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1. INTRODUCTION

A major distinguishing feature of myelodysplastic syndromes (MDS), the most common form of
acquired bone marrow failure, is the presence of recurrent mutations in one of the genes
encoding a component of the splicing machinery. These mutations are found in 50-85% of
individuals with MDS. However, little is known of their impact on normal and abnormal
hematopoiesis. Our lab studies the signal transduction of Granulocyte Colony Stimulating Factor
Receptor (GCSFR, the gene is CSF3R). The alternative splicing of CSF3R, which is associated
with MDS, provides a robust model to reveal the mechanisms by which aberrant splicing
promotes myelodysplasia and determine cell fate.

2. KEYWORDS

Myelodysplastic Syndromes, Splicing Mutations, CSF3R

3. ACCOMPLISHMENTS

What were the major goals of the project?

Specific Aim 1. Determine the splicing mechanism involved in processing the CSF3R gene
into transcripts encoding a full-length GCSFR and a truncation, differentiation-impaired
GCSFR. We will construct a minigene reporter cassette and test the predicted mechanisms.
We will determine which signaling pathways promote intron retention and permit expression
of full-length GCSFR so to target this step pharmacologically.

Specific Aim 2. Fully characterize the aberrant proximal phosphoprotein and distal gene
regulatory networks and correlate with an in vivo model of a truncated GCSFR. We will
compare the signaling and gene expression profiles in murine and human CD34+
hematopoietic stem cells and correlate phenotypically with a retroviral
transduction/transplantation model by expressing alternative splice form in the context of
Csf3r-/- mice.

What was accomplished under these goals?

o Major activities: Interrogation of splicing factors known to be recurrently mutated in
myelodysplastic syndromes and development of mice, which exclusively express the
alternatively spliced CSF3R.

o Specific objectives: See “Detailed Accomplishments” below for further information.

o Significant results: Identification of CSF3R being affected by SRSF2, U2AF1, S34F,
and by post-translational modification.

Detailed accomplishments

MDS constitute the most common group of bone marrow failure syndromes that are
phenotypically characterized by peripheral cytopenias and hypercellular bone marrow.
Intensive efforts to understand the molecular basis of myelodysplastic syndromes (MDS)
have led to the identification of recurrent somatic mutations in RNA splicing factors 1-6.
MDS constitute the most common group of bone marrow failure syndromes that are
phenotypically characterized by peripheral cytopenias and hypercellular bone marrow.



Intensive efforts to understand the molecular basis of MDS have led to the identification of
recurrent somatic mutations in RNA splicing factors. MDS are molecularly characterized by
high frequencies (>50%) of somatic mutations in splicing factors SF3B1, U2AF1, SRSF2,

and ZRSR2719,

To determine the effect of
splicing factor mutations on
CSF3R splicing resulting in
either the dominant Class |
isoform or alternatively spliced
Class IV isoform, we performed
minigene assays in the cell lines
under conditions indicated in
Figure 1. Figure 1 is a typical
experiment in which the cells
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Figure 1. Representative gel image demonstrating PCR bands for Class | and Class IV CSF3R.

myelodysplastic syndrome
associated mutant form of a splicing factor. The
cells also undergo treatment with either 0.1%
DMSO (control) or 10 nM phorbol myristate (in 0.1
% DMSO) or 1 mM sodium orthovanadate
(Na3Vv0O4, a pan phosphatase inhibitor). PCR is
performed using primers that would identify both
Class | or Class IV. Figure 1 shows a representative
gel image to indicate Class | and Class |V specific
minigene transcripts identified by PCR. Band
intensity of Class | and Class IV is determined using
Image J and a ratio of Class IV:Class | is
determined. Increase in this ratio is indicative of
increase splicing resulting in Class IV vs Class I. In
Figure 2, we observed that treatment with Na3VO4, results in statistically significant
reduction of Class IV levels in reference to Class I. The data suggests that phosphatases
may play a role in splicing towards Class IV. In Figure 3, we demonstrate that expression of
mutant SRSF2 P95H shows a consistently higher levels of Class IV levels in reference to
Class |, even upon Na3V0O4 treatment, and is statistically significant. The data demonstrate
mutation in SRSF2 results in an increase in Class IV levels and negates the effect of
Na3VvO4. A similar trend of increased Class IV:Class | is also observed in the K562 cell line
(Figure 4). Another splicing factor implicated in MDS and CSF3R splicing is U2AF1.
Minigene assay demonstrated a similar increase in Class 1V:Class | levels (Figure 5).
However, unlike the SRSF2 mutant, the U2AF1 mutant is negatively affected by cellular
phosphorylation levels. Both PMA and Na3VO4 treatment show a trend towards reduced
Class IV:Class |. The data suggest that cellular phosphorylation may impede the ability of
U2AF1 mutant in promoting Class IV splicing. The data also suggest that increased
phosphorylation may inhibit mutant U2AF1 activity. We also studied the effect of LUC7L2, a
splicing factor present on chromosome 7. We and others have demonstrated monosomy 7
strongly correlates with increase Class IV levels. To achieve effects under conditions of
monosomy 7, we performed knockdown of LuC7L2 in HEK293 cells. We were able to
achieve maximum knockdown of 80%. We used knockdown of 50% and 80% for our
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H
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Figure 2. Treatment with Na3VO4 decreases Class IV
transcript
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Figure 3. Effect of SRSF2 mutations on the ratio of Class IV:Class | ratio in HEK293 cells. Figure 4. Effect of SRSF2 mutations on the ratio of Class IV:Class | ratio in K562 cells.

minigene assay (Figure 6). The data

demonstrate an increasing trend in Class IV:Class | with increasing knockdown of the
LUC7L2.

Collectively the data demonstrate that MDS-related mutations in splicing factors drive
splicing towards Class IV verses Class |. We are currently carrying out studies to perform
real time PCR to obtain more accurate quantitative measure using the minigene assay. In
addition, studies are underway to use hematopoietic cell lines such as HL60, NB4, and
U937 that would be used to determine effect of splicing factor mutations using both the
minigene assay and also the effect on endogenous CSF3R splicing. We have also prepared
the lentivirus to carry out the-add back mouse studies proposed in Aim 2.
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Figure 6. Effect of LUC7L2
knockdown on CSF3R
splicing.

Figure 5. Effect of U2AF1 mutations on the ratio of Class IV:Class | ratio in HEK293 cells.

What opportunities for training and professional development has the project
provided?

A doctoral student, Borwyn “Ann” Wang, is performing this study under the PI's supervision.
She successfully defended her qualilfying thesis on October 3, 2018. Also involved in this
work was a fellow, Francis Austin, who is now an Assistant Professor of Pediatrics
(Hematology/Oncology) at Virginia Commonwealth University. Dr Austin worked on splicing
of U2AF1 in CSF3R and during the course of the year project, she identified, described, and

characterize splicing of TP53 in a child with acute myeloid leukemia and three other primary
cancers.




How were the results disseminated to communities of interest?

Publications: Austin F, Oyarbide U, Massey G, Grimes M, Corey SJ. Synonymous mutation
in TP53 results in a cryptic splice site affecting its DNA-binding site in an adolescent with
two primary sarcomas. Pediatr Blood Cancer 2017; 64(11). doi: 10.1002/pbc.26584.

Oyarbide U, Corey SJ. SRP54 and a need for a new neutropenia nosology Blood,
132:1220-1222, 2018.

Oyarbide U, TopczewskiJ, Corey SJ. Peering Through Zebrafish to Understand Inherited
Bone Marrow Failure Syndromes. Haematologica 104(1):13-24, 2019.

Wojdyla T, Mehta H, Glaubach T, Bertolusso R, Iwanaszko M, Braun R, Corey SJ*, Kimmel
M* corresponding authors. Mutation, Drift and Selection in Single-Driver Hematologic
Malignancy: Example of Secondary Myelodysplastic Syndrome Following Treatment of
Inherited Neutropenia. PLoS Comp Bio, Jan 7;15(1):e1006664, 2019.

Presentations: Ann Wang poster presentation at the Massey Cancer Retreat June 2018;
seminars by Seth Corey at Cleveland Clinic Cancer Biology/Translational Hematology and
Oncology Research, University of Virginia Cancer Center, University of Pittsburgh School of
Pharmacy, Institute of Molecular Genetics and Biochemistry, Seoul National University,
University of North Texas, and 6" International AA&MDS International Symposium.

What do you plan to do during the next reporting period to accomplish the goals?
Make the mouse expressing only class IV CSF3R and characterize the effects on

hematopoiesis and identify the effects of LUC7L2 haploinsufficiency in monosomy 7 with
CSF3R splicing. Write a manuscript.

4. IMPACT

What was the impact on the development of the principal discipline(s) of the project?
We have tentatively identified U2AF1 and tyrosine phosphorylation as a splicing factor and
post-translational modification that regulate the processing of the CSF3R transcript. We
have also identified possible role for SRSF2. This may identify a pathway for therapeutic
targeting in MDS.

What was the impact on other disciplines?

Nothing to report.

What was the impact on technology transfer?

None

Nothing to report.

What was the impact on society beyond science and technology?

Nothing to report.



5. CHANGES/PROBLEMS

e Changes in approach and reasons for change
No changes to report.

e Actual or anticipated problems or delays and actions or plans to resolve them
Dr. Corey and his lab has been recruited to Cleveland Clinic and its world renown biological
and clinical center for acquired bone marrow failure and myelodysplastic syndromes,
headed by Drs. Jaroslaw Maciejewski and Mikkael Sekeres. The lab relocated November 1,
2018, and it is operative as of December 2018. Furthermore, we have already benefited
from establishing a new collaboration with Dr. Richard Padgett, a well-established expert in
RNA splicing. There is a slight delay in getting the mice bred for experiments (the animal
protocol has been submitted).

e Changes that had a significant impact on expenditures
We have carry over due to a delay in getting the grant transferred from Northwestern to
Virginia Commonwealth University and due to salary coverage of a doctoral student who
was covered initially by other departmental resources.

e Significant changes in use or care of human subjects, vertebrate animals, biohazards,
and/or select agents

None.
e Significant changes in use or care of human subjects
None.
e Significant changes in use or care of vertebrate animals
None.
e Significant changes in use of biohazards and/or select agents
None.
6. PRODUCTS
o Publications, conference papers, and presentations
e Journal publications
1. Austin F, Oyarbide U, Massey G, Grimes M, Corey SJ. Synonymous mutation in
TP53 results in a cryptic splice site affecting its DNA-binding site in an adolescent

with two primary sarcomas. Pediatr Blood Cancer 2017; 64(11). doi:
10.1002/pbc.26584.

2. Oyarbide U, Corey SJ. SRP54 and a need for a new neutropenia nosology Blood,
132:1220-1222, 2018.



3. Oyarbide U, TopczewskiJ, Corey SJ. Peering Through Zebrafish to Understand
Inherited Bone Marrow Failure Syndromes. Haematologica 104(1):13-24, 2019.

4. Wojdyla T, Mehta H, Glaubach T, Bertolusso R, Iwanaszko M, Braun R, Corey SJ*,
Kimmel M* corresponding authors. Mutation, Drift and Selection in Single-Driver
Hematologic Malignancy: Example of Secondary Myelodysplastic Syndrome
Following Treatment of Inherited Neutropenia. PLoS Comp Bio, Jan
7;15(1):e1006664, 2019.

e Books or other non-periodical, one-time publications
Nothing to report.

e Other publications, conference papers and presentations
o 2017, Jan 6: Columbia Univ Dept of Pediatrics
o 2017, Mar 14: University of Pittsburgh School of Pharmacy
o 2017, Oct 13: University of Virginia Cancer Center Grand Rounds

o 2017, Dec 10,11: American Society Hematology Education Session, Chair and
Speaker on “Neutropenias”™

o 2018, March 14: Inst of Molecular Genetics & Biochemistry, Seoul National
University

o 2018, March 22: AA&MDS International Symposium Debate: Should you alter
management/treatment based on the presence of acquired mutations in someone
with inherited BMF or leukemia

o 2018, Oct 3: The Role of Alternatively-Spliced CSF3R in Promoting Myelodysplastic
Syndromes (successful qualifying presentation of doctoral student Borwyn Wang)

o 2018, Oct 5: University of North Texas Dept of Biology

o \Website(s) or other Internet site(s)
None.
e Technologies or techniques
Minigene for CSF3R.
¢ Inventions, patent applications, and/or licenses
None.
e Other Products
None.
PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

e What individuals have worked on the project?
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1 | INTRODUCTION

TP53 is the most frequently mutated gene in human cancer.! Encoded
by 13 exons, this gene has many genetic polymorphisms leading to
more than 100 haplotypes and through alternative splicing 12 non-
pathogenic protein isoforms.22 To date, none of the nonpathogenic iso-
forms have splicing alterations in the exons 6 and 7. Most TP53 muta-
tions associated with cancer result from a missense substitution (73%)
leading to an amino acid substitution in the DNA-binding domain.
Other changes include frameshift insertions and deletions (9%), non-
sense mutations (8%), silent mutations (4%), and splice site mutations
(2%; IARC TP53 database).* These mutations typically result in a full-
length protein with either a gain of function or loss of wild-type tumor
suppressive function. Exons 4 through 8 of TP53 comprise the DNA-
binding domain with exons 5 through 7 constituting a hotspot for
cancer-associated mutations.

The classic definition of Li-Fraumeni syndrome includes one
proband with sarcoma less than 45 years of age, a first-degree rela-

tive with cancer prior to the age of 45, and a first- or second-degree

Abbreviations: bm, bone marrow; bp, base pair

Usua Oyarbide! | GitaMassey! |

Margaret Grimes? |

Pathologic variants in TP53 are known risk factors for the development of cancer. We report a
17-year-old male who presented with two primary sarcomas. Germline sequencing revealed a
novel TP53 c.672 G>A mutation. Sequencing revealed wild-type TP53 in the parents, and there
was no history of cancer in first-degree relatives. This de novo synonymous germline mutation
results in a 5’ cryptic splice site that is bound by U1, resulting in a shift of the splice site by 5

base pairs. The frame shift results in a truncated protein at residue 246, which disrupts the DNA-

Li-Fraumeni syndrome, sarcoma, splicing

relative with any cancer before 45 years of age or a sarcoma at any
age.’ Birch and Eeles modified the criteria, leading to the nomencla-
ture of “Li-Fraumeni-like syndrome,” which still requires two relatives
with cancer. TP53 mutations (7-24%) are de novo mutations.®” Carri-
ers with TP53 pathogenic variants have a 40% probability of cancer by
20 years and greater than 90% by 70 years. These mutations produce
an 83-fold risk of developing multiple tumors.8

We describe an adolescent who presented with two different sar-
comas. Sequencing revealed a germline synonymous mutation in the
DNA-binding domain of TP53, which produces a 5’ cryptic splice site
that results in a frame shift in the amino acids translated resulting in a
premature termination at amino acid 246, disrupting the DNA-binding

domain of p53.

