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Abstract

Loss of HOXAS expression occurs frequently in breast cancer and correlates with higher
pathological grade and poorer disease outcome. However, how HOX proteins drive differentiation
in mammalian cells is poorly understood. In this paper, we investigated cellular and molecular
consequences of loss of HOXADS in breast cancer, and the role played by retinoic acid in HOXAS
function. Analysis of global gene expression data from HOXA5-depleted MCF10A breast
epithelial cells, followed by validation, pointed to a role for HOXAS in maintaining several
molecular traits typical of the epithelial lineage such as cell-cell adhesion, tight junctions and
markers of differentiation. Depleting HOXADS in immortalized MCF10A or transformed MCF10A-
Kras cells reduced their CD24*/CD44° population, enhanced self-renewal capacity, and reduced
expression of E-cadherin (CDH1) and CD24. In the case of MCF10A-Kras, HOXADS loss
increased branching and protrusive morphology in Matrigel, all features suggestive of epithelial to
basal transition. Further, orthotopically implanted xenografts of MCF10A-Kras-scr grew as well-
differentiated pseudo-luminal carcinomas, while MCF10A-Kras-shHOXADS cells formed
aggressive, poorly differentiated carcinomas. Conversely, ectopic expression of HOXAS in
aggressive SUM149 or SUM159 breast cancer cells reversed the cellular and molecular alterations
observed in the HOXAS5-depleted cells. Retinoic acid is a known upstream regulator of HOXA5
expression. HOXAS depletion in MCF10A cells engineered to express doxycycline-induced
shHOXAGS slowed transition of cells from a less differentiated CD24~/CD44* to the more
differentiated CD24*/CD44" state. This transition was promoted by retinal treatment which
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upregulated endogenous HOXADS expression, and caused re-expression of, Occludin, and claudin-7
(CLDNY). Expression of CDH1 and CD24 was transcriptionally upregulated by direct binding of
HOXADS to their promoter sequences as demonstrated by luciferase and ChIP analyses. Thus, loss
of HOXAS in mammary cells leads to loss of epithelial traits, an increase in stemness and cell
plasticity, and the acquisition of more aggressive phenotypes.
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Introduction

Members of both the HOX and retinoic acid receptor (RAR) families are known to be
associated with cellular differentiation (1-4). HOX genes are transcription factors that
orchestrate body segmentation during embryogenesis (5, 6). Perturbed HOX gene expression
has been implicated in multiple cancer types (7). Further, continued expression of several
HOX members into adulthood suggests a necessity for their biological functions in
maintaining tissue homeostasis and differentiation (8, 9). Our laboratory has reported the
tumor suppressive function of HOXAS in promoting apoptosis in breast cancer cells in a
p53-dependent and p53-independent manner (10, 11). Retinoids have a strong influence on
mammary gland differentiation (12). Retinoids bind to RARs and transcriptionally activate
the HOXAS promoter (13, 14). Therefore, we sought to understand the function of HOXA5
alone and together with retinoids in mammary epithelial cell differentiation, and further
define the molecular basis of its tumor suppressive properties during breast cancer
progression.

Research in the last twenty years has identified multiple markers common to both normal
and breast cancer stem/progenitor cells. Among them, the two most common are the cell
surface markers, CD24 and CD44 (15). Interestingly, the progenitor cell profile of CD241°/
CD44Mi s often displayed by mesenchymal cells (16-18) that also express low levels of the
adhesion molecule, CDHL1 (17, 19) and exhibit a cytokeratin profile resembling that of basal
epithelium (20). This is in contrast to differentiated epithelial cells which express high levels
of CD24 and low CD44 (21). CD24 is a glycosyl-phosphatidyl-inositol linked cell surface
molecule that has been implicated in lineage development of hematopoietic cells (22).
Although CD24 is a marker of the more differentiated epithelial cell population (23, 24),
whether it has biological functions in regulating cell differentiation and specification is
unknown. Also, little is known about its transcriptional regulation (25, 26).

Retinoic acid is produced in the stem cell niche and is implicated in stem cell differentiation
and induction of lineage progression in hematopoietic cells in vitro (12, 27). However, the
precise pathways utilized by the retinoic acid receptor acting through HOXADS to mediate
cell differentiation are not yet clear.

In this paper, we report that ectopic expression of HOXADS in mammary epithelial cells
promotes transitioning of their progenitor population to a more differentiated state. Loss of
HOXAG5 in tumor cells is accompanied by loss of CDH1 and CD24. We demonstrate that
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loss of CDH1 and CD24 promote the process of de-differentiation and cellular
transformation mediated by loss of HOXAS. We conclude that one mechanism by which
HOXADS acts as a tumor suppressor is through its direct action on cell adhesion and lineage
determination factors in progenitor cells.

