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Abstract

Triple-negative breast cancer (TNBC) is defined as a group of primary breast cancers lacking expression of estrogen,
progesterone, and human epidermal growth factor receptor-2 (HER-2) receptors, characterized by higher relapse rate and
lower survival compared with other subtypes. Due to lack of identified targets and molecular heterogeneity, conventional chemo-
therapy is the only available option for treatment of TNBC, but non-discordant positive therapeutic efficacy could not be achieved.
Here, we demonstrated that these TNBC cells were sensitive to teriflunomide, which was a well-known immunomodulatory drug
for treatment of relapsing multiple sclerosis (MS). Potent anti-cancer effects in TNBC in vitro, including proliferation inhibition, cell
cycle delay, cell apoptosis, and suppression of cell motility and invasiveness, could be achieved with this agent. Of note, we
showed that multiple signals involved in TNBC proliferation, survival, migratory, and invasive potential were under regulation by
teriflunomide. Among them, we identified down-regulation of growth factor receptors to abolish growth maintenance, suppression
of c-Myc, and cyclin D1 to contribute to its anti-proliferative effect, modulation of components of cell cycle to induce S-phase
arrest, degradation of Bcl-xL, and up-regulation of BAX via activation of MAPK pathway to induce apoptosis, and inhibition of
epithelial-mesenchymal transition (EMT) process, matrix metalloproteinase-9 (MMP9) expression, and inactivation of Src/FAK to
reduce TNBC migration and invasion. The results identified teriflunomide may be of therapeutic benefit for the more aggressive
and difficult-to-treat breast cancer subtype, indicating the use of teriflunomide for clinical trials for treatment of TNBC patients.
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with higher recurrence rate and lower survival.” TNBC is
non-sensitive to currently available endocrine or Her-2-tar-
geted therapies and is generally receiving chemotherapeutic
regimens for systemic management, however, with variable
efficacy. So far, there is no explicit guideline for TNBC treat-
ment and, therefore, searching for novel pharmaceutical
agents for TNBC is urgent and still a hot-spot in present
clinical research.

Teriflunomide (Aubagio®), the principal active metab-
olite of leflunomide in first-pass metabolism, has well-

Introduction

Breast cancer is the most diagnosed female cancer and the
second leading cause of cancer death in the United States.’
According to analysis of gene expression, breast cancer is a
heterogeneous disease consisting of a variety of entities,
with various molecular subtypes and markedly distinct
clinical behaviors.>® Triple-negative breast cancer (TNBC),
accounting for less than 20% of breast cancer cases and rep-
resenting 68.5% of basal-like subtype, is a group of primary
breast cancers lacking the expression of estrogen receptor

(ER), progesterone receptor (PR), and human epidermal
growth factor receptor-2 (Her-2) on the basis of immunohis-
tochemical staining.* TNBC showed poorer prognosis than
any other breast cancer subtypes, irrespective of clinical
stages, demonstrating more aggressive clinical features
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known immunomodulatory and anti-inflammatory effects
and has been approved by FDA for use in the treatment of
relapsing multiple sclerosis (MS).® The precise underlying
mechanisms by which teriflunomide exerts immunomodu-
lation in MS remain elusive. However, to our knowledge, by
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suppressing the activity of proliferating T- and B-lympho-
cytes through dihydroorotate-dehydrogenase (DHODH)
inhibition-dependent and independent manners, terifluno-
mide diminishes overall inflammatory response in MS.” Of
note, high plasma concentrations,® delayed elimination
half-life,” benign safety and tolerability profiles,” the con-
venience of oral administration, and extensive molecular
targets'® make teriflunomide an attractive agent for further
clinical utility in MS and even in a broader spectrum of non-
MS disorders.

Despite the promising use of teriflunomide for MS, the
application of this agent for the treatment of human tumors
has only recently been considered. Previous researchers
have shown that teriflunomide exhibited powerful antitu-
mor activity in several human neoplasms, such as chronic
lymphocytic leukemia (CLL),""*? prostate cancer,'
melanoma,'*'® cutaneous cancer,® multiple myeloma,17
and carcinoids.'®!? Teriflunomide may exert the observed
anti-cancer effects by inhibition of cancer cell prolifer-
ation,"® induction of cell death,"*!®' disturbance of
cell cycle.'*'*¥ The molecular mechanisms that have
been identified for teriflunomide-mediated cellular events
include down-regulation of anti-apoptotic proteins,'" direct
inhibition of receptor tyrosine kinases (RTKs),*® abrogation
of cancer stem cells,"* induction of mitochondrial disrup-
tion,"® and modulation of cell survival signaling.'”'’
Although exact mechanisms involved in cytotoxic effect of
teriflunomide are not clearly understood, of note, the avail-
able above studies may imply the DHODH-independent
modulation plays a principal role in teriflunomide-
mediated anti-tumor activity.11"13’l5’l7’20 Thus, terifluno-
mide may also be a potent agent for treatment of breast
cancer and even TNBC. However, direct evidence of this
hypothesis has not yet to be documented.

