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TCF19 enhances cell proliferation in hepatocellular carcinoma by activating 
the ATK/FOXO1 signaling pathway
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Hepatocellular carcinoma (HCC) is one of the most lethal malignancies because of its complexity, high metastasis, recur-
rence and limited treatment options. Reports state that transcription factor 19 (TCF19) is related to the susceptibility to 
chronic HBV infection and that it strongly increases the risk of HCC occurrence, but its molecular mechanisms remain 
unknown. This study analyzed the datasets and confirmed that TCF19 is significantly increased in HCC cell lines and 
tissues. MTT and colony formation assay revealed that TCF19 over-expression enhances cell proliferation and tumorigen-
esis. Flow cytometry assay then determined that TCF over-expression helps HCC cell G1/S phase transition, and further 
research showed that TCF19 up-regulation inhibits p57Kip2, p21Cip1 and p27Kip1 cell cycle suppressors, enhances the expres-
sion of cyclin D1 expression and simulates retinoblastoma (Rb), FOXO1 and AKT phosphorylation. In addition, AKT and 
FOXO1 inhibitors suppress the TCF19 effect on cell proliferation. This demonstrates that AKT/FOXO1 signaling is essential 
for TCF19 influence on HCC progression, and our combined results suggest that crucial links between TCF19 and HCC can 
provide a novel target for hepatocellular carcinoma treatment. 
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Liver cancer is the sixth most common malignant cancer, 
and the third leading cause of cancer death. There were 
745,500 deaths in 2012 and 782,500 new cases are diagnosed 
globally, and China alone accounts for over 50% of the total 
cases [1, 2]. Hepatocellular carcinoma (HCC) is the most 
common liver cancer and approximately 90% of primary 
liver cancer [3]. In addition, HCC is one of the most lethal 
malignancies due to its complexities, high metastasis and 
recurrence and limited treatment options [4].

It has been documented that the fundamental trait of 
cancer is interrupted cell cycle homeostasis and sustained 
proliferation [5]. The cell cycle of mitosis is composed of four 
phases: G1, S, G2 and S phase. Through the four phases, cells 
duplicate their genetic material and divide into two daughter 
cells [6]. The progression of the cell cycle is regulated by the 
cyclin/cyclin-dependent kinase (CDKs) complex. The cyclin 
D-CDK4/6 complex takes center role in G1/S transition and its 
binding activates CDKs which then phosphorylate retinoblas-
toma (RB); a major suppressor protein of G1/S transition [7, 8]. 

Phosphorylation of RB then releases E2Fs which trans-
activate the target genes in DNA synthesis to induce cell cycle 

progression [9]. Other genes then regulate the G1/S transi-
tion. For example, p21CIP1, p27KIP1 and p57KIP2, recognized as 
CDK inhibitors (CDKIs), bind to cyclin D-CDK4/6 complex 
to arrest the cell cycle [10, 11], and abnormal expression of 
any of the above components can induce cancer. Clarifying 
cell cycle mechanisms is therefore fundamental in curing 
cancer.

Transcription factor 19 (TCF19) was first identified as a 
trans-activating factor expressed at the late G1/S boundary 
of the cell cycle [12]. Genome-wide association studies 
(GWASs) have illustrated that TCF19 is related to suscep-
tibility to chronic HBV infection and strongly increases the 
risk of HCC occurrence [13, 14]. However, the underlying 
molecular mechanism of TCF19 is poorly understood, so our 
research investigates the role of TCF19 in HCC and eluci-
dates this mechanism.

Herein, we found that TCF19 expression is increased in 
HCC, and its over-expression enhances cell proliferation and 
tumorigenesis by hyper-activating cell cycle progression. 
This shows that TCF19 is important for cell proliferation and 
that it can be a novel target in hepatocellular carcinoma cure. 
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Materials and methods

Cell lines. The immortalized normal hepatocellular cell 
(LO2) and human HCC cell lines (MHCC87H, MHCC97L, 
Hep3B, HCC-LY5, HepG2, QGY-7701, BEL-7402 and 
Hub7) were cultured using Dulbecco’s modified eagle’s 
medium (DMEM; Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% fatal bovine serum (FBS; HyClone, Logan, 
UT, USA) and 1% penicillin/streptomycin (HyClone, Logan, 
UT, USA).

