received ethical
approval from the Indiana University Institutional Animal Care and Use Com-
mittee (IACUC). All mice were maintained in the Indiana University Animal
Facility according to IACUC-approved protocols.

Generation of retroviruses and infection of HSPCs. Retroviral vectors were
produced by transfection of Phoenix E cells with the MIGR1 control or MIGR1
full-length mutant p53 cDNA plasmids, according to standard protocols. Mouse
HSPCs were infected with high-titer retroviral suspensions in the presence of
Retronectin. Forty-eight hours after infection, the GFP-positive cells were sorted by
FACS20:21,

Stem and progenitor cell assays. Clonogenic progenitors were determined in
methylcellulose medium (MethoCult GF M3234, StemCell Technologies) using 2 x
10 BM cells per well (6-well plate). Colonies were scored after 7 days of the initial
culture, and all cells were collected and washed twice in PBS. Subsequently cells
were cultured in the same medium. Colony scoring and replating were repeated
every 7 days for at least two times?0:21.

Flow cytometry. Murine HSPCs were identified and evaluated by flow cytometry
using a single cell suspension of bone marrow mononuclear cells (BMMCs).
Hematopoietic stem and progenitors are purified based upon the expression of
surface markers: LT-HSC (Lin~Scal tKit*CD48~CD1507), ST-HSC

(Lin~Scal TKitTCD48~CD150~), MPP (Lin~ScalKit*CD48+CD1507),

CMP (Lin—Scal ~Kit+CD16/32wloWCD34high) GMP (Lin—Scal ~Kit+CD16/
32whighCD34high) and MEP (Lin—Scal ~KitT™CD16/32wloWCD341o%), BM cells
were obtained from tibia, femur, and iliac crest (6 from each mice) by flushing cells
out of the bone using a syringe and phosphate-buffered saline (PBS) with 2 mM
EDTA. Red blood cells (RBCs) were lysed by RBC lysis buffer (eBioscience) prior to
staining. Experiments were performed on FACS LSR IV cytometers (BD Bios-
ciences) and analyzed by using the FlowJo software (TreeStar).

Ki-67 staining. BM cells were stained for cell surface markers as described above.
After staining, cells were washed with 0.2% BSA in PBS, fixed and permeabilized
using Cytofix/Cytoperm buffer (BD Biosciences) and then incubated with PE-
conjugated-antibody against Ki-67 (BD Biosciences) for more than 30 min on ice.
Cells were washed, incubated with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma)
and acquired using LSR IV flow cytometer machine?®-2!. Data analysis was per-
formed using Flow]Jo software.

Hematopoietic cell transplantation. For HSC transplantation, we injected 200
CD48~CD1501LSK cells from p53t/+, p53+/=, p53=/=, and p53R248W/+ mice
(CD45.2%) plus 3 x 105 competitor BM cells (CD45.11) into lethally irradiated F1
mice (CD45.17CD45.2%). The percentage of donor-derived (CD45.2%) cells in PB
was analyzed every 4 weeks after transplantation as described above. Twenty weeks
following transplantation, we harvested BM cells from recipient mice and performed
flow cytometry analysis to evaluate HSC repopulating capability. For secondary
transplantation assays, 3 x 106 BM cells from mice repopulated with p53+/+, p53+/-,
p53~/=, and p53R248W/+ HSCs were transplanted into lethally irradiated F1 mice.

For the competitive BM repopulation assays, we injected 5 x 10> BM cells from
5317 and p53R248W/H mice (CD45.27) plus 5 x 10° competitor BM cells (CD45.1)
into 9.5 Gy lethally irradiated F1 mice (CD45.17CD45.2T). PB was obtained by tail
vein bleeding every 4 weeks after transplantation, RBC lysed, and the PB mononuclear
cells stained with anti-CD45.2 FITC and anti-CD45.1 PE, and analyzed by flow
cytometry. Sixteen weeks following transplantation, BM cells from recipient mice
were analyzed to evaluate donor chimerisms in BMs. For secondary transplantation,
3 x 10° BM cells from mice reconstituted with p53t/+ or p53R248W/+ BM cells were
injected into 9.5 Gy lethally irradiated F1 mice (CD45.11CD45.2%).

Limiting dilution assays. Different doses (10,000, 20,000, 40,000, 80,000) of BM
cells from p53*1/+ and p53R248W/+ mice (CD45.2%) together with 200,000 com-
petitor cells (CD45.1F) were transplanted into lethally irradiated (9.5 Gy) F1
recipient mice (CD45.2+CD45.17F). The percentage of donor-derived (CD45.2F)
cells were analyzed 16-weeks following transplantation as described above. HSC
frequency was calculated using L-Calc software (StemCell Technologies Inc.) and
ELDA software (bioinf.wehi.edu.au/software/elda/). Poisson statistics was used to
calculate the P value.

Homing assays. A total of 1 x 107 p531/+ and p53R248W/+ BM cells (CD45.21)
were injected into lethally irradiated recipient mice (CD45.1%). BM cells were
harvested 18 h following injection and the frequency of donor-derived cells
(CD45.2%) was evaluated by flow cytometry.

Quantitative real-time PCR. Total RNA was extracted from cells using RNeasy
Plus Micro Kit (Qiagen) and cDNA was prepared from total RNA using Super-
Script IV First-Strand cDNA Synthesis Kit (Invitrogen Life Technologies) and oligo
(dT) primers, following manufacturer’s instructions. qRT-PCR assay was per-
formed by using the 7500 Real Time PCR machine (Applied Biosystems) with
FastStart Universal SYBR Green Master (ROX) (Roche).

ImageStream flow cytometry analysis. To quantify y-H2Ax foci in HSPCs,
lineage-depleted BM cells were first stained with antibodies against appropriate
HSPC surface markers, then fixed and permeabilized using the Cytofix/Cytoperm
Kit (BD Biosciences), as described by the manufacturer, and finally stained with an
Alexa-488-conjugated anti-y-H2Ax antibody (Cell Signaling Technology).

To quantify the intensity of H3K27me3 in HSPCs, lineage-depleted BM cells
were first stained with antibodies against HSPC surface markers, then fixed and
permeabilized using the Cytofix/Cytoperm Kit (BD Biosciences), as described by the
manufacturer, and finally stained with an Alexa-488-conjugated anti-H3K27me3.

For quantitative image analysis of p53 and Ezh2 co-localization within the
nucleus, fluorescent cell images (x40) were acquired using an ImageStream flow
cytometry system (Amnis; Seattle, WA, http://www.amnis.com). Between 171 and
554 Lin~Scal TcKit"CD1507 cell images were analyzed per sample using IDEAS
software (Amnis; Seattle, WA, http://www.amnis.com). In focus cells were evaluated
after gating on live, single, Lin~Scal*cKitTCD1507 cells. Utilizing DAPI staining,
we were able to create a nucleus mask and instruct the program to only look at the
staining of p53 and Ezh2 within the DAPI/nucleus mask. Bright detail intensity of
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FITC-p53, PE-Ezh2, and DAPI staining was used to quantify mean and geo mean
intensity and co-localization within the nucleus. A similarity feature determined the
amount of overlay between p53 and Ezh2 within the DAPI mask. The higher the
similarity score is, the more co-localized the staining within the nucleus.

Co-IP. H1299 cells (p53 null) were co-transfected with FLAG-HA-EZH2 and WT or
mutant p53, respectively, or transfected with FLAG-HA-EZH2 alone. Nuclear extract
(NE) was prepared from these cells and incubated with a polyclonal p53 antibody
(FL393, Santa Cruz) prior to addition of protein G beads. After overnight incubation,
beads were then washed five times and eluted with glycine (0.1 M, pH 2.0), and then
neutralized by adding Tris solution (1.5 M, pH 8.8). The eluates were mixed with
SDS sample buffer and analyzed by SDS-PAGE, followed by immunoblotting®.

Cellular fractionation. Briefly, p531/* and p53R248W/+ HSPCs were harvested and
lysed in Buffer A (10 mM Tris-HCI, pH 7.9, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM
DTT, 0.2 mM PMSF, 1 ug/ml pepstatin A, 1 ug/ml leupeptin, 1 ug/ml aprotinin).
The cell lysate was then homogenized by a dounce homogenizer for 10 strokes and
centrifuged at 4 °C and 15,000xg for 10 min. The supernatant was saved as the
cytosolic fraction. The pellet was washed with Buffer A and then re-suspended with
Buffer C (20 mM Tris-HC, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl,,
0.2mM EDTA, 0.5 mM DTT, 0.2 mM PMSF, 1 pg/ml pepstatin A, 1 ug/ml leu-
peptin, 1 pg/ml aprotinin) and dounced for 10 strokes. Suspension was rotated at
4 °C for 30 min and centrifuged at 4 °C and 7500xg for 5 min. The supernatant was
saved as the nucleoplasmic fraction. The pellet was saved as the chromatin fraction
and re-suspended with Buffer C. Cell fractions were mixed with SDS sample buffer
and heated at 95 °C for 5 min®!. Whole-cell extraction, nucleoplasmic, and chro-
matin extractions were sonicated for 15 s using a probe sonicator before loading to
SDS-PAGE.

RNA sequencing. Total RNA is extracted from LSKs using RNeasy MicroPlus Kit
(Qiagen). Then the mRNA is enriched with the oligo(dT) magnetic beads (for
eukaryotes), and is fragmented into short fragments (about 100 bp). With random
hexamer-primer, the first strand of cDNA is synthesized, and then the second
strand is synthesized. The double-strand ¢cDNA is purified with magnetic beads.
The ends of the double strand cDNA are repaired, and a single nucleotide A
(adenine) is added to the 3’-ends. Finally, sequencing adaptors are ligated to the
fragments. The ligation products are amplified with PCR. For quality control, RNA
and library preparation integrity are verified using Agilent 2100 BioAnalyzer sys-
tem and ABI StepOnePlus Real-Time PCR System. RNA sequencing library was
then constructed and then sequenced with Hiseq 4000.

Gene Set Enrichment Analysis (GSEA) was performed on gene sets from the
Molecular Signatures Database (MSigDB, https://www.broadinstitute.org/msigdb)
and additional gene sets curated from publications. Gene sets with FDR
g-value <0.05 were considered significantly enriched.

ChIP sequencing. Lin~Kit™" cells were fixed with 1% formaldehyde for 15 min and
quenched with 0.125 M glycine. Chromatin was isolated by the addition of lysis
buffer, followed by disruption with a Dounce homogenizer. Lysates were sonicated
and the DNA sheared to an average length of 300-500 bp. Genomic DNA (Input)
was prepared by treating aliquots of chromatin with RNase, proteinase K and heat
for de-crosslinking, followed by ethanol precipitation. Pellets were resuspended and
the resulting DNA was quantified on a NanoDrop spectrophotometer. An aliquot of
chromatin (10 pg, spiked-in with 200 ng of Drosophila chromatin) was precleared
with protein A agarose beads (Invitrogen). Genomic DNA regions of interest were
isolated using 4 pg of antibody against Histone H3K27me3 (clone: 39155, Active
Motif). Antibody against H2Av (0.4 ug) was also present in the reaction to ensure
efficient pull-down of the spike-in chromatin®2. Complexes were washed, eluted
from the beads with SDS buffer, and subjected to RNase and proteinase K treatment.
Crosslinks were reversed by incubation overnight at 65 °C, and ChIP DNA was
purified by phenol-chloroform extraction and ethanol precipitation.

Tllumina sequencing libraries were prepared from the ChIP and Input DNAs by
the standard consecutive enzymatic steps of end-polishing, dA-addition, and
adaptor ligation. After a final PCR amplification step, the resulting DNA libraries
were quantified and sequenced on Illumina’s NextSeq 500 (75 nt reads, single end).
Reads were aligned consecutively to the mouse genome (mm10) and to the
Drosophila genome (dm3) using the BWA algorithm (default settings). Duplicate
reads were removed and only uniquely mapped reads (mapping quality > = 25)
were used for further analysis. The number of mouse alignments used in the
analysis was adjusted according to the number of Drosophila alignments that were
counted in the samples that were compared. Mouse alignments were extended in
silico at their 3'-ends to a length of 200 bp, which is the average genomic fragment
length in the size-selected library, and assigned to 32-nt bins along the genome.
The resulting histograms (genomic “signal maps”) were stored in bigWig files.
H3K27me3 enriched regions were identified using the SICER algorithm with a
MaxGap parameter setting of 600 bp. Signal maps and peak locations were used as
input data to Active Motifs proprietary analysis program, which creates Excel
tables containing detailed information on sample comparison, peak metrics, peak
locations, and gene annotations.

Statistical information. Statistical analysis was performed with GraphPad Prism
8 software (GraphPad software, Inc.). All data are presented as mean # standard
error of the mean (SEM). The sample size for each experiment and the replicate
number of experiments are included in the figure legends. Statistical analyses were
performed using Student’s ¢ test where applicable for comparison between two
groups, and a one-way ANOVA test or two-way ANOVA was used for experi-
ments involving more than two groups. Statistical significance was defined as

*P <0.05, **P < 0.01, **P < 0.001, ***P < 0.0001; ns, not significant.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

All RNA-seq and ChIP-seq data from this study were deposited in the Gene Expression
Omnibus (GEO) with the accession number of GSE137126. The source data underlying
all figures are provided as Source Data files. All other remaining data are available within
the article and Supplemental Files, or available from the authors upon request.
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The self-renewal ability is a unique property of fetal-derived innate-like B-1a lymphocytes, which survive and function without
being replenished by bone marrow (BM) progenitors. However, the mechanism by which IgM-secreting mature B-1a lymphocytes
self-renew is poorly understood. In this study, we showed that Bmil was critically involved in this process. Although Bmil is
considered essential for lymphopoiesis, the number of mature conventional B cells was not altered when Bmil was deleted in the
B cell lineage. In contrast, the number of peritoneal B-1a cells was significantly reduced. Peritoneal cell transfer assays revealed
diminished self-renewal ability of Bmil-deleted B-1a cells, which was restored by additional deletion of Ink4-Arf, the well-known
target of Bmil. Fetal liver cells with B cell-specific Bmil deletion failed to repopulate peritoneal B-1a cells, but not other B-
2 lymphocytes after transplantation assays, suggesting that Bmil may be involved in the developmental process of B-1 progenitors
to mature B-1a cells. Although Bmil deletion has also been shown to alter the microenvironment for hematopoietic stem cells, fat-
associated lymphoid clusters, the reported niche for B-1a cells, were not impaired in Bmil '~ mice. RNA expression profiling
suggested lysine demethylase 5B (Kdm5b) as another possible target of Bmil, which was elevated in Bmil '~ B-1a cells in a stress
setting and might repress B-1a cell proliferation. Our work has indicated that Bmil plays pivotal roles in self-renewal and

maintenance of fetal-derived B-1a cells. The Journal of Immunology, 2020, 204: 3262-3272.

urine B-1 cells are innate-like mature B lymphocytes
distinct from conventional adoptive immune B lymphocytes
(B-2 cells). B-1 cells harbor unique characteristics,
including specific surface markers (IgM™&"gD'**CD19"B220'"),
production of natural IgM Abs, and their primal localization in the
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pleural and peritoneal cavities (1). One of the most striking
characteristics of CD5" B-1 cells (referred to as B-1a cells) is
their unique origin and self-replenishing ability. Cell transfer
studies using fetal liver (FL) and bone marrow (BM) progeni-
tors demonstrated that only FL progenitors, not BM cells, effi-
ciently reconstitute peritoneal B-la cells upon transplantation
(2). Lin~ AA4.17CD19*B220'™¢ B-1—specific progenitors have
been found in the FL, and neonatal BM and were shown to de-
cline in number during aging, suggesting that B-1 cells are
mostly derived from fetal and neonatal progenitors (3, 4) and
represent a distinct lineage from conventional B-2 cells. Addi-
tionally, long-term hematopoietic stem cells (LT-HSCs) in the
FL and adult BM reportedly failed to reconstitute peritoneal B-
la cells in transplantation assays (5, 6), indicating that some (if
not most) B-1a cells develop independently of hematopoietic
stem cells (HSCs) (7, 8) and are maintained throughout life
without being replenished by adult HSC-derived progenitors (9).
Finally, adoptive transfer of mature B-la cells into congenic
recipient mice was demonstrated to be sufficient to repopulate
and maintain the B-1a cell compartment in the long term, sup-
porting the notion that B-1a cells are maintained in vivo by self-
renewal mechanisms.

The self-renewal ability is one of the most important features of
stem cells. Both HSCs and neural stem cells rely on the Bmil
polycomb ring finger proto-oncogene (Bmil) for their long-term
self-renewal (10-12). BMI1 consists of the polycomb repressor
complex 1 (PRC1), which represses gene expression. In Bmil '~
mice, the number of HSCs and all lymphoid cell subsets were
shown to be significantly reduced, and the self-renewal ability of
HSCs upon transplantation was lost (11). The Ink4-Arf locus is a
known target of Bmil in both HSCs and neural stem cells, and
deletion of Ink4-Arf in Bmil~'~ mice was demonstrated to dra-
matically correct the number and self-renewal ability of HSCs (13).
Moreover, Bmil has also been shown to regulate the regeneration of
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skeletal muscles (14) and the proliferation and self-renewal of
intestinal stem cells (15). Additionally, it has been reported that
overexpression of Bmil induced an extensive capacity for self-
renewal in adult BM erythroblasts to similar levels as those seen
in embryo-derived self-renewing erythroblasts (16). We recently
reported that overexpressing Bmil in mouse embryonic stem cell—
derived B-1 cells enhanced long-term engraftment in recipient
mice upon transplantation (17). Therefore, we hypothesized that
Bmil might play an important role in the homeostatic ability of
self-renewal in B-1a cells.

In this study, we report the critical role of Bmil in the main-
tenance of B-1a cells in vivo. We found that, compared with levels
in other lymphoid cell subsets, Bmil is highly expressed in B-1a
cells. We confirmed that the total number of T and B lymphocytes
were reduced in the spleen and BM of Bmil ’~ mice, as previ-
ously reported (18). However, the percentage and number of total
peritoneal B-1a cells were specifically decreased at a higher rate
than those of B-2 and B-1b cells. Importantly, in B cell-specific
Bmil knockout mice, only B-1a cells, not other mature B cell
subsets (follicular, marginal zone, and B-1b B cells), showed a
reduction in their number and frequency. Accordingly, Bmil-
deficient peritoneal B-1a cells lost their self-renewal ability upon
transplantation, which was restored by overexpression of Bmil or
deletion of a well-known target of Bmil, Ink4-Arf. Although this
restoration by Ink4-Arf deletion is consistent with previous reports
on HSCs (13), microarray analysis suggested lysine demethylase
5B (Kdm5b) as another novel candidate target gene for Bmil. Our
results indicated that mature B-1a lymphocytes use Bmil for their
maintenance of self-renewal ability.

Materials and Methods
Mice

All mice were bred and maintained under specific pathogen-free conditions
in the Indiana University School of Medicine Laboratory Animal Resource
Center and the Center for Laboratory Animal Medicine and Care at Uni-
versity of Texas Health Science Center at Houston. C57BL/6J, Boy/J (B/J),
NOD/SCID/IL-2Ryc '~ (NSG), Bmil-flox/flox (Bmil™"), and CD19-Cre
knock-in mice (CD19"“™) were purchased from The Jackson Labora-
tory. Bmil™" mice were also provided by Dr. X. Liu (National Institute
of Biological Science, Beijing, China). Bmil ’~ mice were provided by
Dr. M. van Lohuizen (The Netherlands Cancer Institute). Ink4a-Arf /~ mice
were provided by Dr. R. A. DePinho (MD Anderson Cancer Center). Bmil '~ and
Bmil " Ink4-Arf”’~ mice had CD45.1"*CD45.2* or CD45.2" (depending
on the experiment). The experimental procedures were approved by the
Institutional Animal Care and Use Committee at Indiana University and
the Animal Welfare Committee in University of Texas Health Science
Center at Houston.

