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Abstract

c-Myc (Myc) is a master transcription factor that is often deregulated and highly expressed by at least 50% of cancers. In
many cases, Myc protein levels correlate with resistance to therapy and poor prognosis. However, effective direct inhibition
of Myc by pharmacologic approaches has remained unachievable. Here, we identify MAP3K13 as a positive regulator of
Myc to promote tumor development. Our findings show that MAP3K13 upregulation is predictive of poor outcomes in
patients with hepatocellular carcinoma (HCC). Mechanistically, MAP3K13 phosphorylates the E3 ubiquitin ligase TRIM25
at Sery, to decrease its polyubiquitination and proteasomal degradation. This newly stabilized TRIM2S5 then directly
ubiquitinates Lys4;, of FBXW7q, a core subunit of the SKP1-Cullin-F-box (SCF) ubiquitin ligase complex involved in Myc
ubiquitination, thereby stabilizing Myc. Together, these results reveal a novel regulatory pathway that supervises Myc
protein stability via the MAP3K13-TRIM25-FBXW7a signaling axis. In addition, they provide a potential therapeutic target

in Myc over-expressing human cancers.

Introduction

Hepatocellular carcinoma (HCC) is the fifth most prevalent
cancer worldwide and accounts for ~745,500 death per year
[1, 2]. The incidence of HCC has tripled in the last two
decades, but the survival rate remains exceedingly low [3].
Most HCC patients are diagnosed at an advanced stage,
when surgical resection, transplantation, and percutaneous
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ablation are no longer feasible [4, 5]. Therefore, new
effective treatments for improving survival will require
novel insights into the precise molecular mechanisms
underlying the basic mechanisms that support HCC growth.

HCC is a heterogenous disease driven by the serial
accumulation of mutations in tumor suppressor genes and
proto-oncogenes [6]. c-Myc (Myc) is one of the most
commonly activated oncogenes in HCC. Previous studies
have revealed that Myc overexpression is sufficient to
induce liver cancer in animal models, whereas Myc silen-
cing promotes rapid and complete tumor regression [7, 8].
In humans, Myc controls the expression of many genes
including those, which play important roles in proliferation,
survival, differentiation, ribosomal biogenesis, and cell
metabolism [9]. This suggests that Myc levels must be
maintained under tight control so as to minimize any
potentially deleterious impact.

F-box and WD repeat domain containing 7 (FBXW?7) is
an E3 ubiquitin ligase that targets Myc for proteasomal
degradation, when Myc is phosphorylated at the Thr58
(T58) residue and its phosphorylation at Ser62 (S62) must
be removed by PP2A prior to binding by FBXW?7 [10-12].
Human FBXW?7 gene encodes three transcripts (FBXW7q,
f, and vy) that only vary at the N-terminus [13]. These iso-
forms have different subcellular location restricting inter-
actions with specific partners and their functions. FBXW7a,
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B, and y locate in nucleoplasm, cytoplasm, and nucleolus,
respectively [14], and FBXW7a mRNA is expressed at
much higher levels than FBXW7f and FBXW7y in most
human tissues, which suggests that FBXW7a may play
more important roles in physiological process than other
isoforms [13]. In this study, we demonstrate a mechanistic
link between the mitogen-activated kinase kinase kinase 13
(MAP3K13), tripartite motif containing 25 (TRIM25),
FBXW7a, Myc and HCC development.

MAP3K13 is a member of the serine/threonine protein
kinase family that regulates NF-kB [15], INK [16, 17], and
mutant p53 [18] pathways, all of which play vital roles in
oncogenesis. TRIM25 is a member of the tripartite motif
(TRIM) family and is aberrently expressed in many cancers
such as lung cancer [19, 20], gastric cancer [21], ovarian
cancer [22], colorectal cancer [23], and breast cancer [24]. It
has been shown to interact with and degrade MTA-1 [25],
which promotes proliferation in HCC.

Our previous work discovered the link between expression
of MAP3K13 and Myc [26] and our laboratory has been
focused on the pathogenesis of HCC. Therefore, we further
strengthen the link between MAP3K13 expression and Myc
stabilization in HCC. Here, we show that MAP3K13 upre-
gulation correlates with HCC patient survival. Mechan-
istically, MAP3K13 phosphorylates and stabilizes TRIM25
by decreasing its polyubiquitination and proteasomal degra-
dation, while TRIM25 ubiquitinates and degrades FBXW7q,
a major E3 ubiqutin ligase of Myc, thereby stabilizing Myc so
as to promote HCC development. These results indicate that
MAP3K13 is a positive albeit indirect regulator of Myc. Our
study identifies MAP3K13-TRIM25-FBXW7a signaling axis
as a novel potential target of treatment in Myc over-
expressing human cancers.

Results
MAP3K13 enhances Myc protein stability

To assess whether MAP3K13 affects Myc expression,
MAP3K13 depletion was performed in HCC HepG2 and
FHCC9S8 cells using specific short hairpin RNAs (shRNAs)
(Fig. 1a). MAP3K13 depletion did not affect Myc mRNA
levels but decreased its protein abundance (Fig. la, b),
suggesting that MAP3K13 may positively regulate Myc
protein levels post-transcriptionally. Similarly, a pulse-
chase analysis performed following cycloheximide block of
de novo protein synthesis revealed that MAP3K13 deple-
tion significantly shortened the endogenous Myc protein
half-life in the above cells (Fig. lc, d), while ectopic
MAP3K13 expression had the opposite effect (Fig. Sla, b),
further supporting that MAP3K13 could enhance Myc
protein stability.

