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ABSTRACT
The culture supernatant from macrophages overexpressing TRIM59 has a cytotoxic effect on melanoma, but
the mechanism remains unclear. To investigate whether deletion of TRIM59 in macrophages affects the
metastatic potential of melanoma cells, we polarized control and TRIM59-deficient bone marrow-derived
macrophages to the M2 phenotype and collected the respective conditioned media (CM). Exposure to CM from
TRIM59-/--M2 cultures significantly promoted migration and invasion by B16-F0 and B16-F10 cells. Cytokine
profiling indicated a ~15-fold increase in TNF-α production in CM from TRIM59-/--M2 cultures, and neutralizing
TNF-α activity abrogated the referred stimulatory effects on cell motility. Transcriptome analysis revealed
significant upregulation of MMP-9 and Madcam1 in melanoma cells exposed to TRIM59-/--M2 CM. Inhibitory
experiments determined that these changes were also TNF-α-dependent and mediated by activation of ERK
signaling. Independent knockdown of MMP9 and Madcam1 in B16-F10 cells impeded epithelial-mesenchymal
transition and inhibited subcutaneous tumor growth and formation of metastatic lung nodules in vivo. These
data suggest TRIM59 expression attenuates the tumor-promoting effect of tumor-associated macrophages,
most of which resemble the M2 phenotype. Moreover, they highlight the relevance of TRIM59 in macrophages
as a potential regulator of tumor metastasis and suggest TRIM59 could serve as a novel target for cancer
immunotherapy.

INTRODUCTION
Melanoma is the most aggressive form of skin cancer; it
originates from the malignant transformation of
melanocytes, and its incidence is growing faster than
that of any other type of cancer [1–3]. Although
treatments, including surgery, chemotherapy, and
radiotherapy, are often successful, many melanoma
patients still die from distal metastasis [4]. In the early
stages of metastasis, tumor cells acquire migratory and
invasive capabilities that allow them to move through
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the surrounding stroma, reach the circulation, and
infiltrate and colonize distant tissues and organs [5].
Because metastatic spread is the main cause of death in
melanoma patients [6–9], a better understanding of this
process is paramount to improve early diagnosis and
develop effective therapies.
The tumor microenvironment is characterized by
complex cellular interactions among tumor cells, nonmalignant resident cells, immune cells, endothelial cells,
fibroblasts, and structural matricellular components [10].
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Among the immune cells recruited to the tumor site,
tumor associated macrophages (TAMs) are key
determinants of intra-tumor immune status and modulate
as well cancer cell-stromal interactions [11]. Macrophages are generally classified into two subsets: classical
M1macrophages with antitumor properties, and
alternative M2 macrophages with tumor-supporting
functions. Most TAMs have a pronounced M2 phenotype, which promotes tumor growth, metastasis, and
angiogenesis [11–13]. Thus, elucidating the mechanisms
by which TAMs sustain tumor growth and facilitate
metastasis should help improve or design immuno-based
strategies against cancer.
TRIM59, also known as mouse ring finger protein 1
(Mrf1), belongs to the evolutionarily conserved tripartite
motif (TRIM) family of proteins [14]. Most TRIM
members possess ubiquitin ligase activity and are
involved in many critical processes, such as immunity,
antiviral proliferation, transcriptional regulation, cell
differentiation, and cancer [15, 16]. At present, the role of
TRIM59 is still controversial. Several studies reported
that TRIM59 is upregulated in various tumors, such as
breast, gastric, colon, lung, and cervical cancer,
contributing to tumor proliferation, metastasis, and
angiogenesis [16–18]. A study indicated that TRIM59
may suppress RIG-I-like receptor-induced activation of
interferon-regulatory factors (IRFs) and NF-κB via
interaction with evolutionarily conserved signaling
intermediate in Toll pathways (ECSIT), suggesting that
TRIM59 may serve as a multifunctional regulator of
innate immunity [19].
Our previous work showed that TRIM59 may be an
essential molecule underlying the cytotoxic effect of
bacillus Calmette Guérin (BCG) -activated macrophages
on MCA207 fibrosarcoma cells [20]. In preliminary
experiments, we also observed that the supernatant of
RAW264.7 cells overexpressing TRIM59 had a strong
cytotoxic effect on mouse B16 melanoma cell lines,
and this effect was attenuated by a TRIM59blockingantibody (data not shown). However, the
mechanism(s) by which TRIM59 expression in
macrophages, and especially in TAMs, influences tumor
cell activity and survival remains unclear.
In this study, we generated conditional KO mice with
myeloid-specific deletion of TRIM59 (TRIM59-CKO
mice) and evaluated the effects of TRIM59-/--M2
macrophages on the metastatic behavior of melanoma
B16-F0 and B16-F10 cells. B16-F0 is the parent cell line.
B16-F10 was obtained by a ten-time selective procedure.
B16-F10 cell has stronger migration and invasion ability
than B16-F0 cell, and B16-F10 cell is also more capable
of forming lung metastatic nodules than B16-F0 cell. To
this end, mouse B16 melanoma cell lines were exposed
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to conditioned media (CM) from bone marrow-derived,
TRIM59-/- mouse macrophages differentiated into the
M2 phenotype, and migration/invasion assays were
conducted in vitro. In addition, subcutaneous tumor
growth and formation of lung metastases of melanoma
cells were evaluated in TRIM59-CKO animals. Our
results support and expand previous research suggesting
that TRIM59 expression in macrophages critically
modulates metastasis in tumor cells, and may be a
valuable target for cancer immunotherapy.

