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Abstract. Microtubule affinity-regulating kinases (MARKs; 
MARK1, MARK2, MARK3 and MARK4) act directly down-
stream of LKB1, the multitasking tumor-suppressor kinase, and 
thereby mediate its biological effects. Current understanding 
of the function of MARKs is greatly restricted to regulation 
of cell polarity. However, whether or how MARKs contribute 
to cellular growth control remains largely unknown. In the 
present study, we utilized an inducible lentiviral expression 
system that allows rapid MARK expression in LKB1-deficient 
HeLa cells, and characterized additional functions of 
MARKs: overexpression of MARK2 in HeLa cells resulted 
in a decrease in cell growth, inhibition of colony formation 
and arrest in  G1 cell cycle phase, with AMPK as the putative 
downstream effector upregulating the expression of p21 and 
p16. MARK2 was found to play a role in F-actin reorganiza-
tion and to contribute to reversal of epithelial‑mesenchymal 
transition (EMT) as exemplified in the case of HeLa cells that 
exhibited phenotypic changes, reduced cell migration and 
invasion. Our findings unveil the coordinated regulation of cell 
growth and EMT mediated by MARK2, and also provide new 
insights into the mechanisms underlying the anti-metastatic 
activity of MARK2.

Introduction

The tumor-suppressor LKB1 is an evolutionarily conserved 
and ubiquitously expressed serine/threonine kinase, which 
can be inactivated either by germline mutations resulting in 

Peutz-Jeghers syndrome or by somatic mutations causing 
predisposition to multiple sporadic cancers (1-3). Termed a 
‘master kinase’ LKB1 directly phosphorylates and activates 
a set of 14  kinases from the adenosine monophosphate 
(AMP)‑activated protein kinase (AMPK) family, which 
includes AMPK (AMPK-α1 and AMPK-α2), brain-specific 
kinases (BRSKs; BRSK1 and BRSK2), microtubule 
affinity‑regulating kinases (MARKs; MARK1, MARK2, 
MARK3 and MARK4), salt-inducible kinases (SIKs; SIK1, 
SIK2 and SIK3), nua (novel)/SNF1-like kinases (NUAK1 
and NUAK2), and the Snf-related serine/threonine kinase 
(SNRK)  (4,5). Through these downstream kinases, LKB1 
regulates multiple cellular processes contributing to tumor 
suppression, including cell cycle regulation, cell polarity 
establishment, energy metabolic balance and apoptosis 
control (6-8). However, the underlying molecular mechanisms 
are still not completely understood.

The majority of the known functions of LKB1 kinase are 
mediated by its ability to activate AMPK, a central conserved 
regulator of energy metabolism and cell growth (9). When 
cellular AMP:ATP ratios rise, LKB1 directly phosphorylates 
the threonine 172 (Thr172) in the activation loop of AMPK 
and results in an increase in ATP-producing activities and a 
decrease in ATP-consuming processes including essentially all 
biosynthetic pathways required for cell growth (10,11). Previous 
investigations have shown that activation of the LKB1‑AMPK 
pathway is able to suppress cell growth by arresting the 
cell cycle in the G1 phase (12,13). In a similar manner, we 
confirmed and extended these observations by demonstrating 
that exogenous activation of LKB1-AMPK signaling induces 
downregulation of cyclins (cyclin D1 and D3) and upregula-
tion of the cyclin-dependent kinase (CDK) inhibitors (p53, p21 
and p16), and thus, inhibits G1/S cell cycle transition, even in 
cells with endogenous expression of LKB1 (14).