Next, we sought to explore whether MAP3K13 could
regulate the expression of Myc target genes. Our previous
work indicated that ectopic MAP3K 13 expression markedly
increased Myc target transcript levels [26]. Consistent with
this, gene-set enrichment analysis (GSEA) clearly demon-
strated that Myc target genes were upregulated in samples
expressing high levels of MAP3K13 in HCC databases
from GSE102083 and GSE25097 (Fig. le, Table S1).
Taken together, our results show that MAP3K13 play vita
roles in regulating Myc stability and transcription activities.

MAP3K13 stabilizes TRIM25

Since MAP3K13 functions as a protein kinase, we next
asked whether MAP3K13 could directly phosphorylate
Myc. Because a direct interaction between MAP3K13 and
Myc in vitro was not detected by GST pull-down assay
(data not shown), we speculated that MAP3K13’s regula-
tion of Myc turnover was indirect and likely involved one or
more intermediates. To this end, we expressed FLAG-
tagged MAP3K13 in HEK393T cells, immunoprecipitated
the epitope-tagged protein and analyzed the precipitate by
Mass Spectrometry (MS) (Fig. 2a). Although previous
studies had shown that several ubiquitin E3 ligases,
including FBXW7 [10-12], SKP2 [27, 28], and FBXL14
[29] regulated proteasome-mediated Myc degradation, none
of these was identified by our MS analysis. However, the
analysis did identify the E3 ubiquitin ligase TRIM25 as a
candidate MAP3K13 interactor (Fig. 2a). An interaction
between endogenous MAP3K13 and TRIM25 was further
validated in HEK293T cells (Fig. 2b).

To map the region(s) of MAP3K13 responsible for its
interaction with TRIM?2S, full-length TRIM25 and two
deletion mutants of MAP3K13 were co-expressed (Fig. 2c).
Subsequent co-immunoprecipitation assays revealed that
the N-terminal kinase domain of MAP3K13 was solely
responsible for the interaction with TRIM25 (Fig. 2c).
Similar experiments performed with TRIM25 mutants
showed that the RING domain was entirely responsible for
the interaction with MAP3K13 (Fig. 2d).

We then asked whether MAP3K13 affects the stability of
TRIM25. A time-course analysis following cycloheximide
block indicated that MAP3K13 depletion significantly shor-
tened the half-life of endogenous TRIM25 in HepG2 and
FHCC98 cells (Fig. 2e, f). Together, these results indicate that
MAP3K13 interacts with and stabilizes TRIM?25.

MAP3K13 phosphorylates TRIM25 at S12 and
decreases its polyubiquitination to promote HCC
growth

Based on the fact that MAP3K13 is a serine/threonine
protein kinase that interacts with and stabilizes TRIM25, we
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Fig. 1 MAP3K13 increases Myc stability and transcriptional activity
in HCC. a Protein levels of MAP3K13, TRIM25, FBXW7a and Myc
in MAP3K13 shRNA-transfected HepG2 and FHCCO98 cells were
detected by immuno-blot. f-actin levels were used as a loading con-
trol. b Real-time qRT-PCR analysis of Myc expression in the above
cells. Data were presented as the mean + SD, *p <0.05. ¢ MAP3K13
regulates Myc turnover. HepG2 and FHCCO9S cells were transfected
with MAP3K13 shRNA or control vectors followed by cycloheximide
(CHX) block and collected at the indicated times for immuno-blot.

tested the idea that it phosphorylates and stabilizes
TRIM2S. To test this, HA-tagged TRIM25 and FLAG-
tagged MAP3K13 were co-expressed in HEK293T. Lysates
were then precipitated with an anti-HA antibody and
resolved by SDS-PAGE. The blots were then probed with
anti-pan phospho-serine and phospho-threonine antibodies.
The results showed that MAP3K13 specifically increased
TRIM25 serine phosphorylation rather than threonine
phosphorylation (Fig. 3a), consistent with the idea that
MAP3K13 phosphorylates TRIM25 at one or more serine
residues.

Next, we aimed to determine where TRIM25 was
phosphorylated by MAP3K13. Because the TRIM25’s
RING domain was necessary for its interaction with
MAP3K13 (Fig. 2¢), we initially focused on this region.
Therefore, all potential TRIM25 phosphorylation sites were
mutated to alanine residues (S12/S14A, T25/26 A, S35/
T40/S46A) and co-expressed with FLAG-MAP3K13 in
HEK?293T cells. The results of these studies showed that
the double TRIM25 mutant S12/S14A failed to be stabi-
lized by FLAG-MAP3K13 (Fig. S2a). Consistent with this,
cycloheximide chase experiments indicated that S12/14 A
mutant shortened the half-life of TRIM25, compared with
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d The intensity of Myc expression for each time point in ¢ was
quantified by densitometry, with f-actin as a normalizer. Data were
presented as the mean=*SD, *p<0.05, **p<0.01, ***p<0.001.
e Gene-set enrichment analysis (GSEA) of MAP3K13 in HCC patients
from GSE102083 and GSE25097. Representative GSEA plots indi-
cated that predefined gene sets involved in the Myc pathway were
positively associated with high MAP3KI13 expression. ES
enrichment score

