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Abstract

miR-200b is a pleiotropically acting microRNA in cancer progression, representing an attractive therapeutic target. We 
previously identified miR-200b as an invasiveness repressor in esophageal squamous cell carcinoma (ESCC), whereas 
further understanding is warranted to establish it as a therapeutic target. Here, we show that miR-200b mitigates ESCC 
cell growth by inducing G2-phase cell cycle arrest and apoptosis. The expression/activation of multiple key cell cycle 
regulators such as CDK1, CDK2, CDK4 and Cyclin B, and the Wnt/β-Catenin signaling are modulated by miR-200b. We 
identified CDK2 and PAF (PCNA-associated factor), two important tumor-promoting factors, as direct miR-200b targets 
in ESCC. Correlating with the frequent loss of miR-200b in ESCC, both CDK2 and PAF levels are significantly increased in 
ESCC tumors compared to case-matched normal tissues (n = 119, both P < 0.0001), and correlate with markedly reduced 
survival (P = 0.007 and P = 0.041, respectively). Furthermore, CDK2 and PAF are also associated with poor prognosis in 
certain subtypes of breast cancer (n = 1802) and gastric cancer (n = 233). Although CDK2 could not significantly mediate 
the biological function of miR-200b, PAF siRNA knockdown phenocopied while restored expression of PAF abrogated the 
biological effects of miR-200b on ESCC cells. Moreover, PAF was revealed to mediate the inhibitory effects of miR-200b on 
Wnt/β-Catenin signaling. Collectively, the pleiotropic effects of miR-200b in ESCC highlight its potential for therapeutic 
intervention in this aggressive disease.

Introduction
microRNAs (miRNAs) are a large class of evolutionarily con-
served small non-coding RNAs that modulate gene expression 
at the post-transcriptional level. miRNAs recognize and bind 
to the 3′-untranslated region (3′UTR) on their target genes via 
partially complementary sequences, thereby inducing RNA-
induced silencing complex, leading to either target mRNA decay 
or translation repression (1). Aberrant expression of miRNAs 
has been implicated in various hallmarks of cancer, including 
sustaining proliferative signaling, resisting cell death, induc-
ing angiogenesis, evading immune destruction, and activating 

invasion and metastasis (2,3). Certain tumor types, such as 
pre-B-cell lymphoma, have been shown to display addiction to 
specific miRNAs that play a causal role in both cancer initiation 
and maintenance (4–6). Thus, miRNAs have become attractive 
targets in cancer therapy. Recently, a number of studies have 
developed various miRNA delivery strategies for cancer thera-
peutics in mice and non-human primates, and a miR-34 mimic 
has become the first miRNA to reach phase I clinical trials (4–7).

Esophageal cancer is the sixth most common cause of 
cancer-related death worldwide, representing one of the most 
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aggressive cancers with a dismal survival rate of 10–20% (8). 
Esophageal squamous cell carcinoma (ESCC) is the predomi-
nant histological subtype of this disease in Asia and certain 
regions of Africa, which displays approximately 10% 5-year 
survival rates (8). Thus, identification of effective therapeutic 
targets is urgently needed for ESCC treatment. In the past few 
years, a panel of miRNAs has been identified to play key roles 
in the pathobiology of ESCC (9). Deregulation of these miRNAs 
contributes to ESCC stemness, tumorigenesis, invasion, metas-
tasis and chemoresistance, indicating their potential as valuable 
therapeutic targets (9). Among these candidates, we have previ-
ously revealed in ESCC that miR-200b is a very important inva-
siveness suppressor that impairs the remodeling of cytoskeletal 
and adhesive machineries (10,11). Loss of miR-200b significantly 
correlates with adverse clinicopathological characteristics and 
a shorter survival in ESCC patients (11), which highlights its 
potential as a valuable therapeutic target. However, the implica-
tions of miR-200b in other aspects of ESCC pathobiology besides 
invasiveness remain unclear.

In this study, we uncovered that miR-200b mediates its tumor 
suppressive role in ESCC via inducing G2 cell cycle arrest, apop-
tosis and suppresses cell growth and clonogenic potential. A key 
cell cycle regulator CDK2 and an oncogenic protein PAF (PCNA-
associated factor) (12–15) were identified as direct targets. Thus, 
our work has revealed how ESCC cells exploit deregulated miR-
200b to sustain tumorigenic signals, thereby facilitating unre-
stricted tumor cell growth.

Materials and methods

Human ESCC cell lines and stable cell clone 
generation
KYSE150 and KYSE510, two cell line established from primary human ESCC 
specimens, were characterized previously (16), and both cell lines were 
provided by Ming-Zhou Guo, Chinese PLA General Hospital, Beijing, China. 
Human ESCC cell line EC109 was purchased in 2001 from The Cell Bank 
of Type Culture Collection of Chinese Academy of Sciences, Shanghai, 
China. All three cell lines were authenticated using short tandem repeat 
DNA profiling in December 2012. KYSE150 and KYSE510 cells were cul-
tured in RPMI-1640 medium supplemented with 10% fetal bovine serum 
(FBS), while EC109 cells were maintained in Dulbecco’s modified Eagle’s 
medium plus 10% FBS. CDK2-DN (dominant negative CDK2) Tetracycline-
off stable cell clones were generated as described previously (17), follow-
ing the instructions from the manufacturer of the Tetracycline-off system 
(Clontech). Briefly, EC109 and KYSE150 cells were first transfected with 
the pTet-Off vector that expresses tetracycline-controlled transactivator 
(Clontech), stable cell clones were selected under 400 mg/ml geneticin 
(Invitrogen). Then, these stable clones were transfected with pUHD-
CDK2-DN-HA plasmid, and double stable cell clones were selected using 
media containing 400 mg/ml hygromycin B (Invitrogen). These EC109 and 
KYSE150 stable clones were cultured in DMEM and RPMI-1640 medium 
respectively, both supplemented with 10% FBS.