Disruption of polarity, as uncontrolled cell growth, is 
a quintessential characteristic of epithelial-derived cancer 
cells, and is critical in epithelial-mesenchymal transition 
(EMT), a crucial step during tumor invasiveness, metastasis 
and fibrosis (15,16). LKB1 has been firmly established as a 
highly conserved regulator of cell polarization, and there is 
growing evidence that MARKs may be primary mediators 
of LKB1 action in that process  (17,18). In epithelial cells, 
the polarizing activity of LKB1 kinase is relayed through 
MARKs, which phosphorylate microtubule-associated 

MARK2 inhibits the growth of HeLa cells through AMPK 
and reverses epithelial-mesenchymal transition

Ge Xu1,  Yinggang Ge2,  Xiaohong Tao3,  Qing Gao3  and  Xiaoyan Liang3

1Institute of Life Science, Chongqing Medical University; Departments of 2Gastrointestinal Surgery and 
3Gastroenterology, The First Affiliated Hospital of Chongqing Medical University, Chongqing 400016, P.R. China

Received February 18, 2017;  Accepted May 3, 2017

DOI: 10.3892/or.2017.5686

Correspondence to: Dr Xiaoyan Liang, Department of Gastro
enterology, The First Affiliated Hospital of Chongqing Medical 
University, 1 You Yi Road, Chongqing 400016 P.R. China
E-mail: lxyan925@hotmail.com

Abbreviations: AMPK, adenosine monophosphate-activated protein 
kinase; MARK, microtubule affinity-regulating kinase; CDK, cyclin-
dependent kinase; EMT, epithelial-mesenchymal transition

Key words: MARK, AMPK, EMT, LKB1, HeLa cell line



xu et al:  MARK2 induces growth inhibition through AMPK and reverses EMT in HeLa cells238

proteins including tau, and increase the dynamic instability of 
microtubules (19,20). According to current knowledge, LKB1 
signaling predominantly regulates cell growth via AMPK and 
cell polarity via MARKs. However, Müller et al suggested that 
MARK2 also plays a role in the regulation of cell proliferation 
by phosphorylating the cell  cycle regulatory phosphatase 
Cdc25 resulting in a complex of Cdc25 and 14-3-3 and cell cycle 
blockage (21), which indicates that LKB1‑mediated regulation 
of cell growth and polarity signaling are not separate, but 
connected to each other. However, how these two pathways 
are orchestrated to maintain cellular homeostasis has not 
been fully investigated. To address this question and to better 
understand MARK signaling, we enforced MARK expression 
using a lentiviral system in adherent HeLa cells, and revealed 
a dual role of MARK2 in the regulation of AMPK‑mediated 
G1/S  transition and the actin-based cytoskeletal system, 
indicating that cell proliferation and cell polarity may be 
broadly integrated under the control of MARK2 signaling.

Materials and methods

Materials. Cell culture media and supplements were purchased 
from Invitrogen Life Technologies (Carlsbad, CA, USA). 
Antibodies targeting MARK1, MARK2, MARK3, MARK4, 
AMP-activated protein kinase α (AMPKα), phospho-AMPKα 
(Thr172), p21, E-cadherin, N-cadherin and vimentin were 
purchased from Cell Signaling Technology (Beverly, MA, 
USA). Antibodies against p53, p16 and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) were obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Horseradish peroxi-
dase (HRP)-conjugated secondary antibodies were purchased 
from Jackson ImmunoResearch Laboratories (West Grove, 
PA, USA). Phalloidin-tetramethylrhodamine‑conjugated 
(phalloidin-TRITC) and compound C were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Unless otherwise 
noted, chemicals and organic solvents were obtained from 
Sigma‑Aldrich and were of the highest grade.

Cell culture and viral infection. Human cervical cancer 
cell line HeLa cells were purchased from the Type Culture 
Collection of the Chinese Academy of Sciences (Shanghai). 
Cells were maintained as frozen stocks. After viral infec-
tions, only pooled clones were used to avoid clonal variations. 
Culturing of cells was performed as previously described (22).

Lentivirus production and transduction. Expression plas-
mids of MARKs were obtained from Professor Dario Alessi 
(University of Dundee). LV5-GFP-Puro lentiviral vectors 
expressing MARKs (LV-MARK1, LV-MARK2, LV-MARK3 
and LV-MARK4) were constructed by GenePharma Co., Ltd. 
(Shanghai, China). HeLa cells were infected with LV-MARKs 
or LV-GFP mock vector at multiplicities of infection (MOI) 
of 20 for 48 h in the presence of 8 µg/ml Polybrene (Sigma, 
St. Louis, MO, USA) and maintained in puromycin.

