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Tribbles homolog 2 (TRIB2) is functionally important for liver cancer cell survival and transformation. Our
previous study demonstrates TRIB2 is stable in liver cancer cells due to the impaired ubiquitination by
Smurf1. However, overexpression of Smurf1 alone cannot completely abolish TRIB2 protein expression,
whether other potential factors involved in the degradation of TRIB2 still remains unclear. In the present
study, we reveal that the stability and ubiquitination of TRIB2 can also be controlled by ubiquitin E3
ligase SCF* ™R, Depletion of either Cullin1 or B-TRCP up-regulates TRIB2 protein expression. Moreover,
knockdown of B-TRCP extends the half-life, whereas reduces ubiquitylation of TRIB2. Similar to Smurf1,
B-TRCP exerts its role through the TRIB2 Degradation Domain (TDD) at the N-terminus of the TRIB2 pro-
tein. Hence, we add TRIB2 to the substrate list of SCF*"™® and the finding may be helpful in the treatment
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of TRIB2 dependent liver cancer.
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1. Introduction

TRIB2 is a member of the tribbles family pseudokinase proteins
originally identified by their roles in Drosophila morphogenesis
[1]. Emerging evidence suggests a potential role of tribbles proteins
in both solid and non-solid malignancies [2-5]. By using a combi-
nation of genomic and cellular approaches, we recently identified
TRIB2 as a critical downstream effecter of Wnt signaling in liver
cancer cells [6]. Moreover, we found TRIB2 is also functionally
important for liver cancer cell survival and transformation, and
acts as a crucial signaling nexus to couple the Hippo/YAP and
C/EBPa pathways to Wnt-induced liver tumorigenesis [6]. Given
that TRIB2 modulates many cellular functions, it can be hypothe-
sized that aberrant TRIB2 expression may be responsible for the
development of human cancer and could represent a novel thera-
peutic target.

Our and other studies suggest that TRIB2 functions as a protein
that interacts with ubiquitin E3 ligases, and thereby modulates the

Abbreviations: TRIB2, tribbles homolog 2; HCC, hepatocellular carcinoma; IF,
immunofluorescence; CHX, cycloheximide; B-TRCP, beta-transducin repeat con-
taining E3 ubiquitin protein ligase; SCF complex, SKP1-cullin-F-box complex; TDD
domain, TRIB2 degradation domain.
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protein stability of downstream effecters [3-7]. However, the
stability control of TRIB2 per se is still largely unclear. Protein ubiq-
uitination mediated by the ubiquitin proteasome system (UPS)
plays an essential regulatory role in critical cellular processes. In
this system, E3 ubiquitin ligases play an indispensable role by rec-
ognizing specific substrates, and facilitating or directly catalyzing
ubiquitin transfer to the respective molecular targets [8]. The rele-
vance of the E3s in several biological processes is emphasized
in vivo and often accompanied by the occurrence of cancer
[9,10]. Most recently, we described ubiquitin E3 ligase Smurf1 is
involved in the ubiquitination and proteasomal degradation of
TRIB2. Phosphorylation of TRIB2 by P70S6K was also found to
promote Smurfl induced degradation. Impaired ubiquitination
and phosphorylation by Smurfl and P70S6K in liver cancer cells
contributes to the relative higher expression and more stability
of TRIB2 compared to that in the normal hepatic cells [11].
However, overexpression of either Smurfl or P70S6K cannot
completely abolish TRIB2 protein expression in liver cancer cells.
Therefore it is important to reveal other potential related factors
involved in the degradation of TRIB2.

The SCF is a four-subunit RING-type E3 ligase consisting of the
RING domain protein Rbx1, two scaffold proteins (Culinl and
SKP1), and one of the many F-box proteins [12]. The F-box proteins
determine substrate specificity [ 12]. B-Transducin Repeat-Contain-
ing Proteins (B-TRCP) is a member of the F-box protein family.
B-TRCP was reported that plays redundant roles in the ubiquitina-
tion of various of substrates, including B-catenin [13], IkB [14], and
YAP [24]. In our previous study, we demonstrated that TRIB2
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interacts with B-TRCP at C-terminus [6], however; there is no
direct evidence showing that B-TRCP regulates TRIB2 stability.

