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Emerin (EMD) plays diverse roles in cellular polarity organization, nuclear stability, and cell motility, however, the 
biological role of EMD relevant to the migration and invasion of hepatocellular carcinoma (HCC) cells has not yet been 
illustrated. In the present study, we initially found that the upregulation of EMD in HCC tissues, and EMD expression was 
negatively correlated with the spontaneous metastatic potential of HCC cell lines. Loss of EMD in HCC cells facilitated cell 
migration and invasion in vitro and metastasis in vivo. Meanwhile, we demonstrated that EMD knockdown induced EMT 
but enhanced p21 expression in HCC cells. Notably, silencing of EMD in HCC cells increased the cytoplasmic localization 
of p21 protein, whereas p21 knockdown partially abrogated the migratory and invasive ability, EMT, and the actin cytoskel-
eton rearrangement induced by EMD knockdown in HCC cells. Our results indicated a signi�cant role of EMD knockdown 
in the HCC cell motility and metastasis through upregulating the cytoplasmic p21, unveiling a novel mechanism of cell 
motility regulation induced by EMD. 
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Hepatocellular carcinoma (HCC) is the sixth most preva-
lent malignancy with more than 800,000 patients’ mortalities 
annually worldwide [1, 2]. Although recent advances in surgical 
resection, liver transplantation, radiofrequency ablation, and 
novel drug therapy, the �ve-year survival rates for the HCC 
patients remained less than 20% due to the high frequency of 
tumor recurrence and distance metastasis [3, 4]. �erefore, it 
is imperative to further explicate the molecular mechanisms 
underlying HCC metastasis to develop novel therapeutic strat-
egies and to identify the prognostic biomarkers.

Emerin (EMD) belongs to a family of the nuclear lamina-
associated proteins, and it is widely expressed in the inner 
nuclear envelope and plays diverse roles in cellular polarity 
organization, nuclear stability, chromatin tethering, gene 
expression, cell signaling, and mechanotransduction [5–8]. 
In EMD-de�cient cells, nuclear elasticity decreases, nuclear 
fragility increases, and nuclear membrane is more plastic 
[9]. Additionally, EMD can promote actin polymerization 
by binding and stabilizing the pointed end of growing actin 
�laments [10], and EMD deletion promotes nuclear instability 

in prostate cancer, lung cancer, and thyroid cancer cells [5, 11, 
12], thereby promoting tumor invasion and metastasis. Never-
theless, the biological role of EMD relevant to the migration 
and invasion of HCC cells has not yet been illustrated.

In the current study, the upregulation of EMD in HCC 
tissues was �rst identi�ed. We further demonstrated that 
EMD was di�erentially expressed in HCC cell lines with 
di�erent spontaneous metastatic potential, and EMD knock-
down promoted the migratory ability and invasiveness of 
HCC cells in vitro and in vivo. Strikingly, we veri�ed that 
EMD knockdown induced epithelial-mesenchymal transi-
tion (EMT) by upregulating the cytoplasmic p21 in HCC 
cells. �is �nding might provide interesting mechanism for 
the HCC metastasis and identify EMD as a potential clini-
cally relevant biomarker of tumor aggressiveness.

Materials and methods

Cell culture, transfection, and reagents. �e human 
HCC cell lines (HCC-LM3, MHCC-97H, SMMC-7721, 
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SK-HEP1, Hep3B, and HepG2) and human embryonic 
kidney cell line 293T (HEK293T) were obtained from the 
Type Culture Collection of the Chinese Academy of Sciences 
(Shanghai, China). All the cell lines in the present study were 
regularly veri�ed for the absence of mycoplasma contami-
nation, and cultured in DMEM (Hyclone, Beijing, China) 
with 10% fetal bovine serum (FBS, Gibco, USA) and 1% 
penicillin-streptomycin at 37 °C in a humidi�ed incubator 
with 5% CO2. Control and p21-speci�c siRNAs were 
obtained from RIBOBIO Company (Guangzhou, China). 
Transfection of siRNA into HCC cells was performed using 
jetPRIME Polyplus kit (France) according to the manufac-
turer’s instructions.