In the present study, we assessed, for the first time to our
knowledge, the activity of teriflunomide and the underly-
ing DHODH-independent mechanisms in TNBC cell lines:
MDA-MB-468, BT549, and MDA-MB-231. Here, we
reported that teriflunomide was capable of suppressing
the growth of TNBC cell in vitro by inducing cell apoptosis
and cell cycle arrest. We also showed that this compound
could inhibit the cell motility and invasiveness.
Furthermore, the information presented in this study indi-
cated teriflunomide exerted modulatory effects on TNBC
cells through multiple signaling pathways. Together, we
think teriflunomide is a novel agent for the prevention of
tumor progression and/or treatment of human TNBC.

Materials and methods
Cell culture and drug treatment

The human TNBC cell lines MDA-MB-468, BT549, and
MDA-MB-231 were purchased from American Type
Culture Collection (ATCC) and cultured in RPMI 1640
(Gibco, Breda, The Netherlands) with 10% FBS at 37°C
and 5% CO, (MDA-MB-468 and BT549) or in Leibovitz
L15 (Gibco) with 10% FBS at 37°C in 100% room air
(MDA-MB-231), respectively. Teriflunomide was kindly
provided by Cinkate Corporation, Oak Park, IL, USA,

Huang et al.  Teriflunomide for TNBC 427

dissolved in DMSO as stock solution at concentration
of 200 mM.

Sulforhodamine B assay

Cytotoxicity of teriflunomide on TNBC cells were deter-
mined using Sulforhodamine B (SRB) method. Cells were
seeded in 96-well plate (Corning, Acton, MA, USA) at a
concentration of 2000 x cells/well. After 24 h, cells were
incubated for additional 24 h, 48 h, 72 h, and 96 h with vari-
ous concentrations of teriflunomide and then fixed by
200 uL cooled trichloroacetic acid (Sinopharm Reagent,
Shanghai, China) for 1h at 4°C. The plates were washed
with distilled water, air dried, stained with SRB solution
(150 pL) at 0.4% (w/v) in 1% acetic acid for 30min at
room temperature, and then washed with 1% acetic acid
and dried. The bound SRB was solubilized with 100 pL/
well of 10mM Tris base for 15min. The optical density
(OD) was read by an automated microplate reader
(VERSAmax, Molecular Devices, Sunnyvale, CA, USA) at
wavelength of 560nm. Relative survival was calculated
using the equation: (OD test/OD con) x 100%.

Clonogenic assay

TNBC cells were plated at the concentration of 500 x cells/
well in 6-well plates and, the next day, were treated with
various concentrations of teriflunomide. Cells were allowed
to form colonies in complete media with teriflunomide for 2
weeks. And then, colonies were fixed with solution of acetic
acid and methanol (1:3) for 10 min, stained with 0.5% crystal
violet for 15 min and counted.

Flow cytometric assay

For cell cycle analysis, TNBC cells were treated with 25, 50,
and 100 uM teriflunomide for 48 h, then harvested and fixed
by cooled 75% ethanol for 1 h. Fixed cells were stained with
propidium iodide (PI) (Sigma-Aldrich, St. Louis, MO, USA)
and DNase-free RNase (Sigma-Aldrich) for 15min at RT,
and then analysed in FACSCalibur analyzer (Becton-
Dickinson, San Jose, CA, USA). Data were analysed using
Modfit software (Verity Software House, Topsham, ME,
USA). For apoptosis analysis, after receiving teriflunomide
at concentrations of 50 and 100 pM for 2 days, TNBC cells
were detached with EDTA-free trypsin, washed with cooled
PBS, and stained by 5uL Annexin V and 5pL PI in
1 x loading buffer (BD Pharmingen, San Diego, CA, USA)
for 5 at RT in dark. Analyses were determined in
FACSCalibur analyzer (Becton-Dickinson).