In this study, we reveal that the stability and ubiquitination of
TRIB2 can be also controlled by Ubiquitin E3 ligase SCF*TRCP,
Similar to Smurfl, B-TRCP exerts its role through the TRIB2
Degradation Domain (TDD) at the N-terminus of the TRIB2 protein.
Hence, we add TRIB2 to the substrate list of SCF*"™P and the
finding may be helpful in the treatment of TRIB2 dependent liver
cancer.

2. Materials and methods
2.1. Cell culture and vectors

Liver cancer cell lines Bel-7402 and SMMC-7721 cells were cul-
tured in DMEM. Cells were treated by 50 pig/ml protein synthesis
inhibitor, cycloheximide (CHX, Sigma), or 25 ;LM proteasome inhib-
itor, MG132 (Cayman) 5 h before harvest. Constructions of the
expression plasmids for B-TRCP, Cullin1 and TRIB2 as well as the
lentiviral ShRNA against B-TRCP were described in our previous
study [6,9,11]. Lentiviral shRNA against Cullin1 (TRCN0000003392)
was purchased from Open Biosystem. Dominant negative forms of
Cullin2, 3, 4A, 4B, and 5 were constructed according to the previous
study [15].

2.2. Immunofluorescence (IF), and western blotting (WB)

For IF, cells were fixed by 4% paraformaldehyde for 15 min,
washed with PBS and blocking buffer (3% FBS + 1% HISS + 0.1%
Triton X-100), and then incubated overnight at 4 °C in primary
antibodies against TRIB2 (Abnova, #H00028951-M04) and Cullin1
(Epitomics, #2436). Alexa-Fluor-488 or -555 fluorescent conju-
gated secondary antibodies (life technologies) were used for
detection.

For WB, proteins were resolved on SDS-PAGE gels followed by
standard WB. Primary antibodies used were: B-TRCP (Cell Signaling
Technology (CST), #4394), HA (CST, #3724 or #2367), Flag (Sigma,
#F3165 or CST, #2368), Myc (CST, #2278 or #2276), Ub (CST,
#3933), TRIB2 (Abcam, ab84683), GFP (Epitomics, #1533) and
GAPDH (CST, #5174).

2.3. Quantitative RT-PCR

Quantitative RT-PCR was performed as previously described
[6,9,11]. qPCR primers used for detection TRIB2 were listed as fol-
lows: forward: GGTGTGCAAGGTGTTTGATATCAG, and reward:
GAAGGAATGCATGTCCCCATAG.

2.4. Immunoprecipitation

Cells were washed with PBS and subsequently lysed in
Western/IP lysis buffer (Beyotime). Protein lysates were centrifu-
gated at 14,000xg for 10 min to pellet debris. After preclearing
for 1 h with 50 pl of protein A/G-Sepharose (Novex), the superna-
tants were incubated at 4 °C overnight with 3 pg antibodies as
indicated crosslinked to protein A/G-Sepharose beads. Beads were
washed five times with lysis buffer, resuspended in SDS loading
buffer, and analyzed by WB analysis with antibodies as indicated.

2.5. In vivo and in vitro ubiquitination Assays

For the in vivo ubiquitination assay, cells were treated with
MG132 (25 uM) for 5 h before harvest to avoid the proteasome-
mediated degradation. The cell lysate was prepared in HEPES lysis
buffer supplemented with protease inhibitors (CST), and proteins

were immunoprecipitated with the indicated antibody and
detected by WB with antibody as indicated.

