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Introduction

Breast cancer is the most common cancer in women and a major
public health problem, with an estimated 42,000 cancer-related
deaths in the United States in 2020 (1). Cytotoxic chemotherapy,
such as paclitaxel or carboplatin, is used in the treatment of select-
ed early-stage and many advanced breast cancers, especially for
patients with triple-negative breast cancer (TNBC), which lacks
expression of the estrogen receptor (ER), progesterone receptor
(PR), and human epidermal growth factor receptor 2 (HER2) (2).
Although chemotherapy may reduce tumor burden initially, many
TNBC patients have residual cancer cells that are subsequently
responsible for recurrent and metastatic disease (3). Breast can-
cer stem cells (BCSCs), a subpopulation of cancer cells that have
infinite proliferative potential and tumor-initiating properties,
play a critical role in tumor recurrence and metastasis (4, 5). A
growing body of literature indicates that BCSCs are enriched
among cancer cells that survive chemotherapy, which may poten-
tiate the risk of tumor recurrence and metastasis (6-9).

BCSCs share with embryonic stem cells (ESCs) the capacity
for self-renewal (10, 11) and gene expression signatures first iden-
tified in ESCs have been found in BCSCs (12, 13). In ESCs, the
transcription factors OCT4, NANOG, SOX2, and KLF4 are con-
sidered master regulators of self-renewal and pluripotency (14).
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Breast cancer stem cells (BCSCs) play a critical role in cancer recurrence and metastasis. Chemotherapy induces BCSC
specification through increased expression of pluripotency factors, but how their expression is regulated is not fully
understood. Here, we delineate a pathway controlled by hypoxia-inducible factor 1 (HIF-1) that epigenetically activates
pluripotency factor gene transcription in response to chemotherapy. Paclitaxel induces HIF-1-dependent expression of
S100A10, which forms a complex with ANXA2 that interacts with histone chaperone SPT6 and histone demethylase KDMBA.
S100A10, ANXA2, SPT6, and KDMB6A are recruited to 0CT4 binding sites and KDM6A erases H3K27me3 chromatin marks,
facilitating transcription of genes encoding the pluripotency factors NANOG, SOX2, and KLF4, which along with OCT4 are
responsible for BCSC specification. Silencing of S100A10, ANXA2, SPT6, or KDM6A expression blocks chemotherapy-induced
enrichment of BCSCs, impairs tumor initiation, and increases time to tumor recurrence after chemotherapy is discontinued.
Pharmacological inhibition of KDM6A also impairs chemotherapy-induced BCSC enrichment. These results suggest that
targeting HIF-1/S100A10-dependent and KDM6A-mediated epigenetic activation of pluripotency factor gene expression in
combination with chemotherapy may block BCSC enrichment and improve clinical outcome.

These 4 factors activate the expression of other pluripotency-as-
sociated factors, repress lineage-specific genes, and activate their
own gene expression and that of each other (14-16). Expression of
these same pluripotency factors is also required for the specifica-
tion and maintenance of BCSCs (17-19). Unlike ESCs, in which the
regulation of pluripotency factor expression has been extensively
investigated, the molecular mechanisms underlying regulation of
pluripotency factors in BCSCs are still poorly understood.

The expression of pluripotency factors is regulated at the tran-
scriptional level, and epigenetic regulation of chromatin structure
is fundamental to the activation or repression of transcription (20,
21). Dynamic modification of chromatin architecture, termed
chromatin remodeling, is required for the transcriptional machin-
ery to access genomic DNA, and thereby controls gene expres-
sion (22). Chromatin remodeling is carried out by enzymes that
covalently modify histone tails and by ATP-dependent chromatin
remodeling complexes (23, 24). Histone modifications, such as
acetylation and methylation, affect the binding affinity between
histones and DNA, thereby loosening or tightening the wrapping
of DNA around histones (25). Chromatin-remodeling complexes
reposition nucleosomes along DNA and evict histones from DNA,
thereby creating nucleosome-free regions of DNA for gene acti-
vation (26). How chromatin remodeling contributes to the expres-
sion of pluripotency factors and the BCSC phenotype, especially
in the context of chemotherapy exposure, has not been studied.

We recently reported that hypoxia-inducible factor-1 (HIF-1),
which plays a critical role in hypoxia- and chemotherapy-induced
BCSC enrichment (9, 27, 28), regulates expression of the plurip-
otency factors NANOG and KLF4 at both the transcriptional
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Figure 1. Chemotherapy induces S100A10 expression in vitro and in vivo. (A and B) Breast cancer cell lines were treated with vehicle (V), paclitaxel (P), or
carboplatin (C) for 72 hours at IC, . RT-qgPCR (A) and immunoblot (B) assays were performed to analyze S100A10 mRNA and protein expression. mRNA lev-
els were normalized to vehicle-treated MCF7 cells (mean + SEM; n = 3). *P < 0.05, ***P < 0.001 vs. vehicle in each cell line (1-way ANOVA with Bonferroni's
post hoc test). (C-E) MDA-MB-231 cells were implanted into the mammary fat pad (MFP) of female SCID mice. When tumor volume reached 200 mm?

(day 0), mice were randomly assigned to treatment with vehicle or paclitaxel (10 mg/kg on days 0, 5, and 10). Tumors were harvested on day 13 for RT-gPCR
(C; mean = SEM; n = 3) and immunoblot (D and E) assays. Densitometric analysis of immunoblots (D) was performed and results (E) are presented as mean
+ SEM (n = 3). *P < 0.05 vs. vehicle (Student’s t test). (F) MMTV-PyMT-transgenic mice were treated with vehicle or paclitaxel (5 mg/kg on days 0, 5, and
10) when tumors reached a cumulative volume of 150 mm?. Tumors were harvested on day 13 for reverse transcription (RT) and gPCR assay (mean + SEM;

n =4). *P < 0.05 vs. vehicle (Student’s t test).

and posttranscriptional levels through ERK inactivation and p38
MAPK activation, respectively (29, 30). HIF-1 also interacts with
histone-modifying enzymes and chromatin-remodeling com-
plexes (31-36). In the present study, we discovered that SI00A10
expression is induced by chemotherapy in a HIF-1-dependent
manner and triggers BCSC specification through epigenetic acti-
vation of pluripotency factor gene transcription. SI00A10 forms
a complex with annexin A2 and interacts with the histone chap-
erone SPT6, leading to recruitment of the histone demethylase
KDMG6A to OCT4 binding sites of genes encoding the pluripoten-
cy factors NANOG, SOX2, and KLF4. KDMG6A erases inhibitory
H3K27me3 chromatin marks, leading to transcriptional activation
of pluripotency factor gene expression.

Results

Chemotherapy induces HIF-1-mediated SIO0AIO expression. Sev-
eral members of the S100 family have been reported to be asso-
ciated with breast cancer progression and metastasis (37, 38). To
investigate the response of S100 family members to chemother-
apy, we first analyzed Gene Expression Omnibus (GEO) data set
GSES50811, which contains transcriptome profiles of 27 breast can-
cer cell lines treated with vehicle or the chemotherapy drug pacli-
taxel (39), and found that SI00A10 mRNA expression was signifi-
cantly induced by paclitaxel in 24 out of 27 lines (Supplemental
Figure 1; supplemental material available online with this article;
https://doi.org/10.1172/JCI138577DS1). To confirm these results,
we treated breast cancer cell lines MCF7 (ER*PR*), MDA-MB-231
(TNBC), SUM159 (TNBC), and HCC1954 (HER2") with paclitaxel
or carboplatin for 72 hours at the concentration that inhibited
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growth by 50% (IC, ). Each of the drugs induced S100A10 expres-
sion at both the mRNA (Figure 1A) and protein (Figure 1B) levels
in all 4 cell lines. We implanted MDA-MB-231 cells into the mam-
mary fat pad (MFP) of female severe combined immunodeficien-
cy (SCID) mice and when tumors grew to a volume of 200 mm?,
commenced treatment with vehicle or 10 mg/kg paclitaxel every
5 days. Reverse transcription quantitative real-time PCR (RT-
gPCR) and immunoblot assays revealed that both mRNA (Figure
1C) and protein (Figure 1, D and E) expression of SI00A10 was
significantly induced by paclitaxel treatment in vivo. In a geneti-
cally engineered, autochthonous breast cancer model, treatment
of MMTV-PyMT-transgenic mice (which express polyoma virus
middle T antigen from a mouse mammary tumor virus promoter)
with 5 mg/kg paclitaxel also induced SI00A10 mRNA expression
in their breast tumors (Figure 1F).