Transwell assay

TNBC cell migration and invasion were determined with or
without matrigel-coated transwell Boyden chambers.
TNBC cells were trypsinized, resuspended, and placed
into upper chambers (8 x10* cells/well) in FBS-free
medium and complete medium was added into lower
chamber as chemo-attractant, with various concentrations
of teriflunomide for 18h (migration) or 24h (invasion).
After incubation, cells on the upper chamber were removed
with cotton buds, migratory or invasive cells were fixed
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with cooled 90% ethanol for 1h at 4°C, and stained with
0.1% crystal violet (Sinopharm Reagent).

Western blot and antibodies

After receiving treatment of teriflunomide, TNBC cells were
harvested and lysed in RIPA (Beyotime Institute of
Biotechnology, Beijing, China) with protease inhibitor
(Roche Applied Science, Indianapolis, IN, USA). Total pro-
tein levels were determined using BCA Protein assay
(Beyotime). Then all samples were separated by SDS-
PAGE, transferred to NC membranes (Millipore, Bedford,
MA, USA), and probed by respective primary antibodies
and HRP-conjugated secondary antibodies. Proteins were
visualized using ECL detection system (GE Healthcare,
Piscataway, NJ, USA). The primary antibodies used were
c-Myc, cyclin D1, P27, p-P38 (Thr180/Tyr182), p-ERK1/2
(Thr202/Tyr204), p-JNK (Thr183/Tyr185), p-RB, Vimentin,
Slug, Snail, Raf-1, EGFR, IGF-1R and FGFR4 (Cell Signaling
Technology, Danvers, MA, USA), E-cadherin, Bax, Bcl-xL,
cyclin A2, cyclin B1, P-FAK(Tyr397) and FAK(Epitomics,

Cambridge, MA, USA), and matrix metalloproteinase-9
(MMP9; Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Statistics

Statistical significance was determined by Student’s f-test
using GraphPad Prism Software, and P values < 0.05 was
considered significant between the teriflunomide-treated
and control groups.

Results
Teriflunomide suppresses the growth of TNBC

To investigate cytotoxic effect on cell proliferation, we trea-
ted the TNBC cell lines MDA-MB-468, BT549, and MDA-
MB-231 with increasing concentrations of teriflunomide for
96h and performed an SRB assay. As revealed in Figure
1(a), teriflunomide potently repressed cell viabilities in
dose- and time-dependent manners. In addition, the signifi-
cant cytotoxicity could not be observed in initial phase of
treatment, and in fact the TNBC cells proliferation was

Burlingame, CA, USA), p-Src(Tyr418) (Abcam, reduced by only 19.88% in MDA-MB-468, 6.60% in BT549,
(a) MDA-MB-468 BT549 MDA-MB-231
120 120 120
_ — 24h _ % % % % — 24h _ * * % % — 24h
ggm- X % % 48h ng- ; — 48n Egm- —~ 48h
= S god —~— 72h .2 S gol — 72h £ § i — 72h
Egm — 96h ESM — 9h Egm - 96h
£ 2 604 £ 2 60 £ 2
T o oo T o
G2 S5 1 &5
E’Q F‘_, 20_ o E m_ B‘“ @ m_,
1 10 100 1000 1 10 100 1000 1 10 100 1000
Teriflunomide concentration (pM)
(b) Teruflunomide (uM)
DMSO 6.25 12.5 25 50 100
w
({e]
3
m
=
g
28
(=] =
= o
3 8
om
by
o
m
<
a
=
ISR
Teruflunomide (uM)
Figure 1 Teriflunomide inhibited proliferation of TNBC cells. (a) TNBC cells were treated with varying concentrations of teriflunomide, cell proliferation and IC50 were

determined by SRB assay on days 1, 2, 3, and 4. Each value represented the mean & SD (n = 3); (b) Teriflunomide suppressed colony formation in TNBC cells. Cells
were treated with indicated concentrations of teriflunomide and allowed to form colonies in fresh medium for 14 days. Photomicrographic differences and relative cell
number (mean &+ SD, n = 3) in colony forming are shown. Asterisks indicate P < 0.05. (A color version of this figure is available in the online journal.)



and 7.29% in MDA-MB-231 even at the highest concentra-
tion of 200 uM. The anti-proliferation effect continued to
increase over the next 72h and the mean IC50 estimated
from three independent experiments gave a concentration
of 31.36 uM for MDA-MB-468 cells, 31.83 uM for BT549 cells,
and 59.72 uM for MDA-MB-231 cells at the time point of 96 h
post-treatment.

