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Hepatocellular carcinoma (HCC) remains a challenging disease with a high recurrence rate 
after surgery and there is an imminent need to identify new treatments. Currently, adjuvant 
therapy like chemotherapeutics arises to counteract the malignant trait escaping from apoptosis 
of tumors induced by overexpressed anti-apoptotic factors in HCC. Myeloid cell leukaemia-1 
(Mcl-1) as an anti-apoptotic member of Bcl-2 is highly expressed in diverse human cancers, 
which contributes to cancer cell survival and the resistance to diverse chemotherapeutic 
agents. It is confirmed that Mcl-1 protein expression is quite enhanced in human HCC tissue 
compared to adjacent non-tumor tissue. Correspondingly, forced Mcl-1 down-regulation 
leads to prominent apoptosis of HCC cells and a sensitization towards chemotherapeutic 
drug-induced apoptosis, which indicates Mcl-1 is indeed a crucial regulatory factor of HCC. 
Hence, this review highlights the function of Mcl-1 on HCC progression, how it is regulated 
in HCC and the recent anti-hepatoma drug research and development down-regulation of 
Mcl-1 or targeting on Mcl-1. Meanwhile, the authors discuss Mcl-1 as an essential regulatory 
factor in HCC can be designed as target for drugs to improve the survival of HCC patients.
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INTRODUCTION

Hepatocellular carcinoma (HCC), being the sixth most 
common cancer worldwide, represents the second 
most common cause of cancer-related mortality in the 
world[1] and the incidence and mortality rates continue 
to rise all over the world. The main reasons may be late 
diagnosis and poor treatment options. To date, surgical 
resection, local treatment and liver transplantation can 
only cure a small number of patients whose disease 

were at early stage, whereas the majority of patients 
with advanced disease undergone the torture of 
illness and were not suitable to receive surgery due to 
various reasons.[2,3] Although chemotherapy is known 
as a vital management for advanced HCC, inherent 
resistance to chemotherapeutics by HCC cells makes 
it hard to have a good effect on the disease. Therefore, 
identification of new drugs targeting different signaling 
pathways is urgently needed to improve the survival of 
HCC patients.[4] This review summarizes the current 
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advances in the relationship between HCC treatment 
and anti-apoptotic molecule Mcl-1 and suggests that 
Mcl-1 is a potential target in abolishing the HCC cells’ 
malignant proliferation.

Bcl-2 is a well established family of proteins and 
has a significant impact on mitochondrial integrity 
by influencing the permeability of the mitochondrial 
membrane. Bcl-2 is localized to the outer membrane 
of mitochondria, where it plays a part by regulating the 
progression of apoptosis. According to the structures 
and the functional contribution, Bcl-2 family members 
can be divided into two subfamilies: pro-apoptotic 
members and anti-apoptotic members.[5] And it is 
the balance in activity between the two opposing 
groups which determines a cell’s progression towards 
apoptosis. 

Mcl-1 as an antiapoptotic Bcl-2 family protein, is 
playing a pivotal role in the intrinsic apoptosis pathway 
and mitotic regulators.[6] As reported, Mcl-1 expresses 
extensively in the normal tissue of human and its 
overexpression is observed in many types of human 
tumors. In addition, Mcl-1 expression involves in 
disease grade and survival in human malignancies 
e.g. in patients with multiple myeloma or B-cell non-
Hodgkin’s lymphoma.[7,8] It is also one of the pervasive 
recognized anti-apoptosis factor in HCC and mainly 
participate in maintenance of mitochondrial membrane 
stability and suppresses cytochrome c release from 
mitochondria to promote cell survival and inhibit cell 
apoptosis.[9] In addition, Mcl-1, serves as one of the 
important antiapoptotic factors in HCC, is involved in 
the development and progression of HCC. According to 
a research made by Sieghart et al.,[10] there were 51% 
liver tumor tissue appeared highly expression of Mcl-1 
in 149 HCC patients, while the adjacent normal liver 
tissue presented a lower expression, which indicates 
the overexpression of Mcl-1 is one of the characteristics 
of specific changes of tumor. Additionally, silencing Mcl-
1 gene gives rise to apoptosis of tumor cells with no 
effect to biological character in normal hepatocytes.[11] 
Hence, it is indeed escapable and essential to discuss 
the relationship between Mcl-1 and HCC progression. 

STRUCTURAL AND FUNCTIONAL 
PROPERTIES OF MCL-1

Structure
Mcl-1, one of the antiapoptotic members of the Bcl-2 
family protein, was first identified by Kozopas et al.[12] 

from a human myeloid leukemia cell line in 1993. The 
human locus of Mcl-1 gene is on chromosome 1q21. 
With 6502 bp full-length gene, Mcl-1 coding region 
comprises 3 exons and 2 introns. Bae et al.[13] verified 

