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Introduction: African American (AA) women suffer higher mortality from triple negative breast cancer
(TNBC) than Caucasian women. By contrast, breast cancer in Hispanic and Native American women is less
prevalent and these women have a better outcome. Whether worst outcome in AA women is due to an increased
incidence of TNBC or unique biological factors that promote aggressive biology is an important but unresolved
challenge in cancer disparity research. Recent studies have also demonstrated that duffy heterozygous/null
phenotype, which is most commonly inherited in people of sub-Saharan ancestry, is associated with aggressive
breast cancer biology in African American women, which provided first hint to the impact of genetic ancestry
influencing the biology of breast cancer. We previously reported that the normal breasts in AA women are
enriched for cells that express ZEB1, an epithelial to mesenchymal transition associated transcription factor. In
in vitro studies, these cells also expressed PROCR and PDGFRalpha (PDGFRa). Therefore, we labelled these
cells as PZP cells. One aim of the proposal is focused on further characterizing these cells. In our preliminary
studies, we had observed that breast epithelial cells from duffy-heterozygous and duffy-null carriers have higher
levels of activated cMET signaling. Since cMET pathway is associated with chemotherapy resistance and
metastasis, the second aim is focused on testing the hypothesis that duffy-heterozygous and duffy-null
phenotype confers aggressive metastatic property to breast cancer through cMET pathway.

Keywords: Breast cancer, PROCR, ZEB1, PDGFRalpha, Duffy, drug resistance, metastasis.

Accomplishments:
Specific Aim 1. To investigate the intrinsic and Cell lines and cohorts Timeline Current status
extrinsic effects of PZP cells enriched in AA women Months

on tumorigenesis
Major Task 1. Trans-differentiating properties of PZP cells of the normal breast:

KTB40 and KTB42. Note Work in progress

Subtask 1 (6.1.2): Characterize PZP cells for trans- that.we have.four. other
similar cell lines in stock

differentiation upon treatment with various ligands of but only two will be used 1-5

PDGFR. (KTB32, KTB53, KTB55
and KTB59)
Subtask 2 (6.1.3): Determine how cancer cell-induced | Cancer cell lines MCF-7, Work in progress
factors modulate trans-differentiation T47-D, SK-BR-3, BT-474,

HCC1937, MDA-MB-468,
SUM149PT, HCC70,
HCC1187, DU4475, BT- 2-12
549, HS578T, MDA-MB-
231 and MDA-MB-436.
PZP lines KTB40 and
KTB42

Milestone Achieved: demonstrated that PZP cells upon trans-differentiation into fibroblasts, adipocytes
or osteoblasts alter tumor progression

Major Task 2 (6.1.4): Determine whether cancer cell-derived factors cause PDGFRa isoform
switching or receptor dimerization to enhance differentiation to fibroblasts

Subtask 3: Determine the effects of conditioned media | Conditioned media from Yet to be initiated
from cell lines on PDGFRa. isoforms in PZP cells. cancer cell lines listed in 13-15
subtask 2

Milestones achieved: Conditioned media from select cell lines block the generation of decoy PDGFR«
receptor.
Major Task 3 (6.1.5). The effects of trans-differentiated PZP cells on invasive and drug sensitivity of
various breast cancer cell lines:

Subtask 4: Generate GFP labeled PZP cells and trans- Parental and GFP+ cells have
differentiate cells into fibroblasts, adipocytes, or transdifferentiated KTB40 | 10-14 been generated
osteoblasts and KTB42

Subtask 5: Perform co-culture experiments to Cancer cell lines described Partially completed.
determine the influence of various trans-differentiated in subtask 2 plus oncogene Have identified IL-6
PZP cells on cancer cell invasion transformed breast as a factor secreted

epithelial cell lines from 14-20 at a higher levels
two each of Caucasian, when PZP and
Hispanic and African breast epithelial
American women, parental cells are in contact.




and transdifferentiated
KTB40 and KTB42

Subtask 6: Perform drug sensitivity studies of co-
cultured cells

Cell lines described in
subtask 5

20-24

Milestone achieved: PZP cells, depending on type of trans-differentiation altered sensitivity of cancer
cells to chemotherapy and influenced their invasive properties

Major Task 4 (6.1.6). The effects of trans-differentiated PZP cells on growth and metastatic

properties of breast cancer cells in vivo:

Subtask 7: Determine the effects of trans-
differentiated PZP cells on growth and metastasis of
cancer cells

Cell line: One
transformed cell line
derived from epithelial
cells of Caucasian and
another from African
American women, MCF-
7 and MDA-MB-468
cell line. Parental and
transdifferentiated
KTB40 or KTB42
Animal: NSG mice.
Cohort size: 336 (4
tumor lines with 7 types
of PZP cells, 12 animals

per group

20-28

Cancer cell lines
expressing tomato-
red luciferase have
been created and
work will begin
soon.

Milestone(s) Achieved: Demonstrated the role of PZP cells in growth and metastasis of tumor cells in

Vivo.

Major Task 5 (6.1.7): Determine whether the PDGFRa inhibitor nilotinib can reduce PZP cells

activity and increase chemosensitivity

Subtask 8: Implant tumor cells with PZP cells and
determine sensitivity of tumors to nilotinib + paclitaxel.

Cell lines: A transformed
cell line derived from
African American women
plus one PZP cell line.
Mice: NSG

Cohort: 96 (48 animals
without PZP cells and 48
with PZP cells. Four
treatment groups, 12 per
group. Control, nilotinib,
paclitaxel and both drugs.

22-32

Yet to be initiated

Milestones Achieved: Nilotinb increases sensitivity of tumors to chemotherapeutic drug paclitaxel
Major Task 6 (6.1.8): Intrinsic tumorigenic properties of PZP cells:

Subtask 9: Transform parental PZP or PZP cells trans-
differentiated into epithelial cells and determine their
tumorigenic properties

Cell lines: Three PZP cell
lines transformed using
two different oncogenes-
total six cell lines.

Mice: NSG.

Cohort: Six cell lines, 12
animals per cell line. Total
72 animals.

20-28

Work is partially
done. PZP cells
generate metaplastic
carcinoma when
transformed with
HRASGI2V plus
SV40 T/t antigens.

Milestone achieved: Epithelial trans-differentiated PZP cells generate tumors with distinct characteristics

Specific Aim 2. To investigate the role of hyperactive c-MET signaling in breast tumorigenesis

under the duffy-null background

Major Task 7 (6.2.2). In vitro characterization of immortalized and transformed duffy-wild type,
duffy-heterozygous and duffy-null breast epithelial cell lines:

Subtask 10: Generate immortalized and transformed cell
lines with duffy wild type, duffy-heterozygous and
duffy-null background

Cell lines: Two each of
duffy wild type, duffy-
heterozygous and duffy-
null immortalized cell
lines; each transformed
with two sets of
oncogenes. 18 cell lines
(six immortalized and 12
transformed)

1-12

Generated
immortalized and
transformed variants
of one wild type and
one duffy-
heterozygous breast
epithelial cells.




Subtask 11: Determine CCL2 and CXCL8 mediated
signaling in all cell types by proteomics and RNA-seq

Cell lines described in
subtask 10

12-24

Immortalized cell
lines have been
subjected to RTK
array

Milestone achieved: Distinct CCL2 and CXCLS signaling in duffy-heterozygous and duffy-null epithelial

cells compared to duffy wild type cells.

Major Task 8 (6.2.3): Stem cells properties of duffy-null/heterozygous cells

Subtask 12: Determine tumor-initiating capacity of
transformed duffy-wild type, duffy-heterozygous and
duffy-null cell lines

Cell lines: two each of
transformed cell lines in
duffy-wild type, duffy-
heterozygous and duffy-
transformed background.
Mice: NSG

Cohort: 3 cell dilutions, 5
per dilution, 2 cell lines per
category and three
categories, Total 90

animals

24-28

Transformation has
been achieved with
HRASS!2Y plus
mutant p53. Wild
type cells with
HRASS!2Y plus
mutant p53 but not
PIK3CAHI1047R+
mutant p53
generated tumors in
NSG mice.

Milestones achieved: Transformed cell lines under duffy-null background have higher tumor-initiating

capacity.

Major Task 9: The influence of duffy phenotype on drug sensitivity

Subtask 13: Determine the sensitivity of immortalized
and transformed cells to doxorubicin, paclitaxel, and
cisplatin

Cell lines: two each of
immortalized and
transformed cell lines
under duffy-wild types,
duffy-heterozygous and

duffy-null background

12-17

Yet to be initiated

Milestones achieved: Transformed cells under duffy-null and duffy-heterozygous background are resistant

to chemotherapy.

Major Task 10 (6.2.5). The ability of c-MET inhibitors to sensitize transformed duffy-null cells to

chemotherapy:

Subtask 14: Determine sensitivity of duffy wild type,
duffy heterozygous, and duffy null immortalized and
transformed cells to crizotinib or carbozantinib with and
without chemotherapeutic drugs in vitro

Cell lines: same as
described in subtask 13

13-20

Yet to be initiated

Major Task 11 (6.2.6). In vivo effects of duffy-null/hete
metastasis and drug sensitivity

rozygous phenotype on tumorigenicity,

Subtask 15: Measure tumor growth rate and lung
metastasis of transformed duffy-wild type, duffy-
heterozygous and duffy-null cell derived tumors

Cell lines: Transformed
cell lines from each
category but transformed
by two different sets of
oncogenes

Mice: NSG

Cohort: 12 transformed
cell lines, 12 animals per
cell line and 144 animals

20-26

Yet to be initiated

Subtask 16: Measure the effects of Crizotinib with and
without chemotherapy on tumor growth and metastasis

Cell lines: One each of
transformed cell line under
duffy-wild type, duffy-
heterozygous and duffy-
null background.

Mice: NSG mice.

Cohort: 72 animals per cell
line, each cell line in 6
groups (control, crizotinib,
chemo-1, chemo-2,
crizotinib plus chemo-1,
crizotinib plus chemo-2.)
Three cell lines. 216

animals

27-34

Yet to be initiated.

Milestone achieved: Duffy-heterozygous or duffy-null compared to duffy wild type transformed epithelial
cells are more sensitive to crizotinib or carbozantinib + chemotherapy both in vivo and in vitro




Subtask 17: Write Manuscript based on results of aims 1 and 2. 12-16 and 33-
36

Specific aims:

Aim 1: To investigate the intrinsic and extrinsic effects of PZP cells enriched in AA women on
tumorigenesis.

PZP cells are enriched in the normal breasts of AA women compared with CA women: We generated a
tissue microarray (TMA) comprising healthy breast tissues from 50 African American (AA), 150 white
(Caucasian) and 50 Latina women and analyzed the TMA for protein levels of PROCR, ZEB1 and PDGFRa by
immunohistochemistry (IHC). Statistical analyses of IHC staining of PROCR, ZEB1, and PDGFRa are shown in
Tables 1-3.

Table 1. Compare H-score and Positivity between race in all patients within Normal tissue for PROCR

race
variable | COLUMN_OVERAL African American Caucasian Latino
label L N=31 N=129 N=33 P-value
Positivity [0.17 (0.04, 0.55) 0.30 (0.06, 0.55) 0.15 (0.04, 0.41) 0.17 (0.04,0.39) | <0001
H-Score [27.97 (5.45, 127.65) 56.41 (1046, 127.65) | 24.37(6.68,83.50) | 26.06 (5.45,72.30) | <.0001
Table 2. Compare H-score and Positivity between race in all patients within Normal tissue for ZEB1
race
variable | COLUMN_OVERAL | African American Caucasian Latino
label L N=33 N=144 N=28 P-value
Positivity [0.01 (0.00, 0.24) 0.01 (0.00,0.10) | 0.01(0.00,0.12) 0.02 (0.00,0.24) | 0.0380
H-Score [1.62 (0.15, 30.72) 2.21(0.24,1647) | 1.46(0.15,19.76) | 2.75(0.40,30.72) | 0.0076
Table 3. Compare H-score and Positivity between race in all patients within Normal tissue for PDGFRa
race
variable | COLUMN_OVERAL African American Caucasian Latino
label L N=35 N=154 N=18 P-value
Positivity [0.10 (0.01, 0.75) 0.28 (0.03, 0.75) 0.09 (0.01, 0.73) 0.09 (0.02,0.56) | <.0001
H-Score [16.30 (1.43, 110.23) 36.96 (6.25,110.23) | 14.27(1.43,88.61) | 12.61(2.69,73.08) | <.0001

Note: Values expressed as median (min, max)
Note: P-value comparisons across race categories are based on Wilcoxon (Normal Approximation)

Consistent with our previous report regarding ZEBI1 !, breast tissues of AA women displayed higher ZEB1 H-
score compared to Caucasian women. Surprisingly, normal breast tissues of Latina also demonstrated higher H-
score for ZEB1. With respect to PROCR and PDGFRa, normal breast tissues of only AA women contained
significantly higher levels of expression (both positivity and H-Score) compared to Caucasian and Latina. Thus,
enrichment of PZP cells is unique to AA women.

