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T-complex protein 10A homolog 2 (TCP10L) was previously 
demonstrated to be a potential tumor suppressor in human 
hepatocellular carcinoma (HCC). However, little is known 
about the molecular mechanism. MAX dimerization protein 1 
(MAD1) is a key transcription suppressor that is involved in 
regulating cell cycle progression and Myc-mediated cell 
transformation. In this study, we identified MAD1 as a novel 
TCP10L-interacting protein. The interaction depends on the 
leucine zipper domain of both TCP10L and MAD1. TCP10L, 
but not the interaction-deficient TCP10L mutant, synergizes 
with MAD1 in transcriptional repression, cell cycle G1 arrest 
and cell growth suppression. Mechanistic exploration further 
revealed that TCP10L is able to stabilize intracellular MAD1 
protein level. Consistently, the MAD1-interaction-deficient 
TCP10L mutant exerts no effect on stabilizing the MAD1 
protein. Taken together, our results strongly indicate that 
TCP10L stabilizes MAD1 protein level through direct inter-
action, and they cooperatively regulate cell cycle progression. 
[BMB Reports 2016; 49(6): 325-330]

INTRODUCTION

The MYC/MAX/MAD family, a group of transcription factors 
containing basic helix-loop-helix leucine-zipper (bHLHZip) do-
mains, plays a vital role in the control of cell physiology. The 
family members mainly act as molecular switches, in that they 

can either transcriptionally activate or repress target gene ex-
pression through forming different transcriptional complexes 
(1). MYC forms a heterodimer with MAX, and then the 
MYC/MAX complex specifically binds to “E-box” (consensus 
sequence: 5’-CACGTG-3’) elements located on the promoter 
region of target genes, leading to the activation of gene tran-
scription (2). MYC expression is able to stimulate the G1-S 
phase transition of the cell cycle and induce cell trans-
formation (3). Another family member, MAX dimerization pro-
tein 1 (MAD1), is able to compete with MYC to form a hetero-
dimer with MAX, and MAD1/MAX complex usually binds to 
the same “E-box” sequences upstream of target genes as 
MYC/MAX (4). However, MAD1 functions as an antagonist of 
MYC (5). The switch of MYC/MAX to MAD1/MAX usually 
turns gene transcription off, due to the recruitment of histone 
deacetylases such as mSIN3 to DNA, as well as the stimulation 
of chromatin conformation changes (6). Consistent with its 
gene transcriptional activity, MAD1 is able to inhibit the cell 
cycle G1/S progression, and suppress myc-mediated cell trans-
formation (1). 

T-complex protein 10A homolog 2 (TCP10L), mapped to 
chromosome 21q22.11, was first cloned by Chen Z in 2003 
through a differentially displayed hybrid from a human liver 
cDNA library (7). TCP10L contains a putative leucine zipper 
(LZ) domain, which is required for its homo-dimerization but 
not for its nuclear localization (8). Recently, our lab reported 
that TCP10L was a potential tumor suppressor in hepatocellular 
carcinoma (HCC) (9). In this study, we aim to further explore 
the molecular mechanism accounting for TCP10L’s function in 
HCC cells. We characterized MAD1 as a novel TCP10L-inter-
acting protein. The key domain required for the interaction was 
identified through constructing different deletion mutants. 
Moreover, the functional effect of TCP10L-MAD1 interaction 
was also studied. 

RESULTS 

TCP10L directly interacts with MAD1
Our lab has previously identified MAD4 as a TCP10L-interact-
ing protein through yeast two hybrid methods (10). Both 
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Fig. 1. TCP10L interacts with MAD1 in vitro and in vivo. (A) 
Co-IP assay was performed in HEK293T cells ectopically expressing 
HA-MAD1 and Myc-TCP10L with an anti-Myc antibody. (B) Co-IP 
assay was performed in HEK293T cells ectopically expressing 
Myc-MAD1 and HA-TCP10L with an anti-Myc antibody. (C) 
Endogenous association between MAD1 and TCP10L was per-
formed in SMMC-7721 cells using an anti-MAD1 antibody. (D) 
Immunofluorescence staining of HeLa cells ectopically expressing 
indicated recombinant plasmids. Cells were immunostained with 
anti-HA antibody, and counterstained by DAPI before visualization.