that alternative splicing occurred in the transcription of 
Mcl-1 and eventually generated 2 different transcript 
variants. The one including 3 exons encodes Mcl-1L 
isoform while the other lack of exon 2 encodes Mcl-
1S isoform. Sequence analysis revealed that Mcl-1L 
contains 350 residues which is larger than Bcl-2 (237 
residues) and Bcl like protein X (Bcl-xl) (233 residues) 
and has 3 homo domains BH1, BH2, BH3 and C-terminal 
transmembrane (TM) domains but lack the N-terminal 
BH4 domain compared to Bcl-2 and Bcl-xl. The TM 
domain could anchor Mcl-1L to the outer mitochondrial 
membrane (OMM).[14] By contrast, Mcl-1S comprises 
271 residues and retains only BH3 domains just like 
other BH3-only members of Bcl-2 family and is primarily 
localized to the cytosol. Surprisingly, Mcl-1L inhibits 
apoptosis while Mcl-1S exhibits an opposite role and 
promotes apoptosis.[13,15] Different from other proteins 
of Bcl-2 family, the N-terminal region of Mcl-1 (Mcl-1L 
will be simply called as Mcl-1 hereafter), affecting Mcl-
1’s function and localization, is larger than that of other 
Bcl-2 family members which contains PEST sequences 
rich in proline (P), gluatamic acid (E), serine (S), and 
threonine (T). As characteristic sequences of Mcl-1, the 
PEST regions are rich in putative regulatory motifs that 
have been shown to target proteins for degradation, 
which are thought to be as the main reasons of the 
short half-life of Mcl-1 protein.[14,16] There are also 
multiple phosphorylation sites in Mcl-1 PEST region, 
and it is likely that multiple proteins resulting in different 
fates of Mcl-1 mediate the phosphorylation of these 
sites. Moreover, with a surface-exposed hydrophobic 
groove formed by BH1, BH2, and BH3, Mcl-1 can 
integrate with other pro-apoptotic protein containing 
BH3-domain to impede apoptosis [Figure 1].[17]

Function
Mainly, Mcl-1 protein is located in OMM, which enables 
Mcl-1 to interact with other proteins to play a part in 
anti-apoptosis. Immunoblot analysis revealed that 
both Mcl-1’s C-terminal and N-terminal domains are 
necessary for its mitochondrial localization. There is 
a mitochondrial targeting sequence at Mcl-1’s amino-
terminus which anchors Mcl-1 at outer membrane or 
matrix. Particularly, the anti-apoptotic activities of Mcl-
1 require outer membrane-localized Mcl-1.[18] Besides, 
the first 79 amino acids of Mcl-1 regulate its subcellular 
localization and overexpression of the N terminus of 
Mcl-1 recruit more Mcl-1 at mitochondria and as a 

Figure 1: The structure of myeloid cell leukaemia-1 (Mcl-1) protein 
sequence. A schematic of the wild-type Mcl-1 protein, highlighting 
the relative location of functional domains of Mcl-1. PEST: proline, 
glutamicacid, serine, and threonine domain; BH1, 3, 2: Bcl-2 
homology domains 1, 3, 2; TM: transmembrane domain
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result, promote cell survival.[19] Furthermore, Mcl-1 
with an internal domain containing an EELD motif (at 
residue 124-127) interacts with the mitochondrial import 
receptor Tom70, which facilitates Mcl-1’s import onto 
mitochondrial membrane.[20] Moreover, the C-terminal 
transmembrane domain of approximately 20 amino 
acids is required for targeting Mcl-1 to mitochondria.[21]

Normally, in order to maintain the inhibition of the 
pro-apoptotic proteins Bcl-2 homologous antagonist 
killer (Bak), Mcl-1 often prevents Bak from forming 
dimer with Bcl-2-associated protein X (Bax) via 
combination with it. At the same time, Mcl-1 binds 
to Bax to make sure sequestering Bak and Bax, 
and then blocks forming pores in the mitochondrial 
membrane caused by conformational change and 
homologous oligomerization, and eventually stops 
the release of cytochrome c into the cytoplasm, which 
means blocking the subsequent caspase cascade 
reaction of apoptosis. In addition, Mcl-1 also binds and 
sequesters BH3 only proteins which act to induce the 
polymerisation of Bak and Bax to play its antiapoptosis 
role effectively [Figure 2].[22] As for the function of Mcl-
1’s different isoforms induced by alternative splicing, 
Mcl-1 and Mcl-1S are capable of forming heterodimers 
and thus neutralize either the pro-apoptotic function of 
Mcl-1S or the anti-apoptotic function of Mcl-1. Owing 
to alternative splicing mechanisms and interactions 
of the resulting Mcl-1 and Mcl-1S proteins, the fate 
of cells expressing the Mcl-1 gene may be closely 

related to the ratio of Mcl-1/Mcl-1S.[23] It is noteworthy 
that Mcl-1 plays the leading role in the regulation of 
apoptosis induced by Mcl-1/Mcl-1S and is expressed 
at higher levels than Mcl-1S.[13,24,25] In cancer, Mcl-1S 
is expressed at much lower levels than Mcl-1 that it 
was even hardly undetectable.[26] Some cancer cells 
such as human lung cancer cell lines A549, Chinese 
hamster ovary cells and multiple myeloma MOLP-
8 cells show high level of Mcl-1S.[13,15,27] Hence, this 
review mainly discusses Mcl-1.

