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ABSTRACT
Y-box binding protein-1 (YB-1) is the ﬁrst reported oncogenic transcription factor to induce the tumor-initiating
cell (TIC) surface marker CD44 in triple-negative breast
cancer (TNBC) cells. In order for CD44 to be induced,
YB-1 must be phosphorylated at S102 by p90 ribosomal
S6 kinase (RSK). We therefore questioned whether RSK
might be a tractable molecular target to eliminate TICs.
In support of this idea, injection of MDA-MB-231 cells
expressing Flag-YB-1 into mice increased tumor growth as
well as enhanced CD44 expression. Despite enrichment for
TICs, these cells were sensitive to RSK inhibition when
treated ex vivo with BI-D1870. Targeting RSK2 with small
interfering RNA (siRNA) or small molecule RSK kinase
inhibitors (SL0101 and BI-D1870) blocked TNBC monolayer cell growth by 100%. In a diverse panel of breast
tumor cell line models RSK2 siRNA predominantly tar-

geted models of TNBC. RSK2 inhibition decreased CD44
promoter activity, CD44 mRNA, protein expression, and
mammosphere formation. CD441 cells had higher PRSKS221/227, P-YB-1S102, and mitotic activity relative to
CD442 cells. Importantly, RSK2 inhibition speciﬁcally
suppressed the growth of TICs and triggered cell death.
Moreover, silencing RSK2 delayed tumor initiation in
mice. In patients, RSK2 mRNA was associated with poor
disease-free survival in a cohort of 244 women with breast
cancer that had not received adjuvant treatment, and its
expression was highest in the basal-like breast cancer subtype. Taking this further, we report that P-RSKS221/227 is
present in primary TNBCs and correlates with P-YB-1S102
as well as CD44. In conclusion, RSK2 inhibition provides
a novel therapeutic avenue for TNBC and holds the promise of eliminating TICs. STEM CELLS 2012;30:1338–1348
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INTRODUCTION
The treatment of triple-negative breast cancer (TNBC) suffers
from the lack of targeted therapies. Unlike estrogen receptor
(ER)-positive or HER-2-positive breast cancers, which can be
treated with anti-estrogens and Herceptin, respectively, treatment options rest entirely upon conventional chemotherapies.
While these tumors often initially respond very well to chemotherapy, they commonly become resistant in the long-term
leading to relapse [1, 2]. Tumor-initiating cells (TICs), which

are CD44þ/CD24, are more frequent in TNBC than other
breast cancer subtypes [3–6] and have been linked to tumor
recurrence. This is, in part, due to the fact that they are
intrinsically resistant to traditional chemotherapy and radiotherapy [7–9], but also the percentage of TICs increases following chemotherapy [7, 10]. The loss of CD44 also suppresses mammosphere formation [11], growth, and branching
morphogenesis [11]. Thus, identifying targeted therapies that
are able to uniquely eliminate TICs, as well as the bulk of the
tumor, is critical [12] as they are the most likely to improve
TNBC patient outcome.
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TICs are characterized as having the ability to self-renew,
grow as mammospheres, invade, and initiate tumor formation
in mice [12–14]. Using this battery of assays, new inhibitors
are being sought to eliminate TICs. Compounds that are
effective against both TIC and non-TIC populations within
tumors are optimal as they would eliminate the bulk population as well as the drug-resistant TICs. Promising examples
include targeting epidermal growth factor receptor (EGFR)/
Her-2 with lapatinib or the Notch receptor with gamma secretase inhibitors [8]; however, these leads only provide modest
growth suppression. The NFjB [15] and TGFb [16, 17] pathways are also implicated in TICs based on gene expression
analysis of CD44þ/CD24 cells. Most targeted therapies are
directed toward kinases that mediate signal transduction [18];
therefore, perhaps an alternative strategy for targeting individual receptor tyrosine kinases is to suppress a common convergence point farther downstream.
The p90 ribosomal S6 kinase (RSK) family of kinases are
activated by receptor tyrosine kinases such as the EGFR, ﬁbroblast growth factor, and insulin-like growth factor receptors that
are commonly activated in TNBC [19–22]. This allows RSK to
phosphorylate downstream targets involved in tumor growth,
invasion, and epithelial-mesenchymal transition [19, 23]. These
include transcription factors such as Y-box binding protein-1
(YB-1) [22], creb, and c-fos [24] as well as the anti-apoptosis
protein BAD [25], the translation factor GSK3b [26], and histone
H3 [27, 28]. More speciﬁcally, RSK phosphorylates YB-1 at
S102 leading to nuclear translocation and transcriptional activation [22]. Here, YB-1 induces a TIC phenotype by upregulating
CD44 and CD49f [11]. Conversely, we have shown that knocking down YB-1 using small interfering RNA (siRNA) suppresses
CD44 expression and mammosphere formation [11]. Of clinical
relevance, RSK is also activated by commonly used chemotherapies such as paclitaxel leading to the phosphorylation of YB1S102 and ultimately to the induction of CD44 [11]. One strategy
in the pursuit of TIC ablation is to inhibit P-YB-1S102, which
leads to reduced CD44 and TICs; however, this has only been
achievable with siRNAs as there are no small molecules available to block YB-1 directly. Therefore, we addressed whether
blocking the activation of YB-1 via RSK inhibition could be an
alternative approach to combating relapse by eliminating TICs.