Fig. 2. The leucine zipper domains of both TCP10L and MAD1 
are required for the TCP10L-MAD1 interaction. (A) Left panel: 
Schematic representation of full length TCP10L protein and mutants.
Right panel: Binding capacity of TCP10L to MAD1 is indicated 
with the symbol. Bacterially expressed GST fusion proteins of 
TCP10L-FL, TCP10L-L89P and TCP10L-LZ mutants were bound 
to glutathione-Sepharose beads, respectively, then incubated with 
lysates of HEK293T overexpressing Myc-MAD1. Bound Myc-MAD1
was subjected to Western blot with anti-Myc antibody. (B) Left 
panel: Schematic representation of full length MAD1 protein and 
the deletion mutants. Binding capacity of MAD1 to TCP10L is in-
dicated with the symbol. Right panel: Bacterially expressed GST 
fusion proteins of TCP10L protein was bound to glutathione- 
Sepharose beads, then incubated with lysates of HEK293T over-
expressing full length MAD1 and its deletion mutant, respectively. 
Bound MAD1 was subjected to western blot with an anti-Myc 
antibody. (C) Immunofluorescence staining of HeLa cells ectopi-
cally expressing TCP10L-LZ mutants alone or together with MAD1.
Cells were immunostained with anti-HA antibody, and counter-
stained by DAPI before visualization.

MAD1 and MAD4 belong to the MAD protein family, and 
they share similar domain architecture. We asked whether 
TCP10L could also interact with MAD1 and further affect 
MAD1’s function. To address this question, we first carried out 
co-immunoprecipitation (co-IP) assays. As shown in Fig. 1A, 
HA-TCP10L was immunoprecipitated by Myc-MAD1 suggest-
ing an interaction between these two proteins. Similar results 
were also obtained in the reciprocal co-IP experiment in 
which Myc-TCP10L was able to immunoprecipitate HA-MAD1 
(Fig. 1B). Next, we extended our analysis by investigating 
whether endogenous TCP10L and MAD1 can associate with 
each other. In this case, SMMC-7721 cells were pretreated 
with the protease inhibitor MG132. As shown in Fig. 1C, en-
dogenous TCP10L was also efficiently immunoprecipitated by 
the anti-MAD1 antibody but not the IgG control. To further 
confirm the interaction relationship between TCP10L and 
MAD1, immunofluorescence-based cell staining was performed. 
As shown in Fig. 1D, GFP-tagged TCP10L was diffusely lo-
calized in the nucleus, which is consistent with its role in gene 
transcription. By contrast, MAD1 was localized in a specific 
speckled pattern in the nucleus, which is consistent with a pre-
vious report (11). Interestingly, when TCP10L and MAD1 were 
co-expressed in the same cells, TCP10L was not only co-lo-
calized with MAD1 but also displayed a speckled pattern in 

the nucleus. The change of the localization pattern of TCP10L 
preliminarily indicates that once TCP10L and MAD1 were as-
sociated, TCP10L might be involved in the physiological func-
tion of MAD1. 

The leucine zipper domains are essential for the TCP10 
L-MAD1 interaction
To understand the structural requirements for the interaction 
between TCP10L and MAD1, a deletion mutant approach was 
utilized to map the essential domains. There is a typical leucine 
zipper domain (LZ) consisting of a tetrad repeat of leucine resi-
dues located in the N-terminal domain of TCP10L. Thus, wild-
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Fig. 3. TCP10L synergizes with MAD1 in suppressing gene tran-
scription and cell cycle progression. (A) The luciferase activities of 
c-Myc-Luc upon TCP10L and/or MAD1 expression were measured 
by luminometer in HEK293T cells at 30 h post transfection. (B, C) 
The mRNA levels of MAD1 target genes hTERT (B) or ODC (C) was
detected using qRT-PCR methods in HEK293T cells transfected with 
indicated plasmids. The mean values (± S.D.) are shown. (D, E) 
Cell cycle distributions were analyzed by FACS in SMMC-7721 
cells transfected with indicated plasmids. Representative pictures 
were presented in (D) and statistical data were shown in (E). (F) Cell 
growth curve of SMMC-7721 transfected with indicated plasmids 
was calculated by MTS assay. The mean values (± S.D.) are shown.

