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Abstract Although the upregulated expression of Anxa2

has been implicated in carcinogenesis, cancer progression,

and poor prognosis of cancer patients, the detailed

molecular mechanisms involved in these processes remain

unclear. In this study, we investigated the effect of Anxa2

downregulation with small interference RNA on breast

cancer proliferation. To explore molecular mechanisms

underlying Anxa2-mediated cancer cell proliferation. We

analyzed cell cycle distribution and signaling pathways

using semi-quantitative real-time PCR and Western blot-

ting. Anxa2 depletion in breast cancer cells significantly

inhibited cell proliferation by decelerating cell cycle pro-

gression. The retarded G1-to-S phase transition in Anxa2-

silenced cells was attributed to the decreased levels of

cyclin D1, which is a crucial promoting factor for cell

proliferation because it regulates G1-to-S phase transition

during cell cycle progression. We provided evidence that

Anxa2 regulates epidermal growth factor-induced phos-

phorylation of STAT3. The reduced expression of phos-

phorylated STAT3 is the main factor responsible for

decreased cyclin D1 levels in Anxa2-silenced breast cancer

cells. Our results revealed the direct relationship between

Anxa2 and activation of STAT3, a key transcription factor

that plays a pivotal role in regulating breast cancer pro-

liferation and survival. This study provides novel insights

into the functions of Anxa2 as a critical molecule in cel-

lular signal transduction and significantly improves our

understanding of the mechanism through which Anxa2

regulates cell cycle and cancer cell proliferation.
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Introduction

Anxa2, also known as annexin A2, annexin II, or p36, is a

multifunctional and multicompartmental protein; Anxa2,

which was first purified from membrane vesicles of

intestinal epithelial cells, is identified as a substrate of the

protein tyrosine kinase v-Src [16, 17]. Anxa2 exists as a

monomer or heterotetramer and is distributed intracellu-

larly and extracellularly [3, 27, 48, 60]. Extracellular

Anxa2 primarily functions as an important receptor and

activator of plasminogen, which is critical for many bio-

logical activities, such as vascular thrombolysis, angio-

genesis, and tissue remodeling [3, 27, 48, 60]. The

physiological function of intracellular Anxa2 is associated

with membrane-related events, such as exocytosis, endo-

cytosis, membrane formation, and vesicular trafficking [3,

27, 48, 60]. Intracellular Anxa2 also plays an important

role in RNA binding, DNA synthesis, and cellular signal

transduction [12, 35, 56]. As such, Anxa2 modulates many

cellular activities, including cell proliferation, apoptosis,

cell migration, invasion, and angiogenesis [3, 27, 48, 56,

60]. Moreover, the deregulated expression of Anxa2 is

involved in several diseases, such as cancer, inflammation,
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and anti-phospholipid syndrome [3, 27, 48, 60]. Never-

theless, the underlying mechanism through which Anxa2

contributes to these diseases remains largely unknown.

Accumulated evidence supported the pivotal role of

Anxa2 in carcinogenesis and cancer progression [3, 27, 48,

60]. Anxa2 overexpression has been observed in many

human malignancy tumors, including breast cancer [41],

colorectal cancer [8, 10], pancreatic cancer [11, 45], renal

cell carcinoma [32], hepatocellular carcinoma [29, 53],

glioma [13], gastric cancer [9], and lung cancer [28]. The

increased expression levels of Anxa2 in cancer tissues are

associated with rapid recurrence [21, 45], metastasis [32,

52], poor response to chemotherapy [6, 20], and poor

prognosis [32, 45]. Importantly, Anxa2 promotes cell

adhesion [44], migration [40, 44, 59, 61, 62], invasion [51,

57, 59, 61], EMT [63, 64], and angiogenesis [26, 38],

which are crucial for cancer metastasis. In vitro studies

demonstrated that Anxa2 downregulation significantly

blocks cell cycle progression, cell division, and cell pro-

liferation in cell lines derived from multiple myeloma [2],

breast cancer [42, 58], and lung cancer [47]; conversely,

Anxa2 upregulation promotes cancer cell proliferation

[51], these studies presented the implication of Anxa2 in

cell cycle progression and cell proliferation. Two recent

studies have shown that perturbing Anxa2 function may be

a potential approach for cancer treatment [5, 39]. Thus, the

mechanism through which Anxa2 regulates these processes

must be elucidated.

