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Abstract A previous RNA interference (RNAi) screen iden-
tified filamin A (FLNA) as a potential biomarker to predict
chemosensitivity in triple-negative breast cancer (TNBC).
However, its ability to modulate chemosensitivity and the un-
derlying mechanism has not been investigated. Genetic ma-
nipulation of FLNA expression has been performed in an
immortalized noncancerous human mammary epithelial cell
line and four TNBC cell lines to investigate its effect on
chemosensitivity. Western blot analysis was performed to
identify the potential signaling pathway involved. Xenograft
mousemodel was used to examine the in vivo role of FLNA in
modulating chemosensitivity. Overexpression of FLNA con-
ferred chemoresistance to docetaxel in noncancerous human
mammary epithelial cells. Knockdown of FLNA sensitized
four TNBC cell lines, MDA-MB-231, HCC38, Htb126, and
HCC1937 to docetaxel which was reversed by reconstituted
FLNA expression. Decreased FLNA expression correlated
with decreased activation of ERK. Constitutive activation of
ERK2 reversed siFLNA-induced chemosensitization.
Inhibition of MEK1 recapitulates the effect of FLNA knock-
down. MDA-MB-231 xenograft with FLNA knockdown
showed enhanced response to docetaxel compared with con-
trol xenograft with increased apoptosis. FLNA can function as
a modulator of chemosensitivity to docetaxel in TNBC cells
through regulation of the MAPK/ERK pathway both in vitro
and in vivo. FLNAmay serve as a novel therapeutic target for
improvement of chemotherapy efficacy in TNBC.
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Introduction

Triple-negative breast cancer (TNBC) is a specific type of
breast cancer that lack the expression of estrogen receptor
(ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 or HER2 gene amplification.
TNBC is identified in approximately 20 % of all breast cancer
cases in the USA and is regarded as a very heterogeneous
disease with various molecular, genetic, and clinical sub-
groups [1, 2]. TNBC cases lack targeted therapy and despite
initial good response to chemotherapy, it often recurs with
chemotherapy resistance and visceral and brain metastasis
[3]. Patients with residual TNBC disease post-neoadjuvant
chemotherapy have been shown to have a worse prognosis
than those presenting with non-TNBC [4]. The risk of relapse
for TNBC patients in the first 3–5 years is significantly higher
than for women with hormone-positive breast cancer, which
makes it extremely challenging from a clinical stand point of
view to find the optimal chemotherapy for these women [5, 6].
Therefore, there is an urgent need for identification of bio-
markers to predict chemosensitivity in TNBC as well as novel
targets as chemotherapy sensitizer.

Filamins, classically known as cytoplasmic structural pro-
teins, are large actin-binding proteins that stabilize actin net-
works and link them to cellular membranes during cell move-
ments [7]. In addition to actin, recent studies have identified
over 90 filamin-binding proteins involved in cell signaling,
cell migration and adhesion, phosphorylation, proteolysis,
ion channel regulation, transcription regulation, muscle devel-
opment, and other important cellular processes [8]. Filamin A
(FLNA), also known as actin-binding protein 280 (ABP 280),
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is one of the three members of the filamin family. Many stud-
ies have reported increased expression of FLNA in human
cancer tissues such as hepatic, breast, and astrocytoma as well
as in different cancer cell lines [9]. It has been identified as a
biomarker for tumor progression in several cancer types, such
as hepatocellular carcinoma, breast cancer, and prostate can-
cer, etc [10–12]. Although the primary role of FLNA in tumor
development has been proposed to regulate cell migration and
invasion, emerging evidence suggest that it may be involved
in the tumorigenesis process through different mechanisms
[8]. For example, lack of FLNA has been shown to lead to
susceptibility of DNA damage and G2/M arrest and an in-
crease in gH2AX nuclear foci with resultant increased cell
death in several cancer types [13, 14]; FLNA has been impli-
cated in angiogenesis through links with vascular endothelial
growth factor A (VEGF A) [15]. Recently, FLNA has been
identified as a potential biomarker to predict chemosensitivity
in triple-negative breast cancer (TNBC) [16]. However, its
ability to modulate chemosensitivity and the underlying
mechanism has not been investigated.