DNA constructs, miRNA mimics, miRNA inhibitors 
and siRNAs
The pUHD-CDK2-DN-HA plasmid is a gift from Greg Enders, Addgene plas-
mid # 27651 (18). pcDNA3-PAF-Flag plasmid was provided by Dr. Jae-II Park, 
The University of Texas MD Anderson Cancer Center. The pTet-Off vector 
was purchased from Clontech. The pGL3-Control firefly luciferase reporter 

plasmid and the pRL-TK Renilla luciferase plasmid were obtained from 
Promega. Construction of the pGL3-Control-CDK2 and pGL3-Control-PAF 
plasmids was described previously (11), and the corresponding mutants 
were generated by deleting the ‘seed sequence’ of the miR-200b binding 
site, i.e. CAGUAUU, which was performed by GenScript. Syn-hsa-miR-200b 
Mimic, Anti-hsa-miR-200b Inhibitor and negative control scrambled RNA 
were purchased from Qiagen. A PAF siRNA smart pool was purchased from 
Dharmacon.

Transfection and chemical treatment
Transfection of plasmids, miRNA mimics, miRNA inhibitors and siRNAs 
were performed as described previously (11). For DNA and RNA co-trans-
fection, Lipofectamine 2000 was used. Both miRNA mimics and siRNA 
were transfected at a concentration of 30 nM, while miRNA inhibitors 
were transfected at a dose of 100 nM. The CDK2 inhibitor NU6140 was pur-
chased from Tocris, DMSO was used as the vehicle for this chemical.

RNA isolation and real-time PCR
Total RNA was extracted with RNeasy reagent (Qiagen), and real-time 
PCR was performed as described previously (11). The primers used in 
this study are CDK2-forward: GCTTTCTGCCATTCTCATCG, CDK2-reverse: 
GTCCCCAGAGTCCGAAAGAT; PAF-forward: AGCTTTGTTGAACAGGCATTT, 
PAF-reverse: GGCAGCAGTACAACAATCTAAGC; Axin2-forward: AAGTGCA 
AACTTTCGCCAAC, Axin2-reverse: ACAGGATCGCTCCTCTTGAA; LEF1-
forward: CCGAAGAGGAAGGCGATTTAGCT, LEF1-reverse: GCTCCTGAGAG 
GTTTGTGCTTGTCT; GAPDH-forward: GCTAGGGACGGCCTGAAG, GAPDH-
reverse: GCCCAATACGACCAAATCC.

Flow cytometry
Cell apoptosis was determined by the propidium iodide and Annexin V 
double staining assay. Briefly, cells were gently dissociated with trypsin 
and stained with propidium iodide and Annexin V using the Annexin 
V-FITC Apoptosis Detection Kit I (BD Biosciences) according to the manu-
facturer’s instructions. Then, flow cytometry analysis was performed. For 
cell mitosis evaluation, propidium iodide and phospho-Histone H3S10 dou-
ble staining was performed. Briefly, Cells were fixed in 70% (v/v) ethanol 
for 1 h, and permeabilized in phosphate-buffered saline (PBS) contain-
ing 0.25% (v/v) Triton X-100. After washing with 1% (w/v) bovine serum 
albumin (BSA) in PBS, cells were incubated with an anti-phospho-Histone 
H3S10 antibody (Rabbit, Cell Signaling Technology) diluted in 1% (w/v) BSA 
in PBS for 1.5 h at room temperature. Then, cells were washed twice with 
1% BSA in PBS, and labeled with Alex 488-conjugated anti-Rabbit antibody 
diluted in 1% BSA in PBS for 1 h at room temperature. After washing with 
PBS alone, cells were resuspended in PBS containing propidium iodide 
(20 µg/ml) and RNAse A (200 µg/ml), and incubated at room temperature 
for 30 min before flow cytometry analysis. For cell cycle analysis, cells were 
firstly fixed for at least 2 h in cold 70% (v/v) ethanol diluted in water. Then, 
cells were incubated 30 min at room temperature in PBS containing 20 µg/
ml propidium iodide, 200 µg/ml RNAse A and 0.1% (v/v) Triton X-100. The 
stained cells were filtered to remove cell clumps and kept on ice before 
flow cytometry analysis. All the flow cytometry data were analyzed using 
the Flow Jo software.

Western blot
Protein concentration was determined using BCA Protein Assay Kit 
(Pierce). Proteins were separated on 10% SDS-PAGE and transferred to 
PVDF membrane (Millipore). The membranes were blocked in 5% non-
fat milk and incubated with the following primary antibodies: anti-
CDK2 (mouse, Cat#610146), anti-CDK1 (mouse, Cat#610138), anti-Cyclin 
A  (mouse, Cat#611269) and anti-Cyclin B (mouse, Cat#610220) from BD 
Transduction Laboratories; anti-PARP (rabbit, #9542), anti-phospho-
CDK1Y15 (rabbit, #9111), anti-non-phospho β-Catenin (rabbit, #8814), anti-
HDAC1 (rabbit, #2062), anti-α-Tubulin (rabbit, #2125), anti-CDK6 (mouse, 
#3136), and anti-Cyclin D1 (rabbit, #2978) from Cell Signaling Technology; 
anti-PAF (rabbit, sc-67279) and anti-Actin (mouse, sc-8432) from Santa 
Cruz Technology. Then, the blots were washed, incubated with anti-Rabbit 
IgG, HRP-linked antibody (#7074) or anti-mouse IgG, HRP-linked antibody 
(#7076) from Cell Signaling Technology and detected with ECL Western 
Blotting Substrate (Pierce).