In this study, we investigated the effect of Anxa2

knockdown on breast cancer proliferation. Anxa2 depletion

in breast cancer cells significantly inhibited cell prolifera-

tion by decelerating cell cycle progression. The retarded

G1-to-S phase transition in Anxa2-silenced cells was

attributed to the reduced levels of cyclin D1, which is a

crucial promoting factor for cell proliferation because it

regulates G1-to-S phase transition during cell cycle pro-

gression [31, 34]. We provided evidence that the reduced

expression of phosphorylated STAT3 is the main factor

responsible for the decreased cyclin D1 levels in Anxa2-

silenced breast cancer cells. Our results revealed the direct

relationship between Anxa2 and activation of STAT3, a

key transcription factor that plays a pivotal role in regu-

lating breast cancer proliferation and survival.

Materials and methods

Cell lines, reagents, and antibodies

Human breast cancer cell lines MDA-MB-231 and T47D

were obtained from the American Type Culture Collection.

Cells were cultured in RPMI-1640 (Hyclone, Logan, USA)

culture medium supplemented with 10 % fetal bovine

serum (Gibco, Carlsbad, USA) in an incubator humidified

at 37 �C with 5 % CO2. All the cells used in this study

were passaged less than 3 months. Enhanced chemilumi-

nescence reagents were purchased from Millipore (Darm-

stadt, Germany). Protease inhibitor (EDTA-free) was

purchased from Roche Diagnostics (Mannheim, Germany).

Lipofectamine 2000 and Click-iT EdU cell proliferation

assay kit were purchased from Invitrogen (Carlsbad, USA).

Mouse monoclonal antibodies against Anxa2, cyclin D1,

cyclin E, and b-actin, was purchased from Santa Cruz Inc.

(CA, USA). Rabbit monoclonal antibodies against Akt,

phosphor-Akt (Thr308), p-S6K1 (Thr 389), Erk1/2, p-Erk1/

2 (Thr202/Tyr204), and p-STAT3 (Tyr 705) were pur-

chased from Cell Signaling Technology (Danvers, USA).

Rabbit monoclonal antibodies against p70 S6K1 and

STAT3 were purchased from Epitomics (Burlingame,

USA).

Plasmid construction, lentivirus packaging,

and stable cell line generation

Lentiviral vector pLKO.1-puro was constructed to express

human Anxa2-specific shRNAs or human STAT3-specific

shRNAs. The shRNA target sequences are listed in

Table 1. A scrambled sequence that does not target any

known human coding sequence was used for negative

control. Packaging of lentiviral particles was performed as

described previously [56]. Briefly, lentiviral vectors were

cotransfected with two packaging plasmids into 293T cells

using Lipofectamine 2000 according to the manufacturer’s

instructions. Virus-containing media were collected at 48

and 72 h after transfection and then centrifuged at

4000 rpm to remove cell debris. The supernatant was

ultrafiltrated through centrifugation in ultrafiltration col-

umns (Millipore) at 3000 rpm for 1 h at 4 �C to concen-

trate lentiviral particles. The cells were infected in the

presence of 8 lg/mL polybrene, and Anxa2 or STAT3

stable knockdown cells were obtained through selection

with 6 lg/mL puromycin for 10 days.

Western blotting assay

Western blotting assay was performed as described previ-

ously [58]. Briefly, the cells were lysed in 1 9 SDS cell

Table 1 shRNA target sequences

Gene shRNA target sequence Position

Anxa2 #1 50-TAGGTCTGAATTCAAGAGAAA-30 1036–1056

Anxa2 #2 50-AAGCCAAAGAAATGAACATTC-30 1330–1350

STAT3 #1 50-TGACCAACAATCCCAAGAA-30 482–500

STAT3 #2 50-ACAATCTACGAAGAATCAA-30 1688–1706
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lysis buffer. Protein lysates were quantified with BCA

reagent, and 20 lg of the lysates were separated through

SDS-PAGE and transferred onto a PVDF membrane. The

membrane was blocked with 5 % nonfat milk and incubated

with primary antibodies against Anxa2 (1:2000), cyclin D1

(1:500), cyclin E (1:1000), Akt (1:1000), p-Akt (1:1000),

S6K1 (1:1000), p-S6K1 (1:1000), Erk1/2 (1:3000), p-Erk1/2

(1:2000), p38 (1:1000), p-p38 (1:500), STAT3 (1:1000),

p-STAT3 (1:1000), and b-actin (1:5000) at 4 �C overnight.

Immunodetection was subsequently performed with HRP-

linked secondary antibodies and enhanced chemilumines-

cence reagents according to the manufacturer’s protocol.

