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Abstract
Aberrant Src kinase activity is known to be involved in a variety of human malignancies, whereas the regulatory mechanism
of Src has not been completely clarified. Here, we demonstrated that tripartite motif containing 7 (TRIM7) directly interacted
with Src, induced Lys48-linked polyubiquitination of Src and reduced the abundance of Src protein in hepatocellular
carcinoma (HCC) cells. We further identified TRIM7 as a tumor suppressor in HCC cells through its negative modulation of
the Src-mTORC1-S6K1 axis in vivo and in vitro in several HCC models. Moreover, we verified the dysregulated expression
of TRIM7 in clinical liver cancer tissues and its negative correlation with Src protein in clinical HCC specimens. Overall, we
demonstrated that TRIM7 suppressed HCC progression through its direct negative regulation of Src and modulation of the
Src-mTORC1-S6K1 axis; thus, we provided a novel insight into the development of HCC and defined a promising
therapeutic strategy for cancers with overactive Src by modulating TRIM7.

Introduction

The proto-oncogene tyrosine kinase Src is the prototype of
the membrane-bound, nonreceptor tyrosine kinase family

that includes Fyn, Yes, Lyn, Hck, Yrk, Lck, and Blk [1–3].
The Src protein is composed of several functional domains
including a membrane-targeting myristoylated or palmi-
toylated SH4 domain, an SH3 domain, an SH2 domain, a
protein tyrosine kinase domain (SH1) and a regulatory tail
in the C-terminus [4]. Intermolecular autophosphorylation
of Tyr419, which is located in the activation loop of the
kinase domain, significantly promotes Src kinase activity
[5]. Src kinase functionally interacts and cooperates with
several receptor and nonreceptor protein tyrosine kinases to
provide a diversity of signals for the regulation of cellular
functions [6].

In the past decade, remarkable progress has been
achieved in understanding the diverse functions of Src. As a
nonreceptor protein tyrosine kinase, Src plays a broad role
in cellular biological processes including proliferation, dif-
ferentiation, survival, and metabolism. Activation of Src
kinase promotes multiple downstream transduction cas-
cades including phosphatidylinositol 3-kinase (PI3K) and
protein kinase B (PKB), mitogen-activated protein kinase,
and signal transducer and activator of transcription 3, which
are vital regulators of survival, proliferation, and gene
expression [4].

There is a large body of evidence showing that aberrant
expression and activation of Src is involved in a variety of
human malignancies and that Src dramatically facilitates
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cancer cell division, proliferation, and invasion [7, 8]. It has
been reported that cytoplasmic Src family kinase activity is
associated with more aggressive disease and shorter patient
survival in several types of cancers [9–11]. The oncogenic
role of Src in cancers has been well recognized whereas the
regulatory mode of Src in human malignancies is far from
being clarified.

In this study, we identified tripartite motif containing
(TRIM) 7 as a novel negative regulator of Src protein.
TRIM7 is a new member of TRIM family proteins, and it
was first identified as glycogenin-interacting protein in
consideration of its role in binding and activating glycogen
proteins [12–14]. TRIM7 possesses an N-terminal RING
(really interesting new gene) domain, a B-box domain
(zinc-finger motif), a coiled-coil domain, and a C-terminal
B30.2/SPRY domain, which indicates its role as a RING-
type E3 ubiquitin ligase to directly bind with target proteins
for ubiquitination [15].

Here we showed for the first time that TRIM7 directly
interacted with Src and acted as a negative regulator of Src
protein in hepatocellular carcinoma (HCC) cells. We
demonstrated that TRIM7 suppressed oncogenesis and
progression of HCC by modulating the Src-mTORC1-S6K1
axis. Moreover, experiments including in vivo xenograft
tumor models and clinical liver cancer specimens further

validated the tumor suppressor role of TRIM7 via its
negative regulation of Src. Altogether, this study demon-
strated a novel regulatory effect of TRIM7 on Src and
provided a therapeutic strategy to manipulate Src-overactive
cancers by regulating TRIM7.

Results

TRIM7 directly bound to the Src protein

To investigate whether TRIM7 has a potential regulatory
effect on Src, we first performed endogenous and exogen-
ous co-immunoprecipitation (co-IP) assays to determine
whether TRIM7 could interact with Src. Our data showed
that TRIM7 interacted with both exogenous and endogen-
ous Src protein (Fig. 1a, b). Moreover, endogenous TRIM7
could bind to endogenous Src (Fig. 1c, d), which indicated
their interaction in natural conditions. Then, we obtained
TRIM7 and Src proteins by an in vitro transcription and
translation system and further demonstrated that TRIM7
could directly interact with Src protein in vitro (Fig. 1e).

To investigate the molecular basis of the interaction
between TRIM7 and Src, we generated a series of domain-
deleted mutants of both TRIM7 and Src, and tried to define

Fig. 1 TRIM7 directly bound to Src protein. a Co-IP analysis of the
binding between exogenous TRIM7 and exogenous Src in HEK293T
and Huh7 cells co-transfected with Flag-TRIM7 plasmid and HA-Src
plasmid. b Co-IP analysis of the binding between exogenous TRIM7
and endogenous Src in HEK293T and Huh7 cells transfected with
Flag-TRIM7 plasmid or mock control plasmid. c Co-IP analysis of the
binding between endogenous TRIM7 and endogenous Src in Huh7
cells. d Co-IP analysis of the binding between endogenous TRIM7 and
endogenous Src in Huh7 cells. e Co-IP analysis of the direct binding
between Flag-TRIM7 and HA-Src proteins obtained from an in vitro
transcription and translation system. f Schematic illustration of Src,

showing wild-type and truncation mutants of Src. g Co-IP analysis of
the interaction between TRIM7 and Src or Src truncation mutants in
HEK293T cells co-transfected with HA-Src plasmid or HA-Src trun-
cation mutant plasmids together with Flag-TRIM7 plasmid. h Sche-
matic illustration of TRIM7, showing the wild-type and truncation
mutants of TRIM7. i Co-IP analysis of the interaction between Src and
TRIM7 truncation mutants in HEK293T cells co-transfected with
Flag-TRIM7 truncation mutant plasmids together with HA-Src plas-
mid. The presented figures are the representative of data from at least
three independent experiments
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their interacting domains (Fig. 1f, h). Our data showed that
the SH2 domain of Src (Fig. 1g) and the B30.2/SPRY
domain of TRIM7 (Fig. 1i) were required for the interaction
between TRIM7 and Src. Thus, these data demonstrated
that the binding between the SH2 domain of Src and the
B30.2/SPRY domain of TRIM7 was the molecular basis for
the direct interaction between TRIM7 and Src.