Analysis of 1,247 human breast cancer specimens in The Can-
cer Genome Atlas (TCGA) database by Pearson’s test revealed a
significant correlation (r = 0.54, P < 0.0001) of ST00A10 mRNA
levels with a HIF metagene signature consisting of 10 HIF-regu-
lated mRNAs (ANGPTL4, LDHA, PGKI, CA9, CXCR3, LICAM,
BNIP3, PLODI1, P4HAI, and P4HA2) (Supplemental Figure 24),
suggesting that SI00A10 expression is regulated by HIFs in
human breast cancers. To examine whether chemotherapy induc-
es SI00A10 expression in a HIF-dependent manner, we used
MDA-MB-231 and MCF7 cells that were stably transduced with
an expression vector encoding a nontargeting control (NTC) short
hairpin RNA (shRNA), or a vector encoding shRNA targeting HIF-
1a, HIF-2a, or both HIF-10.and HIF-2a (double knockdown, DKD).
HIF-1a knockdown or DKD, but not knockdown of HIF-2a alone,
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Figure 2. Chemotherapy-induced S100A10 expression is HIF-1 dependent. (A and B) MDA-MB-231 subclones were treated with vehicle (V), 10 nM pacli-
taxel (P), or 100 uM carboplatin (C) for 72 hours. RT-qPCR (A; mean + SEM; n = 3; ***P < 0.001 vs. NTC-V; #¥#P < 0.001vs. NTC-P or NTC-C; 2-way ANOVA
with Bonferroni's post hoc test) and immunoblot (B) assays were performed. (C) MDA-MB-231 cells were treated with V, P, or C, either alone or in combina-
tion with 100 nM digoxin (D) for 72 hours and RT-qPCR was performed (mean + SEM; n = 3). **P < 0.01, ***P < 0.001 vs. V; ###P < 0.001 vs. P or C by 1-way
ANOVA with Bonferroni's post hoc test. (D) MDA-MB-231 cells were implanted into the MFP of SCID mice. When tumor volume reached 200 mm? (day 0),

mice were randomly assigned to treatment with V, P (10 mg/kg on days 0, 5, and 10),

D (2 mg/kg on days 1-13), or P/D. Tumors were harvested on day 13 for

RT-qPCR assay (mean + SEM; n = 3); **P < 0.01vs. V; *P < 0.05 vs. P (1-way ANOVA with Bonferroni's post hoc test). (E) Tumor-bearing mice were randomly

assigned to treatment with V, C (20 mg/kg on days 0, 5, 10),

D (2 mg/kg on days 1-13), or C/D. Tumors were harvested on day 13 for RT-qPCR assay (mean +

SEM; n = 4); ***P < 0.001vs. V; ###P < 0.001 vs. C (1-way ANOVA with Bonferroni's post hoc test). (F-H) MDA-MB-231 cells were treated with V or 10 nM P
for 72 hours (G), or exposed to 20% or 1% O, for 16 hours (H), and chromatin immunoprecipitation (ChIP) was performed with the indicated antibody (Ab).
Primers flanking the HIF binding site in the STO0AT0 gene (F) were used for qPCR (mean + SEM; n = 3); ***P < 0.001 vs. corresponding V or 20% 0, (2-way

ANOVA with Bonferroni's post hoc test).

abrogated S100A10 induction mediated by paclitaxel or carbopla-
tin at the mRNA (Figure 2A) and protein (Figure 2B and Supple-
mental Figure 2B) levels in both cell lines, indicating that SI00A10
is induced in response to chemotherapy in a HIF-lo-dependent
and HIF-20-independent manner in breast cancer cell lines. Phar-
macological inhibition of HIF-la by digoxin (40) also blocked
S100A10 mRNA induction in MDA-MB-231 and MCF7 cells
exposed to paclitaxel or carboplatin (Figure 2C and Supplemental
Figure 2C). Coadministration of digoxin also blocked paclitaxel-
or carboplatin-induced SI00A10 expression in tumors when SCID
mice implanted with MDA-MB-231 cells were treated (Figure 2, D
and E), providing evidence that chemotherapy induces SI00A10
expression in a HIF-dependent manner in vivo.

To investigate whether HIF-1 directly binds to the SI00A10
gene and activates its transcription, we searched the SIO0AIO
human genome sequence for matches to the consensus HIF-bind-
ing site sequence 5'-(A/G)CGTG-3, and evaluated HIF binding by
chromatin immunoprecipitation (ChIP) followed by qPCR using
primers flanking candidate binding sites in MDA-MB-231 and
MCF?7 cells. A DNA sequence located in exon 1 of SI0O0A10, 103
bp 3’ to the transcription start site (Figure 2F), was enriched by

ChIP with antibodies against HIF-1a or HIF-1f (but not HIF-2a),
when cells were exposed to paclitaxel (Figure 2G and Supplemen-
tal Figure 2D) or hypoxia (Figure 2H and Supplemental Figure 2E).
Taken together, these data demonstrate that chemotherapy drugs
induce HIF-1-dependent transactivation of SIO0AI0.

SIO0AIO is required for chemotherapy-induced BCSC enrich-
ment in vitro and in vivo. Chemotherapy induces BCSC enrichment
and HIF-1 plays a critical role in this process (9, 41). To examine
whether SI00A10, a downstream target of HIF-1, is involved in
BCSC specification, we cultured MDA-MB-231 and MCF?7 cells
as mammospheres to enrich for BCSCs, and found that SI00A10
mRNA (Figure 3A and Supplemental Figure 3A) and protein
(Figure 3B and Supplemental Figure 3B) levels were significant-
ly increased in nonadherent mammosphere cultures compared
with monolayer cultures in both cell lines, suggesting a correlation
between S100A10 expression and the BCSC phenotype.

To investigate the role of SIO00A10 in chemotherapy-
induced BCSC enrichment, we generated shRNA-mediated
S100A10-knockdown subclones of MDA-MB-231 and MCF7 cells,
and treated NTC or knockdown subclones with paclitaxel for 72
hours. In NTC subclones, paclitaxel treatment markedly increased
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Figure 3. S100A10 knockdown blocks chemotherapy-induced BCSC enrichment in vitro. (A and B) MDA-MB-231 cells were cultured on standard polysty-
rene tissue culture plates (adherent) or ultra-low-adherence plates (sphere) for 7 days and harvested for analysis of S100A10 mRNA (A) and protein (B)
expression. RNA results were normalized to adherent (mean + SEM; n = 3); ***P < 0.001 (Student’s t test). (C and D) MDA-MB-231 subclones stably trans-
fected with vector encoding nontargeting control shRNA (NTC) or either of 2 different shRNAs targeting S100A10 (#1 and #2) were treated with vehicle (V)
or 10 nM paclitaxel (P) for 72 hours. The percentage of ALDH* cells (C; mean + SEM; n = 3) and the number of mammospheres formed per 1,000 cells seeded
(D; mean + SEM; n = 4) were determined; *P < 0.05, **P < 0.01, ***P < 0.001 vs. NTC-V; #*#P < 0.001 vs. NTC-P (2-way ANOVA with Bonferroni's post hoc
test). (E and F) MDA-MB-231 subclones were treated with V or P for 72 hours. RT-gPCR (E; mean + SEM; n = 3; *P < 0.05, **P < 0.01, ***P < 0.001vs. NTC-V;
###P < 0.001 vs. NTC-P; 2-way ANOVA with Bonferroni’s post hoc test) and immunoblot (F) assays were performed.

the percentage of cells with aldehyde dehydrogenase activity
(ALDH") (Figure 3C and Supplemental Figure 3C), and increased
the number of cells with mammosphere-forming capacity (Fig-
ure 3D and Supplemental Figure 3, D-F), both of which are well-
established measures of BCSCs (42, 43). S100A10 knockdown sig-
nificantly inhibited paclitaxel-induced enrichment of ALDH" cells
(Figure 3C and Supplemental Figure 3C) and mammosphere-form-
ing cells (Figure 3D and Supplemental Figure 3, D-F) in both cell
lines, indicating that SIO0A10 expression is required for chemo-
therapy-induced BCSC enrichment.

