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ABSTRACT

Multi-kinase inhibitor sorafenib represents a major breakthrough in the therapy 
of advanced hepatocellular carcinoma (HCC). Amplified in breast cancer 1 (AIB1) is 
frequently overexpressed in human HCC tissues and promotes HCC progression. In this 
study, we investigated the effects of sorafenib on AIB1 expression and the role of AIB1 
in anti-tumor effects of sorafenib. We found that sorafenib downregulated AIB1 protein 
expression by inhibiting AIB1 mRNA translation through simultaneously blocking 
eIF4E and mTOR/p70S6K/RP-S6 signaling. Knockdown of AIB1 significantly promoted 
sorafenib-induced cell death, whereas overexpression of AIB1 substantially diminished 
sorafenib-induced cell death. Downregulation of AIB1 contributed to sorafenib-induced 
cell death at least in part through upregulating the levels of reactive oxygen species in 
HCC cells. In addition, resistance to sorafenib-induced downregulation of AIB1 protein 
contributes to the acquired resistance of HCC cells to sorafenib-induced cell death. 
Collectively, our study implicates that AIB1 is a molecular target of sorafenib and 
downregulation of AIB1 contributes to the anti-tumor effects of sorafenib.

INTRODUCTION

Hepatocellular carcinoma (HCC) stands for one of the 
most challenging malignancies. HCC is currently the fifth 
most common cancer and the second leading cause of cancer-
related death worldwide [1]. It is imperative to develop 
effective molecularly targeted agents to combat HCC.

Sorafenib is an oral multi-kinase inhibitor and the 
first Food and Drug Administration-approved molecularly 
targeted agent for patients with advanced HCC [2]. 
Despite sorafenib represents a major breakthrough in 
the therapy of advanced HCC, sorafenib treatment only 
increases 2-3 months longer overall survival compared 

with placebo treatment for advanced HCC patients and 
sorafenib treatment has a low response rate due to drug 
resistance or other reasons [3]. Therefore, clarification of 
the downstream regulators for the anti-tumor effects of 
sorafenib should be beneficial for the rational design of 
combination and individual therapy for HCC.

Sorafenib primarily targets and inhibits the growth 
factor receptor VEGFR and PDGFR as well as serine-
threonine kinase Raf to suppress tumor proliferation and 
angiogenesis [4-6]. In addition to inhibition of tumor 
proliferation and angiogenesis, sorafenib can also induce 
tumor cell death to exert anti-tumor effects on various cancers. 
For instance, sorafenib can induce caspase-independent 
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apoptosis in melanoma cells [7]. Sorafenib activates PUMA 
via GSK-3β and NF-κB pathway to promote cell apoptosis 
in colorectal cancer cells [8]. Sorafenib induces human 
leukemia cell apoptosis through down-regulation of Mcl-1 [9]. 
Consistently, sorafenib can cause HCC cell apoptosis through 
several molecular mechanisms, including activation of PUMA 
and BAD, induction of GADD45β as well as downregulation 
of c-IAP [10-13].

Amplified in breast cancer 1 (AIB1, SRC-3, 
RAC3, TRAM-1, ACTR and P/CIP) is a member of 
p160 coactivator family [14]. AIB1 not only interacts 
with nuclear hormone receptors but also interacts with 
other transcription factors to regulate the expression 
of their target genes. We previously found that AIB1 
protein was frequently overexpressed in human HCC 
tissues and promoted HCC progression by enhancing 
cell proliferation and invasiveness [15]. Meanwhile, we 
also found that AIB1 could inhibit apoptosis and enhance 
chemoresistance in human cholangiocarcinoma cells 
[16]. Given that AIB1 plays an important role in HCC 
progression and chemoresistance, we investigate whether 
AIB1 is a downstream target of sorafenib for its anti-tumor 
effects. In the present study, we showed that AIB1 is a 
downstream target of sorafenib and AIB1 downregulation 
contributes to the anti-tumor effects of sorafenib.