TRIM7 reduced the abundance of Src protein

Since we identified a direct interaction between TRIM7 and
Src, we were further interested in defining whether TRIM7
regulated the abundance and stability of Src protein. First,
we constructed gain-of-function models by transient and

stable transfection of a TRIM7 expression plasmid into
HCC cells (Fig. 2a, b, Supplementary Fig. S1a, b). Our data
showed that after successful overexpression of TRIM7 by
both transient and stable transfection of the TRIM7 plasmid
(Fig. 2a, b, Supplementary Fig. S1a, b), the protein levels of
both Src and p-Src were significantly reduced (Fig. 2a, b).
Second, we constructed three different loss-of-function
models including Si-TRIM7 transiently transfected cells
(Fig. 2c, Supplementary Fig. S1c), lentivirus-mediated Sh-
TRIM7 stably transfected cells (Fig. 2d), and TRIM7-
knockout cells based on the CRISPR-Cas9 system (Fig. 2e).
Our data showed that in all of these cell models of TRIM7
inhibition, the protein levels of both Src and p-Src were
significantly increased (Fig. 2c, d, e). All these data

Fig. 2 TRIM7 reduced the abundance of Src protein and directly
induced K48-linked polyubiquitination. a Western blot analysis of Src
and p-Src protein levels in HepG2 and Huh7 cells transiently trans-
fected with Flag-TRIM7 plasmid or mock control plasmid. b Western
blot analysis of Src and p-Src protein levels in Huh7 cells stably
transfected with Flag-TRIM7 plasmid or mock control plasmid. c
Western blot analysis of Src and p-Src protein levels in HepG2 and
Huh7 cells transiently transfected with Si-NC, Si-TRIM7-1, or Si-
TRIM7-2. d Western blot analysis of Src and p-Src protein levels in
Huh7 cells stably transfected with lentivirus-mediated Sh-NC, Sh-
TRIM7-1, or Sh-TRIM7-2. e Western blot analysis of Src and p-Src
protein levels in TRIM7-knockout Huh7 cells. f HepG2 and Huh7
cells were transfected with Flag-TRIM7 plasmid or mock control
plasmid and were cultured for 24 h before being further incubated with
CHX for 0, 3, 6, and 9 h. The Src protein level of the transfected cells
was detected by western blot. g HepG2 cells were transfected with
Flag-TRIM7 plasmid or mock control plasmid and were cultured for
24 h before being further incubated with MG132 (10 μM) for 4 h or

chloroquine (25 μM) for 6 h. The Src and p-Src protein levels of the
transfected cells were detected by western blot. h Co-IP analysis of the
ubiquitination of Src in HEK293T cells co-transfected with Flag-
TRIM7 plasmid, HA-UB plasmid and HA-Src plasmid. i Co-IP ana-
lysis of ubiquitination of endogenous Src in HEK293T cells co-
transfected with Flag-TRIM7 plasmid and HA-UB plasmid. j In vitro
ubiquitination analysis of ubiquitination of Src in the presence of in
vitro-translated Flag-TRIM7 and HA-Src, E1, UbcH5a, and ubiquitin.
k Co-IP analysis of ubiquitination of Src in HEK293T cells co-
transfected with Flag-TRIM7 plasmid, HA-Src plasmid, and HA-UB-
K11, HA-UB-K48, or HA-UB-K63 plasmid. l Co-IP analysis of ubi-
quitination of Src in HEK293T cells co-transfected with Flag-TRIM7
plasmid or Flag-TRIM7 truncation mutant (TRIM7ΔRING) plasmid
as well as HA-Src plasmid and HA-UB plasmid. The band intensities
of the key proteins were further quantitatively analyzed in the indi-
cated groups and were presented in the right panel. ***P < 0.001 for
statistical analysis of the indicated groups. The presented figures are
representative of data from at least three independent experiments

The E3 ubiquitin ligase TRIM7 suppressed hepatocellular carcinoma progression by directly targeting Src. . . 1821



indicated that TRIM7 inhibited the proto-form as well as the
activated form of Src.

Our data further showed that the TRIM7-mediated
negative regulation of Src occurred at the translational
level but not the transcription level of Src (Supplementary
Fig. S1a, b, c). After blocking de novo protein synthesis in
the TRIM7-overexpressing cells by cycloheximide, we
found that TRIM7 significantly facilitated the decrease of
Src protein level (Fig. 2f). Further investigation suggested
that the TRIM7-mediated negative regulation of Src could
be significantly rescued by the proteasome inhibitor MG132
(Fig. 2g), which indicated that Src was degraded by TRIM7
through proteasome-mediated degradation. Altogether,
these data indicated that TRIM7 significantly reduced the
abundance of Src protein via proteasome-mediated
degradation.

TRIM7 induced Lys48-linked polyubiquitination of
Src

Considering that TRIM7 belongs to the TRIM family, most
of which are RING-type E3 ligases, we tried to define
whether TRIM7 negatively regulated Src protein by its
E3 ligase activity. Our data showed that TRIM7 was able
to attach a polyubiquitin chain to Src protein (Fig. 2h, i),
and further investigation confirmed the polyubiquitin
chain could be attached to Src protein by TRIM7 in
an in vitro ubiquitination system (Fig. 2j), which suggested
that TRIM7 directly degraded Src protein through
polyubiquitination.

