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Breast cancer onset and disease progression have been linked to members of the TGFb superfamily and their
downstream signaling components, the Smads. Alterations in Smad3 signaling are associated with the dichotomous
role of TGFb in malignancy, mediating both tumor suppressant and pro-metastatic behaviors. Overexpression of cell
cycle regulators, cyclins D and E, renders cyclin-dependent kinases (CDKs) 4/2 hyperactive. Noncanonical
phosphorylation of Smad3 by CDK4/2 inhibits tumor suppressant actions of Smad3. We hypothesized that CDK
inhibition (CDKi) would restore Smad3 action and help promote cancer cell regression. Treatment of triple-negative
breast cancer (TNBC) cell lines (MDA-MB-231, MDA-MB-436, Hs578T) with CDK2i or CDK4i resulted in increased Smad3
activity and decreased cell migration. Transfection with a 5M Smad3 construct containing inhibitory mutations in 5 CDK
phosphorylation sites also resulted in decreased TNBC cell migration and invasion. MDA-MB-231 cells treated with
CDK2i or CDK4i resulted in decreased Smad3 protein phosphorylation at the CDK phosphorylation T179 site, decreased
MMP2 and c-myc expression, and increased p15 and p21 expression. Using a novel transfected cell array, we found that
CDK2i treatment decreased activity of the epithelial-to-mesenchymal transition related transcription factors Snail and
Twist. In vivo studies in an MDA-MB-231 tumor model showed that individual and combination treatment with
paclitaxel and CDK2i resulted in decreased tumor volume and Ki67 staining. Collectively, these data support further
investigation of targeted CDK inhibitors as a promising therapeutic strategy for TNBC, a breast cancer subtype with
limited treatment options.

Introduction

TNBC, characterized by tumors that are negative for the
estrogen receptor (ER), progesterone receptor (PR), and Human
Epidermal Growth Factor Receptor 2 (HER2), represents
approximately 15% of newly diagnosed invasive breast cancers
and is associated with a higher incidence of relapse and death
than other breast cancer subtypes.1,2 Treatment of TNBC repre-
sents a significant clinical challenge due to the limited molecular
targets associated with this disease subtype. Patients with TNBC
often have tumors with basal-like biology and an expression sig-
nature similar to that of the basal/myoepithelial cells of the
breast, including cytokeratin (CK)5/6 and/or epidermal growth
factor receptor (EGFR), as well as higher cyclin D and E expres-
sion.3,4 Cyclins D and E are overexpressed in more than 50%

and 25% of breast cancers, respectively, and are considered onco-
genes.5,6 Overexpression of cyclins, and the consequent impact
on CDK activity, affects normal cell cycle control and contributes
to disease progression and metastasis. Further understanding of
the downstream impact of aberrant cyclin activity in TNBC may
permit development of novel targeted therapies and improve out-
comes for patients affected by this aggressive form of breast
cancer.

Smad3 is a transcriptional regulator that canonically functions
through phosphorylation at the C-terminus (Serine 423/425)
upon ligand binding to TGFb receptors.7 Alterations in Smad3
signaling have been implicated in the dichotomous role of TGFb
in malignancy, enacting both tumor suppressant and tumor pro-
moting behaviors in early- and later-stage breast carcinogenesis.
We previously showed a significant correlation between decreased
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nuclear Smad3 and higher tumor grade, larger tumor size, and
hormone receptor negativity.8 In human breast cancer cell lines,
we also found that overexpression of Smad3 induced cell cycle
arrest and transcription of p15.9 Matsuura et al. reported that
Smad3 is a physiologic substrate for CDK4 and CDK2, and
identified multiple CDK4/2 phosphorylation sites within the
Smad3 protein, predominately in the linker region.10 Noncanon-
ical CDK phosphorylation of these sites inhibited canonical
Smad3 action, whereas mutation of the sites increased the tran-
scriptional activity of Smad3, facilitated cell cycle arrest, and
induced p15 transcription and c-myc repression.10 We confirmed
these findings in breast cancer cells engineered to overexpress
cyclins, showing that mutation or pharmacologic inhibition of
CDK4/2 phosphorylation sites in the Smad3 protein resulted in
restoration of transcription of cdk inhibitors p15 and p21 and
repression of c-myc.11,12 Additional work by Matsuura et al.
demonstrated that CDK-mediated phosphorylation of Smad3 is
requisite for interaction with Smurf2 and SNAIL1, and promo-
tion of cell migration, invasion, and epithelial-mesenchymal tran-
sition (EMT).13 Collectively, these studies indicate that CDK-
induced non-canonical phosphorylation of Smad3 contributes to
the loss of Smad3-mediated tumor suppression and gain of meta-
static potential, and may underlie the observed oncogenic switch
between TGFb-regulated tumor suppression to oncogenesis.