For the in vitro ubiquitination assay, active E1 and E2 (Boston
Biochemistry), HA-Ub (a gift from Jiabin Sun from Shanghai
Jiaotong University), SCF*"™" complex (GST-BTRC, GST-Cullin1,
GST-Skp1 and GST-Rbx1) (Abnova), and TRIB2-Flag (expressed in
HEK293T cells and purified by immunoprecipitation with an
anti-Flag antibody) were incubated at 30 °C for 2 h, and the assay
was terminated with protein loading buffer as described by Guo,
et al. [16].

3. Results
3.1. Cullin1 interacts and controls TRIB2 expression

As multisubunit Cullin-Ring complexes comprise the largest
known family of E3 ligases [17], we first tested whether a specific
Cullin-Ring complex was involved in regulating TRIB2 degrada-
tion. Because both TRIB2-Flag and Cullin1-Myc were cloned into
the pcDNA3 vector, and the expression of the two proteins were
all driven by the CMV promoter, limited cellular context needed
for the activation of the CMV promoter may be shared by these
two plasmids when they co-transfected. Thus, increasing
concentration of pcDNA-Cullin1-Myc may reduce the CMV
promoter efficiency from the co-transfected constant amount of
pcDNA-TRIB2-Flag plasmid, and inevitably leading to the does
dependent down-regulation of the TRIB2-Flag without
demonstrating whether Cullin1-Myc protein has a genuine nega-
tive effect on TRIB2-Flag protein expression. To avoid this, increas-
ing concentration of pcDNA-TRIB2-Flag (0.25 ng for lane 1, 0.5 pg
for lane 2, 0.75 pg for lane 3, and 1 pg for lane 4) expression
plasmid was co-transfected with increasing concentration of
pcDNA-Cullin-Myc expression plasmid (0 pg for lane 1, 0.1 pg for
lane 2, 0.15 pg for lane 3, and 0.25 pg for lane 4) into Bel-7402
cells, and we found that even increasing expression of TRIB2-Flag
could not prevent its down-regulation by overexpression of
Cullin1-Myc in a doses dependent manner (Fig. 1A). Furthermore,
ectopic expression of other dominant-negative forms of Cullins
had no notably effect on TRIB2 expression in Bel-7402 cells
(Fig. 1B), indicating a specific role of Cullin1 on TRIB2 stability.

To further support the role of Cullin1 on TRIB2 expression, we
infected Bel-7402 cells with shRNA against Cullin1, and found
endogenous TRIB2 could be up-regulated by knockdown of Cullin1
(Fig. 1C). Moreover, overexpression of Cullinl was sufficient to
reverse Cullin1 shRNA induced TRIB2 expression (Fig. 1D), suggest-
ing the specificity of the Cullin1 shRNA.

To confirm the interaction between TRIB2 and Cullinl, we
performed microscopy analysis and observed co-localization of
endogenous TRIB2 and Cullin1 in both Bel-7402 and SMMC-7721
cells (Fig. 1E). By co-imunoprecipitation (co-IP) experiments, we
also found that TRIB2-HA could be readily pulled down by
Cullin1-Myc (Fig. 1F), further support a physiological role for
Cullin1 in the control of TRIB2 stability. Take together; the above
data strongly suggests the involvement of the SCF type of E3 ligase
complex in the regulation of TRIB2 stability.