Abbreviations 

BSA  bovine serum albumin
ESCC  esophageal squamous cell carcinoma
miRNA  microRNA
PBS  phosphate-buffered saline
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Cell viability measurement
Cell viability was measured using the CellTiter 96AQueous One Solution 
Cell Proliferation Assay (Promega), also known as MTS assay, according to 
the manufacturer’s protocol. Absorbance at 490 nm was measured using a 
microplate reader (BMG Biotech).

Clonogenic assay
After transfection or chemical treatment, cells were plated at a number 
of 300 or 500 cells/well in 12-well plates and cultured for around 10 days. 
Then, the colonies were fixed with cold absolute methanol and stained 
with 1% crystal violet (Sigma) for 30 min. Stained colonies were gently 
washed with water, and dried before images were taken.

Confocal microscopy
ESCC cells transfected with negative control/miR-200b for 36 h were 
fixed with 4% paraformaldehyde for 10 min at room temperature. After 
washing with PBS, the cells were permeabilized in 0.2% Triton X-100 in 
PBS for 10 min at room temperature. After washing with PBS, the cells 
were blocked for 45 min in PBS containing 10% goat serum and 1% BSA 
at room temperature. After washing with PBS, the cells were incubated 
with anti-α-Tubulin (mouse, #T9026, Sigma, 1:300 in blocking buffer) and 
anti-phospho-Histone H3S10 (rabbit, 06-570, Millipore, 1:300 in 1% BSA) 
for 1 h at room temperature. After washing with PBS, the cells were incu-
bated for 1 h at room temperature with Alexa Fluor® 488 conjugated 
goat anti-mouse IgG (H+L) (A-11001) and Alexa Fluor® 594 conjugated 
goat anti-rabbit IgG (H+L) (A-11037) secondary antibodies (both from 
ThermoFisher Scientific, 1:300 in 1% BSA). After washing with PBS, nuclei 
were then counterstained with DRAQ5 (10 µM, Biostatus), and the slides 
were mounted with FluorSave, and viewed using an inverted confocal 
microscope (Eclipse Ti-E; Nikon) with 40× and 100× oil-immersion objec-
tive lenses.

Luciferase reporter assay
Luciferase reporter assay was performed as described previously (17). 
Briefly, ESCC cells were transfected in 48-well plates with 200 ng firefly 
luciferase plasmids, 4 ng control Renilla luciferase vector pRL-TK, together 
with other reagents (e.g. miR-200b mimics, PAF siRNA and PAF cDNA 
constructs). About 36 or 48 h after transfection, luciferase activity was 
measured using the Dual-Luciferase Reporter Assay System (Promega) 
according to the manufacturer’s instructions. Data are presented as ratios 
between firefly and Renilla luminescence activities.

Statistical analysis
The statistical analyses were performed using the Graphpad Prism 
6.  Student’s t test was used to determine the differences between two 
independent groups of samples. Survival curves were plotted using the 
Kaplan–Meier method and compared using the log-rank test. Differences 
were considered significant when the P value was less than 0.05.

Results

miR-200b represses cell growth via inducing 
apoptosis and G2 cell cycle arrest in ESCC cells

Previous studies have shown that loss of miR-200b promotes 
invasion in ESCC (10,11), but its involvement in other aspects 
of ESCC pathobiology remains unclear. To determine the role of 
miR-200b in ESCC cell growth, clonogenic capacity and apop-
tosis, we transfected miR-200b mimic in three ESCC cell lines 
that had reduced expression of miR-200b compared with nor-
mal controls, i.e. EC109, KYSE150 and KYSE510 (11). miR-200b 
mimic transfection was shown to sharply increase miR-200b 
expression in these cells (11). As shown in Figure 1A and B and 

Figure 1. miR-200b induces apoptosis and inhibits cell growth in ESCC cells. (A) Clonogenic capacity was measured using cells transfected with either a negative con-

trol or miR-200b mimics (30 nM). Representative images of the colonies are shown on the left panel. (B) Left panel, 72 h after transfection, representative images were 

taken to show the effect of enforced expression of miR-200b on cell growth. Right panel, MTS assay was performed to measured cell growth 72 h after transfection. (C, D) 

Seventy-two hours after transfection, apoptosis was determined by propidium iodide/Annexin V double staining and cleaved-PARP detection. Actin served as a loading 

control for Western blots. Representative results are shown, and data are presented as mean ± SD. *P < 0.05, **P < 0.01, Student’s t test.
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Supplementary Figure  1A, available at Carcinogenesis Online, 
enforced expression of miR-200b markedly blocked their clo-
nogenic potential as well as cell growth (P  <  0.01). In keeping 
with these observations, enforced expression of miR-200b trig-
gered apoptosis at 72 h in all three cell lines, as measured by 
Annexin V positivity and/or PARP cleavage (Figure 1C and D, and 
Supplementary Figure  1B, available at Carcinogenesis Online). 
We also determined if inhibition of endogenous miR-200b in 
KYSE150, a cell line with relatively higher expression of miR-
200b (11), could enhance cell growth. Although miR-200b inhibi-
tor could significantly decrease miR-200b expression (11), it 
did not significantly stimulate cell growth (Supplementary 
Figure  2A, available at Carcinogenesis Online), probably due to 
the fact that basal miR-200b expression was already markedly 
repressed (by ~80%) compared with normal controls (11).