Based on these findings, we hypothesized that interventions
that block non-canonical Smad3 phosphorylation to restore or
maintain canonical Smad3 signaling and tumor-suppressive
activity will slow breast cancer growth. Prior studies have shown
that the CDK inhibitor (CDKi) flavopiridol in combination
with trastuzumab, histone deacetylase inhibitors, and docetaxel
lead to decreased solid tumor cell proliferation and tumor size.14

Furthermore, CDK4/6is have also demonstrated effectiveness
against multiple myeloma and colon cancers in murine mod-
els.15,16 To date, clinical trials have not examined specific
CDK2is and CDK4is in the context of TNBC and Smad3 sig-
naling, highlighting a potentially novel and focused application
for these agents. In the current work, we used human TNBC cell
lines to examine the impact of CDK2i and CDK4i alone, and in
combination with paclitaxel chemotherapy, on restoration of
Smad3 signaling and reversion of oncogenic phenotypes in vitro
and in vivo.

Results

Characterization of triple negative breast cancer cell lines
Table 1 describes the TNBC study cell lines.17–20 Immuno-

blotting showed differential expression of cell cycle proteins, with
MDA-MB-231 cells expressing the highest levels of cyclin D,
and MDA-MB-436 cells expressing the highest levels of cyclin E,
(Fig. 1A). Relative expression of cyclins was lowest in Hs578T
cells. Levels of CDK2 were similar across the 3 cell lines, while
there was a lower level of CDK4 expression in Hs578T cells com-
pared to the MDA-MB-231 and MDA-MB-436 cell lines. Smad
3 expression was highest in MDA-MB-436 cells when compared
to the Hs578T and MDA-MB-231 cell lines, though this differ-
ence was not statistically significant.

CDK inhibitors increase Smad3 transcriptional activity in a
dose-dependent manner

Overall, an increase in Smad3 transcriptional activity was
observed in cells treated with the CDK inhibitors, indicating
that, in the setting of elevated cyclin D and E, CDK4/2 inhibi-
tion augments canonical Smad3 activity (Fig. 1B). Treatment of
Hs578T cells with relatively lower doses of the CDKis (Fig. 1B)
resulted in the greatest increase in Smad3 activity compared with
the other study cell lines, and this result may be associated with
the lower cyclin/CDK expression levels found in the Hs578T
cells (Fig. 1A). For the MDA-MB-231 and MDA-MB-436 cells,
Smad3 reporter activity increased with a similar trend after treat-
ment with either CDK2i or 4i. Based on these results, we used
doses of 240 nM CDK2i and 400 nM CDK4i in subsequent
studies.

Inhibition of CDK-mediated phosphorylation of Smad3
decreased migration of TNBC cells

For all cell lines, CDK inhibition resulted in decreased cell
migration compared with untreated cells (Fig. 1C). CDK2 inhi-
bition resulted in a greater decrease in MDA-MB-231 and
MDA-MB-436 cell migration when compared to CDK4 inhibi-
tion, while the impact of both inhibitors was similar, though sig-
nificant for CDK4i, in Hs578T cells. Next, we determined if
overexpression of mutant 5M Smad3, resistant to CDK phos-
phorylation, would inhibit migration in a manner similar to
pharmacological CDK inhibition. Study cells were transfected
with Vec, WT, or 5M constructs and cell migration was assessed
(Fig. 1D). Compared to Vec, transfection with WT and 5M
Smad3 constructs resulted in decreased cell migration, with the
greatest decrease found after transfection of MDA-MB-436 cells
with the 5M construct. For MDA-MB-231 cells, transfection
with the 5M construct resulted in a significantly greater decrease
in migration when compared to transfection with the WT con-
struct (Fig. 1D, E).

CDK inhibition results in decreased invasion and altered
expression of metastasis- and cell cycle-related proteins in MDA-
MB-231 cells

To further investigate the impact of CDK inhibition on
Smad3 action we focused on the MDA-MB-231 cell line,

Table 1. Triple negative breast cancer cell lines

Cell Line Characteristics

Hs578T Triple negative26

Express TGFb receptors, Smad327

Express cyclins D/E (Fig. 1A)

MDA-MB-231 Triple negative27

Basal-like subtype/highly metastatic27

Express TGFb receptors, Smad327

Have high expression of cyclins D/E (Fig. 1A)

MDA-MB-436 Triple negative28

BRCA1 mutated28

Express TGFb receptors, Smad329

High expression of cyclins D/E (Fig. 1A)
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capable of metastasis in vivo. We next
examined the impact of overexpressing
WT or 5M Smad3 on cell invasion.
While both constructs significantly
decreased the percentage of invading
MDA-MB-231 cells, transfection of
the 5M construct resulted in the great-
est decrease in cell invasion (Fig. 2A).
Previous studies by our group and
others have revealed that, of the 5 non-
canonical phosphorylation sites identi-
fied in Smad3, phosphorylation of the
T179 site is critical to negative regula-
tion of Smad3 action.11–13 As expected,
treatment of MDA-MB-231 cells with
CDK2i or CDK4i resulted in decreased
phosphorylation at the T179 site, while
total Smad3 levels remained relatively
stable (Fig. 2B). Additionally, expres-
sion of MMP2 decreased with CDK2i
and 4i (Fig. 2C). Further confirming
restoration of canonical Smad3 action
after treatment with CDK2i and
CDK4i, expression of p15 and p21
increased, while expression of c-myc
decreased (Fig. 2C).