MATERIALS

AND

METHODS

RNAi Screening
Breast tumor cell line models were siRNA screened as described
in [31], using Cell Titer Glo reagent (Promega, Madison, WI.
www.promega.com) to estimate cell survival after ﬁve population
doublings. For further details see Supporting Information
Methods.

Semiquantitative Real-Time PCR
RNA was extracted from cells and xenograft tissue (RNeasy mini
kit; Qiagen) and converted into cDNA (superscript III; Invitrogen). Quantitative real-time PCR (qRT-PCR) was performed to
detect CD44, RSK1, RSK2, and 18s ribosomal subunit using Taqman gene expression assays (Applied Biosystems, Carlsbad, CA,
www.appliedbiosystems.com).

Western Blot Analysis
Immunoblotting was performed as previously described [32].
Antibodies were used as listed in Supporting Information
Methods.

Mammosphere Assay
Cells were seeded (SUM149: 20,000 cells per well; MDA-MB231: 10,000 cells per well) in ultra-low adherent six-well plates
(StemCell Technologies, Inc., Vancouver, BC, Canada,
www.stemcell.com) and grown in MammoCult (StemCell Technologies) supplemented with hydrocortisone and heparin. Spheres
were counted after 7 days. For post-treatment of established
spheres, BI-D1870 was added in fresh media to wells after 72
hours.

Growth and Apoptosis Assays
Cells were seeded (3,000–5,000 cells per well) in 96-well plates,
treated with inhibitors or siRNA, and allowed to grow for a further 72 hours—10 days (siRNA refreshed every 3 days). Cells
were stained as previously described [21]. Apoptosis was measured by propidium iodide (PI) uptake, P-H2AXS139 staining, and
PARP and Caspase-3 cleavage. For further details see Supporting
Information Methods.

Clonogenic Assay
SUM149 cells were seeded in a six-well plate (4  105 cells per
well) and treated with DMSO or BI-D1870 (10 lM) for 72 hours.
Surviving cells were counted and reseeded in six-well plates
(1,000 cells per well). After 7 days, clonal colonies were visualized with crystal violet and manually counted.

Cell Lines and Reagents

CD44 Promoter Assay

SUM149 (Asterand, Detroit, MI, www.asterand.com) and MDAMB-231 (ATCC; Manassas, VA, www.atcc.org) cells were used
as models of TNBC and cultured as previously described [22].
For high-throughput cell-based screening, breast tumor cells lines
were purchased from either Asterand or ATCC and maintained
according to the distributor’s instructions. 184htert, immortalized
normal breast epithelial cells, were cultured as previously
described [29]. RSK-speciﬁc inhibitors SL0101 (Toronto
Research Chemicals Inc., North York, ON, Canada, www.trccanada.com) was dissolved in methanol [30], and BI-D1870, a
kind gift from Dr. Ching-Shih Chen, was dissolved in dimethyl
sulphoxide (DMSO). RSK1 and RSK2 siRNA were obtained
from Qiagen (Mississauga, ON, Canada, www.qiagen.com).

SUM149 cells were transfected with a CD44 promoter construct,
as previously described [11]. Cells were treated with BI-D1870
(10 lM) 6 hours prior to harvest.

siRNA Transfections
Cells were transfected with siRNA (20 nM) (Qiagen) with RNAiMAX (Invitrogen, Burlington, ON, Canada, www.invitrogen.com.) using the fast forward protocol. All experiments were performed once the cells had been transfected for 72 hours unless
otherwise stated.

www.StemCells.com

Immunoﬂuorescence
Staining for nuclear localization of P-YB-1S102 and P-histone
H3S10 was performed using SUM149 (5,000 cells per well)
seeded in a 96-well plate and treated with BI-D1870 at 24 hours
then allowed to grow for a further 48 hours. For details of staining procedure see Supporting Information Methods.

YB-1D102 Rescue
SUM149 cells were seeded in six-well plates (4  105 cells per
well) and transfected 24 hours later with 5 lg 3xﬂag:EV or 3xﬂag:
YB-1S102D (D102) using FuGene HD (Roche, Laval, QC, Canada, www.roche-applied-science.com). After 24 hours, cells were
reseeded in 96-well plates (5,000 cells per well). Remaining cells
were collected for protein analysis. Plated cells were treated with
BI-D1870 for 72 hours and then stained for Hoechst as described
in Supporting Information.
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Fluorescence-Activated Cell Sorting Analysis
A single-cell suspension of SUM149 cells was obtained as
previously described [11]. Cells were stained with CD44-PE
conjugated (BD Pharmingen, Missassauga, ON, Canada, www.
bdbiosciences.com), CD24-FITC conjugated (StemCell Technologies), and 7-aminoactinomycin D (7-AAD) viability dye (BD
Pharmingen) and sorted for the top 10% CD44þ/CD24 population.

In Vivo Tumor Growth Xenograft Model
All experimentation involving mice were conducted in accordance with the standard protocol approved by the University Committee on the Use and Care of Animals at the University of British Columbia.
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t.org/web/packages/survival/) were performed on those 244
patients who had not received any kind of adjuvant treatment.
Patients with events 12 years were excluded, since more than
82% of these patients came from a single cohort [35].