RESULTS

Sorafenib downregulates AIB1 protein 
expression in HCC cells by inhibiting AIB1 
mRNA translation

To investigate the effects of sorafenib on AIB1 
expression, HCC cell lines HepG2 and Sk-Hep1 were 
treated with different concentrations of sorafenib for 24 
hours, and then cells were harvested for Western blot 
analysis. As shown in Figure 1A, the levels of AIB1 
protein were significantly decreased in sorafenib-treated 
cells in a dose dependent manner, as compared to control 
cells. To examine the kinetics of sorafenib-mediated AIB1 
downregulation, HepG2 and SK-Hep1 were treated with 
10 μM sorafenib for different time. AIB1 downregulation 
was observed as early as 3 hours and reached a maximum 
at 24 hours during 24-hour sorafenib treatment (Figure 
1B). These results suggest that sorafenib downregulates 
AIB1 protein expression in a dose and time dependent 
manner.

To examine whether AIB1 is downregulated at the 
transcriptional level, real-time PCR was performed to 
detect the mRNA levels of AIB1 in HepG2 and SK-Hep1 
cells after sorafenib treatment. As shown in Figure 1C, the 
levels of AIB1 mRNA were not decreased by sorafenib 
treatment for different time even when AIB1 protein levels 
were significantly downregulated (24 hours) (Figure 1C). 
These results indicate that sorafenib downregulates AIB1 
expression at the post-transcriptional level.

Given that AIB1 protein has a relative short half-
life and can be degraded by ubiquitin-proteasome pathway 
[17], and sorafenib can affect the stability of proteins such 
as Mcl-1 through ubiquitin-proteasome pathway [18], 
we determined whether sorafenib affects the stability of 
AIB1 protein. Our results showed that sorafenib did not 
promote AIB1 protein degradation when cycloheximide 
(CHX) blocked protein synthesis, although it accelerated 
the degradation of Mcl-1 protein as expected (Figure 1D). 
In the presence of proteasome inhibitor MG132, sorafenib 
could still downregulate AIB1 protein expression, whereas 
it failed to downregulate Mcl-1 protein expression 
(Figure  1E). These results indicate that sorafenib does 
not decrease AIB1 protein stability and sorafenib 
downregulates AIB1 protein expression independent of 
ubiquitin-proteasome degradation pathway.

Since neither AIB1 mRNA levels nor AIB1 protein 
stability was affected by sorafenib, we speculated that 
downregulation of AIB1 protein by sorafenib was most 
likely due to a reduced mRNA-protein translation. To 
test this hypothesis, polysomal profile analysis of the 
translational status of AIB1 mRNAs was performed. 
Cytoplasmic extracts of control and sorafenib-treated 
HepG2 cells were fractionated over 20-50% sucrose 
gradients and evaluated for differences in distribution 
of the mRNAs of AIB1 and MIF by real-time PCR, 
respectively (Figure 1F). Sorafenib significantly decreased 
the amount of polysome-associated AIB1 mRNA as 
demonstrated by shifting AIB1 mRNA from high-density 
sucrose fractions (fractions 6-9) to low-density sucrose 
fractions (fractions 4 and 5) (Figure 1F, left panel), but did 
not affect the distribution of MIF (macrophage migration 
inhibitory factor) mRNA (Figure 1F, right panel), which 
has much shorter 5’ UTR and 3’ UTR for poor regulation 
of translation and serves as a reference. These results 
indicate that sorafenib downregulates AIB1 protein 
expression by inhibiting AIB1 mRNA translation.

Downregulation of phosphorylated eIF4E and 
mTOR signaling contributes to sorafenib-
induced inhibition of AIB1 translation