the wild-type (WT) TRIM25 (Fig. S2b, c). Therefore,
functionally relevant phosphorylation by MAP3K13 could
be occurring at S12, S14, or both sites of TRIM25, which
was consistent with the previous result that MAP3K13
phosphorylated TRIM25 only at serine residues (Fig. 3a).
To identify the precise phosphorylation site(s), the non-
phosphorylatable individual S12A and S14A mutants were
constructed and again co-expressed with MAP3K13. Our
results showed that MAP3K13 was unable to stabilize only
the TRIM25 S12A mutant protein (Fig. 3b), thus impli-
cating this as the functionally relevant site. To further
validate this, a pan phospho-serine antibody was used to
evaluate serine phosphorylation of TRIM25 and the S12A
mutant. As expected, MAP3K13 failed to increase the
phosphorylation level of the TRIM25 S12A mutant
(Fig. 3c) and this was confirmed by kinase assays in vitro
(Fig. 3d). Overall, TRIM25 S12A was expressed at a lower
level than WT and other mutant TRIM25 proteins (Fig.
S2d), thus supporting the notion that this residue plays a
critical role in maintaining protein stability as did the
finding that the TRIM25 S12 residue and its neighboring
amino acids are evolutionarily conserved among multiple
species (Fig. 3e).
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Fig. 2 MAP3K13 stabilizes TRIM25. a TRIM25 was identified as
MAP3KI13-interacting protein. Cellular extracts from HEK293T cells
expressing Flag-MAP3K13 and control vector were immunopurified
with anti-FLAG affinity columns. The eluates were resolved by SDS-
PAGE and Coomassie blue staining. The protein bands were retrieved
and analyzed by mass spectrometry. b Endogenous interaction
between MAP3K 13 and TRIM25. ¢, d Schematic diagram showed the
structure of MAP3K13 (left) and TRIM25 (right) and truncation
mutants used. Flag-tagged MAP3K13 WT or truncation mutants were
co-expressed with HA-TRIM25 in HEK293T. Extracts were

To further test the role of the TRIM25 S12 residue, the
phosphomimetic aspartic acid mutant S12D was con-
structed. Cycloheximide chase experiments were then per-
formed to estimate the half-lives of WT TRIM25 and its
mutants (S12A and S12D). As expected the TRIM25 S12A
mutant had a shortened half-life, whereas the S12D mutant
had a significantly extended half-life (Fig. 3f, g). Collec-
tively, these studies showed that MAP3K13-mediated
phosphorylation of the TRIM25 S12 site is a critical
determinant of the latter protein’s stability.

Because of the location of the critical S12 residue within
the TRIM25 RING finger domain, we hypothesized that
phosphorylation of this amino acid might alter ubiqutination

immunoprecipitated with Flag antibody and examined by Western
blotting. HA-tagged TRIM25 WT or truncation mutants were co-
expressed with Flag-tagged MAP3K13 in HEK293T (c). Co-IP with
HA antibody and examined by indicated antibodies (d). e MAP3K13
regulates TRIM25 protein turnover. HCC HepG2 and FHCC98 cells
transfected with the indicated plasmids were treated with CHX and
collected at the indicated times for immuno-blot. $-actin was used as a
loading control. f The intensity of TRIM25 expression for each time
point in e was quantified by densitometry, with f-actin as a normalizer.
Data were presented as the mean + SD, *p <0.05; **p <0.01

and proteasomal degradation. Indeed, an in vivo ubiquiti-
nation assay suggested that the TRIM25 S12A mutant was
more highly polyubiqutinated compared to WT TRIM25
and its mutant S12D (Fig. S2e). TRIM25 has been reported
to auto-ubiquitylate itself [30]. We reasoned that phos-
phorylation by MAP3K13 might change the E3 ubiquitin
ligase activity of TRIM25 toward itself, leading to
decreased self-polyubiquitination. To elucidate our notion,
we constructed an E3 ligase-defective TRIM25 mutant by
mutating cysteines 50 and 53 to serine (TRIM25 dead),
which loses E3 ubiquitin ligase activity [31]. In vivo ubi-
quitination  assays showed that overexpression of
MAP3K13 could markedly decrease WT TRIM25
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Fig. 3 MAP3K13 phosphorylates TRIM25 at Ser;;. a MAP3K13
phosphorylates TRIM25 at serine residue(s). Immunoprecipitation of
HA-TRIM25 with anti-HA-agarose beads was following immuno-blot
with the indicated antibodies. The p-Ser and p-Thr denote pan
phospho-serine and pan phospho-threonine antibodies, respectively.
b MAP3KI3 doesn’t stabilize TRIM25 SI12A mutant protein.
HEK293T cells were transfected with the indicated plasmids and 48 h
later, cells were harvested for immuno-blots. ¢, d MAP3K13 phos-
phorylates TRIM25 at Ser; in vivo and in vitro. Immuno-precipitation
of Flag-TRIM25 with anti-FLAG-agarose from extracts of
HEK293T cells transfected with the indicated plasmids and subsequent
immuno-blots with the indicated antibodies (c¢). In vitro kinase reaction
was performed by incubating recombinant GST-MAP3K13, and GST-
TRIM25 WT or GST-TRIM25 S12A protein and subsequent immuno-
blots with indicated antibodies (d). e Amino acid sequences of
TRIM25 from the indicated species are highly conserved around the