type TCP10L and two TCP10L mutants, TCP10L-L89P (amino 
acid 89, Leu to Pro) and TCP10L-LZ (deletion of the whole LZ 
domain), were constructed in a GST-tagged prokaryotic ex-
pression vector pGX-4T-2 (Fig. 2A, left panel) to perform a 
GST-pull down assay. As shown in the right panel of Fig. 2A, 
GST-TCP10L protein can directly bind to the Myc-MAD1 pro-
tein expressed in HEK293T cells. However, deletion of the LZ 
domain of TCP10L totally abolished the interaction, whereas 
L89P mutation displayed reduced interaction with MAD1. 
Next, immunofluorescence staining was performed in cells 
transfected with TCP10L-LZ alone and cells co-transfected 
with TCP10L-LZ and MAD1. As shown in Fig. 2B, GFP-tagged 
TCP10L-LZ was also diffusely localized in the nucleus, sug-
gesting that the LZ domain of TCP10L is not required for nu-
clear import. However, while TCP10L-LZ and MAD1 were 
co-expressed in the same cells, no obvious co-localization pat-
tern was found. MAD1 was localized in a speckled pattern in 
the nucleus, but TCP10L-LZ remained in a diffused pattern. 

We next addressed the question of which domain of MAD1 
contributes to the TCP10L-MAD1 interaction. Three MAD1 
mutants, MAD1 lacking the bHLH domain (MAD1-bHLH), 
MAD1 lacking the LZ domain (MAD1-LZ) or MAD1 lacking 
both the bHLH and LZ domains (MAD1-bHLH-LZ), were 
constructed (Fig. 2B, left panel). As shown in the right panel of 
Fig. 2B, GST-TCP10L showed a strong interaction with either 
MAD1 or the MAD1-bHLH mutant but not MAD1-LZ or 
MAD1-bHLH-LZ, suggesting that the intact LZ domain of 
MAD1 is also specifically required for the interaction between 
TCP10L and MAD1. 

TCP10L synergizes with MAD1 in regulating gene 
transcription and cell cycle progression
When MAD1 was found to be able to change the subcellular 
localization of TCP10L, we raised a hypothesis that TCP10L 
might be involved in the MAD1 pathway, acting as a modu-
lator of MAD1. To demonstrate our hypothesis, gene transcrip-
tional activity of TCP10L was first assessed. In a dual luciferase 
assay, pGL-myc-Luc, an artificial c-myc promoter composed of 
four tandem E-box repeats upstream of a luciferase reporter 
gene was co-transfected with plasmids of interest. As shown in 
Fig. 3A, overexpression of MAD1 markedly repressed the tran-
scriptional activity of the reporter gene, which is consistent 
with others’ reports (12). Interestingly, TCP10L, but not the 
TCP10L-LZ mutant, exerted a repressive role on the reporter 
gene transcriptional activity. Moreover, co-expression of 
TCP10L, but not the TCP10L-LZ mutant with MAD1 ach-
ieved a synergized suppression effect (63.2% ± 2.81% vs. 
21.24% ± 3.02%). To confirm this finding, the mRNA ex-
pression of two target genes under control of MAD1 (human 
telomerase reverse transcriptase, hTERT and ornithine de-
carboxylase, ODC), was investigated through qRT-PCR ex-
periments. As shown in Fig. 3B and 3C, over-expression of ei-
ther MAD1 or TCP10L led to reduced mRNA levels of hTERT 
and ODC. Meanwhile, co-expression of TCP10L, but not the 

TCP10L-LZ mutant with MAD1 achieved maximal reduction 
of mRNA levels of both hTERT and ODC. 