The expression of pluripotency factors plays a critical role
in the specification and maintenance of BCSCs (17-19, 29).
We therefore examined the expression of pluripotency fac-
tors NANOG, SOX2, OCT4, and KLF4 in response to pacli-
taxel treatment in NTC and S100A10-knockdown subclones of
MDA-MB-231 and MCF7 cells. Paclitaxel treatment induced the
expression of NANOG, SOX2, and KLF4, which was blocked
by SI00A10 knockdown; in contrast, OCT4 expression was not
affected by either paclitaxel treatment or SI00A10 knockdown
(Figure 3, E and F, and Supplemental Figure 3G).

To determine the role of SI00A10 in the regulation of che-
motherapy-induced BCSC enrichment in vivo, we injected 2 x 10°
MDA-MB-231 NTC or S100A10-knockdown subclone cells into
the MFP of SCID mice and when tumor volume reached 200 mm?3,
the mice were treated with vehicle or 10 mg/kg paclitaxel every 5
days for 3 doses. Tumor volume was measured every 2 to 3 days
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and, 3 days after the last dose, tumors were harvested for ALDH,
mammosphere, and immunoblot assays. ST00A10 knockdown did
not affect tumor growth rate (Figure 4A, gray vs. blue), but made
tumors more sensitive to paclitaxel treatment (Figure 4A, yellow
vs. orange), which was consistent with in vitro exposure (Supple-
mental Figure 4A). Paclitaxel increased the percentage of ALDH*
cells (Figure 4B), the number of mammosphere-forming cells
(Figure 4C and Supplemental Figure 4B), and NANOG, SOX2,
and KLF4 protein levels (Figure 4D and Supplemental Figure 4C),
and all of these effects were attenuated by SI00A10 knockdown
(Figure 4, B-D, and Supplemental Figure 4, B and C).

To determine the importance of SIO0A10 in the response of
breast cancer cells to chemotherapy in vivo, we injected 2 x 10°
MDA-MB-231 NTC or S100A10-knockdown subclone cells into
the MFP of SCID mice and, when tumors became palpable, treat-
ed the mice with 10 mg/kg paclitaxel every 5 days. Treatment
was terminated when tumors were no longer palpable and the
mice were then monitored for tumor recurrence. Knockdown
of S100A10 did not alter the time to initial tumor formation,
but significantly decreased the time to tumor eradication (Fig-
ure 4E), which is consistent with the observation that SI00A10
knockdown did not affect cell proliferation (Supplemental Fig-
ure 4A) but increased sensitivity to paclitaxel treatment (Figure
4A). Most importantly, SI00A10 knockdown markedly increased
time to tumor recurrence (Figure 4E). Taken together, these data
demonstrate that SI00A10 expression is required for paclitaxel-
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Figure 4. S100A10 knockdown blocks paclitaxel-induced BCSC enrichment in vivo. (A-D) Two million MDA-MB-231 NTC or S100A10-knockdown subclone
cells were implanted into the MFP of SCID mice. When tumor volume reached 200 mm? (day 0), mice were grouped randomly and treated with vehicle (V)
or paclitaxel (P; 10 mg/kg, days 0, 5, and 10), and tumor volumes were measured every 2-3 days (A; **P < 0.01vs. NTC-P, Student’s t test). Tumors were
harvested on day 13 for ALDH (B), mammosphere (C), and immunoblot (D) assays. Data are shown as the mean + SEM (n = 3); *P < 0.05, **P < 0.01vs.
NTC-V; #P < 0.05, ##P < 0.01vs. NTC-P (2-way ANOVA with Bonferroni’s post hoc test). (E) MDA-MB-231 NTC or S100A10-knockdown cells were implanted
into SCID mice. When tumors became palpable, mice were treated with paclitaxel every 5 days until tumors were no longer palpable. Kaplan-Meier survival
curves of tumor-free (left), tumor-bearing (center), and recurrence-free (right) were plotted and P values of log-rank tests are shown. n = 6 for tumor
formation and tumor eradication; n = 5 for tumor recurrence (1 mouse in each group did not achieve tumor eradication).

induced expression of pluripotency factors, BCSC enrichment,
and response to chemotherapy in vivo.

SI00A10 interaction with ANXA2 is required for BCSC enrich-
ment. It has been reported that the majority of SI00A10 within
cells forms a heterotetrametric complex with annexin A2 (encod-
ed by the ANXA2 gene) (44). We thus examined whether complex
formation is required for chemotherapy-induced pluripotency
factor expression and BCSC enrichment. We first confirmed
the interaction of SI00A10 with ANXA2 in MDA-MB-231 cells
through reciprocal coimmunoprecipitation (co-IP) assays using
whole cell lysates. Paclitaxel treatment, which increased SI00A10
protein expression but did not affect ANXA2 protein expression,
further increased this physical interaction (Figure 5A). We next
generated 2 independent shRNA-mediated ANXA2-knockdown
subclones of MDA-MB-231 (Figure 5B) and MCF7 (Supplemental
Figure 5, A and B) cells. Similar to SI00A10 knockdown, ANXA2
knockdown did not affect the proliferation rate of MDA-MB-231
cells, but made the cells more sensitive to paclitaxel treatment
(Figure 5C). ANXA2 knockdown also phenocopied S100A10
knockdown in abrogating the paclitaxel-mediated increase in
ALDH" cells (Figure 5D and Supplemental Figure 5C), and in
blocking the induction of pluripotency factors NANOG, SOX2,
and KLF4, without affecting the constitutive expression of OCT4
(Figure 5E and Supplemental Figure 5D). A specific SI00A10-
ANXA2-complex inhibitor (45), 2-[4-(2-ethylphenyl)-5-o-toly-
loxymethyl-4H-[1,2,4]triazol-3-ylsulfanyl]acetamide (Figure 5F),

successfully blocked the paclitaxel-induced interaction between
S100A10 and ANXA2 in MDA-MB-231 cells, without changing
the expression of either protein (Figure 5G). Coadministration
of SI00A10-ANXA?2 inhibitor significantly impaired paclitaxel-
induced enrichment of ALDH* cells (Figure 5H), confirming that
S100A10-ANXA2 complex formation is required for induction of
BCSC specification in response to chemotherapy.

To investigate the role of SI00A10 and ANXA? in regulating
the tumorigenic capacity of breast cancer cells in vivo, we injected
only 1000 MDA-MB-231 NTC, S100A10-, or ANXA2-knockdown
cells into the MFP of SCID mice, such that BCSCs would be limit-
ing for tumor initiation. NTC subclone cells formed tumors in 10
out of 10 mice by 55 days after injection, whereas SI00A10- and
ANXA2-knockdown subclones showed significantly decreased
tumor-initiating capacity, with tumors forming in only 5 out of 10
and 4 out of 9 mice, respectively (Table 1). Taken together, these
data demonstrate that SI00A10 regulates the BCSC phenotype
through interaction with ANXA2 in vitro and in vivo.