2 | CASE REPORT

A 17-year-old fraternal twin male, the product of in vitro fertilization
(IVF), presented with hematuria. He was initially diagnosed with pleo-

morphic sarcoma, most likely a leiomyosarcoma, of the pelvis (Fig. 1A

Pediatr Blood Cancer. 2017;64:€26584.
https://doi.org/10.1002/pbc.26584

wileyonlinelibrary.com/journal/pbc

(© 2017 Wiley Periodicals, Inc. | 1of4
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FIGURE 1

Histopathology of the two primary tumors. Hematoxylin and eosin stain (A and B). The abdominal tumor showed both round cell

(A) and pleomorphic spindle cell (B) morphology. No osteoid was identified. Smooth muscle actin immunohistochemical stain was strongly positive,
favoring leiomyosarcoma. The bone tumor consisted of (C) spindle cells with blood-filled cystic spaces (arrows) and (D) osteoid production (arrows),

consistent with an aggressive telangiectatic osteosarcoma.

and 1B). During the workup for metastasis, he was found to have a
left humeral mass, which was biopsied and determined to be a telang-
iectatic osteosarcoma (Fig. 1C and 1D). His bone marrow (bm) at diag-
nosis had no evidence of disease. He completed five cycles of ifos-
famide/doxorubicin and local radiation, followed by surgical resection,
of the pelvic tumor. His disease progressed postoperatively, and he
died 13 months from his initial diagnosis. There was no family history
of cancer, other than a maternal uncle diagnosed with a glioblastoma

multiforme in his seventh decade.

3 | METHODS AND RESULTS

Following informed consent, the patient and his parents provided
peripheral blood lymphocytes for TP53 DNA sequencing, performed
by GeneDx. Sequencing of DNA from peripheral blood lymphocytes
from the patient, but not his parents, revealed c.672 G>A germline
variant preserving the glutamate at p. 224. However, this mutation
is located at the last base pair (bp) of exon 6. An in silico algorithm
(http://in-silico.net/tools/biology/sequence_conversion) predicts that
this novel mutation produces a 5’ cryptic splice site at an alternative
location.

Total RNA was then extracted from formaldehyde-fixed paraffin-
embedded bm and leiomyosarcoma.? RNA was then transcribed into
cDNA using SuperScript VILO master mix containing random primers
(Invitrogen, Carlsbad, CA). The RNA vyield, as well as the quality, was
low (0.02 and 0.01 ug/ul). Short fragments of <150 bp were ampli-
fied and the best sets amplified 131 bp using nested polymerase chain
reaction (PCR). Primers were designed to amplify the region spanning
exons 6 and 7 junction (Fig. 2A). Amplified fragments were resolved

by MetaPhor agarose gel, which demonstrated doublets (Fig. 2B).
The higher molecular weight band seen in the samples is consistent
with intronic retention (arrow in Fig. 2B). We believe the mutation
is germline due to its presence in the bm where he had no evidence
of disease. However, the expression of the mutant mRNA seems to
be more stable in the bm, whereas the doublet in the tumor has less
definition. The two amplified fragments were isolated from the gel
and sequenced, using Sanger sequencing (GENEWIZ, South Plainfield,
NJ). Sequencing of the 131 bp fragment proved challenging. To better
delineate the mutation in such a small fragments, the fragments were
inserted into the pcDNA3 plasmid (Invitrogen) resulting in sequencing
of the entire fragment. Figure 2C shows the insertion of 5 bp from the
intron in the mutated strand. Supplementary Figure S1 shows sequenc-
ing from the controls samples.

4 | DISCUSSION

We performed a search and surveyed the online TP53 data in IARC
TP53, NCBI dbSNP, and ExAc for mutations and their effects on the
structure of p53 and its DNA-binding site. Other patients harbored
synonymous mutations G>T and G>C at this site. His novel germline
mutations (G>A), we predicted, would result in a splice variant based
on the conserved sequences for splicing at the end of the exon, but has
not been previously described in the literature. The U1 splicing com-
plex binds to the 5" intron-exon border based on conserved sequences.
A mutation in these conserved sequences can result in a shift of the
spliceosome binding site and insertion of intronic sequence into the
mRNA transcript. We have found no reports of our patient’s muta-
tion. Review of the literature found a reported family with a G>A at
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FIGURE 2 Genomic organization of TP53 and strategy of primer design. (A) Diagram to illustrate exons 2-11 of TP53, where the primers are in
relation to the mutation. (B) Nested PCR product (lane 1): the DNA ladder; lanes 2-5: bone marrow (unaffected tissue) PCR done in quadruplicate;
lanes 6-9 tumor: leimyosarcoma in quadruplicate; lane 10: human cDNA; and lane 11: human genomic DNA from an unaffected individual. A dou-
blet is present in the bone marrow and tumor, but the tumor sample has shifted up, indicating a larger fragment. (C) Sanger sequence of the tumor
depicting cryptic splice site after 5 bp intronic insertion, green is the 5’ of exon 6, red is the mutation, blue are the ends of the intron, purple is the

3’ of exon 7, and all three primers

+1 of the intron 6 resulting in an 18 bp insertion.1° Given the con-
served nature of this region and that it is a hotspot for oncogenic muta-
tions, we believe our patient’s pathogenic variant would have trun-
cated the p53 protein in the DNA-binding site resulting in a change in
the binding affinity to the DNA. Truncation mutations 5’ and 3’ of this
site have been reported in adrenocortical carcinoma, sarcomas, and
breast cancer!112 (http://p53.iarc.fr). Most TP53 mutations result in
an amino acid substitution in the DNA-binding domain. The mutations
result in a full-length protein produced with a gain of function. Most
splice variants lead to a loss of function due to exon skipping or early
terminations. Interestingly, this de novo pathologic variant occurred in
an adolescent, who was a product of IVF, but most evidence points to
no increased risk of cancer in children conceived by IVF.13

Limited availability of tissue prevents us from further investigation
whether there are more splice variants in the tumors. The cDNA tumor
bands in the agarose gel were not as defined as they were in the unaf-
fected bm. With the limited amount and quality of the tissue, we have
not been able to answer this question. However, based on the bioin-
formatic analysis, we believe that the de novo synonymous germline
mutation in TP53 resulted in a shift of the exon 6 splice site by 5 bp,
producing a frameshift and premature stop codon at residue 246 in
exon 7. This pathogenic variant likely served as a driver for the two
primary tumors in this patient. A recent report suggests that ~9% of
pediatric cancers have a predisposition due to pathogenic variants. Of
the genes affected, TP53 is the most common.!# Thus, identification of
TP53 germline mutations are important in pediatric cancers and cancer
surveillance. Any child or adolescent with two primary cancers should

undergo genetic testing and subsequent genetic counseling.
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and deneddylation, which removes the
Nedd8 moiety and requires the iso-
peptidase activity of the COP9 signal-
osome.? Among the 6 human cullins
family, the cullin4 (CUL4) subfamily com-
prises 2 members, CUL4A and CUL4B,
which share 83% sequence identity and
functional redundancy. It consists of a RING
finger domain protein, CUL4 scaffold pro-
tein, and DDB1-CUL4 associate substrate
receptors. Recent studies have highlighted
the role of CUL4A complexes in regulating
substrates involved in the cell cycle, signal-
ing, tumor suppression, DNA damage re-
sponse, and chromatin remodeling and
suggested CRL4A as a promising novel
target for cancer therapy.'

CRBN is a substrate receptor protein for
the CRL4A E3 ubiquitin ligase complex,
and drugs like IMiDs have been reported
to be able to inhibit or alter the substrate
specificity of the E3 ligase activity of
CRL4ACREN, Therefore, the identification
of the molecular components that regu-
late IMiDs-dependent activity of CRL4<REN
will allow a better understanding of the
parameters controlling their therapeutic
efficacy and help to identify the mecha-
nisms underlying their resistance. As such,
through an elegant genome-wide CRISPR-
CAS9 screen, the authors identified regu-
lators of cullin-RING ligase neddylation as
well as the elusive CRLAASREN E2 conju-
gating enzymes. By using functional ge-
netics and in vitro assays, they demonstrated
that UBE2D3 primes CRLA®®N target sub-
strates via monoubiquitination, after which
UBE2G1 polyubiquinates them via K48-
linked ubiquitin chains. Furthermore, loss
of UBE2M or members of the COP9 sig-
nalosome resulted in altered neddylation
of CUL4A and impaired lenalidomide-
dependent CRLACREN activity (see figure).

Overall, the results presented here are
novel and pivotal to expand our under-
standing of IMiDs’ mechanisms of action
and likely to elucidate mediators of ac-
quired resistance. Additional questions
remain, including whether other CRL4-
containing E3 ligases utilize UBE2G1/
UBE2D3 conjugating enzymes and what
structural motifs on CRLAREN or its sub-
strates dictate E2 usage and specificity.
Nevertheless, Sievers et al, by CRISPRing
the CRLACREN ring, established key proteins
required for lenalidomide-dependent
CRL4CREN function in MM and provided
us with a deeper understanding of this
ubiquitin ligase function and regulation.
The next step will be to therapeutically

exploit these newly identified targets to
augment or restore the activities of IMiDs
in MM.
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Comment on Bellanné-Chantelot et al, page 1318

SRP54 and a need for a new
neutropenia nosology

Usua Oyarbide and Seth J. Corey | Virginia Commonwealth University School

of Medicine

In this issue of Blood, Bellanné-Chantelot et al noted that mutations in signal
recognition particle 54 (SRP54) cause an inherited neutropenia in 23 indi-
viduals with features of both severe congenital neutropenia (SCN) and

Shwachman-Diamond syndrome (SDS)."

In fact, after ELANE, mutations in SRP54
are the second most common cause of in-
herited neutropenia in the French Con-
genital Neutropenia Registry. Together
with the 3 patients reported by Carapito
et al,? the work of Bellanné-Chantelot et al
adds to our understanding of genetic path-
ways and phenotype correlations of inher-
ited neutropenias, but it raises the question
of how to classify these and other genetic
cytopenias: molecular pathway-based clas-
sification or phenotype-based classification?

The inherited bone marrow failure syn-
dromes constitute a heterogeneous group
of blood disorders that are phenotypi-
cally distinct.® They are true experiments
of nature, enlightening our understanding
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of normal and pathologic hematopoiesis
and often non-hematopoietic tissue de-
velopment. Their importance goes further
with their acting as leukemia and/or can-
cer predisposition syndromes. Molecular
cloning has reinforced phenotype dis-
tinctions by revealing that mutations in
pathways lead to the separate clinical
entities. Fanconi anemia is caused by at
least 20 different genes involved in DNA
damage response, Diamond-Blackfan ane-
mia by at least 15 genes involved in ribo-
somal structure, and dyskeratosis congenita
by at least 10 genes that promote telomere
maintenance and stability.

The inherited neutropenias include SCN,
cyclic neutropenia (CyN), SDS, and a motley
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Defects in the proteostasis pathway lead to inherited neutropenia. Molecular cloning of genetic lesions in individuals with moderate to severe neutropenias have centered on the
biosynthetic pathway for proteins and their folding and trafficking (proteostasis for protein homeostasis). The most common genetic lesion in SDS is the biallelic mutation of SBDS. SBDS
interacts with EFL1 to displace eukaryotic initiation factor 6 (elF6). DNAJC21 stabilizes the 60S ribosome. As part of the SRP complex, SRP54 escorts the nascent polypeptide to the ER
to complete translation and possible posttranslational modification. When defects arise in this prodigious and continuous process, unfolded protein response and ER stress follows. The
most commonly mutated gene in SCN is ELANE, which encodes a serine protease. It is thought that mutated ELANE results in proteins that misfold and cause unfolded protein response.
Through unknown mechanisms of apoptosis and/or differentiation impairment, granulopoiesis cannot be completed in SCN or sufficiently produced in SDS. How SCN and SDS
transform frequently to MD or AML remains inadequately understood. GDP, guanosine diphosphate; GTP, guanosine triphosphate. Professional illustration by Somersault18:24.

group of monogenic disorders.* SCN re-
sults from more than 8 different genes,
which encode a variety of proteins that
have defied easy categorization. Ap-
proximately 50% of patients with SCN
harbor mutations in the neutrophil serine
protease ELANE. Individuals with SCN
typically have recurrent life-threatening
bacterial infections beginning during in-
fancy. The absolute neutrophil count
(ANC) is chronically <200 cells per pL.
Recombinant human granulocyte colony-
stimulating factor (G-CSF [filgrastim])
improves the severe neutropenia and
dramatically reduces the occurrence of
infections. For SCN patients, there is
concern that filgrastim may accelerate
the transformation of SCN to myelodys-
plastic syndrome (MDS) or acute myeloid
leukemia (AML) because of acquired mu-
tations in CSF3R (G-CSF receptor). CyN is
another inherited disorder characterized

by severe neutropenia that occurs every
21 days (the nadir may occur in 14- to 35-day
cycles). Occasionally, erythrocyte and plate-
let numbers display cyclic variations. Al-
most all of the CyN is a result of germ line
ELANE mutations. These individuals typ-
ically present in the first decade of life or
later, with less severe or frequent infec-
tions but annoying mouth sores that re-
solve when the neutropenia abates.

SDS is characterized by short stature and
thin habitus, neutropenia, pancreatic in-
sufficiency, and skeletal anomalies. The
neutropenia is classically moderate (ANC
>500 cells per pl) and can fluctuate.
A minority of patients have infections
and/or depend on filgrastim to maintain
ANC >750 cells per pL. SDS patients
also have a high risk for transformation to
MDS or AML. In up to 90% of patients,
SDS results from biallelic mutations in the

eponymous SBDS gene that encodes an
assembly factor for the 80S ribosome.
Mutational gene discoveries over the
past 2 years in individuals who seem to
have SDS but actually have wild-type
SBDS have been identified: the chaper-
one DNAJC21,5 the elongation factor-
like GTPase 1 (EFL1),% and now SRP54.
All these proteins are, in one way or
another, involved in protein synthesis:
ribosomal RNA (rRNA) or ribosomal
subunit maturation and protein traf-
ficking to the endoplasmic reticulum
(ER). SBDS interacts with EFL1 on the pre-
60S ribosome to promote assembly of
the 80S ribosome from combining the
40S and 60S subunits, DNAJC21 is im-
plicated in rRNA biogenesis and late
cytoplasmic maturation of the 60S sub-
unit, and SRP54 helps to direct proteins
coming off the 80S ribosome and transfer
them to the ER for correct trafficking. The
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signal recognition particle (SRP) itself is a
ribonucleoprotein complex of 6 proteins:
SRP9, SRP14, SRP19, SRP54, SRP68, and
SRP72 (see figure). SRP72 has been as-
sociated with familial aplastic and mye-
lodysplastic syndromes.”

Bellanné-Chantelot and colleagues
showed that SRP54 mutants lead to ER
stress and autophagy. Activation of the
unfolded protein response pathways has
also been described in patients who have
SCN with ELANE mutations. They also
observed a high reduction of pro-
liferation of granulocytic cells and apo-
ptosis dependent on the P53 pathway,
characteristics also observed in patients
with SDS and Diamond Blackfan ane-
mia. Unlike SCN or SDS, none of the
patients with SRP54 mutations (23 cases)
transformed to leukemia, despite high
doses of filgrastim, after a median follow-
up of 15 years. Unlike in SCN or SDS,
none of the 17 patients analyzed by
deep sequencing harbored mutations in
CSF3R, RUNXT1, or TP53, which may be
associated with risk of leukemogenesis.®
How defects in these different pathways
and cellular stress responses cause neu-
tropenia that frequently transforms to
AML or MDS is still not well understood.
Might the risk of leukemic transformation
and the identities of cooperating mutants
exist in mutant SRP54-associated neu-
tropenia? Must they await their emergence
with a longer follow-up?