Tissue microarray (TMA) and immunohistochemistry. 
HCC TMA with 103 cases of the HCC tissues and matched 
adjacent non-tumor liver tissues were acquired as previously 
described [13]. Immunohistochemistry (IHC) staining of 
EMD on the TMAs was performed using an IHC detection 
kit obtained from Servicebio Technology (Wuhan, China) 
according to the manufacturer’s instructions. Brie�y, a�er 
rehydration and antigen retrieval, the TMAs were incubated 
with the monoclonal antibody against EMD (#sc-81552, 
Santa Cruz Biotechnology, USA) at 4 °C overnight, followed 
by the incubation with the secondary antibody (#sc-2089, 
Santa Cruz Biotechnology, USA) at room temperature for 1 h. 
�e slides were stained with prepared diaminoaniline (DAB) 
and counterstained with hematoxylin. �e areal density of 
each HCC case in TMAs was analyzed by Aperio Digital 
Pathology Slide Scanners (Servicebio, Wuhan, China).

Plasmid construction, lentivirus production, and 
infection. �e short hairpin RNA (shRNA) targeting 
EMD (shEMD1, sense, 5’-GATCCGAGGTGCATGAT-
GACGATCT T TCAAGAGAAGATCGTCATCATG-
CACCTCTTTTTTA-3 and antisense, 5’-CGCGTAAAA-
AAGAGGTGCATGATGACGATCTTCTCTTGAAA-
GATCGTCATCATGCACCTCG-3’; shEMD2, sense, 
5’-GATCCGGCTTCAGAGCTAGGTCTTTGTTCAAGAGA-
CAAAGACCTAGCTCTGAAGCCT T T T T TA-3’  and 
antisense, 5’-CGCGTAAAAAAGGCTTCAGAGCTAG-
GTCTTTGTCTCTTGAACAAAGACCTAGCTCTGAA-
GCCG-3’) and the negative control shRNA (shNC, sense, 
5’-GATCCTGGTTTACATGTCGACTAATTCAAGAGA-
TTAGTCGACATGTAAACCATTTTTTA-3’ and  antisense, 
5 ’ -C GC GTAAAAAATGGT T TACATGTC GACTA-
ATCTCTTGAATTAGTCGACATGTAAACCACG-3’) 
were cloned into the BamH I and Mlu I sites of the pLent-
U6-Puro vector (ViGene Biosciences Inc., Rockville, MD, 
USA). Lentiviral particles were packaged using HEK293T 
cells by transfection with shNC or shRNA targeting EMD 
constructs together with the lentiviral packaging vector 
pSPAX2 and pMD2G (Addgene) using EndoFectin Lenti 
reagent (GeneCopoeia, USA). Virus-containing super-
natants were harvested and �ltered. SMMC-7721 and 
HCC-LM3 cells were transduced with the lentiviruses in the 
presence of polybrene (8 mg/ml) for 48 h before selection 

with puromycin (0.5 μg/ml for SMMC-7721 and 0.4 μg/ml 
for HCC-LM3 cells). Stable EMD knockdown cell lines were 
screened by reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR) and western blotting.

Cell proliferation assay. HCC cells (5,000/well) were 
seeded in 96-well plates with eight duplications. Cell viability 
was determined using the Cell Counting Kit-8 (CCK-8) kit 
(SunBio Biomedical Technology, Shanghai, China). Brie�y, 
10 μl of the CCK-8 solution was added to each well and 
incubated at 37 °C for 45 min. Optical density was detected 
at a wavelength of 450 nm using a microplate reader 
(�ermo, USA). A 5-ethynyl-20-deoxyuridine (EdU) assay 
kit (Ribobio, Guangzhou, China) was performed to evaluate 
the cell proliferation ability according to the manufac-
turer’s instructions. For cell cycle analysis, HCC cells were 
harvested and �xed with chilled 75% ethanol, and cell cycle 
analysis was determined using PI kits (Solarbio Science & 
Technology, Beijing, China) on the �ow cytometry according 
to the manufacturer’s instructions. All experiments were 
performed at least in triplicate.

