CD44 splice isotorm switching determines
breast cancer stem cell state

Honghong Zhang,"*® Rhonda L. Brown,>® Yong Wei,® Pu Zhao," Sali Liu,""* Xuan Liu,' Yu Deng,'
Xiaohui Hu,! Jing Zhang,' Xin D. Gao,” Yibin Kang,®> Arthur M. Mercurio,* Hira Lal Goel,*
and Chonghui Cheng'>

Lester and Sue Smith Breast Center, Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, Texas
77030, USA; >Department of Medicine, Robert H. Lurie Comprehensive Cancer Center, Northwestern University Feinberg School
of Medicine, Chicago, Illinois 60611, USA; *Department of Molecular Biology, Princeton University, Princeton, New Jersey 08544,
USA,; “Department of Molecular, Cell, and Cancer Biology, University of Massachusetts Medical School, Worcester, Massachusetts
01605, USA

Although changes in alternative splicing have been observed in cancer, their functional contributions still remain
largely unclear. Here we report that splice isoforms of the cancer stem cell (CSC) marker CD44 exhibit strikingly
opposite functions in breast cancer. Bioinformatic annotation in patient breast cancer in The Cancer Genome Atlas
(TCGA) database reveals that the CD44 standard splice isoform (CD44s) positively associates with the CSC gene
signatures, whereas the CD44 variant splice isoforms (CD44v) exhibit an inverse association. We show that CD44s is
the predominant isoform expressed in breast CSCs. Elimination of the CD44s isoform impairs CSC traits. Conversely,
manipulating the splicing regulator ESRP1 to shift alternative splicing from CD44v to CD44s leads to an induction of
CSC properties. We further demonstrate that CD44s activates the PDGFRp/Stat3 cascade to promote CSC traits.
These results reveal CD44 isoform specificity in CSC and non-CSC states and suggest that alternative splicing pro-

vides functional gene versatility that is essential for distinct cancer cell states and thus cancer phenotypes.
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Metastatic breast cancers are essentially incurable, caus-
ing nearly 40,000 breast cancer patients to succumb
each year in the United States. A small population of can-
cer cells, termed “cancer stem cells” (CSCs), contributes
to tumor metastasis and relapse (Dalerba et al. 2007a;
Polyak and Weinberg 2009). These CSCs possess cellular
plasticity that enables them to repropagate and differenti-
ate, allowing for switches between different cellular phe-
notypes. The plasticity of switchable cell states and
phenotypes contributes to tumor heterogeneity and could
be a critical determinant of successful metastasis and tu-
mor recurrence. However, its underlying mechanisms
have been largely unexplored.

Alternative splicing constitutes a prevalent mechanism
that produces more than one protein from a single gene,
greatly increasing proteome diversity. For decades, dysre-
gulation of alternative splicing has been observed in can-
cer (Srebrow and Kornblihtt 2006; Venables 2006; Liu
and Cheng 2013), including recent findings showing that
therapeutic resistance to the RAF (V600E) inhibitor
vemurafenib is caused by the appearance of aberrantly
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spliced B-RAF in melanoma patients (Poulikakos et al.
2011). Despite these important observations, the func-
tional contribution of splice isoforms and alternative
splicing regulation in cancer, especially in the field of
CSCs, is not well understood.

The cell surface protein CD44 has been widely used as a
CSC marker in breast cancer and various other types of
cancers (Al-Hajj et al. 2003; Jin et al. 2006; Dalerba et al.
2007b; Fillmore and Kuperwasser 2007; Li et al. 2007;
Liu et al. 2007; Prince et al. 2007). CD44 undergoes exten-
sive alternative splicing, generating two families of iso-
forms: the wvariable exon-containing CD44 variant
isoforms (CD44v) and the variable exon-absent CD44
standard isoform (CD44s). We previously reported that
isoform switching from CD44v to CD44s is functionally
essential for cells to undergo epithelial-mesenchymal
transition (EMT) (Brown et al. 2011; Reinke et al. 2012).
Shifting alternative splicing to produce different CD44
splice isoforms allows for changes of cellular phenotypes
between epithelial and mesenchymal states, suggesting
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that alternative splicing regulates phenotypic plasticity
(Brown et al. 2011; Xu et al. 2014).

While questions remain on whether CD44 serves mere-
ly as a CSC marker or also exhibits a functional role in sus-
taining the essential qualities of CSCs, increasing
evidence has pointed to a role for CD44 in promoting can-
cer progression through mechanisms such as alterations
of signaling cascades and enhancing CD44-extracellular
matrix interactions (Xu et al. 2010; Brown et al. 2011; Su
et al. 2011; Hiraga et al. 2013; Zhao et al. 2013; Pietras
et al. 2014; Xu et al. 2014; Gao et al. 2015; Wang et al.
2015; Zhao et al. 2016). Interestingly, the isoform specific-
ity of CD44 in cancer is somewhat controversial (Lopez
et al. 2005; Kim et al. 2008; Brown et al. 2011; Yae et al.
2012; Hiraga et al. 2013; Zhao et al. 2016). The CD44s iso-
form was reported to promote tumor cell survival, inva-
siveness, and metastasis (Ouhtit et al. 2007; Mima et al.
2012; Hiraga et al. 2013; Zhao et al. 2016). CD44v was
also reported to promote CSC activities, especially in gas-
tric cancer, where tumor initiation ability was drastically
altered in Cd44 knockout or Cd44v-expressing mice
(Yoshikawa et al. 2013; Lau et al. 2014; Todaro et al.
2014; Zeilstra et al. 2014). CD44v was shown to contrib-
ute to reactive oxygen species (ROS) defense through its
interaction with xCT, protecting CSCs from ROS-induced
stress (Ishimoto et al. 2011). Clinically, pan-CD44 as well
as both CD44s and CD44v splice isoforms have been re-
ported as prognosis markers for various types of cancers
(Lee et al. 2008; Zhou et al. 2010; Ko et al. 2011; Olsson
et al. 2011; Auvinen et al. 2013; Deng et al. 2013; Jung
et al. 2013; Cao et al. 2014; Ni et al. 2014; Tei et al.
2014; Yan et al. 2015). These seemingly conflicting obser-
vations highlight the complex nature of CD44 and its
splice isoforms in different cancer stages and cancer types.

In this study, we show that distinct activities are associ-
ated with CD44s and CD44v. CD44s is preferentially ex-
pressed in breast CSCs and promotes CSC traits by
activating the PDGFRp and Stat3 signaling cascades. Con-
versely, CD44v is inversely correlated with CSC signa-
tures. Manipulating CD44 alternative splicing shifts
cells between CSC and non-CSC states. These results
thus suggest that the plasticity of breast CSC phenotypes
can be modulated at the level of alternative RNA splicing.