Reverse transcription and quantitative PCR

Total RNA was extracted with Trizol reagent (Invitrogen,

Carlsbad, USA). Reverse transcription was performed with

a PrimeScript RT kit (Takara, Dalian, P.R. China)

according to the manufacturer’s protocol. Semi-quantita-

tive real-time PCR was performed using SYBR Premix Ex

Taq (Takara, Dalian, P. R. China). PCR primers and

reaction conditions are described in Table 2. The experi-

ments were performed using four replicates for each group

and repeated three times.

MTT assay

MTT assay was performed as described previously [58].

Briefly, control and Anxa2 knockdown cells were seeded

into 96-well plates at a density of 2 9 103 cells per well.

At each time point, 20 lL of MTT solution (5 mg/mL) in

PBS was added into each well and the cells were stained

for 4 h at 37 �C. The supernatant was then aspirated

carefully. The formazan in the plate was dissolved by

adding 200 lL of DMSO. Absorbance was determined at

570 nm on a micro-ELISA reader, with a reference

wavelength at 630 nm. The assays were performed using

five replicates for each time point and repeated three times.

Colony formation assay

Control and Anxa2 knockdown cells were seeded in 6 cm

dishes at a density of 1000 cells per dish and then cultured

for 14 days. The medium was removed. The cells were

washed three times with PBS, fixed with methanol for

10 min, and stained with 0.5 % crystal violet solution at

room temperature for 2 h. The number of colonies con-

taining more than 50 cells was counted. The assay was

performed in triplicate and repeated three times.

Cell cycle assay

Cell cycle assay was performed through flow cytometry.

Briefly, control and Anxa2 knockdown cells were cultured

to 70–80 % confluence. The cells were trypsinized, col-

lected, and centrifuged at 1000 rpm for 5 min, washed

three times with PBS, and fixed with ice-cold 70 % ethanol

at 4 �C overnight. The cells were washed with ice-cold

PBS three times and stained with 500 lL of propidium

iodide (50 lg/mL) containing 1 lg/mL RNase at 37 �C for

30 min. Flow cytometric analysis was performed on a

Beckman Coulter EPICS analyzer, and cell cycle phase

distribution was analyzed with the MultiCycle AV soft-

ware. The assay was performed in triplicate and repeated

three times.

EdU incorporation assay

EdU staining was performed with a Click-iT EdU imaging

kit with Alexa Fluor-488 according to the manufacturer’s

protocol. Briefly, control and Anxa2 knockdown cells were

seeded on coverslips and cultured for 24 h. The cells were

incubated with EdU solution at a final concentration of

10 lM for 12 h at 37 �C, washed three times with PBS, and

fixed with 4 % PFA/PBS for 10 min at room temperature.

The cells were washed with PBS and permeabilized with

0.5 % Triton X100 in PBS for 15 min at room temperature.

Subsequently, the cells were incubated with Click-iT reac-

tion cocktail for 30 min at room temperature. Nuclear

staining was performed with DAPI, coverslips were moun-

ted, and EdU-positive staining cells were visualized and

counted with an inverted fluorescence microscope. The

assay was performed in triplicate and repeated three times.

Statistical analysis

All data are presented as mean ± SD. Statistical analyses

were performed using the Graphpad Prim 6.00 software.

Table 2 PCR primers and

reaction conditions
Gene Primer sequence Annealing

temperature (�C)
Product (bp)

Cyclin D1 Forward: 50-TGCATCTACACCGACAACTCC-30 60 172

Reverse: 50-CGTGTTTGCGGATGATCTGTT-30

b-actin Forward: 50-CAGAGCAAGAGAGGCATCC-30 60 217

Reverse: 50-CTGGGGTGTTGAAGGTCTC-30
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Differences between groups were analyzed by one-way or

two-way ANOVA. P values less than 0.05 (two-tailed)

were considered as statistically significant. The asterisk

means the P value is less than 0.05.

Results

Knockdown of Anxa2 inhibits breast cancer cell

proliferation

We previously reported that upregulation of Anxa2 in

breast cancer cells enhances cell proliferation [51]. In the

present study, we investigated the effect of Anxa2 silencing

on the proliferation rate of breast cancer cells. As shown in

Fig. 1a, b, the expression levels of Anxa2 in the two breast

cancer cell lines significantly decreased after infection with

lentivirus expressing two specific shRNAs targeting Anxa2

compared with wild type cells and cells infected with virus

expressing control shRNA. The results of MTT based cell

proliferation assay showed that proliferation of Anxa2

knockdown cells was inhibited compared with that of

control or parental cancer cells (Fig. 1c, d). Similarly, cell

colony formation was reduced after deletion of Anxa2

(Fig. 1e, f). These results suggest that Anxa2 may play an

essential role in cell proliferation of breast cancer cells

in vitro.