RNA-sequencing (RNA-seq) and RT-qPCR. Total 
RNA was extracted using the TRIzol® reagent (Invitrogen, 
USA). RNA-seq analysis was performed by Wuhan Igene-
book Co., Ltd. (Wuhan, China). For RT-qPCR, reverse-
transcription was performed using the PrimeScriptTM RT 
Master Mix (Takara Biotechnology, Co., Ltd., Dalian, China), 
and qPCR was carried out using the SYBR Green qPCR 
system (Takara Biotechnology, Co., Ltd., Dalian, China) 
on a LightCycler system (Mannheim, Germany). Primers 
used in the present study were as follows: N-cadherin 
(N-CAD) forward, 5’-CAGTGTACAGAATCAGTG-3’ and 
reverse, 5’-CAACAGTAAGGACAA ACA-3’; E-cadherin 
(E-CAD) forward, 5’-CAAGTGACCACCTTAGAG-3’ 
and reverse, 5’-GAATTTGCAATCCTGCTT-3’; Vimentin 
(VIM) forward, 5’-GACGCCATCAACACCGAGTT-3’ 
and reverse, 5’-CTTTGTCGTTGGTTAGCTGGT-3’; 
p21 forward, 5’-GGCCCAGTGGACAGCGAGCA-3’ and 
reverse, 5’-CCCAGGCGAAGT CACCCTCC-3’; GAPDH 
forward, 5’-GCACCGTCAAGGCTGAGAAC-3’ and reverse, 
5’-TGGTGAAGACGCCAGTGGA-3’. �e relative expres-
sion of the mRNAs was calculated using the 2–ΔΔCt method 
with GAPDH as an endogenous control.

Cell migration and invasion assays. Transwell inserts 
(diameter, 6.5 mm; pore size, 8.0 µm; Corning, NY, USA) 
were used to perform cell migration and invasion assays as 
described previously [13]. Brie�y, HCC cells were serum-
starved overnight, and then SMMC-7721 (3×104) or 
HCC-LM3 (2×104) cells in 200 μl of DMEM without FBS were 
seeded into the uncoated or Matrigel-coated upper chambers. 
�e inserts were then placed into the lower chambers with 
600 μl of DMEM containing 10% FBS and incubated at 37 °C 
for 24 h. �e cells penetrating the membrane were �xed and 
stained with crystal violet, and the phase-contrast images 
were captured and �ve random �elds at 200× magni�cation 
were analyzed.
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Nuclear/cytoplasmic fractionation. Nuclear and 
cytoplasmic protein extraction from HCC cells was 
performed using the Nuclear and Cytoplasmic Extraction kit 
(Solarbio Science & Technology, Beijing, China) according 
to the laboratory manual with GAPDH and Histone H3 
expression as loading controls for cytosolic and nuclear 
fraction, respectively.

Western blotting. Western blotting was performed 
following standard methods. Briefly, equal amounts of 
proteins were separated by 10% SDS-PAGE and trans-
ferred onto PVDF membranes. After blocking with 5% 
non-fat milk powder in TBST for 2 h, the membranes 
were incubated with primary antibodies overnight at 4 °C 
and then incubated with HRP-linked anti-rabbit or anti-
mouse IgG for 2 h. Signals were detected by ECL (Thermo 
Fisher Scientific, Inc.). The following antibodies were used 
in the present study: rabbit anti-Snail (#3879), rabbit anti-
Vimentin (#5741), rabbit anti-p21 (#2947), and HRP linked 
anti-rabbit IgG (#7074) and anti-mouse IgG (#7076) were 
purchased from Cell Signaling Technology (Danvers, MA, 
USA). The mouse anti-E-cadherin (#562869) and mouse 
anti-N-cadherin (#561553) were purchased from BD 
Biosciences (San Jose, CA, USA). The mouse anti-Emerin 
(#sc-81552) was purchased from Santa Cruz Biotechnology 
(Texas, USA). The monoclonal antibody against GAPDH 
(#abs137959) was purchased from Absin Bioscience (Absin, 
China).

Immunofluorescence analysis. Cells grown on glass 
coverslips in a 24-well culture plate were fixed with 4% 
paraformaldehyde for 30 min and permeabilized with 0.1% 
Triton X-100 for 10 min. After blocking with 3% BSA in 
PBS, the cells were incubated with primary antibody against 
p21 (#2947, Cell Signaling Technology, diluted 1:100 in 
PBS) at 4 °C overnight, followed by incubation with rhoda-
mine-conjugated secondary antibody (#sc-2492, Santa 
Cruz Biotechnology, diluted 1:500 in PBS) for 2 h at room 
temperature. For F-actin staining, the cells were incubated 
with the rhodamine-conjugated phalloidin (Sigma, USA) 
for 1 h at room temperature. All samples were washed with 
PBS, and the nuclei were labeled with DAPI (Beyotime, 
China). Images were obtained with an Eclipse E600 fluores-
cent microscope (Nikon, Japan).