Figure 1. TNBC cells show increased Smad3 activity and decreased cell migration in response to CDKi treatment. (A) Immunoblotting confirmed expres-
sion of study proteins in TNBC cells. *P < 0.05 for indicated cell lines (B) Smad3 reporter activity was measured in study cells after increasing doses of
CDK2i and CDK4i. Study cells were (C) treated with control DMSO (NT), CDK2i or CDK4i or (D) transfected with Vec, WT or 5M Smad3 and cell migration
was assessed. (E) Representative images of Vec and 5M transfected cells are shown at 10£magnification.

Figure 2. MDA-MB-231 cells expressing 5M Smad3 show decreased cell invasion and CDK inhibition
results in decreased MMP2 expression, decreased CDK-mediated phosphorylation of Smad3 at the
T179 site, and restoration of proteins related to cell cycle arrest. (A) MDA-MB-231 cells were trans-
fected with Vec, WT, or 5M Smad3 and invasion was assessed (B and C) MDA-MB-231 cells were
treated with control DMSO (NT), CDK2i, or CDK4i and immunoblotting was performed to assess
expression of study proteins.
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Treatment of MDA-MB-231 cells with paclitaxel/CDK2i
results in apoptosis in vitro and decreased tumor size in vivo

Next we examined the effect of CDK2i and CDK4i alone and
in combination with the chemotherapeutic paclitaxel on apopto-
sis (Fig. 3A). TUNEL staining of MDA-MB-231 cells showed
that CDK2i, CDK4i, paclitaxel, and paclitaxel/CDK4i resulted
in moderately increased apoptosis, while paclitaxel/CDK2i
resulted in the greatest increase in apoptosis.

We then tested the impact of CDKis individually and in com-
bination with paclitaxel in a xenograft model of TNBC. Com-
pared to control, treatment with paclitaxel resulted in decreased
tumor volume (Fig. 3B, C). Treatment with CDK2i alone also
resulted in decreased tumor volume, and the effect was not signif-
icantly different from paclitaxel. Combination paclitaxel/CDK2i
therapy resulted in the greatest decrease in tumor volume. In con-
trast, while treatment with CDK4i resulted in reduced tumor
volume, the decrease was not significantly different from control.
Treatment with paclitaxel alone, and in combination with
CDK4i, resulted in a similar reduction in tumor growth com-
pared to control treated animals. At the end of the treatment
period, tumors were removed and stained for Ki67 (Fig. 3D).
Compared to control treated animals, all study treatments except
paclitaxel/CDK4i resulted in a similar significant decrease in
tumor cell proliferation.

Characterization of signaling changes in MDA-MB-231 cells
after CDK2 inhibition

Given the decrease in migration and invasion in vitro and
cytoreductive impact of CDK2i treatment on TNBC in vivo, we

applied a cell reporter array to further study mechanistic conse-
quences of CDK2i.21,22 After treating MDA-MD-231 cells with
control or CDK2i, activities of 11 TFs associated with oncogene-
sis were measured at several time points. Factors selected for
study were based on association with proliferation, apoptosis,
and metastasis (Table 2). After 4 hours of treatment, a significant
increase in Smad3 reporter activity was detected (Fig. 4A).
Increases in b-catenin, Snail, Sp1, Twist, YY1, and Zeb1 reporter
activity were also identified at this early time point (Fig. 4A). At
later time points (up to 6 d post treatment), Snail, Sp1, and
Twist activity significantly decreased, while YY1 and Zeb1 activ-
ity plateaued (Fig. 4B). We also observed transient increases in
p53 and Notch1 activity. This work supplements our earlier find-
ings showing increased Smad3 activity upon treatment with
CDK2i (Fig. 1).

Discussion

Treatment of TNBC remains a clinical challenge. It is critical
that we discover pathways underlying TNBC oncogenesis to
identify potential targets and develop new therapies. Our previ-
ous work demonstrated the impact of cyclin/CDK-mediated
Smad3 phosphorylation on oncogenic events in an engineered
model of cyclin overexpressing breast cancer cells.11,12 We now
report that, in more biologically relevant TNBC cell lines, inhib-
iting CDK-mediated phosphorylation of Smad3 through phar-
macologic or genetic means supports canonical Smad3 activity
and associated expression of cell cycle arrest proteins and inhibits

Figure 3. Paclitaxel/CDK2i induced apoptosis in vitro and decreased tumor volume and Ki67 staining in vivo in a MDA-MB-231 xenograft model. (A) MDA-
MB-231 cells were treated and analyzed for apoptosis using TUNEL staining. (B) Female athymic nu/nu mice were inoculated with MDA-MB-231 cells to
establish tumors, and treated for 21 d Tumor volume was measured at indicated time points. The tumor volumes from treated groups were compared
with the volume from the respective control treated group at Day 21, and significance was then determined; *P < 0.05, **P < 0.005. (C) Representative
images from Ki67 stained xenografts from each treatment group at 20X magnification.
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EMT-associated cell processes of migration and invasion. Our in
vitro results were recapitulated in vivo: CDK2i, paclitaxel, and
paclitaxel/CDK2i significantly reduced tumor size and percent of
Ki67-positive residual tumor cells. Lastly, treatment with CDK2i
resulted in decreased transcriptional activity of EMT-associated
factors including Snail and Twist, pre-clinical data that, together,
helps to reveal mechanisms underlying TNBC oncogenesis and,
potentially, a new therapeutic strategy.