Tissue specimens. Two normal liver tissue specimens 
and eight HCC tissue specimens were collected in Guang-
dong Second Provincial General Hospital from 2015 to 
2017. For research purposes, we obtained patient informed 
consent and approval from the Institutional Ethics 
Committee before collecting specimens. After surgery, the 
tissues were snap-frozen in liquid nitrogen and stored at 
–80 °C until use.

Plasmids. To over-express TCF19, full-length human 
TCF19 cDNA was amplified by PCR and then cloned into 
pMSCV plasmid. For depletion of TCF19, two human 
TCF19-targeting siRNA sequences were cloned into the 
plasmid of pSuper-retro-puro, respectively, and primers used 
are as follows: RNA#1: CCCAACGCAATCGGAGGAAAT; 
RNA#2: ACACTGATCCTAAACTCCATA. Plasmids 
were then transfected by Lipofectamine 3000 (Invitrogen, 
Carlsbad, CA, USA).

Real-time PCR (RT-PCR). Total RNA was isolated using 
Trizol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was 
amplified using ABI 7500 Fast System (Applied Biosystems, 
Rockville, MD, USA) and α-Tubulin gene is used as refer-
ence. The relative expressions of genes were calculated by the 
equation: 2–[(Ct of gene)–(Ct of α-tubulin)], where Ct represents threshold 
cycle. The primers of RT-PCR are as follows: TCF19, 
forward 5’-TCAGCCTGGAAGACCACAGCAG-3’ and 
reverse 5’-CCAAAGGTCAGGAGGTCTCCAT-3’; p57KIP2, 
forward 5’-AGATCAGCGCCTGAGAAGTCGT-3’ and 
reverse 5’-TCGGGGCTCTTTGGGCTCTAAA-3’; p21CIP1, 
forward 5’-AGGTGGACCTGGAGACTCTCAG-3’ and 
reverse 5’-TCCTCTTGGAGAAGATCAGCCG-3’; p27KIP1, 
forward 5’-CGTCCTCCATAGCAGCCAAGAT-3’ and 
reverse 5’-ACCCAATGGAGCCCAGGATGAA-3’; Cyclin 
D1, forward 5’-TCTACACCGACAACTCCATCCG-3’ and 
reverse 5’-TCTGGCATTTTGGAGAGGAAGTG-3’.

Western blotting assay. The protein was subjected to 
western blotting according to the methods described [15]. 
Equal total protein amounts were loaded (30 μg/well) and 
separated by 10.5% polyacrylamide gels. The primary 
antibodies were: anti-TCF19, anti-p57, anti-p21, anti-27, 
anti-E2F1, anti-p-Rb, anti-Rb, anti-Cyclin D1, anti-FOXO1, 
anti-p-FOXO1, anti-AKT, anti-p-AKT and anti-α-Tubulin 
(diluted 1:2500, Abcam, Cambridge, MA, USA). All 
membranes were incubated by HRP-conjugated secondary 
antibody (diluted 1:1500, Abcam, Cambridge, MA, USA), 
with α-Tubulin the loading control.

MTT (3-(4, 5-Dimethyl-2-thiazolyl)2, 5-diphenyl-2H-
tetrazolium bromide) assay. 2×103 cells were seeded in 
96-well plates and cells were dyed with MTT reagent for four 
hours at the indicated time, (0.5 mg/ml, sigma, St Louis, MO, 
USA) for 4 hours. 150 μl DMSO was then added to the well 
and absorbance was measured at 490nm.

Colony formation assay. 5×102 cells were placed in 6-well 
plates and maintained for 10 days. The colonies were fixed 
with 10% formaldehyde for 5 minutes and then stained by 1% 
crystal violet for 30 seconds.

Flow cytometry. The flow cytometry assay was performed 
according to the methods previously described [16]. The cell 
cycle was assayed by Cytomics FC 500 (Beckman Coulter, 
CA, USA) with CXP software and the percentage of cells in 
different cell cycle phases was analyzed by modifit LT 3.1 trial 
cell cycle software.