polyubiquitination but not TRIM25 dead mutant (Fig. 3h).
Also the TRIM25 S12D mutant exhibited an attenuated
ability to form dimerization (Fig. 3i). MAP3K13 depletion
markedly restrained the proliferation of HCC HepG2 and
FHCC98 cells and this could be rescued by ectopic
expression of WT TRIM2S and its S12D mutant but not by
the S12A mutant (Fig. S2f, g). To investigate the effect of
S12 phosphorylation of TRIM25 in vivo, MAP3K13, and
TRIM25 knockout (KO) FHCC98 cells and a series of
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Sery, phosphorylation site. f TRIM25 S12D mutant had a significantly
extended half-life. HEK293T cells were transfected with the indicated
plasmids, treated with CHX and harvested at the indicated time points
for immuno-blot. g The intensity of TRIM25 expression for each time
point in f was quantified by densitometry, with $-actin as a normalizer.
Data were presented as the mean+SD, *p<0.05, **p<0.0l.
h MAP3K13 decreases polyubiquitination of WT TRIM25, but not
that of TRIM25 dead mutant. HEK293T cells were transfected with
the indicated plasmids, treated with MG132 for 6 h and then lysed in
RIPA buffer. Immuno-precipitation of ubiquitin-conjugated TRIM25
proteins with anti-FLAG affinity agarose and subjected to immuno-
blot assay with Myc tag antibody. j, k Subcutaneous xenograft
experiments were performed in FHCC98 MAP3K13 KO cells (j) or
FHCC98 TRIM25 KO cells (k) stably expressing the indicated
plasmids (n = 3). Data were presented as the mean + SD, *p <0.05,
*#p <0.01, ***p <0.001

stable cell lines were constructed and subcutaneously
injected into the flanks of nude mice. MAP3K13 and
TRIM25 KO decreased growth of xenografts derived from
FHCC98 cells, which were substantially rescued by the
expression of TRIM25 WT and its S12D mutant, but not its
S12A mutant (Fig. 3j, k, Fig. S2h-k). Collectively, these
results reveal that MAP3K 13 phosphorylates and stabilizes
TRIM2S through decreasing its polyubiquitination to pro-
mote tumor grown in vivo.
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TRIM25 increases Myc protein stability

Since TRIM?25 is one of MAP3K13’s downstream target
proteins, we investigated whether TRIM25 could also
regulate Myc stability. TRIM25 depletion by shRNAs in
HepG2 and FHCCO98 cells caused a significant decline
in Myc protein abundance (Fig. 4a), without affecting
mRNA levels (Fig. 4b). These results suggested that
TRIM25 regulates Myc expression by a post-translational
mechanism.

TRIM25 enhanced Myc protein stability by decreasing
its polyubiquitination (Fig. 4c). Time-course analysis also
showed that TRIM25 overexpression extended the half-
life of endogenous Myc in HEK293T cells (Fig. 4d, e). To
better test Myc protein stability, the Myc open reading
frame (ORF) was fused to the C-terminus of firefly luci-
ferase to produce the fusion protein (Luc-Myc), which
was used as a reporter of protein stability in the presence
of WT TRIM2S5 or its mutants. WT TRIM25 and its partial
mutants (T25/26 A, S35/T40/46 A, S14A) also sig-
nificantly increased Luc-Myc activity (Fig. 4f). Of note,
TRIM25 S12D was associated with the highest Luc-Myc
activity, whereas TRIM25 S12A was associated with the
lowest activity (Fig. 4f). An in vivo ubiquitination assay
indicated that TRIM25 S12D and S12A, respectively,
decreased and increased endogenous Myc ubiquitylation
levels relative to the WT TRIM25 protein (Fig. 4g).
GSEA clearly showed that TRIM25 also reglulated Myc
targets in HCC databases from GSE102083 and
GSE25097 (Fig. 4h, Table S2). These results indicate that
MAP3K13-dependent TRIM25 S12 phosphorylation
enhances Myc protein stabilization.

TRIM25 abrogates FBXW7a-mediated Myc
degradation to promote HCC cell proliferation

E3 ubiquitin ligases target numerous proteins for ubiquitin-
mediated degradation [32, 33]. Therefore, we speculated
that the E3 ubiquitin ligase TRIM25 might degrade a
negative regulator of Myc. Several expression vectors for
Myc E3 ubiquitin ligases (FBXW7a, SKP2, and FBXL14)
and its negative regulator GSK3p were thus tested in a
series of dual-luciferase report system assays in
HEK?293T cells. Consistent with previous studies, all three
E3 ubiquitin ligases and GSK3p significantly decreased
Luc-Myc activity (Fig. 5a). Of note was that, compared with
other combinations, only that of TRIM25 and FBXW7«a
restored the original levels of Luc-Myc activity (Fig. 5a),
thus supporting the idea that TRIM25 acts specifically on
FBXW7a. In line with this, FBXW7a caused a dramatic
decline in Myc protein levels, which was rescued by the
co-expression of TRIM25 and FBXW7a (Fig. 5b). More-
over FBXW7a markedly enhanced endogenous Myc

ubiquitination, whereas the co-expression of TRIM25 with
FBXW7a significantly suppressed this (Fig. 5c¢).

TRIM25 depletion also markedly inhibited the pro-
liferation of both HepG2 and FHCC98 cells whereas
FBXW7a depletion had the opposite effect (Fig. 5d, e).
Most notably, compared with control counterpart, co-
depletion of TRIM25 and FBXW7a restored a nearly nor-
mal growth rate (Fig. 5d, e), thus further validating the idea
that TRIM25 promotes Myc stabilization via antagonizing
FBXW7a-mediated degradation to promote HCC cell
proliferation.