Paradoxically, it is possible that Mcl-1 also plays an 
important role in delaying cell cycle progression for the 
existence of Mcl-1 in nucleus have been reported as 
well.[28] The first 79 amino acids of Mcl-1 promotes its 
association with mitochondria, the N terminus of Mcl-1 
also plays a regulatory role in regulating nuclear (anti-
proliferative) functions of Mcl-1 and has an antagonistic 
effect on proliferation. There seems to be a balance 
between anti-apoptotic and anti-proliferative functions 
of Mcl-1 regulated by the N terminus of Mcl-1.[19] In 
addition to antiapoptosis, Mcl-1 is capable of interacting 
with proliferating-cell nuclear antigen (PCNA)[29] 
and cyclin depndent kinase 1 (CDK1),[4] which may 
inhibit cell cycle progression.[29,30] On the basis of 
co-immunoprecipitation experiments, Jamil et al.[30] 
showed that endogenous Mcl-1 interacted with CDK1. 
The interaction involved a truncated form of Mcl-1, 
which was termed snMcl-1 as a result of proteolysis 
at the C-terminus that regulated cell-cycle progression 
by an inhibitory effect on CDK1 activity. The snMcl-1 
was presented during S and G2 phases. The authors 
proposed that the Mcl-1-CDK1 interaction associated 
with a protein containing a nuclear localization signal 
that mediated rapid translocation to the nucleus.[30] Mcl-
1 can also regulate the S-phase of the cell cycle through 
interaction with PCNA, and such interaction may be 
through Mcl-1’s binding to PCNA.[29] Nonetheless, 
the binding between PCNA and the Mcl-1 can not be 
detected in solution studied by NMR, which suggests 
that the interaction occurs very weakly, or with other 
unidentified factors in cells.[31] Of note, the interaction 
with PCNA represses cell cycle progression, but it is 
not related to Mcl-1’s anti-apoptotic activity.[29] And it’s 
not clear that whether such two kinds of interaction are 
mechanistically linked.

Mcl-1 is highly expressed in a variety of human 
hematopoietic, lymphoid cancers and solid tumors 
including leukemia,[32,33] lymphoma,[8] cervical 
carcinoma,[34] HCC,[10,35] breast carcinoma,[36] lung 
cancer[37] and multiple myeloma.[7,38,39] In addition, its 
expression is often implicated in the chemotherapeutic 
resistance and relapse of certain malignancies. 
For instance, it is crucial for Mcl-1 to survive human 

Figure 2: Myeloid cell leukaemia-1 (Mcl-1) regulates initiation of 
apoptosis through interaction with other Bcl-1 family members. 
Under normal circumstances, Mcl-1 prevents the activation of Bax 
and Bak to protect mitochondrial outer membrane integrity and 
cell survival. Under conditions of stress, the BH3 only proteins 
are activated and induce apoptosis either by releasing Bak/Bax 
from Mcl-1 or by BH3 only proteins binding to Mcl-1 directly. Bak/
Bax form pores on mitochondrial outer membrane and cytochrome 
C is relieved into the cytoplasm. In the cytoplasm, cytochrome C 
activates a family of cysteine proteases named caspases which 
subsequently induce cell apoptosis
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myeloma cells in vitro and it has been showed that Mcl-
1 is overexpressed in vivo in multiple myeloma, which 
seems to be related to relapse and shorter survival.[7] 
Expression of Mcl-1 was also bound up with high tumor 
grade and reduced survival of patient in human breast 
cancer samples.[40] Immunohistochemistry and western 
blotting analysis showed that Mcl-1 was overexpressed 
in cervical cancer tissue in comparison with normal 
tissue and the author confirmed Mcl-1 expression 
was positively correlated with poor prognosis.[34] As 
for acute myeloid leukemia, Mcl-1 served as a critical 
molecule to develop and maintain malignant tumor.[41,42] 
Moreover, Campbell et al.[43] reported that elevated 
Mcl-1 promotes Myc-induced lymphomagenesis and 
enhances drug resistance. And also, in human HCC, 
it has been concluded that Mcl-1 expression was 
prominently enhanced in diseased tissue as well as in 
various HCC cell lines.[10,35] On the contrary, in mice 
lacking the anti-apoptotic protein Mcl-1 specifically in 
hepatocytes not only increased hepatocyte apoptosis, 
but also resulted in hepatocarcinogenesis, which is 
related to compensatory hyper-proliferation induced 
by Mcl-1 deficiency.[44] Besides, another mouse 
model indicates that Mcl-1 is stabilized by interleukin 
(IL)-6 and obesity and thus apoptosis of damaged 
hepatocytes was inhibited, which eventually promoted 
HCC progression.[45]

REGULATIVE RELATIONS WITH HCC

Combining unrestrained cell proliferation and damaged 
apoptosis was found as a main feature of tumor. And 
as mentioned before, the anti-apoptotic member Mcl-
1 was overexpressed in HCC endowing tumor cells 
with ability to escape from programmed cell death. 
Consequently, it is of great necessary to make clear 
the regulation and execution of apoptosis in HCC so 
that people can find a new way to confront malignant 
tumor. The regulative relation between Mcl-1 and HCC 
is listed in Table 1. 