The title of Bellanné-Chantelot’s article
suggests ambivalence regarding which
class of inherited neutropenia SRP54
mutations fit in: SCN, SDS, or both. In this
series, the median ANC was 220 cells
per pL, and the use of filgrastim was
high (87%) but not universal, unlike with
SCN. In this series, only 2 individuals had
exocrine pancreatic insufficiency, unlike
with SDS. Six (of 23) had clinically sig-
nificant neurologic abnormalities. Mor-
phologically, there was a promyelocytic
arrest, like with SCN and unlike with
SDS. Dysplastic features were common,
perhaps more like SDS.?

Classification of human diseases has ad-
vanced considerably since the ancient
Greeks divided them mechanistically into
the four humors. Next-generation se-
quencing has offered both precision
and complexity to hematologic diseases.
Should one lump or split syndromes? Even
in monogenically defined blood diseases
(eg, sickle cell anemia, hemophilia A, or

SBDS-mutated SDS), how does one ac-
count for phenotypic diversity? Could a
subatomic genetic classification be loom-
ing? Apropos, does an SRP54 mutation
associated with neutropenia belong
to SCN or SDS? Can there be a useful
classification scheme for the inherited
neutropenias, the list of which grows
seasonally?
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PLATELETS AND THROMBOPOIESIS

Comment on Kho et al, page 1332

Platelets in malaria

pathogenesis

Jamie M. O’Sullivan and James S. O'Donnell | Royal College of Surgeons

in Ireland

In this issue of Blood, Kho et al provide further evidence that platelets play
a major role in the pathogenesis of malaria infection.” In particular, they
demonstrate that platelets can kill circulating parasites of all major Plasmo-
dium species in human malaria. Elucidating the molecular mechanisms un-
derpinning this platelet-directed killing mechanism may offer the opportunity
to develop novel adjunctive antimalarial therapies.

Human malaria continues to be a leading
cause of mortality, with an estimated
500 000 deaths per year. Unfortunately,
the majority of these deaths occur in
sub-Saharan children under 5 years of
age. In addition, it is important to rec-
ognize that malaria is also associated with
significant global morbidity. For example,
many children who survive cerebral malaria
(CM) suffer secondary long-term neuro-
logic sequelae. Despite this clinical burden,
perhaps surprisingly, the biological mech-
anisms involved in the pathophysiology of
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severe malaria remain relatively poorly
defined. Interestingly, thrombocytopenia
is a common finding in humans and mice
with malaria infection and is most marked
in patients with severe Plasmodium falci-
parum infection.? Moreover, previous
studies have reported that extent of
thrombocytopenia correlates with para-
site density, severity of malaria infection,
and clinical outcomes. Together, these
data support the hypothesis that plate-
lets are important in malaria pathogen-
esis. Critically, however, accumulating
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ABSTRACT

nherited bone marrow failure syndromes are experiments of nature

characterized by impaired hematopoiesis with cancer and leukemia

predisposition. The mutations associated with inherited bone marrow
failure syndromes affect fundamental cellular pathways, such as DNA
repair, telomere maintenance, or proteostasis. How these disturbed path-
ways fail to produce sufficient blood cells and lead to leukemogenesis are
not understood. The rarity of inherited cytopenias, the paucity of affect-
ed primary human hematopoietic cells, and the sometime inadequacy of
murine or induced pluripotential stem cell models mean it is difficult to
acquire a greater understanding of them. Zebrafish offer a model organ-
ism to study gene functions. As vertebrates, zebrafish share with
humans many orthologous genes involved in blood disorders. As a model
organism, zebrafish provide advantages that include rapid development
of transparent embryos, high fecundity (providing large numbers of
mutant and normal siblings), and a large collection of mutant and trans-
genic lines useful for investigating the blood system and other tissues dur-
ing development. Importantly, recent advances in genomic editing in
zebrafish can speedily validate the new genes or novel variants discov-
ered in clinical investigation as causes for marrow failure. Here we review
zebrafish as a model organism that phenocopies Fanconi anemia,
Diamond-Blackfan anemia, dyskeratosis congenita, Shwachman-
Diamond syndrome, congenital amegakaryocytic thrombocytopenia,
and severe congenital neutropenia. Two important insights, provided by
modeling inherited cytopenias in zebrafish, widen understanding of ribo-
some biogenesis and TP53 in mediating marrow failure and non-hema-
tologic defects. They suggest that TP53-independent pathways con-
tribute to marrow failure. In addition, zebrafish provide an attractive
model organism for drug development.

Introduction

The inherited bone marrow failure syndromes (IBMFs) comprise a diverse group
of rare monogenic disorders that are phenotypically heterogeneous. They may
involve a single or multiple lineage(s). The classic disorders are: Fanconi anemia
(FA), Diamond-Blackfan anemia (DBA), Shwachman-Diamond syndrome (SDS),
dyskeratosis congenita (DC), severe congenital neutropenia (SCN), and congenital
amegakaryocytic thrombocytopenia (CAMT). Besides their phenotypic character-
izations, these syndromes correlate strongly with mutations involving a specific
pathway. FA results from mutations in genes encoding components of the DNA
damage response,' DC in telomere maintenance,” and DBA in ribosome function.’
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SDS is emerging as a disorder in proteostasis and ribo-
some maturation (Table 1).* The molecular basis for how
these phenotypically and genotypically heterogeneous
conditions result in single or multiple cytopenias remains
poorly understood. No common pathway has yet been
established, but zebrafish studies have suggested TP53
responses. Activation of the TP53 pathway in mediating
marrow failure has been reported for DC;° FA and a
novel bone marrow failure syndrome.” The TP53 path-
way has been suggested to mediate marrow failure for
other inherited neutropenias such as SCN and SDS.?
Environmental exposures can accelerate marrow failure,
for example, aldehydes producing DNA crosslinks in FA.
How epigenetics and genetic co-modifiers contribute to
these diseases is even less understood. Investigating the
molecular basis of the IBMES will lead to a greater under-
standing of hematopoiesis, and development and mainte-
nance of non-hematologic tissues. Since the IBMES consti-
tute leukemia or cancer predisposition syndromes,
insights into their pathophysiology will also benefit our
understanding, prevention, and perhaps treatment of can-
cer and age-related genetic changes.

Zebrafish model to study inherited bone marrow
failure syndromes

Zebrafish (Danio rerio) have gained popularity as a
model organism for a number of reasons. Approximately
70% of all human genes have a zebrafish ortholog."
Genes are orthologs if they evolved from a common gene,
and orthologs typically share similar function. (The

Table 1. Inherited bone marrow failure syndromes.

Disease Prevalence  Male-to-female
ratio

Symptoms

per 1,000,000

I U. Oyarbide et a.

Human Genome Organization has adopted a nomencla-
ture for gene and protein expression among different
species, which we show using SDS as an example in Table
2.) In addition to lower maintenance and breeding costs,
zebrafish provide major advantages to mice: their large
clutch size of externally fertilized eggs, transparent
embryos, quicker development (all major organs develop
and begin functioning during the first 5 days), and short
generational time to gamete formation.” A high degree of
genetic and morphological similarity in hematopoiesis
between zebrafish and humans suggests that zebrafish
can provide valuable insights into the pathogenesis of
IBMES. Developmental hematopoiesis in the zebrafish is
comparable to that observed in mice or humans (Figure
1)."2* One notable difference is that the site of definitive
hematopoiesis lies in the zebrafish kidney perivascular
space, not the bone marrow. Since the hematopoietic
stem cell (HSC) niche provides protection and regulation
of self-renewal and differentiation of HSC into blood cells,
this difference may be important in non-cell autonomous

processes.
Studies using zebrafish have facilitated our understand-
ing of wvertebrate hematopoiesis and aberrant

hematopoiesis in diseases. Hematopoietic and non-
hematopoietic lineage-specific transgenic reporter strains
are available. They have been useful for the identification
and characterization of genes for embryonic
hematopoiesis, erythropoiesis, and modeling of human
blood diseases (Table 3)." In addition to a collection of
zebrafish mutants induced by N-ethyl-N-nitrosourea or

Cancer
predisposition

Genes involved and their
estimated frequency

Diamond-Blackfan 57 1:1 Erythroid failure, congenital RPS19 (25%), RPL5 (7%), RPS26 (6.6), AML, MDS, ALL, Hodgkin and
anemia (DBA) malformations, growth retardation, RPLIT (5%), RPL35a (3%), RPS10 (3%), non-Hodgkin lymphomas,
short stature. Thumbs, upper limbs, RPS24 (2.4%), RPSI7 (1%), RPLIS, osteogenic sarcoma, breast
hands, and craniofacial, urogenital, RPS28, RPS29, RPS7, RPS15, RPS27a, cancer, hepatocellular carcinoma,
and cardiovascular anomalies are RPS27, RPLY, RPLI8, RPL26, RPL27, melanoma, fibrohistiocytoma,
also common RPL31, TSR2, GATAI, EPO gastric cancer, colon cancer
Dyskeratosis 1 31 Abnormal skin pigmentation, DKCI (17-36%), TERC (6-10%), AML, solid tumors
congenita (DC) nail dystrophy, mucosal leukoplakia, TERT(1-7%), NHP2 (<1%),
pulmonary fibrosis, and bone NOPI0 (<1%), CTCI (1-3%),
marrow failure WRAP53 (3%) and TINF2 (11-24%),
ACD, PARN, RTELI, USBI, TCABI,
POTI, TPPI, WRD79, TR, NOLA2, NOLA3
Fanconi anemia (FA) 3 1.2:1 Developmental abnormalities FANCA (65%), FANCB (<1%), AML, solid tumors

in a number of organ systems
and bone marrow failure

FANCC (14%), FANCG (10%),
FANCDI/BRCA2 (<1%), FANCD2 (<1%),
FANCE (4%), FANCF (4%), RADS],
FANCCI, FANL, FANCL, FANC, PALPB2,
RADCSIC, SLX4, FANCQ. BRCAI, EANCT

Shwachman-Diamond 13 1.7:1 Exocrine pancreatic insufficiency, SBDS (90%) AML, MDS
syndrome (SDS) bone marrow dysfunction and DNAIC21

skeletal abnormalities EFLI, SRP54
Congenital Unknown Thrombocytopenia and MPL AML, MDS
amegakaryocytic (less than megakaryocytopenia
thrombocytopenia 100 cases
(CAMT) reported)
Severe congenital 5 Neutropenia ELANE, GFI1, HAXI, G6PC3, AML, MDS
neutropenia (SCN) VPS45,JAGI, CSF3R, WAS, SRP54

AML: acute myeloid leukemia; ALL: acute lymphocytic leukemia; MDS: myelodysplastic syndromes.
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viral insertion,””" gene function can be studied by trans-

genic expression or genome editing by transcription acti-
vator-like effector nucleases (TALEN) or Cas nucleases act-
ing on clustered, regularly interspaced, short palindromic
repeats (CRISPR). Gene expression can be silenced tem-
porarily and early during development by injection of
morpholino antisense nucleotides (MO).

Zebrafish have provided a useful model organism for a
quick validation and study of human disease candidate
genes, including those involved in the pathophysiology of
IBMES (Table 4). MO-mediated knockdown was widely
used to probe gene function, though this method has lim-
itations. Phenotype of morphants (MO-injected animals)
can differ and is often more severe than those of the cor-
responding mutants. There could be different reasons for
this: 1) phenotypic rescue of zygotic mutants by maternal
wild-type mRNA; 2) off-target effects of the MO; 3) hypo-
morphic nature of the mutant allele analyzed; or 4) genetic
compensation in mutants but not in morphants (see

results, particularly in processes that depend on the Tp53
DNA damage response pathway (reviewed below). In
some cases, results of MO knockdowns were not recapit-
ulated with the genome editing techniques.”* Close exam-
ination of the differences in gene expression revealed a
novel compensation mechanism that operates only after
mutation but not after MO knockdown (Table 5).%

Diamond-Blackfan anemia

Diamond-Blackfan anemia is characterized by red cell
hypoplasia, erythroid macrocytosis, and markedly
reduced erythroid precursors in the bone marrow. Other
hematopoietic lineages are usually normal at birth* but
they may be affected later in childhood/adolescence.” In

Table 2. Gene and protein nomenclature among species

Gene symbol Protein symbol

Stainier et al.”). Moreover, injection of MO can cause Tp53 ~ Human sbds SBDS
activation and cell death.” In some instances, cell death  Mouse sbds SBDS
can be prevented by simultaneous blocking of p53 by a  zepyafish sbds Shds
second MO. This may lead to a misinterpretation of
Zebrafish Hatching
.8 CHT
ALM i = (HSC, erythrocytes)
(myelopoiesis) : .
: . Thymus
PLM I . (T lymphocytes)
(erythrocytes) i
hemangioblast sirculation i .
i | AGM
[ (HsQ) Time (days)
12 hpf 1dpf 2.5dpf 3dpf  4dpf 6 dpf
Primitive wave Definitive wave
Human 1 Placenta ABirth
- (HSC, myelopoiesis, lymphopoiesis) -
1 ]
i Fetal Liver :
Yolk Sac ! (HSC, myelopoiesis, =
(erythrocytes, platelets i lymphopoiesis) =
and macrophages) i Thymus
! (T lymphocytes)
. . i Bone Marrow
circulation . AGM (HSC, erythrocytes, neutrophils,
N\ | (HSC) macrophages, B lymphocytes) Time (months)
2mo 3 mo 4 mo 9 mo
Primitive wave

Figure 1. Comparison of developmental hematopoiesis in humans and zebrafish. Primitive and definitive hematopoiesis occurs in both species. In human,
hematopoietic stem cells (HSC) originate in aorta-gonad-mesonephros (AGM) and placenta, from where they colonize fetal liver and finally the bone marrow. In
zebrafish, primitive hematopoiesis starts after hemangioblast formation around 12 hpf in the anterior lateral mesoderm (ALM) and posterior lateral mesoderm (PLM).
Later, HSCs originate in the AGM and then mobilize to caudal hematopoietic tissue (CHT) prior to their final destination of the kidney (modified from Teittinen et al.*?

and de Jong and Zon*).

IBMFS in zebrafish e
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addition to severe anemia, individuals with DBA may dis-
play physical anomalies that include thumb, upper limb,
craniofacial, cardiovascular and kidney malformations,
and short stature. DBA patients have a 25% higher risk of
developing myelodysplastic syndromes (MDS), acute
myeloid leukemia (AML), and osteosarcoma.