Animal studies. For xenograft experiments, the BALB/c 
nude mice were randomly divided into four groups, and each 
mouse was injected subcutaneously. The tumor volume was 
measured with digital calipers and calculated by the equation: 
(length × width2)/2. On 31st day, the mice were euthanized 
and tumors were excised and weighed.

Immunohistochemistry (IHC). IHC staining assay was 
carried out on the paraffin-embedded tissues using TCF19 
and p-AKT antibodies. IHC staining was quantitatively 
assayed with the AxioVision Rel.4.6 computerized image 
analysis system assisted with the automatic measurement 
program (Carl Zeiss, Oberkochen, Germany). The stained 
sections were detected at 200× magnification.

Statistical analysis. All experiments were repeated 
independently three times and data is presented as mean 
± SD. Statistical analysis was carried out by the SPSS 20.0, 
and statistical significance by student’s t test. The p<0.05 was 
statistically significant.

Results

TCF19 is over-expressed in HCC tissues. Analysis of 
data from The Cancer Genome Atlas (TCGA), revealed 
that the expression of TCF19 is higher in HCC tissues 
compared to the normal liver tissues (Normal: n=50, HCC: 
n=354; p<0.001; Figure 1A). We then assayed the expres-
sion of TCF19 in HCC tissues and corresponding adjacent 
normal tissue (ANT), and this demonstrated that its expres-
sion is increased significantly in HCC tissues compared to 
corresponding ANT (n=50; p<0.001; Figure 1B). We further 
verified the results in the GEO database (GSE25097), and 
analysis showed that the expression of TCF19 progressively 
increases in the following order; normal tissue, ANT and 
the HCC tissue (Normal: n=5, ANT: n=243, HCC: n=268; 
Figure 1C).

Subsequently, we checked the results by RT-PCR and 
Western blot, using the cell lines and fresh tissues. The 
relative expression of TCF19 is dramatically elevated in 
HCC cell lines (MHCC87H, MHCC97L, Hep3B, HCC-LY5, 
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HepG2, QGY-7701, BEL-7402 and Hub7) compared to the 
normal liver cell line (LO2) (Figure 2A), and expression in 
eight HCC tissue specimens was also increased compared to 
the two normal liver tissue specimens (Figure 2B).

 TCF expression is therefore significantly increased in 
HCC cell lines and tissues compared to both normal liver cell 
line and tissues.

Over-expression of TCF19 enhances HCC cell prolifer-
ation. It has been documented that TCF19 over-expression 
enhances the cell proliferation in insulinoma cells [17]. So 
we further explored whether TCF19 has the same impact 
on HCC cell proliferation by selecting the HepG2 cell which 
moderately expresses TCF19 for gain-and-loss-of-function 
assay. Firstly, we screened the stable cells where TCF19 is 

Figure 1. The expression of TCF19 is upregulated in HCC by analyzing datasets. A) Expression profiles of TCF19 in normal liver tissues (n=50) and 
HCC tissues (n=354) (p<0.001; TCGA). B) The expression of TCF19 in 50 paired HCC tissues (HCC) and adjacent normal tissues (ANT) (p<0.001; 
TCGA). C) The level of TCF19 in normal liver tissues (n=6), adjacent normal tissues (n=243) and HCC tissues (n=268) (p<0.001; GSE25097).

Figure 2. Relative expression of TCF19 in cell lines and tissues. A) Relative expression of TCF19 in immortalized normal hepatocellular cell line (LO2) 
and eight HCC cell lines (MHCC87H, MHCC97L, Hep3B, HCC-LY5, HepG2, QGY-7701, BEL-7402 and Hub7) by RT-PCR (upper panel) and western 
blotting (lower panel). B) Relative expression of TCF19 in normal liver tissues (N1 and N2) and HCC tissues (T1-T8) by RT-PCR (upper panel) and 
western blotting (lower panel). The mRNA level of TCF19 was normalized to that of α-Tubulin. And in western blotting assay, α-Tubulin served as the 
loading control.
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We then examined if TCF19 promotes HCC cell tumori-
genesis in vivo. As shown in Figure 3D, TCF19-transduced 
tumors grew faster than in the controls at each indicated time 
point, whereas the those formed by TCF19-silenced cells 
grew much slower than controls. While tumors formed by 
TCF19-transduction are larger than vector control tumors, 
those formed by TCF19-silenced cells are smaller than the 