Depletion of HOXAGS results in perturbation of epithelial characteristics

Previous studies, including ours, have provided evidence for loss of HOXAGS in primary
breast cancers and its possible function as a tumor suppressor gene in breast cancer cells (10,
11, 13, 28, 29). To gain further insight into pathways through which HOXAS functions as a
tumor suppressor gene, microarray analysis of gene expression was performed with
MCF10A immortalized breast epithelial cells and with two sublines stably depleted of
HOXAD5, MCF10A-sh528 and MCF10A-sh529 (Figures 1A, B). Pairwise differential
expression analysis performed using Limma across biological replicates identified 43 genes
which were differentially regulated with a false discovery rate of < 0.01 (Figure 1C). To
validate a subset of highly differentially expressed genes associated with epithelial integrity,
we performed quantitative RT-PCR of MCF10A-sh528 and MCF10A-sh529, and the same
cell lines reconstituted with HOXAS (Figure 1D) for E-cadherin (CDH1), a cell adhesion
protein; CD24, a differentiation marker; ALDH1A3, a retinal biosynthesis enzyme;
Claudin-1 (CLDNL1), a tight junction protein; DSG3, a desmosomal protein, and ITGA10, an
integrin, along with relevant vector-transfected cells (Figure 1E). Forced expression of
HOXADS5 in HOXAS-depleted cell cultures led to a substantial recovery of mRNA expression
of each of the validated genes (Figure 1E), suggesting firstly, that loss of gene expression
was a direct consequence of the loss of HOXADS, and secondly, that HOXAS expression
correlates with the expression of genes that are necessary for the maintenance of epithelial
cell identity. In line with this reasoning, the more elongated and disorganized morphology of
both HOXAS5-depleted MCF10A-sh528 and -sh529 cell lines (Supplementary Figure 1A),
and a significantly increased capacity to invade through Matrigel (Supplementary Figure
1B), supported compromised epithelial cell identity. We also used transformed MCF10A-
Kras cells since they expressed HOXAS and reliably formed tumors in immunodeficient
mice. Depletion of HOXAS in MCF10A-Kras increased its invasiveness (Supplementary
Figure 1C). Conversely, ectopic expression of HOXAS5 in SUM149, LM2 (a lung metastatic
derivative of MDA-MB-231) and SUM159 resulted in strikingly impeded invasiveness
(Supplementary Figure 1D-F). In line with these traits, MCF10A-sh528, MCF10A-sh529
and MCF10A-Kras-sh528 cells showed a higher efficiency in wound healing/migration
capability compared to their -scr cell controls (Supplementary Figure 1G—H). The converse
was evident in SUM149-HOXA5, LM2-HOXAS5 and SUM159-HOXAG5 cells
(Supplementary Figure 11-K). We ascertained that altered proliferation (MTT and BrdU
uptake analysis, Supplementary Figure 1L—P) of the cell lines, with the exception of 231-
LM2, did not dictate the changes observed in invasion and motility upon HOXA5-depleteion
or overexpression.
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Depletion of HOXAGS alters cell-cell adhesion

Gene set enrichment analysis (GSEA) (30) of the microarray data revealed that MCF10A-scr
cells were enriched for expression of genes involved in cell-cell-adhesion and tight junctions
(Figure 2A). Analyzing molecular changes associated with epithelial integrity by RT-PCR,
we observed that the loss of expression of CDH1 was accompanied, in HOXA5-depleted
cells, by an elevation of N-cadherin (CDH2) (Figure 2B) and a decrease of expression of P-
cadherin (CDH3) (Figure 2B), which is known to disrupt the normal suppressor function of
CDHL1 by decreasing the interaction between CDH1 and intracellular catenins (31). Upon
HOXADS depletion, integral components of tight junctions in epithelial cells such as occludin
and CLDN?7 were also down-regulated (Figure 2B). Two other regulators of epithelial
integrity acting in opposing ways were also investigated. The transcriptional factor FOXA1,
shown to potently neutralize several EMT-related, CDH1-repressed mechanisms (32) was
underexpressed, while FOXQ1 (Figure 2B), which represses CDH1 by binding to the E-box
in its promoter region (33, 34) was overexpressed. HOXA5-depleted MCF10A-sh528 and
MCF10A-sh529 cells expressed significantly lower protein levels of CDH1, occludin,
CLDNY7 and CLDNL1 than controls (Figure 2C). The loss of CDH1 and CLDN1 expression
could be restored by re-expression of HOXADS in the HOXA5-depleted cells (Figure 2D),
suggesting that HOXAS5 may play a key role in regulating the expression of both genes.
Immunofluorescence (IF) analysis provided additional evidence for membrane loss of CDH1
and Occludin, concordant with the disorganized growth pattern and elongated morphology
of the HOXA5-depleted MCF10A cells (Figure 2E, Supplementary Figure 2).

HOXAGS expression inhibits outgrowth of organoids in three dimensional (3D) cultures

Transformed breast epithelial cells form protrusive and microinvasive structures in 3D
cultures, a phenotype that is strongly associated with epithelial-mesenchymal transitional
state of the cells (34, 35). 231-LM2 breast cancer cells expressed low or undetectable levels
of CD24 and CLDNZ1,; expression of both molecules was restored when HOXA5 was
ectopically expressed (Figure 3A). Since the proliferation of 231-LM2 cells was
significantly reduced upon HOXAGS expression (Supplementary Figure 10), we determined
if this occurs due to apoptosis by flow cytometry analysis using Annexin V and 7-
aminoactinomycin (7-AAD). Compared to 231-LM2-vec cells, 231-LM2-HOXAS5 cells
exhibited an increased proportion of early (Q4, 7.3% vs 10.6%) and late (Q2, 4.5% vs 9%)
apoptotic cells (Figure 3B). In Matrigel, 231-LM2-vec cells formed multiple branching and
stellate structures unlike the rounded morphology of 231-LM2-HOXAS organoids (Figure
3C, quantified in 3D), further corroborated by phalloidin staining of the organoids (Figure
3E). The organoids were positive for cleaved caspase-3, showed increased apoptotic blebs,
and were characterized by de-nucleated cells and GFP+ cytoplasm (Figure 3F). The smaller
number of 231-LM2-HOXAS5 spheroids observed (Figure 3D) could be the result of
apoptosis. On the other hand, depleting HOXAS in MCF10A-KTras cells led to a significant
increase in branching structures (Figure 3G, quantified in 3H), characterized by protruding
outgrowths into the gel (Figure 3lI), and the loss of CDH1 expression (Figure 3J).
Collectively, the results led us to conclude that ectopic expression of HOXAS impedes
protrusive and microinvasive outgrowth of breast cancer cells in 3D cultures, with
concomitant upregulation of CDH1 and promation of focal apoptosis.
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HOXADS loss leads to an increase in stemness of epithelial cells