Tail vein metastasis models. Athymic nude mice 
(BALB/C-nu/nu, 6–8 weeks old, male) were obtained from 
the Animal Centre of Yangzhou University and maintained 
in a pathogen-free environment. All animal procedures 
were performed in compliance with the institutional ethical 
requirements and were approved by the Yangzhou Univer-
sity School of Medicine Committee for the Use and Care 
of Animals. 1×106 cells resuspended in 100 μl PBS were 
injected into the tail veins of the mice. All of the mice were 
sacrificed under anesthesia 24 days after the inoculation. 
Liver and lung tissues were removed, fixed in formalin, and 
embedded in paraffin. Consecutive sections were analyzed 
by hematoxylin and eosin (H&E) staining.

Statistical analysis. Statistical analysis was performed 
with GraphPad Prism 7 software (San Diego, CA, USA). 
Data were presented as mean ± standard deviation (SD). 
Two group comparisons were determined by using the 
Student’s t-test, while multiple group comparisons were 
performed using the one-way ANOVA. A p-value less than 
0.05 was considered statistically significant.

Results

The expression of EMD in HCC tissues and HCC 
cell lines. To clarify the role of EMD in HCC, we first 
performed IHC staining to detect the expression of EMD 
in 103 pairs of clinical HCC samples. TMA analysis showed 
that the positive EMD staining was mainly observed in the 
nuclear region in the HCC tissues and in the cytoplasm 
in the paracancerous tissues (Figure 1A). Density analysis 
of TMAs revealed that EMD expression in HCC tissues 
(T) was higher than that in corresponding paracancerous 
tissues (P) (Figure 1B). Meanwhile, data from The Cancer 
Genome Atlas (TCGA) database (https://genome-cancer. 
ucsc.edu) demonstrated that the mRNA expression of EMD 
was higher in HCC tissues (T) than those in normal tissues 
(P) (Figure 1C). In addition, we also examined the expres-
sion of EMD in HCC cell lines. The expression of EMD in 
HepG2, SMMC-7721, Hep3B, MHCC-97H, HCC-LM3, and 
SK-HEP1 cells, six HCC cell lines with different spontaneous 
metastatic potential, was measured by western blotting. As 
shown in Figure 1D, relative low expression of EMD was 
shown in MHCC97H, SK-HEP1, and HCC-LM3 cells with 
high metastatic potential, and abundant expression of EMD 
was shown in the HepG2, SMMC-7721, and Hep3B cells 
with low metastatic potential, which points to the connec-
tion between EMD and metastasis. Taken together, these 
findings suggest that EMD is upregulated in HCC and might 
be related to metastasis.

EMD knockdown promoted the migration and invasion 
of HCC cells in vitro and tumor metastasis in vivo. To explore 
whether EMD regulated HCC cell motility, we used the lenti-
viral-mediated gene knockdown approaches to silence the 
endogenous EMD in both SMMC-7721 and HCC-LM3 cells. 
The knockdown efficiency of EMD was confirmed in stable 
EMD knocking down SMMC-7721 and HCC-LM3 cells by 
RT-qPCR and western blotting (Figures 2A, 2B). Transwell 
assays demonstrated that, compared with the negative 
control (shNC), both SMMC-7721 and HCC-LM3 cells 
stably knocking down EMD showed a significant increase 
of the cell migratory and invasiveness capacity (Figures 3A, 
3B). Additionally, the alteration in cell motility induced by 
EMD knockdown did not appear to be due to influencing 
the cell viability and proliferation. We demonstrated that 
EMD knockdown had no significant effects on cell viability, 
cell cycle progression, and proliferation of SMMC-7721 and 
HCC-LM3 cells in vitro (Figures 2C–2G). Given that the 
dynam ic assembly of the actin cytoskeleton plays an impor-
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Figure 1. Expression of EMD in HCC tissues and HCC cell lines. A) Representative IHC images of EMD staining in TMAs of HCC tumor or adjacent 
tissues (magni�cation, 100× and 400×) are shown. Scale bar; 100 µm. B) IHC density analysis of 103 pairs of HCC tissues (T) and matched paracancer-
ous tissues (P) in the TMAs based on EMD staining is shown. Data presented as mean ± SD. *p<0.05. C) Analysis of EMD mRNA levels in HCC tissues 
(T) and normal tissues (P) from the TCGA database (https://genome-cancer. ucsc.edu) is shown. *p<0.05. D) �e expression of EMD in HCC cell lines 
HepG2, SMMC-7721, Hep3B, MHCC-97H, HCC-LM3, and SK-HEP1 with di�erent spontaneous metastatic potential was detected by western blot-
ting. GAPDH served as a loading control. Results represent three independent experiments.