Characterization of PROCR+/ZEB1+/PDGFRa (PZP cells) derived from healthy breast tissues of AA
women. We have created six immortalized cell lines from AA (KTB40, KTB42, KTB32, KTB53, KTB57, and
KTB59) by overexpressing human telomerase gene (h"TERT) in primary cells isolated and propagated from core
breast biopsies of healthy women. Self-reported ethnicity does not always match with genome-driven ethnicity
as determined by ancestry mapping. To ensure that the above KTB cell lines are from AA women based on genetic
ancestry, all samples were subjected to highly discriminative ancestry informative 41-SNP (single nucleotide
polymorphism) genomic analyses 2. As shown in Fig. 1A, self-reported African American women had inherited
>50% of African ancestry markers. In the mouse mammary gland, PROCR+/EpCAM- cells are suggested to
function as multi-potent stem cells *. We subjected these KTB cell lines to flow cytometry using PROCR (CD201)
and EpCAM markers, and all KTB cell lines from AA women were predominantly PROCR+/EpCAM- (Fig. 1B
and 1C). These cells are enriched for the expression of stemness- related transcription factor ZEBI and have
enhanced Wnt pathway activity compared to PROCR+/EpCAM+ cells 4 To further characterize
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PROCR+/EpCAM- cells for stem-cell activity,
we compared these immortalized variants with
the immortalized PROCR+/EpCAM+
luminal/basal cells from CA, and AA women.

PROCR+/EpCAM-  cell lines  expressed
significantly higher levels of ZEBI compared to
PROCR+/EpCAM+ cell lines (Fig. 1D).

Morphologically, PROCR+/EpCAM- cell lines
showed features of epithelial to mesenchymal
transition (EMT) (Fig. 1E).

PROCR+/ZEB1+ cells show similarity to
adipogenic progenitors that trans-differentiate
into epithelial cells: A recent study described
PDGFRo+ stromal cells as adipogenic
progenitors of the mammary gland that trans-
differentiate into epithelial cells and migrate into
the duct when stimulated by PDGF-C 3.
Interestingly, these cells also expressed PROCR
3. We examined whether these PROCR+/ZEB1+
cells express PDGFRa. Indeed, >70% of cells
were PDGFRo+ (Fig. 2A and 2B). Confluent
PROCR+/EpCAM+ cells underwent adipogenic
differentiation =~ when  supplemented  with
appropriate media further suggesting pluripotent
nature of these cells (Fig. 2C). Thus,
PROCR+/ZEB1+/PDGFRa+ (named PZP) cells
enriched in the breasts of AA women could
correspond to multipotent cells that can trans-
differentiate into epithelial cells based on
environmental ques.

PZP cells show the lobular fibroblasts
phenotype: In the human breast tissue, loose
connective tissue is unique for the terminal duct
lobular units (TDLUs), which drain into the
interlobular ducts, which in turn are embedded in
a more dense connective tissue 6. CD105hieh
TDLU-resident lobular fibroblasts display the
properties different from interlobular fibroblasts
7. While the CDI105"e" Jobular fibroblasts
resemble mesenchymal stem cells (MSCs) both
by phenotype and function, CD26"¢" interlobular
cells  remain  fibroblast  restricted 7.
CD105"e"/CD26"Y and  CD105°Y/CD26"ie
lineages are considered to represent lobular and
interlobular human breast fibroblastic cells
(HBFCs), respectively 8. To further characterize
the immortalized PZP cell lines, we examined the
CD105 and CD26 staining pattern. PZP cells were
enriched for CD105"€"/CD26'°% population with
inter-individual variability in the ratio between

KTB40 KTB42 KTB32

DOD

KTBS3 KTB57 KTB59

DO

KTBS3

Africa

America
Central/South Asia
East Asia

Europe

Middle Est
Oceania

KTB40 KTB42 KTBSZ KTBS7 KTB59

PE Isotype w

PROCR-PE

2500
2000
1500
1000

%ofPROCR+/ ()
EpCAM - cells

Relative ZEBI expression

Fig. 1: (A) Genetic ancestry mapping of African American (KTB40,
KTB42, KTB32, KTB53, KTB57, KTB59) women based on the
genotype analysis using a panel of 41-SNP along with a Bayesian
clustering method. (B) PROCR+/EpCAM- cells are enriched in the
normal breast of AA women. (C) Quantitation of PROCR+/EpCAM-
cells. (D) ZEBI expression levels in various PROCR+/EpCAM- cell
lines compared to EpCAM+ cells. (E) Phase contrast images
representing the epithelial morphology of human telomerase gene
(hTERT) immortalized breast epithelial cells (KTB34) and features of
epithelial to mesenchymal transition (KTB40).
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KTB32
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= o=
= =

=
=
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Fig. 2: (A) PROCR+/ZEB1+ cells express PDGFRa. Flow cytometry
shows PDGFa cells. (B) Quantitation of PDGFa cells. (C) PZP cells
undergo adipogenic differentiation under appropriate growth condition.
Neural lipids stain red upon Oil Red-O staining.




CD105"e"/CD26 and CD105"e"/CD26'°¥ (Fig. 3A-3C), which suggested that PZP cells are derived from lobular

origin of human breast tissue.

Phenotypic characterization of PZP cells; are
these subepithelial mesenchymal cells?

CD90/CD73* and CD73"/CD90" are described
as rare endogenous pluripotent somatic stem cells
and potential mesenchymal stem cells,
respectively °. PZP cells showed CD90/CD73"
and CD73%/CD90" populations, with remarkable
inter-individual variability in the ratio between
CD90 /CD73", CD90"v/CD73* and
CD90"e"/CD73" (Fig. 4A-4D). CD44 and CD24
are the “original” markers used to characterize
cancer stem cells (CSCs) in breast cancer °.
However, PZP cells displayed CD447/CD24"
population, which indicated the characteristic of
stem/basal cells (Fig. 4E and F). CD10 marker is
used to isolate myoepithelial cells, although a
recent study showed CD10 positivity of cancer
associated fibroblasts ' 2. PZP cells showed
CD10" phenotype (Fig. 4G and H).
CD49fMig/EpCAMIY,  CD49fhiegh/EpCAM™medivm,
and CD49f°"/EpCAMP"eh cells are described as
breast stem, luminal  progenitor, and
mature/differentiated cells, respectively '*. None
of the PZP cell lines were positive for CD49f and
EpCAM (Fig. 41).

Transgelin (TAGLN) is known to be a
specific marker of smooth muscle differentiation
and highly expressed in the myoepithelial cells
and fibroblastic cells of benign breast tissue .
Normal luminal cells are predominantly negative
or display weak expression %15, A population of
subepithelial cells that lines the entire villus-crypt
axis of intestine express high levels of PDGFRa,
DLLI1, F3, and EGF-family ligand Neuregulin 1
(NRG1) !¢, In addition, NRG1 is also expressed in
mesenchymal cells adjacent to the proliferative
crypts '6. In order to identify the major cell types
within PZP cells, we examined the expression of
TAGLN, DLLI, F3 and NRG1 in PZP cell lines
(KTB32, KTB40, KTB42), luminal epithelial
cells (luminal progenitor; KTB34, KTB39), and
co-culture of PZP and epithelial cell lines (50% of
each cell line). We observed abundant TAGLN
expression in PZP cells, while epithelial cells
expressed at low level. Interestingly, the
expression of TAGLN was synergistically
increased under co-culture condition (Fig. SA,
Table 4). We found a low level of DLLI, F3, and
NRGI expression in PZP cell lines except high
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Fig. 3: (A) PZP Cell lines were stained with CD105 and CD26
antibodies to identify the lobular and interlobular origin of human
breast fibroblastic cells. (B and C) Quantification of CD105""/CD26~
and CD105 "i¢"/CD26 °* population of cells.
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level of NRG1 in KTB42. DLL1, F3 and NRG1 are expressed predominantly in epithelial cell lines. In co-cultured

cells, expression of DLL1 and F3 was additive
depending on the cell type (Fig. 5B-D, Table 4).
Taken together, these results indicate that PZP
cells correspond to multi-lineage cells that
interacts with epithelial cells to alter gene
expression in a reciprocal manner. However,
these cells are unlikely to function similar to
subepithelial mesenchymal cells described in the
intestine !°,

Establishing the cell-intrinsic and extrinsic
effects of PZP cells on tumorigenesis.

We had proposed that PROCR+/ZEB1+ cells of
the breast are the source of different stromal cells
within breast cancer. Ligand type (PDGF-A
versus PDGF-B, C and D) and ligand abundance
(PDGF-A) for PDGFRa, receptor dimerization
(o/a, B/B, and o/B), and cancer-derived signals
that alter miR-206, RUNX1 or PDGFRa isoform
expression in these cells would determine the
composition of  the breast tumor
microenvironment. For  example, trans-
differentiation into fibroblast lineage may be
responsible for increased levels of cancer-
associated fibroblasts (CAFs), whereas trans-
differentiation into osteogenic lineage may be
responsible for microcalcification of tumors.
Increased levels of CAFs as well as
microcalcification are associated with worst
outcome in breast cancer ! 8. To obtain
potential insight into signaling pathway
alterations in epithelial and PZP cells as a
consequence of their cross-talk, we performed
cytokine/chemokine profiling of factors secreted
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cells cell lines.

Luminal cells >

PZP cells

% each)

Luminal + PZP
(50

Shared

Angiogenin, Angiopoietin 2,
BDNF, DKK1, Emmprin,
IFNy, IGFBP2, IGFBP3, IL-
8, Kallikrein 3, MIF,
Osteopontin, Pentraxin 3,
Sperine E1, ST2 and VEGF

Luminal and in co-culture

GDF15, GROw, IL-1¢,
Lipocalcin 2, MMP-9,
PDGF-AA

PZP and in co-culture

Angiopoictin 1, Complement
factor D, Cystatin C, EGF,
ENA-78, Endoglin, FGF19,
HGF, SDF-1°,
Thrombospondin-1, uPAR

Coculture-specific

IL-6

-6

Fig. 6: (A and B) Only luminal and PZP cells co-culture releases IL-6.
R&D systems cytokine/chemokine array was used to identify secreted
factors by luminal and PZP cells either alone or together (50% each).