The mRNA-protein translation is the most expensive 
process and is tightly controlled at the level of initiation 
in a cell [19]. Recruitment of eukaryotic initiation factors 
4e (eIF4E) for formation of eIF4F complex is the major 
point of regulation at the level of translation [20]. Upon 
recruitment, eIF4E is phosphorylated by the kinase 
MNK, which is activated by ERKs. Phosphorylation 
of eIF4E enhances its affinity for mRNA cap and plays 
a key regulatory role in translation initiation [20, 21]. 
Our RNA immunoprecipitation assay result showed 
that AIB1 mRNA could interact with eIF4E as expected 
(Supplementary Figure 1). To determine whether the 
inhibition of AIB1 mRNA translation by sorafenib is 
due to the inhibition of eIF4E phosphorylation, we 
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Figure 1: Sorafenib downregulates AIB1 protein expression in HCC cells by inhibiting AIB1 mRNA translation. A. 
The levels of AIB1 protein were decreased after different concentrations of sorafenib treatment for 24 hours in HepG2 and Sk-Hep1 cells. 
B. The levels of AIB1 protein were downregulated by 10 μM sorafenib treatment for indicated time in HepG2 and Sk-Hep1 cells. C. The 
levels of AIB1 mRNA did not change after 5 μM sorafenib treatment for indicated time. All data are the mean +SD (n=3). D. Stability of 
AIB1 protein was not affected by 10 μM sorafenib treatment. E. sorafenib could still downregulate AIB1 protein expression in the presence 
of proteasome inhibitor MG132. F. Sorafenib inhibited AIB1 protein synthesis as demonstrated by polysomal RNA profile analysis.
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examined the protein levels of total and phosphorylated 
eIF4E (phospho-eIF4E) in HepG2 and SK-Hep1 cells 
after sorafenib treatment. As shown in Figure 2A and 2B, 
sorafenib significantly suppressed phospho-eIF4E protein 
expression in a dose dependent manner, whereas it had 
less effect on the total eIF4E protein levels. Therefore, 
sorafenib may suppress AIB1 translation through 
inhibiting phosphorylation of eIF4E. Furthermore, we 
used eIF4E siRNA to knock down eIF4E expression and 
then examined the protein levels of phospho-eIF4E and 
AIB1 after sorafenib treatment. Knockdown of eIF4E 
significantly enhanced sorafenib-induced downregulation 
of phospho-eIF4E and AIB1 protein expression (Figure 2A 
and 2B). These results suggest that downregulation of 
phosphorylated eIF4E contributes to sorafenib-induced 
inhibition of AIB1 translation.

As a central serine/threonine protein kinase, 
mTOR controls protein synthesis via the phosphorylation 
of two downstream effectors: the p70S6K which 
activates RP-S6, and the 4E-BP1 which is inactivated 
by phosphorylation to induce the release of eIF4E [22]. 
It is reported that sorafenib can inhibit mTOR signaling 
[23]. We therefore tested whether mTOR signaling is 
inhibited by sorafenib and involved in sorafenib-induced 
downregulation of AIB1 protein expression. In parallel 
with the downregulation of AIB1 protein, sorafenib 
inhibited the expression of phospho-p70S6K, phospho-
RP-S6, and phospho-4E-BP1 in HCC cells (Figure 2C 
and 2D), suggesting that sorafenib indeed can inhibit 
mTOR/p70S6K/RP-S6/4E-BP1signaling. To test whether 
mTOR/p70S6K/RP-S6/4E-BP1signaling is involved in 
the regulation of AIB1 protein expression, we treated 
HCC cells with sorafenib and mTOR inhibitor rapamycin. 
Rapamycin treatment significantly downregulated the 
expression of phospho-p70S6K, phospho-RP-S6 and 
phospho-4E-BP1 and enhanced sorafenib-induced AIB1 
protein expression (Figure 2C and 2D). These results 
suggest that downregulation of mTOR/p70S6K/RP-
S6/4E-BP1signaling also contributes to sorafenib-induced 
inhibition of AIB1 translation.

Simultaneous downregulation of phosphorylated 
eIF4E and mTOR/p70S6K/RP-S6/4E-BP1 
signaling is required for downregulation of AIB1 
protein expression

Although either knockdown of eIF4E or 
rapamycin treatment could significantly enhance 
sorafenib-induced downregulation of AIB1 protein 
expression, knockdown of eIF4E alone or rapamycin 
treatment alone could not significantly downregulate 
AIB1 protein expression (Figure 2A-2D, compare lane 
1 with lane 5). To explore the underlying mechanisms, 
we treated SK-Hep1 cells with eIF4E-specific siRNA, 
rapamycin, and eIF4E-specific siRNA plus rapamycin, 
respectively, and then examined the protein levels of 