Teriflunomide induces loss of clonogenic survival
in TNBC

To simulate the long-term effect of teriflunomide on cell
growth in vivo, we then verified if teriflunomide could
affect the ability of TNBC cells to form colonies in vitro.
After 14 days, exposure of all three TNBC cell lines to teri-
flunomide was associated with significant repression of col-
ony formation in a dose-dependent manner (Figure 1b).
TNBC cells formed a large number of colonies, which
were clearly visible; however, when cells were grown for
2 weeks in the presence of different concentrations of teri-
flunomide, number and size of TNBC cells colonies were
markedly decreased. In three TNBC cell lines, consistent
with SRB data as shown in Figure 1(a), teriflunomide at
100 pM caused a dramatic reduction of the colony number
compared with untreated cells.

Teriflunomide induces S-phase arrest in TNBC

We then investigated the effect of teriflunomide on cell cycle
distribution of TNBC cells following treatment with this agent
over a 48-h period. The analysis (Figure 2) revealed cell cycle
distribution of untreated cells showing 54.95%, 51.96%, and
48.77% in G1, 17.52%, 20.08%, and 17.84% in G2/M, 27.52%,
27.97%, and 33.42% cells in S-phase for MDA-MB-468, BT549
and MDA-MB-231, respectively. It is interesting to note that
when BT549 cells were treated with teriflunomide at the
lower concentration of 25uM for 48h, the proportion of
cells in G1 was reduced to 42.29% and that in G2/M down
to 9.57%, and 48.14% occurred in S-phase, whereas at the
highest drug concentration a relatively marked accumulation
of MDA-MB-468 and MDA-MB-231 cells in S-phase (41.54%
and 47.56%) occurred. Taken together, these results suggested
that teriflunomide treatment for 48 h induced the entrapment
of TNBC cells in the S-phase and concomitant reduction of
cells in both G1- and G2/M-phase, in a dose-dependent
manner, resulting in an effective loss of cell cycle transition,
and therefore, leading to diminished cell growth.

Teriflunomide induces apoptosis in TNBC

To determine whether cell death was attributable to apop-
tosis, TNBC cells were treated with teriflunomide at 50 pM
and 100 pM for 48h. As evident from Figure 3, in TNBC
cells exposed to 50 uM teriflunomide, only slight percentage
increases of Pl-positive cells could be found, whereas at
high concentration, significant increases of necrotic cells,
about twofold increases, could be observed. Regarding
early apoptosis, only BT549 cells with teriflunomide treat-
ment showed approximately twofold increase in Annexin-
V+/PI- staining. Thus, high doses of teriflunomide for 2
days induced significant necrosis and minor apoptosis in
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TNBC cells, which were in agreement with its anti-prolif-
erative activity.

Teriflunomide inhibits migration in TNBC

Additionally, the effect of teriflunomide on TNBC cell migra-
tion was tested using a Boyden chamber assay. Because long-
term treatment of teriflunomide was toxic, we investigated the
inhibitory effect on migration and invasion of TNBC cells in
short duration. Results in Figure 4 indicated that the migratory
abilities were decreased significantly in dose-dependent
manner, to different extents, after incubation of TNBC cells
with various concentrations of teriflunomide for 18h. The
agent could inhibit cell motility by greater than 40% at
100pM and even 80% at 200pM compared with that in
untreated cells, showing noticeable migration defects, even
counting the minor inhibition of cell proliferation, respectively.

Teriflunomide inhibits invasion in TNBC

We next assayed whether teriflunomide could change the
capacity of invasion of TNBC cells. As shown in Figure 5,
incubated with teriflunomide at concentration of 100 pM
and 200uM, TNBC cells showed diminished invasion
through a reconstituted basement membrane (Matrigel) in
transwell assays after 24 h, and invasiveness was reduced
considerably in a concentration-dependent manner. These
results suggested that teriflunomide inhibited migration
and invasion in vitro in TNBC cells.

Teriflunomide down-regulates proliferative proteins
in TNBC

To exam whether inhibition of proliferation of TNBC cells by
teriflunomide was due to the suppression of key regulators
involved in cell growth, such as cyclin D1 and c-Myc, we
evaluated their protein levels after receiving teriflunomide
treatment. Our analysis showed that the expression of
cyclin D1 and c¢-Myc was decreased significantly in BT549
and MDA-MB-231 cells at the concentration of 50 uM and
the maximum inhibition could be found at 100 uM for 96 h
(Figure 6). However, in MDA-MB-468 cells, we did not
observe the similar dose-dependent down-regulation of
cyclin D1 and c-Myc: decreased markedly at a lower concen-
tration of 25 M and slightly raised at serial concentrations
but still in lower level compared with that in untreated cells.