Flow cytometry

FL, spleen, BM, and peritoneal cells were prepared as single-cell sus-
pension. For analysis and sorting of hematopoietic subsets (Supplemental
Table I), the following Abs were used at different fluorescent color com-
binations: anti-mouse AA4.1 (AA4.1), CD19 (1D3), B220 (RA3-6B2),
IgM (1I/41), CD21 (8D9), CD23 (B3B4), CD11b (M1/70), Grl (RB6-
8C5), CDS (53-7.3), CD3e (145-2C11), Ter119 (TER-119), c-kit (2B8),
Sca-1 (D7), CD150 (TC15-12F12.1), CD48 (HM48-1), IL-7Ra (A7R34),
and annexin V (all purchased from eBioscience or BioLegend). Cells were
analyzed on LSR II or sorted on FACS Aria (Becton Dickinson).

Real-time PCR

Briefly, total RNA was extracted with RNeasy Micro (QIAGEN), followed by
reverse-transcription with SuperScript III (Invitrogen). The input cDNA was
standardized and then amplified with an ABI Prism 7500 HT (Applied
Biosystems) with SYBR Green Master Mix (Applied Biosystems); the
following primer sets were used: B-actin forward (F), 5'-CCTAAGGC-
CAACCGTGAAAAG-3" and reverse (R), 5'-CAGAGGCATACAG-
GGACAGCA-3"; HPRT F, 5'-TCCTCCTCAGACCGCTTTT-3’ and R,
5'-CCTGGTTCATCATCGCTAATC-3"; Bmil F, 5'-CAGGTTCACAA-
AACCAGACCAC-3' and R, 5'-TGACGGGTGAGCTGCATAAA-3"; Arf
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F, 5'-CATGTTGTTGAGGCTAGAGAGGA-3' and R, 5'-CTGCACCG-
TAGTTGAGCAGA-3"; Kdm5b F, 5'-TCAGGGGACATTATGAGCGAA-
3" and R, 5'-TCGGAGGTCAGGTTAGGCTTC-3'; p21 F, 5'-AACAT-
CTCAGGGCCGAAAAC-3' and R, 5'-TCCTGACCCACAGCAGAA-
GA-3'; and Bcl-2 F, 5'-TGAGTACCTGAACCGGCATCT-3" and R,
5'-TCAAACAGAGGTCGCATGCTG-3'.

Retrovirus production and infection

The knockdown plasmid pMKO was purchased from Addgene (no. 10676) and
pMKO-shLuc or —sh-Kdm5b (sh1-3) were prepared with standard cloning
strategy. For retrovirus production, pMigR1-Mock or -Bmil or knockdown
plasmids were transfected into Phoenix-ECO producer cells respectively, fol-
lowed by collection and concentration of the virus supernatant with the stan-
dard method (19). The established spin-infection was used for infection into
FL cells. Target sequences are the following: control (luciferase) 5'-
TAAGGCTATGAAGAGATAC-3’', Ms_Kdm5b-shl 5'-GCAGAGGC-
TATGAATATTAA-3', Ms_KdmS5b-sh3 5'-CGCCAGTGTGTGGAGCA-
TTA-3’, and Ms_Kdm5b-shB 5'-GAGATGCACTCCGATACAT-3'.

Transplantation

For peritoneal cell transplantation, donor peritoneal cells (CD45.2 or
CD45.1"CD45.2*) were injected into the peritoneal cavity of sublethally
irradiated (250 rad) NSG mice (CD45.1). FL lineage™ cells with or
without Bmil-expressing vector were injected into the tail vein of lethally
irradiated (950 rad) B/J mice. FL B-1 progenitor cells were injected into
the peritoneal cavity of sublethally irradiated (150 rad) NSG neonates.

Microarray analysis

Peritoneal B-1a cells were collected from Bmil ’~ and wild-type (WT)
mice, and RNA was extracted using RNeasy Micro Kit (QIAGEN) and
submitted to Miltenyi Biotec for gene expression analysis using Agilent
Whole Mouse Genome Oligo Microarrays. Each seven samples were ex-
amined. Complete raw dataset and normalized data were produced by
Miltenyi Biotec. The microarray data were submitted to Gene Expression
Omnibus (accession code: GSE97202; https://www.ncbi.nlm.nih.gov/geo/).

Bioinformatics analysis of microarray

The normalized expression data from Miltenyi Biotec were first filtered by
the expression level with a cutoff value of 5. If a gene is expressed higher
than this cutoff level in four or more WT/knockout samples, it is kept for the
downstream differential expression (DE) analysis. The DE analysis was
performed on Partek Genomic Suite (Partek, St. Charles, MO). We then
calculated Benjamini—-Hochberg multitest adjusted false discovery rate
based on the p values from the DE analysis. Genes with a false discovery
rate <0.2 were used for the Ingenuity Pathway Analysis.

For hierarchical clustering, filtered data were imported into GenePattern
(v.3.9.9; Broad Institute) for hierarchical clustering. Clustering and distance
measurements were calculated using pairwise complete linkage and Pearson
correlation. Output was used to render heat map data.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was done with standard protocols.
DNA from Baf-3 cell (1 X 107) was cross-linked with 1% formaldehyde and
was sheared into fragments ~200-500 bp in length with a sonicator (505
Sonic Dismembrator; Thermo Fisher Scientific). All immunoprecipitation
used 5 pg control IgG, anti-Bmil (AF27; Active Motif) or ring finger protein
1b (Ring-1b) (D139-3; MBL International) Ab with Protein A Dynabeads
(Invitrogen). Quantification of precipitated genomic DNA relative to input
was done in triplicate after real-time PCR with SYBR Green Master Mix
(Applied Biosystems). The following primer sets were used: Ms_Kdm5b/
ChIP/+700 F, 5'-GTCTGGAGCGGCTGGTTGAG-3' and R, 5'-CCCAC-
CATCCTCAAAGTGTCG-3'; Ms_Kdm5b/ChIP/—200 F, 5'-GTCTGTCC-
TTGCTGCTCCTTG-3' and R, 5-AAACCCGAGAAGCAGAGTACT-3;
Ms_Kdm5b/ChIP/—2000 F, 5'-TCAGGCTCCAAATCCCTGTAGA-3' and
R, 5-GCTCTATCGAAGTACCTGGCC-3'; Ms_KdmS5b/ChIP/—3300 F,
5'-ACTGAGATGGTGCATTGCTGA-3" and R, 5'-CCTGGCCTTACTGT-
TAGTGCG-3'; Ms_Arf/ChIP F, 5'-AAAACCCTCTCTTGGAGTGGG-3’
and R, 5'-GCAGGTTCTTGGTCACTGTGAG-3'; Ms_Ink4a/ChIP F,
5'-GCCCGAGAAATCCTAGAGAATCC-3' and R, 5'-GGATTCTCTAGGA-
TTTCTCGGGC-3"; and Ms_GAPDH/ChIP F, 5'-CCCACTTGCCTCTGTAT-
TGG-3' and R, 5'-CTGTGGGGAGTCCTTTTCAG-3'.

Fat-associated lymphoid cluster staining

Fat tissues were removed from the peritoneal cavity and fixed with 4%
paraformaldehyde for 1 h at 4°C. The samples were stained with 1:200
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FIGURE 1. Peritoneal B-1a cells have higher Bmil dependency than other lymphoid subsets. (A) Bmil mRNA expression measured by qPCR in various

sorted populations from adult BM, peritoneal cells (PerC), or spleen (Sp). (B) Bmil expressions in various FL progenitor populations. (C) Marked reduction
of PerC count in Bmil ~’~ mice (n = 6). (D) The frequency of IgM* B cell and CD5* T cells in the WT and Bmil . peritoneal cavity is depicted (n = 5). (E)
Representative FACS plots for peritoneal B-1a cells in WT and Bmil '~ mice are depicted. (F) The frequency of B cell subsets among the peritoneal IgM*
cells is depicted. The percentage of B-la cells is reduced (n = 5). (G-J) Total cell number of FLs (G), representative FACS plots for
lin” AA4.1*CD19*B220™ B-1 progenitor population in the FL (H), and the frequency (1) and absolute number (J) of FL B-1 and B-2 progenitor cells in WT
and Bmil ~’~ embryos are depicted. B-1 progenitor cell number is increased in the Bmil ™/~ FL (n = 6). *p < 0.03. White bar and circle, WT; black bar and
circle, Bmil ~’~. All data were obtained from experiments more than three times. *p < 0.05, *¥p < 0.01, ***p < 0.001. CLP, common lymphoid pro-

genitor; FO, follicular B cell; KSL, kit"Sca-1*lin~ HSC population; MZ, marginal zone B cell.

Alexa Fluor 555—conjugated anti-mouse IgM Ab (SouthernBiotech) and
FITC-conjugated anti-CD31 Ab or FITC-conjugated anti-CD11b Ab in
0.1% Triton X-100-PBS for 1 h at room temperature. Then Alexa Fluor
555" (red) areas were dissected out under a Leica mz9.5 fluorescent ste-
reomicroscope and then mounted on Superfrost Plus Gold Slides (Thermo
Fisher Scientific) with ProLong Gold Antifade solution with DAPI
(Thermo Fisher Scientific). Confocal images were taken using an Olympus
II microscope with UApoN340 20X/0.7W objectives (Olympus). Image]J
software was used to adjust and output the images.

Ag stimulation assays

The sorted B-1a cells (20—30 X 10%) from each genogroup were plated in
the 96-well plate in IMDM with 10% FBS, 10 ng/ml IL-5, 5 pg/ml R848
(TLR7/8 ligand), and 5 wg/ml LPS. Forty-eight hours later, cells were
collected, and cell numbers were counted.

Statistical analysis

Student 7 test was used for all statistical analysis.

Results
B-1a cells show higher dependency on Bmil than do other
lymphoid subsets

We examined the expression of the Bmil gene by quantitative PCR
(qPCR) in various FACS-sorted lymphocyte subsets as shown in
Supplemental Table I. Notably, Bmil was highly expressed in
peritoneal B-1a and B-1b cells compared with other lymphocyte
subsets (Fig. 1A). In the FL, Bmil was highly expressed in B-1-
specific progenitors (lin~ AA4.1"CD19*B220'' ") compared with
other progenitor subsets (Fig. 1B). Although previous reports have
indicated that the lymphoid compartment is globally reduced in
the lymphoid organs of Bmil '~ mice, the effect of Bmil deletion
on peritoneal B-1 cells has not been reported. Therefore, we ex-
amined the peritoneal cavity and found that the total number of
peritoneal cells was markedly reduced in Bmil /" mice (Fig. 1C).
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FIGURE 2. Loss of B-la self-renewal by Bmil disruption. (A) Representative FACS plots of recipient peritoneal cells at 12 wk posttransplant. The
peritoneal cells of the recipient NSG mice transplanted with Bmil e (upper panel) or Bmi 17"~ (lower panel) peritoneal cells are depicted (n = 3). (B)
Recovery ratio of WT and Bmil ~’~ B-1a cells after transplantation, calculated by (number of recovered B-1a cells)/(number of injected B-1a cells) 12 wk
after transplantation (n = 3 for each group). Around 4,000-80,000 B-1a cells were injected. **p < 0.01. (C) Retrovirus with mock or Bmil vector was
infected into Bmil '~ FL Lin~ cells. Subsequently, infected cells were transplanted into sublethally irradiated (250 rad) NSG mice. Representative FACS

plots at 4 mo posttransplant are depicted (1 = 3). (D) WT and Bmil ~/~

FL B-1 progenitor cells with a mock or Bmil-overexpressing retrovirus were injected

into sublethally irradiated NSG mice. The recipient peritoneal cell analysis 4 mo after transplantation is depicted (n = 3). (E) The percentage (left) and cell
number (right) of donor-derived B cell population in the peritoneal cavity of NSG mice transplanted with Bmil *~ FL B-1 progenitor cells with or without
Bmil-overexpressing vector are depicted (n = 3). All data were obtained from experiments more than three times.

Although the frequency of CD5" T cells was not altered, the
frequency of IgM™ B cells was significantly reduced (Fig. 1D).
Interestingly, among the peritoneal IgM* cells, the percentage of
B-1a cells was specifically reduced, whereas B-2 and B-1b subsets
showed similar percentages to those in WT mice (Fig. 1E, 1F).
The absolute number of B-1a cells was also dramatically reduced.
Both the frequency and absolute number of B-1 progenitors in the
Bmil ~’~ FL were modestly increased compared with those of WT
FL (Fig. 1G-J). Thus, loss of Bmil resulted in a profound re-
duction in both the frequency and absolute number of peritoneal
B-1a cells.

Loss of Bmil impairs self-renewal ability of peritoneal
B-1a cells

B-1acells have a self-renewal ability; their numbers are maintained
without being replenished by BM progenitors. Because Bmil is
crucial for the self-renewal capacity of various stem cells (10-15),
we hypothesized that Bmil might also play a critical role in self-
renewal ability of B-1a cells. Accordingly, we measured the self-
renewal ability of peritoneal B-1 cells using transplantation
assays in which peritoneal cells containing the same number of
B-1a cells (4,000-80,000 cells) from either WT or Bmil ~’~ mice

were transplanted into sublethally irradiated (250 rad) NSG
mice. Our results showed that 3 wk after transplantation, WT
donor peritoneal B-1 cells repopulated both B-la and B-1b
subsets, whereas Bmil ’~ donor B-la cells showed poor en-
graftment (Supplemental Fig. 1A). Furthermore, 12 wk after
transplantation, WT B-1a cells were fully reconstituted in the
recipient peritoneal cavity, whereas Bmil ~/~ B-1a cells were di-
minished (Fig. 2A, 2B). Taken together, these results indicate that
B-1a cells lost the self-renewal ability in the absence of Bmil.

Overexpression of Bmil rescues the self-renewal ability of
B-1a cells

To confirm that Bmil deficiency is the primary cause of the defect
in B-1a cell self-renewal in Bmil /~ mice, we retrovirally over-
expressed Bmil in Bmil~”’~ FL lineage-negative cells
(Supplemental Fig. 1B) and transplanted them into sublethally
irradiated NSG mice. Although Bmil ~/~ FL cells transduced with
mock vector failed to reconstitute in recipient mice, Bmil *~ FL
cells overexpressing Bmil efficiently repopulated all lineages in
the BM, including HSCs (Supplemental Fig. 1C). Donor-derived
B-1a, B-1b, and B-2 cells were all reconstituted in the peritoneal
cavity of the recipient (Fig. 2C).
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Next, Bmil ’~ FL B-l-specific progenitors retrovirally trans-
duced with Bmil were injected into sublethally irradiated NSG
mice to determine the requirement for Bmil in B-1 progenitors. We
found that 4 mo after transplantation, Bmil ”~ B-1 progenitors
transduced with mock vector failed to repopulate B-la cells, as
expected (Fig. 2D). However, Bmil-overexpressing Bmil '~ B-1
progenitors exhibited efficient B-1a cell repopulation in recipient
NSG mice (Fig. 2E). Interestingly, donor-derived B-1a cells were
more frequent in mice transplanted with Bmil-expressing Bmil "~
B-1 progenitors relative to those transplanted with WT B-1 pro-
genitors (Fig. 2D). Thus, Bmil overexpression not only restored, but
also enhanced the self-renewal ability of Bmil ”~ B-la cells.

B cell-restricted deletion of Bmil leads to B-1a—specific
reduction and loss of self-renewal ability

To exclude the potential influence of defects in either HSCs or the
microenvironment on the reduction of B-1a cells in Bmil /™ mice,
we used a mouse model in which Bmil was conditionally deleted
in the B cell lineage by crossing CDI9"* and Bmil™" mice.
Notably, because homozygous CD19"“/“" knock-in mice show
defects in B-1a cells (20-22), we used CDI19"* heterozygous
mice to examine B cell-specific depletion of Bmil to avoid any
confusing results. Efficient deletion of Bmil alleles was confirmed in
sorted peritoneal B-1 cells from CD19"**Bmil"™ mice by genomic
PCR, as well as by Western blotting of sorted spleen B220" cells,
including B-1, marginal zone, and follicular B cells (Fig. 3A, 3B).

Because CD19 is known to play a key role in BCR signaling, we
investigated any adverse effects of CD19 heterozygosity on B-1a
cells by comparing the frequency and absolute numbers of B-1a
cells and other lymphoid subsets in the peritoneal cavity and
spleen of WT, CD19"*, CD19“™*BmiI"™"*, and CD19“"* Bmi """
mice at different developmental ages (Fig. 3C). Although the num-
bers of peritoneal B-1a cells were significantly lower in any of the
CDI19°"* groups at <3 mo old compared with those in WT mice,
after 3 mo, only CDI9“"*Bmil™" knockout mice showed a sig-
nificant reduction in the numbers of peritoneal B-1a cells among
the four groups (Fig. 3C, 3D). When we compared the numbers of
B-1a cells in CD19“*Bmil™*control and CD19“"* Bmi ™" mice
in the same litter, the reduction of B-1a cells was clear (Fig. 3E).
Therefore, we evaluated the effect of B cell-specific deletion of
Bmil in mice older than 3 mo. The frequency and absolute
number of peritoneal and splenic B-1a cells were significantly
reduced in CD19"* Bmil"™ mice among the four groups, whereas
no significant change was seen in the other B cell subsets (B-1b and
B-2 cells) (Fig. 3F-H, Supplemental Fig. 2A). In addition, no sig-
nificant change was observed in FL B-1 progenitors (Supplemental
Fig. 2B).

To compare the self-renewal ability of B-la cells from
CD19“*Bmil™" and WT mice in the same microenvironment,
we performed competitive transplantation assays. To this end,
1 X 10° peritoneal B-1a cells from Bmil™ or CD19<**Bmil"™"
mice (CD45.2) were injected into the peritoneal cavities of NSG
mice along with an equal number of congenic B/J WT B-1a cells
(CD45.1, competitor). We noted that 12 wk after the injection,
CD19°*Bmi ™" B-1a cells were able to reconstitute only ~8% of
total B-1a cells in recipient mice, whereas both the control Bmil™"
and WT B/J B-1a cells achieved comparable levels of reconstitution
(Fig. 31, 3J). Thus, the self-renewal ability of B-1a cells was se-
verely impaired in the absence of Bmil.

. . . . == . .
The in vivo environment in Bmil mice permits development
and maintenance of B-1a cells

The difference between the severities of the reductions in B-la
cells of Bmil "~ and CD19“"“*Bmil™" mice led us to hypothesize
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that the microenvironment supporting maintenance of B-1a cells
might be altered in Bmil '~ mice, similar to the impaired Bmil "~
BM environment that reportedly failed to support HSC self-renewal
(13, 23, 24). Fat-associated lymphoid clusters (FALCs) have been
reported as a niche for B-1 cells (25, 26), with IgM™* cell colonies
surrounded by CD31* endothelial cells (Fig. 4A). In Bmil '~ mice,
the IgM* lymphoid clusters/colonies were smaller in size and
number than were those in WT mice (p < 0.01; Fig. 4B, 4C). In-
terestingly, FALCs in the omentum of Bmil /"~ Ink4a-Arf ”~ mice
were partially rescued in size compared with those in Bmil "~ mice
(Fig. 4D, 4E). However, it was not clear whether the reduced
number and size of FALCs in Bmil ~ mice was the result of en-
vironmental defects or of the reduction of B-1a cells itself. To in-
vestigate this, we examined the peritoneal environment of Bmil /~
mice using reciprocal transplantation assays. Sorted WT B-1a cells
were injected into the peritoneal cavity of sublethally irradiated
Bmil~’~ and Bmil™~ mice. Against our expectations, the per-
centage of donor-derived B-1a cells was greater in Bmil " than in
Bmil*"~ recipient mice, although the actual cell numbers were
similar (Fig. 4F, 4G). These results indicated that there were
no environmental defects related to the engraftment/maintenance of
B-1la cells in the peritoneal cavities of Bmil " mice.