Cell proliferation assay. Cell proliferation was examined using 
a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfonphenyl)-2H-tetrazolium (MTS) assay (CellTiter 96 
AQueous One Solution Cell Proliferation Assay; Promega, 
Madison, WI, USA), according to the manufacturer's instruc-

tions. Cells (1,000/well) were seeded onto 96-well plates in 
triplicates and incubated in culture medium containing MTS 
every day for 4 days. Absorbance was measured at 490 nm in 
a SpectraMax M5 (Molecular Devices, Sunnyvale, CA, USA). 
Experiments were repeated 3 times and representative results 
are shown.

Soft agar colony formation assay. Cells were seeded at a 
density of 1x103 cells in 60-mm dishes in complete media with 
a bottom layer of 0.6% low melting point (LMP) agar and a 
top layer of 0.35% low LMP agar. The plates were incubated at 
37̊C in a humidified incubator for 10-14 days. Cells were fed 
twice a week by adding fresh medium. Colonies were stained 
with crystal violet, photographed and manually counted.

Flow cytometric analysis. Exponentially growing cells 
were infected with the indicated lentiviral vectors for 48 h, 
detached and fixed with 70% ethanol overnight. Propidium 
iodide/RNase  A was used to stain the nuclei. Cell cycle 
distribution was determined by flow cytometry using a 
FACSVantage  SE cell sorter (BD  Biosciences, Franklin 
Lakes, NJ, USA). Percentage of cells at different phases of the 
cell cycle was analyzed using the CellQuest™ Pro software 
(BD Biosciences).

Western blot analysis. Total proteins were analyzed and blotted 
as previously described (22,23). Compound C (CC; 20 µM) or 
dimethyl sulfoxide (DMSO) was added 24 h post infection. 
Specific primary antibodies recognizing MARK1 (1:1,000), 
MARK2 (1:1,000), MARK3 (1:1,000), MARK4 (1:1,000), 
AMPKα (1:1,000), phospho‑AMPKα (Thr172)  (1:1,000), 
p53 (1:1,000), p21 (1:500), p16 (1:500), E-cadherin (1:1,000), 
N-cadherin (1:1,000), vimentin (1:1,000) and GAPDH 
(1:1,000) were used at the indicated dilutions. HRP-conjugated 
secondary antibodies were used at 1:10,000  dilutions. 
Signals were detected by Substrate SuperSignal West Pico 
Chemiluminescent Substrate kit (Pierce  Biotechnology, 
Rockford, IL, USA), and quantified using Quantity One soft-
ware (Bio-Rad, Hercules, CA, USA).

Cell staining and confocal imaging. Cells grown on glass 
coverslips were fixed with 4% paraformaldehyde and permea-
bilized in 0.1% Triton X-100. F-actin was visualized using 
TRITC-conjugated phalloidin (phalloidin-TRITC). Nuclei 
were counterstained with 4,6-diamidino-2-phenylindole 
(DAPI). Digital images of 10 random fields (>500 cells) were 
used to calculate the percentage of elongated cells. Cells were 
classified as elongated when the length of the protrusion was 
2-fold longer than the width of the cell body (24). Representative 
images were captured using an inverted confocal microscope 
(FluoView FV1000; Olympus, Tokyo, Japan) at a magnifica-
tion of x800.

Wound-healing assay. HeLa cells were seeded into 6-well 
plates and infected with MARK2 or green fluorescence protein 
(GFP) mock lentiviruses. Confluent cell monolayers were 
scratched with micropipette tips, and images were captured at 
each time courses for 48 h. The wound healing capacities were 
calculated by measuring the distance of the migrating edge. 
Mean values were obtained from 3 separate experiments.
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Transwell invasion assay. Cell invasion assays were performed 
using Transwell chambers with 8-µm pores (Corning Costar 
Corp., Cambridge, MA, USA) according to the manufacturer's 
instructions. Infected cells were seeded on top of the Matrigel 
in the upper chamber, and the bottom chamber was filled with 
culture medium containing 10% fetal bovine serum (FBS), as 
the chemoattractant for 24 h. The invasive cells on the under-
side of the filter, were fixed with paraformaldehyde, stained 
with crystal violet and counted. Experiments were performed 
in triplicate.

