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Abstract 

The Elongator is a complex with multiple subunits (Elp1-Elp6) which promotes transcript elongation and 
protein translation. In this study, we investigated the effects of Elongator on the migration and invasion of 
HCC cells as well as the underlying mechanisms. We showed that overexpression of Elp3 or Elp4 
promoted the migration and invasion of HCC cells, which was abolished when either Elp3 or Elp4 was 
silenced. The expression of matrix metalloproteinase-2 (MMP-2) and MMP-9 were enhanced by 
phosphorylation of AKT. Elongator-driven migration and invasion and the expression of MMP-2 and 
MMP-9 were reduced in HCC cells treated with AKT inhibitor LY294002. Depletion of Elp3 also reduced 
the phosphorylation of AKT induced by growth factors. In vivo assay of lung metastasis in mice 
demonstrated that overexpression of Elp3 increased tumor nodules metastatic to lung. Importantly, Elp3 
was up-regulated in human HCC tissues, which was correlated with the phosphorylation of AKT and 
expression of MMP-2. Collectively, these results suggested that Elongator activated migration and 
invasion of HCC cells by promoting the expression of MMP-2 and MMP-9 through the PI3K/AKT signaling 
pathway. Our work suggests that Elongator might be a potential marker which promotes the metastasis 
of HCC. 
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Introduction 
Hepatocellular carcinoma (HCC) is one of the 

most common malignancy and the most frequent 
leading cause of cancer related mortality [1, 2]. High 
recurrence and high mortality were found in HCC 
patients with increasing incidence globally[3]. Early 
metastasis is recognized as the main cause for the low 
survival rates which is responsible for a poor 
chemotherapy and frequent relapse [4]. Intrahepatic 
and extrahepatic metastasis of HCC is very frequent 
and may still arise after remedy [5]. Currently, 
surgical resection and liver transplantation are main 
choices for the medical treatment of HCC. 

Radiofrequency ablation and chemoembolization are 
also applied for the HCC therapy [6, 7].  

Elongator is a highly conserved multi-subunits 
complex composed of two subcomplexes, a core 
subcomplex (Elp1-Elp3) and an essential subcomplex 
(Elp4-Elp6) [8, 9]. Originally, Elongator was isolated 
as a component of a RNA polymerase II (RNAPII) 
holoenzyme from the yeast Saccharomyces cerevisiae 
[10]. Subsequently, human Elongator was purified 
from HeLa Cells [11]. Many reports provided 
evidences for a physiologically important role of 
Elongator complex in different cellular activities, 
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including cytoskeleton organization, cellular motility, 
gene transcription, protein acetylation, tRNA 
modification, exocytosis and sensitivity to DNA 
damage agent [12-14]. Elongator is expressed both in 
nuclei and cytoplasm [12]. Depletion of Elongator 
reduced histone H3 acetylation, which resulted in 
lower RNAP II density through the coding region of 
target genes [15]. The function of Elongator in 
telomeric silencing and DNA repair was also 
described [16]. In cytoplasm, both Elp1 and Elp3 
interact with microtubules. The migration and 
differentiation of projection neurons into the cerebral 
cortex were inhibited when either Elp1 or Elp3 was 
depleted during mouse corticogenesis[17].  

PI3K/AKT signaling is activated by growth 
factors such hepatocyte growth factor (HGF) and 
epidermal growth factor (EGF), which regulates cell 
cycling, apoptosis, cell growth, and cell migration 
[18-21]. In response to EGF stimulation, several 
signaling cascades are initiated by epidermal growth 
factor receptor (EGFR), including MAPK/ERK, 
PI3K/AKT, and Stat pathways, which promotes cell 
survival, proliferation, migration, and invasion. HGF 
play critical roles in proliferation, cancer migration 
and metastasis [22]. Expression of HGF and HGF 
receptor, has been found to be correlated with human 
cancer in abnormal stages and poor prognosis [23].  

Here, we showed that Elp3 and Elp4 promoted 
migration and invasion of HCC cells in vitro, and the 
tumor metastasis in mice. Further in vivo studies 
demonstrated that Elp3 was up-regulated in HCC 
tumor with enhanced expression of MMP-2 and 
MMP-9 through the PI3K/AKT signaling pathway. 

Results 
Elongator activates migration and invasion of 
HCC cells in vitro 

To explore the effects of Elongator on migration 
and invasion of HCC cells, we first established stable 
HepG2 cell lines that constantly overexpressed Elp3 
(Elp3o) or Elp4 (Elp4o). We also generated HepG2 cell 
lines in which the expression of Elp3 or Elp4 were 
stably depleted by RNA interference (RNAi) using 
corresponding targeted shRNAs, as described in 
material and method. Elp3i and Elp3i-b were two 
different clones targeting the same sequence of Elp3 
transcript. Elp4i and Elp4i-b were two different clones 
targeting the same sequence of Elp4 transcript. The 
mRNA and protein expression of Elp3 or Elp4 was 
efficiently raised in Elp3o or Elp4o cells, respectively, 
as determined by qRT-PCR (Figure 1A) and western 
blot (Figure 1B). The expression of Elp3 and Elp4 was 
significantly decreased in Elp3i/ Elp3i-b and Elp4i/ 
Elp4i-b cells (Figure 1A and 1B). 