Development of B-1a cells from FL progenitors is impaired in
the absence of Bmil

Next, to understand the effect of Bmil deletion during develop-
ment of B-1a cells, we transplanted E14.5 FL. mononuclear cells
(MNCs) containing B-1 progenitors from Bmil*”*, CD19"**, or
CDI19“**Bmil™" embryos into sublethally irradiated adult NSG
mice. Accordingly, 9 mo after transplantation, CDI19“"* Bmil™"
FL MNC:s failed to repopulate the peritoneal B-1a cells but suc-
cessfully repopulated the B-2 and B-1b cells to the same levels as
did Bmil™" FL MNCs (Fig. 3L). Strikingly, defects in the re-
constitution of B-1la cells in both the peritoneum and spleen of
recipient mice could be observed as early as 6 wk after trans-
plantation (Fig. 3K, Supplemental Fig. 2C), suggesting that Bmil
might also be important for the development of B-1a cells from
B-1 progenitors in the FL.

TLR-dependent proliferation of B-1a is impaired in the absence
of Bmil

Based on our findings that Bmil was essential to B-1a cell self-
renewal, we hypothesized that Bmil-deficient B-1a cells might
lose their proliferation ability upon Ag stimulation. To this end,
we examined the ability of B-1 cells to proliferate upon stimula-
tion with TLRs. FACS-sorted B-1a cells from each genotype were
stimulated in vitro using 5 pg/ml R848 (TRL7/8 agonist) (27).
Our results showed that 48 h after stimulation, Bmil-deficient B-
la cells failed to proliferate and, instead, decreased in number,
whereas B-1a cells from all control groups showed robust pro-
liferation (Fig. 3M). Taken together, these data suggested that, in
addition to its role in self-renewal, Bmil was essential for the
proliferation of B-1a cells upon stimulation.

Ink4-Arf locus is a target of Bmil in B-la cells

Because the Ink4a-Arf locus is a well-known target of Bmil in
HSCs and loss of Ink4-Arf in Bmil ’~ mice has been shown to
rescue the numbers of HSCs and their ability to self-renew (13),
we hypothesized that Ink4-Arf might also be a target of Bmil in
B-1a cells. Correspondingly, qPCR analysis showed a marked
elevation of the expression of Arfin Bmil /™ peritoneal B-1a cells
(Fig. 5A). In Bmil /" Ink4-Arf’~ (double knockout [DKO])
mice, the absolute number of peritoneal cells was significantly
higher than that in Bmil ~’~ mice but still lower than that in WT
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FIGURE 3. B cell-specific deletion of Bmil leads to reduction in the B-la cell pool and loss of self-renewal ability. The efficiency of CD19-Cre
recombinase was confirmed by genomic PCR (A) in FACS-sorted B-1 cells or bead-selected spleen B cells (B). (C) Total peritoneal cell numbers in WT,
CDI19°**, CDI19“*Bmil™*, and CDI19“""*Bmil™" mice are shown. No obvious difference was found among the four groups. (D) The numbers of
peritoneal B-1a cells from four groups at different ages are shown. (n = 7-12 for each genotype for each age point). (E) The number of B-1a cells in
CDI19™*Bmil™* and CD19"** Bmil™" mice at 3-9 mo of age in the same litter is depicted. The line connects the mice in the same litter. The frequency
of lymphoid subsets in the peritoneal cavities (F) and the spleens (G and H) of WT, CDI9"“*, CD19"*Bmi1*"*, and CD19“"* Bmil*"* mice are shown
(n=6). (1 and J) Competitive peritoneal cell transplantation assays. The FACS plots of peritoneal B-1 cells of competitive peritoneal cell-transplanted mice
() and the donor percentage (J) are shown. (K and L) FL MNC transplantation assays. The percentage of donor-derived lymphoid subsets in the peritoneal
cavities of transplanted mice with WT or CD19™*Bmil®™* FL MNCs at 6 wk (K) and 9 mo (J) posttransplant (n = 3 for each genotyping, at each time
point). (M) B-1a cell proliferation upon stimulation with TRL7 agonist. Cell number was counted 48 h after stimulation (n = 3). All data were obtained from
experiments more than three times. *p < 0.05, **p < 0.01, ***p < 0.001. CD5T, CD5" T cell; FO, follicular B cell; MZ, marginal zone B cell.
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100 pwm. The data were obtained from three to four animals for each genotype from three experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

mice probably because of their smaller body sizes (WT: 2.7 =
0.1 X 10% DKO: 1.2 = 0.2 X 10% and Bmil 7 0.5 = 0.2 X 10°%
p < 0.01 between DKO and Bmil ’~). The percentage of B-la
cells in DKO mice was similar to that in WT mice (Fig. 5B, 5C),
suggesting that deletion of Ink4-Arf in Bmil ~/~ mice was able to
rescue the maintenance of B-1a cells, although the recovery of
absolute numbers of B-1a cells in DKO was only partial (Fig. 5D).
When we performed a competitive assay by transplanting DKO
along with B/J WT peritoneal B-1a cells into sublethally irradiated
NSG mice, DKO cells achieved similar chimerism to that in
WT cells, whereas Bmil ’~ B-la cells failed to repopulate, in-
dicating that deletion of Ink4-Arf in Bmil '~ B-la cells com-
pletely restored the self-renewal ability of B-1a cells (Fig. 5E).
These results demonstrated that the Ink4-Arf locus appears to be a
critical target of Bmil in B-1a cells and might play a key role in
the self-renewal ability of peritoneal B-1a cells.

Dysregulation of epigenetic gene modifiers in Bmil '~ B-la
cells suggested Kdm5b as a target of Bmil

To investigate the Bmil-related genes involved in the mainte-
nance of B-1a cells, we performed microarray analysis of sorted
peritoneal B-1a cells from WT and Bmil ~’~ mice. We identified
364 genes that were shown to be significantly changed (>2-fold)
between the two groups. Significantly upregulated and down-
regulated genes are shown in Fig. 6. Multiple genes mediating
genome integrity and translational control, including AT-rich
interaction domain 1B (Aridlb) and PHD finger protein 12
(Phf12), were downregulated (Fig. 6C). Interestingly, various
epigenetic modifiers, including DNA methyltransferase 3a
(Dnmt3a), 3b, enhancer of zeste 1 polycomb repressive complex
2 subunit (Ezhl), and chromobox 1 (CbxlI), were also down-
regulated (Fig. 6D).

Because Bmil represents a PRCI gene repressor, many tran-
scription factors were elevated in Bmil '~ B-la cells. Among

them, we were interested in Kdm5b because it has been reported to
play a role in the self-renewal and proliferation of cells (28). The
expression of Kdm5b was significantly increased in the peritoneal
B-1a cells, adult LT-HSCs, FL B-1 progenitors, and FL. LT-HSCs
in the Bmil '~ mice (Fig. 7A, 7B). However, the expression of
Kdm5b was not elevated in CD19"*Bmil"™" B-1a cells in steady
states (pre in Fig. 7C). Forty-eight hours after transplantation into
sublethally irradiated NSG mice, Kdm5b expression significantly
increased, and Arf expression in CDI9““*Bmil"™" peritoneal
B-1a cells markedly increased (Fig. 7C). In addition, the expres-
sion of p21 (cell cycle repressor) at 48 h was not repressed in
CD19°""*Bmil™" peritoneal B-1a cells as it was in the control
cells (Fig. 7C). Moreover, a higher percentage of dead cells was
observed among CDI19°“*Bmil®”" B-1a cells (Fig. 7D). These
results suggested that Bmil-deficient B-1a cells could not prolif-
erate after transplantation, presumably because of overexpression
of Arf and p21.

To understand the molecular role of Kdm5b in cell proliferation,
we knocked down the expression of Kdm5 in the Baf3 pro-B cell
line using a sh-Kdm5b retroviral construct (Fig. 7E). sh-Kdm5b-
transduced cells showed more proliferation than did control cells
(sh-Luc) (Fig. 7F). Next, we introduced the viral sh construct into
Bmil '~ FL cells and performed colony-forming assays. The
number of colonies that formed from Bmil ~/~ FL cells was sig-
nificantly lower than that formed from WT cells, as previously
reported (12) (Fig. 7G). However, the knockdown of Kdm5b in
Bmil '~ FLs induced an increase in the number of colonies
formed (Fig. 7G). Thus, knockdown of Kdm5b led to enhanced
cell proliferation in Baf3 and FL cells. In addition, a ChIP assay
showed that Bmil bound to the upstream region of Kdm5b
(Fig. 7H), as well as Arf, a known target of Bmil (Fig. 71). We also
confirmed that Ringlb, a main component of the PRC1 complex
protein, bound to the same regions. Collectively, our data sug-
gested that Kdm5b appears to be a downstream target of Bmil, and
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FIGURE 5. Arf-Ink4a is a major target for self-renewal of Bmil /™ B-1a cells. (A) Arf expression in WT and Bmil '~ B cells was measured by qPCR.
(B) Representative FACS plots of peritoneal cells from WT, Bmil /=, and Bmil "~ Arf-Ink4~’~ (DKO) mice are depicted. (C) Frequencies of CD5" T cell
and B cell subsets in the peritoneal cavity of WT, Bmil ~/~, and DKO mice are shown (n = 3). (D) Absolute numbers of the peritoneal subpopulation from
the same three groups (C) were measured. (E) Equal numbers of sorted B-1a cells from WT, Bmil ~/~, and DKO mice were injected into sublethally
irradiated NSG mice in a competitive manner against B/J B-1a cells, followed by analysis at 6 wk. The results of donor contribution are shown. The Bmil ™/~
B-1a cells failed to repopulate, whereas the DKO cells achieved repopulation similar to that of WT (n = 3 for each genotyping). The data were obtained from

three experiments. **p << 0.01. PW, peritoneal wash.

an optimal low expression level of Kdm5b seems to be important
for cell proliferation.

Discussion

B-1a lymphocytes are derived from embryonic precursors and
maintained in the long-term through their self-renewal ability
independently of HSCs (5-9). However, despite extensive studies
on the development and function of B-1 cells, the molecular
mechanism of B-la cell self-renewal remains largely unknown.
Traditionally, the spleen is known as the organ important for the
maintenance of B-1a cells, in addition to their specific BCR and
CD19 signaling, all of which continuously stimulate B-1a cells
(22, 29-31). A recent study showed that deletion of the basic
helix-loop-helix family member E41 (Bhlhe41) transcription fac-
tor significantly reduced the number of peritoneal B-la cells,
likely by altering BCR signaling and preventing the maturation of
transitional B-1 progenitors in the spleen (32). Another interesting
report has demonstrated that the autophagy-related 7 (Atg7) gene
was required for the self-renewal of B-1a cells because of their
specific metabolic status that is different from that of B-2 cells (33).
These findings have gradually started to elucidate the mechanisms

that support B-1a cell self-renewal and suggest its complexity. In
this study, we demonstrated that expression of Bmil was indis-
pensable for the self-renewal ability of peritoneal B-1a cells.
The importance of this finding is that mature IgM-secreting
B-1a lymphocytes use BMII1 for their self-renewal ability in a
similar way to HSCs.

Bmil, a component of PRCI, is a widely known critical factor
in the self-renewal of various stem cells. Importantly, Bmil is also
considered to be involved in lymphopoiesis because a large re-
duction has been observed in lymphocyte counts in the spleen and
thymus of Bmil ™/~ mice (18). However, the frequency and
number of B-2 lymphocytes were not altered when Bmil was
deleted in the B cell lineage (using CD19-Cre mice). Therefore, it
seems that a defect in stem cells (differentiation to B progenitors)
mainly contributed to the reduction of B-2 cells in Bmil ~’~ mice
and that, among the mature B cell subsets, only B-1a cells depend
on Bmil expression. In the field of HSC biology, self-renewal
ability is confirmed only by transplantation assays. Therefore,
we carried out peritoneal cell transfer assays in which WT peri-
toneal B-1a cells repopulate the recipient peritoneal cavity in the
long-term, and we further demonstrated a defect in the self-renewal

T20Z ‘6¢ AInC uo g1 uiBug 19S AluN WRISBMULION e /610" jounwiu 1l mmamy/:dny wo.y papeoiumoq


http://www.jimmunol.org/

3270

A Top Canonical Pathways

Bmil MAINTAINS B-1 CELL SELF-RENEWAL ABILITY
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Signaling by Rho Family GTPases 6.17E-04 11/244 (0.045)
RhoGDI Signaling 9.01E-04 9/184 (0.049)

Role of NFAT in Regulation of the Inmune Response 2.56E-03

8/173 (0.046)
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FIGURE 6. Gene expression profiling of Bmil ’~ reveals dysregulation of epigenetic genes. B-1a cells were sorted from WT and Bmil /" peritoneal
cavity and subjected to microarray analysis. Affected canonical signaling pathways (A) and affected biofunctions (B) analyzed by Ingenuine Pathway
Analysis are listed. (C) Differentially upregulated and downregulated transcripts are listed. (D) Hierarchical clustering of epigenetic genes is shown (n =5

for each group).

ability of Bmil-deficient B-1a cells, which was restored by addi-
tional deletion of Ink4-Arf. Proliferation of Bmil-deficient B-1a
cells was also impaired after exposure to a TLR7/8 agonist, as
well as after transplantation. Bmil-deficient B-1a cells showed
upregulation of Arf and failure to downregulate p21 after stimu-
lation, which suggested that Bmil maintains the self-renewal
ability of B-la cells through the Arf-p21 axis. Although Bmil
seems to play a role in the self-renewal of B-1a cells similar to its
role in HSCs, we have further identified Kdm5b as a possible
target of Bmil in B-1a cells. The KDM5B histone modifier spe-
cifically demethylates H3 at lysine 4 and is known to be required
for self-renewal of embryonic stem cells, HSC function, and
leukemia/cancer progression and plays different roles depending
on cell type and physiological context (28, 34-36). Our results
showed that Kdm5b was upregulated in Bmil-deficient B-1a cells
in a stress setting, but not in steady state, suggesting that Kdm5b
suppresses proliferation of B-la cells in the absence of Bmil.
Indeed, knockdown of Kdm5b-enhanced proliferation of Baf3
cells and rescued the colony-forming ability of Bmil '~ FL cells
(Fig. 7F, 7G). Therefore, it can be speculated that B-1a cells fail to
proliferate and undergo apoptosis upon Ag exposure in the ab-
sence of Bmil followed by upregulated Kdm5b. As such, further

investigation on the precise roles of Kdm5b in B-1a cells will be
required.

Furthermore, FL MNCs that contain Bmi/-deleted B progenitors
failed to repopulate only B-1a cells, and not other mature B cell
subsets, even at an early time point after transplantation. This
result suggests a possibility that Bmil may also be required for the
developmental process of fetal B-1 progenitor cells into mature
B-1a cells. In addition, it is notable that overexpressing Bmil in
Bmil "~ FL MNCs not only rescued, but further enhanced B-1a
cell repopulation ability (Fig. 2E). This result is consistent with
previous reports showing enhanced self-renewal after over-
expressing Bmil in BM HSCs and erythroblasts (12, 16). Thus,
Bmil seems to enhance both B-la cell differentiation from FL
progenitors and self-renewal of mature B-1a cells. Because the
developmental pathway from FL B-1 progenitors to mature peri-
toneal B-1a cells has not been fully characterized, further study to
determine the stage at which Bmil might be involved in the dif-
ferentiation into B-1a cells is required.

Recent reports have shown the important role of Bmil in con-
trolling the fat volume in the HSC niche (23, 24). We also sought
to investigate the effect of the lack of Bmil on FALCs, a niche for
B-1a cells, but found that the microenvironment of B-1a cells was
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FIGURE 7. Kdm5b is a possible Bmil target and crucial for posttransplant B-1a cell expansion. Expression of Kdm5b in various cell fractions from WT
and Bmil ~’~ BM and peritoneum (A) or FL (B) (n = 3). *p < 0.03, **p < 0.01. (C) Sorted B-1a cells from CD19""* Bmi1*"* or control mice were injected
into sublethally irradiated NSG mice, followed by harvesting of B-1a cells 48 h after transplantation by FACS sorting. Changes in the expression of various
mRNAs before and after transplantation (day 2) were measured (n = 3). **p < 0.01. (D) Cell death in experiment (C) was measured by annexin V and DAPI
staining (n = 3). *p < 0.05. (E) Confirmation of knockdown of Kdm5b. Short hairpin RNAs (sh-RNAs) targeting kdmS5b or control (sh-Luc) were introduced
retrovirally into Baf/3 pro-B cells, and GFP* cells were sorted. The quantity of Kdm5b mRNA in each clone is shown. (F) Cell proliferation of each Baf/3
subline targeting Kdm5 is shown. (G) Colony-forming assays of Kdm5 knockdown Bmil '~ FL cells. Bmil /" FLs with sh-Kdm5b formed more colo-
nies than did the sh-control (rn = 3). **p < 0.01, *p < 0.05. (H and I) ChIP assays were performed in Baf3 cells to confirm Bmil binding to the Kdm5b or
Arf-Ink4 regions. Binding to upstream regions of Kdm5b (H) and Arf-Ink4a (1) is shown. The data were obtained from three experiments.

not altered. Therefore, Bmil appears to maintain the self-renewal
ability of B-1a cells in a cell-intrinsic manner.

In summary, our studies reviewed in this report showed that
the self-renewal ability of B-1a lymphocytes depends heavily on

Bmil expression, and this dependency is not observed in other
mature lymphocyte subsets. Because B-la cells are not replen-
ished by adult BM progenitors, the loss of B-1a cells after BM
transplantation might thus result in acquired immunodeficiency
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(37). The knowledge presented in this study could pave the way to
fully elucidate the mechanisms of the in vivo self-renewal of B-1a
cells, an important step toward producing pluripotent stem cell—
derived B-1 cells for immune cell therapy (17).
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Summary

Polycomb group protein Bmil is essential for hematopoietic stem cell (HSC) self-renewal and terminal
differentiation. However, its target genes in hematopoietic stem and progenitor cells are largely
unknown. We performed gene expression profiling assays and found that genes of the Wnt signaling
pathway are significantly elevated in Bmil null hematopoietic stem and progenitor cells (HSPCs). Bmil
is associated with several genes of the Wnt signaling pathway in hematopoietic cells. Further, we found
that Bmil represses Wnt gene expression in HSPCs. Importantly, loss of B-catenin, which reduces Wnt
activation, partially rescues the HSC self-renewal and differentiation defects seen in the Bmil null mice.
Thus, we have identified Bmil as a novel regulator of Wnt signaling pathway in HSPCs. Given that Wnt
signaling pathway plays an important role in hematopoiesis, our studies suggest that modulating Wnt
signaling may hold potential for enhancing HSC self-renewal, thereby improving the outcomes of HSC

transplantation.

Keywords Bmil, HSC, self-renewal, differentiation, Wnt, and -catenin



Introduction

Hematopoietic stem cells (HSCs) are multipotent, self-renewing progenitors that generate all mature blood
cells [1-2]. In order to maintain hematopoietic homeostasis throughout the lifetime of an organism, the
HSC pool must be maintained, which is achieved by the process of self-renewal [3-4]. Although practiced
clinically for more than 40 years, the use of HSC transplants remains limited by the ability to expand
functional HSCs ex vivo [5]. Deciphering the molecular mechanisms controlling HSC self-renewal is
essential for developing clinical strategies that can enhance ex vivo HSC expansion [3-5].