3.2. B-TRCP is the specific F-box protein that controls TRIB2 expression

Although Cullin1 controls TRIB2 expression has been described
in the Section 3.1, the identity of the specific F-box protein that
binds with Cullin1 to form a functional SCF type of E3 ligase
complex remains unknown. In our previous study, we reported
an F-box factor, B-TRCP has a direct interaction with TRIB2 [6].
However, whether B-TRCP acts as a regulator to TRIB2 stability is
still unclear. In support of B-TRCP capable of regulating TRIB2
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Fig. 1. The Cullin-1 of SCF complex interacts and decreases TRIB2S protein. (A) Overexpression of Cullin1 decreases TRIB2 protein level. Bel-7402 cells were transfected with
the plasmids as indicated. Exogenous TRIB2-Flag protein was detected by WB analysis. (B) TRIB2-Flag was co-transfected into Bel-7402 cells with different dominant negative
(DN) forms of cullins as indicated. The steady level of TRIB2 was determined by WB analysis. (C) Silencing of Cullin1 up-regulates TRIB2. Western blots of endogenous TRIB2
and Cullin1 in control (infected with shRNA against GFP) and Bel-7402 cell with Cullin1 knocked down. (D) Overexpression of Cullin1 rescues knockdown of Cullin1 induced
TRIB2 expression. Western blots of TRIB2 in Bel-7402 cells under different treatment as indicated. (E) Co-localization of Cullin1 and TRIB2. Co-localization of endogenous
TRIB2 with Cullin1 in Bel-7402 and SMMC-7721 cells as measured by IF assay. Scale bar, 15 pM. (F) Interaction between Cullin1 and TRIB2. TRIB2-HA was co-transfected with
Cullin1-Myc into Bel-7402 cells. TRIB2 and Cullin1 associations were examined by co-IP assay as indicated.

degradation, we detected an up-regulation of TRIB2 in Bel-7402
cells with B-TRCP knocked down compared to the control cells
(Fig. 2A). Furthermore, we ruled out the possibility that B-TRCP
regulates TRIB2 expression at transcriptional level, because qPCR
data revealed that TRIB2 mRNA level remained almost unchanged
before and after knockdown of B-TRCP (Fig. 2B).

We reported previously that TRIB2 is an unstable protein with a
half-life time of approximately 5 h in liver cancer cells [11], thereby
we tested whether B-TRCP affects TRIB2 stability. Depletion of B-
TRCP extended the half-life of TRIB2 (Fig. 2C), confirming the
importance of B-TRCP in regulating TRIB2 turnover. Consistently,
ubiquitination of TRIB2 was markedly reduced after knockdown
of B-TRCP in both Bel-7402 and SMMC-7721 cells (Fig. 2D), suggest-
ing that B-TRCP is critical for stability and ubiquitination of TRIB2.
In addition, co-IP experiments demonstrated that TRIB2-HA could
be readily pulled down by B-TRCP-Flag in Bel-7402 cells (Fig. 2E).

Because the TRIB2 Degradation Domain (TDD, the most proxi-
mal five amino acids MNIHR at the N-terminus of the TRIB2 pro-
tein) is capable of inducing a significant enhanced degradation of
TRIB2 with E3 ligase Sumrf1l [11], we tested if p-TRCP mediated
depredation of TRIB2 is also through this domain. As shown in
Fig. 2F, we found that only wild type (WT)-TRIB2 was up-regulated
compared to the mutant-TRIB2 without TDD domain (FW-a) after
depletion of B-TRCP, suggesting TDD is also important for B-TRCP
induced regulation of TRIB2.