Further investigation revealed that TRIM7 could attach a
Lys48 (K48)-linked but not Lys11 (K11)-linked or Lys63
(K63)-linked polyubiquitin chain to Src protein, which
implied that TRIM7 could induce Lys48-linked poly-
ubiquitination of Src (Fig. 2k). When we transfected HCC
cells with the RING domain-deleted TRIM7 mutant plas-
mid, the polyubiquitination of Src was significantly reduced
in comparison with that of the wild-type TRIM7 plasmid-
transfected group (Fig. 2l). Thus it indicated that TRIM7
induced ubiquitination of Src via its RING domain. Taken
together, these data demonstrated that TRIM7 directly
interacted with Src protein and induced Lys48-linked
polyubiquitination of Src via its RING domain.

TRIM7 suppressed the Src-mTORC1-S6K1 axis

We determined that TRIM7 directly bound to Src and
mediated Lys48-linked polyubiquitination of Src protein, so
we were interested in defining the downstream molecular
pathway of the TRIM7-Src axis. Our data showed that both
transient and stable overexpression of TRIM7 efficiently
reduced the protein levels of p-mTOR, p-S6K1, p-S6, and
p-4E-BP1, which indicated its inhibitory effect on the

mTORC1 pathway (Fig. 3a, b). In contrast, in TRIM7-
knockdown and -knockout cells, the protein levels of p-
mTOR, p-S6K1, p-S6, and p-4E-BP1 were significantly
upregulated (Fig. 3c, d, e). Our data further showed that
overexpression of Src could rescue the TRIM7-mediated
suppression of the mTORC1-S6K1 signaling pathway
(Fig. 3f), while the mTORC1 pathway inhibitor rapamycin
did not change the protein levels of either Src or p-Src
(Fig. 3g), which indicated that mTORC1-S6K1 signaling
was downstream of the TRIM7-mediated negative regula-
tion of Src. In summary, our data demonstrated that TRIM7
inhibited Src protein as well as its downstream mTORC1-
S6K1 signaling in HCC cells.

TRIM7 acted as a tumor suppressor through its
suppression of the Src-mTORC1-S6K1 axis in HCC
cells

Since we defined the TRIM7-mediated negative regulation
of Src, we were further interested in investigating whether
TRIM7 had any effect on HCC cells. In HCC cells tran-
siently or stably overexpressing TRIM7 (Fig. 4a, e), the
proliferation (Fig. 4b, f), invasion (Fig. 4c, g), and colony
formation (Fig. 4d, h) were significantly inhibited. In con-
trast, in the TRIM7-knockdown and -knockout HCC cells
(Fig. 4i, m, q), the proliferation (Fig. 4j, n, r), invasion
(Fig. 4k, o, s) and colony formation (Fig. 4l, p, t) were all
significantly promoted. Thus, these data suggested that
TRIM7 acted as a tumor suppressor and inhibited the
malignant behaviors of HCC cells.

To define whether TRIM7-mediated degradation of Src
protein was responsible for its antitumor effect, we co-
transfected TRIM7 and Src plasmids into HCC cells and
further detected the malignant behaviors of HCC cells. After
successful overexpression of both TRIM7 and Src proteins
(Fig. 5a), the results showed that exogenous overexpression
of Src significantly rescued the TRIM7-mediated suppres-
sion of the proliferation (Fig. 5b), invasion (Fig. 5c), and
colony formation (Fig. 5d) of HCC cells. These data ver-
ified that TRIM7 exerted its antitumor effect through its
negative regulation of Src.

Next, we attempted to define whether TRIM7 acted as a
tumor suppressor through its suppression of the mTORC1-
S6K1 signaling pathway. Our data showed that treatment
with the mTORC1 inhibitor rapamycin significantly abol-
ished the increased protein levels of p-S6K1 and p-S6 but
not Src and p-Src in Si-TRIM7-transfected HCC cells
(Fig. 5e), which indicated that TRIM7 induced suppression
of the mTORC1 pathway downstream of its negative reg-
ulation of the Src protein. Moreover, the proliferation
(Fig. 5f), invasion (Fig. 5g), and colony formation (Fig. 5h)
of Si-TRIM7-transfected cells were strikingly suppressed
by rapamycin. Altogether, these data confirmed that TRIM7
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exerted its antitumor effect through its suppression of the
Src-mTORC1-S6K1 axis.

TRIM7 played a tumor suppressor role in HCC
through its functional domains

We identified the B30.2/SPRY domain as the binding
domain of TRIM7 with Src, while the RING domain was
necessary for the TRIM7 ubiquitination function. Thus, we
further examined whether TRIM7 exerted its antitumor
effect on HCC cells through these two domains. Our data
showed that deletion of either the B30.2/SPRY domain or
the RING domain in TRIM7 efficiently rescued the TRIM7-
mediated inhibition of the Src-mTORC1-S6K1 axis
(Fig. 6a), which indicated that TRIM7 suppressed the Src-
mTORC1-S6K1 axis through these two domains. We fur-
ther transfected these domain-deleted mutant plasmids into
HCC cells and verified the successful overexpression of
these two proteins in HCC cells by western blot (Fig. 6b).
Our data showed that the overexpression of either of these
two mutants could significantly abolish the TRIM7-

mediated suppression of the proliferation (Fig. 6c), inva-
sion (Fig. 6d), and colony formation (Fig. 6e) of HCC cells.
Altogether, these data verified that both the B30.2/SPRY
and RING domains were necessary for the tumor suppressor
role of TRIM7 in HCC cells.