TNBC may become more aggressive, in part, as cyclin expres-
sion increases and the cell cycle becomes more deregulated, lead-
ing to a switch from tumor-suppressing canonical Smad3 activity
to tumor-promoting noncanonical CDK-mediated Smad3 phos-
phorylation.10 The mechanism by which this oncogenic switch
occurs during cancer progression is likely reflective of dynamic
changes evolving within tumor cells and the microenvironment
over time. The rationale for CDKi therapy is linked to regulation
of cell cycle progression and, to this end, we found a significant
increase in p15 and p21 and decrease in c-myc protein expression
after treatment with CDK2i and CDK4i (Fig. 3). Our data also

suggests that CDK inhibition can impede metastatic phenotypes
such as migration and invasion through blockade of noncanoni-
cal phosphorylation of Smad3 and the downstream effects on
Smad3-mediated protein expression. MMP2 plays a critical role
in EMT and was previously identified as a target of canonical
Smad3 transcriptional activity in breast cancer, where TGFb
induced MMP2 expression in a Smad3/4-dependent manner.24

In normal and Ras-transformed rat gastric mucosa cell lines, inhi-
bition of linker region Smad3 phosphorylation—such as that
mediated by CDK2/4—was shown to result in decreased expres-
sion of MMP2.25 The influence of domain-specific phosphoryla-
tion of Smad3 on expression of MMP2, and the effect on
migration and invasion, has not been previously studied in the
context of breast cancer. We have demonstrated here in TNBC
cells that inhibition of non-canonical phosphorylation of Smad3,
through treatment with CDKis, led to a significant decrease in
MMP2 (Fig. 2C).

Previous work has also shown that non-canonical phosphory-
lation of Smad3, particularly at the T179 site, leads to binding of

Table 2. List of reporters used in the array

Reporter Associated TF Biological Function Sequence Reference for Reporter Sequence

bcat Catenin, Beta 1 Adhesion, Cell Cycle,
Differentiation

TAAGATCAAAGGGGGTAAGATCAAA
GGGGGTAAAATCAAAGGGGGCCCCC
TTTGATCTTACCCCCTTTGATCTTACC
CCCTTTGATCTTAACCGGT

TOP Flash sequence (Millipore)

Nanog Homeobox transcription
factor nanog

Stem cell proliferation,
Self renewal

CCATTGTCATGCTAATCCATTGTCA
TGCTAATCCATTGTCATGCTAAT

Jauch et al 2008 (PMID 18177668)

NfkB Nuclear Factor kappa B Inflammation, Cell growth GGGAATTTCCGGGAATTTCCGGGA
ATTTCCGGGAATTTCCGGGAATTT
CCGGGAATTTCC

Panomics

Notch1 Notch Cell development,
Proliferation

TTTCCCACGTTTCCCACGTTTCCCACG TRANSFAC ID R27998

p53 p53 Cell cycle, Apoptosis,
DNA repair

TACAGAACATGTCTAAGCATGCTGT
GCCTTGCCTGGACTTGCCTGGCCTTG
CCTTGGG

Panomics

Smad3 Smad3 Cell cycle, Apoptosis,
Metastasis

TCGAGAGCCAGACAAAAAGCCAGACAT
TTAGCCAGACAC

Panomics

Snail Zinc finger protein SNAI1 EMT CACCTGCACCTGCACCTGCACCTGCACCTG
CACCTGCACCTGCACCTGCACCTGCACCTG

TRANSFAC ID RE0073409

Sp1 Transcription factor SP1 Apoptosis GTATTTCCCAGAAAAGGAACGTATTT
CCCAGAAAAGGAACGTATTTCCCA
GAAAAGGAAC

Panomics

Twist Twist-related protein 1 EMT, Differentiation CATGTGCATGTGCATGTGCATGTGCATGT
GCATGTGCATGTGCATGTGCATGTGCATGTG

PMID 16585154

YY1 Transcription Factor YY1 Differentiation,
Embryogenesis,
Proliferation

CGCTCCCCGGCCATCTTGGCGGGTGGT
CGCTCCCCGGCCATCTTGGCGGCTGGT

Panomics

Zeb1 ZEB1 EMT ACTCACCTGTGTACTCACCTGTGTACTC
ACCTGTGTACTCACCTGTGT

PMID 11713281

Source of Biological Function information: Online Mendelian Inheritance in Man database.23
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the protein peptidyL-prolyl cis-trans isomerase NIMA-interacting
1 (Pin1) which in turn results in Smad3-Smurf2 interaction,
ubiquitination, degradation, and loss of cell cycle control.13,26

Pin1 binding was also found to result in upregulation of N-cad-
herin and promotion of invasive and metastatic behaviors in a
prostate cancer cell model.13 As shown, blockade of non-canoni-
cal Smad3 activity by CDKi would be expected to result in anti-

metastatic phenotypes (Fig. 1). To this end, we had reported that
transfection of a T179 site mutant construct resulted in increased
Smad3 activity comparable to transfection of the 5M construct
in the Hs578T triple negative cell line.12 In the current study,
treatment with CDKi was also associated with decreased phos-
phorylation at the Smad3 T179 site (Fig. 2B), repression of
MMP2 expression (Fig. 2C), and decreased TNBC cell