by an immortalized luminal epithelial cell line, a PZP cell line and both co-cultured together (50% of each cell
line) for ~12 hours. While luminal epithelial cell line expressed several ligands such as PDGF-AA and
osteopontin, which can affect trans-differentiation of PZP cells, PZP cells expressed factors such as EGF, HGF
and SDF-1a, which can signal in luminal cells (Fig. 6A and B). Interestingly, IL-6 is produced only under co-
culture condition. We further confirmed the IL-6 production under co-culture condition at mRNA level by qRT-
PCR (Fig. 7A, Table 4). We suspect PZP cells produce IL-6 in response to interaction with luminal cells as
luminal cells secreted IL-10, which we have previously shown to induce IL-6 in stromal cells '°. There appears
to be specificity in cytokine production under co-culture conditions as we did not observe the production of IL-
8 under co-culture condition of PZP and epithelial cells (Fig. 7B, Table 4). Thus, PZP cell-luminal cell interaction
can lead to trans-differentiation of PZP cells and production of pro-invasive and pro-metastatic factor IL-6.
Abundance of PZP cells under normal state in AA compared to CA women enables tumors in AA women to
readily engage with PZP cells to build an aggressive tumor microenvironment. Restricting the activity of PZP
cells through either PDGFRa inhibition or by promoting trans-differentiation into epithelial cells may dampen
the tumor microenvironment and restrict tumor growth.
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Potential role of PZP cells in immune cell modulation in the microenvironment: WNT 1-inducible-signaling
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Table 4: (A) Co-culture effect on gene expression. (B) cells  cells cells cells  cells cells
Representative expression of genes in PZP cell lines Fig. 7: Effect of co-culture of PZP and luminal progenitor cell lines
(KTB32, KTB40, KTB42), luminal progenitor (epithelial on expression of genes. Expression of IL-6 (A), IL-8 (B), WISP1 (C),
cells; KTB34, KTB39), and co-culture of PZP and luminal TNC (D), CSF1 (E), SPP1 (F), IL-33 (G), and IL-4 (H) in PZP cell
progenitor cell lines. lines (KTB32, KTB40, KTB42), luminal progenitor (epithelial cells;
KTB34, KTB39), and co-culture of PZP and luminal progenitor cell
lines.
pathway protein 1 (WISP1) expression affects the
clinical prognosis through associations with | , B .
macrophage M2 polarization, and immune cell R P
infiltration in pan-cancer and helps to maintain i; 22N
CSC properties in glioblastoma 2%2! ., PZP cell lines s gy S 1R
displayed higher expression of WISP1, epithelial S O O O R
cell 11ne;s showed low expression, while additive Kt KIB KB ‘;;"3 E;;;l:;;a, C(,fj%‘fm
expression was observed under co-culture except W ey celt cole el el
KTB42 cells (Fig. 7C, Table 4). Tenascin-C | C g D oo
(TNC) promotes inflammatory response by i P frtoon
inducing the expression of multiple pro- | 25 22 oom
inflammatory factors in innate immune cells such S — S e ssTrsscs s s
as microglia and macrophages. TNC drives S EEES __Fxaaas
. . . . . KTB KTB KTB KTB KTB KTB
macrophage differentiation and polarization PZP Epithctial  Co-culture PZP Epithctial  Co-culture
. . cells cells cells cells cells cells
redominantly towards an M1-like phenotype 2. , . . )
Il; 7P cell li y h d1 p fyP[‘N C Fig. 8: Effect of co-culture of PZP and luminal progenitor cell lines
‘ C? 1nes S owe . ow expre.:sswn 0 . > | onexpression of genes. Expression of CMTM6 (A), MIF (B), MFGE8
epithelial cell lines displayed high expression, | (), and POSTN (D) in PZP cell lines (KTB32, KTB40, KTB42),
while synergistically increased expressions were | luminal progenitor (epithelial cells; KTB34, KTB39), and co-culture
observed under co-culture of KTB39 and PZP cells, | of PZP and luminal progenitor cell lines.
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but no effect was found under co-culture of KTB34 and PZP cells (Fig. 7D, Table 4). Note that KTB39 is a basal-
like cell line derived from AA, whereas KTB34 is a luminal A type cell line from Caucasian women. Thus, co-
culturing of PZP and epithelial cells revealed epithelial cell type-dependent production of TNC. CSF1 is a
cytokine that has macrophage function—promoting properties. Production of CSF1 controls both the
differentiation and immune regulatory function macrophages 3. PZP cell lines displayed high expression of
CSF1, epithelial cell lines showed low expression, while additive expressions were observed under co-culture
condition except KTB40 cells (Fig. 7E, Table 4). Increased secretion of osteopontin (SPP1 or OPN) in
myofibroblasts promotes macrophage M2 polarization through binding to oyf3 and CD44, leading to activation
of the STAT3/PPARYy pathway 2. PZP cell lines displayed high expression of SPP1, epithelial cell lines showed
low expression, while additive expressions were observed under co-culture condition (Fig. 7F, Table 4). 1L-33
is known to be upregulated in metastases-associated fibroblasts, and the upregulation of IL-33 activates type 2
inflammation in the metastatic microenvironment and facilitates eosinophils, neutrophils, and inflammatory
monocytes recruitment to lung metastases 2°. Co-
culturing of PZP and epithelial cells revealed | A xme K

. . . . o & IS o =
inhibitory effect on IL-33 expression (Fig. 7G, Table 2% 3% 2 C rmo - xaBe - KTRS
. . g g g

4). IL-4 and IL-13 are the cytokines that induces the - | . 233 % 53 % 33

. . . .. . ———— (-actin &~ =
activation of M2 macrophages, which is involved in | = ' - a8 -,
. . . . B KTB40 KTB42  KTB32 — — — R
immune response, tissue remodeling and allergic o g N

immune reactions. 1L-4/IL-13 in vitro differentiated
M2a macrophages significantly increase the
migratory and invasive potential of breast cancer | |, I e p—
cells 26, PZP cell lines showed low expression of IL- L 1
4, epithelial cell lines displayed high expression,
while no effect was found under co-culture of PZP
and epithelial cells (Fig. 7H, Table 4). CMTM6
maintains the expression of PD-L1 in tumor cells to
regulate anti-tumor immunity 2. PZP cell lines
showed low expression of CMTMS6, epithelial cell
lines displayed high expression, while no effect was
found under co-culture of PZP and epithelial cells
(Fig. 8A, Table 4). Macrophage migration inhibitory
factor (MIF) is an essential cytokine that is involved
in the regulation of macrophage function in host
defense through the suppression of anti-
inflammatory effects of glucocorticoids 28. Both PZP
and epithelial cell lines displayed high expression of

pLKO

Ras V12

SV40-T

SV40-T + RasV12

MIF t id not nv effect under co- Fig. 9: (A) Western blotting was used to detect overe.xpression of
, but we did not observe any effect under co mutant Ras in KTB32, 40 and 42. (B) Western blotting was used

culture condition (Fig. 8B, Table 4). Secretion of to detect overexpression of SV40-T antigen in KTB32, 40 and 42.
MFGES can reprogram macrophages from an M1 (C) Western blotting was used to detect overexpression of mutant
(proinflammatory) to an M2 (anti-inflammatory, pro- | Rasand SV40-T antigen in double transformed KTB32, 40 and 42.
repair) phenotype. MFGES8 also induces the | PLKO was used as a control cell line. B-actin was used as an

: . : internal control. (D) Phase contrast images showing morphology
production of basic fibroblast growth factor that is | ™ ,

. . , . . of KTB32, KTB40 and KTB42 transformed with HRasGI12V,
responsible for fibroblast migration and proliferation | ¢v40_T antioen and HRasG12V+ SV40-T.

2 . PZP cell lines displayed high expression of
MFGES, epithelial cell lines showed low expression, while no effect was found under co-culture of PZP and
epithelial cells (Fig. 8C, Table 4). Periostin (POSTN) is predominantly secreted by stromal fibroblasts to promote
the proliferation of tumor cells. POSTN is also an essential factor for macrophage recruitment in the tumor
microenvironment and involved in the interactions between macrophages and cancer cells 3°. PZP cell lines
displayed high expression of POSTN, epithelial cell lines showed low expression, while we observed an additive
effect only under co-culture of KTB40 and epithelial cells that indicated the cell type-dependent production of
POSTN (Fig. 8D, Table 4). Thus, PZP cell composition in the breast could impact the levels of select
chemokines/cytokines in the breast environment with consequential effects on the tumor immune environment.
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HRas®!?V gverexpression in PZP cells leads to trans-
differentiation. Mutant Ras is one of the potent
oncogenes used to transform breast epithelial cells in
vitro. Although initially considered not a relevant
oncogene in breast cancer, recent studies have clearly
shown the role of Ras oncogene in endocrine resistance
and metastasis of luminal breast cancer *'. HRas%!2V
overexpression often activates senescence program and
once the senescence barrier is lost, transformation can be
achieved. SV40T antigen overexpression results in
inactivation of two tumor suppressor genes
retinoblastoma and p53 2. Inactivation of retinoblastoma
is observed in luminal B breast cancer, whereas p53
loss/mutation is common in triple negative breast cancers
33 34 PZP KTB cell lines were transformed with
HRas®!'?V, SV40-T antigen and in combination of both
HRas®!'?V and SV40-T antigen using lentivirus, since this
combination is the most effective in breast epithelial cell
transformation *. Western blotting was used to detect the
overexpression of mutant HRas®!?V in KTB40, KTB42
and KTB32 (Fig. 9A), SV40-T antigen in KTB40,
KTB42 and KTB32 (Fig. 9B), and combination of both
HRas%?V and SV40-T in KTB40, KTB42 and KTB32
(Fig. 9C) to ensure that transformation is oncogene
driven but not spontaneous. Phase contrast images of
PZP transformed cell lines (KTB40, KTB42 and KTB32)
are shown in Fig. 9D. Transformation of PZP cells with
activated HRas®!?V increased the fraction of cells that
have acquired epithelial phenotype and express EpCAM,
particularly in KTB42 (Fig. 9D and 10). PZP
transformed cells expressed the stem/basal cell marker
CD49f with inter-individual variability (Fig. 10B).
Transformation also altered the cell surface profiles of
mesenchymal stem cell marker CD90 (Fig. 10C).
Transformed PZP cells were CD201+ and CD44+ (Fig.
11A and B). Thus, PROCR+/EpCAM-/ZEBI+
subpopulation of breast cells corresponds to a unique
population of cells with the capability of trans-
differentiation upon transformation.

PROCR+/ZEB1+/PDGFRa cells transformed with
Ras and SV40T-antigen are tumorigenic in NSG mice.
Since transformation of PROCR+/ZEB1+ cells resulted
in epithelial trans-differentiation and cells acquired
CD49f positivity, we next determined whether cells
expressing oncogenes are tumorigenic in NSG mice.
Indeed, five million transformed cells in 50% matrigel
implanted into the mammary gland of 6-7 week old
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used to draw quadrants. (B) CD49f and EpCAM staining
patterns of immortalized and transformed KTB32, KTB40 and
KTB42 cell lines. CD49f+/EpCAM-, CD49f+/EpCAM+ and
CD49f-/EpCAM+ cells correspond to stem/basal, progenitor
and differentiated cells, respectively. (C) CD90 and CD73
staining patterns of immortalized and transformed KTB32,
KTB40 and KTB42 cell lines.
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female NSG (NOD/SCID/IL2Rgnull) mice progressed into tumors. Tumor was resected and analyzed by H&E
staining and expression of estrogen receptor alpha (ERa), GATA3, FOXA1, CK5/6, CK8, CK14 and CK 19 using
immunohistochemistry. ERa-FOXA1-GATA3 transcription factor network is generally expressed in hormonally
responsive luminal cells 6. The luminal cells express cytokeratin 19 (CK19), while basal cell types express
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cytokeratin 5/6 (CK5/6) and cytokeratin 14 (CK14), and cells expressing both CK14 and CK19 show luminal
progenitor phenotype 7. KTB42-HRas®'?V cell-derived tumor was ERo-/GATA3-/FOXAl+ (Fig. 12A).
Surprisingly, KTB42-HRas%!?V-derived tumor was CK5/6-/CK8-/CK14-/CK19- (Fig. 12C). KTB42 cell line
transformed with both mutant HRas®!'?V and SV40-T antigen also developed tumors in NSG mice. KTB42-

Fig. 12: (A) Immunohistochemistry (IHC) analyses of luminal
markers ERa, GATA3 and FOXA1 in tumors developed from
the KTB42-HRasG12V transformed cells. (B) Tumor developed
from KTB42-HRasG12V transformed cells metastasized to
lungs. (C) IHC analyses of cytokeratins CK5/6, CK 14, CK8 and
CK19 in tumors developed from the KTB42-HRasG12V
transformed cells. Basal marker: CK5/6 and CK14, Luminal
marker: CK8 and CK19. (D) IHC analyses of luminal markers
ERo, GATA3 and FOXAIl in tumors developed from the
KTB42-HRasG12V+SV40-T antigen transformed cells. (E) IHC
analyses of cytokeratins CK14, CK8 and CKI19 in tumors
developed from the KTB42-HRasG12V+SV40-T antigen
transformed cells. (F) H&E staining shows the type of tumors.
Representative IHC data are shown.
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HRasG12V+SV40-T cell-derived tumor was ERa-/GATA3-/FOXA1- (Fig. 12D), CK5/6-/CK14-/CK19- (Fig.
12E). Unlike luminal breast epithelial cell derived tumors obtained after transformation with the same set of
oncogenes ¥, which metastasized to lungs, these tumors did not show extensive lung metastasis (Fig. 12B and
F). Histologically, these tumors are pleomorphic anaplastic sarcomas, which comprise 0.5-1% of all breast
neoplasms (Fig. 12F) ¥. Thus, PROCR+/EpCAM- cells, enriched in AA women, can undergo transformation.