In this study, we investigated the potential role of FLNA in
modulating chemoresistance in TNBC. We found that knock-
down of FLNA conferred chemosensitization to docetaxel in
TNBC cell lines which can be reversed by reconstitution of
FLNA expression. This regulation was mediated through ac-
tivation of the MAPK/ERK pathway. Depletion of FLNA
sensitized MDA-MB-231 xenograft to docetaxel in vivo.
Therefore, FLNA may represent a novel therapeutic target
for improvement of chemotherapy in TNBC.

Methods

Cell culture

MDA-MB-231, HCC38, Htb126, HCC1937, and HME1 cell
lines were purchased from ATCC and were cultured in basal
medium supplemented with 10 % serum at 37 °C and 5 %
CO2. HME1 cells were cultured in serum-free condition as
described elsewhere [17].

Chemosensitivity assay

Cells were seeded at a density of 5×103 cells/well in 96-
well microtiter plates and allowed to attach overnight.
Docetaxel or doxorubicin alone was then added and cul-
tured for an additional 72 h. Cell viability was assessed
using CellTiter-Glo® assay. Each value was normalized to
cells treated with DMSO, and the IC50 values are calcu-
lated using Graphpad Prism software. Each assay was per-
formed in biological triplicates.

Plasmids and cell transfection

Cells in logarithmic growth phase were prepared for cell trans-
fection. pWZLblasti-HA-ERK2 GOF was a gift from
Christopher Counter (Addgene plasmid # 53174). MEK1DN
(dominant negative) recombinant adenovirus (ADV-118) was
purchased from Cell Biolabs and infected cells as per manu-
facturer’s protocol. pCMV-AC-GFP FLNA complementary
DNS (cDNA) (RG221764) and three individual small inter-
fering RNAs (siRNAs) (SR301624) targeting FLNAwere ob-
tained from OriGene. siRNAs were transfected with
Lipofectamine RNAi Max reagent (Invitrogen, Grand Island,
NY, USA) as per manufacturer’s protocol. cDNA transfec-
tions were performed with Lipofectamine LTX reagent
(Invitrogen) as per manufacturer’s protocol.

Viral transductions and stable selections

For lentivirus production, 1 μg of FLNA small hairpin RNS
(shRNA) (Dharmacon) together with 1 μg of helper plasmids
(0.4 μg pMD2G and 0.6 μg psPAX2) were transfected into
293FT cells with an Effectene reagent (Qiagen, Valencia, CA,
USA). Viral supernatants were collected 48 h after transfec-
tions and cleared through a 0.45-μm filter. Cells were infected
with viral supernatants containing 4μg/mL polybrene (Sigma,
St. Louis, MO) and selected with puromycin for 7 days.

Quantitative reverse transcription-PCR (qRT-PCR)

Total RNAwas isolated frommouse tissue using RNeasy Plus
Universal Mini kit (Qiagen) according to the manufacturer’s
protocol. Then, 1-μg RNA was converted to cDNA using a
First Strand cDNA Synthesis Kit (Roche). Real-time quanti-
tative PCR reactions were set up in triplicate with Ssofast
Master Mix (Biorad) and run on a LightCycler® 480 (Roche).

Immunoblot analysis

Total cell lysates were prepared by harvesting cells in
Laemmli SDS reducing buffer (50 mM Tris-HCl (pH 6.8),
2 % SDS, and 10 % glycerol), boiled and resolved on an 8
to 10 % polyacrylamide gel , and transferred to
polyvinylidinefluoride. Antibodies against FLNA (Abcam,
Cambridge, USA), phospho-ERK1/2 (Abcam), total ERK1/2
(Abcam), MEK (Abcam), and β-actin (Sigma-Aldrich) were
used. The blots were incubated with horseradish peroxidase–
conjugated donkey anti-rabbit or anti-mouse IgG (Santa Cruz
Biotechnology, Dallas, USA) at a dilution of 1:5000 and de-
t e c t e d w i t h S u p e r S i g n a lWe s t P i c o o r F em t o
Chemiluminescent Substrate Kit (Thermo Scientific, Grand
Island, USA).
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Immunohistochemistry (IHC) staining

The paraffin-embedded sections were subjected to antigen
retrieval by heating the slides in a microwave at 100 °C for
10 min in 0.1 M citric acid buffer (pH=6.0), and then incu-
bated with cleaved caspase 3 antibody (Cell Signaling) at 4 °C
overnight. After secondary antibody incubation at room tem-
perature for 1 h, the slides were developed in 0.05 % diami-
nobenzidine containing 0.01 % hydrogen peroxidase. For
negative controls, specific antibodies were replaced with nor-
mal goat serum by co-incubation at 4 °C overnight preceding
the immunohistochemical staining procedure.