Knockdown of Anxa2 affects cell cycle distribution

As cell cycle progression is critical for cell proliferation,

we assessed cell cycle distribution of the two breast cancer

cell lines after knockdown of Anxa2 through flow cytom-

etry assay. The number of Anxa2-silenced T47D and

MDA-MB-231 cells significantly increased in the G0/G1

phase and decreased in the S phase compared with control

cells (Fig. 2a, b). EdU incorporation assay was conducted

to determine the effect of Anxa2 knockdown on cell pro-

liferation. Consistent with the results obtained through flow

cytometry assay, silencing of Anxa2 decreased the per-

centage of cells that incorporated EdU (Fig. 2c), thereby

indicating a reduction of cell number in the S phase. Col-

lectively, these results suggest that Anxa2 may play an

important role in G1-to-S phase transition in breast cancer

cells.

Knockdown of Anxa2 reduces Cyclin D1 abundance

Cyclin-CDK complexes control cell cycle progression.

Cyclin D1 and cyclin E are key regulators for G1-to-S-

phase transition because they interact with Cdk4/6 to

mediate Cdk4/6 activation by forming complexes. We

assessed the effects of Anxa2 knockdown on cyclin D1

abundance. Compared with that of control cells, the

expression level of the cyclin D1 protein decreased after

downregulation of Anxa2 in breast cancer cells (Fig. 2d).

However, Anxa2 knockdown did not affect cyclin E

expression, which also plays a critical role in G1-to-S-

phase transition. To investigate whether the decreased

expression level of the cyclin D1 protein in Anxa2

knockdown cells is attributed to the reduced transcription

of cyclin D1 messenger RNA (mRNA), we determined the

expression of cyclin D1 mRNA in Anxa2 stable knock-

down cells through real-time PCR. As shown in Fig. 2e,

the expression of cyclin D1 mRNA also reduced after

Anxa2 downregulation in human breast cancer cells.

Knockdown of Anxa2 does not affect the Akt/S6K1

pathway

Previous studies demonstrated that cyclin D1 abundance is

also regulated at the translational level, and activation of

Akt signaling to the S6 K pathway is responsible for the

synthesis of the cyclin D1 protein [14, 33]. As such, we

performed Western blotting assay to determine the effect of

Anxa2 knockdown on the phosphorylation of Akt and the

downstream mediator S6 K. As shown in Fig. 3a, b,

downregulation of Anxa2 did not significantly affect EGF-

induced phosphorylation of Akt and S6 K compared with

that in control cells. These results suggest that the reduced

levels of cyclin D1 in Anxa2 knockdown cells are not

attributed to translational repression.

Knockdown of Anxa2 has varying effects

on the MAPK pathway in two breast cancer cell

lines

Activation of MAPK signaling regulates transcription of

cyclin D1 mRNA in several cell lines [1, 23, 43]. Two

recent studies have demonstrated that Anxa2 may be

involved in MAPK signaling [5, 51]. In this regard, we

determined the potential role of Anxa2 in MAPK activa-

tion. As shown in Fig. 3d, the expression levels of phos-

pho-Erk1/2 decreased by approximately 20–30 % in Anxa2

knockdown MDA-MB-231 cells compared with that in

control cells; moreover, the expression levels of phospho-

p38 in Anxa2-silenced MDA-MB-231 cells did not change

(Fig. 3d). Our results also showed that Anxa2 knockdown

does not significantly affect Erk1/2 and p38 MAPK phos-

phorylation in T47D cells (Fig. 3c). These data imply that

Anxa2 expression may exhibit varied effects on MAPK

activation in breast cancer cells.
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Knockdown of Anxa2 inhibits STAT3

phosphorylation

Several studies have shown that cyclin D1 is transcrip-

tionally regulated by STAT3 signaling in breast cancer

cells [19, 25, 37]. Given that STAT3 activation is depen-

dent on tyrosine phosphorylation at Y705 in response to

various cytokines or growth factors [4], we investigated the

effect of Anxa2 knockdown on EGF-induced tyrosine

phosphorylation of STAT3. As shown in Fig. 4a, b,

downregulation of Anxa2 inhibited EGF-induced phos-

phorylation of STAT3, and thus inactivated STAT3 in

Anxa2-depleted cancer cells. As previous studies also

demonstrated that IL-6 is a potent STAT3 activator and a

Fig. 1 Knockdown of Anxa2 expression inhibits cell proliferation

ability in human breast cancer cells. a and bWestern blotting analysis

of Anxa2 expression in T47D and MDA-MB-231 breast cancer cells

infected with control or shAnxa2-expressing lentivirus. The numbers

below the blots show the relative values from the densitometric

analysis, normalized to b-actin, expressed as fold change over control.
c and d The MTT assay showed that proliferation of Anxa2

knockdown cells was inhibited compared with that of control or

parental cancer cells. Cells (2 9 103) were seeded in 96-well plates,

at each time point, 20 lL of MTT solution (5 mg/mL) in PBS was

added into each well and the cells were stained for 4 h at 37 �C. The
formazan in the plate was dissolved by adding 200 lL of DMSO, and

the absorbance was determined at 570 nm on a micro-ELISA reader.