Immunohistochemistry
A breast cancer TMA of 18 patients with high-grade inﬁltrating
ductal tumors was obtained and stained. The sections were
stained with P-YB-1S102 (1:100), P-RSKS221/227 (1:200), or CD44
(1:100) antibodies. Statistical analyses were performed using JMP
version 8.0.2 (SAS Institute Inc). Bivariate correlations between
study variables were calculated by Spearman’s rank correlation
coefﬁcients. Differences were considered statistically signiﬁcant
for p values <.05. Scale bars on images represent 100 lm.

YB-1 Overexpressing Cells
Injections were performed using stable cell lines containing either
Flag-YB-1 or control empty vector (EV) in the MDA-MB-231
created as previously described [11]. Cells (500 cells per injection) were resuspended in phosphate buffered saline (PBS) containing 25% matrigel (BD biosciences) and injected into the
fourth inguinal mammary gland of 6–8 weeks old female nonobese diabetic/severe combined immunodeﬁcient (NOD/SCID)
mice (Charles River). Tumors were measured using a digital caliper and volume was calculated using V ¼ W2  L/2.

Effect of RSK2 on Tumor Initiation
To test the effects of transient RSK2 knockdown on tumor initiation, MDA-MB-231 cells were transfected with either RSK2
siRNA or control siRNA for 48 hours. Knockdown was validated
using both qRT-PCR and Western blot analysis. Orthotopic mammary fat pad (MFP) injections were performed in a similar manner as described above. In order to achieve tumor initiation at a
time that would capture the effects of RSK2 knockdown mice
were injected with 1  106 cells per injection. A tumor was considered to be anything measuring r >2.5 mm.

Dissociation of Tumors
Mice were humanely euthanized when tumors reached 500
mm3. Tumors were harvested, dissociated mechanically, and
digested in DMEM containing collagenase/hyaluronidase (StemCell Technologies) at 37 C for 4 hours. Red blood cell lysis was
performed by incubating the suspension in ammonium chloride.
To ensure a single-cell suspension, the cells were passed through
a 40 lM nylon mesh. This was then used to perform ﬂow cytometry, Western blot analysis, and drug treatment experiments.

Flow Analysis
Cultured or xenograft cells were resuspended in ﬂuorescence-activated cell sorting (FACS) buffer (PBS containing 2% FBS and 5
mM EDTA then stained with CD44-PE conjugated (BD Pharmingen), CD24-FITC conjugated (StemCell Technologies), and 7AAD viability dye (BD Pharmingen). Cells were washed once
and resuspended at 10  106 cells per ml in FACS buffer and
collected using a FACS Calibur. Analysis was performed using
Flowjo software.

RSK2 Survival and Subtype Analyses
RSK2 mRNA levels were assessed in RMA-normalized Affymetrix HG-U133A or HG-U133PLUS2 microarray data from 771
clinically annotated breast tumors drawn from ﬁve breast cancer
cohorts as previously described [33]. Using the only probe set for
RSK2 (RPS6KA3-203843_at), expression levels were plotted
against histological grade and subtype for all 771 patients, followed by one-way analysis of variance and Tukey’s Honestly
Signiﬁcant Difference test to determine the statistical signiﬁcance,
using the R statistical environment. In addition Kaplan-Meier survival analysis with both log-rank signiﬁcance tests [34] (comparing above vs. below RSK2 median expression) and signiﬁcance
tests using Cox proportional hazards models (http://cran.r-projec-

RESULTS
RSK Inhibitor BI-D1870 Is Effective at Suppressing
Growth of a YB-1-Induced CD441 Population
We have previously identiﬁed YB-1 as an oncogenic transcription factor with the ability to regulate a TIC phenotype
including; TIC markers CD44 and CD49f as well as mammosphere formation and drug resistance [11]. Using YB-1 as the
driver to induce a CD44-high population, we created stable
cell lines expressing a Flag-YB-1 transgene in MDA-MB-231
cells (Fig. 1A). When injected into the mammary fat pad of
NOD/SCID mice (500 cells per mammary fat pad), cells overexpressing YB-1 demonstrated a signiﬁcantly increased
growth rate when compared with EV control cells (Fig. 1B).
The tumors were isolated and cell lines were established and
characterized for TIC markers. We noted that the tumors arising from Flag-YB-1 cells had increased CD44 expression as
indicated by immunoblotting (Fig. 1C). A second YB-1 target
gene, CD49f was also conﬁrmed to be induced in these
explanted cell cultures (Fig. 1C). P-YB-1S102 was elevated in
the Flag-YB-1 cells, although it is still present in the EV cells
(Fig. 1C). The induction of CD44 was further conﬁrmed in a
second pair of explanted tumors from MDA-MB-231 cells
expressing the EV as compared to Flag-YB-1 (data not
shown). Interestingly, despite having an increased CD44þ
population, BI-D1870, a small molecule RSK ATP competitive inhibitor, was capable of inhibiting growth in the FlagYB-1 cell population ex vivo suggesting that Flag-YB-1 relies
on RSK for enhanced growth (Fig. 1D). In both ex vivo cell
lines, the target P-YB-1S102 was eliminated following treatment with BI-D1870 (Fig. 1D). To further elucidate the role
of RSK1 and RSK2 separately on YB-1 activation, an in vitro
kinase assay was performed using a YB-1 peptide as the substrate [22, 36]. Both RSK1 and RSK2 directly phosphorylate
YB-1 at Ser102, which can be inhibited with BI-D1870 (Supporting Information Fig. S1A). Additionally, BI-D1870 was
shown to block activation of a second downstream RSK substrate GSK3b (Supporting Information Fig. S1B). Thus, YB-1
drives tumor initiation in vivo and the tumors that arise have
higher level of TICs. While CD44 is high in the emergent
tumors, they are sensitive to the RSK inhibitor.