Diamond-Blackfan anemia is an autosomal dominant
disorder with a disease incidence of 5-7 per million live
births, equally distributed between genders.®® DBA
patients have mutations in approximately 20 genes encod-
ing ribosomal proteins; the most common (25%) is
RPS19.” Frameshift, splice defects, intragenic deletions
and insertions, nonsense, as well as missense mutations
have all been identified. Mutations involve other riboso-
mal genes: RPL5 (7%), RPL26 (6.6%), RPL11 (5%), RPS10
(83%), RPS26 (3%), RPL35A (3%), RPS24 (2.4%), RPS17
(1%), RPL15, RPS28, RPS29, RPS7, RPS15, RPS27a, RPS,
RPL9, RPL18, RPL26, RPL27, RPL31.° These findings sup-
port DBA as a disorder of ribosomal biogenesis and/or
function. Mutations in three non-ribosomal proteins,
GATA1, TSR2, and EPO, are also associated to DBA.>* It
is hypothesized that DBA results from apoptosis due to
aberrant activation of TP53 that induces cell cycle arrest or
apoptosis in response to ribosomal stress.”” Some of the
reports implicating TP53, as reviewed below, are based on
MO-mediated effects.

In two different studies, rps19-deficient zebrafish were

Table 3. Comparison of human, mouse and zebrafish blood systems.

created using MO. Knockdown of rps19 in zebrafish reca-
pitulates the hematopoietic and developmental pheno-
types of DBA, including erythropoietic failure with severe
anemia, with cell cycle arrest and increased apoptosis,
with p53 upregulation. The rps19-deficient phenotype
was rescued by injection of zebrafish rps19 mRNA.*
Moreover, these phenotypes were not rescued by express-
ing rps19 mRNAs with a missense or nonsense mutation
found in DBA patients.” Co-injection of MOs against
rps19 and p53, showed a complete rescue of the morpho-
logical abnormalities, but did not rescue the hematologic
defects. These results suggest that there is an erythroid
specificity in Rps19 deficiency in zebrafish, independently
of Tp53 activity. (See below for further discussion on
Tp53 in DBA pathogenesis).”

Chakraborty et al. analyzed the effect of MO-mediated
loss of rpl11 in zebrafish. Knockdown of rpl11 led to mor-
phological defects in the developing brain, head, and eyes,
and pericardial edema. These phenotypes appear specific
as the investigators were able to suppress the morphant
by co-injection of MO-resistant rp/11 mRNA. Similar to
the loss of Rsp19 function, knockdown of rpl11 resulted in
an upregulation of 153 and mdm2. Moreover, co-injection
of rpl11 and 153 MO rescued the developmental defects
and reduced apoptosis, suggesting that ribosomal dys-
function due to the loss of Rpl11 activates a Tp53-depen-
dent response to prevent faulty embryonic development.

mpo-expressing cells
(5.4 days)

Primitive myelopoiesis Yolk sac, AGM, fetal liver

(12.5 hours)

Yolk sac (E7.25-E10), AGM, fetal liver
(after E9.5)

Human Mouse Zebrafish
Adult HSC Bone marrow Bone marrow Kidney marrow
Blood cell types Erythrocytes, granulocytes, Erythrocytes, granulocytes, Erythrocytes, granulocytes, lymphocytes
lymphocytes and platelets lymphocytes and platelets and thrombocytes
Erythrocytes Without nucleus Without nucleus With nucleus
(life span) (115 days) (60 days) (at least 10 days)
Platelets Platelets Platelets Thrombocytes
(life span) (8-9 days) (4 days) (4 days)
Neutrophils Segmented nuclei with up Twisted toroid with a central hole Segmented nuclei with
(life span) to four lobes mpo expressing cell two or three lobes

mpo expressing cells (3.5 days)

ALM (~11 hpf) and CHT (~24 hpf)

Definitive thrombopoiesis Bone marrow

Bone marrow

Definitive myelopoiesis ~ Fetal liver and bone marrow Fetal liver (E9.5) Kidney
Bone marrow (~HSC starts seeding at 4 dpf)
Primitive erythropoiesis Yolk sac Yolk sac ICM
(3-4 weeks) (ET.0) (~12 hpf)

Definitive erythopoiesis Yolk sac (4 weeks) Yolk sac (E9.5), CHT (2-6 dpf) and then

Fetal liver (5-6 weeks) and fetal liver (E12.5) and then kidney marrow (4 dpf)

then bone marrow bone marrow

Circulation Begins at § weeks Begins at E8.5 Begins at 24 hpf
Primitive thrombopoiesis NA NA CHT (~48 hpf)

Kidney marrow (~5 dpf)

Developmental AGM next fetal liver and

AGM next fetal liver and

AGM next CHT and finally kidney marrow

HSC finally bone marrow finally bone marrow
B cells Bone marrow Bone marrow Kidney marrow
T-cell Thymus Thymus Thymus
maturation (8-9 weeks) (E10-12) (7 dpf)

AGM: aorta-gonadal-mesonephros; ALM: anterior lateral mesoderm; CHT: caudal hematopoietic tissue; dpf: days post fertilization; ICM: intermediate cell mass.
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Table 4. Comparison of mouse and zebrafish models for inherited bone marrow failure syndromes. ®
Disease Phenotype of mouse model Zehrafish protein with similarity Phenotype zebrafish morphant
Mouse protein similarity with human protein (%) with human protein (%)
Rps19 KO: embryonic lethal, rps19 mutants. Erythroid defects, compensated rps19 morphant. Severe anemia and
heterozygous fully compensated for the loss of one Rps19 allele developmental developmentala bnormalities. Dysregulation
defect and tp53 activation, fully compensated of delta Np63 and tp53."

in heterozygous. Decreased HSCs."*
Rps19 with ENU-induced missense mutation:
embryonic lethality in homozygous. Heterozygous,
mild anemia and growth retardation. L-leucine
improved the anemia.

Rps19 deficiency (transgenic line): anemia,
leukopenia and bone marrow failure. Loss of p53
rescued the phenotype.”

Rp!11 KO embryonic lethal. Heterozygous,  rps// mutants. Erythroid defects, developmental rpl1] morphant. Morphological defects in the

haploinsufficiency: anemia, decreased defects and tp53 activation. Decrease HSCs. " developing brain, small head and eyes
erythroid progenitors.” and pericardial edema. Upregulation of p53
and mdm2.#
NA 7ps29 mutant. Severe anemia and increased rps29 morphant. Defects in red blood cell

apoptosis. P53 mutations near completely rescued ~ development and an increase in apoptotic cells.®
rps29 morphological and hematopoietic phenotype.”

Rpl5 KO embryonic lethal. NA 7pl5 morphant. Primitive and definitive
Heterozygous fully compensated.” hematopoiesis affected and morphological
abnormalities.
Rps24 KO embryonic lethal. Heterozygous NA rps24 morphant. Morphological defects: aplasia
fully compensated.” in the brain, a bent tail and reduced size.

Severe anemia, in a tp53-independent manner.*

N/A 7pl35 mutant very high tumor rpl35a morphants. Morphological defects:
incidence (100%)~"# aplasia in the brain, a bent tail and reduced size.
Severe anemia, in a tp53-independent manner.”

Conditional deletion of Rps14 rpll4 mutant: high number of tumors (74%)* pl14 morphant. Severe anemia®
(and 8 other genes): anemia, bone marrow and morphological abnormalities™
apoptosis.”
Rps7 mutations (RPS7"* and RPS7"™): rps7 mutant. Hematopoietic and rps7 morphant. Impaired hematopoiesis
small size, abnormal skeleton developmental defect. High tumor and tp53 activation.”
and eye malformation. No anemia.” incidence (47%).%%#
NA N/A rpl35a morphants. Morphological defects: aplasia

in the brain, a bent tail and reduced size. Severe
anemia, in a tp53-independent manner.”*

NA NA rps27 morphant. Defective erythropoiesis and
morphological abnormalities.”

/A rps1 mutants. Erythroid defects and tpb3 activation. [\

continued on the next page
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continued from the previous page

Hypomorphic Dkcl mutant recapitulate NA
in the first and second generations (G1 and G2)
the clinical features of DC.*
Dkcl*” mice: growth retardation, increased
DNA damage response via ATM/p53 pathway.

N/A nolal mutant. Reduced hematopoiesis, increased
tp53 expression, and defective ribosomal biogenesis,
no detectable changes in telomerase function.”

Transgenic line over-expressing TERT:
short telomeres and increased

tert mutant. Tissue atrophy, premature death,
sarcopenia, impaired cell proliferation and

DNA damage.” accumulation of senescence cells.””
FancD2 KO: reduced fertility, growth N/A
retardation and increased incidence
of tumors.”

BRCA2 mutant: embryonic lethality breaZ mutants. Genomic instability."

Rad51 mutants. Decreased cell proliferation,
embryonic lethal."

rad51 mutants. Only infertile males, size
reduction, hypocellular kidney marrow.
Double mutants for Rad51 and P53 rescued
HSPC defect but showed higher tumor incidence.

Sbds KO: embryonic lethal." sbds mutant. Size reduction, liver, pancreas
and digestive tract atrophy and reduction of

neutrophils.™

¢-Mpl KO. Decrease platelets and megakaryocytes mp/ mutant. Low number of thrombocytes.”

dkcl morphant. Reduced hematopoiesis,
increased tp53 expression, and defective
ribosomal biogenesis, no detectable
changes in telomerase function.”

NA

NA

fancd? morphant. Shortened body length,
microcephaly and abnormally small eyes,
which are due to extensive cellular apoptosis.
Upregulation of tp53.%¢

NA

NA

sbds morphant. Loss of neutrophils, abnormal
skeletal architecture and pancreatic
hypoplasia. Sbds knockdown phenotype
not rescued by loss of tp53.""

Mp! morphant. Low number of thrombocytes."™

Csf3R KO. Low number of neutrophils ¢sf3r mutant. Reduction in neutrophils and /A
in peripheral blood. myeloid cells in the kidney marrow.”
Expression of truncated Csf3r confers a strong
clonal advantage to HSCs."
/A N/A srp54 morphant. Loss of neutrophils and

chemotaxis, diminished exocrine pancreas.®

An increase in tp53 expression and its target genes, cdknia
and mdm2, was observed in rpl11 morphants. Genes
involved in apoptosis (bik, bax, puma, and noxa) were also
up-regulated.” Danilova et al. demonstrated that develop-
mental and hematopoietic defects, and lower expression
of a-E1 globin and hbaet.1 in Rps19-deficient fish were
mediated by Tp53 upregulation. Upregulation of 153 also
occurred in zebrafish mutants for rps8, rps11 and rps18.%
Danilova et al. used a zebrafish rp/11 mutant to charac-
terize the molecular pathways associated with ribosomal
deficiency.*® This mutant showed anemia, decreased

*Morphant: an organism that has been treated with a morpholino antisense to temporarily knockdown the expression of a gene.

HSCs, and activation of the Tp53 pathway with altered
expression in genes involved in cell cycle arrest (cdknta
and ccng?) and apoptosis (bax and puma). Moreover, abnor-
mal regulation of metabolic pathways with a shift from
glycolysis to aerobic respiration, upregulation of genes
involved in gluconeogenesis and insulin levels, decreased
biosynthesis, and increased catabolism were observed.
Nucleotide metabolism was affected by upregulation of
adenosine deaminase (ada) and xanthine
dehydrogenase/oxidase (xdh).**” They showed that treat-
ment of mutant embryos with an exogenous supply of
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nucleosides resulted in downregulation of 753 and its tar-
gets with normalization of ada and xdh levels.
Interestingly, DBA patients show increased erythrocyte
adenosine deaminase activity.”

Zhang et al. generated two zebrafish mutants using
TALENS for rps19 and rps11. The knockout of both rps19
and rps14 resulted in the erythroid defects similar to DBA,
such as lack of mature red blood cells (RBCs) and Tp53
activation. The mutants had significantly reduced produc-
tion of globin proteins accompanied by either increased or
unaffected level of mRNA transcripts. Furthermore, they
observed decreased HSCs at 3 dpf in rps19 mutants and
hemoglobin levels by 4 dpf. The authors concluded that
this reduction in RBCs may be caused by a decreased cell
survival and/or production of definitive HSCs.* Similarly,
Rowel et al. created a 5 bp deletion in rps19 zebrafish
mutant using TALENs. Homozygous rps19 mutants
showed developmental anomalies and anemia, and were
dead by 5 days post fertilization (dpf). However, rps19
heterozygotes showed no difference to their wild-type
siblings. Interestingly, exposure to cold stress during the
first dpf resulted in a reduced number of RBCs.

To further investigate the biological functions of RPS7,
Duan et al. used MO to knockdown rps7 in zebrafish.” In
rps7-deficient embryos, mdm2 and tp53 were activated,
inducing the expression of downstream target genes
involved in p53 pathway (bik, bax and puma, cdknia, and
ccngt). rps7 morphants showed severe anemia with
reduced expression of gatat and the mature erythroid
marker ae3 at 24 hours post fertilization (hpf). A marked
suppression of hemoglobin at 48 hpf was observed, indi-
cating that the deficiency of Rps7 might cause abnormal
proliferation and/or differentiation of erythroid progeni-
tors. There were also severe defects (short body length,
tissue necrosis, and curved tail). Furthermore, simultane-
ous knockdown of the 53 by co-injecting a 53 MO

Table 5. Comparison between morphants and mutants.?>*

resulted in partial rescue of morphological abnormalities.
The lower levels of gatat and a-E1 globin were partially
rescued in the co-injected embryos, even though 53,
cdkta, and mdm2 were still up-regulated.”

The contribution of tp53 to the pathological develop-
ment of bone marrow failure syndromes may be tissue-
and mutation-specific. Antunes et al. studied the effect of
different rps7 and rpl11 mutations in zebrafish. rps7
mutant showed a stronger phenotype due to less mater-
nal contribution of rps7 comparing to rpl141 mutant. Both
mutants had severe anemia, morphological abnormali-
ties, and increased apoptosis. Injection of p53 MOs res-
cued the apoptosis and the morphological phenotypes;
however, it was unable to rescue anemia.” Taylor ez al.
showed that rps29 mutants had defects in RBC develop-
ment and increased apoptosis. Mutant embryos showed
upregulation of 53 and cdk1a expression. Mutation of
1p53 in homozygous rps29 mutant embryos reversed the
apoptotic and hematologic phenotypes. However, mutat-
ed 1p53 did not fully rescue the embryonic lethality of
rps29 mutants, suggesting that #p53-independent mecha-
nisms were affected by rps29 knockdown.” Yadav et al.
knocked down five ribosomal protein genes (two DBA-
associated, rpl35a and rps24, and three non-DBA-associat-
ed, rps3, rpl35 and rplp1), and analyzed these deficiencies
on morphology and erythrocyte number in the presence
and absence of p53 using MOs. They showed that any
ribosomal protein deficiency led to anemia in zebrafish.
Elimination of Tp53 function did not significantly affect
the anemia, despite improving non-hematopoetic pheno-
types.” DBA zebrafish models have helped identify
MDM2-ribosomal protein interactions, which may inter-
fere with MDM2 inhibition to p53 function. p53 rescue of
severe anemia in ribosomal protein deficiency zebrafish
models varies (Table 6).%*%* Altogether, these findings
suggest that there are p53-independent mechanisms

Morphants versus mutants

Morphant Mutant
Effect Knock down Permanent changes in DNA
Affects RNA transcripts Genomic DNA
Phenotype More severe maternal mRNA block by MO Less severe maternal mRNA
Time to create 1-3 days 6-8 months
Side effects More off-target effects Less off target effects
Genetic compensation No Yes
p53 pathway Affected Non-affected

Table 6. RP deficiency and p53 rescue in zebrafish models.