Teriflunomide modulates cell cycle regulators in TNBC

We then investigated the mechanisms of teriflunomide-
induced S-phase arrest by focusing on the expression level
of cell cycle regulators such as p27, RB, and cyclins. As
shown in Figure 7, upon teriflunomide treatment, an evident
dose-dependent decrease in the level of p27 was observed in
all three TNBC cell lines, indicating loss of ability to cause
cells to arrestin the G1 phase of cell cycle. Next, in contrast to
cyclin D1 in Figure 6, cyclin A, important for progression
through S-phase and G2/M transition, showed significant
increases in TNBC cells following exposure to teriflunomide
and thus implying a delay in S-phase. Moreover, cyclin B1,
an M-phase kinase, and RB hyper-phosphorylation, the G1
blocker, showed no changes in TNBC cells. These findings
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Figure 2 Teriflunomide blocked TNBC cells in S-phase. MDA-MB-468, BT549, and MDA-MB-231 cells were treated for 48 h with vehicle or teriflunomide (25, 50 and

100uM). The fraction of cells in G1, S and G2/M phase was analyzed by flow cytometry and data of one representative experiment (n = 3) are graphed. (A color version of
this figure is available in the online journal.)

confirmed the results observed in cell cycle analysis and fur-  effect of teriflunomide on the key regulators involved in
ther indicated the perturbation of cell cycle progression  cell death. As shown in Figure 8, the treatment of MDA-
arose at putative S-phase checkpoint. MB-468 and BT549 cells with teriflunomide caused signifi-
cant increase in the expression of pro-apoptotic protein Bax,
accompanied by marked decrease of anti-apoptotic Bel-xL,
meaning the anti- versus pro-apoptotic balance has been
shifted. And, interestingly, in MDA-MB-231 cells, at lower
To investigate the molecular mechanisms underlying the  concentrations of 25 uM and 50 M, the trend in response to
pro-apoptotic activity in TNBC cells, we evaluated the teriflunomide was found opposite to that in other two

Teriflunomide regulates cell survival signals via
activation of MAPK pathway in TNBC
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Figure 3 Teriflunomide induced apoptosis in TNBC cells. Flow cytometric analyses of Annexin-V/PI staining show the induction of apoptosis in TNBC cells with 50
and 100 uM teriflunomide for 2 days. Percentages of cells undergoing early and late apoptosis from one representative experiment (n = 3) are presented. (A color

version of this figure is available in the online journal.)

TNBC cell lines described previously, which, however, was
restored finally coupled to the increasing concentration to
100 pM. We then addressed the question whether the teri-
flunomide-induced apoptosis was associated with the acti-
vation of MAPKSs; the activity of ERK, p38, and JNK in the
teriflunomide-treated cells was examined. The results
showed that teriflunomide dose-dependently activated
ERK, p38, and JNK in three TNBC cell lines, more evident
in MDA-MB-468 cells, indicating involvement of MAPK
pathway in cell death induction.

Teriflunomide leads to suppression of marker signals
involved in migratory and invasive potential in TNBC

The data shown in Figures 5 and 6 clearly demonstrate the
ability of teriflunomide to attenuate the motility and inva-
sion of TNBC cells. To gain an insight into the underlying
mechanisms, we analyzed the expression of several

proteins associated with epithelial-mesenchymal transition
(EMT) and metastasis. As shown in Figure 9, E-cadherin,
the epithelial cell marker, was elevated in three TNBC cell
lines, more notably in BT549, in a dose-dependent fashion
under 24-h treatment of 50 pM, 100 uM, and 200 uM of teri-
flunomide. Meanwhile, expression levels of mesenchymal
cell marker Vimentin, as well as the key EMT inducer Slug
and Snail, were all decreased in teriflunomide-treated
TNBC cells under the same conditions. Collectively, teriflu-
nomide inhibited the EMT process in TNBC cells and
induced the cells to gain epithelial properties in a dose-
dependent manner.