Xenograft experiments

All animal experiments were approved by the Institutional
Animal Care and Use Committee of the National Cancer
Center. The protocol was approved by the Committee on the
Ethics of Animal Experiments of The Second Hospital of
Hebei Medical University. All surgery was performed under
sodium pentobarbital anesthesia, and all efforts were made to
minimize suffering. MDA-MB-231 cells (1×106 cells/injec-
tion) were subcutaneously injected into both flanks of the 5-
week-old female nude mice group. Vehicle or docetaxel
(10 mg/kg) alone or combined were injected i.p. into mice
weekly for 4 weeks. Tumor volumes were measured using
caliper and determined by a formula (volume=(length×
width2)/2) from week1 to week 8 postimplantation. The re-
sults were expressed as mean tumor volumes with SD.

Statistical analysis

Quantitative data are expressed as mean±SD. Statistical sig-
nificance was assessed by the two-tailed Student’s t test.
Differences were considered to be significant when P<0.05.
For xenograft experiment, ANOVA test followed by post hoc
analysis was performed.

Results

FLNA is implicated in regulating chemosensitivity
in TNBC cell lines

To investigate if FLNA plays a role in regulating
chemoresistance, we first evaluated if overexpression of
FLNA is sufficient to confer chemoresistance in HME1 cells
to docetaxel and doxorubicin, two of the most commonly used
chemotherapy in breast cancer patients. HME1 is a normal
breast epithelial cell line immortalized with hTERT. We found
that increased FLNA expression made the cells more resistant
to docetaxel, but not doxorubicin, probably because of the dif-
ferent mechanism of action of these two drugs (Fig. 1a, b). To

confirm its chemosensitivity regulatory function, we transiently
knocked down FLNA expression in four TNBC cell lines using
siRNA. One of the three tested siRNAs against FLNA that
showed best knockdown efficiency was used in the following
study (Fig. 2a). As shown in Fig. 1c–f, decreased expression of
FLNA significantly sensitized these cells to docetaxel. To fur-
ther confirm the causal role of FLNA in conferring
chemoresistance, we restored FLNA expression in cells
transfected with FLNA siRNA. As shown in Fig. 2b, reconsti-
tution of FLNA protein expression eliminated the
chemosensitizing effect of FLNA knockdown in these cells
exposed to 4 or 8 nM of docetaxel.

FLNA modulates chemosensitivity by regulating ERK1/2
activation in MDA-MB-231 cells

The MAPK/ERK pathway is well known to play a role in cell
survival . Important ly, e levated ERK1/2 act ivi ty
(phosphorylation) has been observed in metastatic sites rela-
tive to primary breast tumors and is more common in TNBC
[18]. We tested if FLNA modulates chemosensitivity through
activation of ERK1/2. Western Blot analysis showed that in
MDA-MB-231 cells, knockdown of FLNA led to a decrease
in FLNA protein level with a concomitant decrease in phos-
phorylation of ERK1/2 whereas restoration of FLNA expres-
sion resulted in activation of ERK. To examine if activated
ERK can reverse siFLNA-induced chemosensitization, we
expressed an ERK2 mutant construct, ERK2 GOF, which
contains both R67S and D321N mutations that can lead to
hyperactivation of ERK1/2 [19]. As shown in Fig. 3c, consti-
tutively active ERK2 can rescue docetaxel sensitivity as effec-
tively as reconstituted FLNA expression. Additionally, knock-
down of ERK2 by siRNA mimicked the chemosensitizing
effects of siFLNA (Fig. 3d). The knockdown efficiency was
confirmed by Western blot (Fig. 3b). These results suggest
that FLNA modulate chemoresistance through by activation
of ERK.