RP Severe anemia Developmental Type of p53 rescue of anemia  p53 rescue of Ref
malformations p53 rescue other phenotypes
rps19 morphant Yes Yes p53 MO No Yes &
pll1 morphant NA Yes p53 MO /A Yes 5
rps7 morphant Yes Yes p53 MO Partial Partial o
Rps7 mutant Yes Yes p53 MO No Yes %
Rps29 mutant Yes Yes p53M214K Yes Yes %
1ps24 & 1pl35a morphants Yes Yes p53M214K No Yes °

haematologica | 2019; 104(1)
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involved in bone marrow failure. One p53-independent
effect may be translational dysfunction. Zebrafish can
provide a model organism to identify Tp53-independent
pathways that contribute to marrow failure mice or
humans.

Zebrafish may also be a valuable model organism for
drug development for DBA treatment. Several groups
have tested the hypothesis that L-leucine and L-arginine
can stimulate translation via the mTOR pathway and res-
cue affected DBA fish. Treatment of rpl19 and rpl14
zebrafish morphants with L-leucine improved develop-
mental defects and hemoglobin levels.” Yadav et al. res-
cued the morphological defects of Rpl35a-deficient
embryos and were able to improve erythroid cell
number.” They concluded that translation deficit, not
Tp53 activation, is the primary defect perturbing erythro-
poiesis.” While there have been anecdotal reports of
leucine stimulation of erythropoiesis in DBA patients,*
definitive clinical trial results are still pending. Another
study found that RAP-011, an activin receptor ligand trap,
partially restored erythropoiesis in rpl11 morphants as
well as rpl11 and rpl19 mutants.” Zebrafish also provided
an in vivo model for further drug development of
SMER28, a small molecule inducer of ATG5-dependent
autophagy.” Given these results, we await clinical trans-
lation of SMER28 as a potential treatment for DBA.

Dyskeratosis congenita

Dyskeratosis congenita is associated with abnormal
skin pigmentation, nail dystrophy, and oral leukoplakia.
DC patients may have other organ involvement, including
the pulmonary, gastrointestinal, skeletal, neurological,
immunological, and ophthalmological systems. Eighty-
five percent of DC patients experience bone marrow fail-
ure, which accounts for much of the DC-related mortality.
Other causes of mortality include infections, pulmonary
complications, and hematologic and non-hematologic
malignancies.”

Dyskeratosis congenita is a genetically heterogeneous
disorder, showing autosomal recessive, autosomal domi-
nant, and X-linked inheritance. So far, at least 21 mutated
genes have been identified that can cause DC: DKC1,
TERC, TERT, NHP2, NOP10, CTC1, WRD79, TR,
NOLA2, NOLA3, PARN, TPP1, POT1, CTC4, USB1,
TCAB1, RTEL1, ACD, PARN, WRAP53 and TINF2
(hitp://telomerase.asu.edu/diseases.html).”> The X-linked
DKC1 has a more severe phenotype compared with the
autosomal dominant forms. Although there is a broad
consensus that DC results from stem cell renewal failure
due to defective telomere maintenance, some mutated
genes (e.g. TERT, TERC, and DKC1) are required for pre-
rRNA processing.”**** How telomerase activity and
impaired ribosomal biogenesis contribute to the patho-
physiology of DC is still not known. Telomeres are com-
plex DNA-protein structures at the end of chromosomes,
and they shorten with each cell division. When telom-
eres become critically short, a DNA damage response is
activated, causing cell cycle arrest or death. In humans,
telomerase-based telomere elongation is the major
mechanism that counteracts this process of continuous
telomere shortening. In peripheral white blood cells,
rapid telomere shortening occurs within the first year of
life, followed by a more gradual decline over time.”
Genetic diseases that cause telomerase deficiency are
associated with premature aging and cancer susceptibili-
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ty. As in humans, zebrafish chromosomes possess telom-
eres that progressively decline with age, reaching lengths
in old age comparable to those observed when telom-
erase is mutated.” Several studies have helped to charac-
terize its well-conserved molecular and cellular physiolo-
gy. Different zebrafish mutants and morphants for
telomere and telomerase research showed shorter lifes-
pan, shorter telomeres, and different affected tissues
(mainly brain, blood, gut and testes). These results make
zebrafish an excellent model to unravel the connection
between telomere shortening, tissue regeneration, aging
and disease.”*

Amsterdam er al. isolated the nop10"™7 mutant allele
where a viral insertion within the first intron resulted in
nop10 decreased expression. This mutation is homozy-
gously lethal by 5 dpf* nop10 encodes for a protein
involved in 18S rRNA processing and is also part of the
telomerase complex. Pereboom et al. observed that nop10
loss in this mutant line resulted in a failure of the 185
rRNA to be properly processed, which led to the instabil-
ity of the 40S ribosomal subunit. Due to the loss of 185
RNA, ribosomal proteins cannot be incorporated into a
ribosome subunit and interact with other proteins, includ-
ing the E3 ubiquitin ligase Mdm2. Mdm?2 regulates Tp53
by promoting its ubiquitination and degradation. By bind-
ing to Mdm?2, Rps7 enhances the E3 ubiquitin ligase activ-
ity of Mdm?2 that promotes the degradation of Rps7.
Furthermore, they observed that an increase in Tp53-spe-
cific apoptosis is coupled to the increased binding of
Mdm?2 to the Rps7. They observed that nop10 mutants
failed to form HSCs, a phenotype that is rescued by intro-
ducing a loss-of-function 53 mutation. However, they
detected no changes in telomere length in nop10 mutants.™
They concluded that the cytopenia(s) of DC could be the
result of ribosome biogenesis defects. This would lead to
Tp53-mediated apoptosis of HSCs during early develop-
ment, caused partially by the association of Rps7 with
Mdm?2.%

Two different approaches were used by Zhang et al. to
study DC in zebrafish. First, MO-mediated knockdown
was used to study the mechanisms whereby dkc’ mor-
phants result in HSC failure. Second, they performed
retroviral-insertional mutagenesis of nola1. NOLA1
encodes for GAR1, involved in rRNA maturation, and is
also a key component telomerase complex. No mutations
in NOLA1 have been described in DC patients so far, but
suspicion should be aroused in individuals with unex-
plained marrow failure or fibrosis. Both zebrafish models
resulted in reduced hematopoiesis with reduction in runx1
and ¢-myb, increased tp53 expression, and defective ribo-
somal biogenesis without detectable changes in telom-
erase function. Their findings suggest that a telomerase-
independent, Tp53-dependent mechanism contribute to
hematopoietic failure in DC.*

Henriques et al. and Anchelin et al. studied the zebrafish
telomerase reverse transcriptase tfert mutant. These
mutants develop normally for the first six months, but
progressively develop tissue degeneration (gastrointestinal
atrophy, loss of body mass, inflammation, a decrease in
total blood cells and cell proliferation), and die premature-
ly. They also observed a Tp53-dependent response with
increased transcripts of puma, cdknia, and ccngia.
Upregulation of cell cycle arrest inhibitors led to a G1
arrest and senescence. To study the effect of Tpd3 in tert
mutants, they created a double mutant tert”, 153" and
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observed rescue of cell proliferation, which partially sup-
pressed the degenerative phenotypes.™ In another study;,
Kishi et al. studied the effect of ablation of terfa; they
found multiple malformations mainly in brain, spinal
cord, and eye.”

Recently, 2 patients with a phenotype overlapping with
DBA and DC (pure red cell aplasia, hypogammaglobu-
linemia, growth retardation, and microcephaly) harbored
a de novo TP53 germline mutation that caused a C-terminal
truncation in the last exon. This resulted in enhanced p53-
mediated transcriptional activity. Using an MO that tar-
gets the 3’ splice site of intron 10, Toki et al. developed a
zebrafish that displayed reduced number of erythrocytes,
severe developmental defects, and died at 96 hpf.

Fanconi anemia

Fanconi anemia is mostly an autosomal recessive condi-
tion characterized by congenital abnormalities, progres-
sive bone marrow failure, chromosome fragility, and an
early onset of cancers such as myelodysplastic syndromes
(MDS) /acute myeloid leukemia (AML) and epithelial
malignancies. FA is characterized by non-hematologic
phenotype, including short stature, microcephaly,
microphthalmia, hypogonadism, and infertility. The
mechanisms by which FA leads to developmental anom-
alies in blood, skeleton, eyes, and gonads are poorly
understood; however, genotoxic stress by chemicals,
mutagens, and viruses may contribute.”®

Mutations in at least 20 genes can cause FA. However,
since some cases of FA cannot be assigned to any of these
genes, additional genes still have to be identified."”
Proteins encoded by these genes constitute the FA path-
way required for the efficient repair of damaged DNA.
The FA core complex consists of at least 8 proteins:
FANCA, FANCB, FANCC, FANCE, FANCE FANCG
FANCL, and FANCM. These proteins function as an E3
ligase and mediate the activation of the FANCD2 and
FANCI (ID) complex. Once monoubiquitinated, the 1D
complex interacts with a third group of FANC proteins,
including BRCA2 (FANCD1), FANC] (BRIP1), FANCN
(PALB2), FANCO (RADS51C), FANCP (SLX4), BRCAI,
FAN1, histone H2AX, and RAD51, thereby contributing to
DNA repair via homologous recombination."”** Until
now, 20 genes have been associated with causing FA:
FANCA, FANCB, FANCC, BRCA2, FANCD2, FANCE,
FANCF, FANCG, FANCI, FANC], FANCL, FANCN,
FANCP, FANCQ, RAD51, BRCA1, FANCT, FANCU,
FANCYV and FANCW. Information about all these genes is
available on the public Fanconi Anemia Mutation
Database (hitp://www.rockefeller.edu/fanconi/).

Although zebrafish contain the full complement of FA
family members found in humans,” loss-of-function mod-
els have been described for only a few. Liu et al. analyzed
the zebrafish ortholog of the human FANCD2 gene using
MO.* They demonstrated developmental defects that
arose during embryogenesis after fancd2 knockdown, phe-
nocopying the reduction in body length, and smaller head
and eyes, which are frequently observed among FA
patients. This suggests that the FA pathway plays a similar
role in zebrafish and humans. They showed that the
defects in fancd2-deficient embryos were the result of
inappropriate and selective activation of Tp53-mediated
apoptotic pathways in highly proliferative cells.**

Titus et al. characterized the developmental and tissue-
specific expression of FA pathway genes in zebrafish.”®

They found maternal deposition of mRNA fanc genes can
provide Fanc proteins to repair DNA damage encountered
in rapid cleavage divisions. Zebrafish fanc/ mutants devel-
op only as sterile males but without hematopoietic
defects. The sex reversal was due to abnormal increase of
germ cell apoptosis that compromises survival of develop-
ing oocytes and masculinizes the gonads. Interestingly,
when the tp53 mutation was introduced, the sex reversal
phenotype could be rescued.” Botthoff er al. created a
rad51 knockout zebrafish mutant. In this model, zebrafish
lacking rad51 survived to adulthood, but they were all
infertile males with fewer HSPCs in the kidney. In earlier
stages (2 and 4 dpf), they found that rad51” embryos also
had a lower number, increased apoptosis, and reduced
proliferation of HSPCs compared with their wild-type sib-
lings. To study the role of p53 in the rad51 mutants, they
generated a zebrafish with mutations in both genes. After
four months post fertilization, HSPCs were the same in
wild-type and double mutants. The sex reversal was also
corrected, but neither females nor male double mutants
were fertile.*

Shwachman-Diamond syndrome

Shwachman-Diamond syndrome is an autosomal reces-
sive disorder characterized by exocrine pancreatic insuffi-
ciency, bone marrow dysfunction, and skeletal abnormali-
ties. Hematologic abnormalities are a major cause of mor-
bidity and mortality, and include cytopenia(s), MDS, and
AML. Neutropenia occurs in approximately 90% of
patients and occurs as early as the neonatal period. Skeletal
abnormalities, such as metaphyseal chondrodysplasia, tho-
racic dystrophy, and short stature are common in SDS. In
2008, mutations in the Shwachman-Bodian-Diamond syn-
drome (SBDS) gene were identified.”” In approximately
90% of cases, SDS is caused by two common mutations in
exon 2 of SBDS: 183-184TA—CT introduces an in-frame
stop codon (K62X) and 258+2T>C (C84Cfs) disrupts the
donor splice site of intron 2, allowing a hypomorph to be
produced.” Fifty percent of cases are compound heterozy-
gotes with respect to these two mutations. Boocock et al.
found that both changes correspond to sequences that
occur normally in the pseudogene. Both mutations can also
occur in the same allele.” Studies have identified additional
changes in the coding sequence of SBDS that led to
frameshift and missense mutations.

In 2007, Menne et al. characterized the function of the
yeast SBDS ortholog Sdol in 60S maturation and transla-
tional activation of ribosomes.® SBDS is a protein with a
well-documented role in the later steps of ribosome bio-
genesis. SBDS interacts with the GTPase EFL1 to trigger
release of elF6 from the 60S ribosomal subunit. EIF6 is crit-
ical for biogenesis and nuclear export of pre-60S subunits
and prevents ribosomal subunit association. Removal of
elF6 is a prerequisite for the association of the 60S with the
40S subunit, and thus for the formation of an actively func-
tioning ribosome.* Recently, mutations in DNAJC21%7° and
EFL1" have been identified in individuals with SDS-like
conditions. All of the SDS-associated mutant genes affect
ribosome maturation. These important discoveries
advance the concept of SDS as a ribosomopathy, and beg
the question as to how ribosomopathies like DBA, SDS, or
del (5q) can result in different defects in hematopoietic and
non-hematopoietic tissues.

There have been no reports of homozygosity for SBDS
null alleles, suggesting that human SBDS is essential and
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that SDS patients carry at least one hypomorphic SBDS
allele.””?” This is consistent with the finding that mice
homozygous for null alleles of sbds exhibit early embryon-
ic lethality, indicating that SBDS function is an essential for
life.* While conditional knock-outs for sbds have been
made, this approach is limited, costly, and time-consuming
to generate. Thus, we and others have turned to the
zebrafish also to study SDS. Venkatasubramani and Mayer
used MO to knockdown sbds in zebrafish embryos, and
study the effect in pancreas and myeloid development
(Table 4). They observed an alteration in the spatial rela-
tionship between endocrine and exocrine pancreas. They
also documented abnormal neutrophil distribution in the
knockdown zebrafish model.”” In a subsequent study, also
using MO, Provost et al. observed that their model fully
recapitulated the spectrum of developmental abnormalities
observed in SDS patients: loss of neutrophils, skeletal
defects, and pancreatic hypoplasia, as well as changes in
the ribosomal subunit ratio. In this case, loss of Tp53 did
not rescue the developmental defects associated with loss
of sbds in zebrafish morphants.” Our recent work showed
that sbds mutants obtained by CRISPR/Cas9 editing phe-
nocopied SDS and displayed neutropenia, growth retarda-
tion, and atrophy of the pancreas.”