The effects of trans-differentiated PZP cells on invasiveness and drug sensitivity of various breast cancer
cell lines: We were generated tdTomato-labeled KTB34, KTB34-HRas%'?V+SV40-T/t transformed and MCF7
cell line using pCDH-EF1-Luc2-P2A-tdTomato lentivirus (Fig. 13A), and GFP-labeled KTB40 and KTB42 cell
lines using pmaxGFP™ Vector (Fig. 13B). The tdTomato and GFP-labeled cells were sorted by flow cytometry
(Fig. 13C and D). The goal of these experiments is to determine whether trans-differentiated PZP cells alter
invasiveness as well as sensitivity of tumor cells to commonly used drugs. The tdTomato-labeled cell lines will
be co-cultured with GFP-labeled undifferentiated PZP cells or trans-differentiated into fibroblasts, epithelial,
adipocytes, and osteoblasts in a Boyden chamber and invasion of cancer cells will be measured. These cell lines
will be used to study the effects of trans-differentiated PZP cells on growth and metastatic properties of breast
cancer cells in vivo.
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Specific aim 2: To investigate the role of hyperactive c-MET signaling in breast tumorigenesis under duffy-
null background

Progress:

Creation of immortalized and transformed breast epithelial cells from AA women under wild type and
duffy heterozygous genetic background: We screened DNA from 50 AA women, who donated breast tissues
for research for duffy phenotype. Twenty donors carried duffy heterozygous and one donor carried duffy-null
genome. We generated breast epithelial cells from five duffy heterozygous and five duffy wild type donors.
Unfortunately, we did not obtain enough cells from many of
them. However, we were successful in establishing immortalized
cell line from one of the duffy heterozygous donor (KTB41) and
we already have immortalized cell lines from three duffy wild
type AA donors (KTB8, KTB39 and KTBS51). Cells from two
other duffy-heterozygous donors are currently being
immortalized.
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Breast epithelial cells transformed with HRas®!?V plus | =
TP53R?73C are tumorigenic: We have routinely used HRas%!?V
plus SV40-T/t antigens to obtain transformation of breast
epithelial cells but use of SV40-T/t antigens is often criticized for
lack of human relevance 3%. Therefore, we generated e
immortalized KTB51 and KTB41 cells overexpressing HRas12V | ¢ g < g e
H1047R R273C Gl2v P Primary tumor Lungs
o P s TS M omesion 0 |y Gt
. . type and duffy-heterozygous cells using
contained GFP, p53 expression was visualized through GFP- | HRASG12V and TP53R273C. A) Expression
positivity.  KTB51 cells transformed with HRasS!?V plus | levels of Ras(top) and p33 (bottom) in transformed
TP53R273C but not PIK3CAM!%R plus TP53R273¢ formed tumors | cells. B) Growth rate of HRasG12V+TP53R273C
in NSG mice (Fig. 14B). These tumors metastasize to lungs as a | SXpressing duffy-wild type cells in NSG mice. C)
fraction of cells cultured from lung tissues were positive for Both tumors and lungs contain CD298+ human
cells indicating lung metastasis.
human specific CD298 (Fig. 14C). We are in the process of

b

FITC-A
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7L

i

establishing tumor and metastasis-derived cell lines. Similar studies v
with KTB41 derivatives are currently underway. Thus, we have %
established a system to delineate differences in tumor characteristics =
under duffy-wild type and duffy-heterozygous phenotype to pursue §
studies described in this aim. = : @
. e 2
We also performed receptor tyrosine kinase phospho-array to T T - S0
determine whether there are any differences in signaling between . : ; SN §
duffy wild type and duffy-heterozygous cells. We found specific | — e
increase in tyrosine phosphorylation of FGFR3 in duffy-heterozygous PhosphoFGFR3 é
cells compared to duffy-wild type cells (Fig. 15). Ongoing studies | gjg, 15: RTK array shows specific
with transformed cells will indicate whether such differences in | phosphorylation of FGFR3 in duffy-
signaling networks exist in tumors in vivo. heterozl}l’gous cells compared to duffy-wild
type cells.

Impact: The influence of adipogenic progenitors and the duffy-null
phenotype on the normal breast and breast cancer biology of women of African descent.

1) Results presented in Aim 1 further confirmed enrichment of PZP cells (IHCs with PROCR, ZEBI1 and
PDGFRa) in the breast tissues of AA women compared to Caucasian or Latina women. These cells, while
themselves can be transformed to generate metaplastic tumors, have the potential to alter tumor
microenvironment, which may impact immune cell composition of the breast. It is likely that the normal
breast and breast tumors of AA women have higher local levels of IL-6 and TAGLN, which can have an
impact on immune cell recruitment. Therefore, evaluation of breast tumors in AA women may require the
assessment of IL-6. PZP cells themselves are heterogenous population of cells requiring further
characterization.
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2) Based on preliminary results of Aim 2, basal and transformation-induced signaling pathway activation
under duffy-wild type and duffy-heterozygous genetic background is different. Thus, AA women should
not be clubbed into one genetic ancestry category and evaluating AA women for duffy phenotype (40%
of AA women are duffy-heterozygous or duffy-null) should help to predict metastasis and design better
treatment options.
Challenges and Problems: We are encountering some difficulty in immortalizing duffy-null cells. This is mainly
due to outgrowth of fibroblast-like cells leading to selective loss of epithelial cells. We plan to process additional
samples with hope to resolve this issue.

Products: Due to COVID-19 travel restrictions, we did not present results in any events. However, a
manuscript describing parts of the results with acknowledgment to this funding has just been published online.

Kumar B, Bhat-Nakshatri P, Maguire C, Jacobsen M, Temm CJ, Sandusky G and Nakshatri H. (2021).
Bidirectional regulatory cross-talk between cell context and genomic aberrations shapes breast tumorigenesis.
Molecular Cancer Research in press.
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Bidirectional Regulatory Cross-talk Between Cell g
Context and Genomic Aberrations Shapes Breast e

Tumorigenesis

Brijesh Kumar', Poornima Bhat-Nakshatri', Calli Maguire?, Max Jacobsen?, Constance J. Temm?,

George Sandusky?, and Harikrishna Nakshatri"**

Breast cancers are classified into five intrinsic subtypes and 10  gene of interest. In addition, by creating multiple isogenic cell lines
integrative clusters based on gene expression patterns and genomic  ranging from primary cells to metastatic variants, we provide
aberrations, respectively. Although the cell-of-origin, adaptive plas-  resources to elucidate cell-intrinsic properties and cell-oncogene
ticity, and genomic aberrations shape dynamic transcriptomic  interactions at various stages of cancer progression.
landscape during cancer progression, how interplay between these
three core elements governs obligatory steps for a productive cancer ~ Implications: Our findings demonstrate that how an interplay
progression is unknown. Here, we used genetic ancestry-mapped  between the normal cell type that encountered genomic aberrations
immortalized breast epithelial cell lines generated from breast and type of genomic aberration influences heterogeneity, self-
biopsies of healthy women that share gene expression profiles of  renewal/differentiation, and tumor properties including propensity
luminal A, normal-like, and basal-like intrinsic subtypes of breast ~ for metastasis.
cancers and breast cancer relevant oncogenes to develop breast e s e
cancer progression model. Using flow cytometry, mammosphere e @° ot ToF
growth, signaling pathway, DNA damage response, and in vivo o PP __‘w;""__
tumorigenicity assays, we provide evidence that establishes cell Ryt PSRy RUSEED
context-dependent effects of oncogenes in conferring plasticity, Lumieaidna

Matastases pattems
self-renewal/differentiation, intratumor heterogeneity, and meta- ol
static properties. In contrast, oncogenic aberrations, independent of ve_pil
cell context, shaped response to DNA damage-inducing agents. ..
Collectively, this study reveals how the same set of genomic .'_E; reareer oA
aberration can have distinct effects on tumor characteristics based . possspmens commearapy
on cell-of-origin of tumor and highlights the need to utilize multiple ﬂ':':*_rww"ﬂ R
“normal” epithelial cell types to decipher oncogenic properties of a
Introduction between cell-of-origin of tumors and genomic aberrations (3). The

Molecular profiling of breast tumors has revealed different intrinsic
subtypes (1), which include estrogen receptor alpha (ERat)-positive
luminal A and luminal B subtypes, HER2", basal-like and normal-like
subtypes. These subtypes of breast cancers have heterogeneous pathol-
ogies and different clinical outcome. Similarly, based on genomic
aberrations, breast cancers are classified into 10 integrative clusters
with distinct outcomes (2). Molecular basis for differing outcomes from
different subtypes/clusters is unclear but could be related to interplay
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normal breast contains different subpopulations of cells, such as stem
cells, luminal-progenitor cells, and luminal-differentiated cells. It is
proposed that luminal progenitors or bipotent progenitors are the cell-
of-origin of basal breast cancers (4-6). HER2" cancers may originate
from late luminal progenitors, whereas luminal A and luminal B breast
cancers may arise from luminal-differentiated cells (3). Through inte-
gration of single-cell sequencing data of healthy breast with publicly
available breast cancer gene expression datasets, we recently proposed
that the majority of breast cancers originate from mature luminal
cells (7). However, experimental validation of these possibilities is still
challenging because most of the prior culturing methods favored the
outgrowth of basal-like breast epithelial cells (8-10). Therefore, devel-
oping a model system that utilizes breast epithelial cell lines with
luminal characteristics derived from multiple healthy donors would
aid in establishing relationship between cell-of-origin, genomic aberra-
tions, and obligatory steps in breast cancer progression.

The normal breast cells progress to cancer due to acquisition of
genetic or epigenetic alterations (5). Several breast cancer subtype
specific mutations have been reported including PIK3CA mutations in
luminal A/B breast cancers, loss of retinoblastoma gene in luminal B
breast cancers, and PIK3CA amplifications and TP53 mutations in
basal-like breast cancers (11). HER2 amplification is observed in 15%
of breast cancers. To date, none of these oncogenic mutations could
reproducibly transform breast epithelial cells in vitro and therefore,
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mutated RAS oncogene in combination with SV40 T/t antigens still
remain oncogenes of choice for transformation of breast epithelial
cells (12, 13). Although initially considered not a relevant oncogene in
breast cancer, recent studies have clearly shown the role of RAS
oncogene in resistance to endocrine and CDK inhibitor therapies and
metastasis of luminal breast cancer (14, 15). Simian virus 40-T/t
(SV40-T/t) antigens overexpression results in inactivation of tumor
suppressor genes retinoblastoma and p53 by the large-T antigen and
protein phosphatase 2A (PP2A) by the small-t- antigen (13, 16). All
three of these signaling pathways are frequently aberrant in breast
cancers, as evident from high frequency p53 mutations and PP2A
inactivation in integrative cluster 9 subtype of breast cancer (2, 10, 17),
thus justifying the use of the SV40-T/t antigens in mechanistic studies
relevant to breast cancer.

We took advantage of our recently developed model system of
immortalized breast epithelial cell lines derived from healthy breast
tissue of women to address interplay between cell-context and onco-
genic aberrations on individual steps of breast cancer progression.
Model and results presented in this study differ significantly from
previous studies related to cell-of-origin of breast cancer (9, 12), as cells
were derived from multiple healthy donors of different genetic ances-
try. At the time of transformation, these cell lines were diploid in
nature (18). Although these cell lines contained heterogenous popu-
lation cells, RNA sequencing followed by PAM50 classification cat-
egorized the cell lines into “normal” counterparts of intrinsic subtypes.
This diversity in cell characteristics allowed us to discern a strategy to
systematically determine how cell-of-origin impacts phenotype of
cancer cells with similar genomic aberrations. We demonstrate that
interplay between cell-of-origin and genomic aberrations determine
stem/progenitor/mature cell hierarchy, self-renewal/differentiation,
and metastasis patterns of resulting tumors. Surprisingly, oncogenic
aberrations, irrespective of the cell-of-origin of transformed cells, have
a direct influence on response to chemotherapeutic drugs. Overall,
these findings advance our understanding of interplay between sus-
ceptible epithelial cell population and genomic aberrations.