Figure 4. CDK2i treatment of MDA-MB-231 alters activity of transcription factors associated with oncogenic processes. MDA-MB-231 cells were trans-
duced with TF reporters and treated with CDK2i. Bioluminescence was normalized to TA control at (A) 1, 2, and 4 hours (early timepoints) and (B) at 1, 3,
and 6 d (late timepoints).
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migration (Fig. 1C). Expression of mutant 5M Smad3 was effec-
tive in reducing migration in the MDA-MB-231 and MDA-
MB-436 cell lines, as well as invasion in MDA-MB-231 cells.
Interestingly, for the Hs578T cell line, the anti-migratory impact
of treatment with CDK2i or transfection with the 5M construct
was not as prominent when compared to the other study cell
lines. These findings underscore the heterogeneity and complex-
ity of TNBC. To this end, it is possible that the disruption of
pro-migratory PIN1 binding may be differentially affected by
CDKi therapy, resulting in the less pronounced anti-migratory
effects found in the Hs578T cells after CDK2i treatment, when
compared with the reduction in cell migration found in the
MDA-MB-231 and MDA-MB-436 cell lines. Furthermore,
additional factors contributing to cell migration have also shown
disparate effects in TNBC, with the Rho family GTPase Cdc42
found to negatively regulate cell migration in MDA-MB-231
cells while having a pro-migratory effect in Hs578T cells.27 In
recognizing the complexity of Smad3 action, impacted by both
canonical and noncanonical phosphorylation, the specific phos-
pho-Smad3 status may also have a role in the metastatic pheno-
types of TNBC. As such, increased levels of Smad3
phosphorylated in the linker region (pSmad3L) have been
detected in invasive human colorectal and hepatocellular cancers
when compared to non-cancerous tissues.28–30 It follows that
increased pSmad3L levels may then facilitate pro-migratory
PIN1 binding. Accordingly, investigation into the prognostic
and predictive relevance of pSmad3C (Smad3 phosphorylated at
the C-terminus) versus pSmad3L in TNBC is warranted.

To further examine the impact of CDKi on EMT related
events we used a novel transcription factor (TF) reporter cell
array21,22,31 and found that CDK2i treatment of TNBC cells led
to an early increase in activity of b-catenin, Smad3, Snail, Sp1,
Twist, YY1, and Zeb1 (Fig. 4). The association between canoni-
cal Smad3 signaling and transcriptional drivers of EMT, includ-
ing Snail/Twist/Zeb1 has been well documented.32 Restoration
of canonical Smad3 signaling by CDK2i may trigger cross-talk
between TGFb/Smad3 signaling and other oncogenic signaling
pathways, such as RAS-related signaling, leading to activation of
EMT factors. Accordingly, RAF-MAPK signaling induced EMT
only in cooperation with TGFb signaling in mammary epithelial
cells in vivo.33 At later timepoints, Smad3 and b-catenin activity
normalized; Snail, Sp1, and Twist activity significantly decreased;
and Notch1, YY1 and Zeb1 activity plateaued at levels compara-
ble to early timepoints. Temporal changes in EMT factor activity
in response to CDK2i may reflect efficacy of this therapy in pro-
moting canonical, tumor-suppressive, Smad3 signaling; as noted,
decreased activity of Snail and Twist found at the 24 hour time
point correlated to the decrease in migration found in study cells
after 24 hours of treatment with CDK2i. Additionally, ubiquitin
ligases can preferentially bind to activated Smad complexes
resulting in a subsequent decrease in canonical Smad3 signaling,
potentially contributing to the later onset decreased levels of Snail
and Twist activity.34 As stated, potential blockade at the T179
site by CDK2i may also offset Pin1 binding and result in
decreased metastatic phenotypes. Thus, although activity levels
of Zeb1 and Notch1 were also increased after prolonged CDK2i
treatment, taking into consideration the complex interplay of
mechanistic events that contribute to a changing phenotype, the
impact of CDK2i was sufficient to alter the balance toward an
anti-migratory phenotype in TNBC study cells. Correspond-
ingly, Siletz et al. recently reported on the critical nature of
sequential changes in TF activity within a dynamic model of an
EMT network that captures the dedifferentiation program.31

Taken together, our work suggests that Smad3 may be an impor-
tant hub within the TF network, functioning both canonically
and non-canonically, to affect downstream activity of factors
such as Snail and Twist, with CDK2i acting to mitigate pheno-
typic changes associated with EMT.

CDK inhibitors have previously shown significantly greater
cytotoxic potency compared to receptor tyrosine kinase inhibitors
in a clinically diverse panel of breast cancer cell lines, demonstrat-
ing that breast cancer cells may be particularly sensitive to disrup-
tion in CDK activity.35 Interestingly, in MDA-MB-231 and
MDA-MB-436 cell, which displayed relatively higher levels of
cyclin E than Hs578T cells, CDK2i was more effective than
CDK4i in reducing cell migration (Fig. 1). Our in vivo studies
showed similarly higher efficacy of CDK2i vs. CDK4i in reduc-
tion of TNBC tumor volume and cell proliferation (Fig. 3). This
suggests a correlation between cyclin E expression and efficacy of
CDK inhibition, and that CDKis may be a promising therapeu-
tic approach for cyclin E overexpressing TNBC. Previous reports
have demonstrated the predominant action of cyclin E activity in
TNBC36,37 and immunohistochemical analysis of cyclins in
human breast cancer samples showed that cyclin E expression