Results

CD44s and CD44v splice isoforms show distinct
associations with breast cancer phenotypes and subtypes

To objectively evaluate the activities of CD44s and
CD44v splice isoforms in breast cancer, we used a bioin-
formatics approach to extract CD44 isoform-associated
gene signatures from RNA sequencing (RNA-seq) data
sets of >1000 patient breast tumor specimens in The Can-
cer Genome Atlas (TCGA). We used the TCGA exon ex-
pression data set and developed a method to obtain the
levels of CD44v and CD44s isoforms (see detailed infor-
mation in the Supplemental Material). As shown in Sup-
plemental Figure SI1A, the human CD44 gene contains
nine variable exons located between its nine constitutive
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exons. Plotting the CD44 exon expression levels revealed
that the CD44 v8, v9, and v10 exons were the most abun-
dant variable exons (Supplemental Fig. S1A), and the ex-
pression of these three variable exons was most highly
correlated among the breast cancer specimens (Supple-
mental Fig. S1B). These results are in agreement with pre-
vious reports that most of the CD44v isoforms contain the
v8 to v10 exons (Ponta et al. 1998). Thus, the average ex-
pression of exons v8, v9, and v10 was used to represent
levels of CD44v. Likewise, the average of three constitu-
tive exons (c6, c7, c8, which appeared in all CD44 tran-
scripts) was used as a surrogate for total CD44. The
levels of CD44s were then calculated by subtraction of
the two values. Visualization of the TCGA RNA-seq
read distribution on the CD44 gene confirmed that the
calculated levels of CD44 isoforms were reliable (Supple-
mental Fig. SIC).

We first identified gene sets that were correlated with
CD44s and CD44v, respectively. Using an absolute value
of 0.3 as the cutoff for correlation coefficient, we identified
802 and 356 genes whose expression levels were correlat-
ed with CD44s and CD44v, respectively (Fig. 1A; Supple-
mental Table 1). The vast majority of these CD44s- and
CD44v-associated genes do not overlap, suggesting that
these two splice isoforms could be linked with distinct
functions in breast cancer.

To better understand the functions of CD44 splice iso-
forms in breast cancer, we determined CD44 isoform-
enriched gene signatures and molecular pathways by ge-
nome-wide gene set enrichment analysis (GSEA) of the
TCGA data set. The CD44s and CD44v gene signatures
showed striking inverse relationships (Fig. 1B; Supple-
mental Fig. S1D). The CD44s gene set exhibited signifi-
cant positive association with signatures of CSC,
tamoxifen (TAM) therapeutic failure in breast cancer pa-
tients and mammary stem cells, and EMT, while the
CD44v gene set negatively correlated with all of these sig-
natures. Conversely, CD44v positively correlated with a
GI1-S proliferative signature (Supplemental Fig. SIE), a
property of CD44v that was reported previously (Matter
et al. 2002; Cheng et al. 2006). Moreover, the opposing re-
lationship between CD44s and CD44v was also observed
when analyzing an independent Cancer Cell Line Ency-
clopedia (CCLE) breast cancer cell line data set (Supple-
mental Fig. S1F).

Analysis of the association between the CD44 isoform
gene signatures and breast cancer subtypes showed that
the CD44s gene set exhibited positive enrichment of
more aggressive basal-like and Claudin-low signatures
and negative enrichment of a less aggressive luminal sig-
nature, whereas the CD44v gene set displayed exactly
the opposite enrichment relationships (Fig. 1C; Supple-
mental Fig. S1G). These results, along with additional op-
posing enrichment patterns of breast cancer phenotypes
(Supplemental Fig. S1E), showed that the CD44s and
CD44v isoforms correlated with different cancer cell
states and phenotypes: CD44s is closely associated with
breast CSC features and aggressive phenotypes, but
CD44v is negatively associated with these phenotypes
and is positively associated with cell proliferation.
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Figure 1. Genome-wide TCGA analysis
reveals distinct association of CD44 iso-
forms with breast cancer phenotypes and
subtypes. (A) Venn diagram plots showing
the overlapping of CD44s- and CD44v-cor-
related genes analyzed from the breast can-
cer TCGA database. CD44v levels were
calculated as the average of exon expression
N of v8, v9, and v10. (B) Gene set enrichment
analysis (GSEA) showing the enrichment of
CSC, tamoxifen failure, mammary stem
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CD44s is the predominant isoform expressed in human
CSCs and mediates CSC properties

CSCs have been regarded as the source of therapeutic re-
lapse and metastasis, and CD44 is widely used as a marker
for CSCs (Al-Hajj et al. 2003; Jin et al. 2006; Dalerba et al.
2007b; Fillmore and Kuperwasser 2007; Li et al. 2007; Liu
et al. 2007; Prince et al. 2007). The fact that the gene sets
specifically associated with CD44s, but not CD44v, were
significantly enriched in signatures of CSCs prompted us
to examine the composition of CD44 isoforms in the
CD44"/CD24'° CSCs.

We isolated CD44"/CD24"° CSCs from two patient-
derived xenografts (PDXs) of triple-negative breast tu-
mors. RT-PCR analysis of this population compared
with the bulk population showed that CD44s was highly
enriched in the CSC population, with an increase in
CD44s by 5.4-fold and an accompanied decrease of
CD44v by 3.3-fold (Fig. 2A). We noted that the levels of
total CD44 mRNA transcripts were very similar between
the CD44"/CD24' fraction and the bulk. The increased
intensity of CD44 in the CD44M/CD24" fraction by
FACS was due in part to the fact that the CD44 antibody
recognizes CD44s better than CD44v. We also isolated
CSCs from two breast PDX tumors using a different
set of previously defined CSC markers, LAMAS5/line-
age-negative (Chang et al. 2015), and observed that the
relative ratio of CD44s to CD44v in LAMAS5/lineage-neg-
ative CSCs was ~20-fold (Fig. 2B). These data demon-
strate that the CD44s splice isoform is enriched in
breast CSCs.
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low signature in the CD44s-correlated gene
list and the Luminal gene signature in the
CD44v-correlated gene list.

In accordance with the above results, experimental sys-
tems of the CD44"/CD24% population sorted from hu-
man mammary epithelial (HMLE) cells (Fig. 2C) or their
tumorigenic derivative HMLE/Ras cells (Fig. 2D) showed
that CD44s was highly enriched in the CD44"/CD24"
fraction despite the fact that CD44v was the predominant
isoform in the unsorted cells (Supplemental Fig. S2A). The
minuscule fraction of the CD44"/CD24'° cells prevented
us from detecting CD44 isoform expression by immuno-
blot analysis. However, the relative levels of CD44s to
the housekeeping gene TATA-binding protein (TBP) in
the CD44"/CD24% cells were on par with that in the
HMLE/Twist cells where the CD44s protein was readily
detectable (Supplemental Fig. S2B), inferring that the
CD44s protein was the major isoform in the CD44/
CD24%° cells. Furthermore, experimental differentiation
of the CD44"/CD24° cells to epithelial cells (Supplemen-
tal Fig. S2C) by growing them in culture resulted in an
isoform switch from CD44s to CD44v (Fig. 2E), demon-
strating a return to expression levels similar to that of
bulk HMLE cells. Since the levels of CD44 transcripts (to-
tal CD44) did not vary significantly in any comparisons
(Fig. 2A-E), these results indicate that isoform expression
is switched from CD44s to CD44v between CSC and non-
CSC states.