Transcriptional regulation
Mcl-1 can be regulated at transcriptional level by a 
variety of cytokines including signal transducers and 

activators of transcription (STAT), cAMP-response 
element binding protein (CREB), purine-rich nucleic acid 
binding protein 1 (PU.1), and hypoxia-inducible factor-1 
(HIF-1), etc. The STATs, a family of transcription factors, 
has been shown to bind to Mcl-1 promoter. Al Zaid 
Siddiquee and Turkson[46] reported that constitutively 
activated STAT3 participate in oncogenesis of the liver 
through up-regulating STAT3-targeted genes encoding 
apoptosis inhibitors including Mcl-1 and subsequently 
inhibiting pro-apoptotic molecules such as Bax, Bad, 
and Bid. Additionally, sorafenib was affirmed for its 
efficacy against Janus Kinase (JAK)-STAT signaling in 
HCC cells and downregulation of pSTAT3 and its target 
genes including Mcl-1 by immunblotting.[47] Irophic 
factor IL-3 also involves in transcriptional upregulation 
of Mcl-1. Through activation of the PU.1 transcription 
factor, IL-3 activates Mcl-1 transcription by the P38 
mitogen-activated protein kinase (MAPK)-dependent 
pathway.[48] On the other hand, Mcl-1 transcription 
can also be activated by IL-3 increasing of the DNA 
binding activity of the CRE-2 binding complex through 
phosphatidylinositol-3-kinase (PI3K)/Akt signaling 
pathway.[49] HIF-1 is a putative key transcription factor 
which can regulate cells under hypoxia undergoing 
different transcriptional adaptations.[50] Through 
analysis of the Mcl-1 promoter sequence in hepatoma 
HepG2 cells incubated under hypoxia, Jean-Pascal 
Piret et al.[51] demonstrated that there was a hypoxia-
responsive element in Mcl-1 promoter fragment 
that was able to bind HIF-1 in vitro. Detailed results 
revealed that HIF-1 showed a potential anti-apoptotic 
role and could protect cells against apoptosis as 
a result of hypoxia by up-regulation of the Mcl-1 
protein.[51] Luciferase reporter assay revealed that 
overexpression of periostin enhanced HIF-1α–
dependent transcriptional activity and induced multiple 
HIF-1α target genes including Mcl-1, and Bcl-xL in 
HCC cells.[52] Moreover, the ternary complex factor-
serum response factor complex are also involved in 
regulating Mcl-1 expression and protecting cells from 
apoptotic cell death.[53] After activating cells with a 
variety of cytokines, Mcl-1 expression can be regulated 
transcriptionally in several signaling pathways. A recent 
report describes that after treatment of HCC SK-Hep-1 

Table 1: Overview of regulation of Mcl-1 in HCC

Transcriptional regulation Translational regulation
Post-translational regulation

Interacting proteins
Phosphorylation sites Kinases

Cytokines STATs, IL-3, HIF-1 mir-29b Thr92 ERK(-) Mule

Thr163 ERK(-), JNK(+) CDK

Signaling ways PI3K/AKT, P38/MAPK, mTORC1 Ser121, Thr163 JNK(-) PCNA

P53, Wnt/β-actein, Notch Ser155, Ser159 GSK3(+) TCTP

The influence that phosphorylation of each residue has on the progression of apoptosis is shown as positive (+) or negative (-) function. 
HCC: hepatocellular carcinoma; Mcl-1: myeloid cell leukaemia-1 
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cells with exposure to ursolic acid (UA), western blot 
results showed decreased expression of the Mcl-1 and 
that treatment with UA induces apoptosis by inhibition 
of PI3K/Akt and P38/MAPK signaling pathway.[54] 

Yu et al.[55] found that Mcl-1 protein expression was 
downregulated via inhibition PI3K by LY294002 in 
HepG2 cells, which indicates that PI3K/Akt signaling 
pathway regulates Mcl-1 expression. Data from two 
human HCC cell lines, SMMC7721 and HepG2, 
indicated that exogenous rhHPPCn (Hepatopoietin 
Cn) suppressed trichostatin A-induced apoptosis of 
HCC cells and up-regulated Mcl-1 expression in HCC-
derived cells via the MAPK or sphingosine kinase-1.[56] 
Real-time polymerase chain reaction analysis and 
western blot results demonstrated that aspirin induced 
Mcl-1 expression at mRNA level as well as protein 
level through Akt/extracellular regulated kinase (ERK) 
1/2 and stimulates AMPK-Akt/ERK1/2-Mcl-1 axis in 
HepG2 cells.[57] P53 as a tumor suppressor protein also 
involves the regulation of Mcl-1. It has been reported 
that mutation in the P53 frequently occurred in HCC 
and contributed to hepatocarcinogenesis as well as 
apoptosis resistance.[58] Additionally, Leu et al.[59] 