The assays were performed using five replicates for each time point

and repeated three times. Statistical analysis was performed by a two-

way ANOVA. *P\ 0.05 compared to the control. e and f Cell colony
formation was reduced after deletion of Anxa2 in T47D and MDA-

MB-231 cells. Control and Anxa2 knockdown cells were seeded in

60 mm dishes at a density of 1000 cells per dish and cultured for 14

days. The number of colonies was quantified under an inverted

microscope, and only colonies of more than 50 cells were counted.

The assays were performed in triplicate for each group and repeated

three times. Statistical analysis was performed by a one-way ANOVA

followed by Tukey’s multiple comparison test. *P\ 0.05 compared

to the control
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growth factor for breast cancer cells [36], we assessed the

involvement of Anxa2 in IL6-induced STAT3 activation.

Consistently, IL-6-induced phosphorylation of STAT3 was

also inhibited in Anxa2 knockdown cells (Fig. 4c, d).

These findings suggest that Anxa2 downregulation in

breast cancer cells results in defects of STAT3 activation.

Fig. 2 Knockdown of Anxa2 retards cell cycle distribution by

downregulating cyclin D1 expression. a and b Knockdown of Anxa2

expression in T47D and MDA-MB-231 cells induced an increase in

the proportion of the G0/G1 phase and a decrease in the proportion of

the S phase compared with control cells. The experiments were

performed in triplicates and repeated three times. c Silencing of

Anxa2 in T47D and MDA-MB-231 cells decreased the percentage of

cells that incorporated EdU. Control and Anxa2 knockdown cells

were seeded on coverslips and incubated with EdU solution at a final

concentration of 10 lM for 12 h at 37 �C, and then the cells were

fixed, permeabilized, incubated with Click-iT reaction cocktail for

30 min at room temperature. Subsequently, the cells were stained

with DAPI, and EdU-positive staining cells were visualized and

counted with an inverted fluorescence microscope. The experiments

were performed in triplicates and repeated three times. d Western

blotting analysis of cyclin D1 and cyclin E expression in control and

Anxa2-knockdown breast cancer cells. The numbers below the blots

show the relative values from the densitometric analysis, normalized

to b-actin, expressed as fold change over control. e Quantitative PCR
analysis of expression of cyclin D1 mRNA in control and Anxa2-

knockdown breast cancer cells. The experiments were performed

using four replicates for each group and repeated three times. All

statistical analysis was performed by a one-way ANOVA followed by

Tukey’s multiple comparison test. *P\ 0.05 compared to the control
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Knockdown of STAT3 significantly decreases

the expression levels of cyclin D1 mRNA in breast

cancer cells

To determine whether STAT3 regulates cyclin D1 expres-

sion and breast cancer cell proliferation, we stably down-

regulated the expression levels of STAT3 in T47D and

MDA-MB-231 cells through lentivirus-mediated shRNAs.

As shown in Fig. 5a, two different shRNA sequences tar-

geting STAT3 effectively silenced STAT3 expression in the

two breast cancer cell lines. Western blotting analysis results

further showed that the expression levels of the cyclin D1

protein in STAT3-silenced cells were significantly lower

than those in control cells (Fig. 5a). Consistently, the results

from real-time RT-PCR also showed a notable decrease in

cyclin D1 mRNA expression after STAT3 depletion

(Fig. 5b). We then determined the effect of STAT3

knockdown on breast cancer proliferation. MTT assay

results showed that the cell proliferation rate significantly

decreased in STAT3-silenced T47D and MDA-MB-231

cells compared with that in control cells (Fig. 5c). Similarly,

the reduction in STAT3 expression in the two cell lines

inhibited cell colony formation (Fig. 5d), which indicates

that STAT3 plays a critical role in breast cancer prolifera-

tion. Taken together, these results support the critical role of

STAT3 in controlling breast cancer proliferation by regu-

lating cyclin D1 expression.