We further investigated the functional relationship between 
TCP10L and MAD1 in regulating cell cycle progression. As ex-
pected, G1 arrest was not only observed in cells expressing 
MAD1 but also in cells expressing TCP10L (Fig. 3D and 3E). 
More importantly, co-expression of TCP10L, but not the 
TCP10L-LZ mutant, remarkably enhanced MAD1-mediated 
G1 arrest (47.24% ± 1.62% vs. 58.89% ± 2.57%). Consistently, 
in an in vitro cell growth assay, overexpression of TCP10L or 
MAD1 alone suppressed SMMC-7721 cell growth, and co-ex-
pression of TCP10L, but not the TCP10L-LZ mutant amplified 
the suppressive effect of MAD1 (Fig. 3F). Taken together, these 
results strongly suggest that TCP10L can synergize with MAD1 
in suppressing target gene expression, inducing G1 arrest and 
regulating cell growth. 
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Fig. 4. TCP10L stabilizes MAD1 by preventing its protein degrada-
tion. (A, B) MAD1 and increasing amounts of full length TCP10L 
(A) or TCP10L-LZ mutant (B) were co-transfected into HEK293T 
cells and the protein level of MAD1 was detected by Western blot 
analysis. (C) SMMC-7721 and SK-Hep1 cells were transfected with 
siRNA against TCP10L (si-TCP10L#1, si-TCP10L#2) and control 
siRNA. The protein level of MAD1 and TCP10L were detected by 
Western blot analysis. (D) The mRNA level of TCP10L and MAD1
in SMMC-7721 cells transfected with indicated siRNAs was meas-
ured by qRT-PCR. The mRNA level of GAPDH was used for 
normalization. The mean values (± S.D.) are shown. (E) CHX 
chase assay of MAD1 upon TCP10L expression. HEK293T cells 
were co-transfected with HA-MAD1, along with empty vector, or 
Myc-TCP10L, or Myc-TCP10L-LZ mutant before being treated with 
CHX. Cell lysates were subjected to Western blot. The pEGFP-N1 
expression was included as a transfection efficiency control.

TCP10L stabilizes MAD1 by preventing its protein 
degradation
After revealing the synergistic effect of TCP10L and MAD1 in 
control of gene expression and cell cycle, another remaining 
question is that why the interaction between TCP10L and 
MAD1 contributes to enhanced activity of MAD1? It has been 
reported that endogenous MAD1 protein in cancer cells usu-
ally has a very short half-life (15-30 min) (13). So we carried 
out experiments to investigate the effect of TCP10L on MAD1 
protein stability. HEK293T cells were co-transfected with 
HA-MAD1 and increasing amounts of Myc-TCP10L. As shown 
in Fig. 4A, although same amount of MAD1 plasmids were 
transfected in each group, the MAD1 protein level was re-
markably increased when TCP10L was co-expressed in a 
dose-dependent manner. In contrast, no obvious change of 
MAD1 protein was shown in cells co-transfected with 
Myc-TCP10L-LZ (Fig. 4B).

Next, two specific siRNAs were designed to knock down en-
dogenous TCP10L. As shown in Fig. 4C, knockdown of 

TCP10L in both cell lines resulted in an obvious decrease in 
the level of endogenous MAD1. To exclude that TCP10L 
might affect MAD1 gene transcription, a qRT-PCR assay was 
performed and no statistical difference in MAD1 mRNA levels 
was shown in cells expressing TCP10L in comparison with 
control cells (Fig. 4D). We further performed a cycloheximide 
(CHX) chase assay to examine the effect of TCP10L on MAD1 
protein turnover. HEK293T cells were transfected with 
HA-MAD1 and TCP10L or TCP10L-LZ mutant before treat-
ment with CHX. As shown in Fig. 4E, co-expression of TCP10L 
and MAD1 resulted in a striking prolonged half-life of MAD1. 
In contrast, neither the empty vector nor TCP10L-LZ mutant 
displayed the similar function. Taken together, the TCP10L- 
MAD1 interaction could promote MAD1 stabilization, which 
might contribute to the synergistic effect on cell events. 

DISCUSSION

In this study, we characterize MAD1 as a novel interacting 
protein of TCP10L. This mutual interaction relies on the LZ do-
mains of both TCP10L and MAD1. TCP10L’s transcriptional 
activity was reported shortly after its cloning (7). However, no 
potential DNA-binding motif was found in the structural analy-
sis of the TCP10L peptide. Therefore, we proposed a hypoth-
esis that TCP10L might interact with other transcriptional fac-
tors to exert its function. Two proteins, death-associated pro-
tein kinase 3 (DAPK3) and MAD4, have been reported to be 
TCP10L-interacting partners in our early studies (10, 14). 