over-expressed and silenced (Figure 3A), and the MTT assay 
illustrated that over-expression of TCF19 enhances cell prolif-
eration rate and down-regulation inhibits it (Figure 3B). We 
further verified the results by colony formation assays, and 
these showed that the over-expression of TCF19 significantly 
increases colony number but down-regulation reduces it 
(Figure 3C). 

Figure 3. Overexpression of TCF19 promotes proliferation of HCC cell. A) Western blotting assay of TCF19 in the indicated cells. α-Tubulin is used 
as the loading control. B) Cell growth rate by MTT analysis in the indicated cells. C) The representative images (left panel) and colony numbers (right 
panel) of colony formation. D) Tumor volume growth curves injected with the indicated cells. E) Mean tumor weights. F) Cell cycle distribution in 
indicated cells.
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ones formed by shRNA vector control cells (Figure 3E). 
Collectively, the over-expression of TCF19 enhances HCC 
cell proliferation and tumorigenesis. 

We compared the cell cycle in HCC cells with normal level, 
over-expression andTCF19-silencing by flow cytometry. 
Figure 3F shows TCF19 up-regulation markedly increases 
the percentage of S-phase cells and decreases the percentage 
of cell in the G0/G1 phase. Conversely, inhibition of TCF19 
shows the opposite effect. These results suggest that TCF19 
contributes to the G1/S phase transition in HCC cells.

The combined results confirm that TCF19 elevates cell 
proliferation and tumorigenesis by enhancing G1/S phase 
transition.

Over-expression of TCF19 promotes HCC cell G1/S 
transition by activating AKT/FOXO1 signaling. To further 
clarify the mechanism by which over-expression of TCF19 
enhances the proliferation of HCC cells we examined the 
effect of TCF19 on the expression of p57KIP2, p21Cip1, p27Kip1 
and cyclin D1 which are important cell cycle regulators. As 
shown in Figures 4A, B and D, the expression of p57KIP2, 

Figure 4. Over-expression of TCF19 promotes cell proliferation by activating the AKT/FOXO1 signaling pathway. A) The relative expression of cyclin 
D1, p57Kip2, p21Cip1 and p27Kip1 in the indicated cells. And mRNA level of interesting genes was normalized to that of α-Tubulin. B) The western blotting 
analysis of cyclin D1, p57Kip2, p21Cip1 and p27Kip1, p-Rb, Rb, E2F1, p-FOXO1, FOXO1, p-AKT, AKT and α-Tubulin. α-Tubulin is used as the loading 
control. C) The cell growth rate of indicated cells treated by AKT (upper panel) and FOXO1 (lower panel) inhibitor by MTT assay. (D) The quantifica-
tion analysis of indicated proteins.
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p21Cip1 and p27Kip1 is significantly suppressed in TCF19-over-
expressing cells and markedly increased in TCF19-silenced 
cells, at both the transcription and translation levels. In 
contrast, cyclin D1, p-Rb and E2F1 are increased in TCF19-
overexpressing cells and decreased in TCF19-silenced cells. 
This suggests that TCF19 contributes to the G1/S transi-
tion and enhances cell cycle progressionIt is well-known 
that cyclin D1, p57Kip2, p21Cip1 and p27Kip1 are modulated by 
FOXO1 [18, 19]. Hence, we further investigated the effect 
of TCF19 on the phosphorylation of FOXO1 and found 
that TCF19-overexpression significantly increases FOXO1 
phosphorylation and TCF19-silence decreases it (Figures 4B 
and 4D). FOXO1 is also downstream of AKT, so we assayed 
the level of p-AKT and discovered that AKT phosphorylation 
is elevated in TCF19 over-expression, but inhibited when 
TCF19 is silenced (Figures 4B and 4D). To further confirm 
the results, we used the 20 μM AKT inhibitor to treat cells. 
(Perifosine; Selleck, Houston, Texas, USA) 10 nM FOXO1 
inhibitor (AS1842856; Selleck, Houston, Texas, USA). MTT 
assay showed that AKT (Figure 4C upper panel) and the 
FOXO1 (Figure 4C lower panel) inhibitor eliminate the effect 
of TCF19 on cell proliferation. These results demonstrate that 
AKT/FOXO1 signaling activation is essential for stimulating 
TCF19 proliferation of HCC cells. Collectively, these results 
demonstrate that TCF19 promotes cell cycle progression by 
activating FOXO1 and AKT phosphorylation.