Exogenous overexpression of TRIM7 suppressed
tumorigenesis in xenograft tumor models

To investigate the effect of the TRIM7-Src-mTORC1 axis
in an animal model, we constructed xenograft tumors in
nude mice as described before [16, 17]. After visible tumors
appeared, we injected Flag-TRIM7 plasmid into tumors in
the left flanks and mock control plasmid into tumors in the
right flanks of the mice every other day before the mice
were sacrificed for analysis. Growth kinetics of the formed
tumors showed that exogenous overexpression of
TRIM7 significantly suppressed the growth of xenograft
tumors overexpressing TRIM7 compared with the mock
control tumors (Fig. 7a). The excised tumors from each
group were compared, and the results indicated that tumors

Fig. 3 TRIM7 modulated the Src-mTORC1-S6K1 axis. aWestern blot
analysis of Src, p-mTOR, p-S6K1, p-S6, and p-4E-BP1 protein levels
in HepG2 and Huh7 cells transiently transfected with Flag-TRIM7
plasmid or mock control plasmid. b Western blot analysis of Src, p-
mTOR, p-S6K1, p-S6, and p-4E-BP1 protein levels in Huh7 cells
stably transfected with Flag-TRIM7 plasmid or mock control plasmid.
c Western blot analysis of Src, p-mTOR, p-S6K1, p-S6, and p-4E-BP1
protein levels in HepG2 cells and Huh7 cells transiently transfected
with Si-NC, Si-TRIM7-1, or Si-TRIM7-2. d Western blot analysis of
Src, p-mTOR, p-S6K1, p-S6, and p-4E-BP1 protein levels in Huh7
cells stably transfected with lentivirus-mediated Sh-NC, Sh-TRIM7-1

or Sh-TRIM7-2. e Western blot analysis of Src, p-mTOR, p-S6K1, p-
S6, and p-4E-BP1 protein levels in TRIM7-knockout Huh7 cells. f
Western blot analysis of Src-mTORC1-S6K1 signaling in Huh7 cells
transiently co-transfected with Flag-TRIM7 plasmid and HA-Src
plasmid. g Western blot analysis of Src-mTORC1-S6K1 signaling in
Huh7 cells transiently transfected with Si-NC, Si-TRIM7-1, or Si-
TRIM7-2 before treatment with rapamycin (100 nM) for 24 h. ***P <
0.001 for statistical analysis of the indicated groups. The presented
figures are representative of data from at least three independent
experiments
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with TRIM7 overexpression were much smaller than those
of the mock group (Fig. 7b, c). In addition, detailed analysis
of the excised tumors showed that the exogenous over-
expression of TRIM7 significantly reduced the volume and
weight of xenograft tumors (Fig. 7d, e). The successful
overexpression of TRIM7 in the TRIM7 plasmid-
transfected group was verified by analyzing the extracted
tumors from each group by western blot (Fig. 7f). More-
over, the Src level in the TRIM7-overexpressing tumors
was significantly decreased, and the activation of the
mTORC1-S6K1 pathway was also significantly inhibited
(Fig. 7f), which further verified the TRIM7-mediated
negative regulation of the Src-mTORC1 axis in vivo.

To further verify the tumor suppressor role of TRIM7
and its inhibitory effect on the Src-mTORC1 axis in vivo,
we constructed another xenograft tumor model by sub-
cutaneously injecting TRIM7 stably overexpressing Huh7
cells into one flank and mock control cells into the other
flank of nude mice. The growth status of the formed tumors
was monitored every other day before the mice were
sacrificed. Our data showed that the stable overexpression
of TRIM7 significantly suppressed tumor growth and that
TRIM7 stably overexpressing tumors were significantly
smaller than those of the mock group (Fig. 7g, h). Statistical
analysis showed that both the volume and weight of the
TRIM7 stably overexpressing tumors were significantly

Fig. 4 TRIM7 inhibited the malignant behaviors of HCC cells. a–d
HepG2 and Huh7 cells were transiently transfected with Flag-TRIM7
plasmid or mock control plasmid, and successful overexpression of
TRIM7 in the transfected cells was detected by western blot (a). The
malignant behaviors of the transfected cells, including the proliferation
(b), invasion (c), and colony formation (d) were further detected and
analyzed. e–h Huh7 cells were transfected with Flag-TRIM7 plasmid
or mock control plasmid, and the stably transfected cells were selected
and further cultured. Effective stable overexpression of TRIM7 in
these transfected cells was verified by western blot (e). The pro-
liferation (f), invasion (g), and colony formation (h) of HCC cells
stably overexpressing TRIM7 were further detected and analyzed. i–l
HepG2 and Huh7 cells were transiently transfected with Si-TRIM7-1,
Si-TRIM7-2, or Si-NC, and the successful knockdown of TRIM7 in
the transfected cells was verified by western blot (i). The proliferation
(j), invasion (k), and colony formation (l) of the TRIM7-knockdown

cells were further detected and analyzed. m–p Huh7 cells were
transfected with lentivirus-mediated Sh-TRIM7-1, Sh-TRIM7-2, or
Sh-NC, and the stably transfected cells were selected and further
analyzed. The successful knockdown of TRIM7 in the transfected cells
was verified by western blot (m). The proliferation (n), invasion (o),
and colony formation (p) of the TRIM7-knockdown Huh7 cells were
further detected and analyzed. q–t TRIM7-knockout Huh7 cells were
generated by the CRISPR/Cas9 system, and stable TRIM7-knockout
clones were selected and further analyzed. The successful deletion of
TRIM7 in these cells was verified by western blot (q). The pro-
liferation (r), invasion (s), and colony formation (t) of the TRIM7-
knockout cells were further detected and analyzed. **P < 0.01 and
***P < 0.001 for statistical analysis of the indicated groups. Scale bar
in c, g, k, o, s: 100 μm. The presented figures are representative of data
from at least three independent experiments
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decreased compared with those of the mock group (Fig. 7i,
j). Western blot assay verified the successful overexpression
of TRIM7 and its significant suppressive effect on Src
protein as well as its downstream mTORC1 pathway in
TRIM7 stably overexpressing tumors (Fig. 7k).