Human mammary epithelial cells often acquire more stem-like characteristics as they
undergo EMT (16, 17). Our observations raised the possibility that similar changes in
differentiation status may be brought about by depletion of HOXAS in MCF10A cells. Flow-
cytometry analysis showed that, compared to MCF10A-scr cells, the CD24*/CD44*
population decreased in MCF10A-sh528 and in MCF10A-sh-529 cells (Figure 4A),
accompanied by an increase in the number of mammospheres formed (Supplementary
Figure 3A) These results suggested that loss of HOXAS skewed the MCF10A cell
population to a more progenitor-like state. Similar results were obtained in the MCF10A-
Kras cells (Figure 4B, Supplementary Figure 3B). Conversely, SUM149-HOXAS5 cells
showed an increase in the CD24*/CD44* population (Figure 4C) and a decrease in the
number of mammospheres formed (Supplementary Figure 3C). Similarly, in SUM159-
HOXAS5 cells showed an increase in the CD24*/CD44* population (Supplementary Figure
3D).

To further investigate if expression of CD24 determines the cell’s ability to form
mammospheres, we sorted MCF10A-Kras and SUM149 cells using the CD24 and CD44
markers. Sorted CD247/CD44" MCF10A-Kras cells showed higher mammosphere-forming
efficiency than CD24*/CD44° cells (Supplementary Figure 3E), a result that was replicated
in SUM149 cells (Supplementary Figure 3F). These findings suggest that expression of
CD24 is one determinant of the intrinsic capability of breast cancer cells to form
mammospheres.

Serial passaging of the mammaospheres (36) was performed to assess self-renewal capacity
of the MCF10A-Kras-scr and -sh528 cells. Depleting HOXA5 in MCF10A-Kras cells
markedly increased the efficiency of mammosphere formation over two passages (Figure
4D). In contrast, SUM149-HOXAJ5 cells formed a small number of mammospheres in the
first passage that could not be propagated any further (Figure 4E). Supporting these
observations, HOXAS depletion in MCF10A-KRas-sh528 cells led to loss of CD24 and
CDH1 mRNA expression, and CDH1 protein was undetectable. (Supplementary Figure 3G,
Figure 4F). Conversely, compared to the SUM149-vec control cells, CDH1 protein levels
increased by 2-fold in SUM149-HOXAS cells (Figure 4G). Collectively, these findings
suggest that HOXADS is functionally capable of altering properties of the stem/progenitor
population to promote a more differentiated state in breast cancer cells. One pathway to
differentiation by HOXADS, the data suggests, occurs partially through upregulation of CD24.

HOXADS delays tumor initiation and controls tumor differentiation

Next, we performed orthotopic transplantation of SUM149 tumor cells in the mammary fat
pad (mfp) in limiting dilution to evaluate their stemness in vivo. The schema for injecting
serially diluted tumor cells into mfp of immunodeficient mice is shown in Figure 5A. The
frequency of palpable tumors was assessed from the end of week 3. Compared to SUM149-
vec xenografts, SUM149-HOXAGS cells exhibited a 17-fold reduction in frequency of stem
cells (Figure 5B), and a reduced rate of tumor growth (Figure 5C); the tumors were also
histologically less aggressive (Supplementary Figure 4A). Conversely, depletion of HOXAS
in MCF10A-Kras cells increased the frequency of stem cells by 10-fold (Figure 5D).
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MCF10A-Kras-sh528 xenografts appeared significantly earlier and grew more rapidly than
vector control cells (Figure 5E). Histologically, MCF10A-Kras-scr tumors were well
differentiated and were characterized by the formation of pseudo-ductal structures with
stronger counterstaining with eosin (Figure 5F, left panels). MCF10A-Kras-sh528 tumors,
on the other hand, failed to form duct-like structures and the tumor cells exhibited
dedifferentiated morphology (Figure 5F, right panels). Immunohistochemical
characterization of the xenografts revealed positive staining for 1) HOXADS in nuclei, 2)
CDH1 at adhesion junctions and 3) cytoplasmic CK18 in cells surrounding the pseudo-
glandular structures in MCF10A-Kras xenografts, while the expression of these markers was
lost in MCF10A-Kras-sh528 tumors (Figure 5G). Thus, loss of HOXAGS resulted in the
formation of more aggressive and dedifferentiated tumors in vivo.

The ability of the tumor cells to grow as xenografts lies primarily in the stem/progenitor
population. In fact, in MCF10A-Kras, the stem cell frequency in sorted CD24~/CD44M was
6-fold higher than in the CD24*/CD44° cells (Supplementary Figure 4B). Thus, our in vivo
data also strongly support the notion that HOXAS promotes tumor cell differentiation.

These findings led us to examine the correlation between HOXADS and clinical factors in
human breast cancer. Meta-analysis of publicly available NKI and Desmedt data sets
revealed an inverse correlation between HOXADS expression and grade of breast cancer in
both the datasets (Supplementary Figure 4C, 4D). In the same datasets, low HOXA5
expression also correlated with worse relapse-free survival outcome (Supplementary Figure
4E).