RSK2 siRNA Suppresses Growth of TNBC Cells
Next, we asked whether there was a speciﬁc RSK isoform
that supports the growth of TNBCs. We treated TNBC cell
lines SUM149 with RSK siRNAs that led to a >90% loss in
their target protein expression after 72 hours (Fig. 2A inset).
This corresponded with a similar decrease in P-YB-1S102 (Fig.
2A inset). Targeting RSK2 with siRNA every 72 hours for a
total period of 10 days inhibited the growth of the TNBC cell
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Figure 1. YB-1-induced CD44high cells remain sensitive to RSK inhibition by BI-D1870. (A): Stable incorporation of Flag-YB-1 into the MDAMB-231 cell line was validated by Western blot and 500 cells were injected into the fourth inguinal mammary fat pads of NOD/SCID mice. (B):
Tumors from cells expressing Flag-YB-1 had signiﬁcantly increased growth rates compared to EV control tumors. (C): Cells isolated from tumors
expressing Flag-YB-1 had higher expression of the tumor-initiating cell markers CD44 and CD49f as well as P-YB-1S102 as assessed by Western
blot. (D): RSK inhibition via BI-D1870 (10 lM) suppressed growth and P-YB-1S102 in the Flag-YB-1 population with comparable efﬁcacy as in the
control EV cells. Control Western blot demonstrates P-YB-1S102 suppression by BI-D1870 in both cell lines. Abbreviations: DMSO, dimethyl sulphoxide; EV, empty vector; NOD/SCID, nonobese diabetic/severe combined immunodeﬁcient; YB-1, Y-box binding protein-1. *p < 0.05.

line SUM149 by >90% (Fig. 2A). A consistent growth inhibition was observed at 72 hours using two distinct siRNAs
against both RSK 1 and 2 (Supporting Information Table S1).
RSK2 inhibition was far more effective at suppressing tumor
cell growth than RSK1 as loss of the former suppressed
growth by almost 100% and the latter by 50% (Fig. 2A). The
importance of RSK2 in the growth of TNBC cells was further
conﬁrmed in an unbiased screen of siRNAs targeting >700
kinases in 20 breast cancer cell line models representing the
major subtypes of the disease [31]. In the primary screen,
siRNA targeting RSK2 selectively suppressed the triple-negative models (p < .05 permutation t test) and was one of the
very limited number of genes that was able to elicit such a
TNBC-speciﬁc effect (Fig. 2B). This screen result was validated using multiple different siRNAs targeting RSK2 in a
panel of 20 genetically diverse cell lines (Supporting Information Fig. S2), where RSK2 siRNAs preferentially inhibited
TNBC models but was not particularly effective against nonTNBC cell lines (p < .002 TNBC inhibition vs. non-TNBC
model inhibition for two different RSK2 siRNA species and p
< .007 for the RSK2 siRNA pool, t test).

BI-D1870 Blocks the Growth of TNBC Cells
We then sought to determine whether we could achieve similar growth suppression by treating TNBC cell lines with small
molecule RSK inhibitors. Inhibiting pan RSK kinase activity
with BI-D1870 (2 lM or above) reduced the growth
of SUM149 cells by >90% after 10 days, with repeated dosing every 3 days (Fig. 2C). Suppression of P-YB-1S102 was
conﬁrmed by immunoblotting at 96 hours (Fig. 2C inset). Furthermore, BI-D1870 (0.1–10 lM) or SL0101 (25–100 lM), a
second RSK inhibitor, suppressed P-YB-1S102 and tumor cell
growth by up to >90% after only 72 hours (Supporting Information Fig. S3A and S3B, respectively). To establish that
P-YB-1S102 was a mediator of the effect observed following
www.StemCells.com

treatment with BI-D1870, we transfected SUM149 cells with
activated YB-1 (D102) or EV and after 24 hours exposed
these cells to BI-D1870 (5 and 10 lM) for 72 hours. Cell growth
was then measured, and as expected in the EV-transfected cells,
BI-D1870 killed >80% of the cells (Fig. 2D). This phenotype
was partially rescued in the D102-transfected cells (50%
growth inhibition) (Fig. 2D). Transgene expression was validated by immunoblotting (Fig. 2D inset).
Next, we asked whether the few cells that remain following treatment with BI-D1870 are in fact resistant to the drug.
Cells that remained after 72 hours BI-D1870 treatment were
plated at low density along with control-treated cells. While
the control-treated cells formed colonies in this clonogenic
assay, there was 100% growth suppression of the BI-D1870treated cells, indicating that these cells have not developed resistance to the drug (Fig. 2E). Having demonstrated a growth
suppressive effect following RSK inhibition, we then assessed
induction of apoptosis. Treating the SUM149 cells with either
BI-D1870 or RSK siRNA resulted in the induction of apoptosis. This is demonstrated by PI uptake (Fig. 2F), P-H2AXS139
(Supporting Information Fig. S3C), and PARP cleavage (Supporting Information Fig. S3D). Additionally, both SUM149
and MDA-MB-231 cells stained positively for the apoptotic
marker Annexin-V when treated with BI-D1870 (1, 5, or 10
lM) for 48–72 hours (Supporting Information Fig. S3E, S3F).
Thus, TNBCs are dependent upon RSK signaling to sustain
tumor growth.