Congenital amegakaryocytic thrombocytopenia

Congenital amegakaryocytic thrombocytopenia is a rare
autosomal recessive condition characterized by thrombo-
cytopenia, absence of megakaryocytes, and occasional
evolution to aplastic anemia or leukemia.””* Mutations in
MPL have been described as the cause of CAMT.* MPL
gene encodes for myeloproliferative leukemia protein
(CD110), the receptor for thrombopoietin. Mice with
genetic ablation of Mp!/ showed normal development but
a deficiency in megakaryocytes and severe thrombocy-
topenia.” In zebrafish, disruption of mpl! caused a severe
reduction in thrombocytes (platelet equivalents), bleeding,
and a decrease in HSCs. By phenocopying the human dis-
ease, affected zebrafish provide an accurate model to
study this disease and for drug screening.® Reduction in
HSCs and repopulation defects in affected zebrafish
demonstrate that c-Mpl function in hematopoiesis is high-
ly conserved. Moreover, the partial rescue of thrombocyte
number by IL-11 provides a model to finely dissect
JAK/STAT signaling in thrombopoiesis.

Severe congenital neutropenia

Severe congenital neutropenia is a group of heteroge-
neous genetic disorders characterized by a maturation
arrest at the promyelocyte stage of granulopoiesis and a
high propensity to develop MDS/AML.* Over the past
eighteen years, the following mutations have been identi-
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fied as causing SCN: ELANE, GFl1, HAX1, VPS45, JAGN,
CSF3R, and WAS. ELANE is the most commonly mutated
gene in SCN, but there is no zebrafish ortholog. However,
zebrafish has proven to be a powerful model to validate
and characterize the function of newly described gene
candidates for SCN. Vacuolar Protein Sorting 45 Homolog
(VPS45) encodes a protein associated with protein traf-
ficking into distinct organelles. Biallelic mutations in this
gene are the cause of SCNS. A zebrafish model of vps45
knockdown also showed a large decrease in neutrophils.”
Mutations in CSE3R cause SCN7.* Pazhakh et al. mutated
¢sf3r in zebrafish to study the effect on neutrophil produc-
tion. They found that csf3r zebrafish mutants survive until
adulthood with a 50% reduction in neutrophils and a sub-
stantial reduction in myeloid cells in the kidney marrow.”
Recently, SRP54 mutations have been identified as the sec-
ond most common cause of SCN (with some features of
SDS).®¥ Knockdown of SRP54 in zebrafish recapitulated
the human phenotype of neutropenia, chemotaxis defect,
and pancreatic exocrine insufficiency.*”

Conclusions

Despite the identification of specific gene mutations and
pathway involvement for the great majority of patients
with IBMES, little is known about how they result in sin-
gle or multiple lineage cytopenias. Furthermore, very little
is known about co-operating mutations that effect trans-
formation to MDS, AML, or solid tumors. Patient-based
studies are problematic owing to the rarity of these disor-
ders and to the long latency before bone marrow failure or
malignancy. Zebrafish provide a relatively inexpensive,
rapidly developing, vertebrate model organism. Despite
some differences in their respective hematopoietic organs,
mutations or silencing of relevant zebrafish genes pheno-
copies human IBMFS. Studies on gene mutations or sup-
pression in zebrafish have validated the role of ribosome
biogenesis, and advanced the hypothesis that the TP53
pathway plays a major role in the pathophysiology of
some of the IBMFS. Zebrafish modeling may also con-
tribute to drug development, as suggested by studies on L-
leucine and SMER28 for DBA.
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Abstract

Cancer development is driven by series of events involving mutations, which may become fixed in a tumor via genetic drift and
selection. This process usually includes a limited number of driver (advantageous) mutations and a greater number of passenger
(neutral or mildly deleterious) mutations. We focus on a real-world leukemia model evolving on the background of a germline
mutation. Severe congenital neutropenia (SCN) evolves to secondary myelodysplastic syndrome (sMDS) and/or secondary acute
myeloid leukemia (sAML) in 30—40%. The majority of SCN cases are due to a germline ELANE mutation. Acquired mutations in
CSF3R occur in >70% sMDS/sAML associated with SCN. Hypotheses underlying our model are: an ELANE mutation causes SCN;
CSF3R mutations occur spontaneously at a low rate; in fetal life, hematopoietic stem and progenitor cells expands quickly, resulting
in a high probability of several tens to several hundreds of cells with CSF3R truncation mutations; therapeutic granulocyte colony-
stimulating factor (G-CSF) administration early in life exerts a strong selective pressure, providing mutants with a growth
advantage. Applying population genetics theory, we propose a novel two-phase model of disease development from SCN to sMDS.
In Phase 1, hematopoietic tissues expand and produce tens to hundreds of stem cells with the CSF3R truncation mutation. Phase
2 occurs postnatally through adult stages with bone marrow production of granulocyte precursors and positive selection of mutants
due to chronic G-CSF therapy to reverse the severe neutropenia. We predict the existence of the pool of cells with the mutated
truncated receptor before G-CSF treatment begins. The model does not require increase in mutation rate under G-CSF treatment
and agrees with age distribution of SMDS onset and clinical sequencing data.

Author summary

Cancer develops by multistep acquisition of mutations in a progenitor cell and its daughter cells. Severe congenital neutropenia
(SCN) manifests itself through an inability to produce enough granulocytes to prevent infections. SCN commonly results from a
germline ELANE mutation. Large doses of the blood growth factor granulocyte colony-stimulating factor (G-CSF) rescues
granulocyte production. However, SCN frequently transforms to a myeloid malignancy, commonly associated with a somatic
mutation in CSF3R, the gene encoding the G-CSF Receptor. We built a mathematical model of evolution for CSF3R mutation
starting with bone marrow expansion at the fetal development stage and continuing with postnatal competition between normal and
malignant bone marrow cells. We employ tools of probability theory such as multitype branching process and Moran models
madified to account for expansion of hematopoiesis during human development. With realistic coefficients, we obtain agreement
with the age range at which malignancy arises in patients. In addition, our model predicts the existence of a pool of cells with
mutated CSF3R before G-CSF treatment begins. Our findings may be clinically applied to intervene more effectively and selectively
in SCN patients.
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Introduction

Cancer development is driven by series of mutational events, which may become fixed in a hematologic or non-hematologic tumor
via genetic drift. This process usually includes a limited number of driver (advantageous) mutations, and a greater number of
passenger (neutral or mildly deleterious) mutations. Driver mutations for several hundred different cancers have been identified by
sequencing and functional assays. The relationship between driver and passenger mutations has been investigated using
mathematical models representing carcinogenesis in terms of a “tug-of war” between the former and the latter [1, 2]. Another
related problem is whether carcinogenesis is driven by acquisition of single point mutations or by saltatory changes amounting to
major genome rearrangement events [3, 4]. Mathematical modeling of interactions among multiple drivers has been described by
Nowak and Durrett and their colleagues [5-7]. These frequently involve branching processes and related mathematical models [8].
Among stochastic models in hematology, an example is [9]. Hematopoiesis provide the best-characterized system for cell fate
decision-making in both health and disease [10], as well as connections between stimuli such as inflammation and cancer [11].

Here, we model a disease evolving on the background of a germline mutation. The acquired driver mutation recurs during tissue
expansion phase in fetal life and becomes selectively advantageous in early childhood, leading to development of malignancy. As a
prominent example of such disease, we model the important hematologic disorder Severe Congenital Neutropenia (SCN), a
monogenic inherited disorder, that acquires new mutations and evolves to secondary myelodysplastic syndrome (sMDS) or
secondary acute myeloid leukemia (sAML). This model is similar to the “fish” graph of Tomasetti and Vogelstein [12]; however the
latter is more comprehensive and involves multiple driver case. Here, we use tools of population genetics and population dynamics
to model progression from SCN to sMDS and dissect the contributions of mutation, drift and selection at different stages of an
individual’s life. More specifically, we consider:

1. In an individual primed by an inherited genotype, the driver mutation occurs recurrently in the embryonic expansion stage, although these mutations do not
necessarily confer selective advantage.

2. At birth, due to environmental and behavioral factors or treatment, the driver mutation acquires a selective advantage in a tissue or organ, while the driver
mutation may or may not recur as frequently any more.

3. The mutant driver variant increases in frequency due to selection, and eventually it dominates the stem cells of the tissue or the organ, contributing to
development of disease.

Accordingly, SCN is most commonly due to germline mutations in ELANE, which encodes the neutrophil elastase [13]. SCN is
characterized by the near absence of circulating neutrophils, which renders the child, typically an infant, susceptible to recurrent
life-threatening infections. The introduction in the 1990s of recombinant granulocyte colony-stimulating factor (G-CSF) to increase
circulating neutrophils, markedly improved survival and quality of life for SCN patients [14].

SCN often transforms into sMDS or sAML [15, 16]. Clinical studies have demonstrated a strong association between exposure to
G-CSF and sMDS/AML [17-21]. Mutations in the distal domain of the Granulocyte Colony-Stimulating Factor Receptor (CSF3R)
have been isolated from almost all SCN patients who developed sMDS/AML [22, 23]. Clonal evolution over approximately 20 years
was documented using next generation sequencing and quantification of CSF3R allele frequency variation in an SCN patient who
developed sMDS/sAML [24]. Strikingly, out of four different mutations in CSF3R, one persisted into the leukemic clone but the other
three were lost, supporting the assumption of different selective values in the presence of G-CSF that underlies our model. As
clonal evolution is a central feature in cancer [25-28] and next generation sequencing has revealed complexed genomic
landscapes, SCN may provide a simpler real-world example to study cancer development.

Two opposing paradigms have been proposed for cell fate decision making in blood cells: stochastic hematopoiesis (based on
variability observed in cultured bone marrow cells as first suggested by McCulloch and Till [29]) and deterministic, or instructive,
hematopoiesis (growth factor-driven production of specific blood cell types) [30, 31]. In spite of substantial experimental findings,
particularly recent single-cell measurements [32], the two opposing theories await a grand synthesis. Disease-accompanying
dynamics have been variously modeled over the years as deterministic or stochastic[10]. SCN may also provide a simpler real-
world example to study cell fate determination.

Little is known about the molecular mechanism(s) by which SCN leads to myeloid malignancy and how important are the truncating
mutations such as CSF3R D715 in this process. Notwithstanding the exact molecular mechanism by which the CSF3R truncation
mutants lead to sMDS/AML, two pivotal questions concerning the population dynamics and population genetics of the mutant
clones are: (i) whether the CSF3R truncation mutants are present before application of G-CSF, and (ii) whether G-CSF
administration increases mutation rate in hematopoietic stem cells with ELANE mutation. If the answer to the first question is
affirmative, then the presence of a small subpopulation of CSF3R truncation mutants among infants with SCN might be of
prognostic value and a preventive therapy might be sought. Concerning the second question, determination whether G-CSF is
mutagenic or provides a selective pressure may influence the degree G-CSF therapy is conducted, e.g. should it be more or less
aggressive.

To provide insight into the course of this disease and its clinical management, we propose a novel model of the emergence and
fixation of CSF3R truncating mutations, which also follows the paradigm outlined earlier on. We note that the most common of
these mutations associated with transition to sMDS is the CSF3R D715. However, at the resolution level of our model, we are not
able to make more specific distinctions nor to consider coexistence or competition of more than one truncation mutant. The model
assumes that the answer to question (i) is affirmative, but it is negative to question (ii). The model’'s hypotheses are:

1. An inherited mutation in ELANE causes SCN;

https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi. 1006664 2/15
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2. ELANE mutations coexist with the non-mutated allele in an intracellular environment in which CSF3R truncating mutations occur spontaneously at a low
rate;

3. During fetal life, the number of stem cells and committed cells expands quickly, which results in high probability of approximately 13! — 12 CSF3R
truncation mutant cells; these would be of no consequence had their number not expanded further;

4. Administration of pharmacologic G-CSF early in life exerts selective pressure, providing CSF3R mutants with selective advantage. This assumption is
supported by experiments, in which growth differential of wild-type and truncation mutant depends on the G-CSF concentration (Fig_1).
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Fig 1.

(A). Effect of CSF3R (wild type or D715) stimulation on cell cycle. Ba/F3 cells expressing either wild type (Type I, blue) or
mutant (D715, red) CSF3R were stimulated with two different doses of G-CSF (50 ng/ml and 100 ng/ml) and were analyzed
using flow cytometry to determine the effect of G-CSF dose on receptor subtype activation on cell cycle progression. The cells
were treated as detailed in the Methods. Flow cytometry data for each time point were analyzed using FlowJo employing the
built-in cell cycle module. The data are represented as percentage of G1/GO0 cells obtained from the FlowJo analysis plotted
against time. Following an initial transient, from the 1 hr time point the G1/GO0 percentage differences between cells with the
Type | and D715 receptors have been on the average equal to 6.05% for 100 ng of G-CSF and 4.28% for 50 ng of G-CSF,
respectively.

https://doi.org/10.1371/journal.pcbi.1006664.g001

1. Onset of sMDS is equivalent with replacement of normal hematopoietic bone marrow by mutant hematopoietic stem cells, their progeny, and release of
factors that suppress normal hematopoiesis. At the level of resolution of our model, we are not able to make more specific distinctions.

(B) Effect of CSF3R (wild type vs. D715) on cell proliferation. Ba/F3 cells expressing either wild type (Type I) or mutant (D715)
CSF3R were treated with increasing doses of recombinant human G-CSF (ng/ml) and proliferation was measured by the MTT
assay performed in triplicates in a 96 well plate. The data are raw absorbance values at 600 nm and represent the three replicates
plotted against increasing dose of G-CSF, fitted using least squares by Hill-type curves (Type I, blue, D715 red). For details of
experimental procedures see the S1 Appendix. Fitting and statistical procedures are explained in the Methods.

We show that hypotheses 2 and 3 are needed, by first building a proof-of-principle simple Moran process (a stochastic model used
in population genetics) with no expansion, which fits the data only if it is started by a cell population including ~1g! — 102 cells
expressing a CSF3R truncation mutation. Then we show that this number of CSF3R truncation mutant cells can be produced in the
late fetal period expansion of hematopoiesis in bone marrow. Existence of the pool of CSF3R truncation mutant cells before
exposure to G-CSF can be discovered only by deep targeted sequencing. Then we follow up with a full-fledged comprehensive
model, which accounts for the important detail of time change of the size of the hematopoietic system, but which confirms the
conclusions of the proof-of-principle model.