Differentiation of the CD24~ population by retinal is partially mediated by HOXA5

Our findings clearly highlight HOXAS5’s function in maintaining the epithelial state, but a
possible dynamic role for HOXAS during cell fate transition is yet to be addressed. Pathway
analysis of the differentially expressed genes in HOXA5-depleted MCF10A cells revealed
changes in genes involved in retinoic acid biosynthesis, such as ALDH1A3 and DHRS3
(Figure 1B, D). Retinoic acid signaling and HOX genes have been implicated in tissue
differentiation and development (37, 38). Retinoic acid receptors are direct transcriptional
regulators of HOXADS (13, 14). We developed an inducible HOXA5 knockdown model in
MCF10A cells that would allow us to study the dynamics of this transition. Doxycycline-
induced treatment in MCF10A-tet-sh528 resulted in a sequential loss of expression of CD24
and CDH1 mRNA (Supplementary Figure 5A-C), and HOXA5 and CDH1 protein (Figure
6A), and loss of the CD24* population over time (Figure 6B). The CD24"€9 population in
MCF10A-tet-sh528 cells was sorted by flow-cytometry and the cells were treated with
retinal (ATAL) to induce differentiation, with or without the addition of doxycycline
(schema in Figure 6C). In the sorted CD24~ population from MCF10A-tet-sh528 cells,
treatment with retinal (LuM) for 7 days resulted in a striking enrichment of CD24*/CD44*
differentiated cells (Figure 6D). Repression of HOXAS with doxycycline resulted in partial
abrogation of the retinal-mediated increase in the CD24*/CD44* population (Figure 6D).
Expression of CD24, CDH1, Occludin and CLDN7, but not ALDH1A3 was induced by
retinal, and these genes were repressed when HOXAS was simultaneously silenced in
MCF10A-tet-sh528 cells (Figure 6E). Western blot analysis of CDH1, ZO-1, Occludin,
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CLDN7, CK18 and cell cycle arrest protein, p21, showed elevated expression upon retinal
treatment, which was reversed by depleting HOXADS (Figure 6F). Further substantiation was
sought through additional assays of stem cell differentiation in MCF10A-tet-sh528 cells.
Retinal inhibited mammosphere formation while concurrent knockdown of HOXAGS in the
presence of retinal significantly restored the ability of the cells to form mammaospheres
(Supplementary Figure 4D). Taken together, these results indicate that retinal-induced
differentiation in MCF10A cells is, in part, driven by HOXAb.

HOXADS is a direct transcriptional regulator of CDH1 and CD24

How does HOXAS5 regulate the multiple traits typical of luminal epithelial cells in the
mammary gland? We addressed this question for the CDH1 and CD24 genes. We first
performed promoter-linked luciferase assays. Transient expression of wild type (WT)-
HOXAJ5 with the luciferase constructs in 293T cells resulted in a significant induction of
luciferase activity driven by the promoters of both CDH1 (Figure 7A) and CD24 (Figure
7B). Next, we performed ChlIP assays on MCF10A-sh528 cells overexpressing myc-tagged
HOXADS to determine the occupancy of HOXADS at putative HOX-binding-sites located in
each of the gene promoters. In both cases, we observed statistically significant enrichment of
HOXAG at their respective binding regions in chromatin compared to vector controls,
confirming HOXAS5 occupancy (Figure 7C and 7D). In contrast, no significant ChIP
enrichment of HOXADS was detected at regions approximately 2000 bp upstream or
downstream of the promoters of each gene (Figure 7C, D). In sum, these results suggested
that HOXAS is a direct transcriptional regulator of two luminal-specific genes, CDH1 and
CD24.

Next, we investigated whether endogenous HOXADS induced by retinal treatment in
MCF10A cells could bind to the CD24 promoter. ChlP analysis showed that HOXAD5,
induced by retinal, bound to the promoter region of CD24 in MCF10A-tet-shHOXADS cells.
Doxycycline-mediated HOXAS depletion significantly reduced its occupancy at the same
region (Figure 7E). This enrichment, however, was not detected at the distant regions
upstream or downstream from the putative HOXAD5 binding region. These findings provide
evidence to support the transcriptional role of retinal-induced HOXADS in regulating CD24
expression.

Discussion

Our investigation has revealed a role for HOXAS5 in regulating cell differentiation, cell
specification and tumor initiation in breast cancer, and has provided mechanistic insights
into how HOXAS5 maintains homeostasis in mammary epithelial cells. CDH1 and CD24
were identified as key molecules directly transcriptionally upregulated by HOXAS. We
present evidence that HOXADS regulates important epithelial traits in mammary cells.
HOXADS loss in tumor cells leads to reduced CDH1 expression and subsequent development
of compromised epithelial integrity and acquisition of properties of invasion and migration.
In turn, reduced CD24 expression leads to enrichment of CD24~/CD44" population causing
an expansion of breast cancer stem cells and rapid tumor initiation (Supplementary Figure
6).
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Although HOXAJ5 orthologues have been implicated in cellular differentiation, most of the
evidence was gathered from non-mammalian models (28). Many of the HOXADS null mice
died within a week of birth due to respiratory tract defects, and surviving female mice
exhibited abnormal mammary development but failed to develop mammary tumors (39).
Technical limitations have hindered the exploration of the mechanism of regulation of
mammary cell differentiation by HOXADS. Our studies were facilitated by generating
MCF10A mammary epithelial cells with Tet-inducible shHOXAS. Using these cells and
other breast cancer models, our data is supportive of a role for HOXADS in specifying cell
fate brought about by up-regulating critical cell surface proteins that maintain the structural
integrity of epithelial cells. Expression of CDH1, occludin and claudins decreased when
cells were stably depleted of HOXAS. Occludin, CLDN1 and CLDN7Y are important
components of tight junctions, a barrier expressed primarily in differentiating ductal cells.
However, their expression is consistently lost in many breast carcinomas and breast cancer
cell lines (40-44). Hence, these findings provide evidence for one of the many complex
functions of HOXADS: that of regulating structural integrity of epithelial cells and thereby,
likely, cellular patterning and development.