Statistical analysis. Data are presented as mean ± standard 
deviation (SD). Unless otherwise indicated, cell culture experi-
ments were reproduced 3 or more times. Paired t-tests were 
used to determine statistical significance. p-values <0.05 were 
considered statistically significant.

Results

Lentiviral transduction of MARKs into HeLa cells. MARKs 
have been identified as important components of LKB1-related 
signal transduction pathways in a variety of species (4,5). In the 
present study, LKB1-deficient HeLa cells were transduced with 
lentiviral vectors expressing 4 isoforms of MARKs respec-
tively. Western blot analysis confirmed a 5- to 6-fold increase 
in protein expression of 4 MARK kinases in the HeLa cells 
infected with the corresponding MARK lentivirus compared 
with that in cells infected with a GFP mock vector (Fig. 1). 
Uninfected HeLa cells were also included, and no difference 
was observed in the expression of MARK protein between the 
parental HeLa and HeLa cells infected with the GFP vector. 
Thus, an efficient overexpression of MARKs was successfully 
achieved in the LKB1-null HeLa cells.

Overexpression of MARK2 inhibits proliferation of HeLa 
cells. It is known that reintroducing LKB1 into HeLa 
cells restores LKB1 activity and induces growth suppres-
sion (25,26). As important downstream kinases regulated by 
LKB1, MARKs may also be involved in growth inhibition. To 
investigate this possibility, we performed MTS assay, which 

is used as colorimetric method for sensitive quantification of 
viable cells in proliferation (27). Over the 96-h interval exam-
ined (Fig. 2), growth curve experiments clearly demonstrated 
that enforced expression of MARKs conferred a proliferative 
disadvantage to HeLa cells, which was most evident in the 
MARK2-transduced cells and suggests that overexpression of 
MARKs, particularly MARK2, strongly inhibited the prolif-
eration of HeLa cells.

Overexpression of MARK2 inhibits anchorage-independent 
growth of HeLa cells. Anchorage-independent growth of 
cells in soft agar is one of the hallmark characteristics of 
cellular transformation and uncontrolled cell growth (28). 
The LKB1‑deficient HeLa cell line is one widely used 
human cervical cancer line, and forced LKB1 expression 
reverses the oncogenesis of HeLa cells. To explore whether 
enhanced expression of MARKs had a similar effect, we 
performed a soft agar colony formation assay. Notably, 
the HeLa cells infected with the GFP control vector grew 
efficiently in soft agar and formed numerous colonies, 
whereas the MARK2-overexpressing cells exhibited a 

Figure 2. MARK2 overexpression inhibits the proliferation of HeLa cells. 
HeLa cells were infected with a lentivirus expressing 4 different isoforms 
of MARKs or a GFP empty vector. An MTS assay was used to measure cell 
number at the indicated time points. Experiments were repeated 3 times and 
representative results are shown.

Figure 1. Lentiviral-mediated overexpression of MARKs in the HeLa cells. HeLa cells were transduced with lentiviral expression constructs of MARKs or a 
GFP mock vector for 48 h. (A) Protein expression profile was determined using western blot analysis. GAPDH was used as a loading control. (B) The relative 
expression of the protein levels of MARKs are presented as compared to the GFP control. Values represent 3 independent experiments.
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significant reduction in anchorage-independent growth on 
soft agar (Fig. 3). Overexpression of MARK1, MARK3 or 
MARK4 led to minor attenuation of colony formation. These 
results suggest that overexpression of MARK2 inhibits the 
anchorage-independent growth of HeLa cells, which mimics 
the effect of the upstream kinase LKB1.