To verify these results, we used an additional HMLE
model in which the induction of Twist expression using
a TAM-inducible Twist-ER fusion construct leads to a sub-
stantial increase in CD44"/CD24%° cells, which are mes-
enchymal in nature (Mani et al. 2008). Accordingly, we
found highly expressed CD44s in the TAM-treated cells,
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whereas the parental non-TAM-treated cells expressed
CD44v (Supplemental Fig. S2D, cf. lanes 1 and 2). More-
over, these TAM-treated cells showed enriched expression
of a CSC signature (Fig. 2F, top line; Gupta et al. 2009).
Eliminating CD44 by shRNA in the TAM-treated cells
(Supplemental Fig. S2D) broadly abolished the CSC gene
signature (Fig. 2F, bottom line), suggesting a functional
role for CD44 in CSC traits.

In addition to the CD44"/CD24'° mesenchymal-like
CSCs, it was reported recently that ALDH" cells were
representative of epithelial-like CSCs (Liu et al. 2014).
The CD44"/CD24'° mesenchymal-like CSCs were found
to be primarily quiescent and localized at the tumor in-
vasive front, whereas the ALDH" epithelial-like CSCs
are proliferative and located in the interior of tumors
(Liu et al. 2014). We found that the epithelial HMLE cells
contained 21% ALDH" cells, whereas the mesenchymal
HMLE cells induced by Twist contained 8% ALDH*
cells (Supplemental Fig. S2E,F). shRNA depletion of
CD44 did not change the ALDH" cell fraction in either
cell state (Supplemental Fig. S2E F). Thus, we focused
on the effect of CD44 isoforms in the mesenchymal-
like CSCs.
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Figure 2. CD44s is the major splice isoform ex-
pressed in CSCs and mediates CSC properties.
(A) CD44 isoform expression was analyzed in
CD44MCD24'° CSCs and bulk populations that
are lineage-negative isolated from two PDX tu-
mors. Distinct primer pairs that amplify all CD44
isoforms (total CD44), CD44s, or v5 and v6 exon-
containing CD44v (CD44v5/v6) were used. Ratios
of CD44 isoform mRNAs in CSC and bulk popula-
tions are shown. (B) CD44 isoform expression was
analyzed in LAMA5™ and LAMAS5" populations
isolated from two PDX tumors. (C, left panel) The
CD44MCD24% population was isolated from hu-
man mammary epithelial (HMLE) cells by FACS.
Inset images show the mammosphere-forming
ability of the CD44MCD24" population. (Right
panel) Ratios of CD44 isoform mRNA levels ana-
lyzed in CD44MCD24' and bulk HMLE popula-
tions are shown. (D) Ratios of CD44 isoform
mRNAs in CD44MCD24% and bulk HMLE/Ras
populations are shown. (E) The FACS-sorted
CD44MCD24% population of HMLE cells was
grown in monolayer culture for 8 d for epithelial
differentiation. Ratios of CD44 isoform mRNAs
atday 8 relative to day 0 are shown. (F) TAM-treat-
ed HMLE/Twist-ER cells expressing control or
CD44 shRNA were analyzed by quantitative RT—
PCR (qQRT-PCR) for expression of the CSC signa-
ture. (G) Immunoblot of CD44 isoform expression
in TAM-treated HMLE/Twist-ER (HMLE-TE),
SUM159, and their corresponding CD44 knock-
down cell lines. (H-]) The effect of CD44 isoforms
on mammosphere-forming ability was analyzed
usingbreastcell lines (H,I)and PDX-derived tumor
cells (]). (/) Representative images of mammo-
spheres are shown in PDX-derived tumor cells
with differential CD44 isoform expression. The
numbers of mammospheres are presented. Error
bars indicate SEM. n=3. (*) P<0.05; (**) P<0.01.

@PDX1
@PDX2

CD44s CD44v

44

TAM treated

Next, we performed mammosphere formation assays to
examine the effect of CD44 splice isoforms on CSC traits.
We used TAM-treated HMLE/Twist-ER and SUM159
cells, both of which expressed high levels of CD44s with
little or no detectable CD44v (Fig. 2G). CD44 shRNA ex-
pression in these cells effectively depleted CD44s (Fig. 2G)
and significantly reduced mammosphere-forming ability
(Fig. 2H,I). Interestingly, re-expressing CD44s restored
the mammosphere-forming ability, but re-expressing
CD44v3-10, the dominant form detected in the HMLE
cells, did not (Fig. 2H,I; Supplemental Fig. S2G,H). Results
from serial passaging of mammospheres using breast can-
cer cells isolated from two independent PDX models fur-
ther reveal that only the CD44s-specific splice isoform,
and not CD44v, is functionally required to promote CSC
properties (Fig. 2J; Supplemental Fig. S21).

CD44s is required for CSC properties in a breast cancer
mouse model

To further evaluate CD44s-mediated CSC potential, we
performed in vivo tumor initiation experiments by limit-
ing dilution. We used breast tumor cells that were derived
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from recurrent tumors of a HER2/NEU-inducible breast
cancer mouse model (Moody et al. 2002, 2005). In this
model, doxycycline-induced expression of oncogenic
HER2/Neu in the mammary epithelium resulted in pri-
mary breast tumor formation. The primary tumor cells ex-
pressed high levels of CD44v but no detectable level of
CD44s (Supplemental Fig. S3A, left lane). Withdrawal of
doxycycline led to primary tumor regression. However,
several weeks to months later, recurrent tumors devel-
oped at the primary site (Moody et al. 2005). These recur-
rent tumor cells predominantly expressed CD44s with no
detectable expression of CD44v (Supplemental Fig. S3A,
right lane) and showed enhanced CSC signatures (Supple-
mental Fig. S3B). We therefore used these recurrent tumor
cells to examine the role of CD44s in CSCs by CD44
shRNA knockdown. Orthotopic injection of as few as 50
recurrent tumor cells was sufficient to form tumors in
mice (Fig. 3A). The tumor-forming efficiency was six out
of 24 mice when injecting 50 tumor cells, and this in-
creased to 11 out of 14 mice when injecting 500 tumor
cells. Based on these results, we calculated the frequency
of CSCs to be roughly one out of 230 in control tumor
cells. Knockdown of CD44 in these cells drastically de-
creased the efficiency of tumor initiation. Only two out
of 23 mice formed tumors when injecting 50 CD44s-de-
pleted cells, and three out of 14 mice that received 500 tu-
mor cells produced tumors, resulting in a significantly
reduced frequency of CSCs of one out of 987. Since
CD44s is the most predominant isoform in this model sys-
tem, these data indicate that CD44s is required for breast
tumor initiation in vivo, a key property of CSCs.