Figure 5. Proposed model for impact of CDK2/4 on dichotomous TGFb/
Smad3 signaling in breast cancer. Canonical Smad3 signaling, where
phosphorylation occurs at the C-terminus, results in tumor suppressive
events, including cell cycle arrest and apoptosis. Cyclin overexpression in
breast cancer cells leads to hyperactive CDK activity that results in CDK-
mediated noncanonical phosphorylation of Smad3 in the linker region
and downstream oncogenic events such as cell proliferation and migra-
tion/invasion. Inhibiting CDK activity through use of pharmacological
CDK inhibitors may prevent noncanonical phosphorylation of Smad3
and favor tumor suppressive Smad signaling.
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correlated with ER/PR-negative breast cancer and increased
intensity of Ki67 staining.36 Additionally, expression of cyclin E
was found to correlate with basal type and poor prognosis in a
breast cancer tissue microarray study.37 Furthermore, the ability
of CDK2 to bind to cyclin D (in the presence of p21), as well as
cyclin E, may result in increased control of the cell cycle by this
CDK in TNBC.38 Thus, for the MDA-MB-231 TNBC model
that expresses increased levels of cyclins D and E, disrupting
CDK2 activity may be more impactful than disrupting CDK4
activity.

Taxanes are potent anti-tumor agents widely implemented in
the care of patients with breast cancer;39 however, acquired resis-
tance to taxanes has prompted investigation into combination
drug studies.39 A study of MCF7 cells determined that flavopiri-
dol, a pan-CDK inhibitor against CDKs-1,2,4,6,7, augmented
paclitaxel-mediated apoptosis when administered after paclitaxel
through enhanced activation of caspases.40 Pretreatment with fla-
vopiridol resulted in G1/G2 cell cycle arrest, limiting effective-
ness of paclitaxel, which acts predominately in the M phase.
Thus, the impact of drug combinations may be sequence depen-
dent. In the current study of TNBC xenografts, CDKis, pacli-
taxel, and combination paclitaxel/CDK2i were effective in
decreasing the percent of Ki67C cells, but a subset of predomi-
nantly Ki67C cells remained after treatment with paclitaxel/
CDK4i (Fig. 5). These residual Ki67C cells may be indicative of
a chemoresistant TNBC stem cell (BCSC) population, as breast
cancer cells treated with pacIitaxel can develop populations of
resistant BCSCs.41 Furthermore, a paclitaxel-resistant stem-like
variant of the MDA-MB-231 cell line had increased expression
of p21.42 As mentioned, in the presence of p21, CDK2 can form
active complexes with cyclin D in addition to cyclin E38 which
may render CDK2i treatment more impactful in this scenario,
possibly by promoting apoptosis through continual E2F activa-
tion in the setting of pRb deregulation.43 Correspondingly,
CDK4i would be expected to be less effective after treatment
with paclitaxel—with its associated elevated p21 expression—
compared to either paclitaxel or CDK4i treatment alone. In addi-
tion to the Ki67C cells with higher p21 expression, another sub-
set of cells may co-exist, cycling outside of the point of paclitaxel
action in the M phase. This cell subset could be impacted by
CDK4i treatment in G1/G0 phase, thus protecting these specific
cells from the action of paclitaxel upon further dosing. Prior
work in MDA-MB-231 cells showed that combination therapy
with doxorubicin and a CDK4/6 inhibitor compromised the effi-
cacy of doxorubicin.44 This decreased efficacy was secondary to
cell cycle-specific phase sequestration of cancer cells, dependent
on Rb functional status, and resulted in persistence of CDK4/6i-
mediated cancer cell viability.44 Additionally, in cell models of
fibrosarcoma and melanoma, induction of p21, p16, or treat-
ment with a CDK4/6 inhibitor along with MEK/ERK (MAPK
pathway) activation resulted in overexpression of cyclin D, and
in conjunction with functional MTOR (mechanistic target of
rapamycin), these cellular events also led to cancer cell senes-
cence.45,46 Taken together, this prior work helps contextualize
our findings after paclitaxel/CDK4i treatment when compared to
the other study treatments. Furthermore, these findings support

the rational implementation of combination therapies that have
multiple targets of action in order to achieve superior therapeutic
outcomes.

While change in tumor size remains a critical factor when
determining effectiveness of neoadjuvant therapy prior to sur-
gery,47 other indicators of tumor response, such as post treatment
tumor cellularity, are also prognostic. Evaluation of response
becomes more complicated when tumor size does not correlate
to histopathologic changes occurring within the tumor. Our data
revealed a discrepancy between impact of therapy on tumor size
when compared with Ki67 staining; specifically, CDK4i-treated
tumors showed a high desmoplastic response indicative of tumor
fibrosis and decreased Ki67 staining despite a non-significant
reduction in tumor volume, whereas paclitaxel/CDK4i-treated
tumors showed an intermediate desmoplastic response with
higher Ki67 staining compared to treatment with paclitaxel or
CDK4i alone. These findings underscore the importance of eval-
uating several markers of therapeutic response including tumor
volume, cellularity, and histologic appearance, as well as expres-
sion of tumor markers such as Ki67 during pathologic analysis.48

The measure of residual tumor burden, which factors in patho-
logical measurements of tumor size and cellularity, as well as
nodal metastasis, was a significant predictor of distant relapse-
free survival in breast cancers treated with neoadjuvant chemo-
therapy.49 Thus, accounting for both the change in tumor size
and cellularity may give more precise pathologic response infor-
mation than tumor size alone when evaluating response to ther-
apy.50 As such, the potential impact of CDK4i therapy on
reduction of tumor cellularity will motivate future studies focus-
ing on alternative chemotherapies in combination with CDK4i
for the treatment of TNBC.