Inhibiting RSK Decreases CD44 Expression
Keeping in mind that the frequency of TICs is higher in
TNBC than in other breast cancer subtypes and that RSK inhibition decreases the growth of TNBC cell lines, we suspected it would also have an effect on TICs. As previously
mentioned, TICs are induced by the RSK substrate YB-1
through binding to the CD44 promoter in a phosphorylation-
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Figure 2. Inhibiting RSK suppresses growth of TNBC cell lines. (A): SUM149 cells transfected with small interfering RNA (siRNA) against
RSK1 and/or RSK2 for 10 days showed 50%–100% growth suppression. Western blot demonstrates loss of protein after 72 hours. (B): Suppression of RSK2 using siRNA in a large kinase screen preferentially decreased the viability of TNBC cell lines as opposed to non-TNBC cell lines.
(C): Doses of BI-D1870 as low as 2 lM results in 80% reduction of SUM149 cell growth. Western blot demonstrates decreased P-YB1S102
across a range of BI-D1870 concentrations at 96 hours. (D): The effect of BI-D1870 on SUM149 cell growth could be partially rescued through
expression of an activated YB-1 mutant (D102). Transgene expression was validated by Western blot. (E): Cells that survived 72-hour BI-D1870
treatment were seeded at low density in the RSK inhibitor and allowed to grow for 10 days. Treated cells did not grow in this clonogenic assay.
(F): Treatment of SUM149 cells with BI-D1870 resulted in the induction of apoptosis as measured by PI uptake. Abbreviations: DMSO, dimethyl
sulphoxide; EV, empty vector; PI, propidium iodide; RSK, ribosomal S6 kinase; TNBC, triple-negative breast cancer; YB-1, Y-box binding protein-1. *p < 0.05.

dependent manner [11, 22]. Site-directed mutants that prevent
YB-1S102 phosphorylation stop nuclear trafﬁcking and override YB-1’s ability to induce TICs [11]. BI-D1870 was therefore used as a chemical probe to mirror this effect. BI-D1870
inhibited the nuclear translocation of P-YB-1S102 in SUM149
cells (Fig. 3A) and CD44 promoter activity (Fig. 3B). Moreover, decreases in CD44 transcript levels were observed following treatment with RSK1/2 siRNA or BI-D1870 (Fig. 3C
and Supporting Information Fig. S4), with a concomitant
reduction in the number of cells expressing high levels of
CD44 (Fig. 3D). Interestingly, as with the effect on growth,
suppression of RSK2 with siRNA resulted in a much larger
decrease in CD44 transcript levels than that of RSK1 (Fig.

3C). A fundamental problem with many chemotherapeutic
agents is that they induce CD44 expression [7], and this is
thought to be involved in drug resistance and recurrence.
Herein, we show that treatment of SUM149 cells with paclitaxel-induced CD44 expression, but this was not the case with
BI-D1870 (Fig. 3E). More importantly, combining paclitaxel
treatment with BI-D1870 reduced the induction of CD44 by
the former (Fig. 3E).

Targeting RSK Inhibits TIC Growth
While conducting high content screening, we unexpectantly
noticed that CD44þ cells were more proliferative than the
CD44 cells, having a greater number of mitotic ﬁgures based

Stratford, Reipas, Hu et al.

1343

Figure 3. RSK inhibition decreases CD44 expression. (A): Treating SUM149 cells with BI-D1870 decreases nuclear localization of
P-YB-1S102. Immunoﬂuorescence shows P-YB-1S102 (green) and DAPI (blue). Scale bar ¼ 20 lm. (B): Inhibiting RSK with BI-D1870 decreases
CD44 promoter activity. (C): CD44 transcript levels decrease after treatment with RSK siRNA in the SUM149 and MDA-MB-231 cell lines.
(D): The CD44high fraction in cell populations was reduced upon RSK inhibition with BI-D1870 (10 lM). (E): Taxol, but not BI-D1870, induces
CD44 expression. Furthermore, the combination of BI-D1870 and Taxol prevented the induction of CD44. Abbreviations: DMSO, dimethyl
sulphoxide; RSK, ribosomal S6 kinase; YB-1, Y-box binding protein-1. *p < 0.05.

on Hoechst staining (Supporting Information Fig. S5A). To
further validate this, we stained for a second marker of mitosis, P-histone H3S10, an early M-phase marker. Consistently,
we found that CD44þ cells had higher P-histone H3S10
expression and were more actively undergoing mitosis
(Fig. 4A). The replicative capacity of CD44þ cells was
blunted by exposing the cells to increasing amounts of BID1870 (Fig. 4B). There were also fewer CD44þ cells in total
(Fig. 4C). As, P-histone H3S10 is downstream of RSK signaling, the suppression in growth in the CD44þ population may
be in part due to a perturbed mitotic process [27, 28]. Thus,
RSK inhibition repressed TICs ability to replicate. Taking this
further, we examined the impact of RSK inhibition on mammosphere growth. CD44þ cells have a higher capacity to
form mammospheres as compared to CD44 cells as previously reported by our group and several others [8, 10, 11, 13,
14, 37] and reproduced herein (Supporting Information Fig.
S5B). Additionally, it has been shown that knocking down
www.StemCells.com