The key endopeptidase, MMP9, involved in ECM deg-
radation in invasion process, was further tested in teriflu-
nomide-treated TNBC cells and found to be suppressed in a
dose-dependent manner. In addition, we also assessed the
status of FAK/Src, which are crucial upstream molecules in
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Figure 4 Teriflunomide blocked migration of TNBC cells. MDA-MB-468, BT549, and MDA-MB-231 cells were treated with the indicated drug at 50, 100, and 200 uM
and assessed for migration by transwell analysis after 18 h. The representative images and analysis of the migrating cells were shown (mean & SD, n = 3). Asterisks

indicate P < 0.05. (A color version of this figure is available in the online journal.)
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Figure 5 Teriflunomide blocked invasion of TNBC cells. With matrigel-coated transwell system, after receiving treatment of teriflunomide at concentrations of 100
and 200 uM for 24 h, invaded TNBC cells were stained. Representative images and analysis of cell invasion are displayed (mean + SD, n = 3). Asterisks indicate

P < 0.05. (A color version of this figure is available in the online journal.)

modifying tumor metastasis. Of note, we found terifluno-
mide substantially suppressed the phosphorylation of both
FAK and Src, in a dose-dependent manner, indicating the
inactivation of FAK-Src complex in TNBC by teriflunomide.

Teriflunomide leads to down-regulation of
onco-proteins involved in growth maintenance in TNBC

TNBC tumors express several receptors, such as insulin-like
growth factor receptor (IGF1IR), epidermal growth factor
receptor (EGFR), fibroblast growth factor receptor
4(FGFR4), showed to augment proliferative potential
through activation of c-Raf protein serine-threonine
kinase. As shown in Figure 10, we confirmed the constitu-
tive expression of Raf-1, EGFR, and IGF1R in all three TNBC

cell lines and detected that it was suppressed by treatment
with teriflunomide for 96h in dose-dependent manner,
with maximum inhibition occurring at 100 pM. By contrast,
we noticed that FGFR4 was only in accumulation of signifi-
cant levels in BT549 cells, however decreased drastically by
teriflunomide in dose-dependent manner as well. These
data implied that the cytotoxicity of teriflunomide on
TNBC was partially through the inhibition of expression
of TNBC-specific growth factor receptors.

Discussion

Women with TNBC, a distinct subgroup lacking estrogen
and progesterone receptors and amplification of HER2
gene, do not benefit from endocrine therapy or
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trastuzumab. Chemotherapy is currently the mainstay sys-
temic medical treatment; however, TNBC patients still have
high risk for recurrence and disease progression after
receiving regimens of chemotherapy.”* Lack of responses
to some of the most effective therapies available for breast
cancer treatment warrants new therapeutic strategies to
improve the prognosis of TNBC.>*> In the present study,
we provided evidence that teriflunomide might have che-
mopreventive potential against TNBC by affecting multiple
cell signaling molecules. We found that this immunomodu-
latory drug suppressed the expression of various growth
factor receptors such as EGFR, IGFIR, and FGFR4 in
TNBC cells and gene products involved in tumor cell sur-
vival and proliferation. Teriflunomide also modulated
marker signals involved in EMT and invasion of TNBC
cells and inhibited activation of FAK/Src complex.

Teriflunomide has been reported to inhibit the prolifer-
ation of human melanoma cells in culture and in xenotrans-
plant animal models either alone or in combination with
BRAF inhibitor through abrogating the transcriptional
elongation of Myc target genes.'* However, the lethal
effect of this agent has not been systematically investigated
in TNBC. In TNBC cells, not only the inhibition of one of the
Myec target genes cyclin D1 but unexpected direct suppres-
sion of Myc could also be observed. In multiple myeloma
cells, cyclin D1 was found to be one target molecule of teri-
flunomide."” Our data also supported recent findings that
TNBC cells exhibited elevated Myc expression, as well as
altered expression of Myc regulatory gene, resulting in acti-
vation of Myc pathway=>** Importantly, depletion of cyclin
D1 or Myc has been found to elicit dramatic effects on the
viability of TNBC,*** indicating the cytotoxicity of teriflu-
nomide was tightly associated with down-regulation of
these two key regulators.