TRM25 interacts with and ubiquitinates FBXW7a at
K412

TRIM25 abrogated FBXW7a’s de-stabilization of Myc,
urging us to speculate that TRIM25 might degrade
FBXW7a, but not other Myc E3 ligases (FBXL14, SKP2)
or GSK3p. To test this, FBXW7a, FBXL14, SKP2, and
GSK3p were each fused to the C-terminus of firefly luci-
ferase and the resultant fusion proteins were used as
reporters of the indicated protein’s stability in the presence
of TRIM25. The data showed that ectopic TRIM25
expression decreased the luciferase activity only of Luc-
FBXW7a (Fig. S3a). TRIM25 expression also significantly
reduced the protein levels of FLAG-tagged FBXW7a in a
dose-independent manner and TRIM25-mediated FBXW7a
downregulation was rescued by MG132, a 26 S proteasome
inhibitor (Fig. S3b). TRIM25 depletion by shRNAs in
HepG2 and FHCC98 cells significantly increased the pro-
tein levels of FBXW7a, but not that of FBXW7p or
FBXW7y (Fig. S3c). Because TRIM25 could modulate
FBXW7a stability, we examined their direct interaction in
HEK293T cells and demonstrated this by co-
immunoprecipitation (Co-IP) (Fig. 6a). We then mapped
the region of FBXW7a responsible for the TRIM25 using
three deletion mutants (Fig. 6b). Co-IP assays revealed that
the C-terminal WD40 domain of FBXW7a was responsible
for the interaction with TRIM25 (Fig. 6b). Conversely, the
C-terminal SPRY domain of TRIM25 was necessary for the
FBXW7a interaction (Fig. 6¢). As expected, TRIM25
depletion significantly extended the half-life of FBXW7ax in
HepG2 and FHCCO98 cells in response to a cycloheximide
block (Fig. 6d, e) and ectopic TRIM25 expression markedly
reduced the half-life of FBXW7a in HEK293T cells (Fig.
S3d-g).

Next, we asked whether TRIM25 could ubiquitinate and
affect the stability of FBXW7a. The ectopic expression of
TRIM25 significantly increased FBXW7a ubiquitination
levels in a dose-independent manner (Fig. S3h). As FBXW7
is also known to auto-ubiquitylate [34, 35], it could be
possible that interaction with TRIM25 promotes the auto-
ubiquitylation of FBXW7a, not ubiquitylating it directly.
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Fig. 4 TRIM?2S5 stabilizes Myc. a Relative expression of TRIM25 and
Myc in TRIM25 shRNA-transfected HCC cells HepG2 and FHCC98.
b Real-time qRT-PCR analysis of Myc transcript expression in the
above cells. Data were presented as the mean+SD, *p<0.05.
¢ TRIM25 decreases Myc ubiquitination. HEK293T cells were trans-
fected with the indicated plasmids and then treated with MG132 for
6 h and then lysed in RIPA buffer followed by immunoprecipitation
and immuno-blotting as described in Fig. 3h. d Ectopic expression of
TRIM25 increases Myc protein levels. HEK293T cells were trans-
fected with HA-TRIM25 or control vectors, treated with CHX and
collected at the indicated times for immuno-blot. e The intensity of
Myc expression for each time point in d was quantified by

To eliminate the possiblity, we constructed an E3 ligase-
defective FBXW7a mutant by mutating arginine 465 to
histidine (FBXW7a dead), based on its high frequency in
human cancers as well as its loss-of-function in substrate
binding activity [36]. An in vivo ubiquitination assay sug-
gested that TRIM25 could markedly increase WT FBXW7a
and FBXW7a dead mutant polyubiquitination but TRIM25
dead mutant failed to do that (Fig. 6f). Next, to determine
the type of TRIM25-mediated ubiquitination of FBXW7a,
vectors expressing several Myc-tagged ubiquitin mutants
(K60, K110, K270, K290, K330, K480, and K630),
which contained substitutions of arginine for all lysine
resides except the lysine at this position, respectively, were
used. The data showed that ubiquitination of FBXW7a was
found only in the presence of WT and K480 Ubiquitin,
suggesting that TRIM25 mediated K48-linked ubiquitina-
tion of FBXW7a, but not other position-linked ubiquitina-
tion of FBXW7a (Fig. 6g).
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densitometry, with p-actin as a normalizer. Data were presented as the
mean = SD, *p<0.05, **p<0.01. f TRIM25 S12D mutant sig-
nificantly increases Luc-Myc activity. The Luc-Myc reporter plasmid
was transfected with WT TRIM25 or its mutants expression vectors
into HEK293T cells. 24 h later, dual-luciferase assays were performed.
Data were presented as the mean+SD, **p<0.01, ***p<0.001.
g TRIM25 S12D mutant significantly decreases polyubiquitination of
endogeous Myc. h GSEA of TRIM25 in HCC patients from
GSE102083 and GSE25097. Representative GSEA plots indicated that
predefined gene sets involved in the Myc pathway were positively
associated with high TRIM25 expression. ES enrichment score

Further, we sought to explore the FBXW7a sites ubi-
quitinated by TRIM25. Interestingly, ectopic TRIM25
expression significantly decreased the protein levels of two
FBXW7a’s depletion mutants (AF-box and WD40) in a
dose-independent manner, whereas it failed to decrease the
protein levels of AWD40 mutant (Fig. S4), implying that
TRIM?25 ubiquitinated FBXW7a within its WD40 domain.
As expected, TRIM25 dead mutant could not decrease the
protein levels of all mutants, suggesting that TRIM25’s E3
ligase activity was needed to degrade FBXW7a (Fig. S4).
One candidate site, the evolutionarily conserved K412
residue, was found in the Phospho-Site Plus database
(https://www.phosphosite.org) (Fig. 6h). Ectopic TRIM25
expression markedly enhanced the levels of ubiquitinated
WT FBXW7a, while failed to increase ubiquitination levels
of mutant K412R (Fig. 6i). As expected, cycloheximide
chase experiments show FBXW7a K412R mutant had a
much significantly extended half-life than WT FBXW7«
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Fig. 5 TRIM25 increases Myc stability via FBXW7a. a TRIM25
blocks FBXW7a’s ability to stablize Myc. HEK293T cells were
transfected with the indicated plasmids followed by the performance of
dual-luciferase assays (left). The immuno-blot showed indicated
protein levels of above cells (right). Data were presented as the
mean + SD, *p<0.05, **p <0.01, ***p<0.001. b HEK293T cells
were transfected with the indicated plasmids and treated with MG132

(Fig. S5). These results revealed that TRIM25 ubiquitinates
FBXW7a at K412.