To address the isoform specificity of CD44 in promot-
ing recurrent tumor growth in mice, we injected recurrent
tumor cells that have had CD44 knocked down and those
that have had reconstituted expression of CD44s or
CD44v isoforms (Fig. 3B). The CD44v6-v10 cDNA was
used for CD44v because the HER2/NEU-induced primary
tumor cell line from which the recurrent tumor cells were
derived predominantly expressed the v6-v10-containing
CD44v. While knockdown of CD44 inhibited tumor
growth, re-expression of CD44s in the knockdown cells
restored this tumor growth capacity, and re-expression
of CD44v6-10 showed a lower extent (Fig. 3C). These re-
sults show that the CD44s splice isoform exhibit a higher
activity to promote recurrent tumor growth in mice.

We further performed mammosphere-forming assays
using recurrent cells with the CD44 knocked down and
its isoform reconstituted. Knockdown of CD44 in the
recurrent tumor cells reduces mammosphere-forming po-
tential, a defect that was rescued by re-expressing CD44s
but not CD44v (Fig. 3D,E), suggesting an essential role for
the CD44s isoform in promoting CSC traits.

The splicing factor ESRP1 suppresses CD44s-mediated
CSC function and inversely correlates with CSC
signatures

The above results led us to postulate that regulation of al-
ternative splicing by controlling the switchable expression
patterns of CD44 isoforms may modulate the plasticity of
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Figure 3. CD44sis a functional mediator of tumor-initiating cell
properties in a mouse model of breast cancer progression. (A) Re-
current breast tumor cells expressing control or CD44 shRNA
(CD44KD) were transplanted into mammary fat pads of FVB
mice. Data are presented as a log-log plot. Frequency of CSCs is
calculated by extreme limiting dilution analysis. (B) Immunoblot
analysis showing reconstituted expression of CD44s and CD44v
in CD44 knockdown cells that ectopically expressed CD44s
and CD44v cDNA. (C) Analysis of tumor weight in the indicated
mice. The CD44v6-10 reconstituted cells formed the least num-
ber of tumors; i.e., five tumors from 12 injections. Thus, the five
largest tumors from each group were compared. (D) The effect of
CD44s in mammosphere-forming ability was assessed in recur-
rent tumor cells that have had CD44 depleted and its isoforms re-
constituted. (E) Representative mammosphere images are shown.
Error bars in C and D indicate SEM (n=5; C)and SD (n=9; D). (**)
P<0.01; (***) P<0.001.

cancer cells between CSC and non-CSC states. To identify
splicing factors that may control CD44 isoform switching
in CSCs, we analyzed the correlation between the expres-
sion of splicing factors and the ratio of CD44s to CD44v
isoforms in the breast cancer TCGA database. While no
significant positively correlated splicing factors were
found, three splicing factors exhibited significant negative
correlations (Fig. 4A). Among them, ESRP1 was the top hit
(Fig.4A,B), aphenomenon that was also observed when an-
alyzing the CCLE breast cancer cell line data set (Supple-
mental Fig. S4A).

ESRP1 is an RNA-binding protein that is expressed in an
epithelial cell type-specific manner (Warzecha et al. 2009).
ESRP1 has been demonstrated to promote CD44v exon in-
clusion, resulting in production of CD44v and inhibition
of CD44s (Brown et al. 2011; Reinke et al. 2012). These re-
sults are in agreement with our observations from TCGA
data mining. Interestingly, previous studies have reported
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Figure 4. The splicing factor ESRP1 suppresses CD44s-
mediated CSC function and inversely correlates with
CSC signatures. (A) The correlation values between
splicing factors and the ratio of CD44s to CD44v from
analysis of the breast cancer TCGA data set are shown.
(B) ESRP1 levels show significant negative correlation
with the ratios of CD44s to CD44v. Log, values are
shown. (C) GSEA plots indicate the negative enrichment
of CSC, TAM failure, mammary stem cell, and Basal_B
gene signatures and positive enrichment of G1-S and Lu-
minal A gene signatures in the ESRP1-correlated gene
list. (D) Venn diagram plots showing the overlapping of
ESRP1-, CD44v-, and CD44s-associated genes using the
breast cancer TCGA data set. (E) qRT-PCR analysis indi-
cates that ESRP1 mRNA levels in the CD44™CD24'
population was reduced compared with the bulk popula-
tion in PDX tumors and HMLE cells. (F,G) Mammo-
sphere-forming ability is depicted in TGEFp-treated
HMLE cells (control, shESRP1, and shESRP1 +shCD44)
or SUM159 cells (control, ESRP1, ESRP1 + CD44s, and
ESRP1 + CD44v) after growth in mammosphere culture
for 2 wk. (H) HMLE cell lines (control, shESRPI,
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connections between ESRP1 and breast cancer but with
conflicting conclusions: ESRP1 was shown to both pro-
mote (Yae et al. 2012) and inhibit (Goel et al. 2014) CSC
traits.

We analyzed ESRP1’s activity in clinical breast cancer
specimens in the TCGA. The ESRP1-associated gene set
exhibited a significant negative correlation with signa-
tures of CSC, TAM resistance, and mammary stem cells
but showed a positive association with a proliferative sig-
nature (Fig. 4C), exactly mirroring the signatures observed
from the CD44v-associated gene set (Fig. 1B; Supplemen-
tal Fig. S1C). Like CD44v (Fig. 1C), the ESRP1 gene
set also displayed a positive correlation with a luminal sig-
nature and a negative correlation with a basal phenotype
(Fig. 4C). These ESRP1-associated signatures were also
confirmed when using the CCLE breast cancer cell line
data set (Supplemental Fig. S4B) or mining published
RNA-seq data in response to ESRP1 silencing (Supple-
mental Fig. S4C; Yang et al. 2016). Furthermore, ESRP1
positively correlated genes significantly overlapped with
CD44v positively associated genes (P < 1072°), and, in con-
trast, ESRP1 negatively correlated genes significantly
overlapped with CD44s positively correlated genes (P =
2.69 x 10713 (Fig. 4D; Supplemental Fig. S4D).

ShESRP1& shCD44 vs shESRP1
ESRP1 OE vs Control

The above patient data-derived results suggest that
ESRP1 exhibits an inhibitory activity on CSCs and aggres-
sive breast cancer phenotypes and acts in opposition to the
activities of CD44s. Given the role of ESRP1 in promoting
the CD44yv splice isoform (Brown et al. 2011; Reinke et al.
2012), it is conceivable that ESRP1 inhibits CSC traits at
least in part through its regulation of CD44 alternative
splicing, which inhibits the production of CD44s. To test
this hypothesis, we first examined the expression of
ESRP1 in CD44%/CD24!° CSCs where CD44s is the pre-
dominant isoform. The expression levels of ESRP1 were
roughly fivefold lower in CSCs than non-CSCs in two inde-
pendent PDX tumors and the HMLE cells (Fig. 4E). We
then determined whether shifting isoform expression to
CD44s by knocking down ESRP1 elevates mammo-
sphere-forming activity and, furthermore, whether
shRNA-mediated depletion of CD44s in the ESRP1 knock-
down cells abolishes this activity. Expression of ESRP1
shRNA in HMLE cells showed accelerated isoform switch-
ing from CD44v to CD44s in response to TGFp treatment
(Supplemental Fig. S4E). These ESRP1-depleted and TGEB-
treated HMLE cells possessed enhanced mammosphere-
forming ability, and, importantly, silencing CD44 in these
ESRP1-depleted cells abrogated mammosphere formation
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(Fig. 4F). As a complementary approach, we expressed
ESRP1 in SUMI159 breast cancer cells and observed
reduced potential for mammosphere formation. This
defect was rescued by coexpression of CD44s but not
CD44v (Fig. 4G). Thus, these gain- and loss-of-function ex-
periments indicate that ESRP1 suppresses CSC traits by
shifting alternative splicing to inhibit the CD44s isoform
production.