EMD KNOCKDOWN PROMOTES HCC CELL MOTILITY 63

Figure 2. E�ect of EMD knockdown on HCC cell proliferation. A, B) �e lentiviral-mediated gene knockdown approaches to silence the endogenous 
EMD in both SMMC-7721 and HCC-LM3 cells, and the knockdown e�ciency of EMD was tested by western blotting (A) and RT-qPCR (B) in stable 
EMD-knocked down SMMC-7721 and HCC-LM3 cells. GAPDH served as a loading control. Data are shown as the mean ± SD of three independent 
experiments. *p<0.05, vs. the indicated control (shNC). C) Cell viability of SMMC-7721 and HCC-LM3 cells was assessed by the CCK-8 assay. Data 
are shown as the mean ± SD of three independent experiments. D, E) EdU assay was applied to compare the cell proliferation ability in stable EMD-
knocked down SMMC-7721 and HCC-LM3 cells and the indicated control cells (shNC) (D) (Scale bar; 100 µm). Quanti�cation of relative EdU positive 
cells for SMMC-7721 and HCC-LM3 cells (E) is shown. Data presented as mean ± SD of three independent experiments. F, G) Representative images of 
the cell cycle progression in stable EMD-knocked down SMMC-7721 and HCC-LM3 cells and the indicated control cells (shNC) (F) are shown, and the 
statistical analysis of the results to show the cell cycle progression (G). Data presented as mean ± SD of three independent experiments.
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tant role in cell motility [14], we further investigated whether 
silencing of EMD could modulate the actin cytoskeleton 
rearrangement in HCC cells. As shown in Figure 3C, fewer 
stress �bers and more lamellipodia at the leading edge, which 
are associated with an increase of cell motility, were shown 
in both EMD knocking down SMMC-7721 and HCC-LM3 
cells. Collectively, these results indicated that EMD knock-
down signi�cantly accelerated the migration and invasion of 
SMMC-7721 and HCC-LM3 cells in vitro.

To further explore whether EMD plays a role in tumor 
metastasis, we assessed the e�ect of EMD knockdown 
on tumor metastasis in vivo. HCC-LM3 cells with stably 
knocked down EMD and the control cells were injected into 
the tail veins of nude mice to establish in vivo metastasis 

models. Twenty-four days later, nude mice were sacri�ced 
and the tumor metastases were analyzed. �e metastatic 
nodules in the livers and lungs were signi�cantly increased 
in mice injected with HCC-LM3 cells stably knocking 
down EMD, compared to those injected with control cells 
(Figures 4A–4D). Hematoxylin-eosin staining showed that 
the metastatic foci derived from the HCC-LM3 cells stably 
knocking down EMD increased in the liver and lung sections 
(Figures 4E, 4F). Taken together, these �ndings suggest that 
the tumor metastatic potential of HCC cells was facilitated by 
the silencing of EMD.

EMD knockdown induced EMT but enhanced p21 
expression in HCC cells. To gain insights into the regulatory 
molecular mechanism by which EMD knockdown enhanced 

Figure 3. EMD knockdown promoted migration and invasion of HCC cells in vitro. A, B) Representative Transwell cell migration and invasion assays 
in EMD-knocked down SMMC-7721 and HCC-LM3 cells (A, scale bar; 100 μm), and quanti�cation of relative numbers of migrated and invaded cells 
(B) is shown. Data presented as the mean ± SD of three independent experiments. *p<0.05, vs. the indicated control (shNC). C) Representative images 
of the actin cytoskeleton and DAPI staining in EMD-knocked down SMMC-7721 and HCC-LM3 cells are shown. Scale bar; 20 µm.