Dysregulation of the MAP3K13-TRIM25-FBXW7a-
Myc axis in HCC

MAP3K13, TRIM25 and Myc were significantly upregu-
lated in a panel of human HCC specimens, whereas
FBXW7 was downregulated, compared with adjacent non-
tumor tissue (Fig. 7a). Similar findings were obtained in
unpaired and paired HCC samples from the GEO databases
(GSE102083, GSE25097, and GSE45436) (Fig. 7b, c) and
unpaired GBM and PRAD samples from the TCGA data-
base (Fig. S6). Further, upregulation of MAP3KI13

for 6 hr before being collected for immuno-blot. ¢ TRIM25 stablizes
endogenous Myc by decreasing FBXW7a-mediated ubiquitination.
d MTT assays were performed in HepG2 and FHCC98 cells stably
expressing the indicated plasmids. Data were presented as the mean +
SD, *p<0.05, **p<0.01, ***p <0.001. e The immuno-blot showed
protein levels of cells from d

transcript was also validated in HCC samples from the
TCGA (Fig. 7d). As shown in Fig. 7e, the MAP3K13 gene
was found to be significantly amplified in HCCs.
MAP3K13 mRNA levels in HCCs also generally correlated
with the degree of its gene amplification and gain (Log2
SNP >0), which suggests that dysregulated MAP3K13
expression is the result of gene amplification and gain
(Fig. 7f). Also MAP3K13 upregulation strongly correlated
with poor HCC patient Overall Survival (OS) in TCGA
(Fig. 7g). Similarly, TRIM25 was highly expression in
HCCs and this upregulation strongly correlated with poor
OS in TCGA (Fig. 7h, i). Taken together, these data suggest
that inhibition of the MAP3K13-TRIM25 signaling could
be of potential therapeutic benefit.
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Fig. 6 TRIM25 ubiquitinates FBXW7a at K412. a Endogenous
interaction between TRIM25 and FBXW7a. b, ¢ TRIM25 binds to
FBXW7a via the WD40 and SPRY domains. Left: Schematic diagram
of full-length FBXW7a and its truncation mutants. Right:
HEK293T cells co-transfected with HA-TRIM25 and FLAG-
FBXW7a or its truncation mutants were immunoprecipitated with
anti-FLAG-agarose and subsequently immuno-blotted with FLAG and
HA antibodies (b). HEK293T cells co-transfected FLAG-FBXW7a
and HA-TRIM2S or its truncation mutants were immunoprecipitated
with anti-HA agarose and subsequently immuno-blotted with FLAG
and HA antibodies (c¢). d Inhibition of TRIM25 increases FBXW7u
stability. HepG2 and FHCC98 cells transfected with TRIM25 shRNA
were treated with CHX and collected at the indicated times for

Discussion

HCC accounts for ~70-90% of all primary liver cancers and
is among the most common visceral neoplasms [37]. Recently
the incidence of HCC has been increasing, whereas survival
rates have remained very low [1]. Myc is often activated and
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immuno-blot. e The intensity of FBXW7a expression for each time
point in d was quantified by densitometry, with p-actin used as a
normalizer. Data were presented as the mean + SD, *p <0.05, **p <
0.01, ***p<0.001. £ TRIM2S increases polyubiquitination of WT
FBXW7a and FBXW7a dead mutant. g TRIM25 promotes K48-
linked polyubiquitination of FBXW7a. HEK293T cells were co-
transfected with FLAG-FBXW7a, HA-TRIM25 and Myc-Ub or its
mutants as indicated and treated with MG132 followed by immuno-
precipitation and immuno-blotting as described in Fig. 3h. h Con-
servation of amino acid sequences around ubiquitination sites of
FBXW7a are highly conserved among several species. i TRIM25
ubiquitinates FBXW7a at K412

overexpression in HCCs thus making it an attractive and
obvious therapeutic target. However, direct inhibition of Myc
has been challenging [38]. An alternative approach is to
inhibit Myc indirectly by focusing on its more tractable
upstream regulators. These include the PLK1 and PIMI1
kinases as well as the signalosome subunit CSN6, which are
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Fig. 7 Deregulation of the MAP3K13-TRIM25-FBXW7a axis in
human HCCs. a Protein levels of MAP3K 13, TRIM25, FBXW7a and
Myc were detected in HCCs and their adjacent normal tissues by
immuno-blot. b, ¢ MAP3K13 and TRIM25 are upregulated, while
FBXW7a are downregulated in HCCs. Relative MAP3K 13, TRIM25,
and FBXW7a mRNA levels in normal liver and HCCs from
GSE102083, GSE25097, and GSE45436 (b). MAP3K13, TRIM2S,
and FBXW7a mRNA levels were analyzed in paired HCC tissues
from GSE102083 (c¢). d MAP3K13 mRNA levels in normal liver and

potentially druggable targets in several Myc-driven cancers
[39-41]. In this study, we have shown the MAP3K13-
TRIM25 to be a particularly amenable therapeutic target in
HCCs with Myc and perhaps even without Myc.