Polycomb group (PcG) proteins are epigenetic gene silencers that have been implicated in stem cell
maintenance and cancer development [6-11]. Genetic and biochemical studies indicate that Polycomb
group proteins exist in at least two protein complexes, Polycomb repressive complex 2 (PRC2) and
Polycomb repressive complex 1 (PRC1), that act in concert to initiate and maintain stable gene repression
[10-11]. Bmil, a key component of the Polycomb repressive complex 1 (PRCL1), is essential for both HSC
and leukemia stem cell (LSC) self-renewal [12-15]. We demonstrate that Bmil is a substrate of AKT and
that AKT-mediated phosphorylation of Bmil inhibits HSC self-renewal [16]. In addition to HSC self-
renewal, Bmil also plays key roles in multi-lineage differentiation [17]. We found that Bmil enhances
erythroid differentiation through upregulating ribosomal genes [18]. We also found that Bmil maintains
the self-renewal property of innate-like B lymphocytes [19]. While Bmil plays critical roles in
hematopoiesis [12-19], its target genes in hematopoietic stem and progenitor cells (HSPCs) are largely
unknown. Bmil is a potent negative regulator of the Ink4a/Arf locus, which encodes the cell cycle
regulator and tumor suppressor p16'™4% and p19A proteins [20-21]. In Bmil” bone marrow (BM) cells,
there is an upregulation of both p16'™42 and p19A" [22]. However, loss of both p16 and p19 only partially
rescues the self-renewal defects of Bmil”- HSCs [22], suggesting that Bmil may regulates the expression
other genes in HSPCs.

The Wnt signaling pathway has pivotal roles during the development of many organ systems, and
dysregulated Wnt signaling is a key factor in the initiation of various tumors [23]. In the canonical Wnt

pathway, Wnt ligand binds to its receptor Frizzled at the cell surface and inhibits glycogen synthase kinase-



3B (GSK-3pB)-mediated phosphorylation and degradation of B-catenin. Stabilized -catenin then translocates
to the nucleus where it binds to T cell factor (TCF)/lymphoid enhancer factor (LEF) transcription factors
and induces the expression of Wnt target genes, such as Tcf and Axin2. In the absence of Wnt ligand, GSK-
3 phosphorylates B-catenin and targets it for ubiquitination and degradation [23]. Canonical Wnt signaling
is differentially activated during hematopoiesis [24-26], suggesting an important regulatory role for specific
Whnt signaling levels [27-29]. The Adenomatous polyposis coli gene (Apc) is a negative modulator of the
canonical Wnt pathway and loss of Apc in hematopoietic compartment leads to stabilization of B-catenin
and activation of the Wnt signaling pathway [29-30]. By combining different targeted hypomorphic alleles
and a conditional deletion allele of Apc, a gradient of five different Wnt signaling levels were obtained in
vivo [26]. By analyzing the effect of different mutations of Apc on hematopoiesis, Luis and colleagues
demonstrated that the canonical Wnt signaling regulates hematopoiesis in a dosage-dependent fashion: Low
levels of Wnt signaling activation (2-fold increase above normal) result in the maintenance of a multipotent
state, therefore resulting in increased reconstitution in stem cell transplantation assays, and that high level
of Wnt signaling (more than 10-fold increase above normal) results in impaired HSC self-renewal and a
block in differentiation [26]. While Wnt signaling plays an important role in hematopoiesis [24-26], how
Whnt signaling is regulated in HSCs remains elusive. Identify key regulators of Wnt signaling in HSCs may
lead to novel approaches to expand human HSCs ex vivo and improve transplantation efficiency.

In this study, we discovered that several genes of the Wnt signaling pathway are upregulated in
Bmil null hematopoietic stem and progenitor cells (HSPCs). Bmil binds to several Wnt genes on the
chromatin and represses their transcription in HSPCs. Importantly, we found that loss of -catenin
partially rescues the HSC self-renewal and differentiation defects seen in the Bmil” mice. Thus, we
have identified Bmil as a novel regulator of Wnt signaling pathway in hematopoietic stem and

progenitor cells.

Materials and Methods



Mice

Global Bmil knockout mice were provided by Dr. Martin van Lohuizen at the Netherlands Cancer
Institute, the Netherlands [20]. Conditional Bmil knockout mice (Bmil™F) in the C57BL6 background
were generated at the National Institute of Biological Science, Beijing, China. The Ctnnb1™" mice were
obtained from the Jackson Labs and have been backcrossed to the C57BL6 background for at least 8
generations. Wild type C57BL/6 (CD45.2%), B6.SJL (CD45.1%) and F1 mice (CD45.2* CD45.1%) mice
were obtained from an on-site core breeding colony. All mice were maintained in the Indiana University

Animal Facility according to IACUC-approved protocols.

Flow cytometry

Flow cytometry analysis of hematopoietic stem and progenitor cells was performed as described
previously [31-32]. Murine hematopoietic stem and progenitor cells were identified and evaluated by flow
cytometry using a single cell suspension of bone marrow mononuclear cells (BMMCs). Hematopoietic
stem and progenitors are purified based upon the expression of surface markers. Bone marrow (BM) cells
were obtained from femurs by flushing cells out of the bone using a syringe and phosphate-buffered saline
(PBS) with 2mM EDTA. Red blood cells (RBCs) were lysed by RBC lysis buffer (eBioscience) prior to
staining. Experiments were performed on FACS LSR IV cytometers (BD Biosciences) and analyzed by

using the FlowJo Version 9.3.3 software (TreeStar).

Gene expression and Pathways Analyses

Transcript profiling of HSCs and MPPs from Bmil** and Bmil” mice were analyzed by Agilent Whole
Mouse Genome Oligo Microarrays. Raw data will be available for download from Gene Expression

Omnibus (http://ncbi.nlm.nih.gov/geo/, accession number in progress). Genes whose expressions are

increased or decreased more than 2-fold in Bmil” cells compared to wild-type cells are shown. The

Microarray data were analyzed using the Ingenuity Pathways Analysis program (Ingenuity Systems,
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www.ingenuity.com); to identify the pathways that met the < or > 2-fold change cutoff and were

associated with a canonical pathway in the Ingenuity Pathways Knowledge base were considered for the
analysis. The significance of the association between the data set and the identified canonical pathway
was measured in 2 ways: (1) A ratio of the number of genes from the data set that map to the pathway
divided by the total number of genes from the data set that map to the canonical pathway and (2) Fischer's
exact test, to calculate a p value determining the probability that the association between the genes in the

data set and the canonical pathway is explained by chance alone.

ChIP assays

For ChIP assays, Kit" BM cells and Baf3 cells were fixed with 1% (vol/vol) formaldehyde for 10 min at
room temperature. ChlIP assays were performed using the EZ-Magna ChIP A/G Kit (Millipore). Anti-
Bmil antibody (Active Motif, AF27) and normal mouse 1gG were used for immunoprecipitation. ChIP
DNA was then subjected to real-time PCR analysis using primers targeting different region of genes of
the canonical Wnt pathway and Ink4a/Arf locus.

Reporter assays

The Top-Flash luciferase construct encodes the firefly luciferase reporter gene under the control of a
minimal CMV promoter and 8 tandem repeats of the TCF/LEF transcriptional response element (TRE).
A Top-Flash mutant plasmid, containing defective TCF/LEF transcriptional response element, was used
as a negative control in this assay. Each reporter is premixed with constitutively expressing Renilla
luciferase, which serves as an internal control for normalizing transfection efficiencies and monitoring
cell viability. 293T cells were transfected using Lipofectamine 2000 transfection reagent
(ThermoFisher), according to the manufacturer’s instructions. Transfected cells were harvested 24 hours

later, and processed using Dual-Luciferase Reporter Assay (Promega).

Generation of retroviruses and infection of murine HSCs and MPPs

Retroviral vectors were produced by transfection of Phoenix E cells with the MIGR1 control (MSCV-

IRES-GFP) or MIGRL1 full-length Bmil c-DNA plasmid (MSCV-Bmil-IRES-GFP), according to
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standard protocols [16]. Murine HSCs and MPPs were infected with high-titer retroviral suspensions in
the presence of 8 pg/mL polybrene (Sigma-Aldrich). Forty-eight hours after infection, the GFP-positive

cells were sorted by FACS.

Transplantation

We transplanted 500,000 BM mononuclear cells isolated from Bmil™"-Ctnnb1™F-Mx1Cre’, Bmil*/*-
Ctnnb1™F-Mx1Cre*, BmilPF-Ctnnb1**-Mx1Cre*, and Bmil™F-Ctnnb1™"-Mx1Cre* mice (CD45.2%)
together with 250,000 competitor BM cells (CD45.1%) into lethally irradiated recipient mice
(CD45.17CD45.2"). Eight weeks following transplantation, we injected pl:pC to delete Bmil and/or
Ctnnbl from hematopoietic cells. Peripheral blood was obtained by tail vein bleeding every 4-week after
pl:pC treatment, RBC lysed, and the PB mononuclear cells stained with anti-CD45.2 FITC and anti-
CD45.1 PE, and analyzed by flow cytometry. 20 weeks following transplantation, bone marrow cells from
recipient mice were analyzed to evaluate donor chimerism in bone marrows. For secondary
transplantation, 3 x 108 BM cells from primary recipient mice reconstituted with Bmi1™F-Ctnnb1™*-
Mx1Cre’, Bmil**-Ctnnb1™F-Mx1Cre*, Bmi1™F-Ctnnb1**-Mx1Cre*, and Bmil™F-Ctnnb1F-Mx1Cre*
BM cells were injected into lethally irradiated F1 mice (CD45.17"CD45.2%).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism 8 software (GraphPad software, Inc). All data
are presented as mean + standard error of the mean (SEM). The sample size for each experiment are
included in the figure legends. Statistical analyses were performed using unpaired, two-tailed Student’s t
test where applicable for comparison between two groups, and a One-way ANOVA test or Two-way
ANOVA was used for experiments involving more than two groups. Statistical significance was defined

as *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.

Results
Genes of the Wnt signaling pathway are upregulated in Bmil null hematopoietic stem and

progenitor cells



To understand how Bmil regulates HSC self-renewal and differentiation, we performed gene expression
profiling assays (using microarray analysis and quantitative RT-PCR analysis) to identify Bmil target
genes in HSCs (CD48 CD150"Lin'Scal*Kit* cells) and MPPs (CD48*CD150Lin"Scal*Kit" cells).
Microarray analysis revealed that several genes in the canonical Wnt signaling pathway are significantly
elevated in both HSCs and MPPs from Bmil” mice (Fig. 1A-B), suggesting that Wnt signaling may be
activated in the absence of Bmil. We first confirmed upregulation of several genes of the canonical Wnt
pathway, including Fzd4, Fzd7, Fzd9, Tcf3, and Axin2, in Bmil” HSCs compared to Bmil** HSCs using
quantitative RT-PCR analysis (Fig. 1C). Fzd4, Lgr4, Lefl, Tcf3, and Axin2 are significantly upregulated
in Bmil” MPPs compared to Bmil** MPPs. (Fig. 1D). These findings suggest that Bmil may be

associated with genes in the Wnt pathway, thereby repressing their expression in HSPCs.

Bmil is associated with Wnt genes in hematopoietic cells

To determine if Bmil is directly associated with genes in the Wnt pathway, we performed chromatin
immunoprecipitation (ChIP) assays using an antibody against Bmil or normal mouse 1gG. As expected,
Bmil was associated with the Ink4a/Arf locus in both Kit* BM and Baf3 cells (Fig. 2A-B). We detected
the association of Bmil with the Lefl, Fzd4, and Axin2 promoters in these cells (Fig. 2A-B). Ringlb is
the catalytic component of the PRC1 complex and genome-wide ChIP-seq analysis showed Ringlb
binging to several Wnt target genes, including Ccnd2, Fzd7, Ckn2a and Tcf3, in murine L8057
megakaryoblastic cells (Fig. 2C) [33]. Thus, we demonstrate that Bmil/PRCL1 is associated with Wnt

genes in hematopoietic cells.

Bmil represses Wnt gene expression in hematopoietic stem and progenitor cells

To determine the impact of Bmil expression on Wnt activation in cells, we used the Top-Flash Wnt

reporter system. The Top-Flash reporter system is designed to monitor the activity of Wnt signal



transduction pathway in cultured cells [34]. While Wnt3a readily activates the Wnt reporter in 293T cells,
Whnt activation is efficiently repressed by ectopic Bmil expression, demonstrating that Bmil indeed can

inhibit Wnt signaling activation in cultured cells (Fig. 3A).

To determine whether Bmil represses the expression of Wnt signaling genes in HSPCs, we
introduced Bmil (MSCV-Bmil-IRES-GFP) or GFP (MSCV-IRES-GFP) into HSCs and MPPs purified
from Bmil*"* and Bmil” mice using retroviruses mediated transduction. 48 hours after transduction, we
isolated MRNA from transduced cells (GFP*) and performed gRT-PCR assays for genes involved in the
canonical Wnt signaling pathway. We found that that ectopic Bmil expression results in downregulation
of Fzd4, Fzd7, and Lefl expression in Bmil*"* HSCs compared to that of the control viruses (MSCV-
IRES-GFP) transduced cells (Fig. 3B). We also found that that ectopic Bmil expression leads to
downregulation of Fzd4, Fzd7, Fzd9, Lefl, and Axin2 expression in Bmil*'* MPPs compared to that of
the control viruses transduced cells (Fig. 3C). In addition, ectopic Bmil expression represses Fzd4, Fzd7,
and Fzd9 expression in Bmil”- HSCs compared to that of the control viruses transduced cells (Fig. 3D).
Further, ectopic Bmil expression leads to downregulation of Fzd4, Fzd9, and Lefl in Bmil”- MPPs (Fig.

3E). Thus, we demonstrate that Bmil represses Wnt gene expression in HSPCs.

Loss of B-catenin partially rescued HSC self-renewal and differentiation defects seen in Bmil null

mice

The Ctnnbl gene encodes B-catenin and loss of $-catenin reduces Wnt activation [35]. To determine the
impact of B-catenin deficiency on Bmil”-HSPCs, we generated Bmi1™F-Ctnnb1F-Mx1Cre* mice. We
transplanted 500,000 BM cells isolated from Bmil™F-Ctnnb1™F-Mx1Cre", Bmil*'*-Ctnnb1™F-Mx1Cre*,
Bmi1™F-Ctnnb1**-Mx1Cre*, and Bmi1™F-Ctnnb1™F-Mx1Cre* mice (CD45.2*) together with 250,000
competitor BM cells (CD45.1%) into lethally irradiated recipient mice (CD45.1"CD45.2"). Eight weeks
following transplantation, we injected pl:pC to delete Bmil and/or Ctnnbl from hematopoietic cells and

examined the frequency of donor-derived cells (CD45.2") in peripheral blood every 4 weeks for twenty



weeks. Conditional deletion of Ctnnbl does not affect the repopulating ability of BM cells (Fig. 4A).
While the percentage of donor-derived cells in PB of recipient mice repopulated with Bmil” BM cells
decreases, loss of Ctnnb1 significantly increased the engraftment of Bmil”- BM cells at twenty weeks
following pl:pC treatment (Fig. 4A). We observed increased number of donor-derived HSCs in the BM
of recipient mice repopulated with Bmil”-Ctnnb1”- BM cells compared to that of the Bmil™ cells (Fig.
4B-C). Loss of Bmil resulted in decreased myeloid differentiation and increased lymphoid
differentiation in the BM, whereas Ctnnb1 deficiency rescued differentiation defects seen in Bmil™

mice (Fig. 4D).

To determine the impact of genetic deletion of Ctnnb1 on Bmil”- HSC self-renewal, we
performed secondary BM transplantation assays. We found that Bmi1”Ctnnb1”- BM cells show
increased engraftment compared to Bmil” cells following secondary transplantation (Fig. 4E). Thus, we
demonstrate that loss of B-catenin, which reduces Wnt activation, partially rescues HSC self-renewal

and differentiation defects seen in Bmil” mice.

Discussion

Hematopoietic stem cell (HSC) self-renewal requires a complex crosstalk between extrinsic signals
from the microenvironment and the HSC-intrinsic regulators to maintain an undifferentiated state [1-4].
However, the crosstalk between signaling pathways and HSC-intrinsic regulators has not been well
defined at the molecular level [1-4]. Thus, there remains a critical need to improve our understanding of
the interactions between signaling pathways and HSC-intrinsic regulators and develop novel strategies
that can enhance ex vivo HSC expansion and improve the efficiency and outcome of HSC

transplantation [5].



The role of Wnt signaling in adult hematopoiesis has been controversial [24-25]. While loss of
Whnt3a impairs HSCs self-renewal and differentiation [37-38], blocking the secretions of Wnt proteins in
the hematopoietic system does not affect hematopoiesis [39]. Constitutive beta-catenin activation
impairs HSC self-renewal and blocks terminal differentiation [36]; however, mice lacking - and y-
catenin have normal stem cell self-renewal and differentiation [35]. These findings indicate canonical
Whnt signaling is far more complicated than expected. Indeed, the canonical Wnt signaling appears to
regulate adult hematopoiesis in a dosage-dependent manner: low level of canonical Wnt activation
enhances HSC self-renewal, whereas high level of canonical Wnt activation impairs HSC self-renewal

and blocks terminal differentiation [26].

Polycomb group protein Bmil plays an important role in cellular homeostasis by maintaining a
balance between proliferation and senescence [12-15, 20]. It is often overexpressed in cancer cells and is
required for stem cell self-renewal [14-15]. However, the downstream targets that mediate Bmil
function remain elusive. To explore the mechanism by which Bmil enhances hematopoiesis, we
performed transcript profiling assays to compare gene expression in HSCs and MPPs isolated from wild
type and Bmil” mice. We found that the expression of several genes of the Wnt signaling pathway was
upregulated in hematopoietic stem and progenitor cells (HSPCs). Further, Bmil directly associates with
the promoter of these genes in hematopoietic cells. Importantly, we found that loss of B-catenin partially
rescued self-renewal defects see in Bmil null mice. Given that activation of the canonical Wnt pathway
leads to loss of hematopoietic stem cell repopulation and multilineage differentiation block [26, 29-30,
36], our studies uncover a novel mechanism by which Bmil enhances HSC self-renewal and promotes

terminal differentiation,

Previous studies have implicated Bmil in regulating WNT signaling in some cancer cells [40-41].
BMI1 has been shown to autoactivate its own promoter via an E-box present in its promoter. Further,
BMI1 activates the WNT pathway by repressing DKK family of WNT inhibitors. BMI1 mediated

repression of DKK1 results in up-regulation of WNT target c-Myc, leading to transcriptional



autoactivation of BMI1 [36]. This positive feedback loop regulating BMI1 expression may be relevant to
the role of BMI1 in promoting cancer and maintaining stem cell phenotype [40]. For example, BMIL is
upregulated in colon cancer tissues and cell lines. Overexpression of BMI1 in primary epithelial colon
cells promotes cellular growth and activates WNT pathway, whereas knocking down of BMI1 expression
in colon cancer cells represses these effects [41]. Mechanistically, BMI1 activates WNT signaling in colon
cancer by negatively regulating the WNT antagonist IDAX [41]. These findings suggest that Bmil may
play a context-dependent role in regulating Wnt signaling during development and tumorigenesis.
Although BMIL1 is upregulated in many cell types, very little is known about the signaling
pathways that regulate its expression. Wnt signaling plays a key role in intestinal stem cells and Bmil
has been shown to be a potential marker for intestinal stem cells [42]. The expression of Bmil in human
colon cancers is associated with nuclear B-catenin, a hallmark for the activated Wnt signaling. Thus,
these studies suggest that Wnt signaling may regulate the expression of Bmil in colon cancer cells [42].
Whether Wnt signaling regulates Bmil expression in hematopoietic stem and progenitor cells is not

known, thereby awaiting future investigation.