The SI00A10-ANXA2 complex recruits SPT6 to pluripotency
factor genes. SIOOA10 was previously reported tolocalize primarily
in the cytosol, where it was reported to function as a scaffold pro-
tein (46). We prepared cytosolic and nuclear fractions from MDA-
MB-231and MCF?7 cells, and confirmed their purity using o-tubulin
and histone H3 as controls, respectively, but we were surprised to
find that SI00A10 protein was only detected in the nuclear lysates
(Figure 6A and Supplemental Figure 6A). Thus, we undertook a
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Figure 5. Interaction with ANXA2 is required for S100A10-mediated BCSC enrichment. (A) MDA-MB-231 cells were treated with vehicle (V) or paclitaxel
(P) for 72 hours. Immunoprecipitation (IP) was performed using anti-ANXA2 (left panel) or anti-S100A10 (right panel) antibody followed by immunoblot

assays. WCL, whole cell lysate. (B) MDA-MB-231 cells were transfected with
immunoblot assays were performed. (C-E) MDA-MB-231 subclones were tre
SEM; n = 6), and ALDH (D) and RT-gPCR (E) assays were performed (mean

0.01, ##¥P < 0.001 vs. NTC-P (2-way ANOVA with Bonferroni's post hoc test).

vector encoding NTC or either of 2 sShRNAs targeting ANXA2 (#1and #2) and
ated with V or P for 72 hours, numbers of live cells were counted (C) (mean *
SEM; n =3); *P < 0.05, **P < 0.01, ***P < 0.001vs. NTC-V; ¥P < 0.05, **P <
(F) Chemical structure of S100A10-ANXA2 complex (SAC) inhibitor. (G and

H) MDA-MB-231 cells were treated with 10 nM paclitaxel, 25 uM SAC inhibitor, or both for 72 hours. IP was performed using anti-S100A10 Ab followed by

immunoblot assays (G), and the percentage of ALDH* cells was determined
paclitaxel-treated (2-way ANOVA with Bonferroni's post hoc test).

search for nuclear binding partners for the SI00A10-ANXA2 com-
plex. The histone chaperone protein SPT6 was previously identi-
fied as an interacting protein in SI00A10-overexpressing HEK293
cells (47). We performed a co-IP assay with an antibody against
S100A10, using MDA-MB-231 nuclear lysates, and demonstrated
that SPT6 interacted with SI00A10 (Figure 6B). Paclitaxel treat-
ment further increased this physical interaction, without altering
total SPT6 protein levels (Figure 6B). The interaction of SI00A10
with SPT6 in the nucleus was further confirmed by the inverse
co-IP using an antibody against SPT6 (Figure 6B). We then gen-
erated 2 independent shRNA-mediated SPT6-knockdown sub-
clones of MDA-MB-231 and MCF7 cells (Figure 6, C and D, and
Supplemental Figure 6, B and C). SPT6 knockdown did not affect
proliferation of these cells (Figure 6E and Supplemental Figure
6D), but abrogated paclitaxel-induced enrichment of ALDH* cells
(Figure 6F) and NANOG, SOX2, and KLF4, but not OCT4, expres-
sion (Figure 6G and Supplemental Figure 6E), which phenocopied
knockdown of SI00A10 or ANXA2.

Because pluripotency factors are the major transcriptional
regulators of themselves as well as other pluripotency factors,
we hypothesized that in response to chemotherapy, SI00A10-
ANXA?2 and SPT6 promote binding of one or multiple pluripo-
tency factors to the regulatory regions of the NANOG, SOX2, and
KLF4 genes, leading to their increased transcription. To test this
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(H) (mean + SEM; n = 3); ***P < 0.001 vs. vehicle-treated; *#*P < 0.001 vs.

hypothesis, we performed co-IP using an antibody against SPT6
and found that SPT6 interacted strongly with OCT4, but not with
NANOG (Figure 6B).

Next, we performed ChIP assays in MDA-MB-231 cells and
demonstrated OCT4 binding to the NANOG, SOX2, KLF4, and
POUSFI (encoding OCT4) genes (Figure 7A). Paclitaxel treat-
ment increased OCT4 binding to the NANOG, SOX2, and KLF4
genes, which was blocked by knockdown of SI00A10, ANXA2,
or SPT6 (Figure 7B). OCT4 binding to the POU5FI gene was not
affected by paclitaxel treatment or by SI00A10, ANXA2, or SPT6
knockdown (Figure 7B). HIF-1o knockdown, which blocked pac-
litaxel-induced S100A10 expression (Figure 2B and Figure 8A),
phenocopied SI00A10 knockdown in blocking paclitaxel-induced
OCT4 binding to the NANOG, SOX2, and KLF4 genes (Figure 8B)
without affecting OCT4 binding to the POU5F1 gene (Figure 8B).
HIF-1o. knockdown blocked paclitaxel-induced NANOG, SOX2,

Table 1. ST00A10 or ANXA2 knockdown impairs tumorigenicity

Tumor initiation capacity
shS100A10
5/10 (50%) (P =0.03)

shNTC
10/10 (100%)

shANXA2
4/9 (44%) (P=0.01)

Injected subclone
Tumor formation
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either of 2 shRNAs targeting SPT6 (#1and #2), and RT-gPCR (C

; mean + SEM, n =

3; ***P < 0.001vs. NTC; 1-way ANOVA with Bonferroni's post hoc test),

immunoblot (D), and cell proliferation (E; mean + SEM, n = 6; 1-way ANOVA) assays were performed. (F and G) MDA-MB-231 subclones were treated with V
or P. ALDH* cells (F) and mRNA expression (G) were quantified (mean + SEM; n = 3); *P < 0.05, **P < 0.01, ***P < 0.001vs. NTC-V; #*P < 0.01, #*##P < 0.001

vs. NTC-P (2-way ANOVA with Bonferroni's post hoc test).

and KLF4 protein expression, but did not affect OCT4 expression,
in MDA-MB-231 cells (Figure 8A).

To further confirm that SI00A10-ANXA?2 and SPT6 interact
with OCT4 at its binding sites on the NANOG, SOX2, and KLF4
genes, we performed ChIP assays in MDA-MB-231 cells using
antibodies against SI00A10 and SPT6 followed by qPCR with
primers flanking the OCT4 binding sites of the pluripotency fac-
tor genes. Paclitaxel treatment induced binding of both SI00A10
and SPT6 to OCT4 binding sites of the NANOG, SOX2, and KLF4
genes, which was blocked by knockdown of SI00A10, ANXA2, or
SPT6 (Figure 9, A and B). Interestingly, knockdown of SPT6 com-
pletely abrogated SI00A10 occupancy of the OCT4 binding site of
the NANOG, SOX2, and KLF4 genes (Figure 9A), whereas knock-
down of SI00A10 or ANXA?2 only partially blocked SPT6 binding
to these sites (Figure 9B), suggesting a more direct interaction of
SPT6 with OCT4. Taken together, these data demonstrate that the
S100A10-ANXA2 complex interacts with SPT6, and SI00A10-
ANXA? and SPT6 promote OCT4 binding to the NANOG, SOX2,
and KLF4 genes, leading to their transcriptional activation.