Then we characterized the effect of Elongator on 
motility of HCC cells. The wound-healing assay 
showed that Elp3o and Elp4o cells obtained quicker 
closure of the scratched wound compared with 
control HepG2 cells. Depletion of Elp3 (Elp3i) or Elp4 
(Elp4i) significantly reduced the migratory capability 
of HepG2 cells (Figure 1C). Transwell assay was 
shown in Figure 1D. The number of cells that invaded 
or migrated to the lower chambers was remarkably 
increased for Elp3o or Elp4o cells. In contrast, 
reduction in cells invasion was observed for Elp3i and 
Elp4i cells. A rescue assay was shown in 
Supplementary Figure S2A. After the HepG2-Elp3i 
cells were transfected with Elp3o expression plasmid, 
the migration and invasion of cells were enhanced. 
These results suggested that Elongator promoted cell 
migration and invasion in HepG2 cells. 

To further confirm the migration-promoting 
effect of Elp3 and Elp4, an alternative HCC cells of 
SMMC-7721, were transiently transfected with the 
Elp3o, Elp4o, Elp3i or Elp4i plasmids respectively. 
The overexpression of Elp3 or Elp4 resulted in a 
promotion of migratory and invasive capabilities of 
SMMC-7721. Depletion of Elp3 or Elp4 inhibited cell 
migration and invasion in wound-healing assay and 
transwell assay (Supplementary Figure S1). An 
additional HCC cell line Hep3B was also applied for 
the transwell assay (Supplementary Figure S2). 
Overexpression of Elp3 or Elp4 promoted the 
migration and invasion of Hep3B cells, while 
depletion of Elp3 or Elp4 reduced their migration and 
invasion. These results were consistent with the 
observation in HepG2 cells, which is consistent with 
the results of HepG2 in Figure 1. 

Elongator activates PI3K/AKT/MMPs signaling 
pathway 

AKT signaling pathway plays an important role 
in migration and invasion of cancer cells. It has been 
reported that MMP-2 and MMP-9 expressions are 
critically mediated by the PI3K/AKT pathway [24-26]. 
MMP-2 and MMP-9 have been shown to stimulate 
extracellular matrix (ECM) degradation, which is 
required for cell migration and invasion [27-31]. 

To further study the mechanisms underlying 
effects of Elongator on migration and invasion of 
HCC cells, we tested whether AKT activation was 
involved in Elongator function. As shown in Figure 
2A, the mRNA expression of MMP-2 and MMP-9 
were judged by qRT-PCR. The overexpression of Elp3 
(Elp3o) or Elp4 (Elp4o) in HepG2 cells promoted the 
mRNA expression of MMP-2 and MMP-9. The 
depletion of Elp3 (Elp3i) or Elp4 (Elp4i) reduced the 
mRNA expression of MMP-2 and MMP-9. 
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Figure 1. Elp3 and Elp4 promote cell migration and invasion of HepG2 cells. The plasmids for Elp3 overexpression (Elp3o) and Elp4 overexpression 
(Elp4o), Elp3 interference (Elp3i) and Elp4 interference (Elp4i) were introduced into stably transfected HepG2 cell lines (A-D). (A) The mRNA expression of Elp3 or 
Elp4 in stably transfected HepG2 cell lines was examined by qRT-PCR as described in Materials and Methods. The relative mRNA levels of Elp3 or Elp4 was 
normalized against β-actin and depicted graphically. Elp3 and Elp4 mRNA levels in control HepG2 cells were set to 1 fold. (B) The protein expression of Elp3 and Elp4 
in stably transfected HepG2 cells were examined by western blot analysis. A β-actin western blot is shown as loading control. (C) Wound-healing assay. Wound fields 
were observed directly after scribing (0 d), and cell migration was followed for 1, 2 and 3 days. Representative images taken at 0 and 3 days were shown up in the left 
panel. A quantification of the data obtained is illustrated on the right. For each experimental condition, the width of starching was set to 100% at time 0 and the width 
in other time points expressed relative to that. (D) Transwell assay. Cells on the lower surface of the chamber were stained by crystal violet after transfection. 
Representative images of migrated cells or invaded cells are shown in the left panel. The numbers of migration cells and invasion cells were counted. Data were 
calculated and presented as a histogram in the right panel. The results are expressed as the mean ± SD of three independent experiments. The figures show the data 
from a representative experiment performed in triplicates (*P< 0.05, **P< 0.01, independent Student t test).  

 
 Hep3B was transfected with Elp3o or Elp3i 

plasmids. As shown in Figure 2B, the phosphorylated 
AKT, MMP-2 and MMP-9 were significantly 
increased in Elp3o while reduced in Elp3i cells, which 
is consistent with results from HepG2 cells. A rescue 
assay was also performed, and shown in Figure 2C. 
Interestingly, when the Elp3i cells was transfected 
with Elp3o expression vector, the decreased 
phosphorylated AKT, MMP-2 and MMP-9 was 
significantly increased, compared with the control 
cells transfected with vector alone. The densitometric 
data was shown in Supplementary Figure S3A-3B. 