EMD KNOCKDOWN PROMOTES HCC CELL MOTILITY 65

the malignant phenotype of HCC cells in terms of compre-
hensive gene expression, RNA-seq was employed to explore 
the expression changes between EMD-knocked down 
SMMC-7721 cells and the control cells. As shown in Figure 
5A, a total of 595 upregulated genes and 537 downregulated 

genes were di�erentially expressed by at least a 1.5-fold 
change in EMD-knocked down cells. Kyoto Encyclopedia 
of Genes and Genomes (KEGG) and Gene Ontology (GO) 
analysis showed that the regulation of cell motility and 
actin cytoskeleton was a�ected in EMD-knocked down 

Figure 4. EMD knockdown promoted tumor metastasis in vivo. A, B) Representative macroscopic appearance of the lungs (A) and livers (B) in nude 
mice a�er the tail veins injection with EMD-knocked down HCC-LM3 cells and shNC cells for 24 days (n=8). C, D) Quanti�cation of the metastatic 
nodules in the lungs (C) and livers (D) is shown. Data presented as the mean ± SD. *p<0.05, vs. shNC. E, F) Representative H&E staining images of the 
lung (E) and liver (F) tissue sections from indicated groups are shown. Scale bar; 100 µm.
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Figure 5. EMD knockdown induced EMT but enhanced p21 expression in HCC cells. A) Volcano plot of the di�erentially expressed genes identi�ed in 
EMD-knocked down SMMC-7721 cells and control cells (both in triplicate) from RNA-seq analysis is shown. B, C) GO analysis (B) and KEGG analysis 
(C) revealed that the di�erentially expressed genes were enriched in the modulation of cell motility, actin cytoskeleton, and in various pathways. D) 
RT-qPCR was performed in EMD-knocked down SMMC-7721 and HCC-LM3 cells to validate the expression of E-cadherin (E-CAD), Vimentin (VIM), 
Snail, and N-cadherin (N-CAD). GAPDH served as a loading control. Data are shown as the mean ± SD of four independent experiments. *p<0.05, vs. 
the indicated shNC. E, F) Representative blots in EMD-knocked down SMMC-7721 and HCC-LM3 cells and control cells are shown, and quanti�cation 
of the relative protein levels of EMT markers is shown (F). GAPDH served as a loading control. Data are shown as the mean ± SD of three indepen-
dent experiments. *p<0.05, vs. the indicated shNC. G) RT-qPCR analysis of p21 expression in EMD-knocked down SMMC-7721 and HCC-LM3 cells. 
GAPDH was used as an internal reference. Data are shown as the mean ± SD of four independent experiments. *p<0.05, vs. the indicated shNC. H, I) 
Protein levels of p21 were determined by western blotting in EMD-knocked down SMMC-7721 and HCC-LM3 cells, and quanti�cation of the relative 
protein levels of p21 is shown (I). GAPDH served as a loading control. Data are shown as the mean ± SD of three independent experiments. *p<0.05, 
vs. the indicated shNC.
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SMMC-7721 cells (Figures 5B, 5C). We found that EMT 
markers, including E-cadherin (CDH1), Vimentin (VIM), 
Snail, and N-cadherin (CDH2), exhibited a substantial 
alteration in the differentially expressed genes. Considering 
that EMT is a metastatic cell event that increases cancer 
cell motility and malignant tumor progression [15], we 
performed RT-qPCR and western blotting to analyze the 
expression of EMT markers in both EMD-knocked down 
SMMC-7721 and HCC-LM3 cells. We demonstrated that 
silencing of EMD downregulated the E-cadherin (E-CAD), 
and upregulated Vimentin (VIM), Snail, and N-cadherin 
(N-CAD) in both SMMC-7721 and HCC-LM3 cells when 
compared with those in control cells (Figures 5D–5F), which 
was consistent with the data from RNA-seq. These findings 
suggest that EMD knockdown induces migration, invasion, 
and tumor metastasis by promoting EMT of HCC cells.

Interestingly, through analyzing the transcriptome 
data in RNA-seq, we noticed that p21 mRNA (encoded by 
CDKN1A) was dramatically upregulated upon EMD knock-
down in SMMC-7721 cells. Our RT-qPCR and western 
blotting further confirmed the upregulation of p21 at the 
mRNA and protein level in both EMD-knocked down 
SMMC-7721 and HCC-LM3 cells (Figures 5G–5I), which 
implies that upregulation of p21 may be involved in the 
regulation of cell motility, EMT, and tumor metastasis 
induced by EMD knockdown in HCC.