In summary, we have identified Bmil as a negative regulator of canonical Wnt signaling
pathway in hematopoietic stem and progenitor cells. Our studies suggest that modulating canonical Wnt
signaling may hold potential for enhancing HSC self-renewal, thereby improving the outcomes of HSC

transplantation,.
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FIGURE LEGENDS

Fig. 1 Genes of the Wnt signaling pathway are upregulated in hematopoietic stem and progenitor cells.
(A) Transcript profiling of HSCs (CD48"CD150*LSKs) from Bmil*"* and Bmil” mice were analyzed by
Agilent Whole Mouse Genome Oligo Microarrays. Genes that are differentially expressed in Bmil”’- HSCs
compared to wild-type cells are shown. We utilized Ingenuity pathways Analysis (Ingenuity Systems) to
group genes into specific canonical pathways. Values are shown for three biological replicates. Color red
indicates genes that are upregulated in Bmil”- HSCs and color blue indicates genes that are downregulated
in Bmil” HSCs. (B) Transcript profiling of MPPs (CD48*CD150°LSKs) from Bmil** and Bmil” mice
were analyzed by Agilent Whole Mouse Genome Oligo Microarrays. Genes that are differentially
expressed in Bmil” MPPs compared to wild-type cells are shown. We utilized Ingenuity pathways
Analysis (Ingenuity Systems) to group genes into specific canonical pathways. Values are shown for three
biological replicates. Color red indicates genes that are upregulated in Bmil” MPPs and color blue
indicates genes that are downregulated in Bmil” MPPs. (C) Real-time RT-PCR analysis of gene
expression in Bmil** and Bm1’- HSCs. Data shown are relative expression as compared to Bmil** HSCs
(set as 1), n = three biological replicates, *p<0.05, **p<0.01. (D) Real-time RT-PCR analysis of gene
expression in Bmi1l** and Bm1”- MPPs. Data shown are relative expression as compared to Bmil** MPPs

(set as 1), n = three biological replicates, *p<0.05, **p<0.01, ***p<0.001.

Fig. 2 Bmil is associated with Wnt genes in hematopoietic cells. (A) Bmil binds to promoters of genes
of the Wnt pathway in vivo. Chromatin bound DNA from Kit" BM cells was immunoprecipitated with a
Bmil-specific antibody or with normal mouse 1gG. gRT-PCR amplification was performed on
corresponding templates using primers for indicated genes, n = three biological replicates, **p<0.01. (B)
Bmil binds to promoters of genes of the Wnt pathway in vivo. Chromatin bound DNA from Baf3 cells
was immunoprecipitated with a Bmil-specific antibody or with normal mouse IgG. gRT-PCR
amplification was performed on corresponding templates using primers for indicated genes, n = three

biological replicates, *p<0.05, **p<0.01. (C) Representative Ringlb and IgG ChlP-seq profiles of loci



occupied by Ringlb in murine L8057 megakaryoblastic cells. It appears that Ringlb associates with

several Wnt target genes, including Ccnd2, Fzd7, Cdkn2a and Tcf3, in L8057 cells.

Fig. 3 Bmil regulates Wnt gene expression in hematopoietic stem and progenitor cells. (A) Bmil
represses Wnt3a-induced Wnt reporter activation. Luciferase activity was assayed 24 hours after
transfection of 293T cells. Values are means (£SEM), n = three biological replicates, *p<0.05. (B) Ectopic
Bmil expression represses Wnt gene expression in Bmil** HSCs. Data shown are relative expression
compared to control viruses (MSCV-IRES-GFP) transduced HSCs, n = three biological replicates,
*p<0.05, **p<0.01. (C) Ectopic Bmil expression represses Wnt gene expression in Bmil** MPPs. Data
shown are relative expression compared to control viruses transduced MPPs, n = three biological
replicates, *p<0.05, **p<0.01. (D) Ectopic Bmil expression represses Wnt gene expression in Bmil”
HSCs. Data shown are relative expression compared to control viruses transduced Bmil” HSCs, n = three
biological replicates, *p<0.05, **p<0.01. (E) Ectopic Bmil expression represses Wnt gene expression in
Bmil” MPPs. Data shown are relative expression compared to control viruses transduced Bmil” MPPs,

n = three biological replicates, *p<0.05, ***p<0.001.

Fig. 4 Loss of B-catenin partially rescued HSC self-renewal and differentiation defects seen in Bmil null
mice. (A) Percentage of donor-derived cells (CD45.2%) in the peripheral blood of recipient mice following
pl:pC treatment. n=7 mice per group, **p<0.01. (B) Percentage of donor-derived cells (CD45.2*) in the
BM of recipient mice at 20 weeks following pl:pC treatment. n=4 mice per group, **p<0.01. (C) The
frequency of donor-derived HSCs in the BM of recipient mice at 20 weeks following pl:pC treatment.
n=4 mice per group, *p<0.05. (D) Lineage distribution of donor-derived cells in the bone marrow of
primary recipient mice at 20 weeks following pl:pC treatment. n=4 mice per group, **p<0.01,
***n<0.001. (E) Percentage of donor-derived cells (CD45.2") in the peripheral blood of recipient mice at

8 weeks following secondary transplantation. n=7-8 mice per group, ***p<0.001.
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Abstract

There is an ongoing shift in demographics such that older persons will outnumber young persons in the coming years, and with it
age-associated tissue attrition and increased diseases and disorders. There has been increased information on the association of
the aging process with dysregulation of hematopoietic stem (HSC) and progenitor (HPC) cells, and hematopoiesis. This review
provides an extensive up-to date summary on the literature of aged hematopoiesis and HSCs placed in context of potential
artifacts of the collection and processing procedure, that may not be totally representative of the status of HSCs in their in vivo
bone marrow microenvironment, and what the implications of this are for understanding aged hematopoiesis. This review covers
anumber of interactive areas, many of which have not been adequately explored. There are still many unknowns and mechanistic
insights to be elucidated to better understand effects of aging on the hematopoietic system, efforts that will take multidisciplinary
approaches, and that could lead to means to ameliorate at least some of the dysregulation of HSCs and HPCs associated with the
aging process.

Keywords Hematopoiesis - Hematopoietic stem and progenitor cells - Aging - Cytokines/Chemokines - Microenvironment -

Oxygen - Inflammation - Microbiome - CHIP

Aging is an inevitable process if one lives long enough. There
is an ongoing shift in demographics such that older persons
will out number young persons in the coming years, and with
it age-associated tissue attrition and increased diseases and
disorders. There has been an increased influx in literature on
the association of the aging process with dysregulation of
hematopoietic stem (HSC) and progenitor (HPC) cells, and
hematopoiesis. Most such hematopoietic aging studies have
been carried out in mice, where it has been reported that the
aging process (in this case mice in the range of 2 years old)
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compared to that of younger mice is associated with increased
absolute numbers of phenotypically defined HSCs identified
by cell surface antigens in the bone marrow (BM). Yet, the
functional capacities of these increased numbers of HSCs are
grossly deficient in their engrafting capability in competitive
and non-competitive HSC transplants in lethally irradiated
mice. Moreover, the differentiation capacity of the engrafted
donor BM cells from the old mice is different from that of
young donor BM cells; there is a shift in the lymphoid/
myeloid ratio of engrafting cells such that the older donor
BM cells manifest greater numbers of myeloid to lymphoid
cell output. This is the opposite of that of young engrafting
mouse BM HSCs. How informative this and other information
on aged hematopoiesis is remains to be determined by further
investigation. Recent work from our laboratory [1] has ob-
served that at least some of the abnormalities of HSCs from
old mice may be more of an artifact of the collection and
processing of mouse BM cells, rather than how they manifest
their numbers and functional capacities in vivo.

This review provides an extensive, although not necessar-
ily complete, summary on the literature of aged hematopoie-
sis, HSCs and HPCs. When placed in context of potential
artifacts of the collection and processing procedure, that may
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not be totally representative of the status of HSCs in the in vivo
microenvironment of BM, the site in which HSCs, HPCs, and
hematopoiesis are nurtured for self-renewal, proliferation, sur-
vival, and differentiation some of what we know may have to
be re-evaluated. This review encompasses the following sec-
tions: A) Aging and Stem Cells in General, B) Age-Related
Changes in HSCs/HPCs and Hematopoiesis, C) Age-Related
Clonal Hematopoiesis of Indeterminant Potential (CHIP) and
Inflammation, D) DNA Damage, Transcriptional and
Epigenetic Changes During Aging, E) Metabolic Processes,
Mitochondria and Reactive Oxygen Species (ROS) During
Aging, F) Apoptosis, Autophagy, Radiation and a Role for
the Sirtuin Family of Proteins During Aging, G) The
Microbiome, Hematopoiesis, and Aging, H) Additional Age-
Related Information, The Microenvironment, Exosomes,
Leptin (Lep) and Leptin Receptors (R), and Means to Better
Evaluate and Understand Hematopoiesis During Aging in part
in context of our recent studies [1], [) COVID-19, SARS-
CoV-2, Aging and Hematopoiesis, and J) Conclusions in
Context of Potential Future Interventions for Better Health
of the Hematopoietic System During Aging. One of the au-
thors (HEB) of this review had an interest in Gerontology, the
study of aging, over 50 years ago, but it is only most recently,
that he, his lab members, and collaborators have been in-
volved in actual experiments in this area, having previously
focused on the regulation of hematopoiesis in the young.'

A) Aging and Stem Cells in General

It has been suggested that aging is not caused by active gene
programming, but that it rather evolved through limitations in
maintenance of somatic cells in which there was a build up of
damage [2], which in fact is associated with gene mutations
that affect endocrine signaling, stress responses, metabolism
and telomere length [3]. Thus, aging is believed to entail

! While HEB was pursuing a Masters degree in microbiology, prior to his PhD
studies in blood cell development and regulation, he was especially interested
in reading the literature on Gerontology. In 1969, he attended as an on-looker
an International Conference on Gerontology, the first conference he ever
attended. The conference was held in Washington, DC, where he heard talks
by all the leading experts in this area of research, including Leonard Hayflick,
the original proponent on identifying the limited life-span of normal cells. On a
whim, HEB registered to attend a closed discussion group of 20 individuals in
the conference to discuss the ramifications of what was then currently known
about the biology of aging. While he was the only one in the discussion group
without an advanced degree, the others in the group were understanding when
the Discussion participants were asked to describe their academic background
and interest in the field of Gerontology. When it came time for him to talk he
apologized, as he had not worked in the area, but noted his interest in the field,
and told them his very limited academic training to that time. To his surprise,
he was warmly welcomed into the discussion group, which included amongst
those present, Dr. Hayflick. The other participants made it clear that the field of
Gerontology was still in its infancy, and their words of advice to him, in not so
many words, was to find a field to work in that was more advanced and then
when he became an expert in that field to integrate the knowledge from that
field into the studies of aging. This he did, a half century later.

“damage” due to multiple mechanisms, some information of
which may possibly be used to slow some of the “damage”
during aging for healthier outcome. Covered in these papers
[2, 3] are the areas of: why aging occurs, is it programmed,
how does evolutionary genetics and physiology fit into these
processes, how aging is “caused” in terms of molecular mech-
anisms, mitochondria, and network themes. Whether we yet
know enough about the aging process of cells, their organ-
elles, and organisms is still open for debate, although more
insight into problems and causes associated with aging could
provide the means to potentially intervene at least partially in
the future.

Human aging is associated with a number of diseases and
defects including the heart, muscle wasting, osteoporosis, and
in some cases mental deterioration [4]. Senescent cells and
their accumulating damage can contribute to aging, through
a number of intracellular signaling pathways including the
p53 and RB tumor suppressors, and the influences of neigh-
boring cells in the environment [5]. These, and a number of
other genetic pathways have been implicated in aging [6],
including nutrient sensing pathways. Over thirty genetic mu-
tations have been reported to extend the lifespan of mice, and
a number of genes have been associated in genome wide as-
sociation studies with longevity of humans [6]. Ames Dwarf
mice which harbor a spontaneous mutation in the Propl¥
gene resulting in the lack of growth hormone, prolactin, and
thyroid-stimulating hormone are known to live close to two
times the lifespan of other mouse strains [7—10], a situation
mimicking certain conditions in humans. Why we age has
been commented on from an evolutionary point of view
[11]. While somatic cells have a limited lifespan, the lifespan
of stem cells, which have the property of making more of
themselves (self-renewal) and being able under the appropri-
ate stimuli for differentiation to more mature cell types has not
yet been conclusively defined, although transcriptional finger-
printing and other pathway analyses suggest that stem cells do
themselves age as one gets older [12, 13].

B) Age-Related Changes in HSCs/HPCs
and Hematopoiesis

A number of articles and reviews appeared in this area of
research since 2005 [14-37] which will be mainly described
in chronological order so that the reader can see what research
was reported first and then subsequently, as not all research
findings may agree. It was reported that the aging of long-term
(LT) HSCs was associated with autonomous changes that in-
creased the self-renewal of these cells, but that these HSCs
manifested decreased potential for lymphoid cell differentia-
tion and production [14]. This was associated with down-
modulation of genes that mediate lymphoid specification,
and up-modulation of myeloid fate decisions and functions
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[14]. Competitive transplants were done using the congenic
CD45.1/CD45.2 mouse system with relatively purified popu-
lations of donor HSCs to assess engraftment, and self-renewal
was estimated by secondary transplants. This paper [14] did
not note the decreased engrafting capacity of HSCs from BM
of older mice that most of the other numerous publications in
this area have reported, and lacked detailed month by month
chimerism data comparing engraftment of old vs. young mice;
nor did it quantitate numbers of functional HSCs using limit-
ing dilution analysis to calculate competitive repopulating
units (CRUs, a measure of the numbers of functional HSCs
[38]. Age-related defects in lymphoid-bias [15] and B-
lymphopoiesis [16] have been reported by others, and have
been suggested to underlie the dominance of myeloid cells in
adult leukemia [17]. In order for HSCs to engraft, they must
first home to the BM after IV injection. This process of hom-
ing for BM cells of old mouse CRUs was about 3-fold lower
than the homing efficiency of CRUs from young mice [18],
hence one potential reason for decreased engrafting capability
noted by others. Of some interest, although not completely
understood, the ability to mobilize HSCs from old mice with
G-CSF to the blood was increased compared to that of G-CSF
mobilization of HSCs from younger mice [19]. This correlated
with a reduced adhesion capacity of an immature cell popula-
tion (not a purified HSC population) to stromal cells, and with
increased activation of Cdc42, a small RhoGTPase. This work
has not yet been reproduced to the knowledge of the authors of
this review, and more rigorous analysis is needed to fully
understand this interesting phenomenon. What has not been
defined yet is the mobilization of lymphoid vs. myeloid-
biased HSCs in old vs. young mice. It will also be of interest
to assess the mobilizing capacity of bonified HSCs to the
combination of G-CSF plus AMD3100 (Plerixafor), as G-
CSF and AMD3100 synergize to mobilize HSCs and HPCs
from young mice [39].

Other reviews have noted age-related changes in hemato-
poiesis of old vs. young mice [20, 21], with one short report
[22] not seeing differences in engraftment of sorted popula-
tions of HPCs from elderly (>70 years old vs. young) human
BM in immune deficient NSG mice. This clearly needs more
rigorous investigation in terms of numbers and engrafting ca-
pability of rigorously purified populations of functional hu-
man BM HSCs (not HPCs) from old and young donors.

While an earlier report [14] suggested increased self-
renewal of HSCs from BM of old mice, a later report by others
with more in-depth analysis demonstrated that HSCs from the
BM of old mice manifested significantly reduced self-renewal
in secondary transplants using highly purified populations of
LT-HSCs [23] for both primary and secondary engraftment.
They [23] as did others [18] showed decreased homing effi-
ciency of HSCs from the BM of old mice. Moreover, they [23]
showed significantly delayed proliferative responses of old vs.
young BM HSCs.
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What is clear is that all studies thus far that have assessed
old vs. young BM engrafting HSCs have shown a bias of the
myeloid vs. lymphoid production capability of HSCs from old
mice [14, 16-18, 20-24]. Whether this apparent bias of donor
HSCs from old mice might be due to potential artifacts in how
donor cells were collected, processed, and injected into recip-
ient mice [1] will be discussed in Section H.

The impact of hematopoiesis in aging primates was inves-
tigated by clonal tracking in which clonal output of thousands
of genetically barcoded HSCs and HPCs was determined in
old vs. young macaques after autologous transplantation [25,
26]. Delayed output from multipotent clones was observed in
old macaques with persistence of lineage biased clones noted;
in contrast to aging studies in mice which showed persistence
of myeloid-biased clones with old age, there was persistent
output from both B-lymphoid- and myeloid-biased clones.
Whether or not macaque vs. mouse differences were due to
aging differences between species requires further investiga-
tion as these studies [25] were based on only two old ma-
caques 18 and 25 years of age, which were considered “aged”
on their lifespans of captivity of 20-30 years.

The multipotential progenitor (MPP) cell compartment is a
composite of 4 different cell types, with the MPP4 compart-
ment being considered to be lymphoid-primed [27]. A yet to
be understood observation in context of lymphoid-biased ag-
ing studies is the progressive loss and increased cycling of the
MPP4 population with aging; other cells and factors may be
involved in lymphoid-biased output from engrafted aged
HSCs.

Two intriguing reviews on HSC aging are entitled: “The
slippery slope of hematopoietic stem cell aging” [30], and
“Age-related clonal hematopoiesis: Stem cells tempting the
devil” [29]. The latter review touches on clonal hematopoiesis
of indeterminate potential (CHIP), an area that will be covered
in detail in Section C, and is associated with increased risk of
hematological cancers, as well as that of the mortality associ-
ated with cardiovascular problems. A number of other more
recent reviews are worth noting including: “Aging of hema-
topoietic stem cells” [31], “Anemia at older age: ctiologies,
clinical implications and management” [32], “Aged murine
stem cells drive aging-associated immune remodeling” [33],
“The global complexity of the murine blood system declines
throughout life and after serial transplantation” [34],
“Hematopoietic stem cells aging, life span and transplanta-
tion” [35], “The ageing hematopoietic stem cell compartment”
[36], and “Relationships between aging and hematopoietic
cell transplantation” [37]. All these reviews suggest that inter-
vention in age-related dysfunction of HSCs may be possible,
in part by targeting selected intracellular regulatory pathways.
We suggest in Section H, the potential use based on studies in
mice of HSCs and HPCs from older individuals for efficient
hematopoietic cell transplantation (HCT), if the cells are more
appropriately collected and processed under conditions that
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maintain their in vivo numbers and functional characteristics
[40—42]. How these cells are collected may be crucial, as cells
are currently collected in almost all mouse studies, except
those noted by us [40—42], and in all human studies, in ambi-
ent air (~21% O, tension). Collection of cells in ambient air
subjects them to a phenomenon which we termed Extra
Physiological Oxygen Shock Stress (EPHOSS) [40, 41].
Ambient air causes the very rapid loss of HSCs and a con-
comitant increase in numbers of HPCs due to EPHOSS-
induced differentiation of HSCs [40]. This differentiation pro-
cess during collection of cells in air occurs within minutes,
and may likely be needed to be considered in interpretation of
at least some of the published information presented. This
may require some re-evaluation of past studies to ensure that
studies accurately describe the situation of numbers and func-
tions of these cells as when they are present in their BM
microenvironment, before removal for collection and analysis,
as we reported in [1] and discuss in Section H.