DAPK3 has been demonstrated to be a positive regulator in 
cell apoptosis (15). As a protein kinase, DAPK3 is able to phos-
phorylate itself as well as a variety of substrates, thereby partic-
ipating in the regulation of cell apoptosis (16). Three non-
synonymous point mutations of DAPK3 were recently reported 
in various human tumor specimens, all of which rendered the 
tumor cells increased cell survival potential and resistance to 
chemotherapy (17). Given that TCP10L and DAPK3 could also 
form heterodimers in a LZ-dependent way, it is of interest to 
investigate whether TCP10L is also involved in DAPK3’s proa-
poptotic function.

MAD4 belongs to the MAD family and inhibits c-Myc-de-
pendent cell transformation in rat embryo cells (18). MAD4 
was shown to interact with TCP10L by a yeast two-hybrid 
screen at the beginning of this TCP10L project (10). Later, judg-
ing that MAD4 and MAD1 shared significant homology in their 
structural domains, and also because MAD1 has been ex-
tensively studied during embryo development, cell transforma-
tion and cancer progression, we tested the possibility of a 
TCP10L-MAD1 interaction. In this study, we provided different 
pieces of evidence, including co-immunoprecipitation, GST-pull 
down and immunofluorescence staining. Our conclusion is 
that TCP10L interacts with MAD1. To date, MAD1 has been re-
ported to exert diverse roles, including regulation of gene tran-
scription and translation, cell apoptosis, cell cycle progression, 
cell differentiation and genome stability (19, 20). Consistently, 
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we also observed that HCC cells over-expressing MAD1 ex-
hibited suppressed gene transcription, G1 arrest and inhibited 
cell growth rate. More importantly, cells co-expressing MAD1 
and TCP10L exhibited a remarkably enhanced suppressive ef-
fect on gene transcription, cell cycle progression and cell 
growth, which strongly suggests a synergistic relationship be-
tween TCP10L and MAD1. Additionally, the interaction-defi-
cient mutant lost the synergistic function, indicating the mutual 
interaction is necessary for TCP10L to affect MAD1. 

Recent studies revealed that the MAD1 protein has a very 
short half-life in cells, and its protein level is tightly regulated 
by different regulation mechanisms. Different cytokines and 
growth factors are able to induce the expression of MAD1 
(21). Posttranslational modification, such as ubiquitination and 
phosphorylation, affects MAD1 protein stability. c-IAP1, a 
member of the inhibitor of apoptosis protein (IAP) family, is 
found to be a potential ubiquitin ligase for MAD1 (13). In addi-
tion, Ser-145 phosphorylation of MAD1 itself by p90 riboso-
mal kinases (RSK) and p70 S6 kinase (S6K) accelerates the 
ubiquitination and degradation of MAD1 (22). In our work, we 
reported a new mechanism for MAD1 regulation, which is that 
TCP10L could maintain the steady-state level of MAD1 protein 
in cells in a LZ domain-dependent manner. Interestingly, we 
also found TCP10L could interact with c-IAP1 (data not 
shown). It is therefore of great interest to identify whether 
TCP10L affects the ubiquitination of MAD1 in future studies. 
Previously, we have reported a down-regulated expression pat-
tern of TCP10L in human HCC specimens (9). Together, these 
data lead to a hypothesis that during cancer progression 
down-regulated TCP10L results in MAD1 protein being more 
easily degraded by the proteasome, which then facilitates 
MYC-mediated cancer progression.

MATERIALS AND METHODS

Cell culture, plasmid construction and siRNA transfection
HEK293T, HeLa, SMMC-7721 and SK-Hep1 cells were cultured 
in Dulbecco's Modified Eagle Medium (DMEM) supplemented 
with 10% (v/v) Fetal Bovine Serum (FBS) at 37oC with 5% CO2. 
Recombinant TCP10L plasmids and TCP10L mutant plasmids 
were described previously (8). The full-length MAD1 cDNA 
was amplified from a Marathon cDNA library (Clontech, USA) 
before being subcloned into pCMV-HA/pCMV-Myc vectors. 
MAD1 mutant constructs were generated by the KOD-Plus 
Mutagenesis Kit (TOYOBO, Japan). Two different siRNAs target-
ing TCP10L and control siRNA were synthesized by 
GenePharma, Inc. (Shanghai, P. R. China). Plasmids and siRNA 
oligos were transiently transfected into cells by using Lipofecta-
mine 2000 reagent (Invitrogen, USA) according to the manu-
facturer’s instructions. 