EMD knockdown induced EMT by upregulating the 
cytoplasmic p21 in HCC cells. Initially, p21 was considered 
as a tumor suppressor based on its ability to mediate cell-
cycle arrest, however, accumulating evidence indicates that 
cytoplasmic p21 protein might function as an oncogene and 
play a role in promoting cell motility and tumor progres-
sion [16–18]. Therefore, we questioned whether silencing 
of EMD increased migration, invasion, EMT, and tumor 
metastasis due to the cytoplasmic localization of p21 
induced by EMD knockdown in HCC cells. As expected, 
EMD knockdown decreased the distribution of p21 in the 
nucleus and obviously increased the localization of p21 in 
the cytoplasm in both SMMC-7721 and HCC-LM3 cells 
(Figures 6A–6C). Moreover, we transfected SMMC-7721 
and HCC-LM3 cells with specific siRNA against p21 or 
control (si-C), and the efficiency of p21 knockdown was 
confirmed in the si-p21 transfected cells (Figures 6D). 
Transwell analysis confirmed that silencing of p21 in both 
EMD-knocked down SMMC-7721 and HCC-LM3 cells 
significantly decreased the migratory ability and invasive-
ness of HCC cells when compared with those of control 
cells (Figures 6E, 6F). We further showed that silencing of 
p21 in EMD- knocked down SMMC-7721 and HCC-LM3 
cells obviously increased the number of stress fibers and 
decreased the formation of lamellipodia (Figure 6G). In 
addition, the western blotting analysis further demon-
strated that silencing of p21 partially reversed EMD knock-
down-mediated induction of EMT in both SMMC-7721 
and HCC-LM3 cells (Figure 6H). Collectively, these results 

suggest that upregulation of the cytoplasmic p21 induced 
by EMD knockdown is involved in the regulation of the 
migration, invasion, and EMT of HCC cells.

Discussion

Emerging evidence has demonstrated that EMD is 
involved in tumor cell motility and metastasis [5, 19], while 
the involvement of EMD in HCC metastasis has not been 
explored. In the present study, we demonstrated a signifi-
cant role of EMD knockdown in regulating HCC cell migra-
tion and invasion and metastasis through upregulating the 
cytoplasmic p21, suggesting that EMD might represent a 
potential therapeutic target in HCC.

EMD has been shown to suppress cell motility and ERK 
pathway activation, and the loss of EMD results in nuclear 
instability and promotes cancer aggressiveness [6]. In the 
present study, we first examined the expression of EMD 
in HCC samples and found that EMD displays a trend of 
increased expression in HCC tissues. We also evaluated the 
expression of EMD in a panel of HCC cell lines with different 
spontaneous metastatic potential and demonstrated the 
relatively low expression of EMD in MHCC-97H, HCC-LM3, 
and SK-HEP1 cells with high metastatic potential and 
abundant expression of EMD in the HepG2, SMMC-7721, 
and Hep3B cells with low metastatic potential, suggesting 
that the EMD expression was negatively correlated with 
the metastatic potential. Meanwhile, we demonstrated that 
the loss of EMD in HCC cells facilitated cell migration and 
invasion in vitro and metastasis in vivo. It has been reported 
that EMD functions with its partners to polarize actin flow 
and cytoplasmic polarity [20]. Here, we further showed 
that EMD knockdown led to fewer stress fibers and more 
lamellipodia at the leading edge in HCC cells, and thereby 
contributed to the promotion of cell migration and invasion, 
indicating that EMD knockdown might be involved in 
modulating the actin dynamics and subsequently increase 
HCC cell motility.