demonstrated that P53 antagonized the interactions 
between Mcl-1 and Bak. Once mutation happens 
in HCC, Mcl-1 couldn’t be dissociated from Bak and 
the final result is apoptosis resistance of hepatoma 
cells. Data from human samples showed that P53 
protein was also overexpressed in HCC tissues and 
its expression was significantly correlated with Mcl-1 
expression. Further research indicated that silencing 
Mcl-1 sensitizes hepatoma cells towards chemotherapy 
may be attributed to the dysfunction of P53 through 
Mcl-1/P53 interaction.[55] According to combination of 
ICG-001, a small molecule which blocks the interaction 
of β-catenin with its transcriptional coactivator CREB-
binding protein, and sorafenib to treat several HCC cell 
lines, the effect was a significant downregulation of Mcl-
1 which was the most consistent change across tested 
HCC cell lines. The author concluded that the sorafenib-
sensitizing effect of Wnt/β-catenin pathway inhibition 
was closely associated with Mcl-1 downregulation in 
HCC cells.[60] In addition, recent reports described that 
Wnt/β-catenin signaling could regulate Mcl-1 expression 
indirectly, involving genes regulated by Wnt/β-catenin 
pathway or other transcriptional factors.[61,62] Moreover, 
a panel of HCC cell lines has been on treatment with 
Xanthohumol (XN), a prenylated chalcone having 
anti-proliferative effects in various cancers types in 
vitro, and growth suppression due to apoptosis was 
evidenced by reduced expression of anti-apoptotic 
proteins including Mcl-1. Importantly, XN treatment 
decreased the expression of Notch1 and hairy and 
enhancer of split-1 proteins while ectopic expression 
of Notch1 in HCC cells abolished the anti-proliferative 

effect of XN. In brief, XN mediated growth suppression 
of HCC through inhibition of the Notch signaling 
pathway.[63]

Translational regulation
The same as Mcl-1 protein, Mcl-1 mRNA have very 
short half-lives. Translationally, mir-29b binding to 
the 3’-untranslated region of Mcl-1 mRNA inhibits 
expression of Mcl-1.[64] Northern blot and real-time 
quantitative reverse transcription polymerase chain 
reaction showed that downregulation of mir-29 
was a frequent event in HCC tissues. Further study 
implicated that mir-29 may promote apoptosis of 
HCC cells through directly targeting Bcl-2 and Mcl-1. 
Besides, the ability of HCC cells to form tumor in nude 
mice was dramatically repressed by induction of mir-
29. These results indicated that Bcl-2 and Mcl-1 were 
predominant mediators of mir-29 promoted apoptosis 
in HCC cells.[65] The mammalian target of rapamycin 
complex 1 (mTORC1) is a protein complex whose role 
is to activate translation of proteins just like a nutrient 
sensor controlling protein synthesis and a downstream 
target of PI3K/Akt.[66] There was a report that described 
that activation of mTORC1 was of vital importance to 
be a potent antiapoptotic signal through Mcl-1 which 
is a translationally regulated genetic determinant of 
mTORC1-dependent survival.[67] And a recent study 
demonstrated that metformin-induced apoptosis in 
HCC was mediated by the downstream mTORC1 
effectors eukaryotic initiation factor 4E (eIF4E) and 
eIF4E-binding proteins who were required to induce 
apoptosis by metformin in HCC and to repress Mcl-1 
expression.[68]

Post-translational regulation 
There is variety of modes regulating Mcl-1 at post-
translational level. In the preceding part of this review, 
we have mentioned that the PEST region of Mcl-1 
was rich in putative phosphorylation sites which made 
Mcl-1 different from other Bcl-2 family members. 
Here, we detail those phosphoresidues of Mcl-1 and 
the influence of phosphorylation in HCC. Both of the 
phosphoresidues Threonine 92 and Threonine 163 
of Mcl-1 were identified by Ding et al.[69] using ERK-
1 kinase assay. ERK-1 phosphorylation of Thr 92 and 
Thr 163 stabilizes Mcl-1 and then promotes Mcl-1’s 
anti-apoptosis. It has been demonstrated that heat 
shock protein 90 inhibitor 17-allylaminogeldanamycin 
(17-AAG) partially inversed (-)-gossypol-induced Mcl-
1 accumulation by inhibiting ERK phosphorylation in 
HCC cells.[70] Of note, Inoshita et al.[71] concluded that 
phosphorylation of Thr 163 by JNK destabilized Mcl-
1, whereas the results showed by Kodama et al.[72] 

suggested that C-Jun N-terminal kinase (JNK) as the 
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kinase contributed to phosphorylation of Thr 163 and 
Serine 121 of Mcl-1, prolonged the half-life of the Mcl-
1 protein and protected hepatocytes against apoptosis 
induced by tumor necrosis factor alpha (TNFα). And 
data from Wang et al.[73] demonstrated that the Bcl-2/
xL inhibitor ABT-263 increased Mcl-1 stability in HCC 
cells while activation of ERK and JNK involved in 
ABT-263-mediated Mcl-1 protein stabilization through 
phosphorylation of Mcl-1 Thr163. And also it has 
been reported that the new tubulin inhibitor MT189 
(2-(6-fluoro-3-((4-methoxybenzyl)amino) imidazo [1,2-
α] pyridin-2-yl) phenol)-mediated JNK activation 
caused degradation of Mcl-1 protein via facilitating its 
phosphorylation in the SMMC-7721 cells.[74]

Glycogen synthase kinase-3 (GSK-3) inactivated by 
Akt plays a crucial role in the regulation of apoptosis. 
It has been demonstrated that the control of Mcl-
1 stability by GSK-3 is an important mechanism for 
the regulation of apoptosis by growth factors, PI3K, 
and Akt.[75] Deeper research indicated that GSK-
3 was conducive to degradation of Mcl-1 by means 
of phosphorylation of its Serine 155 and Serine 159 
and the latter inhibited the interaction of Mcl-1 with 
the pro-apoptotic protein, Bim, thus impairing its anti-
apoptotic function.[75,76] What’s more, Wang et al.[73] 

indicated that Akt-mediated GSK-3β inactivation also 
implicated in ABT-263-induced Mcl-1 stabilization, 
possibly through regulating the phosphorylation of 
Mcl-1 Ser159 in HCC cells. 