We show that HOXADS regulates CD24 expression in MCF10A cells. Based on the loss of
CD24, a cell marker of differentiation, we predicted that HOXA5-depleted MCF10A cells
will convert to a more primitive and basal phenotype. Using a combination of models for
depletion of HOXAS in MCF10A-Kras, and overexpression in SUM149 breast cancer cell
lines, we have shown that HOXADS reduces the cancer stem/progenitor population.
Observations of a HOXA5-mediated increase in the more differentiated CD24*/CD44*
population, reduction of self-renewal capacity, accompanied by elevation of CDH1
expression provided strong evidence that HOXAS impedes stemness of breast cancer cells.
Our results support the theory that breast cancer cells might acquire an enhanced ability to
form tumors when they revert to a more undifferentiated state (45). In fact, tumor-initiating
cells were previously generated through dedifferentiation of epithelial cells in a murine
intestinal model (46). Our results support several tenets of this reversion theory: Expression
of HOXAS markedly reduced the number of tumor-initiating cells in limiting dilution assays
performed in immunodeficient mice. Also, depletion of HOXAS in MCF10A-Kras cell line
resulted in the formation of histologically dedifferentiated xenografts in mice. This
observation is in agreement with the correlation seen in human breast cancer between low
HOXAS expression on the one hand and high pathological grades and poor survival outcome
on the other. These observations strongly support a role for HOXADS in maintaining
homeostasis and suppressing tumor initiation in breast cancer.

Retinoid signaling has been shown to regulate human hematopoietic stem cells (HSC) in
culture (12, 27), while its inhibition delays the differentiation of HSC and prolongs their
capacity for cell renewal. Tumor sphere formation by breast cancer cells was suppressed by
retinoic acid, which behaved as a regulator of stem cell differentiation (47). Retinoic acid
when used in combination with cytotoxic agents reduced the frequency of breast cancer stem
cells in culture (48, 49). Further, the RARa agonist AM580 (a benzoic derivative of retinoic
acid) has been reported to promote differentiation of mammary tumors arising in MMTV-
neu and MMTV-wnt1 transgenic mice (50). Nevertheless, what drives the transition of cells
from a primitive to the differentiated axis remains poorly understood. The inducible
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HOXAD5-knock down model system in MCF10A cells allowed us to demonstrate the role of
HOXADS in retinal-mediated transition from the CD24-neg to CD24-pos axis, which was
characterized by elevated expression of epithelial-specific junctional proteins. Retinal
significantly increased the CD24*/CD44" population through upregulation of HOXAGS in
MCF10A, consequently decreasing their mammosphere-initiating capability. Our findings
are consistent with the known role of the retinoic acid pathway in cellular differentiation (12,
27, 37), and an essential function for HOXADS in this process.

Although cell surface molecules are useful for delineating specific cell lineages, there are
not many studies focusing on the transcriptional cues for cell state transition. We have
shown that HOXAS transcriptionally regulates CDH1 and CD24 through promoter binding.
We have thus identified novel molecular pathways that are functioning during cell fate
transition.

In summary, we have shown that loss of HOXAS5 in non-transformed breast epithelial cells
results in reduced CDH1 and CD24 expression and de-differentiation, but does not drive
tumorigenesis. We have also provided evidence to support the notion that loss of HOXA5
and ensuing loss of epithelial phenotype in premalignant breast epithelial cells augments
tumor-initiating potential and thereby promotes cancer progression. Finally, restoration of
HOXADS5 in malignant cells is capable of driving epithelial differentiation and thereby can
impede aggressive phenotypes and stemness in breast tumor cells.

Materials and Methods

Detailed Materials and Methods for each assay are provided in Supplementary Information
online.

Cell lines and Reagents

293T and MCF10A obtained from the American Type Culture Collection were used in their
early passages. MCF10A-ras was generated by stably expressing mutant KrasG12V in
MCF10A cells. SUM149 and SUM159 cells were obtained from Dr. S. Ethier (Wayne State
University, Detroit, MI), and the lung metastatic subline of MDA-MB-231 cells (LM2) was
obtained from Dr. Joan Massagué (Memorial Sloan Kettering, New York, NY). All trans-
retinal (#R2500) was from Sigma. All cell lines were tested for mycoplasma every six
months.

Plasmid constructs

HOXAS5 shRNAs (TRCN0000017528, TRCN0000017529) were purchased from Open
Biosystems. Tet-inducible-shHOXAS was generated by cloning sh528 into pLKO-Tet-On
plasmid. HOXA5 cDNA with a myc-tag was cloned into pLHCX plasmid. CDH1 and CD24
gene promoters were cloned into pGL2 plasmid.

Mammosphere formation assay

Tumor sphere assays were performed as previously described (36). Quantification of the
mammospheres was performed with ImageJ software.

Oncogene. Author manuscript; available in PMC 2016 November 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Teo etal. Page 10

3D growth assay

3D culture of the breast cancer cell lines was performed as previously described (35). For
MCF10A-Kras, 2 x 103 cells were seeded into 100 pl of 50% Matrigel (#354234, Corning)
and 50% Collagen I (1 mg/ml #354236, Corning) mixture, plated in 8-well chamber slides
and maintained in 400 pl of MCF10A complete media. For 231-LM2, 2.5 x 103 were seeded
into 100 pl Matrigel plated in 8-well chamber slides.

Cell proliferation assay

Cells proliferation assay was performed as previously described (51).

Wound healing assay

Cells were grown to confluence, a wound was created with a p200 tip and allowed to heal
for 20-48 hours. The area of migration was quantified from images by ImageJ software.

BrdU incorporation assay

BrdU incorporation assay was performed using cell proliferation Elisa kit (#ab126556,
Abcam) according to manufacturer’s instructions.

Cell Invasion assay

1.5 - 5 x 10% cells were seeded in 500 pl basal media in the Boyden chamber (#354480,
BD). 16-24 hours later, the membrane was fixed with 10% formalin for 30 minutes and the
cells were stained with 0.05% crystal violet. Cell numbers were determined from 4
independent fields in each chamber.