CD44 reduces the ability of cells to form mammospheres
[11]. As a functional readout of TICs, we therefore measured
the ability of MDA-MB-231 and SUM149 cells to form mammospheres in culture. In line with the decreased CD44, RSK
inhibition markedly suppressed mammosphere formation by
80%–100% (Fig. 4D and Supporting Information Fig. S5C).
As there was such a substantial effect, it was not possible to
serially passage the spheres. Furthermore, the compound
caused regression of established mammospheres (Fig. 4E).
Next, TICs (CD44þ/CD24 cells) that were isolated by
FACS were found to be enriched for P-RSKS221/227 and PYB-1S102 compared to CD44/CD24þ cells suggesting that
this pathway may be particularly important in CD44þ/CD24
cells (Fig. 5A, 5B). These TICs were dependent upon RSK
signaling because exposing them to BI-D1870 reduced cell
growth by >90% after 72 hours at doses as low as 1 lM
(Fig. 5C). Apoptosis was also induced as indicated by
increased PI uptake (Fig. 5D). When compared with their
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Figure 4. Targeting RSK suppresses growth of tumor-initiating cells. (A): CD44þ cells express high levels of P-histone H3S10. Immunoﬂuorescence staining shows CD44 (red), P-histone H3 (green), and hoechst (blue). Scale bar ¼ 15 lm. (B,C): Treatment with BI-D1870 (1-10 lM)
reduces P-histone H3S10 and CD44 protein levels, respectively. (D): MDA-MB-231 cells treated with BI-D1870 or RSK1/2 small interfering
RNA had a signiﬁcantly reduced ability to form mammospheres after 7 days. (E): Mammosphere number was reduced following treatment of
established spheres with BI-D1870 (10 lM). Abbreviations: DMSO, dimethyl sulphoxide; RSK, ribosomal S6 kinase. *p < 0.05.

CD44/CD24þ counterparts, TICs were found to have
increased PI uptake after treatment with BI-D1870; perhaps,
due to increased RSK expression in this population (Supporting Information Fig. S5D). Knockdown of RSK2 expression
using siRNA similarly decreased growth and induced apoptosis in CD44þ/CD24 cells (Fig. 5E, 5F, respectively). In parallel with our ﬁndings in unsorted cells, RSK2 inhibition was
more effective at suppressing growth and inducing apoptosis
in TICs than RSK1 inhibition. The studies thus far indicate
that RSK2 inhibitors are exciting therapeutic leads for inhibiting TICs.
One important consideration is the effect of inhibiting
RSK on normal stem cells. To address this question, we
assessed the growth and differentiation of primary human hematopoietic stem cells when dosed with a range (0.015–15
lM) of BI-D1870. Treatment with BI-D1870 did not suppress
the growth or differentiation of normal human hematopoietic
stem cells (at doses <5lM, Supporting Information Table S2,
Fig. S6A, S6B). We subsequently investigated the effect of
inhibiting RSK on normal breast epithelial cells (184htert). In
accordance with the data on the hematopoietic stem cells, we
observed no effect on the growth of 184htert cells at concentrations up to 2 lM BI-D1870, a dose that suppressed growth
of TICs by 90% (Supporting Information Fig. S7A). Interestingly, neither SL0101 (50 lM) or RSK siRNA, in particular
RSK2 siRNA, had any effect on growth of normal mammary
epithelial 184htert cells (Supporting Information Fig. S7B,
S7C, respectively).

RSK Inhibition Delays Tumor Initiation
To directly assess the effects of RSK knockdown on tumor
formation, we performed a transient RSK2 knockdown in

MDA-MB-231 cells that homogeneously express high CD44
and low CD24 (Fig. 6A). RSK2 was silenced for 48 hours
and loss of expression was conﬁrmed by qRT-PCR and immunoblotting (Fig. 6B). We observed >80% decrease in
RSK2 expression (Fig. 6B). This decrease in RSK leads to a
subsequent loss of CD44 protein expression (Supporting Information Fig. S8A). NOD/SCID mice were injected with
MDA-MB-231 cells transfected with either the scrambled
control siRNA or RSK2 siRNA (1  106 cells per MFP).
Given the short half-life of siRNAs (10 days; Supporting Information Fig. S8B, S8C), high cell numbers were required.
Based on our prior experience, we knew that this number of
cells would initiate tumor formation within approximately 2
weeks and that the siRNAs would still be active within this
timeframe. It was interesting to ﬁnd that 100% of the mice
(4/4) that received the MDA-MB-231 cells exposed to the
scrambled control developed palpable tumors beginning at 17
days postinjection. In contrast, only 40% of the mice (2/5)
developed tumors following RSK2 inhibition at the same
time interval, and this trend continued out until 24 days postinjection (Fig. 6C). The delay in tumor initiation correlated
with RSK2 expression in that after 3 weeks all the mice
eventually developed tumors (day 27) (Fig. 6C). At this
point, we validated RSK2 expression in all tumors and it was
found to be equal to the controls (Supporting Information
Fig. S8D). Once RSK2 was re-expressed, tumors grew at
equivalent rates; however, the average size of the RSK2
siRNA tumors was approximately half that of the control
tumors (Supporting Information Table S3). This is the ﬁrst
proof-of-concept study to show that RSK inhibitors block the
growth of TNBC cells in vitro and in vivo in part through
the loss of TICs.