Overexpression of MARK2 arrests the cell cycle at G1 phase. 
In mammalian cells, proliferation control is primarily achieved 
in the G1 phase of the cell cycle (29). Previous studies have 
provided compelling evidence that ectopic LKB1 expression in 
LKB1-deficient cancer cells inhibits G1/S transition and arrests 
cells in the G1 phase (25,30,31). Transduction of MARK2 into 

Figure 3. MARK2 overexpression inhibits anchorage-independent growth of HeLa cells. HeLa cells were infected with a lentivirus expressing 4 different 
isoforms of MARKs or a GFP empty vector. Anchorage-independent growth in soft agar was observed in the indicated cells. Experiments were repeated 
3 times and representative results are shown.

Figure 4. MARK2 overexpression increases the population of cells in the S phase of the cell cycle. HeLa cells were infected with MARK lentivirus for 48 h, 
and were then analyzed by flow cytometry. Cell cycle profile and phase distribution are presented. Data are representative of 3 independent experiments.
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HeLa cells led to increased accumulation of cells in G1 and 
a reduced proportion of cells in S phase, compared with that 
in cells infected with the GFP vector (Fig. 4). Similar but less 
pronounced changes in cell cycle profile were observed for the 
other 3 MARKs. These results indicate that exogenous expres-
sion of MARK2 is sufficient to induce G1 arrest in cells with 
endogenous LKB1 expression deficiency.

Overexpression of MARK2 activates AMPK and increases 
expression of p21 and p16, but not p53. The role of AMPK 
as a key mediator in LKB1-related signaling cascades raises 
the possibility that it may play a role in the observed intra-
cellular cell cycle modulation by MARK2. Overexpression 
of MARK2 promoted phosphorylation of AMPKα at Thr172 
in the HeLa cells, while the protein level of AMPKα was 
unaffected (Fig. 5), suggesting that inducible expression of 
MARK2 activated AMPK in the HeLa cells. No observable 
differences were detected in AMPK phosphorylation in the 
HeLa cells transduced with MARK1, MARK3 or MARK4 
lentiviral vectors.

Induction of CDK inhibitors is a well-characterized 
mechanism through which to inhibit G1/S transition (32). To 
investigate whether MARKs mediate cell cycle arrest by regu-
lating expression of CDK inhibitors, we analyzed the expression 
levels of p21, p16 and p53 protein in the HeLa cells. The results 
presented in Fig. 5 indicate a specific increase in p21 and p16 
levels in the MARK2‑transduced cells, whereas the levels of 
p53 were not changed. Furthermore, to test whether AMPK 
mediates the cell cycle-controlling functions of MARK2, we 
used compound C, a potent and selective inhibitor of AMPK. 
As expected, treatment with compound C (CC) was able to 
repress AMPKα phosphorylation in all groups (Fig. 5), further 
confirming that compound C is an effective inhibitor of AMPK 
activity. Induction of p21 and p16 expression in MARK2 trans-
duced cells was markedly suppressed by compound C (Fig. 5), 
suggesting that in HeLa cells AMPK is a critical downstream 
effector of MARK2, and AMPK kinase activity is required for 
p21 and p16 induction.

No differences were observed in the expression of p21, 
p16 or p53 protein after transduction with MARK1, MARK3 
or MARK4 lentivirus. Additionally, inactivation of AMPK 
using pharmacologic inhibitor, compound C, attenuated the 
expression of p53, p21 and p16 in all groups, which is in good 
agreement with our previous study that activation of AMPK 
signaling inhibits G1/S progression by upregulating the p53, 
p21 and p16 pathways (14).