Clinical relevance of the TCF19/AKT/FOXO1 axis in 
HCC. To conclusively investigate whether there is correla-
tion between TCF19 and the AKT/FOXO1 signaling axis, we 
examined the expression of TCF19 and p-AKT in 30 paraffin-
embedded, archived HCC tissues by IHC. The results demon-
strated that the level of p-AKT is significantly associated with 

the expression of TCF19 (p=0.001, Figure 5, Table S1), and 
the combined study results establish that TCF19 up-regula-
tion activates AKT/FOXO1 signaling and leads to malignant 
progression in human hepatocellular carcinoma cells.

Discussion

The most important findings of the research are that 
TCF19 is significantly increased in HCC tissues and cell 
lines and that TCF19 over-expression promotes hepatocel-
lular carcinoma cell tumorigenesis and proliferation. Further 
study showed that while TCF19 is considered to have some 
function in normal G1/S cell cycle transition [12], its over-
expression promotes cell proliferation and tumorigenesis by 
accelerating this G1/S transition through FOXO1 and AKT 
phosphorylation. 

Recent studies have shown that TCF19 has an important 
role in cell proliferation and is related to pancreatic β-cell 
mass, and TCF19 knockdown in the insulinoma cell line 
significantly reduces gene expression for the cell cycle and 
induces cell cycle arrest [17]. Our findings agree, and we 
showed that TCF19 is increased in HCC tissues and cell lines 
and TCF19 over-expression enhances HCC cell proliferation 
and tumorigenesis. Analysis of the TFC19 primary sequence 
then revealed that it contains a forkhead association (FHA) 
domain [20]. 

In this study, we found that TCF19 not only regulates 
FOXO1 phosphorylation, but it is also connected to proteins 
containing the FHA domain, including Ki67 [20, 21] which 
is a well-known marker of proliferation index [22]. These 
investigations confirmed our results that TCF19 is closely 
related with cell proliferation. 

Figure 5. Clinical relevance of the TCF19/AKT/FOXO1 axis in HCC. A) The IHC assay of TCF19 and p-AKT in human normal liver and HCC tissues. 
B) The correlation analysis between TCF19 and p-AKT.
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TCF19 also contains a proline-rich region and PHD and 
Ring finger region [17], and this provides further evidence 
that TCF19 is very important in regulating the cell cycle. 
Hence, we found that up-regulation of TCF19 enhances the 
G1/S phase transition in HCC cells. Increasing studies have 
also established that FOXO1 is involved in diverse cellular 
pathways; including proliferation, stress resistance, differen-
tiation and apoptosis [23]. Deregulation of FOXO1 has been 
found in many cancers, including prostate cancer, leukemia 
and melanoma [24–26]. Moreover, current knowledge shows 
that FOXO1 is regulated by AKT and p-AKT can promote 
FOXO1 phosphorylation at Ser256, leading to FOXO1 trans-
location from nucleus to cytoplasm and inducing FOXO1 
degradation by ubiquitination [16, 27, 28]. Our study demon-
strated that over-expression of TCF19 can activate AKT and 
this then further stimulates TCF19 phosphorylation which 
shortens the cell cycle.

Our combined results show that TCF19 is increased in 
HCC cell lines and tissues and that TCF19 up-regulation 
induces cell cycle progression by simulating the AKT/
FOXO1 signaling pathway. We thereby provide correlation 
between TCF19 and HCC and suggest that TCF could be a 
successful new target in hepatocellular carcinoma treatment.

Supplementary information is available in the online version 
of the paper.
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