Mcl-1 interacting proteins
The majority of proteins interacting with Mcl-1 belong 
to the Bcl-2 protein family including multidomain pro-
apoptotic members and the BH3-only proteins.[77-79] In 
this review, we just discuss other proteins interacting 
with Mcl-1. The Mcl-1 protein level can be downregulated 
by adenovirus infection through proteasome-mediated 
turnover of Mcl-1.[80] Mcl-1 ubiquitin ligase E3 (Mule) 
contains a region similar to BH3 domain that enables 
Mule to interact with Mcl-1. It has been demonstrated 
that Mule was required for the polyubiquitination of Mcl-
1 in the ubiquitin dependent proteasome degradation 
pathway.[81] According to a research treatment of 
HepG2 cells with glycochenodeoxycholate (GCDA), 
one of the major human bile salts, the author reported 
that GCDA facilitated Mcl-1 dissociation from E3 ligase 
Mule and increased the half-life of Mcl-1.[82]

Cyclin-dependent kinase (CDK) could combine and 
activate cyclin, and thus lead to phosphorylation 
of target protein. The phosphoresidue serine 64 of 
Mcl-1 was identified by Kobayashi et al.[83] through 
MS analysis of a threonine 163 to alanine mutant of 

Mcl-1 and then CDK1 and CDK2, proteins related to 
cell cycle, and JNK were affirmed to phosphorylate 
this residue, which plays a negatively role on the 
progression of apoptosis. Moreover, it was reported 
that both protein and mRNA levels of Mcl-1 were 
down-regulated by a novel synthetic CDK inhibitor 
ibulocydine in HCC cells.[84]

Another protein impacting Mcl-1’s roles in cell cycle 
is PCNA. It has been mentioned before that Mcl-1 
can bind to PCNA and CDK1 in the nucleus, which 
participate in repression of cell cycle progression. 
When transfection of Huh7 and HepG2 cells with 
glypican 3-specific siRNA, cell proliferation detected 
by PCNA immunohistochemistry was inhibited, cell 
cycle was arrested at the G1 phase and anti-apoptotic 
proteins (Bcl-2, Bcl-xL, and Mcl-1) were down-
regulated.[85] Besides, different from other reports 
about interaction between PCNA and the Mcl-1 or the 
CDK2 protein in biochemical assays, De Biasio et al.[31] 
detected no binding between them and suggested that 
the interaction, if any, occurs with very low affinity or is 
mediated by other factors. Lately, a report described 
that following the inhibition of RNA polymerase II 
phosphorylation, ibulocydine caused down-regulation 
of Mcl-1, survivin, and X-linked inhibitor of apoptosis 
protein (XIAP), thus inducing apoptosis in HCC cells.[84]

Owing to the extremely labile nature of Mcl-1, it is as 
important as those that regulate Mcl-1 synthesis for 
cellular processes to regulate Mcl-1 stability. Recently, 
a Mcl-1 interacting protein the translationally controlled 
tumor protein (TCTP) was identified to upregulate the 
expression levels of Mcl-1 through modulating Mcl-1 
stability and eventually modulate Mcl-1’s antiapoptotic 
activity by the ubiquitin-dependent proteasome 
degradation pathway. Detailed analysis revealed 
that TCTP overexpression inhibited apoptosis by 
binding to Mcl-1 and antagonizing Bax.[86] It has been 
well documented that TCTP was implicated in many 
cellular functions including human allergic response,[87] 
apoptosis[88] and cell growth.[89] Chen et al.[90] described 
that Sann-Joong-Kuey-Jian-Tang (SJKJT), a traditional 
medicinal prescription, could downregulate the protein 
expression level of Mcl-1 and TCTP in Hep-G2 cells, 
thus they considered that decreasing TCTP and Mcl-1 
expression may be one of the molecular mechanisms 
by which SJKJT inhibits Hep-G2 cells. It has also 
been reported that curcumin inhibited the proliferation 
of human HCC J5 cells and induced mitochondrial 
dysfunction by decreasing the expressions of TCTP, 
Mcl-1 and Bcl-2.[91] Similarly, after treatment of HCC 
SK-Hep-1 cells with ursolic acid, the western blot 
results were associated with decreased expression of 
Mcl-1, TCTP and Bcl-2.[54] 
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DRUG R&D FOR REGULATING MCL-1 OF HCC