Inhibition of Erk1/2 slightly decreases

the expression levels of cyclin D1 in breast cancer

cells

To clarify whether the attenuated Erk1/2 phosphorylation

after Anxa2 knockdown reduces cyclin D1 expression in

Fig. 3 Knockdown of Anxa2 has no significant effect on Akt/S6K1

and MAPK pathway. a and b Western blotting analysis of expression

of phosphorylation of Akt and S6 K in control and Anxa2 knockdown

breast cancer cells. Control and Anxa2-knockdown breast cancer cells

were grown to 80–90 % confluence, starved for 12 h, and stimulated

with EGF for 0, 5, 15, and 30 min, then total cellular protein were

extracted and subjected to Western blotting analysis. The numbers

below the blots show the relative values from the densitometric

analysis. The levels of p-Akt and p-S6 K were normalized to the

corresponding total Akt and S6 K, values are expressed as fold

changes compared to the zero-time control. c and d Western blotting

analysis of expression of phosphorylation of Erk1/2 and p38 in

control and Anxa2 knockdown breast cancer cells. The numbers

below the blots show the relative values from the densitometric

analysis. The levels of p-Erk1/2 and p-p38 were normalized to the

corresponding total Erk1/2 and p38, values are expressed as fold

changes compared to the zero-time control
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MDA-MB-231 cells, we examined the inhibitory effects of

PD98059, a potent and specific inhibitor of Erk1/2 kinases,

on MDA-MB-231 cells. As shown in Fig. 6a, pretreatment

with PD98059 significantly inhibited phosphorylation of

Erk1/2 in a dose-dependent manner, which indicates the

inhibition of Erk1/2 activation. In cells treated with a high

concentration of PD98059 (20 lM), which resulted in

more than 90 % inhibition of Erk1/2 phosphorylation, the

expression levels of the cyclin D1 protein decreased by

approximately 40 %, whereas the levels of cyclin D1

mRNA reduced by approximately 20 % compared with

those in control cells. However, in cells treated with a low

concentration of PD98059 (5 lM), which blocked Erk1/2

phosphorylation by approximately 60 %, the levels of the

cyclin D1 protein marginally decreased by 10 %, whereas

the expression levels of cyclin D1 mRNA did not change

(Fig. 6a). These data indicate that activation of Erk1/2

signaling is partially responsible for cyclin D1 expression.

Given that knockdown of Anxa2 only resulted in approx-

imately 20–30 % inhibition of Erk1/2 phosphorylation in

MDA-MB-231 cells (Fig. 3d), our results demonstrated

that the partial inhibition of Erk1/2 phosphorylation may

not be the main factor responsible for the reduction in

cyclin D1 abundance in Anxa2 knockdown cells.

Discussion

The deregulated expression of Anxa2 has been reported in

many types of tumors, including breast cancer, and high

expression of Anxa2 is correlated with cancer progression

and poor prognosis of cancer patients [27, 48, 60].

Accumulated evidences showed that Anxa2 is a critical

regulator in promoting angiogenesis, cancer cell prolifer-

ation, cell cycle progression, migration, invasion, and

metastasis [5, 50, 51, 59, 61–64]. Nevertheless, the

detailed molecular mechanisms involved in these pro-

cesses remain elusive. In the present study, we demon-

strated that Anxa2 silencing inhibited cell proliferation by

retarding the G1-S phase transition through downregula-

tion of cyclin D1 expression in a STAT3-dependent

manner. We presented evidence that Anxa2 regulates

EGF and IL-6-induced phosphorylation of STAT3, and

inactivation of STAT3 is the major factor that affects the

reduction in cyclin D1 level in Anxa2 knockdown cells.

Overall, this study provides novel insights into the func-

tions of Anxa2 as a critical molecule in cellular signal

transduction. Our findings also significantly improve our

understanding of the mechanism through which Anxa2

regulates cancer cell proliferation.

Fig. 4 Knockdown of Anxa2 inhibits STAT3 phosphorylation in

breast cancer cells. a and b Western blotting analysis of EGF-induced

tyrosine phosphorylation of STAT3 at Tyr 705 site in control and

Anxa2 knockdown breast cancer cells. Control and Anxa2-knock-

down breast cancer cells were starved for 12 h, and stimulated with

EGF for 0, 5, 15, and 30 min, then total cellular protein were

extracted and subjected to Western blotting analysis. The numbers

below the blots show the relative values from the densitometric

analysis. The levels of p-STAT3 were normalized to the

corresponding total STAT3, values are expressed as fold changes

compared to the zero-time control. c and d Western blotting analysis

of IL-6-induced phosphorylation of STAT3 at Tyr 705 site in control

and Anxa2 knockdown breast cancer cells. The numbers below the

blots show the relative values from the densitometric analysis. The

levels of p-STAT3 were normalized to the corresponding total

STAT3, values are expressed as fold changes compared to the zero-

time control
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Two recent studies have shown that blocking the func-