Further supporting the above findings, silencing ESRP1
promoted expression of the CSC signature, and this
enhancement was largely reversed when CD44s was de-
pleted in the ESRP1 silenced cells (Fig. 4H, top two lines).
In contrast, ectopic expression of ESRP1 in TGFp-treated
HMLE cells, where endogenous ESRP1 was low, greatly
inhibited the CSC gene signature (Fig. 4H, bottom line).
Collectively, these results reveal that the splicing factor
ESRP1 inhibits CSC properties by reducing the pro-

that ESRP1-mediated switching of CD44 alternative
splicing modulates the phenotypes between CSC and
non-CSC states.

CD44s mediates CSC-like properties through the
PDGFRp/Stat3 signaling pathway

We next set out to investigate the mechanism underlying
CD44s-potentiated CSC properties. Given that CD44 is a
cell surface protein that interacts with receptor tyrosine
kinases (RTKs) (Ponta et al. 2003; Orian-Rousseau 2015),
we focused on RTK-mediated signaling pathway alter-
ations. Gene ontology analysis showed that the CD44s
gene signature was associated with functions involved
in wounding, cell death regulation, and cell surface re-
ceptor-linked signal transduction (Fig. 5A; Supplemental
Fig. S5A). The CD44v gene signature, on the other hand,

duction of the CD44s splice isoform, demonstrating showed association with cell morphogenesis and
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Figure 5. CD44s mediates CSC-like properties through the PDGFRp/Stat3 signaling pathway. (A) Gene ontology analysis of CD44s-cor-
related genes. (B) STRING analysis showing functional association networks of CD44s-correlated genes. (C) GSEA plots showing the en-
richment of the PDGF pathway signature in the CD44s-correlated gene list. (D) The levels of p-PDGFRB, p-Stat3, and p-ERK were examined
in HMLE-Twist control and shCD44 cells using immunoblot analysis. Cells were treated with 10 ng/mL PDGF for the indicated time in-
tervals. The relative intensity of phosphorylated to unphosphorylated signals is depicted below the images. Representative images are
shown from three biological replicates. (E) 293FT cells cotransfected with CD44s and Flag-tagged PDGFRp were subjected to immunopre-
cipitation (IP). (F) The levels of p-PDGFR were examined using immunoblot analysis in HMLE/Twist cells expressing control and ESRP1
c¢DNA or coexpressing ESRP1 and CD44s cDNA. Cells were treated with 10 ng/mL PDGF for 15 min. The relative intensity of p-PDGFRp to
total PDGFRp is depicted below the images. Representative images are shown from three biological replicates. (G) Mammosphere-forming
ability assay in control and CD44s-expressing Mes10A cells that were treated with 5 uM PDGEFR inhibitor IV or 10 nM Stat3 inhibitor X VIIL.
(H) Mes10A cells expressing control and CD44s cDNA were pretreated with 5 1M PDGFR inhibitor IV or 10 uM Stat3 inhibitor XVIII for 1 h
followed by treatment with 100 uM cisplatin (Cispl) for 24 h. Cell death was assessed and plotted as percent dead cells. (I) Mes10A cells
expressing CD44s cDNA were treated with 10 pM Stat3 inhibitor XVIII or 5 pM PDGER inhibitor IV for 48 h. The expression level of
E-cadherin and N-cadherin was examined using immunoblot analysis. The parental Mes10A cells were used as control. Representative im-
ages are shown from three biological replicates. Error bars in G and H indicate SEM. n=3. (*) P<0.05; (**) P<0.01.
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epithelial tube morphogenesis (Supplemental Fig. S5B). Of
particular interest, Search Tool for the Retrieval of Inter-
acting Genes/Proteins (STRING) showed that CD44s
was tightly connected to interacting networks of the cell
death pathway, RTK pathways (including PDGFRp and
IGF1R), and the Jak-Stat pathway (Fig. 5B}—signal nodes
that have been implicated in CSC activities (Dallas et al.
2009; Marotta et al. 2011; Tam et al. 2013). Noticeably,
GSEA on RTK pathways showed that the PDGF pathway
was the only cascade that exerted significant enrichment
uniquely associated with the signature of CD44s but not
CD44v (Fig. 5C; Supplemental Fig. S5C).

To examine whether CD44s stimulates the activity of
PDGEFRB, thus promoting CSC activities, we introduced
CD44 shRNA in the CSC-like HMLE-Twist cells (Mani
et al. 2008). Only the CD44s isoform is detectable in
the HMLE-Twist cells, allowing us to assess the role of
CD44s in PDGFRp signaling (Supplemental Fig. S5D).
Treatment with PDGF in control cells resulted in a burst
activation of PDGFRp, and the signal declined with
time (Fig. 5D). Depletion of CD44s impaired PDGFRp ac-
tivation (Fig. 5D). Assessment of the PDGFRp down-
stream effector Stat3 phosphorylation also showed that
CD44s depletion inhibited Stat3 activation. Similarly,
PDGFRp downstream effector Akt phosphorylation was
also impaired in the absence of CD44s (Supplemental
Fig. S5E). This CD44s-dependent activation was specific,
and no alterations of MAPK (ERK) phosphorylation were
observed (Fig. 5D). Furthermore, reciprocal immunopre-
cipitation experiments showed that CD44s and PDGFR
interact (Fig. 5E; Supplemental Fig. S5F). To determine
whether the CD44-PDGFRP interaction is CD44s iso-
form-specific, we ectopically expressed an HA-tagged
CD44v ¢cDNA in the HMLE/Twist cells or an HA-tagged
PDGEFRp in the CD44v highly expressed HMLE cells,
where endogenous levels of PDGFRpB were not detec-
table. In both cell conditions, no interactions were de-
tected between CD44v and PDGFR (Supplemental Fig.
S5G). Thus, the PDGFR} interaction is CD44s isoform-
specific.