To better understand the role of EMD knockdown-
induced migration and invasion of HCC cells, RNA-seq 
analysis was performed to ascertain the altered expres-
sion of mRNA transcripts induced by EMD knockdown. 
A total of 1,132 differentially expressed genes were shown 
in EMD-knocked down SMMC-7721 cells, and GO and 
KEGG analysis revealed that the differentially expressed 
genes were enriched in the modulation of cell motility, actin 
cytoskeleton, and in various pathways. Among the differen-
tially expressed genes, EMT markers exhibited remarkable 
changes. As is known, EMT is a metastatic event, which facil-
itates tumor cell migration, invasion, and metastasis. Then, 
we examine the effect of EMD knockdown on the expres-
sion of EMT markers in HCC cells. We revealed consistent 
significant downregulation of E-cadherin and upregulation 
of N-cadherin, Snail, and Vimentin in both EMD-knocked 
down SMMC-7721 and HCC-LM3 cells, indicating that 
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Figure 6. EMD knockdown induced EMT by upregulating the cytoplasmic p21 in HCC cells. A, B) Western blot analysis of p21 protein in the nucleus 
and cytoplasm of SMMC-7721 and HCC-LM3 cells upon EMD knockdown (A), and quanti�cation of the relative protein levels of p21 in nuclear/cyto-
plasmic fraction is shown (B). GAPDH and H3 served as loading controls for cytosolic and nuclear fraction, respectively. Data presented as the mean 
± SD of three independent experiments. *p<0.05, vs. the indicated shNC. C) Representative images of immuno�uorescence staining of p21 in EMD-
knocked down SMMC-7721 and HCC-LM3 cells are shown. Scale bar; 20 μm. D) �e knockdown e�ciency of p21 in EMD-knocked down SMMC-7721 
and HCC-LM3 cells a�er transfection with speci�c siRNA against p21 (si-p21) and control (si-C) was tested by western blotting. GAPDH served as 
a loading control. E, F) Representative Transwell cell migration and invasion assays in EMD-knocked down SMMC-7721 and HCC-LM3 cells a�er 
silencing of p21 (E, scale bar; 100 μm), and quanti�cation of relative numbers of migrated and invaded cells (F) is shown. Data presented as the mean 
± SD of three independent experiments. *p<0.05, vs. the indicated control. G) Representative images of the actin cytoskeleton and DAPI staining in 
EMD-knocked down SMMC-7721 and HCC-LM3 cells a�er silencing of p21. Scale bar; 20 µm. H) Protein levels of EMT markers were determined by 
western blot in EMD-knocked down SMMC-7721 and HCC-LM3 cells upon silencing of p21. GAPDH served as a loading control.
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EMD knockdown induced HCC cell motility and metastasis 
by increasing the EMT process.

As the founding member of cyclin-dependent kinase inhib-
itors, p21 protein has primarily been described as a tumor 
suppressor based on its ability to block cancer cell prolifera-
tion. However, emerging evidence has demonstrated its dual 
role as a tumor suppressor or as an oncogene depending 
largely on its subcellular localization [21]. �e p21 protein 
serving function as oncogenic potential o�en attributed to 
its cytoplasmic localization, thereby promoting cell motility 
[21, 22]. In the current study, we found that, in agreement 
with the RNAseq �ndings, EMD knockdown dramatically 
upregulated the expression of p21 at both mRNA and protein 
levels in SMMC-7721 and HCC-LM3 cells. Notably, we 
further revealed that silencing of EMD obviously increased 
the localization of p21 in the cytoplasm in both SMMC-7721 
and HCC-LM3 cells. To evaluate whether silencing of EMD 
induced migration, invasion, and EMT of HCC cells is 
contributed by upregulating p21 in HCC cells, Transwell and 
immuno�uorescence assays were then utilized to evaluate 
the cell migration and invasion upon p21 knockdown. �e 
results showed that p21 knockdown reduced the migratory 
ability and invasiveness and regulated the actin cytoskeleton 
rearrangement in both EMD-knocked down SMMC-7721 
and HCC-LM3 cells. Furthermore, western blot analysis 
revealed that knockdown of p21 partially reversed the 
expression of EMT markers induced by EMD knockdown 
in both SMMC-7721 and HCC-LM3 cells. Considering that 
EMD knockdown induced the phosphorylation of ERK and 
AKT, increased endogenous Notch signaling in cancer cells 
[6], the underlying mechanism as to how EMD knockdown 
modulates the expression of p21 needs to be further clari�ed. 
Taken together, these �ndings implied that silencing of EMD 
induced migration, invasion, and EMT could be contributed 
at least mediated by upregulating the cytoplasmic p21 in 
HCC cells.

In summary, our results demonstrate that EMD knock-
down increased migration, invasion, EMT, and metastasis 
of HCC cells by upregulating the cytoplasmic p21. Further 
study is required to address the underlying mechanisms as 
to whether cytoplasmic p21 participates in the modulation 
of EMT and metastasis in HCC cells directly or indirectly, 
and whether EMD knockdown induces p21 expression 
or regulates other pathways to promote HCC metastasis, 
however, our �ndings demonstrate that EMD may serve as 
not only a potential therapeutic target but also a novel poten-
tial biomarker for HCC patients.
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