C) Age-Related Clonal Hematopoiesis
of Indeterminant Potential (CHIP)
and Inflammation

Age-Related Clonal Hematopoiesis

CHIP, also known as age-related clonal hematopoiesis
(ARCH), is characterized by expansion of somatic mutations
in various hematopoietic lineages of older persons and is as-
sociated with risks of developing leukemia [43], as well as
other age-associated disorders including cardiovascular dis-
ease [44]. Human aging is associated with an exponential
increase in the occurrence of CHIP in aged individuals. It is
an emerging public health issue that affects at least 15-20% of
individuals aged 70 or above [43-59]. A number of reviews
and reports on clonal hematopoiesis have been published
[45-59]. This is currently a heavily researched area of inves-
tigation, with the causes still relatively unknown. Clarity is
needed on why some cells with mutations, likely involving
and caused by several factors [57] noted in the below Sections,
persist and/or expand with resultant disorders such as leuke-
mias, myelodysplasias, and cancers associated with aging
individuals.

The vast majority of the mutations identified in CHIP are
dispersed across the genome. However, five genes, including
DNMT3A, TET2, ASXLI, JAK2, and TP53, have high num-
bers of somatic mutations [54—59]. The most common base-
pair change in the somatic variants identified in CHIP was a
cytosine to thymine (C to T) transition, a somatic mutational
signature of aging [54-56]. CHIP is an age-dependent risk
factor for both hematological malignancies and cardiovascular
disease [53—59]. Thus, preventing CHIP progression may
prove to be beneficial for human health. However,

mechanisms by which somatic mutations in HSCs and other
blood cells contribute to the pathogenesis of age-related dis-
eases are largely unknown.

Clinical studies revealed that hematopoietic clones harbor-
ing specific mutations in individuals with CHIP may expand
over time [54-58]. However, how different cellular stressors
affect clonal expansion is largely unknown. Recently, three
different stressors, including hematopoietic transplantation,
cytotoxic therapy and inflammation, have been shown to ex-
pand hematopoictic clones. 7P53 mutations identified in
CHIP confer a competitive advantage to HSCs and HPCs
following transplantation through modulating epigenetic path-
ways [52]. Considering that common mutations identified in
CHIP affect epigenetic modulators, including DNMT3A,
ASXLI, and TET2, these findings underscore the importance
of dysregulated epigenetic control in CHIP development.

PPMI1D is a phosphatase that negatively regulates p53 and
several proteins involved in the DNA damage response
(DDR) pathway [60]. Recently, PPM1D mutations were
found in CHIP [54-58]. PPM1D mutations result in the ex-
pansion of PPMD-mutant hematopoietic cells following che-
motherapy treatment. However, they do not confer competi-
tive advantage to HSCs and HPCs following bone marrow
transplantation [61, 62]. TP53 mutations are associated with
prior exposure to chemotherapy [63]. Genotoxic stresses se-
lectively expand 7P53-mutant HSPCs [50, 64]. While both
p53 and PPMID are involved in the DDR pathway, they ap-
pear to play distinct roles in promoting of HSCs and HPCs
expansion.

The Effects of Chronic, Low-Grade Inflammation
Associated with Aging

During aging, chronic and low-grade inflammation -
inflammaging - develops, which contributes to the pathogen-
esis of age-related diseases [65, 66]. Aberrant innate immune
activation and pro-inflammatory signaling within the malig-
nant clone and the BM microenvironment have been identi-
fied as key pathogenic drivers of myelodysplastic syndrome
(MDS), an age-related disease [67]. Mutations identified in
CHIP may utilize cell extrinsic mechanisms to promote clonal
hematopoiesis. For example, TET2-deficient macrophages
exhibit an increased in NLRP3 inflammasome-mediated inter-
leukin-13 secretion [68]. Inflammasomes are multiprotein
complexes that activate Caspase-1 and increase the release
of pro-inflammatory cytokines such as IL-13, leading to
caspase-1-dependent death, known as pyroptosis [69]. HSCs
and HPCs from low to high-risk human patients with MDS
manifest activated NLRP3 inflammasome [70]. NLRP1
inflammasome activation increases IL-1[3 secretion that in-
hibits wild-type HSPC function through inducing pyroptosis
[71]. The NLRP1 inflammasome, but not the NLRP3
inflammasome, is specifically activated in p53 mutant
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HSPCs, leading to increased secretion of IL-1[3, which in-
duces pyroptosis of wild-type HSPCs in a paracrine fashion
(YL and HEB, unpublished data). Tet2-deficient hematopoi-
etic stem and progenitor cells manifest a hyperactive IL-6
pathway, which promotes cell survival under basal conditions
and in response to inflammatory stress. Inhibiting inflamma-
tory signaling in Tet2 mutant preleukemic cells mitigates
stress-induced abnormalities and clonal hematopoiesis [72].
Splicing of pre-mRNAs by the spliceosome plays a key
role in tissue development [73, 74]. Genome wide splicing
analysis revealed an increased number of spliced genes during
aging [75, 76]. Changes in spliceosome gene expression and
alterations in pre-mRNA splicing are associated with lifespan
in mice and humans [77]. Notably, both human and mouse
HSPCs display dysregulated pre-mRNA splicing with age
[78, 79]. Further, spliceosome gene mutations, including
SF3BI, SRSF2 and U2AF1, were frequently found in CHIP
and MDS [54-57, 80-82], implicating that aberrant splicing in
hematopoietic cells may contribute to CHIP and pathogenesis
of MDS. Although both SRSF2 and SF3BI mutations alter
mRNA splicing, these mutations functionally converge with
hyperactivation of NF-kB, a key mediator of the inflammatory
response [83]. These findings underscore the importance of
chronic inflammation in promoting CHIP development during

aging.
Inflammation

Inflammation is a double-edged sword in hematopoiesis and
disease. The hematopoietic system gives rise to the immune
cells of the body and is, therefore, closely linked to inflamma-
tion. Even at early stages of hematopoietic development, in-
flammatory cytokines, such as interleukin-1 (IL-1),
interferon-y (IFN-y), tumor necrosis factor (TNF), and gran-
ulocyte colony stimulating factor (G-CSF), play critical roles
in the specification of hematopoietic stem cells (HSCs) [84].
Remarkably, different levels and combinations of inflamma-
tory signaling molecules can elicit opposing responses, sug-
gesting that context may be significant. For example, while
IFN-y and TNF are linked to bone marrow failure and de-
creased self-renewal capacity in adults, they enable hemato-
poiesis during development [84]. Under normal conditions in
the mature hematopoietic system, cytokines influence HSC
proliferation, differentiation, and self-renewal [84]. IFN-y,
IL-3, and IL-1 can influence the differentiation of HSCs to-
ward myeloid lineages by activating myeloid transcription
factors [84]. These same inflammatory factors stimulate he-
matopoiesis to support the immune system during infection
and injury in a process called emergency granulopoiesis [85].
This process leads to the expansion of myeloid cells, which
serve as the first line of defense against foreign pathogens
[85]. These mechanisms rely on inflammatory mediators and
are essential for maintaining homeostasis.
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While inflammation enables hematopoietic development
and stimulation of HSCs during illness and injury, it also
contributes to pathogenesis and disease progression. During
infection, inflammatory signals, such as IFN-y and IL-27,
trigger the proliferation and differentiation of HSCs to bolster
the immune response either by acting directly on HSCs or
indirectly via mature hematopoietic cells, endothelial cells,
or the bone marrow microenvironment [86—-90]. However,
prolonged bacterial or viral infection can hinder self-renewal
and competitive repopulation capacity, leading to HSC deple-
tion [91, 92]. This exhaustion of HSCs during chronic inflam-
mation may be attributed to increased myeloid differentiation
[93]. Notably, dysregulation of the myeloid cell compartment
also occurs in patients with severe COVID-19 [94]. This
inflammation-mediated HSC dysfunction may occur via the
TLR4-TRIF-ROS-p38 signaling pathway rather than MydS88
signaling, suggesting that the mechanism underlying chronic
inflammation may be distinct from that of emergency
granulopoiesis [91]. In the context of sepsis, activation of
Myd88 caused myelosuppression without significant effects
on HSCs, whereas activation of TRIF strongly inhibited HSC
self-renewal without direct effects on myeloid cells, inferring
cell type-specific effects of these inflammatory mechanisms
[95]. Targeting these two pathways may have therapeutic val-
ue. While foreign infections can alter hematopoiesis by trig-
gering inflammation, the normal microbiome can also influ-
ence the hematopoietic system. See more on this in Section G.
Antibiotic-treated mice exhibit depletion of HSCs and progen-
itor cells as well as anemia, thrombocytosis, pan-lymphope-
nia, and leukopenia [96]. The complexity of the intestinal
microbiome regulates the size of the myeloid cell population
in the bone marrow via Myd88 signaling [97]. The disruption
of these interactions may have implications for the potential
contribution of infection to the progression of preleukemic
conditions to hematological disease. For example, disruption
of the intestinal barrier promotes myeloproliferation in mice
lacking the preleukemic gene Tet2, whereas germ-free Tet2-
deficient mice do not exhibit myeloproliferation [98].
Germline Tet2 loss of function is associated with immunode-
ficiency and lymphoma in children [99, 100]. Importantly,
myeloproliferation was alleviated in Tet2-deficient mice with
loss of intestinal integrity by treatment with antibiotics [98,
101]. Similarly, bacterial signals cause the expansion of HSCs
lacking Tet2 and induce the production of IL-6 from HSCs,
bolstering the role of infection and inflammation in the path-
ogenesis of hematological malignancy [102]. A link to these
effects in aged animals remains to be better elucidated, with
effects of bacteria on tumor progression and metastasis cov-
ered in Section L.

Remarkably, many of the same inflammatory pathways
that guide hematopoietic development and strengthen the im-
mune system under normal conditions can also drive leukemia
in the context of infection or other inflammatory conditions.
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For example, IL-6 facilitates the development of chronic
myelogenous leukemia in mice, and IL-33 contributes to
myeloproliferative neoplasms by altering myelopoiesis
[103, 104]. In addition, inflammation can cause genotoxic
stress, the accumulation of mutations, and the progression
of preleukemic conditions to leukemia [105, 106]. An un-
explored area is the elucidation of the factors and events
responsible for the transition from the normal inflammato-
ry response to the deleterious inflammation that can pro-
mote hematological disease. As during hematopoietic de-
velopment, the context of the inflammatory response may
be important in shaping disease outcomes. For example,
chronic IL-1 signaling can reduce HSC self-renewal, limit
hematopoietic lineages, and impair the response of HSCs
to replicative challenges [107]. A recent study of MDS
indicates that inflammation acts as a selective pressure that
specifically fosters expansion of preleukemic or malignant
HSCs compared to normal HSCs [108]. Distinct hemato-
poietic cell subtypes may exhibit differential responses to
specific inflammatory signaling molecules, further
supporting heterogencous HSC populations that can drive
leukomogenesis [84, 109].

The effect of inflammation on HSCs has valuable implica-
tions for age-associated diseases, as older individuals exhibit
elevated levels of inflammation [110]. Inflammation plays a
significant role in expansion of HSC clones carrying
preleukemic mutations in CHIP. Characterized by acquisition
of somatic mutations in hematopoietic linecages with age,
CHIP is associated with both hematological malignancy and
cardiovascular disease (CVD), broadening the role of
preleukemic mutations in disease states [111, 112]. The pro-
inflammatory response observed in HSCs carrying
preleukemic mutations indicates the existence of intrinsic
mechanisms of inflammation for HSCs [102, 113, 114]. The
addition of a pro-inflammatory preleukemic mutation can alter
the presentation of hematological malignancy [115]. It has
been proposed that HSCs and mature hematopoietic lineages
propagate the inflammatory response via a feedforward mech-
anism, in which inflammatory signals from one cell type am-
plifies the other [116]. Pro-inflammatory macrophages secret-
ing IL-1x enable CHIP-associated CVD, underscoring that
some of the same pathways involved in hematopoietic homeo-
stasis and leukemogenesis also contribute to the non-
hematopoietic manifestations of CHIP [68]. In addition, as
in emergency granulopoiesis, aging promotes myeloid expan-
sion, further emphasizing potential mechanistic overlap [109].
While intrinsic factors appear to be important to the inflam-
matory response involved in the pathogenesis of CHIP-
associated diseases, extrinsic mechanisms may also influence
this process as the conditioned media from aged mesenchymal
stromal cells impairs the function of young HSCs [117]. In
addition to acting directly on HSCs, inflammation can also
remodel the bone marrow microenvironment, which regulates

hematopoiesis [118]. Additional studies are needed to under-
stand the ways in which these pathways are altered during
aging and pathogenesis, and how they may be modified for
health benefit.

Elderly populations may be uniquely susceptible to the
effects of inflammation and CHIP as comorbidities and
CHIP are more common in aging individuals. Several comor-
bidities with inflammatory components, such as ulcerative
colitis, rheumatoid arthritis, and systemic sclerosis, have been
linked to increased clonal hematopoiesis [119—121]. Pro-
inflammatory features of CHIP-associated HSCs/HPCs may
influence outcomes of hematopoietic stem cell transplants,
leading to cytopenias, chronic graft vs. host disease, and/or
donor-derived leukemia (DDL) [122]. These patient popula-
tions may especially be vulnerable to development of hema-
tological malignancies and CHIP-associated diseases fol-
lowing infection, as infection may exacerbate the
existing inflammatory response in these patients.
Inflammation may be a key factor contributing to the
heterogeneity observed in hematological malignancies
and CHIP-associated diseases and should be considered
in the clinical management of patients with these con-
ditions. In particular, differences in the clinical presen-
tation between donors and recipients that develop DDL
highlight the potential role of inflammation and comor-
bidities in promoting leukemogenesis. It is yet not
known if these different sources of inflammation influ-
ence hematological malignancies and CHIP-associated
diseases via common mechanisms.

Intrinsic and extrinsic sources of inflammation may repre-
sent potential therapeutic targets for hematological malignan-
cies and CHIP-associated diseases. Inhibition of inflammation
can impede clonal expansion in response to inflammatory
stimuli [102]. Blocking inflammation may also be a valuable
therapeutic approach in CVD, as inhibiting IL-1 receptor sig-
naling from pro-inflammatory macrophages can prevent
CHIP-associated CVD in mice [68]. It is currently unclear
whether suppressing inflammatory HSCs or mature hemato-
poietic lineages is more effective. Inflammatory signals from
the bone marrow microenvironment may also be viable ther-
apeutic targets but have not yet been investigated. A more
thorough understanding of the timing of the inflammatory
response and the cell types involved will facilitate the effective
inhibition of inflammation in hematological malignancies and
CHIP-associated diseases. Strategies to both prevent patho-
genesis and to treat existing disease will be valuable. A critical
aspect of targeting inflammation in these disease contexts will
be to maintain the normal inflammatory response necessary
for responses to infection and injury while targeting aberrant
inflammatory pathways that promote disease; however, addi-
tional studies are needed to elucidate factors governing these
processes. Thus, Inflammation acts as a dysregulator of tissue
maintenance and regeneration during aging as evidenced by
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the fact that HSC do not regenerate well after inflammatory
challenge [123].

D) DNA Damage, Transcriptional,
and Epigenetic Changes During Aging

DNA damage accumulates with age, and defects in DNA
repair can cause cellular changes that resemble a premature
aging phenomenon [124—127]. Tables on selected models of
premature aging in mice and their common features have been
summarized in a review [126] and p53 implicated in DNA
damage [87]. While DNA damage to HSCs and HPCs during
aging is clearly impacted, such damage to the microenviron-
mental niche cannot be overlooked [124]. Transcriptional
changes in stem cell populations have been profiled for
HSCs and other stem cell types, but it is not clear yet if a
common age-related signature has been identified [12]. A role
for epigenetics in the aging process is also considered [128].
Epigenetic hallmarks of aging and senescence have been
diagrammed, as have been the pros and cons of using model
systems to study aging and senescence in a variety of species,
along with a short listing of repositories and tools for evaluat-
ing a role for research in the aging process [128].

Repair of damage has been shown to offset deficient HSC
function during aging [129]. This was especially apparent
under stress conditions, in which DNA damage led to loss of
the potential of HSC reconstitution, proliferative capacity,
self-renewal activity, enhanced apoptosis, and then exhaustion
of function [129]. It was suggested that the accrual of DNA
damage may be a means contributing to HSC functional de-
fects of these cells to respond to acute stress or injury [129].

A shift from canonical to non-canonical signaling by Wnt,
in response to elevated expression of Wnt5a was associated
with the process of HSC aging [130]. Treatment of cells from
young mice with Wnt5a induced aging associated HSC
apolarity, reduced their capacity for regeneration, and resulted
in a age-related shift in myeloid/lymphoid differentiation, that
was associated with activation of the GTPase Cdc42 [130].
Moreover, haploinsufficiency of Wnt5a resulted in the atten-
uation of the aging phenotype of HSCs [130]. Other studies
defined replication stress as a driver of functional declines in
HSCs during aging [131]. This was associated with decreased
expression of mini-chromosomal maintenance helicase com-
ponents and altered DNA replication fork dynamics [132].

There are reports on a role for epigenetics in abnormalities
associated with HSCs in old mice [132—135]. While the de-
cline of HSC function seemed to be dependent on their pro-
liferative history, it was noted to be independent of the length
of their telomeres [133]. HSCs from old mice manifested re-
duced signaling of transforming growth factor-beta with
changes in genes involved in proliferation and differentiation
of HSCs [135]. HSCs from old mice had broader peaks of
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H3K4me3 with increased methylation of DNA at the tran-
scription factor binding sites that were associated with genes
involved in promotion of differentiation, and a reduction of
genes associated with maintenance of HSCs [135]. Ribosomal
biogenesis was found to be a particular target of this age-
related HSC phenotype; there was increased transcription of
ribosomal protein and RNA genes, and the hypomethylation
of genes for ribosomal RNA [135].

Proteosome analysis [136] and single-cell RNA sequenc-
ing [137] have been performed on HSCs from old mice. How
much these analyses really inform us about the prime drivers
in HSC dysfunction remains to be determined, especially
since the cells were collected in ambient air prior to analysis,
which may not be optimal for assessing physioxia associated
effects [1]. Of some interest, deletion of inhibition of DNA
bindingl (Id1), a helix-loop-helix transcription faction
protected HSCs from both the effects of stress-induced ex-
haustion and that of aging [138].

E) Metabolic Processes, Mitochondria
and Reactive Oxygen Species (ROS)
During Aging

Metabolism, mitochondria and ROS are important aspects of
HSC function [40, 41], as well as for other stem and progenitor
cell types [139-141]. Aging is associated with extensive
changes in metabolism [75-77]. A short report questioned
whether or not metabolic mechanisms of stem cell mainte-
nance might explain aging and its associated impact on stem
cells [142]. Another review concentrated on mitochondrial
contributions to dysfunction of somatic stem cells in general
and in context of aging [143] and a review on mitochondrial
metabolic checkpoints and aging of HSCs implicated mito-
chondrial maintenance mechanisms including mitophagy and
asymmetric segregation of “aged”” mitochondria [144]. This is
an area that clearly requires more detailed investigation, al-
though it has been suggested that mutations in mitochondrial
DNA are not a primary driver of stem cell aging [145].

ROS has been implicated in various stem cell functions [40,
41, 146-148], and STAT3, mitochondrial dysfunction, and
overproduction of ROS has been associated with a rapid
aging-like phenotype [149]. Symmetric divisions of stem cells,
including HSCs, results in increased stem cell numbers with
maintenance of stem cell characteristics of the original “moth-
er” cell. However, asymmetric division of stem cells can result
in one daughter cell maintaining the original stem cell charac-
teristics of the “mother” stem cell, while the other cell can be a
more differentiated progenitor cell. To assess selective appor-
tioning of subcellular contents between “daughter” cells using
mammary stem like cells, it was found that “daughter” cells
that received fewer “old” mitochondria were associated with
maintenance of stem cell traits; inhibition of mitochondrial
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fission disrupted age-dependent subcellular localization and
segregation of mitochondria with resultant loss of stem cell
properties in the progeny [150]. It is not clear if such studies
with mitochondria apportuning between HSCs undergoing
symmetric or asymmetric divisions have yet been done, but it
is certainly an area of interest if done in context of HSC from
young and old bone marrow HSCs, and their collection and
processing under physioxia conditions as noted [1].