Next, we ectopically expressed ESRP1 in HMLE-Twist
cells to examine whether the ESRP1-potentiated switch
from CD44s to CD44v negatively impacts PDGFR activ-
ity (Supplemental Fig. S5H). Forced expression of ESRP1
caused a reduction in PDGFRp phosphorylation (Fig. 5F).
Notably, this defect was corrected when CD44s was over-
expressed (Fig. 5F), demonstrating that the splicing factor
ESRP1 suppresses PDGFRp signaling through shifting the
splicing product away from the CD44s splice isoform.

To functionally determine whether CD44s-mediated
CSC traits were dependent on its activation of the
PDGFR-Stat3 pathway, we examined whether inhibiting
PDGEFR and Stat3 affects the CD44s-dependent CSC phe-
notypes, as gauged by mammosphere formation, survival,
and EMT markers. As shown in Figure 5G, forced expres-
sion of CD44s in Mes10A cells increased mammosphere-
forming ability, and this activity was abolished when cells
were treated with either the PDGFR inhibitor IV or the
Stat3 inhibitor XVIII. Similarly, treatment with either
PDGER or Stat3 inhibitors diminished the survival advan-

CD44s potentiates CSC properties

tage in cisplatin-treated CD44s-expressing cells (Fig. 5H).
These PDGFR or Stat3 inhibitor-treated cells also showed
increased expression of the epithelial marker E-cadherin
and reduced expression of the mesenchymal marker
N-cadherin, suggesting a partial reversal of EMT marker
expression (Fig. 5I). Taken together, these results demon-
strate that PDGFRp/Stat3 activation serves as an impor-
tant downstream pathway mediating CD44s-dependent
CSC traits.

CD44s is up-regulated in triple-negative tumors
and correlates with CSC gene signature in multiple
types of cancers

The triple-negative breast cancer (TNBC) is among the
most difficult types of tumors to treat and has been shown
to contain an increased number of dedifferentiated CSCs
(Pece et al. 2010; Bhola et al. 2013; Ma et al. 2014; Brooks
et al. 2015). To further validate our bioinformatics and ex-
perimental findings in patient tumors, we assessed the ex-
pression of CD44 isoforms and their correlation with
ESRPI1 as well as Stat3 target gene expression in a cohort
of TNBC and non-TNBC specimens. We found that non-
TNBC tumors predominantly expressed CD44v, which
was reflected by the values of the CD44s to CD44v ratio
that were <1 (Fig. 6A). In TNBC tumors, however, there
was a shift of CD44 isoform expression toward CD44s, ac-
companied by a decrease in CD44v expression (Fig. 6A,B).
These data support the notion that a switch in splice iso-
form expression toward CD44s occurs in CSC-enriched
TNBC tumors. Interestingly, our data corroborate previ-
ous finding that ESRP1 expression is significantly lower
in TNBC tumors than that in non-TNBC tumors using
the same cohort (Goel et al. 2014).

RT-PCR analysis showed an inverse correlation be-
tween the expression of ESRPI and the ratio of CD44s
to CD44v in breast tumors that we examined (Fig. 6C),
consistent with the results from the TCGA data analysis
shown in Figure 4B. Moreover, evaluating expression lev-
els of Stat3 downstream targets that are involved in me-
tastasis (Carpenter and Lo 2014) showed that depletion
of CD44s in breast cancer cells repressed the expression
of these genes (Supplemental Fig. S6), supporting the no-
tion that CD44s promotes Stat3 signaling in breast cancer
patients.

Because CD44 is widely used as a CSC marker in breast
cancers and various other types of cancers (Al-Hajj et al.
2003; Jin et al. 2006; Dalerba et al. 2007b; Fillmore and
Kuperwasser 2007; Li et al. 2007; Liu et al. 2007; Prince
et al. 2007), we evaluated whether the CD44s splice iso-
form is associated with CSC signatures in four additional
cancer types: colon and rectum adenocarcinoma, liver he-
patocellular carcinoma, lung cancer, and prostate adeno-
carcinoma. Our analysis revealed that the CD44s-
associated gene set positively correlated with the CSC
signature in all of the analyzed cancer types, whereas
CD44v showed either a negative correlation or no corre-
lation (Fig. 6D). These results imply that CD44s is associ-
ated with a CSC phenotype in many different types of
cancers.
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Figure 6. CD44s expression is elevated in TNBC and associates with a CSC signature in multiple cancer types. (A) RNA isolated from
frozen clinical specimens of TNBC (1 =20) and non-TNBC (n =24) was subjected to gqRT-PCR analysis of CD44s and CD44v. Ratios of
CD44s to CD44v are shown. (B) Expression levels of CD44s and CD44v in TNBC and non-TNBC samples are shown. (C) Correlation
graphing reveals a significant negative correlation between ESRP1 and the ratio of CD44s to CD44v in breast tumor samples. (D)
GSEA plots indicate the enrichment of the CSC gene signature in the CD44s-correlated gene list in colon and rectum adenocarcinoma,
liver hepatocellular carcinoma, lung cancer, and prostate adenocarcinoma. Error bars in B indicate SEM. n =24 non-TNBC; n =20 TNBC.

(*) P<0.05; (***) P<0.001.

Discussion

Although CD44 is a widely used marker of CSCs, it has re-
mained controversial whether CD44 and, in particular,
any of its splice isoforms are functionally critical for
CSCs. In this study, we provide evidence demonstrating
that the splice isoforms CD44s and CD44v exhibit dis-
tinct activities in breast cancer. Mining of the TCGA
breast cancer database revealed that CD44s positively as-
sociates with gene signatures of CSCs and therapeutic re-
sistance, whereas CD44v negatively associates with these
signatures but positively associates with cell prolifera-
tion. Profiling of CSCs from PDXs and experimental
systems revealed that the CD44s splice isoform is pre-
dominantly expressed in breast CSCs.

Cancer cell heterogeneity is partially controlled by the
plasticity of cancer cell states, promoting therapeutic re-
sistance and cancer metastasis. While the change of cell
states can be influenced by tumor microenvironment
and signaling activation or perturbation, we argue in
this study that alternative splicing provides an effective
means to contribute to cell state plasticity. In addition
to demonstrating that CD44s is the major splice isoform
in CSCs, our results show that expression of CD44s is
switched to that of CD44v when CSCs are differentiated
to non-CSCs. In a similar notion, we showed previously
that CD44 splicing is tightly regulated during EMT and
that isoform switching from CD44v to CD44s is required
for cells to undergo EMT. Given the functional contribu-
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tion of CD44s in CSCs and the connection between
CSCs and EMT (Mani et al. 2008; Singh and Settleman
2010), these results suggest that regulation at the level
of alternative splicing can causally change the status of
CSCs, which in turn contributes to distinct cancer
phenotypes.

The CSCs are known to promote tumor metastasis and
relapse. Using a mouse recurrent breast cancer model sys-
tem and limiting dilution experiments, we demonstrated
that CD44 is important for tumor initiation in vivo. We
found previously that CD44s is predominantly expressed
in metastatic breast cancer cells (Zhao et al. 2016). We
and others have also shown that in these metastatic breast
cancer cell lines, knockdown of CD44 significantly inhib-
its breast cancer metastasis to the bone and lungs (Hiraga
et al. 2013; Zhao et al. 2016). Thus, our in vivo data here
are in accordance with previous findings and support the
notion that CD44s is a functional component in CSCs.