To further confirm the effect of TRIM7 in vivo, we
performed another set of xenograft tumor model by inject-
ing TRIM7-knockout Huh7 cells generated by the CRISPR/
Cas9 system into one flank of nude mice and the mock
control cells into the other flank of nude mice. The growth

Fig. 5 TRIM7 exerted its antitumor effect through modulation of the
Src-mTORC1-S6K1 axis. a–d HepG2 and Huh7 cells were co-
transfected with Flag-TRIM7 plasmid and HA-Src plasmid, and suc-
cessful overexpression of TRIM7 and Src in the transfected cells was
detected by western blot (a). The proliferation (b), invasion (c), and
colony formation (d) of the transfected HCC cells were further
detected and analyzed. e–h HepG2 cells were transfected with Si-NC,
Si-TRIM7-1, or Si-TRIM7-2 before treatment with rapamycin

(100 nM) for 48 h, and the protein levels of p-S6K1, p-S6, Src, and p-
Src in the transfected cells were detected by western blot (e). The
proliferation (f), invasion (g), and colony formation (h) of the trans-
fected HepG2 cells were further detected and analyzed. *P < 0.05,
**P < 0.01, and ***P < 0.001 for statistical analysis of the indicated
groups. Scale bar in c, g: 100 μm. The presented figures are repre-
sentative of data from at least three independent experiments

Fig. 6 The RING domain and the B30.2/SPRY domain of TRIM7
were critical for the suppressor role of TRIM7. aWestern blot analysis
of Src-mTORC1-S6K1 signaling in Huh7 cells transfected with Flag-
TRIM7 plasmid or TRIM7 truncation mutant (TRIM7ΔRING or
TRIM7ΔB30.2/SPRY) plasmids. b–e HepG2 and Huh7 cells were
transfected with Flag-TRIM7 plasmid or TRIM7 truncation mutant
(TRIM7ΔRING or TRIM7ΔB30.2/SPRY) plasmids, and the suc-
cessful overexpression of TRIM7 or its truncation mutants

(TRIM7ΔRING or TRIM7ΔB30.2/SPRY) in the transfected cells was
detected by western blot (b). The proliferation (c), invasion (d), and
colony formation (e) of these transfected HCC cells were further
detected and analyzed. *P < 0.05, **P < 0.01, and ***P < 0.001 for
statistical analysis of the indicated groups. Scale bar in d: 100 μm. The
presented figures are the representative of data from at least three
independent experiments
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status of the formed tumors was monitored before the
tumors were excised. Our data showed that growth of the
TRIM7-knockout tumors was significantly promoted

(Fig. 7l, m). Statistical analysis demonstrated that the
volume and weight of the TRIM7-knockout tumors were
significantly increased compared with those of the mock

Fig. 7 Xenograft tumor models and clinical HCC tissues validated the
tumor suppressor role of TRIM7. a–f The Xenograft tumor model with
TRIM7 plasmid injection was constructed as described before. When
visible tumors appeared, 30 μg of TRIM7 plasmid or equal amount of
mock control plasmid were injected into tumors in either flank once
every other day. Tumors were measured every other day before the
mice were sacrificed (a). Images were presented to show the repre-
sentative of the mice with subcutaneous xenograft tumors in the
TRIM7-transfected group and mock control group (b). Images were
presented to show formed tumors isolated from sacrificed mice in the
TRIM7-overexpressing group and mock control group (c). Statistical
analysis of the volume (d) and weight (e) of formed tumors in the
TRIM7-overexpressing group or mock control group. The protein
levels of TRIM7 and the Src-mTORC1-S6K1 signaling in the TRIM7-
overexpressing tumors and mock control tumors were detected by
western blot (f). Band intensities of the key proteins were further
quantitatively analyzed in the indicated groups and were presented in
the right panel. g–k The TRIM7 stably overexpressing xenograft
tumor model was constructed by subcutaneously injecting 1 × 107

TRIM7 stably overexpressing Huh7 cells into one flank of athymic
nude mice, and injecting equal amount of mock control cells into the
other flank of the athymic nude mice. Growth curves of the
TRIM7 stably overexpressing tumors and mock control tumors were
monitored every other day before the mice were sacrificed (g). Images
were presented to show the formed tumors isolated from the
TRIM7 stably overexpressing group and mock group (h). The volume
(i) and weight (j) of the formed tumors in the TRIM7 stably over-
expressing group and mock control group were statistically analyzed.
The protein levels of TRIM7 and the Src-mTORC1-S6K1 signaling in
the TRIM7 stably overexpressing tumors and mock control tumors
were analyzed by western blot, and intensities of the key proteins were
further quantitatively analyzed and were presented in the right panel
(k). l–p The TRIM7-knockout xenograft tumor model was constructed

by injecting 1 × 107 TRIM7-knockout cells into one flank of the nude
mice and equal amount of control cells into the other side of the mice.
The formed tumors were measured every other day before the mice
were sacrificed (l). Images were presented to show the formed tumors
isolated from the sacrificed mice in the TRIM7-knockout tumors and
mock control tumors (m). The volume (n) and weight (o) of formed
tumors in the TRIM7-knockout group and mock control group were
statistically analyzed. The protein levels of TRIM7 and the Src-
mTORC1-S6K1 signaling in the TRIM7-knockout tumors and mock
control tumors were analyzed by western blot (p). Band intensities of
the key proteins were further quantitatively analyzed in the indicated
groups and were presented in the right panel. q IHC staining of TRIM7
in HCC tissues and corresponding noncancerous liver tissues from
clinical HCC patients. Presented images are representative of figures
from the investigated HCC patients. r Statistical analysis of TRIM7
expression by IHC assay in HCC tissues and corresponding non-
cancerous liver tissues from the investigated HCC patients. s Real-time
PCR analysis of TRIM7 mRNA level in HCC tissues and corre-
sponding noncancerous liver tissues from clinical HCC patients. t
Western blot analysis of TRIM7 protein level in HCC tissues and
corresponding noncancerous liver tissues from clinical HCC patients.
Presented images are the representative of blots from the investigated
HCC patients. u Statistical analysis of TRIM7 expression by western
blot assay in HCC tissues and corresponding noncancerous liver tis-
sues from the investigated HCC patients. v IHC staining of Src
expression in HCC tissues from clinical HCC patients. Presented
images are representative of figures from the investigated HCC
patients. w Correlations analysis of TRIM7 and Src expression by IHC
assay in HCC tissues from the investigated HCC patients. x Schematic
illustration of the interaction between TRIM7 and Src proteins, as well
as the related signaling pathway. *P < 0.05, **P < 0.01, and ***P <
0.001 for statistical analysis of the indicated groups. Scale bar in q,
v: 50 μm
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group (Fig. 7n, o). Western blot analysis of these excised
tumors demonstrated successful knockout of TRIM7 and
subsequent activation of the Src-mTORC1 axis in response
to TRIM7 knockout (Fig. 7p).