Quantitative RT-PCR

Quantitative SYBR green RT-PCR was performed on total RNA as previously described
(51). Gel based RT-PCR products were resolved in a 2% ethidium bromide agarose-gel.

Western blot analysis

Western blotting was performed using antibodies to: HOXADS (#sc-365784, Santa Cruz);
CDHZ1 (#13-1700, Invitrogen); Claudin-1 (#71-7800), Claudin-7 (#34-9100), Occludin
(#71-1500), ZO-1 (#33-9100) and CK18 (#180158Z) from Zymed; p21 (Santa Cruz); B-
actin (Sigma-A2228).

Immunohistochemistry

IHC was performed as previously described (51). The sections were incubated overnight
with primary antibodies: HOXAS antibody (1:50), CDH1 antibody (1:500) CK-18 (1:500).

Immunofluorescent staining and confocal microscopy

For 2D images, cells were fixed and stained with corresponding antibodies using the
manufacturer’s protocol. Confocal IF staining of 3D organoids was performed as described
(52). Images were obtained with a Zeiss LSM 780 microscope using a 40x c-Apo water
objective.
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Fluorescence-Activated Cell Sorting and Quantification

One million cells were stained with 5 pl of CD24-FITC (BD Pharmigen; clone ML5), 5 pl
CD44-PE (BD Pharmigen; clone 515) and 5 pl of 7AAD (BD Pharmingen) to exclude dead
cells. Samples were run on the BD FACSCalibur system (Becton Dickinson), and data
analyzed using FlowJo software. Cells were sorted on a BD FACSAria SORP and analyzed
on a BDLSRII with BD FACSDiva Software (BD Biosciences).

Xenograft and Limiting Dilution Assay

The indicated number of cells were mixed in Matrigel and injected into mammary fat pads
of NOG mice together with a mixture of irradiated and non-irradiated (1:1) immortalized
human fibroblasts (25,000 cells/100ul Matrigel/fat pad) (53, 54).

Promoter Luciferase assay

ChIP assay

Luciferase activity (#£1501, Promega) was measured 24 hours after transfection of cells and
normalized to B-galactosidase activity (617758241001, Roche) (55).

ChIP assay was performed as previously described (56). Sonicated chromatin was enriched
with either 1 pg of a-myc or 3 pg of a-HOXADS antibody or the same amount of 1gG isotype
control, column-purified and analyzed.

Gene expression array and analysis

mMRNA from MCF10A cells and MCF10A-shHOXADS clones was hybridized onto lllumina’s
HumanHT-12v4 BeadChip (Illumina, San Diego). After pre-processing using lllumina
GenomeStudio software, quantile normalization was applied to log transformed intensities
for analyses.

Statistical Analysis

Quantitative data were expressed as mean * standard deviation (SD) of biological triplicates.
Statistical tests were analyzed by two-tailed Student’s t test or one-way ANOVA with
Bonferroni correction, and considered statistically significant with a p value of * p<0.05,
**p<0.01, ***p<0.001. [GraphPad Prism (v5.0, GraphPad Software, San Diego, CA)].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Depleting HOXADS perturbs epithelial characteristics
A. Quantitative RT-PCR analysis of HOXA5 mRNA expression level in MCF10A-scr and

HOXAGS depleted MCF10A -sh528 and MCF10A-sh529 cells. B. Western blot analysis of
HOXADS protein level in MCF10A-scr and HOXADS depleted -sh528 and -sh529 cells. B-actin
serves as the loading control. C. Hierarchical clustering heatmap showing genes
differentially expressed between MCF10A-scr cells (n=2, biological duplicates) and
HOXAG5-depleted MCF10A-sh528 and MCF10A-sh529 cells (n=2 each, biological
duplicates) that have an FDR < 0.01. D. Western blot analysis of HOXAS protein level in
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MCF10A-scr and HOXAS depleted -sh528 and -sh529 cells, transfected with a HOXA5-
expressing plasmid or vector. E. Quantitative RT-PCR validation of a selection of five
underexpressed (CDH1, CD24, ALDH1A3, CLDN1 and DSG3) and one overexpressed
gene (ITGA10) identified in HOXAS depleted MCF10A cells by the array. Columns 1-3
show RT-gPCR validation in MCF10A-scr, -sh528 and —sh529 cells. Columns 47 show
expression in the same cells transfected with HOXADS plasmid or vector (restoration of
HOXADS expression) (n=4, 2 biological duplicates).
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Figure 2. Loss of HOXAS disrupts cell-cell adhesion moleculesthat govern epithelial integrity
A. Gene set enrichment analysis of MCF10A-scr and HOXAGS depleted cells indicates that

cell-cell junction genes are enriched for expression in MCF10A-scr cells. B. RT-PCR
analysis shows reduced expression of EMT markers (CDH2 and CDH3), tight junction
molecules (Occludin and CLDN7) and increased expression of luminal fate marker, FOXA1
and reduced expression of FOXQ1 in MCF10A-scr, HOXAS depleted MCF10A-sh528 and
MCF10A-sh529 cells. C. Western blot analysis of HOXAS5 and HOXAS5-regulated genes
CDHZ1, Occludin, CLDN7 and CLDN1 in MCF10A-scr, -sh528 and —sh529 cells. B-actin
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serves as the loading control. D. Western blot analysis shows decrease in CDH1 and CLDN1
protein upon HOXADS depletion in MCF10A cells; and reversal by ectopic expression of
HOXADS in the knock-down clones. E. Representative immunofluorescence images of CDH1
(Green), Occludin (Yellow), actin stress fiber, Phalloidin (Red) and nuclear marker, DAPI
(Blue) with expanded views (2x) of CDH1 and Occludin in MCF10A-scr cells to clearly
visualize localization.
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Figure 3. Loss of HOXAS promotes formation of protrusive and disorganized organoidsin 3D
Matrigel culture
A. Western blot analysis shows increased expression of CD24 and CLDN-1 protein in 231-

LM2-HOXAGS cells compared to 231-LM2-vec controls. B. Flow cytometry analysis of
Annexin V (x-axis) against 7-AAD (y-axis) shows a higher apoptotic cell population in 231-
LM2-HOXAGS cells compared to 231-LM2-vector. Quantitation is shown in the bar graphs.
Representative C. phase contrast images show growth in matrigel (12 d) of 231-LM2-vec
and 231-LM2-HOXADS5 organoids and D. quantitative analysis of spheroids or branched
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structures formed (n=4). Confocal images of the same cells stained with E. Phalloidin (Red)
F. Cleaved caspase-3 (Red), GFP (Green) and nuclear stain DAPI (Blue).