Immunoprecipitation assay 
Transfected HEK293T cells lysed 24 h post-transfection in 
BC100 buffer (Cell Signaling Technology, USA). The whole-cell 

lysates were immunoprecipitated with the monoclonal an-
ti-Myc antibody-conjugated agarose beads (Sigma, USA) at 4oC 
overnight. The beads were washed five times with BC100 buf-
fer and the precipitated proteins were subjected to Western 
blot. To carry out endogenous immunoprecipitation assays, 
HEK293T cells were lysed with BC100 buffer, and the cell ly-
sates was centrifuged. The supernatant was precleared with 
protein A/G beads (Sigma, USA) and then incubated with an-
ti-MAD1 antibody (Proteintech, USA) overnight. Thereafter, 
protein A/G beads were added, and the complexes were in-
cubated at 4oC. After 2 h of incubation, pellets were washed 
five times with BC100 buffer and resuspended in sample buf-
fer and analyzed by SDS-PAGE.

GST-pull down assay
HEK293T cells overexpressing wildtype or mutant MAD1 were 
lysed at 36 h post-transfection with cell lysis buffer (Cell 
Signaling Technology, USA) at 4oC. Cell lysates were centri-
fuged and the supernatant was precleared with glutathione- 
Sepharose beads (Amersham Biosciences, USA). A similar 
amount of GST protein and GST-fusion protein was immobi-
lized on glutathione-Sepharose beads. After washing with 
binding buffer (phosphate-buffered saline (PBS), 5 mm EGTA, 
0.1% (v/v) Triton X-100, 0.5 mm PMSF), the beads were fur-
ther incubated with precleared cell HEK293T lysates for 2 h. 
The beads were then washed 5 times with binding buffer and 
resuspended in sample buffer before being subjected to 
SDS–PAGE analysis.

Immunofluorescence and confocal microscopy
HeLa cells were seeded on to sterile glass coverslips placed in 
6-well plates at a density of 3 × 105/well. After transfection 
with indicated plasmids, cells were washed, fixed with 4% 
paraformaldehyde (Sigma, USA) at 37oC for 15 min and per-
meabilized with 0.2% TritonX-100 in PBS for 10 min. After fix-
ation, cells were incubated with primary antibodies at 4oC 
overnight. Slides were washed, incubated with fluorescence- 
tagged secondary antibodies (Alexa Fluor 568, Molecular 
probes, Invitrogen) and counterstained with DAPI (Vector 
Labs) for 1 h at 4oC. Cells were visualized and imaged using a 
Zeiss LSM710 confocal microscope equipped with a 60× 
objective. 

Dual-Luciferase assay
Briefly, HEK293T cells were plated into 24-well culture plates 
at a density of 1 × 105/well and transfected with indicated 
plasmids. The pGL-myc-luc (Clontech, USA) reporter plasmid 
was co-transfected to investigate the transcriptional activity. 
The pRL-TK control vector was used for normalization. Cells 
were harvested at 24 h after transfection. Relative luciferase 
activity was determined using the Dual-Luciferase Reporter 
Assay System according to the manufacturer’s instructions 
(Promega, USA). Experiments were repeated three times. The 
relative light units were measured by a luminometer (Promega, 
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USA). Results are the representative of three independent 
experiments.

Cycloheximide (CHX)-chase analysis
HEK293T cells were transfected with MAD1 together with 
empty vector TCP10L or TCP10L-LZ. At 24 h post trans-
fection, cells were plated into 24-well culture plates at a den-
sity of 1 × 105/well. Cells were cultured for another 24 h be-
fore CHX (100 g/ml) was added into the culture medium to 
inhibit protein synthesis. Cells were then collected at indicated 
time points and subjected to Western blot analysis. 

Statistical analysis
Statistical analyses were performed using Student’s two tailed 
t-tests. Values of *P ＜ 0.05, **P ＜ 0.01 were considered stat-
istically significant, and ns indicates not significant. 
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