SI00AI0-ANXA2 and SPT6 recruit KDM6A to pluripoten-
¢y factor genes. We next investigated the mechanism through
which S100A10-ANXA2 and SPT6 regulate OCT4 binding to the
NANOG, SOX2, and KLF4 genes. SPT6 has been reported to nega-
tively regulate trimethylation of histone H3 at Lys-27 (H3K27me3)
(48), a marker of epigenetically repressed genes (49). We hypoth-
esized that chemotherapy-induced SI00A10-ANXA2-SPT6 inter-
action promotes NANOG, SOX2, and KLF4 gene transcription by
decreasing H3K27me3 chromatin marks. To test this hypothesis,
we first examined global H3K27me3 levels in MDA-MB-231 cells
and found that paclitaxel treatment or knockdown of SI00A10,
ANXA2, or SPT6 failed to alter global H3K27me3 or total histone
H3 levels (Figure 10A). In contrast, paclitaxel treatment signifi-

cantly decreased H3K27me3 marks at the OCT4 binding sites
of the NANOG, SOX2, and KLF4 genes, without affecting total
histone H3 occupancy at these sites (Figure 10B). Conversely,
knockdown of SI00A10, ANXAZ2, or SPT6 increased H3K27me3
levels at OCT4 binding sites on these genes, without or with pac-
litaxel treatment, but did not affect total histone H3 occupancy at
these sites (Figure 10B). H3K27me3 levels at the OCT4 binding
site of the POU5FI gene were not altered by paclitaxel treatment
or knockdown of S100A10, ANXA2, or SPT6 (Figure 10B). HIF-
1o knockdown also increased H3K27me3 marks at the OCT4
binding sites of the NANOG, SOX2, and KLF4, but not POU5FI,
genes, without affecting total histone H3 occupancy at these sites
(Figure 10C). These data indicate that HIF-1-regulated SI00A10-
ANXA2-SPT6 interaction contributes to decreased H3K27me3
modification at specific OCT4 binding sites of pluripotency factor
genes in response to chemotherapy.

To delineate the mechanism by which SPT6 regulates
H3K27me3 modification at OCT4 binding sites on the NANOG,
SOX2, and KLF4 genes, we searched for an H3K27me3 histone
demethylase that interacts with SPT6. We performed a co-IP
assay using nuclear protein lysates from MDA-MB-231 cells with
an antibody against SPT6 and found that KDM6A (also known
as UTX), but not KDM6B (also known as JMJD3), interacted with
SPT6 (Figure 11A). The interaction of SPT6 with KDM6A was
confirmed by inverse co-IP with an antibody against KDM6A
(Figure 11A). Although the interaction of endogenous SPT6 and
KDMG6A detected by co-IP was weak, ChIP-qPCR assays showed
that KDM6A protein occupied OCT4 binding sites on the NANOG,
SOX2, and KLF4 genes, and that the binding was induced by pac-
litaxel treatment in an SI00A10-, ANXA2-, and SPT6-dependent
manner (Figure 11B), which support the same conclusion that the
histone demethylase KDM6A interacts with SI00A10-ANXA2-
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SPT6 at OCT4 binding sites of the NANOG, SOX2, and KLF4
genes in paclitaxel-treated breast cancer cells.

To determine whether KDM6A recruitment to OCT4 binding
sites on the NANOG, SOX2, and KLF4 genes erases H3K27me3
marks at these sites and promotes transcription, we generated 2
independent KDM6A-knockdown subclones in MDA-MB-231
cells (Figure 12A). KDM6A knockdown dramatically increased
basal H3K27me3 marks at OCT4 binding sites of all 4 pluripoten-
cy factor genes, and abrogated the paclitaxel-induced decrease
in H3K27me3 at OCT4 binding sites of the NANOG, SOX2, and
KLF4 genes (Figure 12D), but did not change global H3K27me3
modification (Figure 12C). KDM6A knockdown in MDA-MB-231
(Figure 12A) and MCF7 (Supplemental Figure 7, A and B) cells also
blocked paclitaxel-induced enrichment of ALDH" (Figure 12E and
Supplemental Figure 7D) and mammosphere-forming (Figure
12F) cells, and abrogated paclitaxel-induced NANOG, SOX2, and
KLF4 mRNA expression (Figure 12G and Supplemental Figure
7E), without affecting proliferation of these cells (Figure 12B and
Supplemental Figure 7C).

To confirm the role of KDM6A in the regulation of BCSCs
in vivo, we performed a tumorigenicity assay by injecting 1000
MDA-MB-231 NTC or KDM6A-knockdown cells into the MFP of
SCID mice, and found significantly decreased tumor-initiating
capacity in KDM6A-knockdown subclones, with tumors forming
in only 3 out of 10 mice (Table 2). KDM6A knockdown also mark-
edly inhibited tumor relapse, as measured by the increased time to
tumor recurrence compared with the NTC group, without affect-

4614

jci.org

Volume 130

Number 9

September 2020

ing the time to initial tumor formation or time to tumor eradica-
tion (Figure 13). Thus, both SI00A10-ANXA2-SPT6 and KDM6A
are required for tumor initiation and time to tumor recurrence,
which are 2 features that are closely associated with BCSCs.
KDMG6A inhibitor blocks pluripotency factor expression and BCSC
enrichment. Pharmacological inhibition of KDM6A demethylase
activity by GSK-J4 [(ethyl 3-((6-(4,5-dihydro-1H-benzo[d]azepin-
3(2H)-yl)-2-(pyridin-2-yl)pyrimidin-4-yl)amino)propanoate] (50)
in MDA-MB-231 cells increased global H3K27me3 modification at
5 uM (Figure 14A) and blocked paclitaxel-induced enrichment of
ALDH?" cells (Figure 14B) and expression of pluripotency factors
(Figure 14C). Treatment with GSK-J4 also increased H3K27me3
chromatin marks at OCT4 binding sites, without affecting total
histone H3 binding at these sites (Figure 14D), which was consis-
tent with the observed effects of KDM6A knockdown (Figure 12).
In contrast, pharmacological inhibition of histone methyltrans-
ferase EZH2 (an H3K27me3 writer) by its specific inhibitor EPZ-
6438 decreased global H3K27me3 marks (Supplemental Figure
8A), but had no effect on H3K27me3 modification specifically at

Table 2. KDM6A knockdown impairs tumorigenicity

Tumor initiation capacity
ShNTC
10/10 (100%)

shKDM6A
3/10 (30%) (P=0.003)

Injected subclone
Tumor formation
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OCT4 binding sites of pluripotency factor genes (Supplemental
Figure 8B) and did not affect paclitaxel-induced enrichment of
ALDH" cells (Supplemental Figure 8C) or expression of pluripo-
tency factors (Supplemental Figure 8D).

To investigate the effect of KDM6A inhibitor in combination
with chemotherapy in vivo, we injected 2 x 10° MDA-MB-231 cells
into the MFP of SCID mice and treated the mice with vehicle,
paclitaxel (10 mg/kg on days 0, 5, and 10), GSK-J4 (10 mg/kg on
days 0-13), or the combination of paclitaxel and GSK-J4, starting
when the tumor volume reached 200 mm?. GSK-J4 treatment did
not affect primary tumor growth (Figure 15A), but significantly
blocked induction of ALDH* cells (Figure 15B) and pluripoten-
cy factor expression (Figure 15C). Treatment with GSK-J4 also
increased global as well as local H3K27me3 chromatin marks at
the OCT4 binding sites of pluripotency factor genes (Figure 15D
and Supplemental Figure 9, A and B) and blocked paclitaxel-
induced OCT4 binding to these genes (Figure 15E). Taken togeth-
er, these data demonstrate that pharmacological inhibition of
KDMG6A by GSK-J4 blocks paclitaxel-induced pluripotency factor
expression and BCSC enrichment in vitro and in vivo.