Collectively, these studies demonstrate the effectiveness of
CDK inhibitors to increase Smad3 activity, decrease cell migra-
tion and invasion, decrease tumor growth in a xenograft mouse
model of TNBC, and alter transcription factor profiles in TNBC
cells. While pan–anti-TGFb signaling agents have shown some
efficacy in treating metastatic breast cancer,51,52 implementing
CDKi therapy may provide a more rational means to target the
pro-oncogenic aspects of TGFb signaling, providing more
enhanced anticancer effects (Fig. 5). Consequently, phosphoryla-
tion of active nuclear Smad3 would shift away from non-canoni-
cal, oncogenic phosphorylation of the linker region and toward
the more tumor suppressive C-terminal phosphorylation.25 Our
preclinical data identifies potential cyclin/CDK and TGFb
related biomarkers relevant to TNBC and a possible novel thera-
peutic drug combination that may help improve outcomes for
patients who develop this aggressive breast cancer subtype.

Materials and Methods

Cell culture and antibodies
Human MDA-MB-231, MDA-MB-436, and Hs578T cells

were obtained from ATCC (Manassas, VA) and maintained
according to supplier recommendations. Antibodies: cyclin D1,
GAPDH, cyclin E, p21, CDK2: Santa Cruz Biotechnology
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(Santa Cruz, CA); Smad3, CDK4, p15, MMP2: Cell Signaling
Technology (Danvers, MA); b-actin: Sigma (St. Louis, MO); c-
myc: Epitomics (Burlingame, CA); phospho-Smad3 T179:
Abcam (Cambridge, MA). CDK4 inhibitor II (IC50 200 nmol/
L) and CDK2 inhibitor (IC50 60 nmol/L) Calbiochem (La Jolla,
CA). Each inhibitor was resuspended in DMSO, and DMSO
was control treatment. Based on IC50 and dose-ranging luciferase
assay results, treatments were: 0.1% DMSO, 400 nM CDK4i,
and 240 nM CDK2i.

Immunoblotting
For MMP2, p15, p21, and c-myc immunoblots, cells were

treated for 48 hours with CDKis. For Smad3 and Smad3-T179
immunoblots, cells were treated for 2 hours with CDKis, fol-
lowed by 10 ng/mL TGFb for 1 hour. Following treatment, pro-
tein was extracted and immunoblotting was performed as
previously described.12 Densitometry was completed using
ImageJ software and values for treated samples were normalized
to controls.

Luciferase assay
A construct consisting of a Smad3-responsive promoter

upstream of a firefly luciferase reporter (CAGA-luc) and a control
reporter (pRenilla) was transfected into study cells, with 200 ng
of Smad3 expression plasmid, and treated with CDKi for
48 hours. Cells were processed and luminescence measured as
previously described.12

Migration and invasion assays
For the migration assay, 10% FBS was used as a chemoattrac-

tant and added to the wells of a 24-well plate. Transwell inserts
of 8-mm polyethylene terephthalate (PET) membranes (BD Bio-
sciences) were placed in each well. Suspensions of serum-starved
cells treated for 24 hours with CDKis or transfected with CS2C
vector control (Vec), wild-type Smad3 (WT), or 5M Smad3
(5M) were added to inserts and incubated for 24 hours. The 5M
Smad3 expression plasmid, (a kind gift from Dr. Fang Liu,
Rutgers, Piscataway, NJ) has been described previously, and con-
tains multiple CDK phosphorylation site mutations (T8/T179/
S204/S208/S213) that result in the inhibition of CDK4/2 phos-
phorylation.10 For invasion assays, reconstituted basement mem-
brane Matrigel inserts (BD Biosciences) and cells were incubated
for 48 hours. After scrubbing the inserts, they were transferred
into 24-well plates containing 0.5% crystal violet to stain and fix
cells that migrated to the bottom of membrane. Stained,
migrated cells were counted using 10X magnification.

Cell block preparation for in situ TUNEL assay
MDA-MB-231 breast cancer cells were treated for 48 hours

with control DMSO, 400 nM CDK4i, 240 nM CDK2i, 1 nM
paclitaxel alone or in combination. Supernatant was collected to
isolate floating apoptotic cells with a minimum of 10 million
cells per sample. Cells were spun down, 3 drops of plasma and
thrombin were added to pellet, followed by centrifugation, and
placed into a mesh bag, immersed in formalin for 30 minutes,
processed and paraffin embedded.