In the search for splicing regulators for CD44 isoform
switching, our bioinformatics analysis of TCGA breast
cancer specimens revealed the highest negative correla-
tion between the CD44s/CD44v ratio and ESRP1 among
all examined splicing factors. Importantly, manipulation
of ESRP1 to shift CD44 expression to the CD44v isoform
inhibited CSC phenotypes, which could be corrected by
enforced expression of CD44s. The role of ESRP1 has
been linked previously to breast cancer. Specifically, it
was reported that ESRP1 regulates the splicing of the
a6Pl integrin and that the a6BB1 integrin splice variant



promotes the function of breast CSCs and tumor initia-
tion (Goel et al. 2014). ESRP1 inhibits CSC properties by
increasing expression of the a6Ap1 splice variant at the ex-
pense of a6Bp1 (Goel et al. 2014). Our results are congru-
ent with these findings. Given that CSCs have been
implicated in metastasis, a previous report that ESPR1
promotes breast cancer metastasis by a mechanism that
involves ESRP1-stimulated up-regulation of CD44v (Yae
et al. 2012) seems contradictory. However, an emerging
consensus is that metastasis involves both epithelial and
mesenchymal cells, possibly in clusters (Aceto et al.
2014; Cheung and Ewald 2016), which could explain the
opposing functions of ESRP1 in the metastatic process. In-
deed, the reported highly metastatic CD44v* 4T1 cells
still express a significant amount of the CD44s protein
isoform (Yae et al. 2012). Interestingly, in a study that sep-
arated metastatic MCF10CAlh cells into CD44™d/
CD24%°% and CD44M#"/CD24'°Y fractions, it was shown
that the CD44™4/CD24°" cells expressed higher levels
of ESRP1 and CD44v and gave rise to more metastatic
nodules. However, the CD44M8"/CD24°" cells showed
decreased expression of ESRP1, expressed higher levels
of CD44s, and showed higher potential for tumor initia-
tion (Hu et al. 2017). These results are in agreement
with our findings that CD44s plays an important role in
tumor initiation and also suggest that the CD44v-high
cells have proliferation advantage. It is conceivable that
increased levels of ESRP1 in the metastatic cells help sus-
tain an epithelial phenotype and produce the CD44v
splice isoform (Warzecha et al. 2009; Brown et al. 2011),
which stimulates Ras/MAPK signaling and cell pro-
liferation (Matter et al. 2002; Cheng et al. 2006). However,
loss of ESRPI triggers an EMT and acquisition of CSC
properties (Brown et al. 2011; Goel et al. 2014). Thus,
the plasticity that alternative splicing provides allows
cancer cells to adapt to the need to proliferate and survive
in different circumstances and may enable distinct popu-
lations of cells to function in concert to facilitate process-
es such as tumor recurrence and metastasis. Interestingly,
expression of the ESRP1 gene is epigenetically regulated
(Yae et al. 2012). It would be an exciting future direction
to investigate how epigenetic regulation affects ESRP1-
mediated alternative splicing, resulting in changes of can-
cer phenotypes.

While widely used as a CSC marker, the function of
CD44 in CSCs was largely unclear. A major conclusion
of this study is that the CD44s splice isoform, but not
CD44v, is indispensable for breast CSC activities and tu-
mor initiation, indicating a functional requirement for
CD44s in maintaining CSCs. Importantly, our results re-
veal a mechanism by which CD44s promotes CSC prop-
erties through activation of the PDGFRp/Stat3 signaling
pathways, connecting CD44s to a downstream signaling
cascade necessary in maintaining a CSC phenotype.
These results were further supported by the global
GSEA of the TCGA data set, where the PDGF-stimulated
signaling signature was significantly enriched in the sig-
nature of CD44s but not CD44v. As a cell surface protein,
CD44 has long been proposed to act as a coreceptor for ac-
tivating signaling cascades (Ponta et al. 2003), although
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the mechanisms underlying CD44-mediated signaling ac-
tivation remain elusive. Our results revealed that CD44s
interacts with PDGFRp, suggesting that this interaction
may facilitate the activation of PDGFR signaling. While
further work will be needed to investigate the detailed
mechanism of CD44s-mediated PDGFRp/Stat3 activa-
tion, these findings are significant because of the critical
role of PDGFRp/Stat3 in CSCs (Tam et al. 2013). Several
PDGEFR and Stat3 inhibitors have been developed and
are used primarily for the treatment of TNBC patients
whose tumors have enriched CSCs and show poor progno-
sis. Previous studies have suggested that combination of
the PDGEFR inhibitor pazopanib with other kinase inhib-
itors produces improved efficacy in the treatment of
TNBC (Gril et al. 2013; Van Swearingen et al. 2017). Sim-
ilarly, targeting STAT3 by its inhibitors also resulted in a
promising response against TNBC (Liu et al. 2017). Our
work presented here illustrates how enrichment of
CD44s expression by manipulating alternative splicing
can lead to increased PDGFRp/Stat3 activation and CSC
features. Therefore, therapeutic targeting of CD44 splic-
ing may open up a new approach for inhibiting the
PDGFR/Stat3 pathway to target CSC-enriched TNBCs.

In addition to the PDGFRp/Stat3 pathway, CD44s may
also act on other signaling cascades to promote a CSC phe-
notype. CD44s attenuates endocytosis-mediated degrada-
tion of RTKs, including EGFR and cMet, resulting in
prolonged pAkt activity that is critical for cancer cell sur-
vival and therapeutic resistance (Wang et al. 2017). Inter-
estingly, Akt activation further feeds back to CD44s,
resulting in a positive feedback loop that sustains Akt sig-
naling (Liu and Cheng 2017). These results suggest a cen-
tral role of CD44s in regulating a set of RTKs and
downstream signaling that promote activities favoring
CSCs. Since the most effective treatment of cancer is to
eliminate the small population of CSCs in addition to
the bulk tumor cells, we argue that tilting splicing pat-
terns of CD44 to diminish the production of CD44s may
be effective for eradicating CSCs.

In conclusion, we described the identification of CD44s
as the specific CD44 isoform that is predominantly ex-
pressed in breast CSCs and found that CD44s promotes
CSCs traits by activating the PDGFRp/Stat3 signaling
pathway. Our results provide evidence that splicing regu-
lation shifts CSC and non-CSC states and thus cancer phe-
notypes. These findings stress the importance of
understanding the mechanisms of RNA alternative splic-
ing regulation in cancer. They also emphasize the need to
investigate the function of different splice isoforms in the
context of cancer phenotypes. The targeting of dysregu-
lated splicing or cancer-specific isoforms presents a novel
strategy for therapeutic intervention.