Overexpression of MARK2 reverses the EMT phenotype 
of HeLa cells. MARKs are thought to function as regula-
tors of cell polarity since their activation is associated with 
cytoskeletal modification (19,20). Next, we examined whether 
overexpression of MARKs was able to reorganize the actin 
cytoskeleton and restore HeLa cells to an epithelial phenotype. 
Analysis of the actin cytoskeleton was performed by fluores-
cence microscopy following phalloidin staining. As shown in 
Fig. 6A, parental HeLa and HeLa cells infected with the GFP 
vector display elongated and spindle-shaped phenotypic char-
acteristics of mesenchymal cells, with transcellular filamentous 
actin (F-actin) stress fiber formation, whereas overexpression 
of MARK2 induced the typical cobblestone-like epithelial 
characteristic phenotype, with cortical actin staining and 
actin filament bundles below the plasma membrane. MARK2 
overexpression significantly decreased the elongated (mesen-
chymal-like) cell population of HeLa cells in comparison to 
the GFP control vector (73 vs. 30%) (Fig. 6B). Additionally, 
overexpression of MARK1, MARK3 or MARK4 induced a 
morphological switch to create an epithelial cell population, in 
a similar, but less profound way. Western blot analysis further 
showed upregulation of the epithelial marker E-cadherin, and 
downregulation of the mesenchymal marker N-cadherin and 
vimentin in MARK2-overexpressing HeLa cells (Fig. 6C). 
These results indicate that enforced expression of MARK2 may 
remodel the actin cytoskeleton and inhibit the development of 
a mesenchymal-like phenotype of HeLa cells, uncovering the 
MARK2-negative role in regulating the EMT process.

Overexpression of MARK2 suppresses cell migration and 
invasion of HeLa cells. The finding that MARK2 appears 
to influence EMT prompted us to more closely examine its 
effects on cell migration and invasion. To assay collective 
cell migration, we performed scratch wound assay of cell 
monolayers. As expected, we observed delayed closure 
upon overexpression of MARK2 compared with the control 
cells (Fig. 6D). Statistical analysis indicated that the migratory 
activity of control HeLa cells was ~3-fold higher than that of 
the MARK2-infected cells (Fig. 6E). We also used Matrigel-
coated Transwell chambers to assess cell invasiveness and 
yielded similar results  (Fig. 6F). The invasive capacity of 
the MARK2-transduced cells was decreased to ~10% of the 
control cells (Fig. 6G). These results indicate that enhanced 
expression of MARK2 led to inhibited cell migration and 
invasion, which is a characteristic feature of EMT.

Discussion

Among the numerous molecular mechanisms altered in human 
cancers, those involving cell division cycle control are believed 
fundamental for oncogenesis (33). Originally discovered as 

Figure 5. MARK2 overexpression increases AMPKα phosphorylation and 
the protein levels of p21 and p16, but not p53. HeLa cells infected with indi-
cated lentiviral vectors for 48 h. Expression of total AMPKα, phosphorylated 
AMPKα (Thr172), p53, p21 and p16 was assessed using western blot analysis. 
GAPDH was used as a loading control.
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polarity proteins, the importance of MARKs has been greatly 
limited to the regulation of cell polarization in a context-
dependent manner. However, by utilizing lentiviral systems in 
LKB1-deficient HeLa cells, we revealed that overexpression of 
MARK2 led to retarded cell growth, decreased colony forma-
tion and cell cycle arrest, which suggests that MARK2 may be 
an important regulator of cell proliferation and provides further 
insights into the roles of MARK2 in anti-tumorigenesis. The 
suppressive mechanism of HeLa cell proliferation by MARK2 
appeared to be cell cycle arrest, rather than apoptosis, since the 
cell population of the G1 phase, but not G0 phase was signifi-
cantly increased by MARK2 overexpression. In addition, the 

HeLa cell line is severely impaired in LKB1 activity (30). The 
present study showed that inducible expression of MARK2 in 
HeLa cells was sufficient to mimic LKB1 signaling activa-
tion as previously reported (12-14), and further confirms that 
MARK2 is a critical downstream target of LKB1.

MARKs and AMPK belong to the same protein kinase 
family, referred as AMPK-related kinase family, and are 
well‑established substrates of LKB1 signaling (4,5). In the 
present study, we found that enforced expression of MARK2 
induced phosphorylation of AMPK, and led to the upregula-
tion of p21 and p16 in an AMPK-dependent manner. The 
present study demonstrated that MARK2 upregulation could 