We then investigated whether the clonogenic/growth inhibi-
tory function of miR-200b could be attributed to cell cycle arrest. 
To this end, those three ESCC cell lines were transfected with 
either negative control RNA or miR-200b mimics, and cell cycle 
was determined 36 h after transfection before the onset of visible 
cell death. As shown in Figure 2A and B, miR-200b significantly 
induced G2/M phase arrest in all three cell lines (P < 0.05). Then, 
we determined whether miR-200b caused mitotic arrest in these 
ESCC cells. As shown in Figure 2C, enforced expression of miR-
200b significantly increased the proportion of tetraploid cells 
with both negative phospho-Histone H3S10 staining (G2-phase) 
and positive phospho-Histone H3S10 staining (late G2 and M 
phase) in both KYSE150 and KYSE510 cells. However, as shown 
by the representative microscopic images in Figure 2D, miR-200b 
overexpression did not cause appreciable mitotic abnormalities, 
as evidenced by the normal morphology of cells at metaphase 
and the subsequent cytokinesis. Taken together, these results 
suggest that miR-200b mainly induces G2-phase arrest in ESCC 
cells. We also assessed if miR-200b inhibition affects cell cycle 
in KYSE150, a cell line with relatively higher expression of miR-
200b (11). As shown in Supplementary Figure  2B, available at 
Carcinogenesis Online, miR-200b inhibitor did not alter cell cycle 
progression, probably due to the same reason mentioned above.

We then investigated whether miR-200b affected the expres-
sion/activation of G2/M cell cycle regulators, such as Cyclin 
A, Cyclin B, CDK1 and phospho-CDK1Y15 (an inactive form). As 
shown in Figure 2E, miR-200b mimic transfection consistently 
increased the expression of inactive phospho-CDK1Y15 in all 
three cell lines tested, supporting the observed G2-phase arrest. 
Surprisingly, the expression of Cyclin B, a CDK1 binding partner 
during G2/M progression, was enhanced by miR-200b (Figure 2E), 
which might be attributed to CDK1 inactivation and the resulted 
accumulation in G2-phase arrested cells. The expression of total 
CDK1 and Cyclin A was not affected by miR-200b in these cells 
(Figure 2E). We also determined if miR-200b affected G1-phase 
regulators, such as CDK4, CDK6 and Cyclin D1. As shown in 
Figure 2E, miR-200b overexpression only decreased the expres-
sion of CDK4 but not CDK6 or Cyclin D1. Taken together, these 
data suggest that miR-200b suppresses ESCC cell growth by 
inducing G2-phase arrest and apoptosis.

CDK2 and PAF are miR-200b target genes

How miR-200b attenuates cell growth and clonogenic potential 
in ESCC remains unclear. Using quantitative proteomics, we 
previously identified a list of putative miR-200b targets in ESCC 
cells (11), among which CDK2 and PAF (PCNA-associated factor) 
are important regulators of cell cycle progression and/or tumo-
rigenicity (12–15). Here, we determined whether CDK2 and PAF 
are bona fide targets of miR-200b. To this end, the CDK2 and PAF 

3′UTRs containing putative miR-200b binding sites (Figure  3A) 
as revealed by both TargetScan and miRanda, two well-recog-
nized miRNA target gene prediction databases, were cloned into 
a luciferase reporter. Mutant reporters that harbor deletions of 
the miR-200b binding sites were generated to serve as controls 
(Figure  3A). As shown in Figure  3B, miR-200b mimic transfec-
tion dramatically reduced the activity of the luciferase reporters 
harboring wild-type 3′UTR of CDK2 and PAF (P < 0.01), whereas 
deletion of miR-200b binding sites in both reporters significantly 
restored their activities upon miR-200b overexpression (P < 0.01), 
suggesting that miR-200b directly targets the 3’UTR of both 
genes. Notably, the activity of the mutant reporters could still be 
suppressed by miR-200b overexpression, but the decrease was 
less than that in the wild-type reporters (Figure 3B), suggesting 
that miR-200b can directly/indirectly target these 3′UTRs via 
unidentified binding site(s).

In support of the 3′UTR reporter data, miR-200b mimic 
transfection sharply decreased CDK2 and PAF protein expres-
sion in all three ESCC cell lines (Figure 3C). Consistent with the 
major nuclear function of PAF (13–15), we also observed a pre-
dominant nuclear localization of PAF in ESCC cells, and enforced 
expression of miR-200b could dramatically repress nuclear PAF 
expression (Figure  3D). In contrast to the remarkable changes 
in protein expression, enforced expression of miR-200b only 
moderately reduced CDK2 and PAF mRNA expression (Figure 3E), 
supporting the predominant role of miRNAs in the regulation of 
translation (1). All together, these results suggest that CDK2 and 
PAF are bona fide miR-200b targets in ESCC.

CDK2 alone is not a significant functional mediator 
of miR-200b

Since enforced expression of miR-200b affected multiple cell 
cycle regulators besides its direct target CDK2, such as CDK1, 
CDK4 and Cyclin B (Figures 2E and 3C), we speculated that spe-
cific knockdown of CDK2 alone may not phenocopy the biologi-
cal function of miR-200b. In keeping with this speculation, as 
shown in Supplementary Figure  3A–D, CDK2 knockdown did 
not significantly affect colony formation or apoptosis in the 
two ESCC cell lines tested, and it only slightly increased G0/G1 
phase in KYSE150 cells, while no significant cell cycle change 
was observed in EC109 cells. These data suggest that CDK2 may 
function synergistically with other cell cycle regulators to medi-
ate the biological effects of miR-200b. To test this hypothesis, 
NU6140, a CDK2 inhibitor that also inhibits the activity of CDK1 
and CDK4 (19), which better mimics the biochemical effects of 
miR-200b, was used to phenocopy the biological function of 
miR-200b. As shown in Figure 4A–D and Supplementary Figure 4, 
available at Carcinogenesis Online, NU6140 markedly induced 
G2/M arrest, apoptosis, and inhibition of cell growth and clono-
genic capacity, which remarkably resembled the biological func-
tion of miR-200b. Moreover, as expected, this CDK2 inhibitor also 
biochemically mimicked the inhibitory effects of miR-200b on 
CDK1 activity, as shown by the increased expression of inactive 
phospho-CDK1Y15 (Figure 4E).