AIB1, phospho-eIF4E, phospho-p70S6K, phospho-
RP-S6, and phospho-4E-BP1. We found that although 
rapamycin alone effectively suppressed the expression 
of phospho-p70S6K, phospho-RP-S6 and phospho-4E-
BP1, (Figure 3A, compare lanes 2 and 3 with lane 1), 
it boosted the expression of phospho-eIF4E (Figure 3A 
compare lanes 2 and 3 with lane 1 or compare lanes 
7 and 8 with lane 6), which was partially in line with 
previous report [24]. Therefore, we speculated the 
reason rapamycin alone does not inhibit AIB1 protein 
expression is that upregulation of phospho-eIF4E may 
counteract the suppressed effect of rapamycin on AIB1 
protein expression. Indeed, when eIF4E-specific siRNA 
efficiently reduced the expression of phospho-eIF4E 
(Figure 3A, compare lanes 7 and 8 with lanes 2 and 3), 
rapamycin could inhibit AIB1 protein expression (Figure 
3A, compare lanes 6, 7, 8 with lanes 1, 2, 3, and Figure 
3B). Furthermore, we found although eIF4E siRNA alone 
effectively reduced the expression of phosphorylated 
eIF4E, it significantly upregulated phospho-p70S6K and 
phospho-RP-S6 (Figure 3A, compare lane 6 with lane 
1). This may explain why downregulation of phospho-
eIF4E alone did not lead to the downregulation of AIB1 
protein (Figure 3A, compare lane 6 with lane 1), since 
upregulation of phospho-p70S6K and phospho-RP-S6 
may counteract its downregulation effect on AIB1 
protein expression. Collectively, our data suggest that 
simultaneous downregulation of phosphorylated eIF4E 
and mTOR/p70S6K/RP-S6/4E-BP1 signaling is required 
for downregulation of AIB1 protein expression, which 
can be achieved by eIF4E-specific siRNA plus rapamycin 
treatment or sorafenib treatment alone (Figure 3A).

Downregulation of AIB1 contributes to 
sorafenib-induced HCC cell death

To determine the effects of AIB1 on sorafenib-
induced HCC cell death, HepG2 cells were stably 
transfected with pSUPER vector (shCtrl) or AIB1-
knockdown vector pSUPER-shAIB1 (shAIB1), whereas 
SK-Hep1 cells which express relatively less AIB1 protein 
were stably transfected with pCR3.1 vector (Ctrl) or AIB1-
expression vector pCR3.1-AIB1 (AIB1), and then these 
cells were treated with sorafenib for 24 hours. As shown 
in Figure 4A and 4B, stable knockdown of AIB1 in HepG2 
cells significantly increased sorafenib-induced cell death 
as demonstrated by increased cleaved PAPR (poly ADP-
ribose polymerase) expression and increased dead cells. In 
contrast, stable overexpression of AIB1 in SK-Hep1 cells 
significantly decreased sorafenib-induced cell death as 
demonstrated by reduced cleaved PAPR (poly ADP-ribose 
polymerase) expression and reduced dead cells (Figure 4C 
and 4D). These results implicate that sorafenib-induced 
downregulation of AIB1 contributes to sorafenib-induced 
cell death.
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Figure 2: Downregulation of phosphorylated eIF4E and mTOR signaling contributes to sorafenib-induced inhibition 
of AIB1 translation. A. and B. Downregulation of eIF4E enhanced sorafenib-induced inhibition of protein expression of AIB1 and 
phospho-eIF4E in HCC cells. C. and D. mTOR signaling pathway inhibitor rapamycin enhanced sorafenib-induced downregulation of 
AIB1 protein.
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Figure 7: Downregulation of AIB1 enhances the anti-tumor effects of sorafenib in vivo. A. Both AIB1 knockdown and 
sorafenib treatment inhibited HCC tumor growth. n=5; *p < 0.05; **p < 0.01. B. AIB1 knockdown enhanced the inhibitory effects of 
sorafenib on tumor growth. n=5; *p<0.05; **p<0.01 C. AIB1 knockdown enhanced sorafenib-induced xenograft tumor cell apoptosis. 
Tumor cell apoptosis was detected by TUNEL staining. n=4; **p<0.01. D. Sorafenib downregulated AIB1 protein expression in xenograft 
tumors. E. Immunohistochemical analysis of AIB1, p-eIF4E and p-RP-S6 protein expression in representative tumors treated with vehicle 
or sorafenib.