There is still much to be learned regarding how stem cells
maintain metabolic homeostasis. The unfolded protein re-
sponse has been implicated as modulating the HSC pool dur-
ing stress [151], but has apparently not yet been evaluated in
HSCs from aged mice. However, a regulatory branch of the
mitochondrial unfolded protein response, mediated by the in-
terplay of the sirtuin, SIRT7 (more on sirtuins in Section F),
and nuclear respiratory factor 1 (NRF1) which is a master
regulator of mitochondria, was interrogated in HSCs [152].
It was noted that inactivation of SIRT7 resulted in reduced
quiescence, increased mitochondrial protein folding stress,
and decreased regenerative capacity of HSCs. Moreover, ex-
pression of SIRT7 was decreased in HSCs from old mice, and
up-regulation of SIRT7 in the aged HSCs improved their re-
generative capacity. This implicated the mitochondrial unfold-
ed protein response-mediated metabolic checkpoint as a con-
tributor to HSCs in old mice [152]. In addition, mitochondrial
DNA polymerase, when defective, has been associated with
premature aging in mice [153], but how, if at all, this relates to
HSC function from old mice remains to be determined.

Thioredoxin-interacting protein (TXNIP) is a 397 amino
acid residue, belonging to the arrestin family of proteins. It
has been reported to regulate HSC quiescence and mobiliza-
tion after stress [154—156], and is likely to be involved in HSC
function, but has not to our knowledge been extensively in-
vestigated. Reasons to evaluate this during aging is that
Txnip”™ mice have decreased HSC reconstitution resulting in
HSC exhaustion, effects associated with hyperactive signaling
of Wnt, an active cell cycle, and reduced expression of
p21°P! These stresses also affect the BM microenvironment
resulting in decreased expression of CXCL12 (a chemotactic
and homing chemokine)- and osteopontin-mediated interac-
tions between HSCs and the BM [154]. TXNIP helps to main-
tain the pool of HSCs by functional switching of p53 after
oxidative stress, effects that have been reviewed [155].

There is much to be learned regarding metabolic influences
in aging, and molecular mechanisms underlying aging effects
on HSCs still remain unclear. Elevated activity of the small
RhoGTPase cdc42, previously noted by the investigators in
another paper was linked casually to effects on HSCs in old
mice [152], with a correlation of the loss of polarity in these
cells. Moreover, by inhibiting cdc4?2 activity by pharmacolog-
ical means, it “rejuvenated” the aged populations of HSCs by
increasing the percent of polarized cells and restoring the level
and spatial distribution of histone H4 lysinel6 acetylation

such that it was similar to that in HSCs isolated from young
mice [152, 157]. This information further identified epigenetic
regulatory changes in functional effects of HSCs from old
mice, and may relate to metabolic changes.

Other studies linked the interaction of ROS dependent DNA
damage, mitochondria, and p38 MAPK with senescence of
adult mesenchymal stem/stroma cells (MSCs) from humans,
with pharmacological inhibition of p38 MAPK partially recov-
ered the senescence phenotype by partial prevention of hydro-
gen peroxide-induced senescence [158]. How linked senes-
cence phenotypes are to the function of HSCs in aged persons
remains to be determined. Somatic cell mitochondrial DNA
(mtDNA) mutations contribute to such age-related disorders
as those associated with myelodysplasia (MDS), and it was
noted that the mito-protective effect of autophagy was im-
paired in erythroid cells of old mice [159]. mtDNA-mutated
mice had somatic mtDNA mutations that were a targeted de-
fect in the function of proofreading mtDNA polymerase,
PolgA, and developed macrocytic anemia similar that seen in
MDS patients. Mechanistic insight into these processes was
reported [159], but whether or not these processes reflected
changes in HSCs from old mice was not explored.

F) Apoptosis, Autophagy, Radiation,
and a Role for the Sirtuin Family of Proteins
During Aging

Aging-Related Apoptosis and Autophagy

Apoptosis, the phenomenon of programmed cell death, and
autophagy, a self-degrative process responsible for eliminat-
ing cytosolic constituents such as long-lived proteins, aggre-
gated proteins, and damaged organelles (mitochondria, ribo-
somes, peroxysomes) [160] have been linked to functional
changes noted during aging [161, 162] and HCT [163].
Autophagy is associated with repair pathways that can protect
hematopoiesis from injury due to nuclear radiation [164, 165].
Inhibition of autophagy by genetic manipulation was associ-
ated with normal and pathological aging, with its inhibition
compromising the “longevity-promoting” effects of restriction
of calories, the activation of SIRT1, inhibition of insulin and
insulin growth factor signaling, and the administration of
rapamycin, resveratrol, or spermine [161]. Autophagy was
shown to maintain the metabolism of HSCs from both young
and old mice [164]. These influences were not noted in all
HSCs from old mice, with about a third of HSCs from aged
mice demonstrating high autophagy levels being associated
with a low metabolic state and high potential for regeneration
[165]. This suggests that not all HSCs in aged mice are func-
tionally compromised, an important point in aging HSC re-
search that can be overlooked when studying HSCs from old
mice at a total HSC population level. It is known that there are
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subsets of rigorously purified HSC populations that differ in
mitotic history [166], and intracellular characteristics [1].
FOXO04 was suggested as a pivotal agent in the area of cellular
senescence [167]. Using a FOXO4 peptide that disrupted the
FOXO4 interactions with p53 in vivo where it was tolerated,
restored certain functions in naturally aged and in fast aging
Xpd™™ T mice. How this relates to HSCs in old mice re-
mains to be evaluated.

Mitophagy is a process that is evolutionary conserved in-
volving autophagic targeting and clearance of mitochondria
that are destined for removal [168]. It is induced by short
ubiquitin chains on the mitochondria [169]. Reviews on this
process have been reported [168, 169] and discuss how met-
formin, an oral diabetes medication, both enhances and nor-
malizes mitochondrial function that leads to alleviation of in-
flammation associated with aging [170]. What remains to be
determined is if there is a role for mitophagy in HSC and HPC
during aging, and if this can be modulated for health benefit.

Radiation Effects and Aging

Like aging, exposure to radiation is an additional stressor to the
hematopoietic (H) system, the most sensitive tissue in the body
to radiation damage. Therapeutic radiation, nuclear accidents,
and malicious exposure from radiologic-warfare put mankind at
risk for life-threatening acute radiation syndromes (ARS) and
the delayed effects of acute radiation exposure (DEARE) in
those fortunate to survive ARS. H-ARS, due to direct and indi-
rect effects of radiation exposure on all classes of hematopoietic
cells, leads to death within weeks if untreated [171, 172].
Hematopoietic DEARE, also known as residual bone mar-
row damage (RBMD), is characterized by diminished immu-
nity and decreased production of blood cells persisting for
years after radiation exposure [173—179]. Survivors of H-
ARS exhibit severe lifelong damage to HSC, characterized
by significantly decreased complete blood count, loss of
HSC repopulating potential, loss of HSC quiescence, de-
creased numbers of HPC, and dramatic myeloid skewing, all
most evident under stress [173—183]. An increased incidence
of lymphoid malignancies, shortened life span, decreased
mesenchymal stem/progenitor cell (MSC) number, and aber-
rant levels of endothelial cell-derived HSC niche proteins in
aged H-ARS survivors have also been documented (Orschell,
unpublished data). Long-term damage to the HSC-supportive
niche also likely contributes to HSC dysfunction and RBMD.
As enhanced cycling of HSC is believed to lead to loss of self-
renewal potential and is detrimental to engraftment potential
[184], it seems likely that the enhanced cycling of HSC from
H-ARS survivors is a major contributor to RBMD. These data
illustrate an unrecoverable loss of HSC self-renewal and dif-
ferentiation potential, the two hallmarks of HSC [185-191], in
survivors of H-ARS and suggest that compensatory
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mechanisms of hematopoietic support cannot overcome the
“second hit” imparted by aging [14, 124, 129, 192, 193].

The DEARE are generally thought to result from persistent
inflammation and chronic oxidative stress [194-201], leading
to fibrosis [202] and loss of stem cell self-renewal functions.
Indeed, elevated levels of pro-inflammatory cytokines associ-
ated with oxidative stress [203] have been reported in
Japanese atomic bomb survivors [198, 202]. Other studies in
atomic bomb survivors have shown possible reductions in self
renewal capability of HSC secondary to dose-dependent DNA
damage [204], as well as detriments in immune function
[205], corroborating mouse H-ARS data. NAD(P)H oxidase,
xanthine oxidase, and mitochondria have all been implicated
as primary oxidant sources in various models and conditions
[203, 206-208], and ROS has been documented in HSC post-
irradiation as well [181]. NF-kB, one of several transcription
factors activated by ionizing radiation [209], plays a central
role in inflammation [210], is activated by oxidative stress and
induces oxidative stress through interactions with cytokines
[211], creating a potential feed-forward mechanisms to main-
tain chronic inflammation and oxidative stress.

Cellular senescence, and its associated oxidative/pro-
inflammatory phenotype, has recently emerged as a causative
mechanism of DEARE [211-214], making senescent cells a
new therapeutic target for RBMD and other DEARE.
Importantly, senolytic drugs have the potential to be used as
an effective treatment for DEARE even after DEARE be-
comes a progressive disease [212], but it is not yet clear how
this might be used in and for elderly exposed individuals.

As mice age, like humans, health issues and phenotypic
changes begin to manifest and variability in experimental end-
points increases, necessitating the need for larger group sizes
for sufficient statistical power. For example, mice of similar
strains have been shown to exhibit significantly different life
spans [215, 216] and radiation sensitivities when aged
(Orschell, unpublished data), as well as differing susceptibil-
ities to radiation-induced swollen muzzle syndrome [217], all
depending on the vendor from which they were sourced. Mice
from different vendors have also been shown to possess dif-
ferent fecal microbiota [218], which may contribute to
vendor-specific phenotypic differences. For these reasons, in-
vestigators should consider stringent control of the vendor and
barrier of their mice for aging studies to ensure optimal stabil-
ity of their experimental models.

It is noted that more profound effects of aging may be
produced not by life-threatening ARS (where the majority of
those are exposed to high dose radiation), but rather by mod-
erate or even low dose exposure.

The Role of Sirtuins in Regulating Aged HSC Function

Sirtuins are part of a large family of molecules, some of which
have been linked in longevity/aging studies. The role of the
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sirtuin SIRT1 in stem cell biology, the aging process and in
HSC function in old mice had been reviewed [219]. In this
review it was noted that although the role of SIRTI in
teleomere maintenance was not resolved, its role in mitochon-
dria and generation of ROS was highly implicated. It was
observed that the genetic, hormonal, or drug manipulation of
stem cell mitochondria may be useful as an intervening tool
for manipulating HSCs from old mice. It was later reported
that deficiency of SIRT1 compromised mouse embryonic
stem cell hematopoietic cell differentiation in addition to em-
bryonic and adult mouse hematopoiesis [220]. SIRT1 was
reported to be required for maintenance of HSCs and lineage
specification, in part by the transcription factor FOXO3 [221].
These investigators also suggested that SIRT1 may be in-
volved in HSC function during aging by “delaying” HSC
functional abnormalities [221], but this has not been rigorous-
ly studied. Although the role of SIRT1 and other sirtuins in the
caloric restriction of modifying the aging process have been
extensively reviewed [222-224], such studies do not always
take into account the sex and mouse strains utilized [225]
which could influence the reported results. SIRT3, while
found to be dispensable for maintenance of HSCs and homeo-
stasis of tissues during young age, was reported to be essential
following stress and with the aging process [226]. SIRT3 ex-
pression was decreased with aging and upregulation of SIRT3
expression in HSCs of old mice improved their regenerative
capacity, effects involving a role for mitochondrial homeosta-
sis [226]. As noted above in Section E, SIRT7 in the mito-
chondrial unfolded protein response and aging-associated
changes in HSCs in the old mice were linked [152]. This
was discussed more thoroughly in a short commentary [227].

G) The Microbiome, Hematopoiesis,
and Aging

The microbiome describes microorganisms such as bacteria,
viruses, and fungi that colonize the human and animal body
and influence various biological processes. Most studies that
explored microbiome—hematopoiesis interactions are based
on characterizing HSC and HPC populations in germ-free
(GF) or broad-spectrum antibiotic-treated mice and in human
subjects under prolonged antibiotic regimens or diagnosed
with gut dysbiosis such as inflammatory bowel syndrome
[228-230]. GF mice demonstrated myelosuppression, smaller
HSC, MPP, and common lymphoid progenitor (CLP) popu-
lations, and impaired neutrophils, monocytes, and T-cell func-
tions. Recolonization of GF mice restored immune response
to infection [96, 228, 231]. However, a closer evaluation of
HSCs and HPCs in oral antibiotic-treated mice revealed nor-
mal HSC and HPC populations but reduced mature T cell, B
cell, and granulocyte populations, suggesting impaired differ-
entiation of mature immune cells in microbiota-depleted mice

after oral antibiotics treatment and introduced some discrep-
ancies between animal models used to study the microbiome
[232]. Following HCT, microbiota-depleted recipient mice
immune reconstitution was significantly lower than their con-
trol counterparts [232] supporting the conclusion that the
microbiome plays a role in regulating mature immune cell
development. Several studies have linked the human gut
microbiome imbalance or dysbiosis in conditions such as in-
flammatory bowel syndrome, malnutrition, and obesity to al-
tered hematopoiesis [229].

The microbiome and hematopoiesis have been intimately
linked [233-238]. Gut microbiota are known to sustain hema-
topoiesis [233], microbiota can regulate HSC differentiation
by altering the BM niche [234], and CX3CR1" mononuclear
cells influence HPCs [235]. Reduced mPB is noted in mice
receiving antibiotics [236] and microbiota modification has
been discussed in context of hematology [237]. Moreover,
gut microbiota are known to control bacterial infection by
promoting hematopoiesis [238], but definitive and rigorous
comparative studies on a role of the microbiome on hemato-
poiesis in the young and old are yet to be done.

Bacteria and the microbiome present a not uncomplicated
scenario that has not been adequately addressed in context of
aged hematopoiesis and this needs adequate attention. Certain
bacteria, using that of Fusobacterium nucleatum as an exam-
ple, have been implicated in enhancing metastasis of cancer
cells [239-248]. If such bacteria have this capacity for cancer
cell metastasis, then why not for HSC and HPC, migration
and/or homing an area worthy of investigation.

Up to 15% of patients with a history of prolonged antibiotic
use have suffered hematological adverse effects in the form of
neutropenia, anemia, and pancytopenia [249, 250]. Although
associations between the hematopoietic system and microbi-
ota imbalance is apparent in mice and humans, mechanistic
understanding of this interaction is limited. In the signal trans-
ducer and activator of transcription protein 1 (STAT1) knock-
out mouse, the antibiotic effects on HSC and HPC numbers
were abrogated [96]. In another report, administrating a ligand
of the pathogen recognition receptor 1 (NOD1) restored HSC
and HPC numbers in GF mice [251]. To the authors' knowl-
edge, aged-HSC and HPC function and phenotyping in rela-
tion to the microbiome have not yet been reported in mice or
humans. Aging is associated with perturbation of intestinal
epithelial integrity and upregulation of permeability, allowing
microbiota entrance to the circulation and induces a chronic
inflammatory state in the aged subject. Aging results in
microbiota-associated increases in pro-inflammatory cytokine
levels (e.g., TNF-«, TGF-f3, IL-6, etc), changes in T-cell num-
bers (e.g., Treg, Thl, and Th2 T-cell subsets), and activation
of TLR2, NF-kB and mTOR [252]. Considering how the
well-characterized low-grade, chronic inflammation associat-
ed with aging affects the hematopoietic system, a role for
microbiota promoting such inflammation is a strong
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possibility. How this might regulate hematopoiesis in the
young and old remains an unexplored area to be better studied
in steady- and stressed-states.

H) Additional Age-Related Information
and Means to Better Evaluate/Understand
Hematopoiesis During Aging

Role of Collection/Processing of Cells

Many studies have acknowledged the probable effects of ox-
idative stress on functional changes in stem cells during aging
[253]. This oxidative stress is associated with damage to mac-
romolecules including that of nucleic acids, proteins, lipids,
and carbohydrates that could contribute to changes in HSC
function. This however, did not consider how even the mere
removing of HSC-containing populations of cells from mouse
BM [40], mouse mobilized peripheral blood (mPB) [42], or
human cord blood [40] could so quickly change HSC numbers
and impinge on the function of the removed HSCs. As previ-
ously mentioned, collecting and processing cells under ambi-
ent air conditions for as little as 15 minutes exposes the cells to
extra physiological oxygen stress/shock or EPHOSS.
EPHOSS is associated with increased differentiation of
HSCs to HPCs through a sequence of events involving p53,
the opening of the mitochondrial permeability transition pore,
cyclophilin D, hypoxia inducing factor (HIF)1-alpha and the
hypoxamir, miR210 [40, 41]. By collecting and processing
BM and mPB from mice and cord blood from humans in a
hypoxic chamber set at 3% O, and taking care to make sure
that the cells are never exposed to ambient air conditions, it is
possible to obtain many more phenotyped and functional
HSCs [40-42]. Increased numbers of collected HSCs under
hypoxia has also been reported for BM cells from Fanca™ and
Fance™™ mice [254]. It is possible that some of the EPHOSS-
related effects on HSCs exposed to ambient air can be com-
pensated for by collection and processing of these cells at
~4°C [255]. Such cold collections and processing of human
cord blood and mouse BM cells mimic at least some of the
effects seen during hypoxia collection/processing of cells in-
cluding increased numbers of collected HSCs. However, the
mechanisms involved with preserving HSC numbers/function
following cold collection/processing of cord blood cells have
not yet been worked out and may differ somewhat from that of
physioxia/hypoxia collected/processed cell populations.
Collecting/processing BM cells from old vs. young mice
under different oxygen tensions [1], allowed us to demonstrate
that functional engrafting HSCs from old mouse BM collected/
processed at 3% O, were equal in number to that of ambient air
(~21% O,) collected/processed young mouse BM HSCs.
Perhaps more importantly, the abnormal myeloid to lymphoid
ratio seen when aged BM cells were engrafted into lethally
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irradiated recipient mice in a competitive transplant setting
was not noticeable and completely resembled that seen after
engraftment of young mouse BM. This was consistent with
increased CLP numbers and decreased CMP and GMP num-
bers in the donor BM from old mice following their collection
in hypoxia. These phenomena seen with old BM HSCs
collected/processed in hypoxia, were associated with de-
creased total and mitochondria ROS, and decreased expression
of stress-induced proteins [1]. Hence, aged mouse BM HSC
function may not be as dysregulated as many others have re-
ported, with differences perhaps due to their increased re-
sponse to EPHOSS following ex vivo analysis in ambient air.
A corollary of this may suggest that with the more physiolog-
ical collection and processing of HSCs (a.k.a. in hypoxia con-
ditions, or by means of a physiological strategy (e.g. collecting
cells in the cold [255]) from BM of older individuals may be
more functional in context of clinical HCT than if they were
collected/processed as usual in ambient air O,. It is known that
there are distinct populations of even rigorously purified pop-
ulations of HSCs [1, 256]. Which of these HSC populations
survive EPHOSS effects when cells are collected/processed in
ambient air from young and old mouse BM remains to be
better elucidated. While much more obviously needs to be
done to more mechanistically and physiologically understand
the true state of HSCs isolated from older human individuals or
mice, it may be that much of the literature on aged HSCs needs
to be re-evaluated for their functional status as they are within
their in vivo physioxia microenvironment. Studies to be done
with hypoxia vs. ambient collected HSCs include more in-
depth intracellular events and signaling pathways that include
gene and protein expression profiles, as well as epigenetic
changes, work currently ongoing.