To further validate that miR-200b functions through syn-
ergistically blocking multiple cell cycle regulators, a dominant 
negative CDK2 (CDK2-DN) mutant that has been shown to block 
the activity of both CDK2 and CDK1, was used to mimic the bio-
logical effects of miR-200b (18). EC109 and KYSE150 stable clones 
conditionally expressing the CDK2-DN mutant under the con-
trol of a Tet-Off system were used as cell models (Figure 4F). As 
shown in Figure 4G and H, enforced expression of CDK2-DN in 
both cell lines could significantly induce G2/M arrest, increase 
phospho-CDK1Y15 expression, and inhibit clonogenic growth. 

http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgw079/-/DC1
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Figure 2. miR-200b regulates the expression/activation of cell cycle regulators and induces G2-phase arrest in ESCC cells. (A, B) Flow cytometry was performed to 

determine the effect of miR-200b on ESCC cells 36 h after transfection. Control cells were transfected with a non-targeting negative control RNA. (C) ESCC cells trans-

fected with miR-200b mimic/control for 36 h were double stained with propidium iodide and phospho-Histone H3S10, then flow cytometry was performed. (D) Confocal 

microscopy was performed to determine the impact of miR-200b on mitosis. KYSE150 cells transfected with miR-200b mimic/control for 36 h were used in this assay, 

representative images are shown. Scale bars: 5 µm. (E) Western blot assay was performed to determine the impact of miR-200b on the expression of various cell cycle 

regulators 36 h after transfection. Actin served as a loading control. Representative results are shown, and data are presented as mean ± SD. *P < 0.05, ***P < 0.001, 

Student’s t test.
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Notably, the impact of CDK2-DN on CDK1 was not mediated via 
blocking CDK2, as specific CDK2 knockdown could not appre-
ciably alter phospho-CDK1Y15 expression in EC109 and KYSE150 
cells (Supplementary Figure  3A, available at Carcinogenesis 
Online). Taken together, these data suggest that CDK2 does not 
function alone to mediate the biological effects of miR-200b in 
ESCC, and the exact mechanisms underlying its regulation on 
cell cycle progression needs further investigation.

The biological function of the miR-200b/PAF axis 
in ESCC

We then proceeded to investigate if PAF can mediate the biologi-
cal effects of miR-200b in ESCC. Our findings were in support of 
this notion. First, as shown in Figure 5A–C, siRNA knockdown 
of PAF phenocopied the impact of miR-200b mimic transfec-
tion in both EC109 and KYSE150 cells, i.e. significantly inhibited 
cell growth and their clonogenic potential (P < 0.01 or P < 0.05). 
However, PAF knockdown did not appreciably induce apoptosis 
or cell cycle arrest in these cells (Supplementary Figure 3C and 5),  
suggesting that PAF mediates miR-200b’s biological function via 
other mechanisms. Second, as shown in Figure 5D–F, re-expres-
sion of PAF expression in miR-200b transfected cells using a PAF 

construct lacking its 3′UTR significantly restored cell growth and 
colony formation in both EC109 and KYSE150 cells (P < 0.01 or P 
< 0.05).

To further support that miR-200b exerts its function via 
targeting PAF, we determined if miR-200b regulates Wnt/β-
Catenin signaling, a pathway that can be potentiated by PAF 
during intestinal carcinogenesis (14). As shown in Figure  5G, 
both miR-200b overexpression and PAF knockdown mark-
edly suppressed the Wnt/β-Catenin signaling in both EC109 
and KYSE150 cells, as measured by TopFlash reporter assays. 
Notably, re-expression of PAF in miR-200b mimic transfected 
cells slightly but significantly restored the TopFlash reporter 
activity in both cell lines (Figure 5G). Thus, the miR-200b/PAF 
axis is an important regulator of this pathway, while the incom-
plete restoration of the TopFlash reporter activity by PAF re-
expression suggests that miR-200b may repress this pathway 
via additional mechanisms. To further validate the role of the 
miR-200b/PAF axis in Wnt/β-Catenin signaling, we determined 
its impact on the expression of Axin2 and LEF1, two canoni-
cal downstream targets of this pathway (20,21). In line with 
our hypothesis, as shown in Figure 5H–I, both PAF knockdown 
and miR-200b overexpression significantly blocked the mRNA 

Figure 3. CDK2 and PAF are direct targets of miR-200b. (A) Putative miR-200b binding sites on the 3′UTRs of CDK2 and PAF mRNAs are shown, and the deletion mutation 

sites of the luciferase reporters are indicated by asterisks. (B) Thirty-six hours after transfection, dual luciferase reporter assay was performed to measure the impact 

of miR-200b on the 3′UTR of CDK2 and PAF in EC109 cells. WT, wild-type; Mut, mutation. (C–E) ESCC cells were transfected with miR-200b mimics or negative control 

RNA (30 nM), 36 h after transfection, the expression of protein and mRNA was determined by Western blot (C and D) and real-time PCR (E), respectively. In Western 

blot assays, Actin was used as a loading control for whole cell lysates, while α-Tubulin and HDAC1 were used as loading controls for cytoplasmic (Cyto) and nuclear 

lysates, respectively. GAPDH was used as a loading control for real-time PCR. Representative data are shown, and data are presented as mean ± SD. *P < 0.05, **P < 0.01, 

***P < 0.001, Student’s t test.
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expression of Axin2 and LEF1, and restoration of PAF could sig-
nificantly abolish the inhibitory impact of miR-200b (P < 0.01 or 
P < 0.05). We next tested whether miR-200b affected β-Catenin 
activation, a pivotal effector of Wnt/β-Catenin signaling (14). 
As shown in Supplementary Figure 6, available at Carcinogenesis 
Online, miR-200b mimic transfection did not appreciably alter 
the expression of non-phospho (active) β-Catenin, indicat-
ing that miR-200b may not regulate the upstream activation 
of Wnts. Instead, our data suggest that miR-200b may repress 
this signaling via blocking the potentiating effects of PAF on 

the transcription activity of β-Catenin complex as shown in a 
recent study (14).