Stratford, Reipas, Hu et al.

1345

Figure 5. Inhibiting RSK suppresses growth in CD44þ cells. (A): CD44þ/CD24 sorted cells have a much higher level of activated RSK and
YB-1 than CD44/CD24þ cells. (B): Quantiﬁcation of the level of P-RSKS221/7 in CD44þ compared to CD44 cells along with representative
images of P-RSKS221/7 staining. (C): Treatment of CD44þ/CD24 sorted cells with a single dose of BI-D1870 (1–10 lM) results in a 90%
decrease in growth after 72 hours. (D): Treatment of CD44þ/CD24 sorted cells with BI-D1870 induces apoptosis in TICs as indicated by PI
uptake. (E): Knockdown of RSK2 in CD44þ/CD24 sorted SUM149 cells resulted in a 70% decrease in growth after 96 hours. Western blot
demonstrates loss of protein. (F): Suppression of RSK2 with siRNA led to an increase in apoptosis as demonstrated by elevated PI uptake.
Abbreviations: DMSO, dimethyl sulphoxide; PI, propidium iodide; RSK, ribosomal S6 kinase; TIC, tumor-initiating cell; YB-1, Y-box binding
protein-1. *p < 0.05.

Figure 6. Inhibiting RSK2 delays tumor initiation. (A): MDA-MB-231 cells are ubiquitously CD44þ/CD24 as demonstrated by ﬂow cytometry, and these cells form tumors in mice within 2 weeks (data not shown). (B): A reduction in RSK2 transcript and protein (inset) was achieved
at 48 hours in MDA-MB-231 cells. (C): Transient RSK2 knockdown inhibited tumor initiation of MDA-MB-231 cells (1  106 cells per injection) in nonobese diabetic/severe combined immunodeﬁcient mice (p ¼ .058). Abbreviation: RSK, ribosomal S6 kinase. *p < 0.05.
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Figure 7. Activated RSK is expressed in triple-negative breast cancer patient samples. (A): RSK2 mRNA was associated with poor survival in
244 breast cancer cases who had not received chemotherapy (log-rank p ¼ 8.3  106; Cox proportional hazards p ¼ 1  105) (left). When
examining RSK2 expression in a cohort of 771 breast cancer cases representing all subtypes, it was highest in the basal-like subtype (center) (n ¼
771; p < .005) and in those of high-grade (right) (n ¼ 771; p < .05). (B): P-RSKS221/7 was detected in 13/18 aggressive breast tumor samples. PYB-1S102 and CD44 expression also correlated (Supporting Information Tables). (C): Expression of activated RSK and YB-1 was not detected in
normal breast tissue. Scale bars ¼ 100 lm. Abbreviations: RSK, ribosomal S6 kinase; YB-1, Y-box binding protein-1. *p < 0.05, **p < 0.005.

Activated RSK Is Expressed in Patient Samples
As we found RSK2 to have the most signiﬁcant effect on TNBC
and TIC survival, we then investigated whether it was also important in patient samples. We assessed RSK2 mRNA levels in
244 breast cancer patients who had not received adjuvant therapy. Patients with high RSK2 expression had signiﬁcantly
worse survival outcomes (log-rank test p ¼ 8.3  106; Cox
proportional hazards p ¼ 1.01  105) (Fig. 7A left). Analysis
of the entire cohort of 771 patients showed that interestingly,
RSK2 expression was highest in tumors of the basal-like subtype (Fig. 7A center) and in those with the highest grade (grade
3; Fig. 7A right). In support of this data, we demonstrated that
RSK2 expression levels were consistently signiﬁcantly higher
in TNBC cell lines compared with non-TNBC cell lines (Supporting Information Fig. S9). It is important to note that while
the basal-like subtype is deﬁned by gene expression, the majority of basal-like breast cancers are also triple negative in terms
of expression of cell surface receptor proteins [38].