Although our previous study had determined that
MAP3K13 increases the stability of Myc, the mechanism
underlying this remained unclear [26]. Here, using a com-
bination of Co-IP and mass spectrometry, we have found
that MAP3K13 directly interacts with TRIM25. TRIM25
has been previously shown to play a crucial regulatory role
by mediating K63-linked RIG-I polyubiquitination to
induce antiviral responses [42]. c-Src phosphorylates
TRIM25 at Tyry;g, which is required for the complete
activation of RIG-I signaling [43]. We demonstrate here that
MAP3K13 phosphorylates TRIM25 at Ser;, and stabilizes
it by reducing its auto-polyubiquitination.

TRIM25 belongs to the TRIM E3 ligase family. Like
many other members of this family, TRIM25 targets many

n=50

n=364 Months

HCCs from TCGA. e MAP3K13 gene copy number in normal liver
and tumor tissues from TCGA. f Correlation of MAP3K13 mRNA
level with its DNA copy number in HCC tissues from TCGA dataset.
Each point is an individual sample. r, Spearman correlation coefficient.
g Kaplan—Meier Overall Survival curves of human HCC patients with
low versus high MAP3K13 expression, based on TCGA data.
h TRIM25 mRNA levels in normal liver and HCCs from TCGA.
i Kaplan—Meier Overall Survival curves of human HCC patients with
low versus high MAP3K13 expression, based on TCGA data

proteins for ubiquitin-mediated degradation, which plays
vital roles in the control of cancer cell behavior [21, 23]. In
line with its function as an E3 ligase, we have shown that
TRIM25 interacts with and regulates FBXW7a Lyssg-
linked polyubiquitination, thereby stabilization of Myc and
likely promoting HCC development. TRIM2S5 is highly
expressed in HCC, correlates with Myc expression and is
associated with poor outcomes. In addition, a Myc ubiqui-
tination assay demonstrated that TRIM25 Ser;, phosphor-
ylation is essential for the oncogenic effect of MAP3K13.
Thus, the MAP3K13-TRIM25-FBXW7a-Myc signaling
axis is critical for promoting HCC development.

Although no other major E3 ubiquitin ligases of Myc
were identified in MAP3K13 co-immunoprecipitation pro-
teins, whether MAP3K13 regulates other such E3 ubiquitin
ligase(s) of Myc remains unclear. In summary, our work
indicates that MAP3K13 promotes proliferation in HCC, by
functioning as a novel post-translational regulator of Myc.
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Our findings provide further understanding of HCC devel-
opment and raise the possibility that inhibiting the
MAP3K13-TRIM25 axis could be an effective treatment
modality for HCC and other tumor types in which Myc is
similarly regulated.

Materials and methods
Cell culture and transfection

Human HepG2, FHCC98, and HEK293T cells were
obtained from the China Center for Type Culture Collection
(Wuhan, China) and were cultured as previously described
[26]. For transfection, HepG2, FHCC98, and
HEK?293T cells were transfected using Lipofectamine 2000
(Invitrogen, Carlsbad, CA), according to the manufacturer’s
instructions.

Plasmids and reagents

Proteasome inhibitor MG132 (M8699) and cycloheximide
(R750107) were purchased from Sigma—Aldrich. Anti-HA
and anti-FLAG affinity agarose beads were purchased from
Selleck (Houston, USA). All antibodies used in this study
are provided in Table S3. The human MAP3K13, TRIM?25,
FBXW7a, and Myc coding sequences were amplified from
HEK293T c¢DNA and cloned into pPCMV-HA and pHAGE-
CMV-MCS-PGK vectors. The Luc-Myc vector was gen-
erated by cloning the human Myc coding sequences to the
luciferase gene tail of pcDNA3.1(+)—5’flag Luc. Mutations
in the Myc, TRIM25, FBXW7«a, and Ubiquitin cDNAs
were generated by overlap extension PCR. Deletion mutants
from MAP3K13 and FBXW7a were cloned into pHAGE-
CMV-MCS-PGK vectors, and the TRIM25 deletion
mutants were inserted into pPCMV-HA vectors. For recom-
binant proteins, WT TRIM25, TRIM25 S12A mutant, and
MAP3K13 were cloned into the pGEX-4T-AB1 vector.
Human MAP3K13 shRNAs were obtained from GENE-
CHEM (Shanghai, China). Human TRIM25 and FBXW7x
shRNAs were designed and synthesized by GENEWIZ
(Souzhou, China), subsequently annealed and inserted into
the pLKO.l-puro vector. Human MAP3K13 and
TRIM25 sgRNAs were designed by an online tool and
cloned into the Lenti-CRISPER v2 vector. All primers for
construction are available in Table S4.

Human HCC specimens
Human HCC samples were used as previously described
[44]. Written-informed consent was obtained from patients

at Union Hospital in Wuhan, China. The diagnosis of HCCs
was verified by histological review.
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Subcutaneous xenograft

All animal studies were approved by the Animal Care Com-
mittee of Wuhan University. Four-week-old female BALB/c
nude mice were purchased from Beijing Vital River Labora-
tory Animal Technology (Beijing, China) and maintained in
microisolator cages. For xenograft experiments, 5x 10° cells
were suspended in 100 uL PBS and injected subcutaneously
in the flanks of animals (n = 3 per group). Tumor growth was
monitored every three days for a total period of 30 days.
Tumor volumes were calculated by the equation V (mm?®) =
axbxc/2, where a is the length, b is the width, and c is the
height. Tumors were harvested for protein assays [26].

In vitro phosphorylation assay

Recombinant proteins of GST-TRIM25 or GST-TRIM?25
S12A and GST-MAP3K13 were prepared and purified from
Rossita. In a typical phosphorylation reaction, 1 ug GST-
TRIM2S5 or GST-TRIM25 S12A protein was incubated with
GST-MAP3K13 in a 50 pl kinase reaction buffer (50 mM
Tris-HCI (pH 7.5), 5 mM MgCl12, 30 uM ATP) at 37 °C for
0.5h. Reactions were stopped by the addition of SDS
sample buffer, and samples were then heated for 5 min at
95 °C. Phosphorylation of TRIM25 was analysed by
immuno-blot with TRIM25 and p-Ser antibodies.