To further confirm the effect of Elongator on 
AKT phosphorylation, a dose-dependent assay was 
carried out. HepG2 cells were transfected with 

increasing amount of plasmids of Elp3o (Figure 2D), 
Elp4o (Figure 2E), Elp3i (Figure 2F) and Elp4i (Figure 
2G), respectively. The phosphorylated AKT increased 
when cells were transfected with increasing amount 
of Elp3o, or Elp4o. Inversely, when cells were 
transfected with increasing amount of Elp3i, or Elp4i, 
the phosphorylated AKT decreased. The densito-
metric data was shown in Supplementary Figure 
S3C-3F. Moreover, Hep3B cells were also transfected 
with increasing amount of plasmids of Elp3o (Figure 
2H) and Elp3i (Figure 2I). The densitometric data was 
shown in Supplementary Figure S3G and S3H. These 
data indicate that the Elongator subunits of Elp3 and 
Elp4 enhanced AKT phosphorylation in HepG2 cells 
in a dose-dependent manner. 
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Figure 2. Elongator activates PI3K/AKT/MMPs signaling pathway. Stably transfected cells were maintained in the absence of serum for 24 h, and then, total 
RNA or proteins were isolated. Overexpressed Elp3 and Elp4 in HepG2 cells were abbreviated to Elp3o and Elp4o. Elp3i and Elp3i-b were two different clones 
targeting the same sequence of Elp3 transcript. Elp4i and Elp4i-b were also two different clones targeting the same sequence of Elp4 transcript. (A) The mRNA 
expression of MMP-2 and MMP-9 in stably transfected HepG2 cell lines was examined by qRT-PCR. Related mRNA levels of MMP-2 and MMP-9 were compared 
between control HepG2 cells and Elp3o or Elp4o cells, and between control HepG2 cells and Elp3i or Elp4i cells. MMP-2 and MMP-9 mRNA levels in control HepG2 
cells were set to 1 fold. (B) The plasmids for Elp3 overexpression (Elp3o), Elp3 interference (Elp3i), or vector alone (Vector) were transfected into Hep3B cells. The 
protein expression of Elp3 and Elp4 in transiently transfected Hep3B cells were examined by western blot analysis. GAPDH was shown as a loading control. (C) 
Rescue Experiment. The plasmids for Elp3 overexpression (Elp3o) were transiently transfected into HepG2-Elp3i cells. Cells were subjected to western blot analysis 
with antibodies against AKT, phosphorylated AKT, MMP-2 and MMP-9. GAPDH was shown as a loading control. (D-G) HepG2 cells were transfected with increasing 
amount of CMV4-Elp3o (D), CMV4-Elp4o (E), GV248-Elp3i (F), or GV248-Elp4i (G). (H-I) Hep3B cells were transfected with increasing amount of CMV4-Elp3o (H) 
or GV248-Elp3i (I). Western blot analysis was performed with anti-PI3K, anti-AKT, anti-p-AKT, anti-Elp3 and anti-Elp4 antibodies. A β-actin western blot is shown 
as loading control. Results presented as mean ± SD (*P< 0.05, **P< 0.01, independent Student t test). 
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PI3K/AKT signaling pathway is required for the 
Elongator-mediated migration and invasion of 
HCC cells 

To further confirm the promotion effect of 
Elongator on the migration and invasion of HCC cells 
by the activation of the PI3K/AKT signaling pathway, 
the phosphorylated AKT inhibitor LY294002 was 
applied which specifically blocks PI3K/AKT 
pathway. 

Stably transfected HCC cells overexpressing 
Elp3 (Elp3o) and Elp4 (Elp4o) or depleted of Elp3 
(Elp3i) or Elp4 (Elp4i) were treated with 25 μM 
LY294002 or DMSO for 2 hours and then subjected to 
wound-healing assay. The quantification of wound 
closure was performed, shown in Figure 3A and 3B. 
When the HepG2cells were treated with LY294002, 
the migration of HepG2 cells promoted by Elp3 or 
Elp4 reduced significantly. Transwell assay was also 
performed, shown in Figure 3C and 3D. The 
migratory abilities were reduced prominently in 

Elp3o or Elp4o with LY294002 treatment. To exclude 
the possible effect of AKT inhibitor LY294002 on the 
growth of HCC cells, cell viability assay was 
performed in Supplementary Figure S4. The results 
demonstrated that the growth of HepG2 cells was not 
reduced upon the addition of LY294002. These results 
indicated that the Elongator-mediated migration of 
HepG2 cells was through the activation of PI3K/AKT 
pathway, although other factors and pathway may 
also be involved. 