FLNA exerts its chemosensitivity modulating effect
through the MAPK/ERK pathway

To further probe the involvement of upstream kinaseMEK1 in
this regulation, we ectopically expressed MEK1 dominant
negative form in the four TNBC cell lines. As shown in
Fig. 4a–d, expression of this mutant MEK1 also sensitized
these cells to docetaxel, not as effectively as siFLNA, though.
The expression of this dominant negative form of MEK1 led
to downregulation of ERK phosphorylation as demonstrated
by Western blot in MDA-MB-231 cells (Fig. 4e). In addition,
cotreatment of the MEK1 inhibitor, U0126, also sensitized
these four cell lines to a sub-lethal dose of docetaxel
(Fig. 4f). These results suggest that FLNA exerts its effects
through the MAPK/ERK pathway.
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Knockdown of FLNA sensitizedMDA-MB-231 xenografts
to docetaxel in vivo

To investigate the in vivo chemosensitizing effect of FLNA
knockdown in vivo, we stably knocked down FLNA inMDA-
MB-231 cells using shRNA and injected control and shFLNA
cells into nude mice. In consistence with in vitro data, admin-
istration of docetaxel inhibited shFLNA xenograft growth
more effectively than control xenograft (Fig. 5a). IHC staining
showed that docetaxel induced significantly more cleavage of
caspase 3 in shFLNA tumor sections compared with control
(Fig. 5b), indicative of more apoptotic cell death.

Discussion

Despite their well-known function as a cytoplasmic structural
protein, filamins have emerged as essential scaffolding pro-
teins that interact with a number of proteins with roles in

signaling and cytoskeletal reorganization and is regulated by
phosphorylation [8]. Alterations in FLNA expression may
contribute to cancer development, and overexpression of
FLNA has been observed in a variety of malignancies, includ-
ing hepatocellular carcinoma, breast cancer, colon cancer,
melanoma, and prostate cancer, etc [10, 11, 20, 21]. A recent
study using ex vivo breast cancer tissues revealed that FLNA
protein was overexpressed in cancer tissues compared with
distant normal mammary gland and benign breast tissues.
This overexpression was associated with advanced stage,
lymph node metastasis, and vascular or neural invasion of
breast cancer, suggesting that FLNA may contribute to breast
cancer development and progression [12]. It has been pro-
posed that FLNA is implicated in tumorigenesis by regulation
of various cell functions. Several studies showed that overex-
pression of FLNA promotes cancer cell growth and metastasis
when it is localized to the cytoplasm and plasma membrane
[8]. FLNA has also been reported to be involved in regulating
double stranded breaks repair (DSBR) which may contribute

Fig. 1 FLNA is implicated in
regulating chemosensitivity in
TNBC cell lines. a and b Dose
response curves of docetaxel (a)
and doxorubicin (b) in HME1
cells expressing the pEGFP
vector or pEGFP FLNA. Data
represent mean±s.d., n=3. c–f
Dose response curves of
docetaxel in TNBC cell lines
MDA-MB-231 (c), HCC38 (d),
Htb126 (e), and HCC1937 (f)
expressing scramble siRNA or
siRNA targeting FLNA. Data
represent mean±s.d., n=3
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to the anti-apoptotic mechanism in cancer development [8].
Moreover, FLNA has been implicated in angiogenesis, which
is another crucial aspect of tumorigenesis, through its associ-
ation with VEGF [15]. A recently performed RNA interfer-
ence (RNAi) screen of breast cancer genome has identified
FLNA as a potential biomarker to predict chemosensitivity

in TNBC [16]. However, i ts abil i ty to modulate
chemosensitivity and the underlying mechanism has not been
investigated. In the present study, we found that depletion of
FLNA sensitized four TNBC cell lines to docetaxel whichwas
reversed by reconstitution of FLNA expression (Figs. 1 and
2). Additionally, MDA-MB-231 xenograft with stable

Fig. 2 Restoration of FLNA
protein reverses chemosensitizing
effect of FLNA knockdown in
TNBC cell lines. a Quantification
of mRNA level of FLNA in
MDA-MB-231, HCC38, Htb126,
and HCC1937 cells expressing
siRNA against FLNAwith or
without reconstituted FLNA
expression. b Surviving fraction
of MDA-MB-231, HCC38,
Htb126, and HCC1937 cells
expressing siRNA against FLNA
with or without reconstituted
FLNA expression in the presence
of 4 or 8 nM of docetaxel. Values
are normalized to control cells for
each cell line. Data represent
mean±s.d., n=3. *P<0.05;
**P<0.01
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knockdown of FLNA showed better response to docetaxel
with concomitant increased induction of apoptosis compared
to control xenograft (Fig. 5). These results support that FLNA
is directly involved in regulating chemoresistance in TNBC
both in vitro and in vivo.