Representative G. phase contrast images of MCF10A-Kras-scr or HOXA5-depleted
MCF10A-Kras-sh528 organoids grown in Matrigel:Collagen | matrix (14 days) with H.
quantitative analysis of spheroids or branched structures formed (n=4) and confocal images
of the same cells stained with H. Phalloidin (Red), J. CDH1 (Green) and DAPI (Blue).

Oncogene. Author manuscript; available in PMC 2016 November 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Teo etal.

Page 22

A
MCF10A-scr MCFWA sh528 _MCF10A-shS29 Bl CD24-/CD4 44 CDZ4+TD44+
\ -2 I o [ ] 100 .
H . . )
[&] " =0
= x ',%
= r : -
P ; ﬁ S o 2 o
=1 . §
o : 1B 2. B
i Eg W W W & =
CD44-PE
B' MCF10A-Kras StemyDifferentisted Populstions C. SUM148 Stem/Differentisted Pogpulstions
2 ] mm CD24-Ch44n Vacor — ]—- Bl CDZ4CD44+
<hE; 5
hiB W CD24+/CD440 HOXAS ™
5o =t ], Vecor s
shE28 HOXAS b
0 50 100 150 0 20 40 80 80 100

Percent population

MCF10A-Kras-scr MCF10A Kras-shszs

Percent populstion

SUM143-Vector SUM149-HOXAS

o =
O | =l ‘
E | g
b -
- N .
g U N .
= i ol

CD44-PE CD44-PE
D. 2weeks 2 weeks E. 7 weeks
Primary 1#Passage  2%*Passage 1% Passage

Prima
MCF10A-Kras-scr SUM1 4&\.@ ctor

@ I gr'ra-m

-%’ a0 Tg%‘;.g,’ | =

g &0 ] 2w

ot J E -

o ue 3

5 i -
MCF10AKras-sh528 3 = == SUM148-HOXAS 5
4 ]

F. G.
MCF10A-Kras SUM149
& S & o
o £ & &
CDH1 CDH1
B-Actin HOXAS

HOXAS fivin
B-Actin

Figure 4. HOXADS reduces self-renewal capacity of cancer cellsand regulates expression of CDH1
and CD24 in breast cancer cell lines

Flow cytometry analysis of CD24 (x-axis) against CD44 (y-axis) shows: A. a reduction of
CD24*/CD44* population from 65.8% in MCF10A-scr to 20.2% in MCF10A-sh428 and
42.9% in MCF10A-sh529, B. a reduction of CD24*/CD441° population from 22.7% in
MCF10-Kras-scr to 3% in MCF10A-K-ras-sh528 cells and, C. an increase in CD24*/CD44*
population from 47.9% in SUM149-vector to 75.1% in SUM149-HOXAS cells. Quantitation
is shown in the bar graphs. Formation and serial passage of mammospheres in: D. MCF10A-
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Kras-scr and MCF10A-Kras-sh528 cells E. SUM-149-vector and SUM149-HOXAJ5 cells;
cells were passaged every two weeks. Quantitative analysis of mammospheres formed in
each passage is shown in the bar graphs.

HOXAJS and CDHZ1 protein expression in: F. MCF10A-Kras-scr, and HOXA5-depleted
MCF10A-Kras-sh528, and in G. SUM149-vec and HOXADS overexpressing SUM149-
HOXAD5 cells. B-actin serves as the loading control.

Oncogene. Author manuscript; available in PMC 2016 November 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Teo etal.

 cel SUM149
Numbers | Vector

25x 10° T
25e4
25x 104 T
2562 25x10° 27
25x 102 o
Stem Cell 1in 6,446
Frequency
D.
Cell MCF10A- MCF10A-
25x10° 5i5 5i5
25x10* 35 515
25x10° 0/5 2i5
25x 102 0/5 15
Stem Cell 1in 31,970 1in 3,573
Frequency
F
MCF10A-Kras
scr
sh528
G. MCF10A-Kras

a-HOXAS

sh528

Page 24

C.
Sum149
HOXAS SUN148 Xenograft 2. 524
6I7 . g Sum148 Vector
Em = SUM143 HOXAS *
27 =
2004 .
o 5
=
o7 ‘E 100
1in 114,319 =
U-
0 2 4 L]
Wesks
E. MCF10A-Kras-2.5e4
6001 o scr
& sh528

Pement

Tumor Yolume {mm?)
L] -
g8 3

<

Differentisted structures
100

—=—
75

Figure 5. Overexpression of HOXAS impedes tumor initiation, and loss of HOXADS perturbs

tumor differentiation

A. Figure of sites of orthotopic injection of serially diluted vector-control or HOXA5
overexpressing or depleted tumor cells into the 41" and 5! mammary fat pads (mfp) of NOG
or NOD/SCID mice. B. Table shows tumor incidence 3 weeks after mfp injection of
SUM149-vector or SUM149-HOXADS cells (n=7 mice for each dilution). C. Growth of
SUM149-vector versus SUM149-HOXAS xenografts (2.5x10% cells; n=7 mice). D. Table
shows tumor incidence 5 weeks after mfp injection of MCF10A-Kras-scr or MCF10A-Kras-
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sh528 cells (n=5 mice for each dilution). E. Growth of MCF10A-Kras-scr versus MCF10A-
Kras-sh528 xenografts over 7 weeks following injection of 2.5x10* cells (n=9 mice). F.
Representative images of H/E stained sections of MCF10A-Kras-scr and MCF10A-Kras-
sh528 tumors. G. Representative images of immunohistochemistry (IHC) for HOXADS,
CDH1 and CD18 in formalin fixed paraffin embedded (FFPE) sections of MCF10A-Kras-
scr and MCF10A-Kras-sh528 tumors.