RESULTS
Melanoma growth is enhanced in mice bearing
TRIM59-/- macrophages
Preliminary experiments showed that CM from
macrophages overexpressing TRIM59 had cytotoxic
effects on B16-F0 cells (data not shown). To determine
whether TRIM59 expression in macrophages influences
melanoma growth and migration/invasion, we subcutaneously injected B16-F10 mouse melanoma cells
into WT and myeloid-specific TRIM59-CKO mice.
Mean tumor volume (Figure 1A–1B) was significantly
greater in TRIM59-CKO mice compared to WT mice. In
addition, overall survival was significantly decreased in
TRIM59-CKO mice (Figure 1C). Following tumor
resection, TAMs phenotypes were studied by flow
cytometry. A previous study classified TAMs into
different subpopulations based on the expression of Ly6C
and MHCII. Accordingly, Ly6CloMHCIIhi TAMs are
M1-like macrophages, and Ly6CloMHCIIlo TAMs are
M2-like macrophages [21, 22]. Using this categorization,
we found that TAMs inTRIM59-CKO mice presented
mainly the M2 phenotype (Figure 1D–1E).
TRIM59-/--M2 macrophages promote melanoma cell
proliferation, migration, and invasion in vitro
In light of the above in vivo results, we carried out in
vitro experiments to investigate the effects of
macrophage TRIM59 deficiency on melanoma cell
growth, migration, and invasion. To this end, we
induced the differentiation of bone marrow-derived
macrophages (BMDMs) from WT and TRIM59-CKO
mice into M2 macrophages. The M2 phenotype was
verified through RT-PCR by high expression of the M2
markers Arg-1, IL-10, and Mrc1 and low expression of
the M1 markers TNF-α, IL-6, and NOS2 (Figure 2A).
FACS analysis further showed that TRIM59-/--M2
macrophages exhibited higher CD206 expression and
lower MHCII expression than WT-M0 macrophages
and WT-M2 macrophages. The expression of CD206 in
WT-M2 macrophages was also higher than in nonpolarized (M0) WT macrophages (Supplementary
Figure 2A). We also performed immunofluorescence to
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detect F4/80 (macrophage marker) and CD206 (M2
phenotype macrophage marker), the results confirmed
that M2 macrophages expressed high levels of CD206
(Figure 2B).
Next, melanoma B16-F0 and B16-F10 cells were
incubated with CM from WT-M2 or TRIM59-/--M2
macrophages. As shown in Figure 2C, although cell
proliferation was promoted by either CM, the effect was
significantly larger after incubation with CM from
TRIM59-/--M2 macrophages. Moreover, the latter also
enhanced the migratory capability of B16-F0 and B16F10 cells, measured through wound-healing assays,
whereas WT-M2-CM had little effect (Figure 2D).
Similarly, incubation with TRIM59-/--M2 macrophage
CM significantly increased invasion of B16-F0 and B16F10cells through Matrigel-coated membranes in
transwell assays, while WT-M2 macrophage CM had
only a slight effect (Figure 2E).
Additional assays were conducted in human melanoma
A375 cells pre-treated with CM from M2-polarized
TRIM59+/+ and TRIM59-/- human THP1 macrophages.