Methods

Measuring the selective advantage of D 715 mutant cells

Experiment.

https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi. 1006664 3/15
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As shown in Fig 1A, the fraction of Ba/F3 cells expressing either wild type (Type |, blue) or mutant (D715, red) CSF3R that reside in
the G1/GO0 phase has been measured, employing Technical details are found in the S1 Appendix. Briefly, following release from the
starvation cell cycle arrest, cells were stimulated with two different doses of G-CSF (50 ng/ml and 100 ng/ml) and were analyzed
using flow cytometry to determine the effect of G-CSF dose on receptor subtype activation in terms of cell cycle progression. Flow
cytometry data for each time point were analyzed using FlowJo software [33] employing the built-in cell cycle module. The data are
represented as percentage of G1/G0 cells obtained from the FlowJo analysis plotted against time. After an initial transient, from the
1 hr time point the G1/G0 percentage differences between cells with the Type | and D715 receptors have been on the average
equal to 6.05% for 100 ng of G-CSF and 4.28% for 50 ng of G-CSF, respectively. The data points are derived from flow cytometry,
and because it measures thousands of cells, statistical fluctuations play a minor role and therefore the difference are statistically
“highly significant”.

G1/GO0 cell fraction as a measure of selective advantage of cycling cells. We employ a simple cell cycle model to relate the G1/G0
cell fraction to the cell growth rate and selective advantage. Mathematical foundations can be found for example in ref. [34, 35].
Briefly, suppose that the interdivision time 7 of cell in a population is constant and that the residence time T, in the G1/GO0 is also
constant (relaxing these assumptions is possible, as implicit from [34, 35], but it does not affect the first-order approximation we
need here). Let us also suppose that the efficiency of divisions =« (probability that a progeny cell enters the cell cycle) is constant.
Under these hypotheses, the expected cell growth after initial transients becomes exponential with rate 4 = In (2x)/T, i.e. the cell
count at time ¢ is equal to

N(f) = N(D)e
The fraction ¢ of cells in G1/G0, tends to the following value

1 — e N

= 1 —e-4T

This latter expression can be solved for the ratio v = T,/T

g = n{l—oll — (297}

) —In(2zx)

Suppose now that we consider another (“asterisked”) population of cycling cells, which has respective parameters denote with
superscript (*).Let us also assume that the difference in cell division times between the two populations is due only to shortening of
the G1/GO0 phase

T—T" =T, —-T; =A

Let us note that in the experiment described earlier on, we measure the ratios ¢ (G1/G0 fraction in Type | receptor cells) and ¢*
(G1/GO fraction in D 715 receptor cells). Following some algebra, we obtain an estimate of A in the terms of ¢ and ¢* given we
assume 1 and « and &*

A=l¥- “t' 't
L—
where iy and §* have been already expressed in the terms of ¢ and ¢*.
Selective coefficient in the Moran model is defined as s =  — 1, where i is the ratio of probabilities that the replacent for a

withdrawn (divided) self-renewing cell is a mutant (in this case an “asterisked” cell). This interpretation is consistent with the
confined environment of the bone marrow, in which on the average one progeny cell dies of differentiates, leaving the self-renewing
cell pool. This leads to expression

A=A
s=r—1=

A

This interpretation allows understanding the bounds on the selection coefficient provided by the experiment. We accepted 7 = 4
days, and we may start from assuming « = »* = 1 (perfect division efficiency). Suppose that in approximate agreement with the
experiment, we consider ¢ = 0.7 and ¢* = 0.66, which leads to ¢ = 0.621 and * = 0.567, and to A = 0.503. In turn, this provides
4i=0173d'and ;* = g.198 4~! which leads to s = 01.144. Lowering equally the division efficiencies of both cell types changes the
selection coefficient only slightly. However, if the “asterisked” (mutant) efficiency is lowered to »* = 0,93, the selective advantage of
faster proliferating cells shrinks to almost 0. Consistently with this, we use the range of s-values from 0.002 to 0.1 (Table 1) and
from 0.02 to 0.008 (Fig_2), which stay below the upper bound provided by s = 0.144.

https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi. 1006664 4/15
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(A) Age at which the d715 mutants replace the normal cells in the CMP compartment, as predicted by the modified Moran
model with varying cell population size, for a range of mutation rate and selection coefficient values. (B) Selection coefficient
values corresponding to the ages at replacement of 4 years old (solid line), 13 years old (dashed line), and 22 years old
(dotted line) for a range of mutation rates values. (C) Mutant cell count at age of 1 year for a range of mutation rate values.
https://doi.org/10.1371/journal.pcbi.1006664.g002

Table 1. Results of the computations of the expected time to fixation.
https://doi.org/10.1371/journal.pcbi.1006664.t001

Effect of CSF3R (wild type vs. D715) on cell proliferation.

Bal/F3 cells expressing either wild type (Type |) or mutant (D715) CSF3R were treated with increasing doses of G-CSF (ng/ml) and
proliferation was measured using the MTT assay performed in triplicates in a 96 well plate. Full account of experimental procedures
is found in the S1 Appendix. The data are raw absorbance values at 600 nm and represent the three replicates plotted against
increasing dose of G-CSF.

Concerning recalculation from the pharmacological dose to serum concentration of the G-CSF, ref.[36] is providing relevant
information. In this publication, see their Fig 1, therapeutic doses from 5 — 15 ug/kg body weight resulted in serum concentrations of
the order from 1 — 100 ng/ml, with a maximum for the lowest dose of 5 ug/kg reached after 4 hours and equal to over 10 ng/ml, and
remaining over 1 ng/ml for 10 days.

To better understand the data, we performed parametric least-square fitting of the Type 1 and D715 data using Hill-like sigmoid
curves, which results in clarified visualization of trends with the two curves crossing approximately at G-CSF concentration of 0.1ng.
Hill equation is a prototypical sigmoidal curve widely used in systems biology [37]. It has the form
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The best least-square fit to the data (separately for Type | and D715 data). Values of estimated coefficients: Common for Type | and
D715, yy = 0.349; Type 1, a = 0.449, b = 20.802, ¢ = —23.309,n = 11.149; D715, a = 0.479, b = 21.075, ¢ = =23.278,n = 28.255.

In addition, we carried out rigorous testing using one-sided Wilcoxon two-sample rank test of the difference between the Type 1 and
D715 data points separately for concentrations = 0.1 ng/ml (resulting in highly significant difference at p = 0.0034), and for
concentrations = 0.1ng/ml (resulting in borderline significant difference in opposite direction at p = 0.089). This testing justifies the
assertion of higher growth rate of D715 cell in the range of G-CSF concentrations above 0.1ng/ml.

Proof-of-principle model

Moran process with directional selection.

For a simplified proof-of-principle model of competition between mutant and wild type cells in adult bone marrow, we use the
standard Moran process with selection [38]. In this process (Fig_3), the population of granulocyte precursors is assumed to be
constant, with the proportion of mutants varying in time and time running in discrete units (such as days or cell-division times). We
consider a population of - biological cells, which at time 0 contains ; mutant cells. The mutant has a selective advantage defined
as the relative fitness #», which is frequently expressed as = 1 + s, where s is called the selection coefficient. For an
advantageous mutant, » = 1, or s = 0. Further details are found in the corresponding section of the S1 Appendix.

t t+1

(@ @ e @ (o @ s @
L ] —
../©@\.! ¢ 'O& ‘e
One dies Another

{randomly chosen) reproduces

Fig 3. Moran Process with discrete time and directional selection.

One of the w cells (i mutants, in orange, and & — i wildtype, in green), present at time ¢, dies (no preference for type). Its
replacement at time ; + 1 is selected from all cells present at ¢, with odds (relative fitness) r in favor of the mutant. Relative
fitness is frequently expressed as » = 1 + s, where s is called the selection coefficient. For an advantageous mutant, » = 1, or
5= 0.

https://doi.org/10.1371/journal.pcbi.1006664.9003

Selective advantage in cycling cells.

CSF3R is a member of the hematopoietin/cytokine receptor family and functions as a homodimer. The cytoplasmic region consists
of a proximal domain essential for proliferation and a distal domain critical for differentiation. Acquired CSF3R mutations have been
observed to cluster between nucleotides 2384 to 2522 (residues 715 to 750), resulting in the loss of the distal domain [23].
Epidemiological studies demonstrated that the risk of sSMDS/AML increased with the dose of G-CSF [16, 39].

Mutant clones may divide more frequently and/or be less apoptotic. In the simplest case of no cell death, selective advantage can
be related to shortening of the interdivision times in mutant cells, relative to normal cells. A proxy for shorter interdivision time is a
lower proportion of cells in the G1 phase, as this phase is usually most variable. Fig_1A presents a summary of the dynamics of cell
cycle distribution of Ba/F3 cells expressing either the full-length wild type CSF3R or the CSF3R D715 mutant following their release
from a starvation block. The fraction of cells in G1 in D715 mutants is lower by about 0.05 compared to that in the wild type CSF3R
expressing cells, which translates into a growth rate advantage of the CSF3R D715 mutant. The difference is highly statistically
significant, as flow cytometry measures thousands of cells per condition.

As an independent check, Fig 1B shows a direct comparison of growth curves of Ba/F3 cells expressing either the full-length
CSF3R or the truncated CSF3R D715. The dose dependence shows that mutants have a selective advantage over a range of high
G-CSF concentrations, whereas for low (normal) concentrations, they are at best neutral or possibly disadvantageous. Relevant
laboratory techniques are found in S1 Appendix. Similar results were found depending on the particular CSF3R cytoplasmic
mutant [40].

CSF3R truncation mutations at the fetal-life expansion phase of bone marrow.

Hematopoiesis in the human fetus moves from the liver into bone marrow about 90 days before the end of the pregnancy [41, 42].
The requirement of more than one mutant cell present at time ¢ = 0 of the Moran process can be satisfied as follows. Suppose that
CSF3R truncation mutations occur during the embryonic bone marrow expansion stage. In this time interval, because of the rapid
expansion on the bone marrow, cell proliferation and mutation can be described using the time-continuous Markov branching
process model [8], originally developed by Coldman and Goldie in a different context [43, 44]. The assumptions are as follows (Fig
4):
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Fig 4. The branching process of cell proliferation with irreversible mutation.

Briefly, the cancer cell population is initiated by a single “wild type” (WT) cell, denoted as “0”. At each division, with probability
1, one of the WT progeny cells mutates. Mutants, denoted as “1” produce a pair of mutant progeny. Mutants have the same
distribution of the interdivision time as the WT cells.

https://doi.org/10.1371/journal.pcbi.1006664.9004

1. The stem cell population (here, pooled Hematopoietic Stem Cells or HSC, and Common Myeloid Progenitors or CMP) is initiated by a small number }\; of
“wild type” (WT) cell that already acquired the ELANE mutation.

2. Interdivision time of WT cells is a random variable from an exponential distribution with parameter .. Accordingly, mean interdivision time of WT cells is
equalto 1/4.

3. At each division of a WT cell, with probability t, one of the progeny cells acquires the CSF3R D715 mutation. CSF3R truncation mutants always produce
CSF3R truncation mutants when dividing.

4. At the expansion phase, mutants are assumed selectively neutral (have the same parameter ; as WT cells).

Mathematical details are found in the corresponding section of the S1 Appendix.
Comprehensive model of fixation of CSF3R truncation mutants

Modeling the age-dependent changes of sizes of the bone marrow cell compartments.

For more precise simulations, we build a model of dynamics of the hematopoietic stem cells (HSC) these latter defined as HSC and
long term culture-initiating cells (LTC-IC) [45], and of the common myeloid progenitors (CMP), which give rise to neutrophils and/or
monocytes. The model schematic is depicted in Fig_5. Dynamics of these cell populations are represented in the compartmental
model by a system of three differential equations following the model of Arino and Kimmel [46]. The equations of the model are
explained in the corresponding section of the S1 Appendix and in the legends to Figs 5 and 6.

Fig 5. Deterministic model of age-related dynamics of pluripotent and committed cells and granulocytes.

P(t), C(t), and G(1) are the numbers of pluripotent cells (HSC compartment), committed cells (CMP compartment), and
peripheral granulocytes at time ¢, respectively; m is the ratio of the committed cells in the hematopoietic cell lineage
associated with the granulocyte line (assumed to be m = 1/4);aand ¢ are the proliferation rate and self-renewal probability of
the p cells; and, similarly, 5 and 4 are the proliferation rate and self-renewal probability of the ¢ cells. E(T) denotes
expected interdivision time of a cell.

https://doi.org/10.1371/journal.pcbi.1006664.9g005
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Fig 6. Estimated dynamics of human hematopoiesis in the bone marrow, starting from its onset in the final weeks of fetal life.

(For additional details see the twin sections titled Estimates of the parameters of the model of age-dependent dynamics of the
granulocyte arm of the hematopoietic system, in the Results and in the S1 Appendix). (A) Counts of the HSCs (P(¢)) and
CMPs (C(t}), and the rate of granulocyte production per day (f/G(t)), as a function of time (individual’s age), calculated for
human body weight following the Theron’s formula. (B) Time (individual’'s age) dependent parameters of the mathematical
model of the human hematopoietic system: expected time (days) between HSC divisions Tx(f}) = 1/a(t), expected time (days)
between CMP divisions Te(f) = 1/b(f), maturation probability of the HSC «ir), and differentiation probability of the CMP, 4{z).
Ratio of the committed cells in the hematopoietic cell lineage associated with the granulocyte lineage is assumed equal to

m = 1/4 for all ages. Please note the log-log scale of the graphs.

https://doi.org/10.1371/journal.pcbi.1006664.9006

Our model is consistent with the lifetime changes in the bone marrow volume and the HSC interdivision times [47, 48],
distinguishes between the periods before and after birth, and accounts for the body mass and HSC proliferation changes during
childhood and adulthood. This requires that some of the model parameters change with time ¢ (individual's age). We found that it is
sufficient to vary (i) the mean interdivision time of the HSC equal to T, = 1/a(¥), (ii) the maturation probability of the HSC equal to
¢(t), and (iii) the differentiation probability of the CMP equal to (). See S1 Appendix for explanation of mathematical symbols.
The time (age) patterns of these and other coefficients that fit the data in refs. [47, 48], are depicted in Fig 6B.

The model accommodates two apparently contradictory observations in the data viz. that (i) the interdivision times of the HSC
dramatically increase over the lifetime, and (ii) the granulocyte volume remains proportional to the body weight [47, 48].
Surprisingly, this can be achieved by relatively small changes in the cell maturation and differentiation coefficients. In the real-life
system, this is accomplished by nonlinear regulatory feedbacks, with possible configurations similar as in ref. [45]. However, for our
purposes, it is sufficient to assume that differentiation coefficients ¢(r) and 4(r) vary with time (Fig 6B). Mathematical details and
parameter estimates are found in the corresponding sections of the S1 Appendix.

Model of expansion of the CSF3R truncation mutant in the bone marrow in the form of the Moran process with variable population size, directional selection, and recurrent mutation.

In contrast to the standard Moran process, this model assumes that the population size (cell count) N(t) varies in time. The
population consists of cells of two types: wild type (WT; cells that already acquired the ELANE mutation) and CSF3R truncation
mutants (M). For the WT-cells and M-cells equally, life lengths depend on individual’s age. Upon death of a cell, another randomly
chosen cell proliferates. Selective advantage is represented by a bias in choice of proliferating cell (as in the standard Moran
model. WT-cell may irreversibly mutate into a M-cell at rate u. Mathematical details are found in the corresponding section of the
S1 Appendix.