Materials and Methods

Cell culture, cell line generation, and lentiviral transduction

Immortalized breast epithelial cell lines were cultured as described
previously (18). Cells were transformed with oncogenes H-Ras®*2",
PIK3CAH!°R "and SV40-T/t antigens expressing lentiviruses using
vectors pLenti CMV-RasV12-Neo (w108-1; HRAS G12V, #22259,
Addgene), pLenti MNDU3-PGK-PIK3CA™*®.YFP (10), and
pLenti-CMV/TO-SV40 small + Large T (w612-1; #22298, Addgene),
respectively. Cell lines in the laboratory are usually tested for Myco-
plasma once in 6 months (Lonza mycoplasma testing kit, last testing
was done on January 20, 2021) and cell line authentication/cross-
contamination yearly using marker short tandem repeat DNA
sequencing method (IDEXX BioAnalytics, last testing was done on
July 30, 2020). Additional details of cell culture are provided in
Supplementary Materials and Methods.

Antibodies and Western blotting

Cell lysates were prepared in radioimmunoassay buffer and ana-
lyzed by Western blotting as described previously (19). Additional
details are provided in Supplementary Materials and Methods.

Flow cytometry analysis and cell sorting
Flow cytometry was performed as described previously (18).
Samples were analyzed and sorted using BD FACSAria and SORPAria.

2 Mol Cancer Res; 2021

Additional details are provided in Supplementary Materials and
Methods.

Cell proliferation assay and mammosphere formation assay

For cell proliferation assay, cells were seeded in 96-well plates and
grown for 3 days. The mammosphere formation assay was carried out
to evaluate the stemness/self-renewal/differentiation properties of cells
as described previously (18). Phase contrast images were captured,
counted, and processed for staining at day 5. Additional details are
provided in Supplementary Materials and Methods.

Xenograft study

The Indiana University Animal Care and Use Committee approved
the use of animals in this study and all procedures were performed as
per NIH guidelines. Transformed cells with 50% basement membrane
matrix type 3 (3632-005-02, Trevigen) were implanted into the
mammary fat pad of 5 to 6 weeks old female NSG (NOD/SCID/
IL2Rgnull) mice. Tumor growth was measured weekly and tumor
volume was calculated as described previously (20). Additional details
are provided in Supplementary Materials and Methods.

IHC

Hematoxylin and eosin (H&E), ERo, GATA3, FOXA1, CK5/6,
CK8, CK14, CK19, and EGFR immunostaining was performed at the
Clinical Laboratory Improvement Amendments—certified Indiana
University Health Pathology Laboratory and the whole-slide digital
imaging system of Aperio (ScanScope CS) was used for imaging
according to protocol described previously (21). Additional details
are provided in Supplementary Materials and Methods.

Soft agar colony formation assay and Annexin V/dead cell
apoptosis assay

A total of 20,000 cells were resuspended in 0.3% low melting point
agarose (214220, BD Biosciences) containing DMEM/F-12 and 10%
FBS and plated on top of 0.6% agarose bottom layer containing
DMEM/F-12 and 10% FBS in 6-well plates. For Annexin V/Dead cell
apoptosis assay, after the indicated drug treatment, cells were collected
by trypsinization and stained with Annexin V-FITC and propidium
iodide (PI) using FITC Annexin V/dead cell apoptosis kit (V13242;
Invitrogen molecular probes) according to the manufacturer’s instruc-
tions. Additional details are provided in Supplementary Materials and
Methods.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay with whole-cell extracts from
immortalized and transformed cell lines was performed as described
previously (19). Additional details are provided in Supplementary
Materials and Methods.

Immunofluorescence

Immunofluorescence was carried out as described previous-
ly (18). Images were acquired using an Olympus FV10000 MPE
inverted confocal microscope and analyzed using Olympus soft-
ware. Additional details are provided in Supplementary Materials
and Methods.

Drug-sensitivity colony assay

A total of 1,000 cells were seeded in 6-well plate, treated with
indicated drug for 48 hours, replaced with regular media and allowed
to grow for 7 days. Colonies were stained with Coomassie brilliant blue,
imaged under microscope and counted by Image]J software.
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Statistical analysis

Statistical analyses were conducted using Prism software program
(version 6.0). Data were analyzed using one-way ANOVA. P values
below 0.05 were considered statistically significant.

Results

Transformation of immortalized normal breast epithelial cell
lines corresponding to intrinsic subtypes

Luminal A (KTB34), luminal-like (KTB6), normal-like (KTB39),
and basal-like (KTB22) intrinsic subtypes of immortalized normal
breast epithelial cell lines derived from breast biopsies of healthy
women described in our previous study (18) were transformed with
H-Ras®'?Y, SV40-T/t antigens or combination of both oncogenes
using lentivirus-mediated gene transfer. Fig. 1A provides schematic
view of the experimental design. H-Ras®'?" overexpression initiated
senescence program at first in all cell lines but eventually transformed
clones emerged. Expression levels of oncogenes were similar across cell
lines (Fig. 1B-D) and phase contrast images of the transformed cell
lines did not reveal cell line-specific variations in phenotype as all cell
lines maintained epithelial morphology (Supplementary Fig. S1A). To
determine the effect of H-Ras®'?", SV40-T/t antigens and combina-
tions of both on cell proliferation, BrDU-incorporation-ELISA was
performed. SV40-T/t antigens promoted cell proliferation at variable
levels in all cell subtypes, while H-Ras“’?" had modest effect on
proliferation of luminal A and luminal-like cell lines (Fig. 1E).

Cell type-specific effects of signaling pathways downstream of
SV40-T/t antigens on stem/progenitor/mature luminal cell
hierarchy

CD49f"/EpCAM ™, CD49f'/EpCAM™, and CD49f /EpCAM*
cells are considered as basal/stem, luminal progenitor, and mature
luminal cells of the breast (22). PROCR (CD201)" cells have been
described as multipotent stem cells of the mouse mammary gland,
whereas CD271" and CD44"/CD24~ cells have been described as
minor population of highly invasive cells in luminal cancers and
breast cancer stem cells, respectively (23-25). To determine whether
H-Ras®'?Y or SV40-T/t antigens alter the phenotype of transformed
cells, oncogene-overexpressing cells were analyzed by flow cytometry
using the above described markers. SV40-T/t antigens overexpression
had cell line-specific effects on subpopulation of cells. For example,
SV40-T/t antigens altered CD49f/EpCAM staining pattern by increas-
ing intensity of EpCAM staining, which created a subpopulation of
cells that are CD49f/moderate/EpCAM"" and CD49f"/EpCAM™
(Fig. 1F). These changes were clearly evident in luminal A and
basal-like cell lines. Similar cell line-specific changes in stem/progen-
itor/mature cell hierarchy upon SV40-T/t antigens overexpression
were observed when cells were analyzed for CD271/EpCAM,
CD201/EpCAM, and CD44/CD24 expression patterns (Fig. 1G;
Supplementary Fig. SIB-S1D). SV40-T/t antigens created a distinct
CD201*/EpCAM™" subpopulation of transformed luminal A and
basal-like cell lines. Thus, SV40-T/t antigens influence stem/progenitor/
differentiation hierarchy of transformed cells in a cell context-
dependent manner. Unlike SV40-T/t antigens, H-Ras®'?" overexpres-
sion had modest effects on phenotype of cell lines (Fig. 1F and G;
Supplementary Fig. S1C and S1D). Notably, basal-like subtype showed
a modest increase in levels of CD49f"/EpCAM~, CD44*/CD24",
CD201"/EpCAM ", and CD271*/EpCAM~ subpopulations (Fig. 1F
and G; Supplementary Fig. S1C and S1D). The phenotype of double-
transformed cells closely resembled that of cells transformed by
SV40-T/t antigens with an increase in EpCAM staining intensity and

AACRJournals.org

Differential Effects of Oncogenic Stimuli Determined by Cell Context

cell type-specific effects on CD271" subpopulation of cells (Fig. 1F
and G; Supplementary Fig. S1C and S1D). Taken together, these
results indicate that both cell-of-origin and oncogenic mutations
determine the stem/progenitor/mature luminal cell hierarchy of
transformed cells.

Interplay between cell-of-origin and oncogenes influences self-
renewal/differentiation of transformed cells

Mammosphere assay is routinely used as a surrogate assay to
measure self-renewal and differentiation capacity of normal and
transformed cells. To determine whether transformed luminal A,
luminal-like, normal-like, or basal-like subtypes show variability in
stemness and differentiation properties, we performed serial dilution
mammosphere assay. All transformed cells formed variable size
mammospheres. SV40-T/t antigens transformed cells formed larger
spheres compared to H-Ras®’?" and immortalized pLKO control cells,
which is consistent with the effects of SV40-T/t on cell proliferation
(Fig. 2A and B). SV40-T/t antigens transformed basal-like subtype
displayed higher mammosphere-forming ability than other cell types
(Fig. 2A and B). In serial dilution mammosphere assay, only SV40-T/t
antigens + H-Ras®"?" transformed cells generated tertiary mammo-
spheres. These results suggest that SV40-T/t antigens confer enhanced
self-renewal capacity to transformed cells.

Characterization of cells in primary mammospheres by flow cyto-
metry revealed that oncogenes had cell-of-origin specific effects on
subpopulation of differentiated (CD49f /EpCAM" and CD447/
CD24%") and stem/basal (CD49f" /EpCAM™ and CD441/CD247)
cells. While immortalized and transformed counterparts of luminal
A cell line displayed predominantly luminal progenitor phenotype
under mammosphere growth condition, SV40-T/t antigens reduced
the number of differentiated cells with the other luminal cell line as well
as normal-like cell line (Fig. 2C and D). The basal-like cell line
underwent dramatic changes in phenotype upon transformation with
both oncogenes increasing the proportion of cells with cancer stem cell
phenotype (Fig. 2C and D). Thus, cell-of-origin has a major influence
on whether transformed cells maintain or acquire cancer stem cell
phenotype upon transformation. Note that staining patterns of isotype
controls for flow cytometry of mammosphere-derived cells are shown
in Supplementary Fig. S1E, which were used for gating and to
determine quadrants.

Cell context influences oncogene-induced signaling pathway
activation

To extend our observations on cell of origin-dependent variability
in basal and transformation-mediated signaling changes, we measured
phospho-AKT (Ser473), phospho-STAT3 (Tyr705), phospho-ERK
(Thr202/Tyr204), PTEN, and BRD4 protein levels and DNA-
binding activity of transcription factors NFkB, OCT-1, and AP-1 in
immortalized and transformed cell lines. SV40-T/t antigen reduced
phospho-AKT levels in luminal A and luminal-like cell lines but not in
normal-like and basal-like cell lines (Fig. 2E; Supplementary Fig. S2A).
SV40-T/t antigens increased phospho-STAT3 in all cell lines, although
there was immortalized cell line-specific variability in basal phospho-
STATS3 levels (Fig. 2E; Supplementary Fig. S2A). Despite previous
studies demonstrating inactivation or loss of PTEN in breast can-
cers (26), in our model system, transformation with either H-Ras®2V
or SV40-T/t antigens did not alter PTEN levels (Fig. 2E; Supplemen-
tary Fig. S2A). Thus, transformation in the model system used in this
study is less likely reliant on PI3K-PTEN-AKT signaling axis. How-
ever, we cannot rule out possible differences in post-translational
modification of PTEN between immortalized and transformed cells.
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Figure 1.