Results showed that CM from TRIM59-/--THP1 cells
enhanced migration and invasion of A375cells, whereas
control THP1 CM had little effect (Supplementary
Figure 1B–1C). In addition, we detected the cytotoxic
effects of the CM from THP1 which overexpressed
TRIM59 on A375 cells. The results are THP1
conditioned medium has notably little cytotoxicity
on A375 while CM from TRIM59 ovexpressed THP1
cells showed prominent cytotoxicity in killing A375
(Supplementary Figure 1D). Overall, these results
suggest that loss of TRIM59 is correlated with a
protumoral function of M2 macrophages.
High TNF-α production by TRIM59-/--M2
macrophages promotes MMP9 and Madcam1
expression in melanoma cells
To investigate the mechanism by which TRIM59-/--M2
macrophage CM promoted the migration and invasion of
melanoma cells, we used ELISA to detect the
concentrations of relevant cytokines in M2 macrophage
supernatants. We found a ~15-fold increase in tumor
necrosis factor-α (TNF-α) contents in CM from M2

Figure 1. TRIM59-/- macrophages promote B16-F10 tumor growth. (A) Representative images of B16-F10 tumors from three

independent experiments. Wild-type mice or TRIM59-CKO mice were inoculated subcutaneously with B16-F10 cells, and sacrificed 28 days
later. n = 5 mice per group. (B) Mean tumor volume in the different experimental groups. (C) Overall survival in WT mice and TRIM59-CKO
mice implanted with B16 melanoma allografts. n = 10 mice per group. (D) Phenotypic screening of TAMs. Representative FACS plots from WT
and TRIM59-CKO mouse macrophages. (E) Flow cytometry analysis of macrophage subpopulations based on Ly6C and MHCII expression. Data
are represented as mean ± SD. *p<0.05, compared to WT.
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macrophages, relative to CM from non-differentiated
(M0) cells. In turn, TNF-α levels in CM from TRIM59-/-M2 macrophages were significantly higher than in CM
from WT-M2 macrophages. At the same time, we
observed that synthesis of pro-inflammatory factors such

as IL-6 and IL-1β was increased in M2 macrophages,
but there was no significant difference between
TRIM59-/--M2 CM and WT-M2 CM. IL- 10 was also
increased in M2 macrophages, while TGF-β was
basically unchanged (Figure 3A).

Figure 2. TRIM59-/--M2 macrophage CM promotes melanoma cell migration and invasion. (A) The expression of Arg1, IL-10, Mrc1,