Oncogene. Author manuscript; available in PMC 2016 November 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Teo etal.

MCF10A-tet-sh528
0 24 43 T2 96 Dox, (h)
HOXAS
S ———— . CTD

[ CDH1
[ ———— CTB

B

Page 26

ﬁoxycycline

CD24-ATC

o

"
¥

Sorted CD24-"=2 MCF10A-tet-sh528 cells (Q4)
Cultured for 1 week

Induction Time {h)
L L

C. ee ez T4 ce [-® 3 e
/ l \ Fold Decrease of CD24+ Fraction (Q1)
shHOXAS

+DMSO +ATAL +ATAL,
D. +Doxycycline CD24+/CDas+
_DMsO  ATAL ATAL + DOX T T e
o = o . = g H ) = | =
of, ; E
i i i ¥ ] Ew
- 5, t { gw
3 . i T T B »
CDd:l PE —> £
& &
&
E g N F
i PN
8 1 T
o 4 ]
D3 m A e e
s,
AL x
S 5

g S as D Ofeds Oaess Do =
ST STFESTE KL Q\s‘-’gsc’ B-Actin
= = = = & =

@ HCXAS s C024 @@ COH BB OcsudnEm CLDNTEE ALDH1AZ

CD24-/ CD44+

].

% population
8 8 8

=

4
~ \:SP

AY ‘;\?‘
Z0-1
Occludin
CLDN7
CK-18
B-Actin

Figure 6. Retinal-induced cell differentiation in MCF10A is compromised when HOXAS5 is

repressed

A. Western blot analysis of HOXAS5 and CDH1 expression in MCF10A-tet-sh528 cells with
dox-induced depletion of HOXAS over 96 hours. p-actin serves as the loading control. B.
Flow cytometry analysis of CD24 expression in MCF10A-tet-HOXAS with doxycycline-
induced depletion of HOXAS shows decrease of CD24+ population (7-AAD negative) from
47% to 24% over 96 hours. C. Flow sorted CD24~ population was treated with DMSO, 1
UM retinal (ATAL) or 1 uM ATAL + 100 nM doxycycline (DOX) and cultured for 1 week.
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Flow cytometry analysis of CD24 (x-axis) and CD44 (y-axis). Quantitative analysis is shown
in the bar graph. D. Quantitative RT-PCR analysis of HOXAS5, CD24, CDH1, Occludin,
CLDNY7 and ALDH1A3 in MCF10A-tet-sh528 cells treated with DMSO, 1 UM retinal
(ATAL) or 1 uM ATAL + 100 nM doxycycline (DOX) and cultured for 1 week. E. Western
blot analysis of HOXAS5, CDH1, p21, ZO-1, Occludin, CLDN7 and CK18 in cells treated
with DMSO, ATAL and ATAL+ doxycycline as in (D). p-actin serves as the loading control.
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Figure 7. HOXADS transcriptionally regulates CDH1 and CD24 through promoter occupancy
Promoter linked luciferase activity was analyzed in 293T cells 24 h after co-transfection of:

A. a luciferase construct containing the promoter sequence (—1000 bp) of CDH1 or vector
control, or B. a luciferase construct containing the CD24 promoter (-1100 bp to +150 bp)
and vector control, each with wild type HOXA5 or homeodomain truncated (AHD) HOXADS,
and B-galactosidase plasmid to control for transfection efficiency. HOXAS upregulated
luciferase activity of both promoters; activity was significantly attenuated when truncated
HOXADS lacking the HD was used. C. ChIP analysis of the CDH1 promoter was performed
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in vector or myc-tagged-HOXADS expressing MCF10A-sh528 cells using a-myc antibody
and isotype 1gG control. Q-PCR shows enrichment of occupancy of HOXAS at the —1003 bp
to —881 bp region of CDHL, a region containing a putative HOX-binding TAAT sequence,
upstream of its transcription start site, but no HOXAS5 occupancy at distant (1500-2000 bp)
upstream (—2426 bp to —2421 bp) and downstream (+1333 bp to +1443 bp) sequences. No
enrichment was observed in the 1IgG ChlIP. D. ChIP analysis of CD24 promoter was
performed in vector or myc-tagged-HOXADS expressing MCF10A-sh528 cells using a-myc
antibody and isotype 1gG control. Bar graph shows enrichment of occupancy of HOXADS at
the —1128 bp to —1016 bp region of CD24, containing a putative HOX-binding TAAT
sequence upstream of CD24 transcription start site, but not at the upstream (-3470 bp to
—-3300 bp) and downstream (+785 bp to +926 bp) regions. No enrichment was observed in
the IgG ChlIP. E. ChIP analysis of CD24 promoter in DMSO, ATAL or ATAL+DOX treated
MCF10A cells using a-HOXADS antibody or isotype 1gG control. Bar graph shows
enrichment of occupancy of HOXADS at the —1128 bp to —1016 bp region of CD24 promoter,
but not when HOXAS was depleted. There was no enrichment at the upstream (=3470 bp to
—3300 bp) and downstream (+785 bp to +926 bp) regions.
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