SI00AIO0 expression is associated with adverse outcome in breast
cancer patients. To determine the clinical relevance of SI00A10
expression with regard to treatment outcomes in breast cancer, we
analyzed TCGA breast invasive carcinoma data set and found that
S100A10 mRNA expression was significantly increased in inva-
sive ductal breast carcinoma and invasive lobular breast carcino-
ma, the 2 major forms of breast cancer, compared with adjacent
normal breast tissues (Figure 16A). We also interrogated microar-
ray data from 3,951 breast cancer specimens for the expression
of SI00A10 mRNA. Survival data were analyzed by stratifying
patients according to SI00A10 expression and Kaplan-Meier plots
revealed that SI00A10 mRNA levels greater than the median were

Figure 9. S100A10 and SPT6 occupy OCT4 binding sites of pluripotency
factor genes. (A and B) MDA-MB-231 subclones transfected with NTC,

or shRNA vector targeting S100A10, ANXA2, or SPT6, were treated with
vehicle (V) or paclitaxel (P), and ChIP-gPCR assays were performed using
S100A10 (A) or SPT6 (B) Ab and primers flanking OCT4 binding sites in the
indicated genes (mean + SEM; n = 3); *P < 0.05, **P < 0.01, ***P < 0.001
vs. NTC-V; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. NTC-P (2-way ANOVA with
Bonferroni's post hoc test).

associated with decreased relapse-free survival in the cohort of all
breast cancer patients and in the cohort of breast cancer patients
that received chemotherapy (Figure 16B). To investigate the
involvement of SI00A10 in the specification of BCSCs in primary
breast cancer, we analyzed the correlation of STO0A10 mRNA lev-
els with a 20-gene BCSC signature (51) from 1,247 human breast
cancers in TCGA database, and found that STO0A10 mRNA levels
were strongly correlated with the BCSC signature (Figure 16C).
Analyses of GEO data sets also revealed that breast cancer patients
that had cancer recurrence within 1, 3, or 5 years, or patients that
developed metastasis within 3 or 5 years, had higher SI00A10
expression in their primary tumor compared with those who did
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Figure 10. S100A10-ANXA2-SPT6 decreases H3K27me3 chromatin marks. (A) MDA-MB-231 subclones were treated with vehicle (V) or paclitaxel (P), and
immunoblot assays were performed. (B and €) MDA-MB-231 subclones were treated with V or P, and ChIP assays were performed using H3K27me3 or H3 Ab
and primers flanking OCT4 binding sites in the indicated genes (mean + SEM; n = 3); *P < 0.05, **P < 0.01vs. NTC-V; *P < 0.05, *¥P < 0.01, #*P < 0.001 vs.

NTC-P (2-way ANOVA with Bonferroni’s post hoc test).

not have recurrence or metastasis at the same time point (Figure
16, D and E). Taken together, these data indicate that SI00A10
expression is associated with the BCSC phenotype, tumor recur-
rence, metastasis, chemoresistance, and adverse clinical outcome
in breast cancer patients.

Discussion

Chemotherapy-induced BCSC enrichment plays a critical role in
breast cancer recurrence and metastasis. Although BCSCs have
increased resistance to chemotherapy compared with bulk cancer
cells, differential survival alone cannot account for chemothera-
py-induced BCSC enrichment, since we demonstrated on aver-
age a 4-fold increase in BCSCs after treatment with paclitaxel at
the dose that killed half of the cancer cells. Previous studies have
delineated mechanisms that result in active induction of the BCSC
phenotype through increased transcription of genes encoding the
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pluripotency factors NANOG, SOX2, and KLF4 (29, 30, 41), which
together with OCT4 are required for the maintenance and speci-
fication of BCSCs (17-19). In the present study, we have demon-
strated that chemotherapy induces pluripotency factor expres-
sion and BCSC enrichment through HIF-1-mediated SI00A10
expression. The SI00A10-ANXA2 complex interacts with histone
chaperone SPT6 and histone demethylase KDM6A. Recruitment
of SI00A10-ANXA2-SPT6-KDM6A to the OCT4 binding sites of
pluripotency factor genes decreases H3K27me3 chromatin marks
and increases pluripotency factor transcription, which leads to
BCSC enrichment (Figure 17).

S100A10 belongs to a family of small, dimeric EF-hand
Ca?-binding proteins. Different from all of the 20 other known
S100 proteins, SI0O0A10 is in a permanently active state and
is insensitive to intracellular Ca® signaling, due to amino acid
replacements in its Ca**-binding loops (52, 53). It is well established
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A B KDMGA ChIP Figure 11. KDM6A interacts with SPT6 and occupies
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s vV 8 ol 0 < 2 el # mp paclitaxel (P). Nuclear lysates (NL) were prepared and IP
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that annexin A2 interacts with SI00A10 and forms a heterote-
tramer, in which a central SI00A10 dimer interacts with 2 annexin
A2 chains (44). Based on the crystal structure from cryo-electron
microscopy, optimal binding requires conformational changes
associated with target binding, making the S100A10-ANXA2
complex a module for the recruitment of interacting proteins (54).
In the cytosol, the SI00A10-ANXA2 complex promotes traffick-
ing of proteins, such as ion channels, to the plasma membrane (55-
57). However, we found that most of the SI00A10 is located in the
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nucleus, rather than the cytosol, in breast cancer cell lines (Figure
6A and Supplemental Figure 6A) and interacts with ANXA?2 (Fig-
ure 6B), establishing what we believe is a novel coactivator func-
tion for SI00A10-ANXA2.

The histone chaperone SPT6 was identified as an SIO0A10
interacting protein (47), but the functional consequence of this
interaction had not been studied. SPT6 participates in chroma-
tin remodeling by acting as a transcription machinery-anchored
platform for the recruitment of histone modifiers to target genes
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Figure 12. KDM6A erases H3K27me3
chromatin marks at 0CT4 binding sites of
pluripotency factor genes. (A and B) MDA-
MB-231 cells were transfected with vector
encoding NTC or KDMBA shRNA (#1 and
#2), and immunoblot (A) and cell prolifera-
tion (B; mean + SEM; n = 6; 1-way ANOVA)
assays were performed. (C) MDA-MB-231
subclones were treated with vehicle (V) or
paclitaxel (P) and immunoblot assays were
performed. (D) MDA-MB-231 subclones
were treated with V or P, and ChIP-gPCR
assays were performed using H3K27me3 or
H3 Ab and primers flanking OCT4 binding
sites in the indicated genes (mean +

SEM; n =3); *P < 0.05, **P < 0.01, ***P <
0.001vs. NTC-V; ##P < 0.01, ###P < 0.001
vs. NTC-P (2-way ANOVA with Bonfer-
roni's post hoc test). (E-G) MDA-MB-231
subclones were treated with V or P. ALDH*
cells (E), mammospheres (F), and mRNA
expression (G) were quantified (mean
SEM; n = 3); *P < 0.05, **P < 0.01, ***P

< 0.001vs. NTC-V; #*P < 0.05, #P < 0.01,
###P < 0.001vs. NTC-P (2-way ANOVA with
Bonferroni's post hoc test).
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Figure 13. KDM6A knockdown delays tumor recurrence. Two million MDA-MB-231 NTC
or KBDM6A-knockdown subclone cells were implanted into SCID mice. When tumors were
palpable, mice were treated with paclitaxel every 5 days until tumors were no longer
palpable. Kaplan-Meier survival curves of tumor-free (left), tumor-bearing (center), and
recurrence-free (right) were plotted and P values of log-rank tests are shown (n = 6).

(58,59). SPT6 has been reported to positively regulate H3K4me3
and H3K36me3 through recruitment of the histone methyltrans-
ferase SETD2 (60, 61), and to negatively regulate H3K27me3
through recruitment of the histone demethylase KDM6B (62).
In the present study, we have demonstrated that in breast cancer
cells, SPT6 decreased H3K27me3 modification through interac-
tion with KDM6A, but not KDM6B (Figure 11A), at OCT4 bind-
ing sites of pluripotency factor genes. This finding is consistent
with the reported genome-wide overlap of SPT6 and KDM6A
binding in transcribed regions as determined by ChIP-seq in
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skeletal myoblasts (48). Although we do not have
formal evidence that SI00A10, ANXA2, SPT6,

— ;“JEDMGA and KDM6A form a discrete complex, the multiple
interactions among these proteins and their inter-
dependent co-recruitment to OCT4 binding sites
provides a molecular mechanism for the increased

40 transcriptional activation of pluripotency fac-

tor genes in response to chemotherapy. It should
also be noted that paclitaxel treatment decreased
H3K27me3 modification at the OCT4 binding site
of the NANOG gene, even in the subclones with
knockdown of SI00A10, ANXA2, or SPT6 (Figure
10B), suggesting that KDM6A or another histone
demethylase might be recruited to the NANOG gene
by other cofactors or directly by OCT4.