Drugs that down-regulate Mcl-1 
Cyclin-dependent kinase inhibitors
Flavopiridol is a semisynthetic compound that functions 
as a CDK inhibitor though inhibiting CDKs and thus 
inducing cell cycle arrest at the G1 or the G2/M transition 
point.[92] In a recent study, flavopiridol augmented TNF-
related apoptosis-inducing ligand (TRAIL) sensitivity of 
human HCC cells by up-regulation of TRAIL receptors 
and down-regulation of survivin, FLICE-inhibitory 
protein and Bcl-xL.[93] Flavopiridol has also been shown 
to induce apoptosis in a P53-independent manner and 
to down-regulate XIAP, Mcl-1, Bcl-2, survivin in kinds 
of cancer cells.[94,95]

Another CDK inhibitor, as mentioned above, is 
ibulocydine - a novel isobutyrate prodrug inhibitor of 
CDK7/9. In comparison, ibulocydine inhibited the growth 
of HCC cells more effectively than other CDK inhibitors 
via prolonged inhibition of CDK7/9 leading to induction of 
apoptosis by down-regulating the cellular levels of anti-
apoptotic proteins such as Mcl-1 and XIAP. Besides, data 
from human HCC xenografts indicated that ibulocydine 
selectively induced apoptosis but has no cytotoxic effects 
on normal tissues. Consequently, ibulocydine is a strong 
candidate for the treatment of HCC.[84] 

Deubiquitinase inhibitors
Mcl-1 is degraded rapidly in the cell via a proteasome-
dependent pathway, whereas deubiquitinases (DUBs) 
are capable of removing ubiquitin from ubiquitinated 
Mcl-1 to rescue Mcl-1 from degradation. WP1130, a 
small molecule that was initially identified as JAK and 
STAT inhibitors, can also inhibit activity of DUBs. And 
it has been demonstrated that DUBs ubiquitin-specific 
protease 9X (DUB USP9X) was one of the proteins 
to co-immunoprecipitates with Mcl-1.[96] In a recent 
study, it has been found that combined treatment 
with WP1130 sensitized HCC cells to doxorubicin via 
USP9X-depedent P53 degradation.[97]

STAT protein inhibitors
As mentioned previously, STAT could regulate Mcl-1 
at transcriptional level, thus attenuating the activity 
of STAT protein by agents is a fine choice to down-
regulate the expression of Mcl-1 proteins. Surprisingly, 
ethanol extracts from Sedum sarmentosum have been 
reported to inhibit STAT-3 signaling, down-regulate Mcl-
1 and Bcl-2 expressions, and finally inhibit proliferation 
of HepG2 cells, and induce HepG2 cells apoptosis.[98]

PI3K/Akt signaling inhibitors
LY294002 functions as a PI3K/Akt signaling inhibitor 
which is capable of repressing the activation of AKT-

1 to down-regulate the expression of Mcl-1 protein 
and to induce the apoptosis of macrophage. In the 
research of HCC therapies, Yang et al.[99] found that 
a disintegrin and metalloproteinase 10 (ADAM10) 
overexpression conferred resistance to doxorubicin-
induced apoptosis in HCC, whereas the pretreatment 
with the PI3K inhibitor LY294002 significantly enhanced 
doxorubicin-induced apoptosis and diminished the 
Mcl-1 expression in ADAM10-overexpressing Huh7 
cells. And also LY294002 could down-regulate the 
expression of Mcl-1 rapidly in HCC cells and increase 
the sensitivity of HCC cells to chemotherapeutics.[35]

MEK/ERK signaling inhibitors
Sorafenib actually inhibits multiple other kinases. It is the 
first and only orally administered drug to treat advanced 
HCC. One of the molecular mechanisms of sorafenib in 
HCC cells is that sorafenib induces apoptosis by reducing 
elF4E phosphorylation and blocking the initiation of 
Mcl-1 translation.[100] Chen et al.[47] demonstrated 
that sorafenib downregulated phospho-STAT3 and 
subsequently reduced the expression levels of STAT3-
related proteins including Mcl-1 in a dose- and time-
dependent manner in TRAIL-treated HCC cells.   

Antisense oligonucleotide treatment
Antisense oligonucleotide (ASO)[10] is a kind of 
synthetic oligonucleotides fragment expressed by 
antisense expression plasmid. Recently, it has been 
found that Mcl-1 ASO could downregulate Mcl-1 
efficiently in various tumor cells and animal models. 
According to ASO treatment as monotherapy in the 
HCC cell lines HepG2 and Snu398, the result showed 
that ASO targeting Mcl-1 specifically downregulated 
Mcl-1 protein expression and led to significant dose 
and time dependent single agent activity in HCC cells 
characterized by increased apoptosis and decreased 
cell viability. And Upon combination with cisplatin, 
Mcl-1 ASO revealed a significant chemosensitizing 
effect.[10] However, there is no report about Mcl-1 ASO 
treatment used in clinic. 