Figure 6. MARK2 overexpression inhibits EMT phenotypes and reduces cell migration and invasion. HeLa cells were infected with indicated lentiviral 
vectors for 48 h. (A) Cells were analyzed for morphological changes by confocal microscopy, and visualized with DAPI (blue), phalloidin-TRITC (red) and 
EGFP (green). (B) The ratios of elongated cells were calculated from the number of elongated cells and the total number of adherent cells by microscopic 
observation. Parental HeLa cells were also included. (C) Western blot analysis of E-cadherin, N-cadherin and vimentin was performed. GAPDH served as a 
loading control. (D) Wound healing assays were performed. Representative images were captured at 0 and 48 h after wounding with a magnification of x100. 
(E) Quantification was carried out by measuring the distance migrated compared with the controls. (F) Transwell migration assays were performed with HeLa 
cells infected with MARK2 lentivirus or GFP vector for 24 h. Representative images were captured with a magnification of x100. (G) Quantification was 
carried by counting the number of migratory cells that had infiltrated the filter.
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be responsible for the AMPK-mediated increase of p21 and 
p16 protein expression; this increased expression is of critical 
importance in the induction of G1 arrest and cell growth inhi-
bition, as widely reported in the literature (34,35). To the best 
of our knowledge, this is the first study to report that AMPK is 
a novel and essential downstream target of MARK2 signaling 
and acts as an important factor during MARK2-induced G1 
arrest, although additional analyses are required to precisely 
define how MARK2 induces AMPK activation. Our findings 
showcase the complexity of MARK2 biology and indicate 
that cell growth and polarity pathways mediated by LKB1 are 
intimately connected to each other.

Induction of CDK inhibitors is a well-characterized 
mechanism to inhibit the activity of cyclin/CDK complexes 
and prevent cell cycle progression (32). Notably, in the present 
study, overexpression of MARK2 activates AMPK and 
induces the expression of p21 and p16, but not p53. These 
results suggest that MARK2-AMPK activation triggers 
cell cycle blockage in a p53-independent mode, which is not in 
complete agreement with our earlier study that LKB1-AMPK 
mediates G1 cell cycle arrest by inducing the expression of 
p21, p16 and p53 (14). One plausible explanation is that HeLa 
cells constitutively express human papilloma virus E6 protein, 
which targets p53 for proteasome-mediated degradation and 
abrogates its tumor-suppressor function (36,37). This idea is 
sustained by a previous study which showed that LKB1 forms a 
complex with transcription regulatory factors LMO4, GATA-6 
and Ldb1, and induces GATA-mediated p21 expression and 
G1 cell cycle arrest through p53-independent mechanism in 
HeLa cells (38). Further studies are warranted to validate the 
GATA‑related model in the MARK2-AMPK pathway.

In this context, we stained F-actin cytoskeleton with phal-
loidin and observed that overexpression of MARK2 in HeLa 
cells led to rearrangement of actin cytoskeleton and formation 
of stress fibers, supporting a role of MARK2 in the regula-
tion of the actin cytoskeleton in HeLa cells and raising the 
possibility that MARK2 may interact with the Rho family of 
small GTPases, which are regarded as central regulators of the 
actin cytoskeletal system (39,40). Further investigations may 
elucidate these issues more clearly. Loss of cell polarity, along 
with the acquisition of motility and invasiveness, are regarded 
as typical phenomena during the epithelial-mesenchymal tran-
sition (EMT) process (41,42). Enforced expression of MARK2 
inhibited the mesenchymal and stimulated an epithelial-like 
morphology with concomitant alterations in EMT markers 
expression, and reduced migration and invasion, thus causing 
the shift of the EMT balance in favor of an epithelial state. 
Our experiments provide new insights into the function of 
MARK2 in suppressing EMT and suggest that modulation 
of MARK2 expression is a potential approach to inhibit the 
invasiveness and migration of cervical cancer cells and the 
attendant pathologic processes including metastasis.

In summary, our results reveal that MARK2 plays a role 
in synergistically activating AMPK and reorganizing the actin 
cytoskeleton, and functions as an intracellular inhibitor for 
cell cycle progression and EMT in HeLa cells. The present 
study has provided a fascinating link between LKB1-mediated 
control of cell proliferation and cell polarity, which may benefit 
cancer research, but may also shed light on basic principles of 
epithelial biology.
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