TNF-α, IL-6, and NOS2 was detected by qRT-PCR. Data are represented as mean ± SD. *p<0.05, **p<0.01, ***p<0.001, compared with the
WT-M0 group; ▲p<0.05, TRIM59-/--M2 vs. WT-M2. (B) Immunofluorescent detection of F4/80 and CD206. Fluorescence intensity was
analyzed by a 3D surface plot using ImageJ. Scale bars = 100 μm. (C) Proliferation assay results from B16-F0 and B16-F10 cells treated with
control media, WT-M2 CM, or TRIM59-/--M2 CM. Data are represented as mean ± SD. *p<0.05, **p<0.01, ***p<0.001, compared
withTRIM59-/--M2 CM. (D) Representative images from wound healing (cell migration) assays and data quantification. Data are represented
as mean ± SD. **p<0.01, ***p<0.001, compared with control media; ▲p<0.05, TRIM59-/--M2 CM vs. WT-M2 CM. (E) Representative images
from transwell (cell invasion) assays and data quantification. Data are represented as mean ± SD. **p<0.01, ***p<0.001, compared with
control media; ▲▲p<0.01, ▲▲▲p<0.001, TRIM59-/--M2 CM vs. WT-M2 CM.

www.aging-us.com

8626

AGING

Next, we compared gene expression patterns between
B16-F10 cells cultured with either TRIM59-/--M2
macrophage CM. A total of 813 differentially expressed
genes (DEGs), comprising 648 upregulated and 165
downregulated transcripts, were detected by transcriptome analysis (Figure 3B). These DEGs were
classified according to gene ontology (GO) analysis
(Figure 3C). 68 DEGs were associated with regulation of
cell migration; these included genes encoding
chemokines (ccl2, cxcl3, cxcl5, ccl20, and cxcl1), matrix
metalloproteinases (MMPs), i.e. MMP-9 andMMP-12,
and the adhesion molecule Madcam1 (Figure 3D). The
transcriptome sequencing results were validated by
quantitative RT-PCR. Compared with the control group,
ccl2, MMP-12, MMP-9, and Madcam1 gene levels were
significantly up-regulated in B16-F0 and B16-F10 cells
cultured with CM from TRIM59-/--M2 macrophages
(Figure 3E).
To reconcile the above ELISA and gene expression data,
we tested the effects of TNF-α on the expression of
some key DEGs. Addition of recombinant mouse TNF-α
(100 ng/ml) upregulated ccl2, MMP12, MMP9, and
Madcam1 mRNA in both B16-F0 and B16-F10 cells
(Figure 3F). Conversely, blockade of TNF-α synthesis in
TRIM59-/--M2 macrophage cultures using a neutralizing
antibody significantly negated MMP-9 and Madcam1
induction in both B16-F0 and B16-F10 cells exposed to
the corresponding CM (Figure 3G). Taken together,
these results suggest that TNF-α production by
TRIM59-/--M2 macrophages promotes the expression of
MMP-9 and Madcam1 in B16-F0 and B16-F10 tumor
cells, enhancing their metastatic potential.
Conditioned media from TRIM59-/--M2 macrophages activates the ERK pathway in melanoma
cells
To further assess the molecular changes underpinning
enhanced migration and invasion of B16-F0 and B16F10 cells exposed to CM from M2-polarized
macrophages, the activation status of the PI3K and the
ERK signaling pathways was examined by western
blotting. Compared with control media, CM from M2
macrophages induced pronounced increases in PI3K
phosphorylation (Tyr458), Akt phosphorylation
(Ser473), c-raf phosphorylation (Ser289), and ERK1/2
phosphorylation (Thr202/Tyr204) in both B16-F0 and
B16-F10 cells. These changes were especially marked in
melanoma cells exposed to CM from TRIM59-/-M2macrophages, compared with CM from WT-M2 cells
(Figure 4A). ERK signaling is an important regulator of
cancer cell proliferation, migration, and invasion in
many tumor types. We verified that ERK signaling is
activated by TNF-α (100 ng/ml) in B16-F0 and B16-F10
cells, while antibody-mediated TNF-α inhibition
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significantly decreased this activation (Figure 4B).
Furthermore, in both cell types inhibition of ERK1/2
with U0126 (10 μM) suppressed migration and invasion
induced by CM from M2 macrophages (either WT
orTRIM59-/-; Figure 4C–4D), while the Akt inhibitor
MK2206 (10 μM), tested in B16-F10 cells, was less
effective (Supplementary Figure 3A–3C). In turn, ERK
signaling inhibition in B16-F0 and B16-F10 cells
abolished the upregulation of MMP-9 and Madcam1
mRNA observed after stimulation with CM from M2
macrophages (Figure 4E). These data suggest that
TRIM59 deficiency triggers TNF-α production by M2
macrophages, which promotes migration and invasion of
melanoma cells mainly via activation of the ERK
pathway and subsequent upregulation of MMP-9 and
Madcam1.
MMP-9 and Madcam1 knockdown decreases
migration and invasion and suppresses epithelialmesenchymal transition in melanoma cells
To verify the role of MMP-9 and Madcam1 in B16-F0
and B16-F10 cells, specific shRNAs were used to inhibit
their expression. Transfection with MMP-9-shRNA
decreased basal MMP-9 mRNA levels by ~3- and 3.5fold in B16-F0 and B16-F10 cells, respectively. In turn,
Madcam1-shRNA transfection reduced basal Madcam1
mRNA levels by ~ 4-fold in both B16-F0 and B16-F10
cells (Figure 5A). Decreased MMP-9 and Madcam1
protein levels were confirmed by western blotting
(Figure 5B). Knockdown of either MMP-9 or Madcam1
significantly decreased the migration of B16-F0 and
B16-F10 cells in response to CM from TRIM59-/--M2
macrophages (Figure 5C). Similar effects were observed
on transwell invasion assays (Figure 5D).
Based on these findings, we used western blotting to test
the hypothesis that MMP-9 and Madcam1 might regulate
epithelial-mesenchymal transition (EMT) in B16 cells.
Consistent with EMT repression, results showed that
MMP-9 or Madcam1 knockdown up-regulated
E-cadherin and downregulated N-cadherin, vimentin,
β-catenin, snail, and CCDN1 in B16-F0 and B16-F10
cells.
MMP-9 and Madcam1 knockdown inhibits B16-F10
tumor progression and metastatic burden
To assess the effects of MMP-9 and Madcam1 deletion
on tumor growth in vivo, we subcutaneously injected
B16-F10 cells transfected with shRNA-MMP-9,
shRNA-Madcam1, or scrambled control-shRNA into
WT or TRIM59-CKO mice. B16-F10 control cells in
TRIM59-CKO mice produced the largest tumors in WT
with scrambled control-shRNA group, TRIM59-CKO
with scrambled control-shRNA group, TRIM59-CKO
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Figure 3. CM from TRIM59-/--M2 contains TNF-α and induces expression of ccl2, MMP-12, MMP-9, and Madcam1 in
melanoma cells. (A) ELISA detection of cytokines in culture supernatants from WT-M0, TRIM59-/--M0, WT-M2, and TRIM59-/--M2