BH3 mimetics
BH3 mimetics mainly play a part through the interaction 
of proteins to inhibit Mcl-1’s function. As discussed, 
there was a surface-exposed hydrophobic groove 
contributing to the anti-apoptosis function of Mcl-
1 [Figure 2].[17] Consequently, BH3 mimetics were 
designed to fit into the hydrophobic groove and block 
Mcl-1’s ability to bind pro-apoptotic proteins, inhibiting 
the anti-apoptosis function of Mcl-1. ABT-737, a small-
molecule cell-permeable Bcl-2/Bcl-XL antagonist, 
is a novel cancer therapeutic agent because it 
potently induces apoptosis in certain cancer cells. 
Nevertheless, owing to low affinity with Mcl-1, ABT-
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737-mediated apoptosis signaling was inhibited in HCC 
cells due to the elevated expression of Mcl-1 which 
may contribute to HCC resistance to ABT737.[101,102] 
Consequently, it is unlikely to be effective as a single 
agent in solid tumors and thereby a great many 
research about combining ABT-737 with other agents 
to abolish the resistance has emerged recently such 
as norcantharidin, celastrol, etc.[103,104]

Polyphenols derivatives
The mother nucleus structure of polyphenols derivatives 
has polyhydroxyphenol. Gossypol as a typical BH3 
mimetic that inhibits the Bcl-2 anti-apoptotic proteins 
Bcl-2, Bcl-XL, and Mcl-1 by binding to them.[105] 
Because of the ability to target Mcl-1, gossypol shows 
toxicity against variety of cancer types in comparison 
to ABT-737. Since it was shown that HCC cells 
were relatively resistant to Bcl-2 inhibitors, then co-
treatment of Bcl-2 inhibitor (-)-gossypol and Hsp90 
inhibitor 17-AAG attenuated (-)-gossypol-induced 
protective autophagy by inhibiting ERK-mediated Bcl-
2 phosphorylation and downregulated (-)-gossypol-
triggered Mcl-1 accumulation by suppressing Mcl-1 
Thr163 phosphorylation.[70] Apogossypolone (ApoG2) 
was the first derivative of gossypol for the potential 
non-specific reactivity related to the 2 aldehyde groups 
in gossypol.[106] In order to investigate the in vitro and 
in vivo activities and related mechanism of ApoG2 
against HCC, Mi et al.[107] found that the ApoG2 induced 
apoptosis in SMMC-7721 cells by downregulation of 
anti-apoptotic proteins Bcl-2, Mcl-1, and Bcl-XL and 
up-regulation of pro-apoptotic protein Noxa, which 
indicated ApoG2 was a potential pan Bcl-2 family 
protein inhibitor, targeting Bcl-2, Mcl-1, and Bcl-XL, 
and inducing apoptosis in HCC. Moreover, several 
gossypol analogues arose to inactivate Mcl-1 such as 
TM-1206,[108] BI-33[109] and TM-179.[110]

Indole dipyrrole derivatives
Obatoclax is a synthetic indole dipyrrole derivative 
derived from prodigiosin and acts as a BH3 mimetic 
which binds the anti-apoptotic Bcl-2 proteins, releases 
proapoptotic proteins and thus triggers caspase 
activation. And SC-2001 was originally derived from 
the Mcl-1 inhibitor obatoclax, that was suggested 
better antitumor effects than obatoclax in HCC cell 
lines, including HepG2, PLC5 and Huh-7.[111]

Acenaphthene heterocyclic derivatives
S-1 (one mixed formulation containing 5-FU prodrug 
and dihydropyrimidine dehydrogenase inhibitor) 
inhibits both Bcl-2 and Mcl-1 and is capable of 
disturbing interaction between Mcl-1 and Bak, resulting 
in apoptosis.[112] Furuse et al.[113] reported that S-1 
was effective and had an acceptable toxicity profile in 

patients with advanced HCC, which indicates S-1 is a 
potential candidate for antitumor agent. 

CONCLUSION

With highly expressed Mcl-1, HCC cells tend to 
escape from apoptosis and thus proliferate at an 
increasingly high speed. Mcl-1 is a critical survival 
factor for malignant tissues of HCC and its expression 
is regulated via multiple mechanisms. Hence, it is a 
promising target for HCC treatment. Over the past 
several decades, there has been significant progress 
towards relevant molecular interacting with Mcl-1. On 
the one hand, Mcl-1’s expression in HCC is regulated 
at transcriptional by a variety of cytokines and signaling 
pathways, including the P38/MAPK, PI3K/AKT, STAT, 
P53, ERK, JNK, Wnt/β-catenin, Notch signaling ways. 
On the other hand, the role of microRNAs in Mcl-1 
regulation has been highlighted at the translational 
level and multiple phosphorylation sites in Mcl-1’s 
PEST region regulate Mcl-1 expression at post-
translational level. Other Mcl-1 interacting proteins 
such as Mule, CDK1, CDK2, PCNA, TCTP, etc. also 
involve in Mcl-1 regulation through interaction with it. 
According to these molecular mechanisms, numerous 
of chemotherapeutic agents have been reported to 
decrease the level of Mcl-1 towards HCC treatment 
including agents not specifically targeting Mcl-1 but 
involving downregulation of Mcl-1 and those drugs 
targeting Mcl-1 directly. Thereinto, BH3 mimetics are 
the most studied among all the chemotherapies. Of 
note, HCC with high levels of Mcl-1 are resistant to 
apoptosis induction by some compounds, posing a 
major problem for its potential utility. Thus, combination 
of multiple targets agents for HCC chemotherapy, 
production of good drug delivery system, and designing 
novel interventions specifically targeting Mcl-1 will be a 
major tendency in the future.
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