Altogether, these in vivo data verified that TRIM7 acted
as a Src inhibitor and inhibited HCC tumor growth in
xenograft tumor models through its suppression of the Src-
mTORC1-S6K1 axis.

Loss of TRIM7 expression contributed to
hepatocarcinogenesis in clinical HCC tissues

We determined that TRIM7 exerted antitumor effect
through its negative regulation of Src in vitro and in vivo,
and we were further interested in investigating whether
abnormal TRIM7 expression contributed to tumorigen-
esis in clinical HCC patients. Thus, we assessed the
expression level of TRIM7 in HCC tissues and corre-
sponding distal noncancerous liver tissues by immuno-
histochemistry (IHC), real-time PCR, and western blot.
First, the location and the expression of TRIM7 were
detected by IHC in paired tissues from 80 HCC patients.
The IHC data showed that TRIM7 was mainly expressed
in the cytoplasm of HCC cells and hepatocytes, and the
expression level of TRIM7 in HCC tissues was sig-
nificantly downregulated compared with that in the cor-
responding distal noncancerous liver tissues (Fig. 7q, r,
Supplementary Table S1). Next, we measured TRIM7
mRNA and protein levels in paired tissues from
one cohort of 64 HCC patients and another cohort of 52
HCC patients, respectively. Similarly, both real-time
PCR and western blot assays confirmed the IHC data,
showing that both TRIM7 mRNA and protein levels
in HCC tissues were significantly decreased compared
with those in the corresponding distal noncancerous liver
tissues (Fig. 7s, t, u). To verify the TRIM7-mediated
negative regulation of Src in clinical HCC specimens, we
further detected Src expression in HCC tissues. Our data
showed that Src protein accumulated significantly in
HCC tissues with the lower expression of TRIM7
(Fig. 7v), and statistical analysis showed that TRIM7
expression was significantly inversely correlated with the
abundance of Src (Fig. 7w), which verified the TRIM7-
mediated negative regulation of Src in clinical HCC
patients. Altogether, the clinical investigations demon-
strated that the loss of TRIM7 expression in HCC tissues
might be involved in HCC progression and further ver-
ified the TRIM7-mediated negative regulation of Src in
clinical specimens.

Altogether, we demonstrated that TRIM7 acted as an
important negative regulator of Src as well as its down-
stream mTORC1-S6K1 signaling, thus suppressing HCC
progression (Fig. 7x).

Discussion

Src interacts with several types of tyrosine kinase receptors,
and it has been defined as a key molecule in tumor pro-
gression that can provide oncogenic signals for mitogenesis,
cell survival, invasion, and metastasis [18]. Emerging evi-
dence has shown that Src is hyperactive in the development
of several types of cancers, including HCC [4, 19–22]. It
has been reported that increased Src expression and acti-
vation are detected in more than 60% of HCC patients and
is involved in disease progression [23, 24]. Due to the
positive correlation between increased Src activity and
cancer progression, targeting Src is emerging as a promising
attractive strategy for improving the clinical therapeutic
effects for cancer patients. Bosutinib, dasatinib, ponatinib,
and vandetanib have been approved by the Food and Drug
Administration as Src inhibitors for drug therapy of
malignant diseases [4], which indicates the great potential of
targeting Src in clinical treatment. Furthermore, Src mutants
are very uncommon in tumors [4], thus discovering novel
regulators of Src provides great therapeutic potential for
cancers.

In this study, we demonstrated that TRIM7, a newly
identified TRIM family member, is a novel negative reg-
ulator of Src. To date, ~100 human TRIM genes have been
identified, and studies by us and others have indicated that
alterations of TRIM proteins are involved in diverse
pathological conditions, including carcinogenesis
[16, 17, 25–27]. Many TRIM proteins act as E3 ubiquitin
ligases and induce ubiquitination by directly interacting
with their substrates and further regulating multiple biolo-
gical processes, including protein stability, transcriptional
control, signaling transduction, and cell cycle progression
[14, 28, 29]. TRIM7 belongs to class IV of the TRIM family
proteins, and the exact role of TRIM7 in physiological and
pathological conditions remains largely unknown. In this
study, we verified that TRIM7 directly interacted with Src
protein both in vivo and in vitro, and the B30.2/SPRY
domain of TRIM7 and the SH2 domain of Src protein were
the molecular basis for the direct binding between TRIM7
and Src. We further showed that TRIM7 induced Lys48-
linked polyubiquitination of Src via its RING domain,
which ultimately led to the significant inhibition of Src
activity. Thus, we have identified TRIM7 as a novel inhi-
bitor of Src protein and defined the direct binding domains
as well as the functional domains of TRIM7 and Src, which
provided the molecular basis for further development of
targeted therapy for the treatment of cancers.

Based on the critical involvement of Src activity in
multiple cancers and the role of TRIM7 as a negative reg-
ulator of Src, we expected an antitumor effect of TRIM7 on
cancers. Therefore, we tested the effect of TRIM7
on malignant behaviors of HCC cells, and our data
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demonstrated that TRIM7 suppressed the proliferation,
invasion, and colony formation of HCC cells via its direct
inhibition of Src protein in several cellular and animal
models. We further demonstrated abnormal loss of TRIM7
expression in clinical HCC tissues and verified the negative
correlation between TRIM7 and Src protein in clinical
specimens, which indicated the involvement of the TRIM7-
Src axis in HCC progression.