Materials and methods

Antibodies and reagents

For FACS analysis and isolation of CD44"/CD24" cells, the fol-
lowing antibodies were used: anti-CD44 conjugated to APC (BD
Pharmingen, 559942) and anti-CD24 conjugated to PE (BD
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Pharmingen, 555428). For immunoblotting analysis, the follow-
ing antibodies were used: CD44-IM7 (Santa Cruz Biotechnology,
sc18849), CD44H (R&D, BBA10), p-PDGFRp (Cell Signaling,
3124s), PDGFRp (Cell Signaling, 3169s), p-Stat3 (Cell Signaling,
9145s), Stat3 (Cell Signaling, 4904s), p-ERK (Cell Signaling,
9101s), E-cadherin (Cell Signaling, 3195s), N-cadherin (BD Phar-
mingen, 610920), f-actin (Sigma, A2228), and GAPDH (Millipore,
MAB374). The Aldefluor assay kit (Stem Cell Technologies) was
used for the ALDH assay. PDGFR inhibitor IV (Millipore,
521233) and Stat3 inhibitor XVIII (Millipore, 573132) were used
for inhibition analysis. shRNAs targeting CD44 and ESRP1 were
in the pLKO.1 vector backbone, and plasmids expressing the hu-
man CD44s and CD44v3-10 cDNA and mouse CD44s and
CD44v6-10 were in the pBrit-HA/Flag vector with an HA tag on
its C terminus as described previously (Brown et al. 2011; Xu
et al. 2014; Zhao et al. 2016).

Cell culture

All cell lines were maintained at 37°C in 5% CO,. All HMLE
lines and Mes10A lines were cultured as described previously
(Brown et al. 2011). Induction of EMT by treatment with TAM
or TGFp was performed as described (Brown et al. 2011). The pri-
mary and recurrent tumor cell lines derived from the HER2/neu
mouse model were cultured as described (Moody et al. 2005).
SUM159 cells were cultured in F12 medium supplied with 5% fe-
tal bovine serum (FBS), 5 pg/mL insulin, 1 ng/mL hydrocortisone,
and 10 mM HEPES.

Mammosphere assays

Cells were grown in low-attachment plates in serum-free MEGM
supplemented with 2 ng/mL EGF, 2 ng/mL bFGF, 4 ng/mL hepa-
rin, 1% methylcellulose, and B27 supplement diluted 1:50. Either
1000 or 500 cells were plated in each well of a 96-well plate.
Spheres were allowed to form for 10-14 d and then quantified.

Fresh/frozen PDX tumors were chopped with scalpel blades un-
der sterile conditions and digested with 1 g of 2 mg/mL collage-
nase (Sigma, C0130) and 100 mg of 1 mg/mL hyaluronidase
(Sigma, H3506) for 4-6 h at 37°C with shaking. Tissue fragments
were vortexed gently every 15-30 min. The single-cell suspension
was then passed through a 40-um cell strainer, centrifuged at
2000 rpm for 5 min, and washed three times with 1x PBS. Cells
were then FACS-sorted using antimouse CD45 (BD Bioscience,
553081), TER119 (eBioscience, 12-5921-81}, and CD31 (eBio-
science, 12-0311-81) clones to remove mouse stromal cells. The
resulting tumor cells were used for functional assays.

Bioinformatics analysis

The TCGA breast invasive carcinoma (BRCA) exon expression
data set by RNA-seq (polyA* IlluminaHiSeq) was downloaded
from the University of California at Santa Cruz (UCSC) cancer
browser. This data set can be accessed through a new platform:
UCSC Xena browser (https://xenabrowser.net/datapages). Bam fi-
les of CCLE breast-invasive carcinoma RNA-seq data were down-
loaded from the Genomic Data Commons Legacy Archive.
Detailed analysis is described in the Supplemental Material.

Quantitative RT-PCR (qRT-PCR)

RNA was isolated from cells using the E.Z.N.A. Total RNA kit I
(Omega Bio-tek). Reverse transcription was performed using
GoScript RT and reagents (Promega). qRT-PCR was performed
using GoTaq master mix (Promega) and a Roche 480 LightCycler.
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The qRT-PCR primers used were as follows: CD44 total (forward:
5-GATGGAGAAAGCTCTGAGCATC-3'; reverse: 5'-TTGCTG
CACAGATGGAGTTG-3'), CD44s (forward: 5-TACTGATGAT
GACGTGAGCA-3’; reverse: 5'-GAATGTGTCTTGGTCTCTG
GT-3'), CD44v5/6 (forward: 5-GTAGACAGAAATGGCACC
AC-3'; reverse: 5-CAGCTGTCCCTGTTGTCGAA-3'), ESRP1
(forward: 5- CAGAGGCACAAACATCACAT-3; reverse: 5'- AG
AAACTGGGCTACCTCATTGG-3'), and TBP (forward: 5'GG
AGAGTTCTGGGATTGTAC-3; reverse: 5-CTTATCCTCATG
ATTA CCGCAG-3).

Immunoblotting and immunoprecipitation

Cells were harvested in RIPA lysis buffer (50 mM Tris-HCI, 150
mM NaCl, I mM EDTA, 1% Triton X-100, 1% sodium deoxycho-
late, 0.1% SDS) supplemented with protease inhibitors and lysed
for 30 min. Whole-cell lysates were centrifuged, and protein con-
centration was determined using the Bio-Rad protein assay kit
(Bio-Rad). Equal amounts of proteins were used for immunoblot-
ting analysis. For immunoprecipitation assay, cells were lysed in
lysis buffer (20 mM Tris-HCI, 100 mM NaCl, 5 mM EDTA, 0.2%
NP40, 16% glycerol, 20 mM NaF, 1 mM NazVO4, 20 mM p-glyc-
erophosphate) supplemented with protease inhibitor cocktails.
Cell lysates were precleared with sepharose beads and incubated
with the primary antibody and agitated overnight. Protein A or
Protein G beads (depending on the species of the immunoprecip-
itation antibody) were added the next day and agitated for 4 h.
Beads were washed three times with the lysis buffer and boiled
for 10 min in 2x SDS sample buffer (100 mM Tris-HCI, 4%
SDS, 20% glycerol, 2% B-mercaptoethanol, 0.005 % Bromophenol
Blue). Eluates were subjected to immunoblotting procedure.

Mice

All animal experiments were performed with approval from the
Institutional Animal Care and Use Committee at Baylor College
of Medicine and Northwestern University. Fifty, 100, or 500 re-
current tumor cells were injected bilaterally into the fourth mam-
mary fat pads of 8-wk=o0ld FVB mice.

Statistics

Two-tailed and unpaired Student’s t-tests were done in Excel. The
statistical significance of the differences between the means was
determined appropriately with one-way ANOVA followed by
Tukey’s post hoc. Correlation statistical analyses were performed
using the Graphpad Prism program. For all figures, P-values of
<0.05 were considered significant. One asterisk denotes a P-value
of <0.05, two asterisks denote a P-value of <0.01, and three aster-
isks denote a P-value of <0.001.
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