To further investigate the effect of Elongator in 
the activation of AKT pathway, we examined if the 
expression of Elp3 or Elp4 was inhibited by LY294002. 
The mRNA and protein expression of Elp3 or Elp4 
was examined as shown in Figure 3E and 3F 
respectively. Both mRNA and protein expression 
were not altered by LY294002 in Elp3o, Elp4o, Elp3i or 
Elp4i cells. Blocking the PI3K/AKT pathway did not 
regulate Elp3 and Elp4 in either transcriptional or 
translational level. 
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FIGURE 3. PI3K/AKT signaling pathway is required for the Elongator-mediated migration and invasion of HCC cells. The plasmids for Elp3 
overexpression (Elp3o) and Elp4 overexpression (Elp4o), Elp3 interference (Elp3i) and Elp4 interference (Elp4i) were introduced into stably transfected HepG2 cell 
lines. Stably transfected cells were maintained with the inhibitor LY294002 (25 μM for 2 hours) when indicated. (A-B) Wound-healing assay. Cells were maintained 
in the absence of serum and allowed to migrate. Wound fields were observed directly after scribing (0 d), and cell migration was followed for 1, 2 and 3 days. Pictures 
were taken from indicated time phase during 3 days of migration. Representative images were shown in left. Diagrams in right showed the percentage of wound 
closure at 0, 1, 2 and 3 days. For each experimental condition, the width of starching was set to 100% at time 0 and the width in other time phase expressed relative 
to that. (C-D) Transwell assay. Migration through membrane (C) and invasion through matrigel (D) were carried out with FBS (10%) as achemoattractant in transwell 
assay. Cells on the lower surface of the chamber were stained by crystal violet after transfection. Representative images of migrating cells or invading cells after 
staining were taken either in the absence or presence of the inhibitor LY294002. Histograms show the number of migrating cells and invading cells in right. (E) Total 
RNA was extracted and qRT-PCR was performed with primer pairs to amplify Elp3 and Elp4. The relative mRNA levels of Elp3 or Elp4 were examined. Elp3 and Elp4 
mRNA levels in control HepG2 cells were set to 1 fold. (F) Cell lysates were extracted and subjected to western blot analysis with antibodies as indicated. The 
protein expressions of Elp3 and Elp4 were compared between inhibitor treatment and untreatment. (G-H) Total cell lysates of cells were probed for the expression 
of Elp3 (G) or Elp4 (H) levels normalized with β-actin by western blot analysis. Western blot was performed with specific antibodies against PI3K, AKT, 
phosphorylated AKT, MMP-2 and MMP-9.The densitometric analysis for the western blot was shown at the bottom. (I) The mRNA expression of MMP-2 and MMP-9 
were compared between before and after inhibitor treatment in each group of cells respectively. The graphs represent densitometric results from three independent 
experiments. Each value represents the mean ± SD (*P< 0.05, **P< 0.01, independent Student t test).  

 
We then examined the effect of LY294002 on the 

phosphorylation of AKT. As shown in Figure 3G 
(Elp3) and Figure 3H (Elp4), the expression of PI3K 

remain constant before and after the treatment of 
LY294002. The phosphorylated AKT was significantly 
decreased in cells of Elp3o or Elp4o after treatment 
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with LY294002 (compare lane 2 and 6). There is little 
effect of LY294002 on the phosphorylation of AKT in 
cells of Elp3i (compare lane 3-4 with lane 7-8) or Elp4i 
(compare lane 3-4 with lane 7-8). These results 
indicate Elongator is required for the phosphorylation 
of AKT. 

Then we examined the expression of MMP-2 and 
MMP-9, which are downstream effectors of AKT 
phosphorylation. The expression of both MMP-2 and 
MMP-9 were reduced by LY294002 in cells of Elp3o 
(Figure 3G, compare lane 2 with lane 6) or Elp4o 
(Figure 3H, compare lane 2 with lane 6). However, 
there is a little effect of LY294002 on the expression of 
both MMP-2 and MMP-9 in cells of Elp3i (Figure 3G, 
compare lane 3-4 with lane 7-8) or Elp4i (Figure 3H, 
compare lane 3-4 with lane 7-8). The expression 
pattern of both MMP-2 and MMP-9 corresponded to 
the phosphorylated AKT. Elp3o and Elp4o cells 
showed similar reactions to LY294002 treatment. So 
did Elp3i and Elp4i. It seems that Elp3 and Elp4 

worked coordinately in the intact Elongator complex. 
To confirm the effect of LY294002 on the 

expression of MMP-2 and MMP-9, qRT-PCR was also 
performed. As shown in Figure 3I, the mRNA 
expression of both MMP-2 and MMP-9 was reduced 
significantly in Elp3o cells or Elp4 cells. However, 
there is little effect of LY294002 on the expression of 
MMP-2 and MMP-9 in Elp3i or Elp4i. Similar 
tendency of expression of MMP-2 and MMP-9 was 
observed over p-AKT. These results suggested that 
Elongator was required for the expression of MMPs 
activated by phosphorylated AKT. 

Elongator is required for the phosphorylation 
of AKT induced by growth factor 

PI3K/AKT signaling is activated by growth 
factors such as hepatocyte growth factor (HGF) and 
epidermal growth factor (EGF). These growth factors 
have been reported to regulate several cellular 
biological functions such as cell cycling, apoptosis, 

cell growth, and cell migration [18, 21, 
22]. To further characterize the functional 
implication of the Elongator-induced 
AKT phosphorylation, we examined the 
role of Elp3 in the phosphorylation of 
AKT when cells were activated by 
growth factors. Cells were exposed to the 
growth factors. The total AKT and 
phosphorylated AKT were then assessed 
by immunoblotting analysis. 

As shown in Figure 4A, little 
difference was observed on the 
phosphorylation of AKT in HepG2-Elp3i 
cells with or without EGF treatment 
(compare lane 3 and lane 4). Both HepG2 
and HepG2-Elp3o cells showed much 
higher level of phosphorylated AKT than 
HepG2-Elp3i cells did (compare lane 2, 
lane 4 and lane 6). The densitometric 
analysis was shown in Supplementary 
Figure S5A. The phosphorylation of AKT 
was increased by the overexpression of 
Elp3 (Figure 4A, lane 5), which was 
further enhanced by the presence of EGF 
(Figure 4A, lane 6). These results suggest 
that Elp3 is required for the phosph-
orylation of AKT activated by EGF. The 
similar observation was observed and 
confirmed in cells treated with HGF, as 
shown in Figure 4B. 