The contribution of Src activity in cancers is mainly
attributable to its powerful activation of multiple down-
stream oncogenic signaling pathways; thus it has been
recognized that targeting Src together with its down-
stream signaling is an attractive therapeutic strategy for
cancer patients. In this study, we demonstrated that
TRIM7 directly targeted Src for degradation and thus
further led to efficient suppression of its downstream
mTORC1-S6K1 signaling. Over the past decade, the
critical role of mTORC1 signaling in HCC progression
has been widely accepted. It has been reported that the
mTORC1 pathway is frequently activated in up to half of
HCCs and is highly associated with poor prognosis in
HCC [30]. Thus, targeting the mTORC1 pathway pro-
vides an attractive strategy for improving clinical ther-
apeutic effects for HCC patients. The critical role of Src
in activating mTORC1 signaling has been demonstrated
in several recent studies [31, 32], whereas the TRIM7-
mediated regulation of the Src-mTORC1 signaling axis in
HCC cells is reported here for the first time. Thus, this
study provided evidence to define TRIM7 as a novel
inhibitor of Src and opened a new avenue for treating
mTORC1-overactive cancers by modulating TRIM7.

In conclusion, we identified TRIM7 as a novel negative
regulator of Src. TRIM7 induced Lys48-linked, RING
domain-dependent polyubiquitination of Src protein, which
further led to the suppression of its downstream mTORC1-
S6K1 signaling pathway, and acted as a tumor suppressor in
HCC. Thus, this study identified a novel TRIM7-mediated
regulatory mechanism of Src, and it also has clinical sig-
nificance by providing a novel therapeutic strategy for Src-
overactive cancers by modulating TRIM7.

Materials and methods

Cell culture and transfection

Human HepG2 and Huh7 HCC cells and human embryonic
kidney 293T cells were obtained from the Cell Bank of
Chinese Academy of Science (Shanghai, China). All
mycoplasma-free cells were cultured in DMEM-High Glu-
cose medium (HyClone, Massachusetts, USA) supplemented
with 10% fetal bovine serum and were authenticated by STR
profiling by HKGENE (HKGENE Genetechnology, Beijing,

China). The small interfering RNA targeting TRIM7 was
synthesized by RIBOBIO (RIBOBIO, Guangzhou, China).
TRIM7 and Src plasmids were synthesized by OriGene
(OriGene Technologies, Maryland, USA) and Vigene (Vig-
ene Biosciences, Rockville, USA), respectively. Truncation
mutants of TRIM7 were generated using a KOD-Plus-
Mutagenesis kit (Toyobo, Osaka, Japan) according to the
manufacturer’s protocol. All of the transfections were per-
formed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions.

Co-IP, western blot assay, immunofluorescence, and
IHC

Co-IP, western blot assay, immunofluorescence, and IHC
were performed as described previously [17, 33, 34].
Immunofluorescence and IHC assays were conducted in a
manner blinded to the sample identity. The specific primary
antibodies used in these assays included antibodies against
TRIM7 (#ab170538, Abcam, Cambridge, MA, USA; and
#HPA039213, Sigma-Aldrich, Saint Louis, MO, USA), Src
(#2109, Cell Signaling Technology, Beverly, USA; and
#11097-1-AP, Proteintech, Chicago, USA), Flag (#F1804,
Sigma-Aldrich, Saint Louis, MO, USA), HA (#51064-2-
AP, Proteintech, Chicago, USA), ubiquitin (#L1714, Santa
Cruz Biotechnology, Dallas, USA), GAPDH (#6004-1-Ig,
Proteintech, Chicago, USA), and β-actin (#TA-09, ZSGB-
BIO, Beijing, China). The antibodies against the phos-
phorylation form of proteins used in western blot including
antibodies against p-Src (#6943), p-mTOR (#2971),
p-S6K1 (#9234), p-S6 (#4858), and p-4E-BP1 (#2855)
were all bought from Cell Signaling Technology (Cell
Signaling Technology, Beverly, USA).

Cell proliferation, invasion, and colony formation
assays

HepG2 and Huh7 cells were plated in 96-well plates at a
density of 104 cells/well, and the proliferation of HCC cells
was detected by a CCK-8 Kit (Dojindo, Kumamoto, Japan)
at 0, 24, 48, and 72 h according to the manufacturer’s
instructions. Invasion assays and colony formation assays
were performed as previously described [35, 36].

Real-time PCR assay

Total RNA was isolated from HCC cells or liver cancer
tissues, and real-time PCR was performed as described
before [17]. Primers for the human TRIM7 gene were for-
ward: 5′-GCTCGGGGTTGAGATCACC-3′, reverse: 5′-
CCAGGCACATTGCTACACCT-3′. Primers for the human
Src gene were forward: 5′-GAGCGGCTCCAGATTGT
CAA-3′, reverse: 5′-CTGGGGATGTAGCCTGTCTGT-3′.
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Relative mRNA levels of the genes were normalized to β-
actin. Primers for the β-actin gene were forward: 5′-GG
CACCACACCTTCTACAATG-3′, reverse: 5′-TAGCACA
GCCTGGATAGCAAC-3′. The relative mRNA levels of
target genes were obtained by using the 2−ΔΔCt method, and
all assays were performed in triplicate.

In vitro binding and ubiquitination assay

The direct interaction between TRIM7 and Src proteins was
assessed by a TNT Quick Coupled Transcription/Transla-
tion System (Promega, Madison, WI, USA) according to the
manufacturer’s protocol. The Flag-TRIM7 and HA-Src
proteins were expressed in vitro, mixed together, and ana-
lyzed by co-IP assay with anti-Flag antibody, followed by
western blot assay with anti-HA antibody to determine the
direct binding between TRIM7 and Src proteins. In vitro

ubiquitination was analyzed with a ubiquitination kit
(Boston Biochem, Cambridge, MA, USA) following the
protocol recommended by the manufacturer. Briefly, Flag-
TRIM7, and HA-Src proteins were expressed in vitro and
further incubated with ubiquitin conjugation mixture at
30 °C for 60 min, followed by subsequent ubiquitination
analysis of the Src protein by co-IP assay.