tion of Anxa2 through neutralizing antibodies can inhibit

breast cancer cell proliferation in vitro and breast tumor

growth in vivo [5, 39]. In agreement with these observa-

tions, our results showed that silencing Anxa2 in breast

cancer cells inhibited cell proliferation as evidenced

through the results of MTT and colony formation assays

(Fig. 1). These results indicate a critical function of Anxa2

in promoting cancer cell proliferation. Nevertheless, min-

imal information is known regarding the precise molecular

mechanism through which Anxa2 regulates cancer cell

proliferation. In this paper, we showed that Anxa2 deple-

tion reduced cell proliferation by retarding cell cycle at the

G1 phase as examined through flow cytometry and EdU

incorporation assay (Fig. 2a–c). Cyclin D1 and cyclin E

are critical regulators for G1-to-S-phase transition. We

showed that the blockage of cell cycle progression in

Anxa2 knockdown cells was attributed to the reduction in

cyclin D1 abundance without affecting the expression level

of cyclin E (Fig. 2d). The deregulated expression of cyclin

D1 has been proposed to mediate mammary tumorigenesis

[49, 55]. Intensive studies have also shown that elevated

Fig. 5 Knockdown of STAT3 significantly inhibits cell proliferation

and decreases the expression levels of cyclin D1 mRNA in breast

cancer cells. a Western blotting analysis of cyclin D1 and STAT3

expression in T47D and MDA-MB-231 breast cancer cells infected

with control or shSTAT3-expressing lentivirus. The numbers below

the blots show the relative values from the densitometric analysis,

normalized to b-actin, expressed as fold change over control.

b Quantitative PCR analysis of expression of cyclin D1 mRNA in

control and STAT3-knockdown breast cancer cells. The experiments

were performed using four replicates for each group and repeated

three times. c The MTT assay showed that proliferation of STAT3

knockdown cells was inhibited compared with that of control cells.

The assays were performed using five replicates for each time point

and repeated three times. Statistical analysis was performed by a two-

way ANOVA. *P\ 0.05 compared to the control. d Cell colony

formation was reduced after deletion of STAT3 in T47D and MDA-

MB-231 cells. The experiments were performed in triplicate, and

repeated three times. Statistical analysis was performed by a one-way

ANOVA followed by Tukey’s multiple comparison test. *P\ 0.05

compared to the control
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expression of cyclin D1 frequently occurs in human breast

cancer and is correlated with disease aggravation [30, 46].

Thus, our finding that Anxa2 regulates cyclin D1 abun-

dance provides new evidence that Anxa2 is associated with

breast cancer progression.

The abundance of cyclin D1 are regulated through

several complex mechanisms, including transcription,

translation, and posttranslational modifications [30].

Translation of cyclin D1 mRNA is regulated by mTORC1/

S6K1 signaling downstream of the protein kinase Akt [14,

15]. A recent study reported that Anxa2 knockdown by

shRNA enhanced EGF-induced phosphorylation of Akt [7].

By contrast, another two recent studies have shown that

functional inhibition of Anxa2 with antibodies or siRNA

inhibited EGF-induced AKT pathway in breast cancer cells

[5, 42]. These contradicting results suggest that defining

the accurate role of Anxa2 in regulating Akt signaling is

urgently needed. Additionally, the information about the

effect of Anxa2 silencing on S6k1 phosphorylation is

limited. Thus, we investigated the effect of Anxa2 silenc-

ing on the Akt/S6K1 pathway in our established models.

The results demonstrated that knockdown of Anxa2

expression with shRNA did not affect EGF-induced Akt

phosphorylation at threonine 308 site in human breast

cancer cells (Fig. 3a, b). The phosphorylation of S6K1,

which functions downstream of Akt, was not affected in

Anxa2-silenced cells. Hence, Akt/mTORC1/S6K1 pathway

is not affected in Anxa2-silenced breast cancer cells. Given

that Akt/mTORC1/S6 K signaling is required for transla-

tion of cyclin D1 mRNA [14, 15], we revealed that the

reduction in the cyclin D1 protein in Anxa2-depleted cells

may be attributed to the decrease in transcription of its

mRNA. Consistent with this hypothesis, our data showed

that the expression of cyclin D1 mRNA significantly

decreased in Anxa2-silenced breast cancer cells (Fig. 2e).