A rescue assay was performed as 
shown in Figure 4C. The vector for Elp3 
expression was introduced into 
HepG2-Elp3i cells. After treatment with 
EGF, the phosphorylation of AKT was 

 

 
Figure 4. Elongator is required for the phosphorylation of AKT induced by growth 
factor. (A) Cells were serum starved overnight and then were stimulated with 50 ng/ml EGF for 10 
min. The expressions of phosphorylated AKT, AKT and Elp3 in stably transfected HepG2 cells were 
analyzed by Western blot. A β-actin western blot was shown as loading control. (B) Cells were 
maintained in the absence of serum overnight, and then were stimulated with 20 ng/ml HGF for 10 
min. The protein expression of AKT and phosphorylated AKT in stably transfected HepG2 cells 
were examined by western blot analysis. (C) Rescue Experiment. The plasmids for Elp3 
overexpression (Elp3o) were transiently transfected into HepG2-Elp3i cells. Cells were subjected to 
western blot analysis with antibodies against AKT, phosphorylated AKT and Elp3. β-actin was shown 
as a loading control. (D) Rescue Experiment. The plasmids for Elp3 overexpression (Elp3o) were 
transfected into HepG2-Elp3i cells. The protein expressions of phosphorylated AKT, AKT and Elp3 
in transiently transfected HepG2-Elp3i cells were examined by western blot analysis. β-actin was 
shown as a loading control. (E) HepG2-Elp3i cells were transfected with increasing amount of 
CMV4-Elp3o. Western blot analysis was performed with anti-AKT, anti-p-AKT and anti-Elp3 
antibodies. A β-actin western blot was shown as loading control.  
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significantly increased, compared with Elp3i cells 
transfected with empty vector. And EGF effectively 
activated the phosphorylation of AKT when the 
expression of Elp3 was restored in Elp3i cells 
(compare lane 4 and lane 6). The similar observation 
was observed and confirmed in cells treated with 
HGF, as shown in Figure 4D. A dose-dependent assay 
was also performed, as shown in Figure 4E. The 
phosphorylation of AKT was increased by the 
expression of Elp3 in a dose-dependent manner upon 
EGF treatment. The densitometric data was shown in 
Supplementary Figure S5. These results further 
demonstrated that Elongator is required for the 
phosphorylation of AKT induced by growth factors. 

Elongator enhances the metastasis of HCC to 
lung 

The novel finding that Elongator promoted the 

migration and invasion of HCC cells in vitro prompted 
us to examine whether Elongator enhances the 
metastasis of HCC cells in vivo. Mouse tumor 
metastasis by tail vein injection was performed to 
investigate the effect of Elp3 on metastasis. Mice were 
injected with Elp3o cells, or Elp3i cells into the tail 
vein. The HepG2 cells were transfected with empty 
vector (Vector), HepG2 cells alone (Control). PBS 
(NC) was also administrated as the controls. After 
injection for 8 weeks, mice were sacrificed and the 
metastatic nodules were visible at lung surfaces 
(Figure 5A, up panel). The lung tissues were then 
examined by hematoxylin and eosin (H&E) staining 
(Figure 5A low panel) to confirm that the nodules on 
the surfaces of mice lungs were metastatic tumors. 
Statistical chart on the number of metastatic tumors is 
shown in Figure 5B. 

 

 
Figure 5. Elongator enhances the metastasis of HCC to lung. (A) 1×106 tumor cells suspended in 200 μl of normal saline were inoculated into the tail-vein 
of six weeks old female SCID beige mice. The normal saline without any cells was set as negative control (NC). HepG2 cells (HepG2) and HepG2 transfected with 
empty vector (Vector) were set as additional controls. Overexpressed Elp3 and interference Elp3 cell lines were respectively abbreviated to Elp3o and Elp3i. Lung 
tissues were dissected at 8th week after inoculation. Photographs of lung tissue (upper) and representative images of metastatic tumor via H&E staining (lower) were 
taken. (B) Tumor metastatic nodules of different cell groups were calculated and compared after 8 weeks. Results presented as mean ± SD (*P< 0.05, **P< 0.01, 
independent Student t test). (C) Protein expression was detected by IHC. Representative images of IHC using anti-Elp3, anti-Elp4, anti-MMP-2, anti-MMP-9 and 
anti-p-AKT, are shown. 
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Histological examination showed that the 
number of lung metastatic tumors in mice with Elp3o 
cells was significantly higher than the tumor number 
in mice with HepG2 cells. Little metastatic tumor was 
found in mice injected with Elp3i cells. As HepG2 
cells are of low metastasis [32, 33], the metastasis of 
HepG2 cells was much more sensitive to Elp3 
overexpression, rather than Elp3 depletion. 

The findings that Elongator enhances the 
metastasis of HCC in vivo, suggests Elongator as a 
potential target for HCC treatment. Immuno-
histochemical staining was also performed with the 
lung tissues, demonstrating the increased expression 
of p-AKT, MMP-2 and MMP-9 in the metastatic 
tumors from Elp3o mice (Figure 5C), which was 
consistent with in vitro assay. 