macrophages. Data are represented as mean ± SD. *p<0.05, **p<0.01, ***p<0.001, compared with the TRIM59-/--M2 group. (B) Scatter plots
showing DEGs detected in B16-F10 cells treated with TRIM59-/--M2 CM. (C) GO enrichment analysis of DEGs identified in B16-F10 cells
exposed to TRIM59-/--M2 CM. (D) Top 15 DEGs. (E) qRT-PCR detection of the top 10 DEGs in cells treated with control media, WT-M2 CM,
orTRIM59-/--M2 CM. Data are represented as mean ± SD. *p<0.05, compared with the WT-M2 CM group. (F) qRT-PCR detection of ccl2, MMP12, MMP-9, and Madcam1 expression in B16-F0 and B16-F10 cells treated with or without TNF-α. Data are represented as mean ± SD.
*p<0.05, **p<0.01, compared with untreated cells. (G) qRT-PCR detection of ccl2, MMP-12, MMP-9, and Madcam1 expression in B16-F0 and
B16-F10 cells treated with control media, TRIM59-/--M2 CM, or TRIM59-/--M2 CM containing a neutralizing TNF-α antibody. Data are
represented as mean ± SD. *p<0.05, **p<0.01, compared with untreated cells.
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Figure 4. TRIM59-/--M2 macrophage CM activates the PI3K-Akt and ERK pathways in melanoma cells. (A) Western blot