Transcription of cyclin D1 mRNA has been reported to

be induced by growth factor-mediated signaling cascades

that involve the Ras-Raf-MAPK pathway [22]. As previous

studies demonstrated that Anxa2 may participate in MAPK

signal transduction [5, 7, 42, 51]; we speculate that Anxa2

may regulate cyclin D1 transcription by influencing MAPK

activation. However, results from Fig. 3c revealed that

Anxa2 deletion in T47D cells did not significantly affect

EGF-induced Erk1/2 and p38 MAPK phosphorylation.

Moreover, in Anxa2-silenced MDA-MB-231 cells, Erk1/2

phosphorylation was minimally reduced, whereas, p38

MAPK phosphorylation remained unchanged (Fig. 3d).

These data indicate that the reduced transcription of cyclin

D1 mRNA in Anxa2-silenced cells may not be attributed to

the slight inhibition of Erk1/2 signaling. Accordingly, the

expression levels of cyclin D1 mRNA in cells treated with

low doses of Erk1/2 inhibitor, which slightly inhibited

Erk1/2 phosphorylation, did not evidently changed com-

pared with those in control cells (Fig. 6b). Moreover, the

phenomenon, in which high doses of inhibitor markedly

reduced cyclin D1 protein expression compared with

mRNA in MDA-MB-231 cells, may be explained by a

recent finding that Erk1/2 signaling plays a role in cyclin

D1 translation regulation [33]. Taken together, our results

suggest that the partial inhibition of Erk1/2 phosphoryla-

tion by Anxa2 knockdown may not be the main factor

responsible for the reduction of cyclin D1 abundance in

breast cancer cells.

In addition to Erk1/2 signaling, cyclin D1 mRNA tran-

scription is also regulated by STAT3 in several types of

carcinomas, particularly in breast cancer [19, 25]. As a

Fig. 6 Inhibition of Erk1/2 slightly decreases the expression levels of

cyclin D1 in breast cancer cells. a Inhibition of Erk1/2 partially

decreases the expression levels of cyclin D1 protein in MDA-MB-231

cells. Western blotting analysis of expression of cyclin D1 and Erk1/2

phosphorylation in control and cells treated with different doses of

PD98059, an Erk1/2 kinases inhibitor. The numbers below the blots

show the relative values from the densitometric analysis. The levels

of p-Erk1/2 were normalized to the corresponding total Erk1/2, the

levels of cyclin D1 were normalized to b-actin, values are expressed

as fold change over the untreated control. b Quantitative PCR analysis

of expression of cyclin D1 mRNA in control and cells treated with

different doses of PD98059. The experiments were performed using

four replicates for each group and repeated three times. Statistical

analysis was performed by a one-way ANOVA followed by Tukey’s

multiple comparison test. *P\ 0.05 compared to the untreated

control
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transcription factor, STAT3 is phosphorylated by either

receptor tyrosine kinase, such as EGFR, or nonreceptor

tyrosine kinase, such as Src and Jak2. Phosphorylation

leads to STAT3 dimerization, nuclear translocation and

then activation. We previously reported that Anxa2 is a

binding protein of STAT3 in breast cancer cells [50]. In

this paper, we showed that silencing of Anxa2 inhibited

EGF- or IL-6-induced tyrosine phosphorylation of STAT3,

indicating that Anxa2 may mediate STAT3 activation in

breast cancer cells. Consistent with this result, a recent

study has shown that knockdown of Anxa2 with siRNA

inhibited EGF-induced STAT3 phosphorylation in breast

cancer cells [42]. However, the detailed function of STAT3

suppression in Anxa2-silenced cells remains unknown. In

the present study, we further demonstrated that depletion of

STAT3 through shRNA significantly reduced the expres-

sion levels of the cyclin D1 protein, as well as the levels of

its mRNA. Consistently, the reduced STAT3 expression in

the two cell lines inhibited cell proliferation. Taken toge-

ther, these results support a notion that STAT3 is respon-

sible for breast cancer proliferation by regulating the

expression of cyclin D1 in Anxa2-silenced cells.

In summary, our study revealed that Anxa2 significantly

functions in breast cancer proliferation by regulating cyclin

D1 expression at the transcriptional level in a STAT3-de-

pendent manner. Activated STAT3 and elevated levels of

Anxa2 are frequently observed in a large number of human

malignancies, particularly in breast cancer, and are corre-

lated with tumor progression [6, 18, 24, 40–42, 54]. Thus,

our findings reveal the direct relationship between Anxa2

and STAT3 activation and the important role of Anxa2 in

tumorigenesis as evidenced by its involvement in key

cellular functions, such as cell cycle and cell proliferation.
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