The presence of H3K27me3 marks at transcriptional regula-
tory regions is associated with gene silencing and must be tightly
regulated in order to rapidly switch expression states of genes in
response to environmental changes (49). The histone demethylas-
es KDM6A and KDM6B are erasers, responsible for the removal of
methyl groups from H3K27, whereas the histone methyltransfer-
ase EZH2, an enzymatic subunit of the Polycomb PRC2 complex,
is a writer that methylates H3K27 to mediate gene silencing (63).
The role of H3K27me3 modification in the regulation of cancer
stem cells has been controversial. H3K27me3 was reported to be a
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Figure 14. Pharmacological inhibition of KDM6A blocks paclitaxel-induced pluripotency factor expression and BCSC enrichment. (A-C) MDA-MB-231 cells

were treated with vehicle (V) or paclitaxel (P), in combination with 0, 1, or 5 uM GSK-J4 for 72 hours. Immunoblot (A) and RT-gPCR (C) assays were performed,
and ALDH* cells were determined (B) (mean + SEM; n = 3); *P < 0.05, **P < 0.01, ***P < 0.001vs. VV and GSK-J4 0 uM; #P < 0.05, *#P < 0.01, *#*P < 0.001 vs.

P and GSK-J4 0 uM (2-way ANOVA with Bonferroni's post hoc test). (D) MDA-MB-231 cells were treated with V or P, in combination with 0 or 5 uM GSK-J4,

and ChIP-gPCR assays were performed using H3K27me3 or H3 Ab and primers flanking OCT4 binding sites in the indicated genes (mean + SEM; n = 3); **P <
0.01, ***P < 0.001vs. V and GSK-J4 0 uM; #P < 0.05, ##P < 0.01, #*##P < 0.001 vs. P and GSK-J4 0 pM (2-way ANOVA with Bonferroni’s post hoc test).
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B Figure 15. GSK-J4 blocks paclitaxel-
10 induced BCSC enrichment in vivo.
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negative regulator of cancer stem cells, supported by the evidence
that pharmacological inhibition of KDM6A/B, which increased
H3K27me3 levels, suppressed BCSCs (64) as well as other types of
cancer stem cells (65, 66). On the other hand, EZH2 was reported
to be required for BCSC maintenance and expansion (67, 68). To
investigate this contradiction, we analyzed H3K27me3 marks both
globally and specifically at key regulatory regions of pluripotency
factor genes. Inhibition of KDM6A by GSK-J4, which increased
both global and locus-specific H3K27me3 modification (Figure
14, A and D, Figure 15D, and Supplemental Figure 9A), blocked
paclitaxel-induced BCSC enrichment in vitro and in vivo (Fig-
ures 14B and Figure 15B). In contrast, inhibition of EZH2 by EPZ-
6438, which decreased global H3K27me3 but did not decrease
H3K27me3 modification at regulatory regions of pluripotency
factor genes (Supplemental Figure 8, A and D), failed to affect pac-
litaxel-induced BCSC enrichment (Supplemental Figure 8B). Our
study provides evidence that the BCSC phenotype is negatively
correlated with H3K27me3 marks specifically at OCT4 binding
sites of pluripotency factor genes, but not with global H3K27me3
levels. All of our genetic and pharmacological manipulations of
KDMG6A and EZH2 expression and activity, both in vitro and in

vivo, in both ER* and TNBC cells, gave results that are consistent
with this conclusion.

In ESCs, SPT6 plays an important role in the maintenance
of pluripotency by controlling super-enhancers (69). Super-
enhancers are defined as clusters of regulatory regions occupied
by Mediator complex, RNA polymerase II, and other transcrip-
tional coactivators that control expression of key genes involved
in cell identity (70). In ESCs, super-enhancers have been found
near genes encoding pluripotency factors (71). Super-enhancers
are hyperactivated in breast cancer (72), but their role in the reg-
ulation of pluripotency factor gene transcription in BCSCs is still
unknown. A caveat of the present study is that we have focused
on the recruitment of SI00A10-ANXA2-SPT6-KDMG6A to proxi-
mal OCT4 binding sites in the pluripotency factor genes, and have
not investigated super-enhancers where these proteins may also
be recruited. ChIP-seq analysis using antibodies against SI00A10,
ANXA2, SPT6, or KDM6A might provide a broader view of tran-
scriptional regulation of pluripotency factors in response to
chemotherapy, although we found ChIP-PCR to be technically
demanding under conditions where half of the cells are being
killed by exposure to chemotherapy.
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Figure 16. S100A10 is associated with poor clinical outcome
D E Metastasis in breast cancer patients. (A) ST00A10 mRNA levels in normal
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Chemotherapy treatment, despite decreasing bulk tumor
size, increases the risk of metastasis (73). Only BCSCs are capa-
ble of forming clinically relevant metastases at a secondary site
(5), making them a good target to inhibit chemotherapy-induced
metastasis. Our study suggests several potential therapeutic
strategies to target BCSCs. We have demonstrated that genet-
ic or pharmacological inhibition of KDM6A blocks paclitaxel-
induced BCSC enrichment in vitro and in vivo. In addition, we
have demonstrated that formation of the SI00A10-ANXA2 com-
plex is required for SI00A10 to promote chemotherapy-induced
BCSC enrichment, making this complex another potential target.
A series of chemicals were synthesized based on a 1,2,4-triazole
scaffold and evaluated for inhibition of SI00A10-ANXA2 pro-
tein interaction (74). We have shown that one of the analogues,
2-[4-(2-ethylphenyl)-5-0-tolyloxymethyl-4H-[1,2,4]triazol-3-yl-
sulfanyl]acetamide, inhibits SI00A10-ANXA2 protein interac-
tion and abrogates paclitaxel-induced BCSC enrichment in vitro.
Further in vivo studies are warranted to evaluate the efficacy of
S100A10-ANXA2 inhibitors in the eradication of BCSCs in com-
bination with chemotherapy.

Our current and previous studies have identified multiple
signaling pathways that determine the specification of BCSCs in
response to chemotherapy. Chemotherapy increases glutathi-
one-dependent copper chelation and DUSP9 phosphatase expres-
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sion, both of which lead to ERK inactivation, FoxO3 activation,
and increased NANOG gene transcription (29, 30). Chemother-
apy also decreases DUSP16 expression, leading to p38 activation
and stabilization of NANOG and KLF4 mRNA (30). In addition,
chemotherapy increases GSTO1 expression, which leads to STAT3
activation and increased KLF4 gene transcription (41). All of these
pathways are controlled by HIFs. Thus, pharmacological inhibi-
tion of HIF activity may serve as an effective therapeutic strategy
to target BCSCs, especially in combination with chemotherapy.
We have shown that coadministration of the HIF inhibitor digoxin
to tumor-bearing mice can overcome the effect of chemotherapy
on BCSC enrichment (9), but digoxin has dose-limiting toxicity
in humans that precludes its use as an anticancer drug. We are
currently characterizing novel HIF inhibitors with safety profiles
that may make them better suited for clinical use. Taken togeth-
er, our studies provide compelling evidence that targeting HIF-1,
S100A10-ANXA2, or KDM6A in combination with chemotherapy
is an effective strategy to inhibit BCSC enrichment and may there-
fore improve clinical outcome for breast cancer patients.