CDK2 and PAF are frequently increased in ESCC and 
correlate with poor prognosis in multiple cancers

Our previous studies have shown that miR-200b was frequently 
reduced in ESCC compared with normal controls (11), which 
prompted us to determine if the newly identified miR-200b tar-
gets CDK2 and PAF are aberrantly expressed in ESCC tumors. 
A  recent study has performed transcriptome analyses in 119 

Figure 4. CDK2 does not function alone to mediate the biological effects of miR-200b. (A–E) ESCC cells were treated with a CDK2 inhibitor NU6140 or DMSO vehicle, 

then cell cycle analysis (A), Western blot assay (B, E), MTS cell growth assay (C) and clonogenic assay (D) were performed. (F–H) Using ESCC cells conditionally express-

ing a CDK2 dominant negative mutant (CDK2-DN), the effects of CDK2-DN were determined by Western blot assay (F), cell cycle analysis (G) and clonogenic assay (H). 

Doxycycline (Dox) was used to block the expression of CDK2-DN in these cells. Actin served as a loading control for Western blots. Representative results are shown, 

and data are presented as mean ± SD, *P < 0.05, **P < 0.01, Student’s t test.
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cases of paired ESCC tumor and normal tissues (22), using the 
publicly available data in Gene Expression Omnibus (accession 
number GSE53625), we analyzed the expression levels of CDK2 
and PAF in these case-matched samples. As shown in Figure 6A, 
both CDK2 and PAF were significantly upregulated in ESCC 
tumors compared with normal issues (n = 119, both P < 0.0001). 
Further clinical analysis revealed that patients carrying tumors 
with high-expression of CDK2 had a markedly reduced 5-year 
survival rate (Figure  6B, 28 versus 56%, P  =  0.007). Similarly, 
patients carrying tumors with high-expression of PAF also dis-
played a significantly lower 5-year survival rate (Figure  6B, 20 
versus 41%, P = 0.041).

Given the important role of miR-200b in cell cycle regulation 
in ESCC cells (Figure 2A–E), we also determined the expression 
status and prognostic values of other major cell cycle regulators, 
i.e. CDK1, CDK4 and CDK6, in the same cohort of ESCC patients. 
As shown in Supplementary Figure 7, available at Carcinogenesis 
Online, all three CDKs were significantly increased in ESCC com-
pared with case-matched normal tissues (n  = 119, P  < 0.0001). 
Kaplan–Meier survival analysis revealed that high-expression of 
all three CDKs was associated with unfavorable prognosis, i.e. 

CDK1 (HR = 2.77, P = 0.007); CDK4 (HR = 1.32, P = 0.242); CDK6 
(HR  =  2.16, P  =  0.002). These data highlight the importance of 
these cell cycle regulators in the pathobiology of ESCC, and 
the inhibitory effect of miR-200b on their expression/activity, 
including CDK2 (direct target), CDK1 and CDK4, underlines its 
significant tumor suppressor function in ESCC.

Apart from ESCC, miR-200b has also been shown to play a 
tumor suppressor role in other cancers, including breast cancer 
and gastric cancer (23–26), hence we set out to test whether the 
two newly identified targets are prognostic markers in these can-
cers. Publicly available tumor databases were used for this aim. 
As shown in Figure  6C, both CDK2 and PAF were significantly 
associated with shorter relapse-free survival in ER-positive 
breast cancer patients (n = 1802, P = 0.001 and P = 2.5 × 10−4, respec-
tively). Further analysis revealed that patients carrying tumors 
with high expression of both CDK2 and PAF had an increased 
risk (HR = 1.45) than those with CDK2-high alone (HR = 1.34) and 
PAF-high alone (HR = 1.41). However, as shown in Supplementary 
Figure 8A, available at Carcinogenesis Online, when all subtypes 
of breast cancers were included in the analysis, only PAF was a 
significant prognostic marker (n = 3554, P = 1.2 × 10−5). In gastric 

Figure 5. The biological function of the miR-200b/PAF axis in ESCC cells. (A–C) EC109 and KYSE150 were transfected with PAF siRNA or a negative control siRNA, then 

Western blot assay was conducted 48 h after transfection (A), cell growth assay was measured using MTS assay 72 h after transfection (B) and clonogenic assay was 

performed 48 h after transfection (C). (D–F) EC109 and KYSE150 were co-transfected with the indicated plasmids and miR-200b mimics or a negative control miRNA 

(Cont.), then Western blot assay was conducted 48 h after transfection (D), cell growth assay was measured using MTS assay 72 h after transfection (E) and clonogenic 

assay was performed 48 h after transfection (F). (G) Dual luciferase reporter assay was performed to measure the TopFlash reporter activity. (H, I) Real-time PCR assay 

was conducted to measure the mRNA expression of Axin2 and LEF1. GAPDH was used as a loading control for real-time PCR, and Actin was used as a loading control 

for Western blots. Representative results are shown, and data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t test.
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cancer patients, as shown in Figure 6D, the expression of both 
CDK2 and PAF correlated with reduced progression-free survival 
in the HER2-positive subtype (n = 233, P = 0.11 and P = 2.3 × 10−5, 
respectively), but CDK2 and PAF joint analysis did not increase 
the prognostic significance (P  =  1.2 × 10−3). When all subtypes 
of gastric cancers were included in the analysis, as shown in 
Supplementary Figure 8B, available at Carcinogenesis Online, only 
PAF was significantly associated with a poor prognosis (n = 641, 
P = 2.0 × 10−8). Altogether, these clinical data present compelling 
evidence to support that deregulation of the miR-200b-CDK2/
PAF axis is involved in the pathobiology of ESCC, and possibly in 
other types of cancers as well.