detection of signaling proteins related to the PI3K and ERK pathways in B16-F0 and B16-F10 cells treated with control media, WT-M2 CM,
or TRIM59-/--M2 CM. Data are represented as mean ± SD. *p<0.05, **p<0.01, compared with the TRIM59-/--M2 CM group. (B) Western
blot detection of signaling proteins related to the PI3K and ERK pathways in B16-F0 and B16-F10 cells treated with control media, TNF-α,
or a TNF-α antibody. Data are represented as mean ± SD. *p<0.05, **p<0.01, compared with the TNF-α group. (C) Transwell assays results
showing the invasive ability of B16-F0 and B16-F10 cells in response to CM from M2 macrophage cultures in the presence of the ERK
inhibitor U0126. (D) Wound healing assay results showing the migratory ability of B16-F0 and B16-F10 cells in response to CM from M2
macrophage cultures in the presence of the ERK inhibitor U0126. (E) qRT-PCR evaluation of MMP-9 and Madcam1 expression in B16-F0
and B16-F10 cells exposed to CM from M2 macrophage cultures in the presence of the ERK inhibitor U0126. Data are represented as
mean ± SD. *p<0.05, **p<0.01, WT-M2 CM vs. WT-M2 CM plus U0126; ▲p<0.05, ▲▲p<0.01, TRIM59-/--M2 CM vs. TRIM59-/--M2 CM plus
U0126.
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with shRNA-MMP-9 group and TRIM59-CKO with
shRNA-Madcam1 group, while those generated in the
shRNA-MMP-9 and shRNA-Madcam1 groups were
significantly smaller (Figure 6A). This was consistent
with decreased proliferation, indicated by reduced Ki67
immunostaining, in tumors generated by sh-MMP-9and sh-Madcam1-transfected B16-F10cells (Figure 6B).
Both immunohistochemistry and qRT-PCR confirmed
decreased MMP-9 and Madcam1 expression in tumor
samples derived from cells in which MMP9 or
Madcam1 were knocked down (Figure 6B–6C).
To evaluate potential contributions of MMP-9 and
Madcam1 to metastasis formation by melanoma cells,
B16-F10 cells transfected with shRNA-MMP-9, shRNAMadcam1, or scrambled control-shRNA were injected
intravenously into WT or TRIM59-CKO mice. Although
lung metastatic nodules developed in all mice, they were
more numerous in TRIM59-CKO mice injected with
control B16-F10 cells. In contrast, lung metastatic

nodules were less numerous in the shRNA-MMP-9 and
shRNA-Madcam1 groups (Figure 7). These results
indicated that MMP-9 or Madcam1 deletion attenuates
lung metastatic colonization by melanoma cells
facilitated by myeloid-specific TRIM59 knockdown.

DISCUSSION
This study shows that the growth of B16 melanoma
allografts was stimulated by myeloid-specific TRIM59
knockdown in host mice, indicating that TRIM59
expression in TAMs may prevent or attenuate melanoma
progression. Phenotypic analysis showed that the M2
phenotype prevailed among isolated TRIM59-/- TAMs.
Exposure to TRIM59-/--M2 macrophage supernatant
promoted migration and invasion of B16 melanoma
cells, and inhibitory experiments indicated that overexpression of TNF-α by TRIM59-deficient M2
macrophages and activation of ERK, and perhaps PI3K,
signaling in B16 melanoma cells mediated these effects.