Finally, we obtained a focused collection of 18 high-grade
breast cancers to address whether RSK was active in TNBC
and whether it correlated with either P-YB-1S102 or CD44. PRSKS221/227 was highly expressed in 85% (11/13) of TNBC
(Fig. 7B). Activated RSK signiﬁcantly correlated with P-YB1S102 (p ¼ .0002, Spearman’s correlation 0.771) (Supporting
Information Table S4). Furthermore, in more than half
the cases, CD44 expression tracks with P-RSKS221/227 and
P-YB-1S102 (p ¼ .0333, Spearman’s correlation 0.5031, and
p ¼ .0109, Spearman’s correlation 0.5840, respectively) (Supporting Information Table S4). In contrast to the high frequency of RSK and YB-1 activation in TNBC, P-RSKS221/227
and P-YB-1S102 were not expressed in primary normal mammary ducts (Fig. 7C). To expand this ﬁnding, 10 additional
normal breast tissues were examined and RSK was consistently not expressed (Fig. 7C, two examples shown). We thus
conclude that the RSK/YB-1/CD44 pathway is activated in
primary TNBC.
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DISCUSSION
Currently, the treatment of TNBC is limited to conventional
chemotherapy as targeted therapies are not available. YB-1 is
a signature feature of highly aggressive breast cancers, such
as TNBC, and is associated with poor clinical outcome and
disease relapse [39]. It is possible that this is in part, due to
the high proportion of TICs in TNBC. YB-1 is an early driver
in breast cancer formation and evokes cancer susceptibility by
promoting genetic instability leading to tumorigenesis [40].
We have previously demonstrated YB-1 as a critical regulator
of drug resistance and TIC phenotype in breast cancer [11].
In the brain, YB-1 overexpression promotes expression of
stem-cell genes and prevents differentiation of both normal
neural stem cells and also brain TICs [41]. Furthermore, YB1 promotes castration-resistant prostate cancer cell growth,
thus its inﬂuence in drug-resistant cell populations extends
beyond breast cancer [42]. However, the lack of molecular
therapies speciﬁc to YB-1 limits the ability to target it
directly.
Herein, we have identiﬁed that targeting RSK is a novel
strategy for speciﬁcally inhibiting growth of TNBC but not
normal breast epithelial cells. These ﬁndings are consistent
with those observed by Smith et al. in an ER-positive model,
MCF-7 cells, where growth suppression was demonstrated following treatment with SL0101 [30]. Immortalized normal
breast cells, MCF-10A cells were also not effected. In this
study, they did not assess the effects of targeting RSK using a
model of TNBC. It is noteworthy that the TNBC models that
we assessed were exquisitely sensitive to RSK inhibition,
more so than that reported for MCF-7 cells [30]. For example,
Smith et al. reported that loss of RSK1 or RSK2 suppressed
tumor cell growth by 40% [30]. Yet we show that the
growth of TNBC cells is inhibited by 90%–100% when RSK
is inhibited with RSK2 siRNA, SL0101, or BI-D1870. Importantly, upon subsequent treatments with BI-D1870, cells do
not acquire resistance to the compound. Currently, this represents the most striking effect of a kinase inhibitor on TNBC
growth.
TNBCs have a higher percentage of TICs—as deﬁned by
CD44 expression—compared to other breast cancer subtypes,
which could partially account for their increased propensity to
relapse [6]. The growth of the CD44þ cells is notably different in
that the number of mitotic ﬁgures and the levels of P-histone
H3S10 are considerably higher in those cells compared to the
CD44 cells. One way of explaining this growth advantage is
through the activation of signaling in CD44-positive cells is by
way of an autocrine loop where its ligand hyaluronan is produced.
The MDA-MB-231 cells are described as having an autocrine
production of hyaluronan that activates cell signaling through
recruitment of Rhamm and Erk, this in turn would engage the
mitogen activated protein kinase (MAPK) pathway [43]. Consistent with this model, the MEK1 inhibitor PD098059 disrupts this
pathway. While the authors attribute the CD44/Rhamm/Erk pathway to increased cell motility, which is of course an important aspect of the spread of TICs from the primary site this signaling network would also fuel cellular proliferation and drug resistance.
While CD44 is used as a means to isolate TICs, it too serves important functions in maintaining cell growth and invasion. Thus,
eliminating the TIC subpopulation alongside the rest of the tumor
may help overcome the challenge of relapse.
We previously identiﬁed the RSK downstream target
YB-1 as a critical regulator of a TIC phenotype [11]. Knock-
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down of YB-1 using siRNA in TNBC resulted in decreased
growth and mammosphere formation [11]. Herein, we demonstrate that inhibiting RSK, particularly RSK2, is sufﬁcient to
suppress growth in the CD44þCD24 population within
TNBC. Additionally, the ability to suppress mammosphere formation indicates an inhibition of self-renewal. One major challenge in the development of TIC-directed therapies is that many
of the critical signaling pathways in TICs are also crucial for
normal stem cell survival. Thus, inhibiting these pathways could
result in severe toxicity to normal stem cells. We found that
RSK inhibition demonstrated speciﬁc/increased toxicity to
breast TICs when compared with normal hematopoietic stem
cells. This is in line with a study by Kang et al., which showed
that loss of RSK2 via knockout also had no affect on the hematopoietic stem cell subpopulation [44]. Collectively, these data
indicate that RSK inhibition is effective at eliminating breast
cancer TICs but unlike conventional chemotherapies has little
effect on normal stem cells. We conclude that RSK is uniquely
linked to promote the proliferation of CD44þ cells, and as such
targeting this pathway has important implications in the management of TNBC. Furthermore, CD44 is a cancer stem cell
biomarker for many other types of cancer including leukemia
[45], prostate [46], pancreatic [47], and colon [48]. Therefore,
we propose that RSK inhibitors may be used to inhibit the
growth of cancer stem cells from a wide range of tumor types.
RSK2 has therefore become a subject of interest as an
emerging therapeutic target [49]. In part, this is because RSK2
has been linked to numerous cancer types [50] such as head
and neck squamous cell carcinoma [50] and those of hematopoietic origin [20]. More recently, a study to determine therapeutic targets for speciﬁc breast cancer subtypes by a siRNA
screen identiﬁed RSK2 as one of three genes with potential for
the TNBC subtype [31]. Taken together with our data we have
identiﬁed RSK2 as a promising therapeutic target for TNBC.

CONCLUSION
Our exciting and timely breakthrough brings forth RSK, and
RSK2 in particular, as a druggable molecular target for TNBC.
Moreover, RSK inhibitors have the highly desirable property of
inhibiting TICs, and given this it stands out as a cutting-edge
opportunity to potentially improve the treatment of TNBC.
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