Discussion
Over the past decade, mounting evidence has highlighted the 
key roles played by miRNAs in various diseases, most notably 
cancer (2,3). Using genome-wide miRNA profiling, we previously 
identified a large set of deregulated miRNAs in ESCC tumors 

compared with case-matched normal tissues (27). Further inves-
tigation revealed miR-200b as a significant prognostic marker 
and a potent invasiveness suppressor in ESCC (10,11). However, 
its pathobiological function in ESCC remains less understood. 
The current study uncovers a role of miR-200b in promoting 
apoptosis, suppressing cell cycle progression and cell growth in 
ESCC. A key cell cycle regulator CDK2 and an oncogenic factor 
PAF (12–15) are identified as targets and functional mediators 
of miR-200b. The miR-200b-CDK2/PAF regulatory axis is clini-
cally relevant in ESCC patients, as supported by their collective 
deregulation in ESCC tumors and significant prognostic values.

Although the involvement of miR-200b in epithelial–mesen-
chymal transition and invasion/metastasis in cancers has been 
well-established, their function in other traits of cancer cells, 
such as cell cycle progression, apoptosis and clonogenic growth, 
remain less understood or controversial (28). While a number 
of studies found that enforced expression of miR-200b had no 
significant impact on tumor growth (26,29), a study reported 
that miR-200b could promote cell growth in cancer cell lines 

Figure 6. CDK2 and PAF are unfavorable prognostic markers in multiple cancers. (A) CDK2 and PAF mRNA expression was significantly increased in ESCC tumors 

compared with case-matched normal control tissues (n = 119, Gene Expression Omnibus accession number GSE53625). (B) Kaplan–Meier analysis was performed to 

determine the prognostic significance of CDK2 and PAF in the same cohort of ESCC tumors (n = 119, Gene Expression Omnibus accession number GSE53625). Optimal 

cutoff values of gene expression were used to stratify the samples, and Log-rank test was used in the statistical analyses. HR represents hazard ratio, and 95% confi-

dence interval values of HR are shown. (C, D) Using a publicly available database (http://kmplot.com/analysis/) (49), the prognostic significance of CDK2 and PAF was 

assessed in large cohorts of ER+ breast tumors (n = 1802) and HER2+ gastric tumors (n = 233). Follow-up data from the 2014 version database was used, and optimal 

cutoff values of gene expression were used to stratify the samples. Log-rank test was used in the statistical analyses. HR, hazard ratio and 95% confidence interval 

values of HR are shown. 
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(30), whereas other studies observed significant reductions in 
tumor growth upon miR-200b overexpression (23,25,31–33). 
Similarly, the function of miR-200b in cell cycle regulation is also 
controversial, which is largely cell context-dependent (31–33). 
Specifically, although miR-200b has been shown to induce G2/M 
phase arrest in breast cancer cells, it was reported to promote 
S phase entry in HeLa cells (31–33). The function of miR-200b in 
cancer cell apoptosis is less understood, to our knowledge, only 
one study has documented that miR-200b promotes apoptosis 
in breast cancer cells (33). The present study provides compel-
ling evidence to show that miR-200b is a significant inducer 
of G2-phase arrest, apoptosis and a suppressor of cell growth 
in ESCC.

One of the major characteristics of tumor cells is unlimited 
cell growth, which can result from deregulated and unrestrained 
cell cycle checkpoints (34). A number of well-known tumor sup-
pressors that are frequently mutated/deregulated in human 
cancers are cell cycle regulators, such as RB, p53, p14ARF, p15INK4b, 
p16INK4a (35,36). Inactivation of these factors unleashes tumor 
cells from the restriction of cell cycle checkpoints, thereby facili-
tating tumor outgrowth. Notably, the biological function of these 
proteins are tightly regulated or mediated by cyclin-dependent 
kinases (CDKs), a family of kinases that directly drive cell cycle 
progression, which are also commonly deregulated in human 
cancers (12). Among these CDKs, CDK2 has been shown to play 
critical roles during cell transformation induced by oncogenes, 
such as KRAS, MYCN and c-myc (37–40). Specifically, inhibition or 
genetic depletion of CDK2 was demonstrated to trigger senes-
cence in cells overexpressing Myc, induce anaphase catastrophe 
and apoptosis in lung cancers with KRAS mutation, and be syn-
thetically lethal to MYCN-driven cancer cells (37–40). Given the 
important role of CDK2 in tumorigenesis, various pharmacologi-
cal CDK2 inhibitors have been developed, and numerous chemi-
cals have been shown to have significant anti-cancer efficacy 
in animals or in clinical trials (12). However, the role of CDK2 in 
ESCC remains elusive, to our knowledge, no study has specifi-
cally assessed the expression status of CDK2 in ESCC tumors or 
reported its function in ESCC. Our study represents the first to 
show that CDK2 expression is significantly upregulated in ESCC 
tumors and correlates with a shorter survival in ESCC patients. 
Our data also indicate that frequent loss of miR-200b (11), may 
contribute to CDK2 overexpression in ESCC.