Histology, immunohistochemistry and TUNEL assay
Sections were cut to 4-mm thickness, deparaffinized in xylene

and rehydrated through graded alcohols to deionized water. Anti-
gen retrieval and endogenous peroxidase block were carried out
by standard procedure. IHC examination of mouse xenografts
was performed on FFPE sections using Dako Mouse
EnVisionTMC HRP method. Ki67 [(1:100) (DAKO M7240)
Glostrup, Denmark] immunostaining was performed using
DAKO auto-stainer. Apoptotic cells were detected in FFPE cell
blocks using ApopTag� plus peroxidase in situ apoptosis kit
(#S7101, Millipore, Billerica, MA).

Slide evaluation
Slides were evaluated with NanoZoomer 2.0-HT: C9600-13

scanner (Hamamatsu Photonics, Iwata City, Japan) at 20X mag-
nification. Mayachitra (Santa Barbara, CA) imago-1 software was
used to count total number of nuclei (range 15,000–100,000
cells) in acquired TIFF images. Three sections from each paraffin
cell block were stained at intervals of 50 mm depth. Manual
identification of apoptotic bodies at 20X objective was based on
(a) marked condensation of chromatin and cytoplasm (apoptotic
cells); (b) cytoplasmic fragments with or without condensed
chromatin (apoptotic bodies); and (c) intra- and extracellular
chromatin fragments (micronuclei) [17]. An apoptotic index (%)
was calculated as follows: apoptotic bodies/total number of cells
per slide X 100. For Ki67 staining, 6 peripheral/edge regions
were sampled within a fixed field of 0.427 mm2 in each tumor
sample. Areas of necrosis were discarded and V.P. was blinded to
experimental treatment. ImageJ software was used to quantify
Ki67 immunoreactivity. Ki67 Labeling Index (LI) was calculated
as a percentage of positively stained cells per total number of
tumor cells considered for evaluation.

In vivo studies
MDA-MB-231 cells (1 £ 106) suspended in 100 mL of

chilled Matrigel (BD Biosciences) were injected bilaterally into
lactiferous ducts of 4th mammary gland of 5- to 6-week-old
female athymic nu/nu mice (Charles River). Two weeks post
inoculation, mice were randomized into 6 treatment groups
(8 mice per group): control DMSO, CDK2i, CDK4i, paclitaxel,
paclitaxel/CDK2i, and paclitaxel/CDK4i. Mice were treated
using intra-peritoneal injection: control or 1 day of paclitaxel
treatment followed by control or 2 d of CDKi. Study groups
were treated 3 times weekly for 4 weeks, or when tumor burden
reached more than 1.5 cm2. Tumors were measured with digital
calipers; tumor volumes were calculated using equation
VTumor D (w2 £ l )/2.53 Mice were weighed twice weekly. The
tumor volumes from treated groups were compared with the vol-
ume from the respective control treated group at Day 21, and sig-
nificance was then determined. At the end 4 weeks, mice were
sacrificed and xenografts removed for IHC analysis. All animal
experiments were conducted under protocols approved by Ani-
mal Care and Use Committee.
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Formation of transduced cell arrays
To form an array, MDA-MB-231 cells were transduced with

lentivirus encoding TA-FLuc or one of the TF reporter genes, as
previously described,21,22,31 (25,000 PP/cell), by centrifugation,
resuspension in Matrigel (BD Biosciences), and seeding into
wells of a black 384-well plate (Greiner BioSciences, Monroe,
NC). Cells were treated with 0.1% DMSO control or 240 nM
CDK2i at indicated time points. For each treatment group, 11
TF reporters (TFr) were studied, in addition to control TA-Fluc
reporter. Non-transduced cells were also used to control for back-
ground imaging. For all treatment groups, each TFr was present
in each plate in quadruplicate.

Bioluminescent imaging to measure FLuc activity
To assess FLuc activity, bioluminescence imaging was

performed at indicated time points. One mM d-luciferin (Perkin
Elmer, Waltham, MA) was added to wells and plates were incu-
bated at 37�C for 30 minutes, followed by imaging with In Vivo
Imaging System (Caliper). Data were analyzed using R.54 Statis-
tical methodology22 was updated accordingly: data below the
background that contained non-infected cells were removed
(confidence interval [CI] D 99.5%) and missing data were
replaced with the average value of the same treated wells. Subse-
quently, data were further normalized by the average biolumines-
cence intensity of the control wells, TA-Fluc, for the same time
and treatment and logarithmically transformed (in based 2).
Normalized and transformed intensities were shifted to the same
initial time value by multiplying ratio of initial measured activity
to average of all initial measured activities for a given TFr such
that the initial normalized value was the same across all condi-
tions for the same TFr. R package limma55 was employed to
determine differentially activated TFr versus initial time and
experimental control. False discovery rate (fdr) was used to cor-
rect for multiple comparisons. Data were plotted using the
ggplots package.56

Statistical analysis
Results are presented as mean values § SE from representative

experiments performed in triplicate and were analyzed by
unpaired, 2 tailed Student’s t test. p < 0.05 was considered statis-
tically significant. Power analysis was performed to determine the
number of animals (each with 2 xenografts) needed in each treat-
ment group using sample size formula for comparison of means
and PASS sample size software (Power Analysis and Sample Size
for Windows 2000, NCSS). For a CV of 20%, 8 animals (16
tumors) per group were utilized.
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