Consistent with the data published by other
groups,u’ls’lé’17 we also showed that teriflunomide led to
induction of apoptosis processes in TNBC cells. After teri-
flunomide treatment of TNBC cells, BAX was up-regulated,
whereas Bcl-xL was down-regulated, displacing the balance
between pro- and anti-apoptotic BCL-2 family members
towards apoptosis.25 And, in myeloma cells, teriflunomide
could also elevate BAX and suppress Bcl-xL significantly."”
Of note, in some refractory cancers, such as fludarabine-
resistant CLL™ and endocrine-resistant breast cancer,
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Figure 7 Teriflunomide altered the expression of cell cycle-related proteins in TNBC cells. All cells were treated with 25, 50, and 100 pM teriflunomide for 96 h. After
treatment, the expression of p27, cyclin A, cyclin B1, and p-RB were measured by western blot analysis. Representative data are presented (n = 3)
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Figure 8 Teriflunomide modulated cell survival signals and MAPK pathway in TNBC cells. Lysates from teriflunomide (25, 50, and 100 uM) treatment for 96 h with
western blot revealed significant reduction in expression of Bcl-xL, increase in BAX and activation of ERK, p38, and JNK. Representative data are presented (n =23)
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Figure 9 Teriflunomide suppressed EMT process and invasion of TNBC cells. 50, 100, and 200 uM of teriflunomide was added to culture of TNBC cells; 24 h later,
proteins of EMT markers (E-cadherin, Vimentin, Slug, Snail), invasion marker (MMP9), and FAK/Src were determined by western blot. Representative data are

presented (n = 3)

Bcl-xL was induced in acquisition of drug resistance and
teriflunomide reversed its expression. Bcl-xL, an apoptosis-
counteracting member of Bcl-2 family, was expressed at
higher levels in TNBC, a type of clinically refractory
breast cancer, and contributed to tumor progression and
resistance to chemotherapy provoked apoptosis®” and, con-
versely, Bcl-xL suppression by either Bcl-xL antisense or its
inhibitors (ABT-737 and ABT-263) showed promise for
inducing apoptosis in TNBC cells and increasing sensitivity

to killing by anti-cancer drugs.?® Along these lines, the sub-
stantial decrease of Bcl-xL total protein suggested its deg-
radation in response to teriflunomide contribution to
apoptosis in TNBC cells. Interestingly, low-dose lefluno-
mide, the parent compound of teriflunomide, even reduced
apoptosis induced by several anticancer agents in erythro-
leukemia cells by reducing MAPK activities and activating
PI3K/ Akt pathway, showing protective effects opposite to
that in TNBC at 100 uM.Zg Thus, further experiments, in
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Figure 10 Teriflunomide suppressed onco-proteins in driving enhanced growth of TNBC cells. All cells were incubated with increasing concentration of teriflunomide
and expression of Raf-1, EGFR, IGF-1R, and FGFR4 were assessed by western blot. Representative data are presented (n =3)

variable doses and in different cancer context, are needed to
thoroughly clarify the distinct effects and mechanisms of
teriflunomide or leflunomide. The phosphorylated form
of ERK, p38, or JNK has been shown to act in mediating
apoptosis in a wide variety of cancer types in response to
cytotoxic stimuli,**! and in regulating cytokines secretion
after receiving teriflunomide in rheumatoid arthritis (RA),*?
indicating that activation of these kinases contributed to the
pro-apoptotic activity of teriflunomide in TNBC cells.

The anti-proliferative effect of teriflunomide was asso-
ciated with a change of cell cycle distribution in S-phase.
However, exposure to low micromolar concentration of ter-
iflunomide could promote cell cycle arrest in G1-phase in
multiple myeloma cells,'” endocrine-resistant breast cancer
cells,?® and chronic lymphocytic leukemia cells,"?in S-phase
in prostate cancer cells,'® premalignant and malignant cuta-
neous keratinocytes,® or in G2/M phase in gastrointestinal
carcinoid cells,” indicating tumor-type-dependent regula-
tion of cell cycle by teriflunomide and, when our data in
TNBC were also included, implying the S-phase delay in
solid cancers more likely. In prostate cancer, DHODH inhi-
bition-dependent mechanism was found to be involved in
teriflunomide-related S-phase arrest.’®> However, in TNBC
cells, we focused on the cell cycle regulators. RB tumor sup-
pressor is a critical negative regulator of multiple cellular
processes and, when hypophosphorylated, can inhibit cell
progression along the cell cycle through G1 into S and thus
block DNA replication. Conversely, inactivation of RB pro-
tein after phosphorylation contributes to cancer develop-
ment and progression, and is one of the most
fundamental events in cancer biology.** In all three
untreated TNBC cell lines, the hyperphosphorylation
status of RB occurred and teriflunomide treatment did not
affect the status of phosphorylation significantly, indicating
the first checkpoint of G1/S is compromised allowing cells
to enter into S-phase freely. We also examined expression of
the other two putative regulators of G1/S checkpoint after
receiving teriflunomide, the cyclin D1 and p27. Cyclin D1
binds with CDK4, forming cyclin D1/CDK4 complex, and
initiates the phosphorylation of RB, disrupting RB-
mediated transcriptional repression of target genes
involved in cell progression through G1.%>% In the presence