Elongator is up-regulated in HCC tissues  
To further investigate the clinical significance of 

Elp3 in the metastasis of HCC, we examined the 
expression of Elp3, Elp4, p-AKT and MMP-2 in 15 
paired HCC patients by immunohistochemical (IHC) 
analysis. IHC staining of Elp3, Elp4,p-AKT and 
MMP-2 in tumor tissues (T) and adjacent para-tumor 
tissues (P) were shown in Figure 6A. Statistical 
analysis demonstrated that the expression of both 
Elp3 and Elp4 in tumor tissues were stronger than 
that in corresponding para-tumor tissues, as shown in 
Figure 6B-C. The positive expression of Elp3 was 
detected in 15/15 (100 %) of tumor tissues and 
average scoring was 10.40±2.13. For para-tumor 
tissues, the positive expression rate of Elp3 was 13/15 
(86.67%) and average scoring was 7.33±2.66. 

The phosphorylation of AKT was also 
up-regulated in HCC tissues compared with 
para-tumor tissues (Figure 6D), which was highly 
consistent with the enhanced expression of Elp3 in 
these tissues. The positive expression rate of p-AKT 
was 15/15 (100 %) of tumor tissues and average 
scoring was 8.33±2.23. The positive expression rate of 
p-AKT was 8/15 (53.33%) and average scoring was 
5.87±1.92 in adjacent para-tumor tissues. The positive 
expression rate and positive staining score of Elp3, 
Elp4 and p-AKT in HCC tissues were significantly 
increased compared to the para-tumor tissues (P 
<0.05). These results were consistent with our 
observation in vitro. 

However, the high expression of MMP-2 was 
only detected in 20 % (3 of 15) HCC cases and the 
remaining 80 % (12 of 15) were scored as no or low 
MMP-2 expression. There was no significant 
difference in MMP-2 positive expression rate and 
positive staining score between HCC tissues and 
para-tumor tissues (P >0.05) (Figure 6E). Actually no 
metastatic tumor was found in 14/15 of HCC, which 

may explain no or low expression of MMP-2 in these 
tumors. 

Discussion 
Metastasis of cancer is a multistep and 

complicated process. The interactions of cancer cells 
with extracellular matrix (ECM) is required for 
metastasis [34]. The matrix metalloproteinase 
(MMPs), a family of zinc-containing endopeptidases, 
is necessary for photolytic degradation of the ECM. 
Among all MMPs, MMP-2 and MMP-9 are known as 
key enzymes in the degradation of type IV collagen. 
The unnatural expression of MMPs is thought to be a 
crucial determinant factor in cell migration [35, 36]. 
The expression of MMP-2 and MMP-9 were mediated 
by the PI3K/AKT pathway. Activation of AKT is 
required for cancer invasion and metastasis by 
stimulating the secretion of MMPs [37-39].  

In this work, we demonstrated that Elp3 and 
Elp4 enhance migratory and invasive capability of 
HCC cells by up-regulating MMP-2 and MMP-9. 
Silencing of Elp3 and Elp4 down-regulate the 
expression of MMP-2 and MMP-9 and reduce the 
migration and invasion of HCC cells. Importantly, 
Elp3 and Elp4 activate the phosphorylation of AKT in 
HCC cells in a dose-dependent manner. Blocking of 
phosphorylation of AKT by the inhibitor LY294002 
significantly suppressed Elongator-mediated cell 
migration and invasion. The phosphorylation of AKT 
stimulated by both Elp3 and Elp4 was significantly 
reduced by LY294002 (Figure 3), apparently through 
PI3K dependent pathway. However, the inhibition 
was not complete and certain amount of 
phosphorylated AKT still remained, especially in 
Elp3o cells, which possibly resulted from 
PI3K-independent pathway [40]. Taken together, our 
results showed that Elp3 and Elp4 promoted 
migration and invasion of HCC cells through 
AKT/MMPs signaling pathway. 

PI3K/AKT signaling pathway could be activated 
by various growth factors, such as EGF and HGF. 
Previous studies reported that EGF and HGF could 
stimulate cell motility and migration by PI3K/AKT 
signaling pathway, and play important roles in 
proliferative ability and invasive property of HCC cell 
lines [41, 42]. Additionally, the activation of 
EGF/EGFR or HGF/c-MET signaling pathway is 
associated with the development of HCC and may 
count for the poor prognosis of the patients [43-45]. 
Several drugs and protein cofactors described in these 
studies could promote or inhibit the inducement of 
cell migration and activation of PI3K/AKT signaling 
pathway by interacting with the receptor of EGF or 
HGF [45, 46]. In our studies, the fact that depletion of 
Elp3 impaired the activation of AKT induced by 
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EGF/HGF, suggested that Elp3 is involved in the 
activation of AKT phosphorylation in EGF/HGF- 
induced AKT signaling pathway. 

We also confirm Elp3 promotes invasion and 
migration through AKT signaling activation in vivo. 
Tumor metastasis developed in mice injected with 
HCC cells which overexpressed Elp3, rather than the 
cells depleted of Elp3. The IHC from mice pulmonary 
cross section were consistent with in vitro assays. 
Human HCC cells of Elp3o promoted migration and 
invasion in vitro, and its capacity to develop tumor 
metastasis in mice as well. The results demonstrate 

that metastasis of HepG2 cells are much more 
sensitive to Elp3 overexpression, rather than Elp3 
depletion, possibly because HepG2 cells is of low 
metastasis [32, 33].  