Experimental design and phenotypic characterization of transformed cells. A, Schematic view of the experimental design. The design involved transformation of
immortalized normal breast epithelial cell lines with gene expression patterns overlapping luminal A (KTB34), luminal-like (KTB6), normal-like (KTB39), and basal-
like (KTB22) intrinsic subtypes with breast cancer relevant genomic aberrations. Transformed cells were examined for phenotypic plasticity, cancer stem cell (CSC)
phenotype, differentiation, signaling pathways alterations, tumor heterogeneity, metastasis, and response to chemotherapy. B, Levels of mutant H-Ras®?" in
transduced cell lines. C, Levels of SV40-T antigen in the above cell lines. D, Levels of both H- Ras®?" and SV40-T antigen in double-transduced cells. We first
generated H-Ras®?" cell lines and then introduced SV40-T antigen in most cases. E, SV40-T/t antigens but not H-Ras®™?" increase cell proliferation rates in all cell
lines. Cell proliferation rates were determined using BrDU-incorporation-ELISA cell proliferation assay. F, CD49f and EpCAM staining patterns of immortalized and
transformed cell lines. CD49f*/EpCAM~, CD49f* /EpCAM* and CD49f /EpCAM™ cells correspond to stem/basal, progenitor and differentiated cells, respectively.
Red arrows indicate transformation-induced changes in phenotype of cells. G, CD271 and EpCAM staining patterns of immortalized and transformed cell lines.
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Overexpression of H-Ras®*?" had minimum effect in NFxB DNA
binding activity. However, SV40-T/t antigens increased NFxB with
cell type-specific variability in the level of induction (Supplementary
Fig. S2B). We did not observe an effect of oncogenes on OCT-1 and
AP-1 binding activity (Supplementary Fig. S2C and S2D), which
served as controls. These results suggest that while oncogenes pri-
marily determine signaling pathway activation in transformed cells,
cell-of-origin has an impact on degree of signaling pathway activation.

BET bromodomain (BRD) proteins have recently been identified as
major regulators of oncogenic transcription factors and BRD4 among
them has been targeted therapeutically (27). Two isoforms of BRD4
with opposing functions in cancer progression have been described: a
long isoform with tumor suppressor activity and a short isoform with
pro-metastatic functions (28). While SV40-T/t antigens transformed
cells showed increased levels of both long and short forms of BRD4 at
variable levels compared with their immortalized counterparts,
H-Ras®*?" increased BRD4 only in basal-like cell line (Fig. 2F;
Supplementary Fig. S2E). Because transformed cells expressed higher
levels of BRD4 compared with immortalized cells, we examined
whether immortalized and H-Ras“?Y 4 SV40-T/t antigens
transformed luminal A and basal-like cell lines show differences in
sensitivity to BRD inhibitor JQ1 (29). Transformed cells showed
lower sensitivity to JQ1 compared with their immortalized cell coun-
terparts, suggesting that BRD4 levels determine sensitivity to JQ1
(Supplementary Fig. S2F).

Tumors originating from luminal A and luminal-like but not
normal-like or basal-like cell lines express luminal markers
GATA3 and FOXA1

To determine whether luminal A, luminal-like, normal-like, and
basal-like subtypes expressing H-Ras®"*" and SV40-T/t antigens form
tumors, we injected 5 x 10° transformed cells with 50% matrigel in
100 puL Hank’s Balanced Salt Solution into the mammary fat pad of
6-7 weeks old female NSG (NOD/SCID/IL2Rgnull) mice. Tumors
were analyzed by H&E staining and expression of ERo, GATA3,
FOXA1, CK5/6, CK8, CK14, CK19, and EGFR using IHC. We also
created cell lines from half of tumors to characterize the phenotypic
cellular heterogeneity using various cell surface markers. Human
specific antibody against Na*/K™ ATPase CD298 (ATP1B3) cell
surface marker was used to sort the CD298-enriched human tumor
cell populations from mouse stromal cells (30).

Double-transformed luminal A (13/13), luminal-like (9/13), nor-
mal-like (10/18), and basal-like (13/14) cell lines developed tumors in
mice at variable frequency and growth rates (Fig. 3A). Tumor inci-
dence rate was statistically significantly higher with transformed
luminal A (P = 0.009) and basal-like cell line (P = 0.04) compared
with transformed normal-like cell line. Tumors displayed variable
growth rates as well with transformed luminal A cell line-derived
tumors displaying highest growth rate (Fig. 3B), demonstrating the

influence of cell-of-origin on tumor progression rate. Among
H-Ras®"?" alone transformed cell lines, only basal-like subtype devel-
oped tumors, that too at very low frequency, suggesting the influence of
cell type on H-Ras®?" induced transformation (Supplementary
Fig. S3A). Interestingly, despite demonstrating maximum effects on
stem/luminal progenitor/mature luminal cell hierarchy, proliferation
rate, self-renewal capacity in mammosphere assay, and signaling
pathways in vitro, cells overexpressing SV40-T/t antigens failed to
generate tumors (Supplementary Fig. S3B). These results highlight
how aggressive characteristics displayed by transformed cells in vitro
do not translate into similar phenotypes in vivo.

Representative H&E staining patterns of tumors are shown
in Fig. 3C. Consistent with phenotypic heterogeneity within cell lines
observed in vitro, transformed luminal A cell line generated poorly
differentiated carcinoma, moderately differentiated squamous cell
carcinoma, well-differentiated squamous cell carcinoma and adeno-
carcinoma. Luminal-like double-transformed cell-derived tumors
showed undifferentiated carcinoma, poorly differentiated squamous
carcinoma, moderately differentiated squamous cell carcinoma, pleo-
morphic carcinoma with areas of multi-nucleated cells, and adeno-
carcinoma. Normal-like double-transformed cell-derived tumors were
anaplastic carcinoma with squamous cell features, undifferentiated
carcinoma, poorly differentiated squamous cell carcinoma, and ana-
plastic squamous sarcoma. Basal-like double-transformed cell-derived
tumors showed undifferentiated squamous cell carcinoma, squamous
cell carcinoma, anaplastic, adenosquamous, and adenoid cystic car-
cinomas. Tumor derived from H-Ras®?" transformed basal-like cells
showed undifferentiated carcinoma (Supplementary Fig. S3C).

Transformed luminal A cell-derived tumors showed ERo™/
GATA37/FOXAL", ERo."/GATA3"/FOXAL™, and ERo. /GATA3™/
FOXAI1" patterns (Fig. 3C). Luminal-like cell-derived tumors were
ERo. /GATA3"/FOXA1~ and ERa. /GATA3 /FOXA1~ (Fig. 3C).
In general, adenocarcinomas were GATA3™". None of the normal-like
cell-derived tumors expressed luminal markers, whereas tumors
derived from basal-like cell line expressed very low levels of GATA3
and FOXA1 (Fig. 3C). Tumor derived from H-Ras®"?" transformed
basal-like cells did not express any luminal markers (Supplementary
Fig. S3C). Thus, cell-of-origin rather than oncogenic aberrations
determine the expression patterns of luminal cell markers in tumors.

CK5/6 but not CK14 expression patterns enabled us to distinguish
luminal-like cell-derived tumors from normal-like and basal-like cell-
derived tumors. The number of CK5/6" tumor cells was much higher
with normal-like and basal-like cell-derived tumors compared with
luminal A and luminal-like cell-derived tumors (Fig. 3D). Because few
of the luminal A and luminal-like tumors were squamous histotypes,
CK14 expression was much more common, although intensity was
stronger with basal-like cell-derived tumors (Fig. 3D). CK19 expres-
sion was uniformly low across tumors and EGFR expression was
variable and did not show any recognizable patterns. However, EGFR

Figure 2.

Interplay between cell-of-origin and oncogenes influences self-renewal/differentiation phenotype and signaling pathway activation of transformed cells.
A, Self-renewal capacity of luminal A, luminal-like, normal-like, or basal-like transformed cell lines were measured by mammosphere assay. Primary mammospheres
of SV40-T/t antigens + H-Ras®™" transformed basal-like cell line were more efficient than other cells in generating tertiary mammospheres. B, Mammosphere

forming efficiency of luminal A, luminal-like, normal-like, or basal-like transformed cell lines. SV40-T/t antigens but not H-Ras

12V increased the number of

mammospheres. Asterisks denote significant differences compared with immortalized cell line. C, Cell-of-origin as well as oncogenes have an influence on the levels
of stem/basal, progenitor, and differentiated cells in the mammospheres based on CD49f/EpCAM staining pattern. Red arrows indicate transformation-induced
changes in phenotype of cells in mammospheres. D, Cell-of-origin as well as oncogenes have an influence on the levels of cancer stem-like cells (CD447/CD247) in
mammospheres based on CD44,/CD24 staining pattern. Red arrows indicate transformation-induced changes in phenotype of cells in mammospheres. E, pAKT
(Ser473) and pSTAT3 (Tyr705) but not pERK (Thr202/Tyr204) and PTEN levels showed cell type and/or oncogene-dependent variability. SV40-T/t antigens
reduced pAKT in luminal A and luminal-like but not in normal-like or basal cell line. Also note differences in basal pSTAT3 levels in control pLKO cells. F,BRD4, involved
in epigenetic gene regulation and a drug target, shows cell type as well as oncogene-dependent changes in expression. Arrows show long and short isoforms.

6 Mol Cancer Res; 2021

MOLECULAR CANCER RESEARCH

367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415



Differential Effects of Oncogenic Stimuli Determined by Cell Context

A = e B
- — Luminal A Luminal-like Normal-like Basal-like
% Luminal A 13 | 13 % 2000
=) £
~ 1,500
Luminal-like 1319 g
S 1,000
°
% Normal-like 18 | 10 Z o
o
% Basal-"ke 14 13 = 0 15 30 45 60 75 0 15 30 45 60 75 0 15 30 45 60 75 0 15 30 45 60 75
Time (days)
C Luminal A Luminal-like Normal-like Basal-like
Tu1 Tu?2 Tu3 Tu1 Tu2 Tu3 Tu1 Tu2 Tu3 Tu1 Tu2 Tu3

Ad 5Bl A4S

FOXA1 GATA3 ERa H&E

O
-
c

3
5

L
>

Luminal-like Normal-like Basal-like
Tu1 Tu2 Tu3 Tu1 Tu2 Tu3 Tu1 Tu2 Tu1 Tu2 Tu3

CK5/6

CK14

EGFR CK19

E Luminal A Luminal-like Normal-like Basal-like
Tu?2 Tu2

Figure 3.

Frequency and characteristics of tumors developed from H-Ras®™2Y+ SV40-T/t transformed luminal A, luminal-like, normal-like, and basal-like cell lines. A, Tumor
incidence by individual cell type transformed with H-Ras®?"+ SV40-T/t. N corresponds to number of animals injected. B, Growth rate of tumors. C, Expression levels
of luminal markers ERo, GATA3, and FOXAT1 in tumors. H&E staining classified tumors as adenocarcinomas (Ad), squamous carcinoma (Sq), undifferentiated
carcinomas (Uc), adenosquamous carcinoma (Ad-sq). D, Expression levels of cytokeratin CK5/6, CK14, CK19 and EGFR in tumors. Tumors derived from normal-like
and basal-like expressed CK5/6.E, Cell lines derived from tumors of luminal A, luminal-like, normal-like, and basal-like double transformed cells were characterized by
flow cytometry using CD49f/EpCAM and CD44/CD24 markers to determine stem/luminal progenitor/mature luminal cell hierarchy (CD49f/EpCAM) and cancer
stem cell (CD44%/CD247) properties.
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positivity of many of these tumors, despite expressing luminal markers
such as GATA3 and FOXAL, suggests that tumors represent recently
modified intrinsic subtypes of breast cancers—myoluminal and myo-
basal subtypes (31, 32). Tumor derived from H-Ras®"?" transformed
basal-like cells was CK5/6 /CK14"/CK19~ (Supplementary Fig. S3D).
Tumors derived from each cell subtype were negative for CK8 expres-
sion (Supplementary Fig. S3D and S3E). Taken together, IHC analysis
of ERa, GATA3, FOXA1, CK5/6, CK14, and CK19 again confirmed
the intertumor heterogeneity, which could be due to differences in cell-
of-origin of tumors.