Methods

Cell culture and reagents. Breast cancer celllines MDA-MB-231, MCF7,
SUM159, and HCC1954 were obtained from Sara Sukumar (Johns
Hopkins University). MDA-MB-231 and MCF7 cells were main-
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Figure 17. HIF-1-mediated S100A10 expression triggers chemotherapy-
induced BCSC enrichment. Cytotoxic chemotherapy induces HIF-1-depen-
dent S100A10 expression, leading to formation of ST00A10-ANXA2 nuclear
complexes, which interact with SPT6 and KDM6A, and the complex is
recruited to OCT4 binding sites of the NANOG, SOX2, and KLF4 genes,
leading to erasure of H3K27me3 chromatin marks, transcriptional activa-
tion, and BCSC specification.

tained in Dulbecco’s modified Eagle medium (DMEM). HCC1954
cells were maintained in RPMI-1640 medium. SUM159 cells were
maintained in DMEM/F12 (50:50) medium. All culture media were
supplemented with 10% (vol/vol) fetal bovine serum (FBS) and 1%
(vol/vol) penicillin-streptomycin. Cells were maintained at 37°C in
a5% CO,, 95% air incubator. All inhibitors were dissolved in DMSO
at 1,000x final concentration, such that inhibitor- or vehicle-treated
cells were exposed to 0.1% (vol/vol) DMSO. Paclitaxel, carbopla-
tin, and digoxin were purchased from MilliporeSigma, GSK-J4 was
purchased from MedKoo, EPZ-6438 was purchased from Thermo
Fisher Scientific, and the SIO0A10-ANXA?2 inhibitor 2-[4-(2-eth-
ylphenyl)-5-o-tolyloxymethyl-4H-[1,2,4]triazol-3-ylsulfanyl]acet-
amide was a gift from W. Martin Kast at the University of Southern
California (Los Angeles, California, USA).

Reverse transcription and qPCR. Total RNA was extracted with
TRIzol (Invitrogen), precipitated with isopropanol, and treated
with DNase I (Ambion). cDNA synthesis was performed using the
High-Capacity RNA-to-cDNA Kit (Applied Biosystems). qPCR analy-
sis was performed using SYBR Green and the CFX96 Real-Time PCR
detection system (Bio-Rad). The expression (E) of each target mRNA
relative to 18S rRNA was calculated based on the cycle threshold (Ct)
as E = 224 in which ACt = Ct (target) - Ct (18S), and A(ACt) = ACt
(test sample) - ACt (control sample). PCR primer sequences are shown
in Supplemental Table 1.

Immunoblot assay. Cultured cells were lysed in RIPA buffer,
whereas tumor tissues were homogenized with an electric homoge-
nizer and lysed in RIPA buffer. Proteins were separated by SDS-PAGE,
blotted onto nitrocellulose membranes, and probed with primary anti-
bodies (Supplemental Table 2). The membranes were then probed
with horseradish peroxidase-conjugated secondary antibodies (GE
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Healthcare) and the chemiluminescent signal was detected using ECL
plus (GE Healthcare).

Co-IP. Five hundred micrograms of whole cell lysates or nuclear
protein lysates were incubated with IgG or antibodies against SI00A10,
ANXA2, SPT6, or KDM6A (Supplemental Table 3) in the presence of
protein G-Sepharose beads (Amersham Biosciences) at 4°C overnight,
and the resulting immunoprecipitates were then subjected to immuno-
blot assays. Fifty micrograms of protein was used as input.

Lentiviral transduction. Lentiviral vectors encoding shRNA tar-
geting HIF-1a and HIF-20 were described previously (75). pLKO.1-
puro lentiviral vectors encoding shRNA targeting SI00A10, ANXA2,
SPT6, and KDM6A were purchased from MilliporeSigma, and
shRNA sequences are shown in Supplemental Table 4. Lentivirus-
es were packaged in 293T cells. MDA-MB-231 and MCF7 cells were
transduced with viral supernatant supplemented with 8 pg/mL Poly-
brene (MilliporeSigma). After 24 hours, cells were replenished with
fresh medium containing 0.5 pg/mL puromycin (MilliporeSigma)
and maintained in puromycin-containing medium for selection of
stably transfected clones.

ChIP-gPCR assay. MDA-MB-231 and MCF7 cells were cross-linked
in 3.7% formaldehyde for 15 minutes, quenched in 0.125 M glycine for
5 minutes, and lysed with SDS lysis buffer. Chromatin was sheared by
sonication and lysates were precleared with salmon sperm DNA /pro-
tein A-agarose slurry (MilliporeSigma) for 1 hour and incubated with
IgG or antibodies against HIF-1a, HIF-20, HIF-1B, OCT4, S100A10,
SPT6, H3K27me3, histone H3, or KDM6A (Supplemental Table 5) in
the presence of agarose beads overnight. After sequential washes of
the agarose beads with low-salt, high-salt, LiCl, and Tris-EDTA buf-
fer, DNA was eluted in 1% SDS with 0.1 M NaHCO,, and cross-links
were reversed by addition of 0.2 M NaCl. DNA was purified by phe-
nol-chloroform extraction and ethanol precipitation, and candidate
binding sites were analyzed by qPCR. Primer sequences are shown in
Supplemental Table 6.

ALDH assay. The ALDEFLUOR assay was performed according
to the manufacturer’s instructions (Stem Cell Technologies) (42).
Cultured cells were trypsinized, whereas tumor tissues were minced,
digested with 1 mg/mL type 1 collagenase (MilliporeSigma) at 37°C
for 30 minutes, and filtered through a 70-um cell strainer. Cells were
counted and 1 x 10° live cells were suspended in assay buffer contain-
ing 1 uM BODIPY-animoacetaldehyde and incubated at 37°C for 45
minutes. An aliquot of cells from each sample was treated with 50 mM
diethylaminobenzaldehyde, an ALDH inhibitor, as a negative control
for gating. Samples were analyzed by flow cytometry using a FACS-
Calibur (BD Biosciences).

Mammosphere assay. Cultured cells were trypsinized, whereas
tumor tissues were minced, digested with 1 mg/mL of type 1 collage-
nase (MilliporeSigma) at 37°C for 30 minutes, and filtered through a
70-um cell strainer. The number of live cells was determined using
trypan blue staining and single-cell suspensions were seeded in 6-well
ultra-low-attachment plates (Corning) at a density of 5,000 cells/
mL in complete MammoCult Medium (Stem Cell Technologies) (43).
Mammosphere cultures were photographed 7 days later using a phase
contrast microscope (Olympus) and mammospheres 50 pum or greater
in diameter were counted using Image]J software (NIH).

Animal studies. For tumorigenicity assays, 1,000 MDA-MB-231
subclone cells were injected into the MFP of 5- to 7-week-old female
SCID mice (Charles River, strain 561) in a 1:1 (vol/vol) suspension of
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Matrigel (BD Biosciences) in PBS. Fifty-five days after injection, the
number of mice that developed palpable tumors was recorded. For
all other assays with SCID mice, 2 x 10¢ MDA-MB-231 subclone cells
were injected into the MFP. Mice were treated with drugs as indicat-
ed. Female MMTV-PyMT-transgenic mice (The Jackson Laborato-
ry, strain 002374) were treated when the total volume of mammary
tumors in each mouse reached 150 mm?. Primary tumors were mea-
sured for length (L) and width (W), and tumor volume (V) was calcu-
lated as V=L x W? x 0.524. Mice were treated with carboplatin or pac-
litaxel by intraperitoneal injection.

Statistics. All data are expressed as mean + SEM. Kaplan-Meier
curves were generated from a data set containing gene expression
and survival data from 3,951 breast cancer patients (76), and the log-
rank test was performed. Pearson’s correlation test was used to com-
pare SI00A10 expression with the HIF signature or the BCSC signa-
ture, based on mRNA levels from TCGA Breast Invasive Carcinoma
data set of 1,247 patients (77). For the tumorigenicity assay, Fisher’s
exact test was performed. For all other assays, differences between 2
groups were analyzed by 2-tailed Student’s ¢ test, whereas differences
between multiple groups were analyzed by ANOVA with post hoc test.
For all tests, P values less than 0.05 were considered significant.

Study approval. Mouse protocols were approved by the Animal
Care and Use Committee at Johns Hopkins University (Baltimore,
Maryland, USA), and were in accordance with the NIH Guide for the
Care and Use of Laboratory Animals (National Academies Press, 2011).
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