Furthermore, we also showed that Elp3 was 
frequently up-regulated in HCC samples. The IHC 
results for Elp3 expression and the phosphorylation 
level of AKT in HCC cells demonstrated a correlation 
with Elp3 expression. These results are highly 
consistent with our in vitro studies, showing that 
abnormally high expression of Elp3 could promote 
the phosphorylation level of AKT.  

 

 
Figure 6. Elongator is up-regulated in HCC tissues. (A) Relative immunohistochemistry (IHC) staining in paired HCC tissue samples. The expression of Elp3, 
Elp4, p-AKT and MMP-2 in tumor tissues (T) and paired para-tumor tissues (P) from 15 HCC patients was determined by immunohistochemistry. Representative IHC 
images of matched tumor/para-tumor tissues were shown. (B) Semiquantitative analysis of Elp3 expression levels in tumor tissues and para-tumor tissues (H-score; 
left panel). The expression of Elp3 was classified into four degree (‘-’, ‘±’, ‘+’ and ‘++’) dependent on H-score evaluation, shown in MATERIALS AND METHODS. The 
numbers of cases in different group were calculated in histogram (Case Number; right panel). (C) Semiquantitative analysis of Elp4 expression levels in tumor tissues 
and para-tumor tissues (left panel: H-score; right panel: Case Number). (D) Semiquantitative analysis of p-AKT expression levels in tumor tissues and para-tumor 
tissues (left panel: H-score; right panel: Case Number). (E) Semiquantitative analysis of MMP-2 expression levels in tumor tissues and para-tumor tissues (left panel: 
H-score; right panel: Case Number). (*P< 0.05, **P< 0.01) 
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Interesting, a previous study reported that a 
reduced expression of Elp3 was observed to be 
correlated to a poor prognosis of endometrioid 
adenocarcinoma based on immunohistochemical 
examination [47]. In vitro analysis and in vivo model 
are required to further confirm such an interesting 
observation. Multiple target genes may also 
contribute to the various and even contradictory 
conclusion on Elongator. However, our result is in 
agreement with many other reports [15, 17, 48,49]. 

Elongator deficiency enhanced the expression of 
pro-apoptotic factors such as Bax of p53-dependent 
genes in colon cancer cells, although no modulation 
was observed on the sensitivity to apoptosis [50]. Our 
results demonstrate Elongator promotes the 
migration and invasion of HCC cells, which may 
overlap the effect of p53-dependent pathway targeted 
by Elongator.  

Previous study has proved that Elp1-Elp6 act as 
integral Elongator subunit to control cell motility and 
tumorigenicity. As a crucial actor for assembling 
Elongator into a functional complex, Elp1 stabilized 
the catalytic subunit Elp3. Elp5 constitutively binds 
Elp1 and Elp3. It is also required for optimal binding 
of Elp3 to Elp4. Here, we show that both Elp3 and 
Elp4 function in the migration and invasion of HCC 
cells, demonstrating that Elp3 and Elp4 work in an 
intact complex of Elongator. Similar results from the 
overexpression of Elp3 and Elp4 were possibly due to 
the enhancement of assembly of Elongator complex 
by the overexpession of individual subunit [51-54]. 

Our study has demonstrated that Elp3 and Elp4 
of Elongator promoted metastasis of HCC cells 
through AKT/MMPs pathway. The identification of 
Elongator involved in the mobility of HCC cells help 
to clarify the mechanism of early metastasis of HCC, 
which may potentially benefit the clinic medicine in 
HCC. 

Materials and Methods 
Plasmids, Cell Lines and Culture, Reagents 

The plasmid pFLAG-CMV4 was a gift from Dr. 
Danny Reinberg (NYU School of Medicine, 
Department of Biochemistry and Molecular 
Pharmacology Smilow Research Center, Room 213). 
The plasmid GV248 was purchased from Genechem 
Co. (Shanghai, China). Four shRNAs targeting 
different sequences were screened for the efficiency of 
knockdown of Elp3 and Elp4 respectively and shRNA 
with the strongest effect was selected for the 
establishment of stable cell lines applied in this paper. 
HepG2 and SMMC-7721 human HCC cell lines were 
obtained from our own laboratory of the Department 
of Cellular and Molecular Biology at Soochow 

University. HepG2 cells were grown in DMEM 
(Gibco-BRL, Shanghai, China) supplemented with 
10% fetal bovine serum (FBS) (Sino-American 
Biotechnology Co, Shanghai, China), 1% antibiotics at 
37 ℃ in 5% CO2. SMMC-7721 were maintained in 
RPMI-1640 (Gibco-BRL, Shanghai, China) 
supplemented with 10% FBS. LY294002 was 
purchased from Selleck Chemicals (Shanghai, China). 
Antibodies against Elp3, Elp4 were purchased from 
Abcam Biotechnology Company (Shanghai, China). 
Antibodies against MMP-2, MMP-9, PI3K, AKT, 
p-AKT, GAPDH and β-actin were purchased from 
Cell Signaling Technology Company (Shanghai, 
China).  