Molecular chaperones and heat shock responses have been
postulated to play a role in longevity and aging [257], but
rigorous studies in the area of aged HSCs are lacking. Age
and organ specific differences in bioenergistics in Brown
Norway rats have been noted [258], and p53 deficiency in-
duces diverse dysregulated processes under physiological
oxygen/physioxia [259], but we know that such events are
influenced by modes of cell collection and processing [40, 41].

The Microenvironment

Not to be ignored in studies of aged HSC:s is the role that their
microenvironment in vivo plays in the functional cellular and
intracellular abnormalities/defects associated with their
engrafting deficiencies and biased differentiation patterns.
The microenvironment niche for HSCs has been studied for
young mice [260], but more in-depth studies of the aged BM
microenvironment is warranted, especially in context of oxy-
gen content [260], as we noted [1]. There is a report of the
rejuvenation of progenitors from old mice when placed into
and exposed to a young BM environment [261], and a more
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recent report demonstrated that degeneration of adrenergic
nerves in BM affects aging of the HSC niche [262], and that
aging in humans alters the special organization between pop-
ulations of CD34" cells (contains mainly HPCs, but also a
small percentage of HSCs) and adipocytes in the BM [263];
this is of potential relevance as increased adiposity is associ-
ated with the aged BM microenvironment and can alter the
functionality of surrounding cells. MSCs showed aging relat-
ed expression of cxcr4 [264], a “homing” HSC/HPC receptor,
but this has not yet been evaluated under conditions of hyp-
oxia collection and processing such as in [40, 41].

Leptin (Lep) and Lep Receptors (R)

Metabolic activities of cells are adaptively regulated by sys-
temic signals that reflect the nutritional status of an organism
throughout its life [265, 266]. This is particularly crucial in the
case of HSCs as they are rare, and they maintain the integrity
of the entire hematopoietic organ system. One way that the
body communicates nutritional cues to HSCs is via systemic
hormonal regulations. Various metabolic hormones have been
documented to influence hematopoiesis, and aging can signif-
icantly alter these metabolic messengers, hence indirectly af-
fecting HSC functional behavior [267-269].

Among them, leptin controls the body energy expenditure
and storage through both central and peripheral mechanisms
[270]. As an adipokine, it is recognized to have broad spectrum
effects on numbers and functions of different immune cells
under homeostasis [271]. Aging is known to be associated with
multiple dysregulations of the immune system, including a de-
clined adaptive immune response [272]. Lep induces gene ex-
pression of pl6, a marker of cellular immunosenescence in
human B cells from young lean adults. These cells also exhib-
ited lowered class switching activity and ability to produce
influenza-specific 1gG [273, 274]. Unfortunately, the study
was limited to in vitro treatment only and did not provide full
mechanistic insights. In line with this finding, it was demon-
strated that lep induced significantly higher levels of IL-10,
TNF-«, and IL-6 from aged human B cells as compared to
young controls, and this effect was mediated through the
STAT3 signaling pathway downstream of lepR activation
[275]. Another group reported that sustainably higher lep levels
were found in LPS-treated older (24 month) compared to young
(2 month) rats, and the old rats showed delayed but longer
febrile response. Elevated lep concentrations were accompa-
nied by increased levels of pro-inflammatory cytokines includ-
ing IL-6 and IL-1Ro; however, it was not determined whether
the increase in lep level was causative and how [276]. Although
lep signaling was consistently reported to be altered in aged
animals, more rigorously designed studies are needed to help
us understand how this well-known proinflammatory neuroen-
docrine adipokine may play any roles in aging-associated im-
munological changes [277, 278].

Beyond its role in immunity, lepR-expressing MSCs in
murine hematopoiesis have been well-characterized as an in-
dispensable source of stem cell factor for maintenance of both
HSCs and more differentiated progenitor cells [279-282]. In
addition, it has been demonstrated that BM adipose tissue
possessed brown fat properties that declined in old or diabetic
mice [283]. It was demonstrated that during the process of
aging or in obesity, MSCs preferentially differentiated into
adipocytes, which impaired hematopoietic recovery [284].
Since BM adipocytes could be a potential source of lep, it is
important to know how BM adipocyte-derived lep can directly
or indirectly alter hematopoiesis as the animal ages. In the
context of HSC biology, we recently discovered that Lepr
marks a small subset of robustly repopulating and self-
renewing long-term HSCs in adult murine BM; Lepr® HSCs
(defined as LSKCD150"CD48") were found to generate equal
myeloid-lymphoid outputs as compared to Lepr HSCs [285].
Given that lepr (OB-R) was also reported to be expressed by
different types of both myeloid and lymphoid leukemic cells
[286-289], it will be intriguing and important to determine
whether aging has a differential selection pressure on
Lepr'HSCs as compared to the rest of total BM HSCs, partic-
ularly in the context of clonal hematopoiesis. Although RNA-
seq data suggested that Lepr"'HSCs and Lepr'MPPs (defined
as LSKCD150°CD48") predominantly expressed the truncated
short isoforms OB-Ra and OB-Rc, it remains to be determined
whether aged HSCs or leukemic cells can express the long
functional isoform OB-Rb (LepR). Future studies with more
mechanistic insight should be able to address these questions,
perhaps providing potential meaningful clinical implications.

More on Inflammation

Aging-related inflammation promoted aging characteristics of
HSCs through a tumor necrosis (TNF)-alpha, ERK, ETS1, IL-
27 receptor (R) pathway [290]. TNF-alpha increases during
aging and induced expression of HSC IL-27R-alpha by ERK-
ETS-1 intracelluar signaling, with deletion of IL-27R-alpha
rescuing functional decline and myeloid bias of HSCs. Old
IL-27R-alpha knockout mice had reduced proportions of
myeloid-biased HSCs. Thus, this is another report implicating
factors external to HSCs that effect the functional capacity of
HSCs from old mice. Somatotrophic/Insulin-Insulin-Like
Growth Factor has also been implicated in aging effects on
stem cells as well, in these cases on a population of very small
embryonic like stem cells [291, 292].

Exosomes
Exosomes are a subset of small extracellular vesicles that
range in size from 30-150nm, that are produced by normal

and malignant cells [293, 294], originate from the endocytic
compartment of producer cells [295], and have emerged as a
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universal intercellular communication system [296, 297].
Exosomes are in a protective protein/lipid bilayer, are deliv-
ered to recipient cells without degradation, and freely cross
biological barriers [296, 297]. Exosomes [298] influence pro-
liferation of HPCs [299], but there is no information on effects
of exosomes on HSCs and HPCs during aging.

Biological Time Keeping and Circadian Rhythms

Biological time keeping [300] and circadian variations are
known to influence numbers of HSCs and HPCs in BM and
blood, but how this might occur in old mice has not yet been
explored. Such studies may be of interest, based on when it is
best to collect HSCs and HPCs from older individuals from
BM and mPB for use in HCT. Studies of circadian deep se-
quencing revealed stress-response genes that adapted to high
rhythmic expression during aging [301], and daily onset of
light and darkness have been reported to manifest control over
HSC maintenance and differentiation [302]. Moreover, circa-
dian host and microbiome interactions have been suggested to
play relevant roles [303]. There is a noted sexual dimorphism
in body clock regulation [304] which has not been adequately
addressed, especially in context of aging, and aged HSCs and
HPCs.

HSC homing to the BM plays an important role in the
engrafting capability of the HSCs [305], and more consider-
ation needs to be given to this capacity of aged HSCs. There
are a number of means to enhance the homing of HSCs for
enhanced engraftment [306—309], but these have not yet been
evaluated in context of HSCs from old mice, or when cells are
collected/processed in hypoxia vs. ambient air. Notably, there
are a number of animal models to study aging, with an exam-
ple being the Ames hypopituitary dwarf mice [7—10], that live
approximately two times longer than that of most other mice.
Imbalanced myelopoiesis was noted in myelopoiesis between
BM and spleen in Ames dwarf mice [310].

1) COVID-19/SARS-CoV-2, Aging,
and Hematopoiesis

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) is the pathogen responsible for causing Coronavirus
Disease 2019 (COVID-19), a disease which has spread world-
wide, infected over 32 million people and claimed the lives of
nearly 1 million people as of September 2020 [311]. SARS-
CoV-2 is a virus which infects cells by binding to cell surface
proteins via its Spike protein that extends out from the viral
envelope, facilitating entry to the host cell and allowing for
viral replication within the cell [312-314]. The most well-
studied presentation of COVID-19 is an infection of the lungs,
with symptoms ranging from a mild cough and fever to a
severe pneumonia [315, 316].
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The prognosis and severity of COVID-19 in patients ap-
pears strongly tied to the age of the patient [317]. The risk for
SARS-CoV-2 infection leading to symptomatic disease rises
dramatically with age. According to the Center for Disease
Control (CDC), as age increases the likelihood of being hos-
pitalized for COVID-19 increases, with adults over 65 having
5-13x higher hospitalization rate [318]. Older people are, as
presently known, also more likely to die from the disease, with
a 90-630x higher death rate in patients over 65 [318], although
it is likely that the full story on this is not yet known. This is
not likely due to older people being more susceptible to infec-
tion, as RT-PCR tests for the presence of SARS-CoV-2 in
mild to moderate cases of COVID-19 demonstrate that the
host cells of younger patients contain more viral RNA than
older patients [319]. A potential interpretation of this is that a
higher viral load is necessary for younger people to display
symptoms compared to older people. This suggests that chil-
dren are equally likely to be infected, but may be less likely to
display symptoms of the disease, likely due to a general lack
of additional contributing factors, possibly including a predis-
position to hematologic disorders.

Understandably, many studies of SARS-CoV-2 have fo-
cused on its infection of and impact on the lungs. However,
it has become increasingly evident that COVID-19 is systemic
in nature [320], affecting many different systems including
primitive and mature hematopoietic cells [317, 321-324].
The impact that the disease has on the hematopoietic system
is evident in the hematological manifestations of COVID-19.
A review looking at hematological factors in COVID-19 pa-
tients found that both lymphocytopenia and thrombocytope-
nia are common symptoms with hospitalized patients [322]. It
is also evident that more severe cases of COVID-19 were
more frequently associated with these hematological factors
[322]. Further, one of the more devastating effects of SARS-
CoV-2 infection is the induction of a "cytokine storm" [325,
326]. Cytokine storm refers to a toxic excessive release of
immune cytokines leading to an autoimmune response.
Thus, there is a strong need to address the mechanisms and
effects of SARS-CoV-2 exposure on primitive and mature
hematopoietic cells and the impact it may have for COVID-
19 patients, especially in older individuals.

Recently it was demonstrated that ACE2 is expressed on the
cell surface of small numbers of HPCs and mature immune
cells [324] and moderate to large numbers of HSCs [323, 324].
Importantly, exposure of human HSCs to SARS-CoV-2 Spike
protein induces increases in expression of inflammatory mol-
ecules such as NLRP3 and IL-1beta [323], indicating that the
cytokine storm may be mediated in part through primitive he-
matopoietic cells. Further, human HSCs and HPCs exposed to
Spike protein ex vivo have decreased capacity for functional
HPC colony formation, exhibit decreased cell growth, and de-
creased expansion of HSCs, HPCs, and functional HPC colony
forming units compared to cells that were unexposed to the



Stem Cell Rev and Rep (2020) 16:1020-1048

1033

viral protein [324]. These effects can be neutralized by co-
treatment with Angiotensinl-7 [323, 324], a peptide linked to
ACE2 regulation of hypertension [327]. The effects of the
SARS-CoV-2 Spike protein on colony forming capacity and
expansion can also be neutralized by treatment with an anti-
body targeting SARS-CoV-2 Spike protein or by treatment
with soluble human ACE2 [324]. Human peripheral blood
mature immune cells also exhibit a response to exposure to
Spike protein ex vivo, with monocytes upregulating CD14
and undergoing aberrant changes in morphology [324]. It is
clear that SARS-CoV-2 does not have to infect HSCs and
HPCs to cause some of the above noted effects of the SARS-
CoV-2 Spike protein [323, 324]. These, and that yet to be
reported, data are important because they may help to explain
the origin of hematological manifestations of COVID-19 such
as lymphocytopenia and thrombocytopenia and provide in-
sight into neutralizing these effects on the hematopoietic
system.

It is very possible that one of the contributing factors to
COVID-19 disease severity in the aged population is due to
the impact of the disease on a hematopoietic system that has
already been accumulating alterations and damage for many
years. Additionally, effects of cytokine storm associated in-
flammation may further damage aged hematopoietic cells,
possibly making them even more vulnerable to the develop-
ment of hematological disorders even after recovery from
COVID-19. The relationships between hematologic manifes-
tations of COVID-19 and age should be further studied, as
should the effects of SARS-CoV-2 exposure on HSC/HPC
and mature immune cells from the aged versus young. It will
also be important to determine whether the hematological
manifestations of COVID-19 may be neutralized by specifi-
cally targeting the effects on the hematopoietic system, thus
potentially relieving some of the disease burden on more se-
verely affected patients, including older patients.

J) Conclusions in Context of Potential Future
Intervention for Better Health
of the Hematopoietic System During Aging

A number of studies have reviewed the aging process in gen-
eral including protein sequestration at the nuclear periphery,
and pathways of cellular proteostasis, the effects of aging on
stem cell populations, and potential therapeutic interventions
including that for aged HSCs [328-334]. Organoids have
been suggested as experimental means to study the process
of cellular aging [335], but much more rigorous work is need-
ed in this area, especially with analysis ex vivo of HSCs in a
relevant physioxia microenvironment BM niche model.

It has been noted that there are molecules in aged blood that
promote the spread of cancer [336] and the accumulation of
methylmalonic acid promotes tumor progression in the aged

[337]. How these phenomenon relate to HSC, HPC, and he-
matopoiesis and pre-leukemia and leukemia, and to effects on
cells collected in hypoxia/physioxia remains to be determined.
A recent book [338] has described the aging process from the
perspective of a long-time investigator in this field and noted
the mTOR, AMPK and sirtuin pathways as main longevity
signaling pathways.

Other considerations in context of aging and hematopoiesis
to be elucidated are: how mitochondrial ROS acts as a double-
edged conundrum for that of host defense in contrast to infec-
tion associated pathological inflammation [339] and its effects
on HSC and HPC [340]. More in-depth insights can be gained
from approaches incorporating single cell multiomics [341]
and what role the mechanoregulation [342] of hematopoiesis
might play during aging and disorders associated with aging.
There is also the question of a role for mitochondrial transfer
from Cx43-expressing HPC to stroma [343] during aging of
the hematopoietic system and its interaction with the bone
marrow microenvironment during regeneration. As noted in
more recent reviews on CHIP [344-346], there is still much
we do not understand about this phenomenon and its relation-
ship to aging and aged hematopoiesis.

Cytokines, Chemokines and Intracellular Signaling

HSCs, HPCs, and hematopoiesis are regulated by numerous
interacting cytokines and chemokines [347], effects mediated
by receptor-induced intracellular signaling (348; Broxmeyer;
submitted solicited review on Cytokines/Chemokines/Other
Growth Regulators and their Receptors, 8™ Edition,
Hematology: Basic Principles and Practice, Eds. R.
Hoffman, et. al., 2020). Some recent intracellular players in-
volved in HSC and HPC function have been reported
[307-309, 349, 350]. However, all such intracellular signaling
events have been carried out with HSCs, HPCs, and immune
cells of young mice, or human CB or human BM or mPB from
younger individuals. Whether or not such regulatory intracel-
lular signaling is similar in cells from old vs. the young re-
mains to be determined, and such studies need to be assessed
with purified populations of HSCs and HPCs, and in context
of such cells isolated and processed under physioxia condi-
tions, so that they are not exposed to ambient air oxygen
which will likely modify the signaling events.

Dipeptidylpeptidase (DPP)4

We had noted that it may be feasible to use HSCs from older
individuals for hematopoietic cell transplantation (HCT) if the
cells are collected so that they are not induced by EPHOSS to
decrease HSC numbers [1] when stressed by ambient air col-
lection [40—42], but are there means to decrease the acute
GVHD associated with allogeneic HCT, which perhaps has
the potential to be more aggressive when donor cells are from
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more aged individuals? Inhibition of the enzyme
dipeptidylpeptidase (DPP)4/CD26 has been shown to enhance
mouse BM HCT and to accelerate recovery after radiation and
selected chemotherapeutic drugs [351, 352] and to enhance
time to engraftment of cord blood (CB) HCT [353-355]. This
enhancement in time to neutrophil engraftment was also asso-
ciated with a decrease in the already low acute GVHD noted
for CB HCT [356]. It is now clear that the orally active DPP4
inhibitor, sitagliptin used in the CB Trials also greatly
dampens acute GVHD in the setting of clinical mPB HCT
[357]. Hence, there may be a role for DPP4 inhibitors such
as sitagliptin in context of aged hematopoiesis and HCT.
DPP4 has also been implicated in exosomes from patients
with acute myeloid leukemia [299]. More in depth informa-
tion on DPP4 during the aging process is clearly warranted.
There are many proteins that have purported DPP4-truncation
sites [358, 359]. This is of relevance as DPP4-trucated pro-
teins can have decreased activity and block the effects of the
full length molecules [352, 360]. Hence, a better undertaking
of DPP4 on hematopoiesis in the old, as well as young, could
uncover additional means to enhance hematopoiesis during
health, aging and disease.

Concluding Thoughts

There are still many unknowns, and still to be elucidated
mechanistic insights to understand changes in hematopoiesis
during aging. Enhanced genomics may provide additional
clues to age-related hematopoiesis [361]. Some of these areas
for further investigation are noted in Table 1. It will likely take

Table 1 Suggested areas of investigation requiring more thorough and
rigorous analysis to better understand HSC and HPC function and
hematopoiesis during the aging process

Listing [In context of physioxia (in vivo microenvironmental hypoxia)
Collection and Processing Analysis [1, 4042, 254] or perhaps
non-physiological cold collection and processing [255] using purified
subset populations of HSCs, HPCs, stromal and accessory cells]:

* Cytokine, chemokine and other growth regulatory factors, and their
receptor-mediated intracellular signaling events

* Role for the enzyme dipeptidylpeptidase (DPP)4/CD26 and perhaps
other enzymes for modifying protein actions

* Gene Expression
* Epigenetics

* Age-Related Clinal Hematopoiesis of Indeterminant Potential (CHIP),
Preleukemia (MDS, MPN), Leukemia

* Metabolism, mitochondria, ROS, apoptosis, autophagy, mitophagy
* Microenvironmental and accessory cells
* Inflammation

* Microbiome

Legend: This is not meant to be a complete listing but a start on areas
needing further investigation.

@ Springer

a multidisciplinary approach to fully understand the causes of
abnormalities associated with the aging process, not only of
the hematopoietic system. This information might at least par-
tially control what might not be the inevitable consequences of
the time- and disease-induced aging process. Future studies of
hematopoiesis and HSCs during the aging process that inves-
tigate these processes in context of their status in an in vivo/
physioxia environment, and ex-vivo under conditions that
more closely mimic their in vivo condition of O, tension and
with microenvironmental niche cell interactions [362] will
bring us closer to better understanding aged HSCs and what
their true functional capacities and abnormalities are. Only
with this enhanced understanding can we truly know how this
information can best be used and better modified, if necessary
and possible, for health benefit.
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