3.3. Ubiquitination of TRIB2 by SCFF"™* in vivo and in vitro

We next asked whether SCFP"™P complex functions as an E3 li-
gase to promote the ubiquitination of TRIB2. Overexpressed B-TRCP
enhanced the ubiquitination of TRIB2 in cultured Bel-7402 cells
(Fig. 3A). In addition, purified SCF*™*? complex promoted the ubiqg-
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Fig. 2. B-TRCP interacts and negatively regulates TRIB2 expression and stability. (A) Knockdown of B-TRCP induces TRIB2. Western blots of TRIB2 and B-TRCP in control
(infected with shRNA against GFP) and Bel-7402 cells with B-TRCP knocked down. (B) B-TRCP does not affect TRIB2 transcription. mRNA levels of TRIB2 were detected in
Bel-7402 and SMMC-7721 cells under same treatment as described in (A). GAPDH mRNA was regarded as a loading control. (C) Knockdown of B-TRCP protects TRIB2 from
degradation. Endogenous TRIB2 was measured by WB analysis in control (infected with shRNA against GFP) and Bel-7402 cells with B-TRCP knocked down. Protein synthesis
was blocked by treatment of CHX (50 pg/ml) for the indicated time. (D) Ubiquitination of TRIB2 is reduced after knockdown of B-TRCP. Bel-7402 cells were treated with
MG132 (25 uM) for 5 h before harvest. Endogenous TRIB2 was immunoprecipitated and WB analysis was done using anti-TRIB2 or anti-Ub antibody. (E) Interaction between
exogenous TRIB2-HA and B-TRCP-Flag. TRIB2-HA was co-transfected with B-TRCP-Flag into Bel-7402 cells. TRIB2 and BTRC associations were examined by co-IP assay. (F)
B-TRCP regulates TRIB2 through TDD domain. Plasmids expressing WT (Wild type)-TRIB2 or FW-a-TRIB2 (without TDD domain) were transfected into control (infected with
shRNA against GFP) or Bel-7402 cells with B-TRCP knocked down. Cells were then harvested and protein lysates were subjected into WB analysis.

uitination of TRIB2 directly in vitro (Fig. 3B). Taken together, these
data indicate that SCF*TR acts as a biologically relevant E3 ligase
for TRIB2 (Fig. 4).

4. Discussion

The F-box proteins constitute one of the four subunits of ubiqui-
tin protein ligase complex called SCFs (SKP1-cullin-F-box), which
function in phosphorylation-dependent ubiquitination [18]. SCF*
TRCP recognizes a DSGXXS motif in which the serine residues are
phosphorylated, and therefore this motif is called phosphodegron
[19]. Phosphorylation of phosphodegron is the major mechanism
regulating SCF*TR? substrate binding [19]. Additional bona fide
substrates of SCF* TP such as PERIOD, BIM, and DEPTOR proteins
contain phosphodegrons that diverge significantly from the canon-
ical motif, with a phosphoserine or phosphothreonine replacing the
aspartic acid in the canonical motif [20]. Like PERIOD, there is a

TSGSYS (aa. 226-231) motif within the TRIB2 protein, which may
recruit SCF*TR?, However, the functional role of this motif needs
to be further investigated. We reported previously that TRIB2 can
be phosphorylated by P70 S6 kinase (P70S6K) at Serine 83, a amino
acid residue conserved among human, mouse, cattle and frog, and
Smurfl-mediated ubiquitination requires phosphorylation of S83
[11]. However, whether phosphorylation of S83 leads to subse-
quent phosphorylation of TSGSYS needs to be investigated. More
importantly, both Smurf1 and SCF* P regulates TRIB2 expression
through TDD domain (Fig. 2F), leading us to re-considerate the rela-
tionship between Smurf1 and SCF*™" and is it a competition or
cooperation? There is accumulating evidence showing that B-TRCP
is overexpressed in multiple cancers, including liver cancer
[21-23]. By contrast, we detected weak IHC signaling represents
Smurf1 in most of 617 liver cancer samples tested in our previous
study [11]. These findings suggest Smurfl and B-TRCP may antago-
nize with each other, and which E3 ligase plays dominant role on
controlling TRIB2 stability needs to be explored further.
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Fig. 4. Possible mechanism underlying the regulation network of TRIB2 in liver
cancer cells.

SCF*TRCP is involved in YAP proteasomal degradation [24], and
we described that TRIB2 protects YAP from degradation through
inhibition to B-TrCP [6]. Simultaneous knockdown of B-TrCP
successfully rescues TRIB2 shRNA-induced YAP down-regulation
[6]. In this study, we describe SCF*T’P plays a negative role on

TRIB2 stability. To our knowledge, we reveal a novel dual-inhibi-
tory auto-regulatory feedback between TRIB2 and SCF*TRCP,
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