of teriflunomide, a significant suppression of cyclin D1 in
TNBC cells was observed, with concomitant decrease in
level of p27, an inhibitor of catalytic activity of CDK4, lead-
ing to the persistence of RB in the inactivated status. In
contrast to cyclin D1, cyclin A, companied by CDK2, an
important mediator of drug-induced accumulation of cells
in the S phase and apoptosis,”*®* showed significant
increase in TNBC cell lines following cell exposure to teri-
flunomide and thus indicating a delay in the S-phase. In
accordance with the involvement of the ERK activity in
regulation of Cyclin A-dependent S-phase arrest® we
also confirmed the activation of ERK in teriflunomide-trea-
ted TNBC cells. Moreover, cyclin Bl, in complex with
CDK1, functioning as the M-phase regulator,” was not sig-
nificantly affected by teriflunomide in TNBC cells, indicat-
ing no perturbation of G2/M phase.

In this study, we also demonstrated for the first time that
teriflunomide could diminish the highly invasive and
migratory potential of TNBC cells. Increasing evidences
have suggested that in breast cancer, malignant cancer
cells undergoing an EMT became more motile, especially
in the most lethal and aggressive subtype, TNBC.?*** EMT,
a developmental process with loss of epithelial cell polarity
and acquisition of mesenchymal phenotype, can be regu-
lated by several transcription factors, including Snail and
Slug which repress E-cadherin transcription and increase
Vimentin expression, and contributes to migratory and
invasive properties in TNBC.*! Strategies selectively target-
ing EMT-associated molecules have emerged as putative
therapeutic approaches in TNBC* and as shown in our
study, teriflunomide could become a promising new agent
against EMT. Since the Src/FAK complex, also one molecu-
lar maker for TNBC,* plays a prominent role in cell inva-
sion and in other tumor progression-associated events,
including EMT and development of metastasis,**> we ana-
lyzed the effect of teriflunomide on the activity of this com-
plex and found the agent could inhibit its phosphorylation
events significantly. With respect to MMPs, not in cancers
but in rheumatoid synovial fibroblasts, some of them were
inhibited by teriflunomide efficiently.*> MMP9 has previ-
ously been identified as a downstream target of Src/FAK
signaling.** Consistent with this and with the critical role of



436 Experimental Biology and Medicine Volume 240  April 2015

MMP9 in invasion, teriflunomide may suppress TNBC
invasion by blocking MMP9 expression.

Several studies linked TNBC to some growth factor
receptors, such as EGFR® and IGF1R,*® which were con-
sidered as major oncogenic factors and attractive thera-
peutic targets in the management of TNBC patients.
Aberrant activation of these receptors has been reported
to be involved in dysfunctional biological activities, such
as tumor proliferation, decreased apoptosis and differenti-
ation, and increased angiogenesis, migration, and metasta-
sis, and lead to dysregulation of multiple malignancy
driving molecules, including cyclin D1, c-Myc, and Src/
FAK.*>*¢ However, unexpectedly, receptor-targeted inhibi-
tors in TNBC have not been confirmed promising efficacy in
clinical trials, partially caused by multiple compensatory
mechanisms and complexity of growth factor receptor path-
ways, indicating selection of additional targets for combin-
ational therapy or available multiple-target agents.
Actually, in contrast to single target inhibition treatment,
teriflunomide offered the possibility to optimize anticancer
treatment by fighting TNBC on different molecules.
Interestingly, we also revealed that teriflunomide could
suppress the expression of FGFR4 (but not FGFR1-3),
whose knockdown showed anti-survival effect in TNBC
cells in a human kinome RNAi library screen, and silencing
of its ligand triggered ERK activation.*”

Collectively, for the first time, our findings revealed that
a multitude of TNBC malignancy driving proteins could be
recognized by teriflunomide, including signaling pathways
involved in proliferation, cell cycle distribution, anti-apop-
totic potential, migration, and invasion. Overall, terifluno-
mide might represent further promising therapeutic
options for TNBC, but still needs to be evaluated in appro-
priate phase III clinical trials, and significant new targets of
teriflunomide can be identified with further studies.
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