Reverse transcription and Quantitative real 
time Polymerase Chain Reaction (qRT-PCR) 

Total RNA was extracted using the Trizol 
reagent (Invitrogen, USA) according to the 
manufacturer’s instructions. The RNA concentrations 
were quantified with the QubitFluorometer. Reverse 
transcription PCR was carried out by the Thermo 
script RT system (Invitrogen, Shanghai, China) 
according to the manufacturer’s protocol. qPCR was 
performed in triplicate in a total volume of 20 μl 
containing 10 μl SsoFastEvaGreensupermix (Bio-Rad) 
with SYBR Green. The reaction was run on a Mini 
OpticonTM Real-time PCR instrument. Melting curve 
analysis was done to confirm the specificity of 
different genes. Fold-changes of genes with different 
treatment were calculated by normalizing the Ct 
values to the GADPH internal control. Primers for 
Elp3 were 5’-TTTGTAAAATGCCACAGGAGC -3’ 
and 5’-GGCTCCTCTTGTAGAACTGCC-3’. Primers 
for Elp4 were 5’-GTTAAAAAATGAGAAATGGCGG 
-3’ and 5’-TTCCTCCTTAGTCGCTGCAT-3’. Primers 
for MMP-2 were 5’-GACAACGCCCCCATACCA G-3’ 
and 5’-CACTCGCCCCGTGTGTTAGT-3’. Primers for 
MMP-9 were 5’-ACGCAGACATCGTCATCCAGT-3’ 
and 5’-ACGCAGACATCGTCATCCAGT-3’. Primers 
for GAPDH were 5’-GACCTGACCTGCCGTCTA-3’ 
and 5’-AGGAGTGGGTGTCGCTGT-3’. 

Western blot analysis 
Briefly, each protein sample was separated by 

radical electrophoresis apparatus and fractionated by 
10% sodium dodecyl-polyacrylamide gel electro-
phoresis (SDS-PAGE). The proteins were transferred 
onto polyvinylidenedifluoride (PVDF) membranes. 
After being blocked in 5% BSA in Tris-buffered saline 
with Tween-20 buffer (TBST) at 37 °C for 1 h, the 
membrane was incubated with various primary 
antibodies overnight at 4 °C with gently shaking and 
then followed with appropriate secondary antibodies 
for 2 h at room temperature. Signals were visualized 
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by enhanced chemiluminescence (ECL) detection 
reagents according to the manufacturer’s instructions. 
Western blot analysis with antibodies was performed 
using standard protocol. The densitometric analyses 
of bands were semi-quantified with ImageJ software. 

Wound-healing assays 
Cells were seeded on 6-well plate in triplicates. 

The wound was induced with a pipette tip scratch in 
the confluent cell monolayer, followed by serum 
starvation for 24 h. The cells were treated under 
appropriate conditions for 0-3 days. For each well, 
pictures were taken at time 0 d (just after the scratch), 
1 d, 2 d and 3 d. 

Transwell assays 
For the transwell assays, serum-starved cells 

were trypsinized and plated at upper chamber 2×104 
cells perchamber well, together with serum-free 
DMEM and 10% FBS placed in the low chamber. The 
cells were then allowed to migrate for 6 hours at 37 ℃. 
After the incubation, non-migrating cells were 
removed from the upper chamber with a cotton swap 
and the membrane inserts were stained with crystal 
violet solution. Motility was quantified by counting 
the cells that had migrated to the undersurface in the 
serum medium. Each well was photographed under a 
light microscope at a magnification of 100× and then 
counted. 

In vivo mouse metastasis models 
The animal operations and procedures were 

conducted in accordance with a protocol approved by 
the Committee on the Use of Live Animals in 
Teaching and Research of Soochow University. The 
mice were randomly divided into 5 groups: (1) PBS 
group, (2) HepG2 group, (3) HepG2-Vec group, (4) 
HepG3-Elp3o group, (5) HepG2-Elp3i, each group 
consisting of 5 mice. For lung metastasis study, 5×105 
viable HepG2-luc hepatocellular carcinoma cells 
resuspended in 0.1ml PBS were injected subcutan-
eously into the tail vein of 15-20 g female nude mice 
(Animal Centre of Soochow University). Tumor cells 
metastatic nodules developed in the nude mice for 8 
weeks later after injection. Mice were monitored daily. 
At the end of the eighth week, lung tissues were 
dissociated and evaluated. 

Immunohistochemistry and Evaluation 
Tissues from nude mice or human HCC samples 

were subjected to formalin fixation, paraffin 
embedding and sectioning for immunohistochemistry 
assays. The slides were detected by Bio-Streptavidin 
HRP detection systems. Sections were examined at 
high power (100×) under a standard light microscope. 
IHC staining was evaluated by taking into account 

both the intensity of staining and the percentage of 
positive cells [4, 55,56]. The reaction was developed 
under the visual supervision of a pathologist. For the 
intensity staining, a score index of 0, 1, 2 and 3 
corresponding to negative, weak, moderate and 
strong staining intensity was used. The extent of 
staining was based on the percentage of positive cells: 
0 (negative), 1 (1%-10%), 2 (11%-33%), 3 (34%-66%), or 
4 (66%-100%). The final score was calculated by 
multiplying the staining area and the intensity score. 
Each case was ultimately considered negative if the 
final score was 0 (-) or 1 to 4 (±) and positive if the 
final score was 5 to 8 (+) or 9 to 12 (+ +). The final 
H-scores for each sample were assessed by 
summarizing the results of the intensities and extents 
of staining. 

Statistical analysis 
Values are expressed as the mean ± SD. Student’s 

t-test was used to determine the significance of the 
difference between compared groups. All statistical 
treatments were performed using the GraphPad 
software. P<0.05 indicated statistical significant 
differences. 
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Supplementary figures.  
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