Mitogen-activated protein kinase (MAPK) cascades, which
couple extracellular signal from cell surface receptor to tran-
scriptional factors, are key signaling pathways involved in the
regulation of cell proliferation, survival, and differentiation

[22]. Specifically, the Raf-MEK-ERK pathway is a key down-
stream effector of the Ras small GTPase, the most frequently
mutated oncogene in human cancers [22]. Aberrant activation
of the Ras/MAPK pathway is known to play important roles in
tumor initiation and progression [22]. Although oncogenic
mutation in this pathway is infrequent in breast cancer, alter-
native mechanism for Ras/MAPK activation has been pro-
posed in TNBC, including copy number alterations in canon-
ical Ras/MAPK pathway component (i.e., amplifications or

Fig. 3 FLNA modulates
chemosensitivity by regulating
ERK1/2 activation in MDA-MB-
231 cells. a Immunoblot analysis
of phosphorylation of ERK1/2 in
MDA-MB-231 cells with
knockdown of FLNA and
reconstituted FLNA expression. b
Immunoblot analysis of
phosphorylation of ERK1/2 and
total ERK in MDA-MB-231 cells
with knockdown of ERK2. c
Dose response curves of
docetaxel in MDA-MB-231 cells
transfected with siControl,
siFLNA, pEGFP FLNA, or
ERK2 GOF. Data represent mean
±s.d., n=3. d Dose response
curves of docetaxel in MDA-MB-
231 cells transfected with
siControl, siFLNA, or siERK2.
Data represent mean±s.d., n=3

5112 Tumor Biol. (2016) 37:5107–5115



gains of KRAS and BRAF) and loss of negative regulation of
this pathway (e.g., loss of NF1) [23, 24]. Interestingly, a role
of Raf/MEK/ERK in regulating drug resistance has been sug-
gested due to its interactions with the apoptosis pathway [25].
Several pieces of evidence suggest that FLNA may be impli-
cated inMAPK signaling induced by a variety of extracellular
stimuli. It has been shown that FLNA can interact with the
MAPK kinases MEK1 and MKK4 and is phosphorylated by
ribosomal S6 kinase, an ERK target [26, 27]. It has also been
reported that filamin A can act cooperatively with β-arrestins
to regulate ERK activation and actin cytoskeleton reorganiza-
tion [28]. In our study, we observed a correlation between
FLNA expression and ERK activation in TNBC cells.
Specifically, knockdown of FLNA reduced phosphorylation
of ERK whereas restoration of FLNA expression led to ERK
activation (Fig. 3a). Correspondingly, constitutive activation

of ERK mimicked the effect of FLNA restoration on
chemosensitivity of siFLNA cells and ERK2 knockdown also
sensitized these cells to docetaxel (Fig. 3b, c). Additionally,
expression of dominant negative MEK1, which lacks the abil-
ity to activate ERK1/2, or cotreatment of MEK1 inhibitor,
exhibited similar chemosensitizing effect in MDA-MB-231
cells (Fig. 4). Taken together, these results support that
FLNA mediate chemosensitivity through the MAPK/ERK
pathway in TNBC cells. Considering its role as a scaffolding
protein for numerous signaling molecules, it is reasonable to
postulate that FLNA may activate the MAPK/ERK pathway
through its interaction with components of this signaling path-
way. Further investigation is warranted as to the detailed
mechanism underlying this regulation.

In conclusion, our study demonstrates that FLNA can func-
tion as a modulator of chemosensitivity to docetaxel in TNBC

Fig. 4 FLNA exerts its
chemosensitivity modulating
effect through the MAPK/ERK
pathway. a–d Dose response
curves of docetaxel in MDA-MB-
231 (a), HCC38 (b), Htb126 (c),
and HCC1937 (d) cells
transfected with siControl,
siFLNA, or MEK1 DN. Data
represent mean±s.d., n=3. e
Immunoblot analysis ofMEK and
phosphorylation of ERK1/2 in
MDA-MB-231 cells with ectopic
expression of MEK DN. f
Surviving fraction of MDA-MB-
231, HCC38, Htb126, and
HCC1937 cells expressing treated
with docetaxel (1 nM), U0126
(1 μM), or combined. Values are
normalized to control cells for
each cell line. Data represent
mean±s.d., n=3. *P<0.05;
**P<0.01
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cells through regulation of the MAPK/ERK pathway both
in vitro and in vivo. FLNA may serve as a novel therapeutic
target for improvement of chemotherapy efficacy in TNBC.
Unraveling the molecular pathways associated with FLNA
chemoresistance is of great importance for further understand-
ing its clinical implication in the treatment of TNBC.
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