Tumors derived from luminal A and luminal-like transformed
cells display phenotypic heterogeneity

Because each cell lines generated distinct subtypes of tumors, we
further characterized cell lines established from tumors for phenotypic
heterogeneity. Cell lines were established after sorting human cells
from mouse xenografts by flow cytometry using CD298 marker
(Supplementary Fig. S3F). Cell lines established from tumors of
luminal A-H-Ras®'?V4-SV40-T/t transformed cells or luminal-like-
H-Ras“?V4-SV40-T/t transformed cells contained morphologically
distinct subpopulation of cells, whereas those derived from normal-
like and basal-like cell lines were similar to parental cell lines
(Supplementary Fig. S4A). Tumor-derived cell lines retained the expres-
sion of both mutant Ras and SV40-T/t antigens (Supplementary
Fig. $4B). Tumor-derived cell lines of luminal A-H-Ras“?"+SV40-T/t
transformed cells showed two distinct subpopulations: CD49f"/
EpCAM ™ and CD49f"/EpCAM™*; CD44*/CD24 ™~ and CD44"/CD24™;
CD2017/EpCAM ™~ and CD201*/EpCAM "5 and CD271 " /EpCAM ~
and CD271""°*/EpCAM™ cells (Fig. 3E; Supplementary Fig. $4C).
These results indicate that there is acquired plasticity or clonal
selection of transformed cells in vivo as the majority of transformed
cells gained CD201 expression or CD201" transformed cells were
selected in vivo. Note that transformed luminal A cell line in vitro
contained very low number of CD201"/EpCAM ™ cells (Supplemen-
tary Fig. S1C). In contrast to luminal A and luminal-like tumor-derived
cell lines, normal-like and basal-like tumor-derived cells displayed
one dominant population of cells, which were CD49f"/EpCAM™*,
CD44™7/CD24", CD201"/EpCAM™ or CD271'"/EpCAM™ (Fig. 3E;
Supplementary Fig. S4C). Thus, despite the same oncogenic mutations,
cell-of-origin of transformed cells determine cancer stem cell and/or
differentiation properties in vivo.

Because luminal A and luminal-like cell tumor-derived cell lines
contained phenotypically distinct population of cells and to further
rule out the possibility of any contaminating mouse cells, we used
JAM-A and EpCAM to sort JAM-A"/EpCAM™ and JAM-A~/
EpCAM™ subpopulation of cells and propagated these cells for further
characterization. JAM-A has previously been shown to be expressed in
glioma stem but not in normal brain cells and we had demonstrated its
expression in breast epithelial cells (33, 34). JAM-A"/EpCAM " cells
displayed cuboidal morphology, whereas JAM-A"/EpCAM™ cells
displayed spindle morphology (Supplementary Fig. S4D). Both pop-
ulation of cells expressed SV40-T antigen and H-Ras“*?" confirming
that these cells are derived from original transplanted breast epithelial
cells (Supplementary Fig. S4E). JAM-A/EpCAM" cells were
CD49f"/EpCAM ™, CD44"/CD24%, CD201 /EpCAM™, CD201"/
EpCAM" and CD271""/EpCAM™ (Supplementary Fig. S4F). In
contrast, JAM-A"/EpCAM ™ cells were CD49f"/EpCAM~, CD44™"/
CD24~, CD201"/EpCAM ™~ and CD271'°*/EpCAM . While the phe-
notype of JAM-A*/EpCAM™" cells were similar to that of in vitro
transformed cells, JAM-A"/EpCAM™ phenotype was acquired by
transformed cells in vivo. Note that oncogene-activated signaling

8 Mol Cancer Res; 2021

pathways in tumor-derived cells and their in vitro counterparts were
similar from all four cell types (Supplementary Fig. S4G-54]).

Single cell-derived luminal A and luminal-like transformed cells
display phenotypic heterogeneity

Phenotypic heterogeneity noted above in tumor-derived cell lines
could be due to heterogeneity in immortalized cell lines from which
transformed cells originated or due to acquired plasticity of trans-
formed cells in vivo. To distinguish between these possibilities, we
used soft agar assay to isolate single cell-derived tumorigenic clones.
Tumor-derived cells from luminal A-H-Ras“?Y+SV40T/t, luminal-
like—-H-Ras®2V+SV40T/t, and basal-like- H-Ras®2V+SV40T/t trans-
formed cells generated soft agar clones (Fig. 4A). Cells from tumor of
normal-like-H-Ras“'2V4-SV40T/t transformed cells formed smaller
colonies. We next established two-dimensional (2D) cultures of these
soft agar clones and confirmed SV40-T/t antigens and mutant
H-Ras®'?" expression (Fig. 4B). Tumor cell lines derived from soft
agar clones showed morphologic changes with aggressive phenotype
such as limited cell-cell adhesion and spindle shape compared with
parental cells (Supplementary Fig. S5A). These results suggest that
anchorage-independent growth enforced by soft agar assay selects for
transformed cells that have limited cell-cell adhesion properties.

To further characterize these clones for stem/luminal progenitor/
mature luminal cell and cancer stem cell phenotypes, we performed
flow cytometry with CD49f, EpCAM, CD44, and CD24 surface
markers. The majority of clones contained cells that were CD49f"/
EpCAM™ and CD44"/CD24~, suggesting preferential growth of
tumor cells with cancer stem cell properties in soft agar assay
(Fig. 4C; Supplementary Fig. S5B). However, clone 6 of tumor 1,
clones 3 and 6 of tumor 2 and clones 2, 4, and 5 of tumor 3 (luminal
A-derived) contained a subpopulation of cells that were CD49f+/
EpCAM+ and CD44+-/CD24+ suggesting clonal differences in plas-
ticity (Fig. 4C; Supplementary Fig. S5B). Cell surface staining patterns
with isotype control antibodies are shown in Supplementary Fig. S5C,
which were used for gating and to determine quadrants.

Interestingly, those clones with two different population of cells
were also morphologically heterogeneous in 2D culture with both
spindle and cuboidal cells (Supplementary Fig. S5A). Thus, it is likely
that cell-of-origin determines plasticity of transformed cells.

To determine whether soft agar clones derived from luminal A-H-
Ras®?V4+SV40T/t tumor cells form tumors of specific histotype,
we injected 5 x 10° cells from tumor 1 clone 6 (prominent
CD49f"/EpCAM ™~ subpopulations) and tumor 2 clone 6 (predominant
CD49f"/EpCAM™ subpopulation). CD49f"/EpCAM ™ cell-derived
tumors were undifferentiated carcinomas, whereas tumors from
CD49f"/EpCAM™" cells were carcinomas (Fig. 4D). Tumors in both
cases metastasized to lungs (Fig. 4D). Tumor developed from prom-
inent CD49f"/EpCAM ™~ subpopulation contained a small fraction of
cells that were GATA3 ", whereas tumor and metastasis developed from
CD49f"/EpCAM™ cells showed strong GATA3 positivity (Fig. 4D).

Metastatic properties are governed by both cell-context and
oncogenes

We next examined the relationship between cell context and
oncogenes in metastatic progression. All luminal A-H-
Ras“?V+-SV40-T/t, luminal-like-H-Ras®*2¥+-SV40-T/t and two of
three basal-like-H-Ras®?V+SV40-T/t cell-derived tumors showed
metastasis to lungs, whereas none of the normal-like-H-
Ras®"2V4SV40-T/t cells-derived tumors showed lung metastasis
(Fig. 5A and B). Lung metastasis expressed GATA3 but not FOXA1
in luminal A and luminal-like cells-derived tumors. Interestingly, lung
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Figure 4.

Single cell-derived tumor cells generate metastatic tumors. A, Isolation of individual tumor cell-derived cell lines using soft agar assay. Soft agar colonies from various
tumor-derived cell lines are shown. B, SV40-T antigen and H-Ras®™?" expression in soft agar colony-derived cell lines. B-actin was used as an internal control. C, The
majority of cells in soft agar clones-derived cell lines are enriched for CD49f*/EpCAM ™~ stem cell markers. D, Tumor developed from the soft agar clones of luminal A
tumor cells (cell lines with prominent CD49f"/EpCAM™ cells, left, and CD49f"/EpCAM™ cells, right) metastasized to lungs. The expressions of GATA3 and FOXA1
were analyzed in tumors and lungs metastasis by immunohistochemistry. Representative IHC data are shown.
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Figure 5.

Bidirectional cross-talk between cell-context and oncogenes determine metastatic properties. A, H&E staining shows tumors developed from the luminal A, luminal-
like, and basal-like but not normal-like double transformed cell lines metastasize to lungs. B, Frequency of metastasis of luminal A, luminal-like, normal-like, and basal-
like cell-derived tumors. C, Expression levels of GATA3 and FOXAT in tumors and lung metastasis. D, Cells derived from tumors and lung metastasis of luminal A and
luminal-like double transformed cells were characterized by flow cytometry using CD49f/EpCAM and CD44/CD24 markers to determine stem/luminal progenitor/
mature luminal properties and cancer stem cell phenotype. E, Histotype and expression levels of luminal markers ERo, GATA3, and FOXATin tumors developed from
luminal A cells double transformed with SV40-T/t and PIK3CA (luminal A-SV40-T/t 4+ PIK3CA cells). F, Expression levels of cytokeratin CK5/6, CK14, CK19 and EGFR
in tumors developed from luminal A-SV40-T/t 4+ PIK3CA cells. G, Unlike cells from SV40-T/t + H-Ras®"?-derived tumors, cells derived from tumors of luminal
A-SV40-T/t + PIK3CA were not enriched for CD49f"/EpCAM™ stem cells or CD44"/CD24 ™~ cancer stem cells. H, Tumors derived from luminal A-SV40-T/t + PIK3CA
transformed cells fail to metastasize to lungs.
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metastasis of basal-like-derived tumors expressed luminal markers
FOXA1 and contained few GATA3+- cells, suggesting that tumor and
lung metastasis in basal-like cell lines originated from a small fraction
of luminal-like cells within the basal-like cell line (Fig. 5C).

Cell lines were created from matched tumors and metastasis to
determine whether metastatic cells acquire additional phenotype
compared with primary tumor cells (Fig. 5D; Supplementary
Fig. S6A and $6B). Luminal A-H-Ras®?Y4+SV40T/t tumor
and metastatic cells showed similar staining patterns, that is,
CD49f™"*"/EpCAM™~, CD44"/CD24~, CD201"/EpCAM~, and
CD271°"/EpCAM ™ (Fig. 5D; Supplementary Fig. S6B). Similar
results were obtained with luminal-like-H-Ras“*?Y+SV40T/t tumor
and metastatic cells, that is, CD49f"/EpCAM*, CD44"/CD24",
CD44"/CD24", CD201"/EpCAM™~, CD201"/EpCAM*, CD2717/
EpCAM*' and CD2717/EpCAM™ (Fig. 5D; Supplementary
Fig. S6B). Thus, at least phenotypically, primary and metastatic cells
are similar.

To determine the role of oncogenes in metastatic phenotype, we
created a new series of cell lines that overexpressed breast cancer
relevant mutant PIK3CA and SV40-T/t antigens. Luminal A and
normal-like cells were transformed with either mutant PIK3CA
(PIK3CA™1%%7R) alone or a combination of SV40-T/t antigens and
PIK3CA™!%R (Supplementary Fig. S6C). The normal-like cells trans-
formed with PIK3CA™!°’% alone or in combination with SV40-T/t
antigens did not form tumor. Luminal A cells transformed with
PIK3CAM1%R 3lone did not form tumor, but in combination with
SV40-T/t antigens formed tumors. Luminal A-SV40T/t+
PIK3CA™ %R transformed cell-derived tumors were adenocarcinoma
and poorly differentiated squamous cell carcinoma (Fig. 5E). Staining
of tumors developed from luminal A-SV40T/t+PIK3CAH!?7R
transformed cells showed both ERa /GATA3"/FOXAl' and
ER0/GATA37/FOXA1™ subpopulations (Fig. 5E). Keratins expres-
sion profiles of tumors were CK5/6 /CK14™" with a small population
of CK19™ cells and all the tumors were EGFR™ (Fig. 5F).