Luciferase reporter assays

The Myc, FBXW7a, FBXL14, SKP2, and GSK3p cDNA
fragments were amplified by PCR and cloned into the
luciferase gene tail of pcDNA3.1(+)—5flag Luc. Lucifer-
ase assays were performed as previously described [44].

Lentivirus infection

All lentiviral vectors were packaged using the manu-
facturer’s procedures. Cells were infected with lentiviruses
in the presence of polybrene. After infection, cells were
selected 1 pg/ml puromycin for 2 weeks to obtain stable
clones. The levels of protein expression in stable clones
were validated by western blot.

MTT assay

For MTT assays, cells were seeded into 96-well plates (10°
cells/well) and cultured in DMEM supplemented with 10%
FBS. The next day, fresh medium containing MTT was
added and cells were incubated for Sh at 37 °C. At the
indicated time, this was replaced with 200 ul solution of
DMSO. MTT uptake was assessed in triplicate wells for
each point by measuring the light absorbance at 570 nm
using the ELX800 absorbance microplate reader.
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Mass spectrometry analysis

HEK293T cells previously transfected with the Flag-
MAP3K13 plasmid were lysed and immunoprecipitated
with anti-Flag antibody conjugated to agarose. After SDS-
PAGE and Coomassie Blue staining of the immuno-pre-
cipitate, bands of interest were excised, subjected to in-gel
trypsin digestion and dried. The composition of protein was
analyzed by mass spectrometry according to the protocols
described previously [45].

Protein half-life assay

After achieving ~70% confluence, cells in 12-well plates were
transfected with the indicated plasmids using Lipofectamine
2000. 36 h later, the cells were treated with cycloheximide
(CHX, 50 pg/ml) for the indicated times before collection.

Co-IP and immuno-blot analysis

For Co-IP assays, HEK293T cells transfected with the indi-
cated plasmids were lysed in 1mL lysis buffer (50 mM
Tris-HCl, pH 7.4, 150mM NaCl, 1 mM EDTA, 5mM
EGTA, 1% Triton, 10 mg/ml aprotinin, 10 mg/ml leupeptin,
and 1 mM phenylmethylsulfonyl fluoride). For immunopre-
cipitation, the gels were washed with 0.8 ml lysis buffer two
times, then 0.9 ml of cell lysate was added into the indicated
gels and incubated overnight at 4 °C. The next day, the gels
were centrifuged at 3000 rpm for 3 min, and the supernatant
was discarded. Subsequently the beads were washed with
0.8 ml lysis buffer three times and mixed with in 2 x SDS
sample buffer. Lysate samples were boiled for 10 min and
were analyzed by immuno-blot with the indicated antibodies.

In vivo ubiquitination assay

Thirty-six hour after transfection, cells were treated with
20 uM MG132 for 6 h. They were then lysed in RIPA lysis
buffer (50 mM Tris—HCI, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 5mM EGTA, 1% Nonidet P-40, 0.1% sodium
deoxycholate, 10 pg/mL aprotinin, 10 pg/mL leupeptin, and
I mM phenylmethylsulfonyl fluoride) and denatured by
heating at 95 °C for 5 min. Immuno-precipitation analysis
was performed as described above. The samples were
boiled for 10 min in SDS-PAGE sample buffer and ana-
lyzed by immuno-blot with the indicated antibodies.

RT-qPCR

Total RNA was isolated from cells using Trizol Reagent
(Invitrogen) followed by treatment with DNase I (Thermo
Scientific) and quantified using a NanoDrop 2000 spectro-
photometer (NanoDrop Technologies). Subsequent reverse

transcription was performed using a cDNA Synthesis Kit
(Promega), according to the manufacturer’s instructions.
gPCR was then performed with SYBR Green Supermix
(Bio-Rad, Hercules, CA) using standard procedures. All
primer sequences used are listed in Table S4. pB-actin was
used as an internal control.

Bioinformatic analysis and gene-set enrichment
analysis (GSEA)

HCC datasets were downloaded from The Cancer Genome
Atlas (TCGA) data portal (http://www.tcga-data.nci.nih.
gov). MAP3K13, TRIM25, and FBXW7a mRNA levels
were analyzed from TCGA and NCBI GEO databases
(https://www.ncbi.nlm.nih.gov). For TCGA data, 10 of 374
HCC patients were excluded because of the absence of
follow-up data. Finally, 364 HCC patients subjected to
mRNA expression in our analysis. Kaplan—-Meier curves
were generated from GEPIA website (http://gepia.cancer-
pku.cn/index.html). Gene-set enrichment analysis (GSEA)
[46] was used to obtain gene lists based on Myc targets
showed significant association with MAP3K13 or TRIM25
expression in HCC cases. The probes (226556_at and
100125859_TGI_at) of MAP3K13 were used in
GSE102083 and GSE25097, respectively, and the probes
(224806_at and 100133918_TGI_at) of TRIM25 were used
in GSE102083 and GSE25097, respectively.

Statistical analysis

For data analysis, the GraphPad Software (Version 5.01,
San Diego, CA, USA) and Microsoft Excel (Excel in
Microsoft Office 2013 for Windows, Microsoft Corpora-
tion, Redmond, WA, USA) were used. Statistical
significance (p <0.05) was performed using the two-tailed
Student’s #-test. Data are presented as the mean +SD or
S.E.M.
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