Generation of genetically modified stable HCC cell
lines

To construct stable TRIM7-overexpressing HCC cells, a
TRIM7 plasmid was transfected into Huh7 cells using
Lipofectamine 2000. The successfully transfected cells were
selected by complete medium containing 2 μg/mL of pur-
omycin at 48 h after the transfection. The surviving colonies
of transfected cells were further amplified, followed by
validation by western blot. To generate a stable TRIM7-
knockdown cell line, lentivirus carrying TRIM7-RNA
interference sequence (Sh-TRIM7-1 and Sh-TRIM7-2) or
its mock control (Sh-NC) were transfected into Huh7 cells
using lentivirus (GeneChem Co., Ltd., Shanghai, China)
according to the manufacturer’s protocol. The transfected
cells were further selected with puromycin (2 μg/ml) and
stable TRIM7-knockdown clones were validated by western
blot. TRIM7-knockout cells were constructed with the
CRISPR/Cas9 system according to the procedure described
in the reference [37]. Briefly, a single-guide RNA (sgRNA)
targeting TRIM7 (forward: 5′-CACCGAGAGAGGATG
AGGCGCGGGT-3′, reverse: 5′-AAACACCCGCGCCTC
ATCCTCTCTC-3′) was transfected into Huh7 cells by
using the pLentiCRISPRv2 system (Addgene). The
sgRNA-transfected cells and the pLenti-V2-transfected
mock control cells were further selected with puromycin
(2 μg/ml) and the selected positive clones were cultured for
further experiments.

In vivo tumor growth assay

All of the xenograft tumor models were constructed with 5-
week-old immunodeficient BALB/c athymic male nude
mice (Huafukang Biotechnology Ltd, Beijing, China). The
xenograft tumor model with TRIM7 plasmid injection was
constructed and analyzed in seven nude mice as described
before [16, 17]. To construct the xenograft tumor model
with TRIM7 stably overexpressing cells, 1 × 107

TRIM7 stably overexpressing Huh7 cells were injected into
one flank, and equal amount of cells stably overexpressing
mock plasmid were injected into the other flank of five
athymic male nude mice. To construct the xenograft tumor
model with the TRIM7-knockout cells, we injected 1 × 107

CRISPR/Cas9-based TRIM7-knockout Huh7 cells into one
flank of five athymic male nude mice, and injected equal

Table 1 Clinicopathologic characteristics of HCC patients in cohorts
for IHC, real-time PCR, or western blot

Cohort 1
(n= 80,
for IHC)

Cohort 2
(n= 64, for
real-time PCR)

Cohort 3
(n= 52, for
western blot)

Characteristics No. of patients
(%)

No. of patients
(%)

No. of patients
(%)

Gender

Male 72 (90.0%) 54 (84.4%) 36 (69.2%)

Female 8 (10.0%) 10 (15.6%) 16 (30.8%)

Age

<54 38 (47.5%) 28 (43.8%) 26 (50.0%)

≥54 42 (52.5%) 36 (56.2%) 26 (50.0%)

HBV infection

Yes 14 (17.5%) 20 (31.3%) 20 (38.5%)

No 66 (82.5%) 44 (68.7%) 32 (61.5%)

Liver cirrhosis history

Yes 75 (93.8%) 48 (75.0%) 39 (75.0%)

No 5 (6.2%) 16 (25.0%) 13 (25.0%)

Tumor size

<5 cm 39 (48.8%) 34 (53.1%) 35 (67.3%)

≥5 cm 41 (51.2%) 30 (46.9%) 17 (32.7%)

TNM stage

I 36 (45.0%) 31 (48.4%) 33 (63.5%)

II 3 (3.8%) 3 (4.7%) 2 (3.8%)

III 37 (46.2%) 21 (32.8%) 11 (21.2%)

IV 4 (5.0%) 9 (14.1%) 6 (11.5%)

BCLC stage

0 2 (2.5%) 14 (21.9%) 1 (1.9%)

A 39 (48.8%) 19 (29.7%) 29 (55.8%)

B 13 (16.3%) 8 (12.5%) 12 (23.1%)

C 25 (31.2%) 23 (35.9%) 8 (15.4%)

D 1 (1.2%) 0 (0.0%) 2 (3.8%)
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amount of mock control cells into the other flank. The
formed tumors were measured and analyzed as previously
described [33]. All mice for xenograft tumor models were
randomly assigned. All of the protocols dealing with the
animals were in accordance with guidelines of the Institu-
tional Animal Care and Use Committee and were approved
by the Medical Ethics Committee of Shandong University.

Clinical liver cancer specimens

Paired samples of HCC tissues and corresponding non-
cancerous liver tissues were collected from the Depart-
ment of Hepatobiliary Surgery, Shandong Provincial
Hospital Affiliated to Shandong University. Among
these samples, 80 pairs of HCC tissues and corresponding
noncancerous tissues were used for the IHC assay, 52
pairs of matched specimens were used for the
western blot assay to detect the protein level of TRIM7,
and 64 pairs of matched specimens were used for real-
time PCR to determine the mRNA level of TRIM7.
Details of the clinicopathologic characteristics of
the recruited HCC patients were shown in Table 1.
Written informed consents were obtained from all
patients before the study was initiated. All of the proto-
cols were in accordance with the Helsinki Declaration
and approved by the Medical Ethics Committee of
Shandong University.

Statistical analysis

Data were statistically analyzed using SPSS 22.0 software
(SPSS, IL, USA) and GraphPad Prism 5 software (Graph-
Pad, CA, USA). Quantitative variables were evaluated
with two-tailed Student’s t test or one-way analysis of
variance, while categorical variables were analyzed by χ2-
tests. Correlations for categorical and continuous variables
were evaluated by Spearman’s rank correlation test and
Pearson’s correlation test, respectively. Data were presented
as mean ± SEM. A P value < 0.05 was considered statisti-
cally significant, and the P value used in all analyses was
two-tailed.

Data availability

All relevant data that support the findings of this study are
available from the corresponding author upon
request. Supplementary information is available at Cell
Death & Differentiation’s website.
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