CDK2 is a well-established regulator of G1 and S phase dur-
ing cell cycle progression (12), thus the effects of miR-200b on 
G2-phase arrest could not be attributed to the suppression of 
CDK2. Indeed, specific CDK2 knockdown could not pheno-
copy the biological function of miR-200b in ESCC cells, includ-
ing G2-phase arrest, apoptosis and clonogenicity inhibition. 
However, we cannot exclude the possibility that CDK2 is a 
significant functional mediator of miR-200b. Since miR-200b 
regulates the expression/activity of multiple cell cycle regula-
tors besides the direct target CDK2, such as CDK1 and CDK4, we 
believe that these effects of miR-200b in ESCC are collectively 
mediated by these factors. It is also possible that CDK2 and 
these factors are synthetically lethal. Recently, CDK2 has been 
shown to be synthetically lethal to neuroblastoma cells with 
MYCN amplification, CDK2 knockdown alone could not induce 
apoptosis in cells without MYCN amplification, whereas it trig-
gered massive apoptosis in MYCN overexpressed cells (39). In 
the context of ESCC, although CDK2 knockdown alone could not 
phenocopy those functions of miR-200b, CDK2 can be syntheti-
cally lethal to ESCC cells with aberrant activation/expression of 
other CDKs caused by miR-200b deregulation, and only simul-
taneous blockade of them may resemble miR-200b’s functions. 

Our findings are in support of this concept. Specifically, NU6140, 
a CDK2 inhibitor (IC50  =  0.41  μM) that can also inhibit CDK1 
(IC50 = 6.6 μM) and CDK4 (IC50 = 5.5 μM) (19), was able to phe-
nocopy those biological functions of miR-200b. Similarly, a 
dominant negative CDK2 mutant (CDK2-DN) that can also 
block CDK1 activity (via inducing CDK1Y15-phosphorylation), as 
shown by both our study and others (18), could mimic the role 
of miR-200b in inducing G2-phase arrest and clonogenicity inhi-
bition. Given that CDK2 knockdown did not appreciably alter 
the expression of phospho-CDK1Y15 (Supplementary Figure 3A, 
available at Carcinogenesis Online), the mechanism underly-
ing CDK1 inhibition by CDK2-DN or miR-200b remains unclear. 
Besides, it should be noted that the non-specificity of NU6140 
and CDK2-DN could not conclusively indicate that the function 
of miR-200b was mediated via those canonical cell cycle regu-
lators. Taken together, these findings suggest that CDK2 alone 
cannot mediate the biological effects of miR-200b in ESCC, and 
the mechanism behind how miR-200b regulates cell cycle pro-
gression awaits further research. Nevertheless, the impact of 
miR-200b on those cell cycle regulators and cell cycle progres-
sion highlights its importance in the pathobiology of ESCC.

PAF, also known as p15PAF and KIAA0101, was initially iden-
tified as a PCNA (Proliferating cell nuclear antigen)-associated 
factor that was markedly increased in various tumor types 
compared with normal tissues (41). Later studies showed that 
PAF could promote DNA damage repair and cell cycle progres-
sion (42,43). Importantly, PAF has been shown to be oncogenic, 
which can transform mouse fibroblasts and induce intestinal 
and pancreatic ductal neoplasia in mice (13–15). Overexpression 
of PAF was found to correlate with unfavorable clinical outcome 
in various cancers including ESCC, breast cancer, lung cancer 
and hepatocellular carcinoma (44–48). However, the mechanism 
underlying the deregulation of PAF in cancer remains incom-
pletely understood. To our knowledge, only two studies have 
suggested that PAF expression can be repressed by E2F factors, 
possibly downstream of the p53-p21-RB pathway (13,47). The 
present study is the first to uncover that aberrantly high expres-
sion of PAF can be driven by loss of miR-200b in cancer. Our data 
support the tumor-promoting function of PAF, i.e. enhancing cell 
growth and clonogenic potential in ESCC. However, the well-
established role of PAF in cell cycle progression (43,47) was not 
observed in ESCC cells, as evidenced by both our study and a 
recent study (48). The tumor-promoting function of PAF was also 
not mediated by suppressing apoptosis, as PAF knockdown did 
not induce appreciable apoptosis in two ESCC cell lines tested. 
These observations suggest that PAF alone cannot fully mediate 
the biological function of miR-200b, which we believe is attrib-
uted to the fact that miRNAs can simultaneously target large 
numbers of genes, and PAF may function in concert with other 
targets to mediate these functions.

PAF has been shown to be oncogenic in colon cancer via 
hyperactivating Wnt/β-Catenin signaling. The mechanism is 
that PAF recruits EZH2 to facilitate the association between the 
RNA polymerase II transcriptional machinery and β-Catenin/
TCF complex, thereby enhancing Wnt/β-Catenin target gene 
transactivation (14). Our data provide compelling evidence to 
show that miR-200b regulates Wnt/β-Catenin signaling via tar-
geting PAF in ESCC. However, we did not observe appreciable 
alteration in the expression of non-phospho (active) β-Catenin, 
a central effector of the canonical Wnt signaling. Thus, the 
impact of miR-200b on this pathway may be mainly mediated 
via attenuating the potentiating effects of PAF on the transcrip-
tional activity of the β-Catenin/TCF complex, rather than miti-
gating the upstream activation of the canonical Wnt signaling. 
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The significance of the Wnt/β-Catenin signaling downstream of 
the miR-200b/PAF axis requires further investigation in cancers.

In conclusion, this study has uncovered that miR-200b, a fre-
quently deregulated tumor suppressive miRNA in a wide spec-
trum of cancers, suppresses multiple key cell cycle regulators 
and mitigates the Wnt/β-Catenin signaling. CDK2 and PAF, two 
significant prognostic markers in several types of cancers, are 
identified as direct targets of miR-200b. We believe that CDK2 
and PAF function in concert with numerous other targets to fully 
mediate the pathobiological functions of miR-200b, this research 
highlights miR-200b as a promising therapeutic target in ESCC.

Supplementary material
Supplementary Figures 1–8 can be found at http://carcin.oxford-
journals.org/
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