Technically, the model is limited to the CMP compartment of the bone marrow, since (1) cells in this compartment respond to G-
CSF signaling as opposed to the HSC, which most likely do not, and (2) CMP compartment is much larger than the HSC one.
Further stages of granulocyte precursors are assumed to only transmit the descendants of the mutated cells into peripheral blood
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and tissue and not to have even limited self-renewal properties. Before the GCS-F treatment is initiated, the mutants do not have
selective advantage (i.e. s = (). Advantage appears at the time G-CSF treatment is administered, assumed to be six months after
birth.

Results

Proof-of-principle model

Mutation rate, selection and age at sMDS onset in the proof-of-principle model.

In this section, we consider a simple Moran model with the mutants being cells carrying the CSF3R truncation mutation. Since
around 70% of sMDS associated with SCN carry this mutation, this means that fixation of the mutant (i.e., elimination of the wild-
type CSF3R in the SCN population) occurs with probability 0.7 (ref. [23]). Assuming this and a given selection coefficient of the
mutant over the wild type, we calculate (see S1 Appendix) the expected time to fixation and the required number of mutant cells at
time 0 of the model (corresponding to birth of the individual). Table 1 presents results of the computations of the expected time to
fixation of a CSF3R truncation mutation with probability of fixation kept at P = Pfixation] = 0.7, assuming the Moran process with
directional selection. The parameter values are consistent with the adolescent phase values in the accurate model of bone marrow
expansion, as well as with the experiment-based estimates of the selective advantage of cells harboring the CSF3R truncation
mutation, as outlined further on.

Determination of the expected time to fixation of the CSF3R truncation mutant and the required count of mutant-harboring cells at the end of fetal bone marrow expansion.

Expected times to fixation of the CSF3R truncation mutant were computed by first solving Eq. (1) in the S1 Appendix to find the
initial count ; of mutants required for p — .7, given the summary number of HSC and CMP cells x = 1.98x10° cells/kg x75 kg (the
average adult body weight) and selection coefficient s varying in a wide range.

In mathematical terms, if the probability of fixation of the mutant is provided by the Eq. (1) in the S1 Appendix

) Co1—(1—y)
PlTy < Tj] = ——0
ST =)

and for large » and small ;, the expected time to fixation (given that fixation occurs), is asymptotically equivalent to [38]

. . 2InN = Ini
E[Ty|Ty > Tw] —

then we can solve the first of these two equations for ;, assuming P[7Ty < Tj] = 0.7 to obtain
i=log,_{1-0.7]1-(1-s"]}
and then substitute this into the second equation to obtain
E[Ty|Ty > Ty] = {2IN — Inlny {1 — 0.7]1 — (1 — )]} — Inln(1 — s)}/s

The latter has to be divided to the number of cell divisions per year (assumed to be equal to 90. as in Stiehl et al. [45]) to obtain
time in years.

The resulting mutant cell counts and the expected age at fixation of the CSF3R truncation mutation are collected in the second and
fourth column of Table 1, respectively.

For s from the interval (0.02, 0.1), the estimates of the expected time to fixation of the mutant (time when only mutant allele
remains) belong to the interval [4.86, 23.41] (yr), and are approximately consistent with the timing of the sMDS onset. From the
European SCN Registry data, age at diagnosis of SCN with sMDS and CSF3R mutation is 13 + 9 years. However, it is necessary
that at the time G-CSF treatment begins, i = 11-60 mutant cells are already present in the cell population (second column of Table
1).

Determination of the mutation rates required to obtain the mutant cell counts at birth.

To shed light at the possibility of this number of mutants being present approximately at the birth time, we solved Equation (3) in the
81 Appendix to obtain the estimates of mutation rate u which makes it possible, absent selection by G-CSF, to obtain the
corresponding initial mutant count () = i in the range 11-60 in the fetal hematopoietic population of HSC and CMP expanding to
the size of about N(f) = N = 1.98x108 cells/kg %5 kg (the approximate infant body weight).

Mathematically, under the branching process model (81 Appendix), we obtain the equations for the expected (average) number
N(t) of normal and i(¢)of mutant cells [8]

N(t) = Noexp[(1 — )it i(t) = Nofexp(Ar) —exp[(1 — w)d]}

Eliminating time from the relationship between N(¢) and (¢}, we obtain that the expected number of mutant cells is equal to
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i(t) = N(t) — NEN(£) TH=N(1) — N()' ™*=uN(1)ln N(1)

where N(t) (resp. Ny) is the number of cells after (resp. before) expansion. The approximation on the right-hand side is valid for
moderate N, and small k. Inverting this expression, we obtain the mutation rates for a given expected number of mutant cells.

The resulting mutation rates per cell division, ranging from 9.57x107'° to 4.99x1079°, with cell cycle time of the CMP (which
dominate in the pooled HSC and CMP population; see further on) assumed equal to 4 days (as in Stiehl et al. [45]), do not exceed
the values considered normal for human cells (Table 1).

As for Table 2, we select the mutation rates and expected times to fixation to be a subset of those in Table 1 and compare the
respective selection coefficients stemming from the simplified model and the comprehensive model. A more complete review of
possible parameter combination is possible using Fig 2 as a nomogram; see further on.

Table 2. Comparison of estimates of selection coefficients needed for fixation of the CSF3R mutant.

https://doi.org/10.1371/journal.pcbi.1006664.t002

Comprehensive model of fixation of CSF3R truncation mutants

The results of the proof-of-principle modeling summarized in Table 1 suggest that it is feasible to build a more comprehensive
model consistent with normal hematopoiesis as well as mutation and selection mechanisms modified by the age-dependent
cellularity of the bone marrow and administration of pharmacological G-CSF.

Estimates of the parameters of the model of age-dependent dynamics of the granulocyte arm of the hematopoietic system.

We assume that the total number of HSC, CMP, and granulocytes is proportional to body weight, which increases according to
Theron's formula [49] from 3.4 kg at the birth time to 75 kg in the adult life. The exact numbers of these cells at time - are calculated
based on the estimates given by Stiehl et al. [45] (in that paper’s Online Supplement, Scenario 2). Further details are available in
the corresponding section of the S1 Appendix. Fig_6 presents the age-trajectories of model coefficients as well as those of the cell
numbers in the two compartments and the flux rate of mature granulocytes into blood.

Mutation rate, selection and age at sMDS onset in the detailed model including recurrent mutation.

The main results of the paper are obtained by application of the comprehensive model of expansion of the CSF3R truncation
mutants in the bone marrow. As described in Methods section, the model hypotheses are consistent with the age-dependence of
the cell number in the CMP compartment. We disregard the influx of mutants arising in the HSC compartment, since this is a
relatively minor influence compared to their number in the CMP, the increase of which is driven by their selective advantage
following the G-CSF treatment. Because the Moran model with recurrent mutation has mutant fixation probability equal to 1, it
applies strictly speaking only to the 70% of cases with CSF3R truncation mutation fixed at the sMDS diagnosis.

Fig_2A depicts the age at which the CSF3R truncation mutants replace the normal cells in the CMP compartment. The age at
replacement reaches the mean value of 13 years observed in clinical data for a range of parameter values, including mutation rate
expected for human genome (ca. 10~9) and modest selection coefficient values such as 0.014 consistent with small selective
advantage expected based on Fig_3 though not explicitly quantifiable. Fig_ 2B depicts the values of the selection coefficient ., which
for a given mutation rate lead to sMDS onset at 4, 13 and 22 years, respectively.

Comparison of simulations in Fig_ 2 (comprehensive model) and computations in Table 1 (simplified model), leads to the
conclusions summarized in Table 2. Estimates of the selection coefficients needed for fixation of the CSF3R truncation mutant at
ages 4, 13 and 22 years obtained from the comprehensive model are about 2—3 times higher than those based on the simplified
model, with the corresponding mutation rates adjusted to those required in the simplified model. This difference stems from two
facts: (1) the simplified model does not account for the change of the hematopoietic system performance with age, and (2) the
comprehensive model includes recurrent mutations of CSF3R over the lifetime not only in the fetal period. In both models, the
mutation rates and selection coefficients required seem to be within acceptable ranges.

Anaother graph, in Fig_2C, depicts the corresponding mutant count at 1 year of age. We see that at mutation rates ranging over
107°-10"", the mutant count at birth remains in the 10103 range. These results confirm the proof-of-concept analysis and show
that in the range of “normal” human mutation rates, the number of mutants at birth is of the order of 102—practically undetectable
even by very deep sequencing.

Discussion

Here we presented a model of fixation of a CSF3R truncation mutant in the transition from an inherited neutropenia to sMDS: from
the expansion phase in the prenatal hematopoietic tissues, to initiation of the G-CSF treatment, to expansion of the mutant, and to
replacement of the normal bone marrow by the pre-leukemic mutants. By modifying the simple Moran model of population genetics,
we provided an explanation for the evolution of sMDS in about 70% of cases in which CSF3R truncation mutant acts as an
oncogenic driver. We first used a proof-of-concept two-stage model including the initial creation of the mutant clone before the
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selective agent G-CSF has been applied, followed by the period of selective pressure after initiation of treatment. We followed up
with a more comprehensive model, which used the estimates of age-dependent productivity changes in hematopoietic stem cells,
obtained based on telomere shortening estimates by the Abkowitz and Aviv groups [47, 48].

Our model provides a real-world setting that may further illuminate principles of clonal hematopoiesis of indeterminate potential, first
described as age-related clonal hematopoiesis. As recently summarized by [50], HSC clonality and association with malignancy
begins with somatic genetic lesions in adult stem cells that accumulate and persist and that “given a large enough population (of
HSC), every base pair in the genome will be mutated within at least one HSC”. Further, “these mutations provide the substrate for
clonal selection”. The original and distinctive feature of our present model is to show that mutations occurring during the bone
marrow expansion in the fetal period are likely to play a major role in creating this substrate.

The expected times to fixation of the CSF3R truncation mutant (4-22 years) are consistent with the timing of the sMDS onset.
According to data published from the European SCN Registry data, the average age at diagnosis of SCN with sMDS and CSF3R
mutation is 13 + 9 years [51]. The 70% fixation probability requires 11-60 “initial” cells harboring the mutation. We experimentally
validated our mathematical model by measuring the growth advantage of the CSF3R D715-expressing cells and found a significant
growth advantage (Fig_1A). Further validation will require next generation sequencing of specimens from these rare patients. Qiu et
al. [52] recently reported that this truncation mutation also permits granulocytic precursors to avoid apoptosis.

Our comprehensive model is based on the hypothesis that the rate of cell division after birth, when the rapid expansion of bone
marrow slows down, is still very high. Hence, acquisition of new mutants during that phase is still substantial. However, selection is
the force that leads the mutant-receptor cells to dominate. This also means that supply of new mutants in the expansion phase
might not be necessary for the disease to emerge. However, it is likely that proliferation slows down by one or two orders of
magnitude, depending on exact characteristics of subtypes of stem cells. Then in order to fit the data, somewhat higher selection
coefficients are needed. In that case, the comprehensive model will behave approximately as the “proof of the concept” model, i.e.
most of the mutant are supplied in the marrow expansion stage.

An alternative hypothesis states that an inherited neutropenia induces a maladaptive increase in replicative stress and higher
mutation rate in HSC that contributes to transformation to sMDS/AML [53]. However, measurements of the mutation burden in
individual hematopoietic stem/progenitor cells (HSPCs) from SCN patients failed to support that. CD34*CD38" cells were sorted
from blood or bone marrow samples and cultured for 3—4 weeks on irradiated stromal feeder cells. The exomes of the expanded
HSPC clones were sequenced with unsorted hematopoietic cells from the same patient served as a normal control. The average
number of somatic mutations per exome was 3.6 + 1.2 for SCN, compared to 3.9 + 0.4 for the healthy controls. Those patient-
derived findings support our model. Our conclusions require that the mutation rate per site per cell division equals about 10'9,
which is consistent with normal mutation rate in human genome.

This latter issue warrants discussion since the somatic mutation rate in humans is about two orders of magnitude higher than the
germline mutation rate, as suggested by [54]. However, a recent paper by Milholland et al. [55], argues that this former (somatic
rate) is of the order of 10 per base per mitosis, while the former (germline rate) is of the order of 107" per base per mitosis (Fig
1B in that paper). Moreover, as seen in our Fig_2, using the 10~7 mutation rate

[54] would only slightly change our conclusions.

Two other mechanisms drive the expansion of the CSF3R truncation mutants, (i) the initial CSF3R truncation mutant cell clones
arising in the expansion phase of fetal hematopoietic bone marrow and (ii) competitive advantage of the CSF3R truncation mutant
harboring cells at later ages, hypothetically due to increased G-CSF pressure. “Mutator phenotype” does not need to be invoked in
the SCN progression to sMDS.

A characteristic feature of human cancers is their wide heterogeneity with respect to extent of involvement, genotype, and rate of
progression and spread [56]. This variability contrasts markedly to induced animal tumors, which grow at a relatively uniform rate.
sMDS/AML secondary to SCN is not an exception, with onset varying from 1 to 38 years of age. Previously, we constructed a
stochastic model of the SNC—sMDS—sAML transition based on stochastic events [9]. It considered each new mutation to provide
more selective advantage to the arising clone. This linear structure of mutation conferred desirable simplicity to modeling but was
not necessarily realistic. In the framework of multitype branching processes and special processes such as Griffiths and Pakes
branching infinite allele model [57, 58], more complicated scenarios might be contemplated. Interestingly, the model of ref. [9]
suggests that the spread in the age of onset of SAML is not due solely to stochastic nature of clone transitions, but requires a large
variability in proliferative potential from one affected individual to another.

Similar effect can be predicted in the Moran process. According to [38], the time course of the Moran process under mutant
selective advantage can be split into three periods: (1) relatively long period from small number of mutant cells to a threshold,
followed by (2) a much shorter period from the threshold to near-fixation of the mutant, and (3) a relatively long period to complete
fixation. Accordingly, once the mutant count exceeds certain threshold, the process accelerates. This results in the spread of times
to fixation depending at least as strongly on the selection coefficient as on the “intrinsic” randomness. This justifies the approach we
took in this study, to concentrate on the effects of the selection coefficient. In addition, determination of the threshold may help
establish a target for monitoring the progress of the disease. Gaining more insight will require a further study.

While our model advances the understanding of multistep progression to cancer with a real-world condition and application to the
clinic, other factors could be incorporated. These include: a correlation between G-CSF dosage for neutrophil recovery in SCN
patients and the risk of malignant transformation and acquisition of an additional mutation, such as RUNX1, in the evolution to
sAML.

In the current report, we focus on a single aspect of the SCN-related leukemogenesis: expansion of CSF3R truncation mutant cells
leading to the sMDS transformation. The model we present here provides potentially testable hypotheses (i) the CSF3R truncation
mutants are present in -- cells before G-CSF treatment is applied and (ii) a slight selective advantage of the CSF3R truncation
mutant-harboring cells under G-CSF pressure is sufficient to lead to their expansion. The second hypothesis seems to be

https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi. 1006664 11/15
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consistent with findings in ref [53]. Current dogma holds that clonal dynamics in relation to the development of SMDS/AML are
highly heterogeneous and unpredictable. Our model supports the clinical value of more accurate disease surveillance with next
generation sequencing and better timing of therapeutic interventions, such as stem cell transplantation.
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