Cell lines were established after sorting human cells from mouse
xenografts of luminal A-SV40T/t+PIK3CA™**® transformed cells
using CD298 marker (Supplementary Fig. S6D). Tumor-derived cell
lines of luminal A-SV40T/t4PIK3CA™'*’® transformed cells dis-
played CD49f"/EpCAM* and CD49f /EpCAM™; CD44"/CD24%;
CD201"/EpCAM™" and CD201 /EpCAM*; and CD271 /EpCAM ™"
and CD2717/EpCAM™" phenotypes and minimally enriched for cells
with cancer stem cell phenotype (Fig. 5G; Supplementary Fig. S6E)
compared with luminal A-H-Ras®?Y+SV40T/t transformed cells
(See Fig. 3E; Supplementary Fig. S4C). None of the luminal
A-SV40T/t+PIK3CA™ "R cell-derived tumors metastasized to lungs
(Fig. 5H), whereas luminal A-H-Ras®2V4SV40T/t cell-derived
tumors showed metastasis to lung (see Fig. 5A and B). These results
suggest that a bidirectional regulatory relationship between cell-
context and oncogenes determine acquisition of cancer stem cell
phenotype and metastasis properties in vivo.

Oncogenes, irrespective of cell context, determine
susceptibility to DNA-damaging agents

To understand whether bidirectional relationship between cell-
context and oncogenes extend to response to chemotherapy, we
determined double-stranded DNA break (DSB) response of immor-
talized and transformed cells upon treatment with chemotherapeutic
agents. Flow cytometry was used to identify induction of an established
marker for unrepaired DSBs y-H2AX in response to 48 hours of
treatment with doxorubicin, paclitaxel, and cisplatin (35). The type of
oncogene instead of cell context of transformed cells influenced DSB
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response, as doxorubicin increased y-H2AX levels more efficiently in
SV40-T/t antigens overexpressing cells compared with H-Ras®'?"-
overexpressing cells (Fig. 6A). Similar effects were observed with
paclitaxel (Fig. 6B) and cisplatin treatment (Fig. 6C). However, H-
Ras“*?Y dominantly reduced DSB response because y-H2AX levels
were lower in double-transformed cells compared with SV40-T/t
transformed cells.

To further investigate oncogene-dependent changes in DSB
response and potential resolution of DSB, we performed co-
localization studies of y-H2AX and RAD51. Co-localization of these
two molecules indicates active repair of DSBs (36). Doxorubicin-
treated pLKO and H-Ras“?V transformed cells showed strong
v-H2AX and RAD51 co-localization and distinct foci, whereas signals
in SV40-T/t antigens transformed cells were much more diffuse
(Fig. 6D). Taken together, these results indicate that while DNA
repair pathways are relatively unaffected in pLKO and H-Ras®'?"
transformed cells, SV40-T/t antigens induced signals disrupt DNA
repair.

Therapy-induced apoptosis is oncogene dependent

To elucidate the role of oncogenes in chemotherapy-induced
apoptosis, Annexin V staining was performed to measure response
to doxorubicin, paclitaxel, and cisplatin. SV40-T/t antigens trans-
formed cells compared with immortalized pLKO or H-Ras®'?¥
transformed cells were more sensitive to doxorubicin-, paclitaxel-,
and cisplatin-induced apoptosis (Fig. 7A-D). Colony formation
assay was used to further confirm oncogene-dependent suscepti-
bility of transformed cells to chemotherapy. As with other two
assays, SV40-T/t antigens transformed cells were more sensitive to
doxorubicin and showed reduced number of colonies compared
with immortalized or H-Ras“'?" transformed cells (Supplementary
Fig. S7A and S7B).

Isogenic cell line resource to study the interplay between cell-
of-origin and oncogenes on various facets of cancer
progression

During the course of this investigation, we have created an impor-
tant resource for research community to further investigate interplay
between cell-of-origin and defined oncogenes in cancer progression.
These cell lines are suitable to study cell context-dependent oncogene-
induced epigenomic changes under the same genetic background.
Phenotype and genetic ancestry of these cell lines are described in
Supplementary Table S1. Because transformed variants of several of
these cell lines spontaneously metastasize to lungs, these cell lines are
useful for screening of drugs that not only target primary tumors but
also metastasis.

Discussion

Tumor heterogeneity has a serious clinical consequence as it con-
tributes to drug resistance, metastatic spread, and even improper
molecular classification of cancer that affect treatment decision mak-
ing (37). It is believed that tumor heterogeneity has at least three
origins; pliancy of initially transformed cell (cell-of-origin), adaptive
plasticity of transformed cells, and genomic aberrations (37, 38).
Although multiple breast cancer subtypes including basal type are
suggested to originate from luminal progenitor cells (5, 6), the most
susceptible population within the heterogenous population of luminal
cells are yet to be identified and experimentally analyzed. The majority
of transformation assays of breast epithelial cells gave rise to squamous
carcinomas (39). The adenocarcinoma phenotype has been hard to
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Figure 6.

Oncogenes determine susceptibility to DNA-damaging agents independent of cell-of-origin of transformation. A, DSB response in luminal A, luminal-like, normal-
like, and basal-like immortalized, transformed, and tumor cells was examined after treatment with doxorubicin (Dox, 250 nmol/L for 48 hours) by flow cytometry
using py-H2AX as a marker. B, DSB response in luminal A, luminal-like, normal-like, and basal-like immortalized, transformed, and tumor cells was examined after
treatment with paclitaxel (Pac, 100 nmol/L for 48 hours) by flow cytometry using py-H2AX. C, Same assay as in A and B except that cells were treated with 5 umol/L
cisplatin for 48 hours. D, Immunofluorescence staining with py-H2AX and RAD51antibodies was used to measure the response to doxorubicin. Recruitment of RAD51
to py-H2AX-positive foci indicating repair of damaged DNA is evident in pLKO and H-Ras®™" transformed cells but not in SV40-T/t antigen expressing cells.
H-Ras®™V restores repair process as higher levels of py-H2AX and RAD51 co-localization was observed in double transformed cells compared with SV40-T/t
transformed cells.
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Figure 7.

Therapy-induced apoptosis is oncogene-dependent. Annexin V staining was used to measure response to chemotherapeutic drugs doxorubicin, paclitaxel, and
cisplatin. Percentage of Annexin V + PI positive cells under various conditions are shown on the right. A, Luminal A immortalized, transformed, and primary tumor-
derived cells. B, Luminal-like immortalized, transformed, and primary tumor-derived cells. C, Normal-like immortalized, transformed, and primary tumor-derived
cells. D, Basal-like immortalized, transformed, and primary tumor-derived cells. Visual Overview: A schematic diagram representing the flow of the study.
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recapitulate in in vivo tumor models (40, 41), although this tumor
histotype comprises the majority of tumors naturally occurring in
breast and other cancers (42). Ince and colleagues, have shown that the
same set of oncogenes can generate metastatic adenocarcinomas or
non-metastatic squamous carcinomas depending on growth media
used for initial isolation/propagation of cells, which provided first
indication to cell-of-origin determining histotype of tumors (12).
Previous studies in this respect had a major limitation as breast
epithelial cell lines used were derived from reduction mammoplasty
samples or normal tissues adjacent to tumors with aberrant genomes,
which we and others have shown them to be molecularly/histologically
abnormal (43-45). Here, we used the cell lines derived from biopsies of
healthy donors of different genetic ancestry to develop an assay system
that closely recapitulates naturally occurring human breast cancer,
including their metastatic behavior. As we reported previously, these
cell lines remained diploid when we tested them at approximately 20
passage (18). The use of reduction mammaplasty samples instead of
normal breast epithelial cells could be a reason for discrepancy between
data presented here and by Nguyen and colleagues, (10). Authors using
purified luminal progenitors (CD49f"/EpCAM™) and basal cells
(CD49f"/EpCAM ") and activated K-Ras“"*" oncogene suggested that
potent oncogenic role of this oncogene rather than the epithelial cell
type of the breast determines histopathology of resulting tumors. Our
study, however, suggests the role of cell-of-origin in determining
histopathology of tumors.

Cell line models used here allowed us systematic analyses that could
address the following questions: (i) Can we achieve transformation of
breast epithelial cells derived from healthy donors using a single
oncogene or need more than one oncogene?; (i) Instead of one
“normal” cell line typically used in the literature to understand the
signaling axis downstream of oncogenic activation, do breast epithelial
cell lines derived from multiple donors reveal similar downstream
signaling by an oncogene?; (iii) Will the use of multiple cell lines allow
us to dissect the roles of cell-of-origin and oncogenic mutations on
various steps of the oncogenic processes including acquiring cancer
stem cell phenotype, metastasis patterns, and response to therapy?; and
(iv) do cells enriched for luminal and basal cell gene expression
patterns differ in their susceptibility to transformation? Our results
suggest that cell-of-origin determines histology of tumors as only cells
enriched for luminal epithelial gene expression patterns gave rise to
adenocarcinomas, whereas all tumors originating from cells with basal
or normal-like intrinsic breast cancer subtype gene expression rarely
generated adenocarcinoma. While H-Ras“'?" alone was able to trans-
form basal-like cell line at a very low frequency, luminal-like cell lines
required two oncogenes (H-Ras®"?" or PIK3CA™**® and SV40-T/t).
Thus, cell-of-origin also determines requirement of oncogenes for
transformation. It is unclear at present which among known down-
stream targets of SV40-T/t antigens [RB, p53, PP2A, or pl6
inactivation (46)] is essential or sufficient along with H-Ras°"?Y or
PIK3CA™%R for transformation. Further studies are required in this
direction.

Signaling pathway activation in transformed cells is dependent on
bidirectional interaction between cell context and oncogenes. For
example, SV40-T/t antigens reduced pAKT in luminal-like cell lines
but not in basal- or normal-like cell lines. SV40-T/t antigens induced
NFxB DNA binding more robustly in the normal-like cell line
compared with luminal-like cell lines. H-Ras“?" but not SV40-T/t
antigens had cell type-specific effects on BRD4 induction. These cell
type-specific effects of oncogenes in inducing signaling pathways may
be a reason for lack of uniform activity of drugs that target signaling
pathways downstream of oncogenes. Also, oncogene-induced increase
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in BRD4 levels correlated with lower response to JQIl. Thus, an
interplay between oncogenic aberrations and cell-of-origin of tumor
may determine sensitivity to targeted therapies such as JQ1, which is
often difficult to discern from genomic analyses of tumors.

We observed that bidirectional interaction between cell-context
and oncogenic signals additionally determine clonal diversity,
cancer stem cell phenotype, and metastasis patterns. For example,
SV40-T/t antigens overexpression resulted in significant phenotypic
diversity only in luminal A and basal-like cell lines but not in
normal-like cell line while H-Ras®*?" did not cause phenotypic
diversity in any cell lines. In vivo, luminal A and luminal-derived
tumors but not tumors derived from normal or basal-like cell lines
gained CD201"/EpCAM ™~ phenotype. While both luminal and
basal-like cell lines transformed with H-Ras®'?" plus SV40-T/t
antigens developed metastatic tumors, luminal cell lines trans-
formed with PIK3CA™!%’R plus SV40-T/t antigens developed only
non-metastatic tumors. Clearly, interactions between genomic
aberrations and potentially the epigenome of the cell types
are required for cancer cells to acquire metastatic properties. A
systematic epigenome, transcriptome, and proteome analysis of
isogenic cell line models listed in Supplementary Table SI may be
essential to reveal complex interplay between cell-context and
genomic aberrations.

Only property of tumor cells that is independent of cell-of-origin
is the response to chemotherapeutic agents. SV40-T/t antigens
overexpressing but not H-Ras“'?V-overexpressing cells were sensi-
tive to all three drugs that we have tested in multiple assays.
Mechanisms behind their sensitivity are unknown but further
exploration may yield important clues to mechanisms of chemo-
therapeutic resistance.

In conclusion, using unique set of immortalized luminal A, luminal-
like, normal-like, and basal-like cell lines generated using breast
biopsies of healthy women, we have created a model system to study
the effects of cellular pliancy and genomic aberrations on various steps
of cancer progression. Visual overview provides a synapsis our find-
ings. Our studies clearly indicate the need to use multiple “normal” cell
line resources to understand interplay between cell type and genomic
aberrations as well as for identifying universally activated signaling
pathway downstream of a genomic aberration, which is critical for
developing targeted therapies. These unique cell line models will be
highly useful in understanding the mechanisms that contribute to
tumor heterogeneity, developmental hierarchy for breast cancer cells,
therapy resistance and may help to develop predictive markers of
breast cancer metastasis in future.
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