Figure 5. Knockdown of MMP-9 or Madcam1 inhibits migration, invasion, and EMT in melanoma cells. (A) Expression of MMP-9

and Madcam1 in B16-F0 and B16-F10 cells transfected with MMP-9-shRNA, Madcam1-shRNA or scrambled (control)-shRNA, as assessed by
qRT-PCR. Data are represented as mean ± SD. **p<0.01, compared with control cells. (B) Expression of MMP9 and Madcam1 in B16-F0 and
B16-F10 cells transfected with MMP-9-shRNA, Madcam1-shRNA, or scrambled (control)-shRNA, as assessed by western blotting. A
representative image from three independent experiments is shown. (C) Representative images of cell migration assays conducted on B16F10 cells transfected with control shRNA, MMP-9-shRNA, or Madcam1-shRNA. Data are represented as mean ± SD. *p<0.05, compared with
control cells. (D) Representative images of transwell invasion assays conducted on B16-F10 cells transfected with control shRNA, MMP-9shRNA, or Madcam1-shRNA. Data are represented as mean ± SD. *p<0.05, compared with control cells. (E) Western blot detection of EMTassociated proteins, including E-cadherin, N-cadherin, and vimentin, in B16-F0 and B16-F10 cells after shRNA-mediated downregulation of
MMP-9 or Madcam1.
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RNA sequencing identified a large number of DEGs in
B16-F10 cells exposed to TRIM59-/--M2 macrophage
CM. Among the top 15 DEGs, we selected MMP-9 and
Madcam1, i.e. two genes involved in cell motility
processes, and confirmed their regulation by TNF-αinduced ERK activation. Independent knockdown of
either MMP-9 or Madcam1 by shRNA in melanoma
cells inhibited EMT and invasion induced by TRIM59-/-M2 macrophage CM, and attenuated the growth of
subcutaneous B16-F10 tumors and reduced lung
metastasis burden in TRIM59-CKO-mice.
Originally described as a circulating factor that can
cause necrosis in tumors, TNF-α is now known to be a
key regulator of inflammatory and immune responses
[23]. TNF-α exerts multiple, context-dependent actions,
and has been deemed a tumor-promoting factor for its

ability to promote tumor survival by indirect
mechanisms (e.g. immunosuppression) or direct effects
on cancer cells (e.g. induction of EMT) [24]. Inflammation within the tumor microenvironment critically
contributes to tumor development [25]. Accordingly,
studies showed that upregulation of TNF-α in
endothelial and immune cells promotes early tumor
inflammation and stromal interactions that facilitate
tumor invasion and metastasis [26–31]. In some tumor
types, TNF-α was shown to promote tumor cell
migration and metastasis by inducing RAS or c-MYC
activation and expression of MMPs (e.g. MMP-3 and 9)
[32–36]. TNF-α can also stimulate the transcription of
genes encoding endothelial cell adhesion molecules,
including E selectin, ICAM-1, VCAM-1, and Madcam1,
which are closely related to tumor metastasis and
angiogenesis [37–39]. Our study showed that TNF-α

Figure 6. Knockdown of MMP-9 or Madcam1 inhibits melanoma growth in vivo. (A) Representative image of B16-F10 tumors from

three independent experiments. WT or TRIM59-CKO mice were inoculated subcutaneously with B16-F10 cells transfected with control
shRNA, MMP-9-shRNA, or Madcam1-shRNA. Tumor volumes were measured twice a week, and tumor weights estimated on sacrifice at day
28. n = 5 mice per group. Data are represented as mean ± SD. *p<0.05, **p<0.01, compared to tumors generated by shRNA control B16 cells
in TRIM59-CKO mice. (B) Representative H&E staining images and IHC detection of Ki67, MMP-9, and Madcam1 in B16-F10 allografts (original
magnification × 200). (C) Detection of MMP-9 and Madcam1 mRNA expression in B16-F10 allografts by qRT-PCR. Data are represented as
mean ± SD. *p<0.05, **p<0.01, compared to tumors generated by shRNA control B16 cells in TRIM59-CKO mice.
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promoted the expression of MMP-9 and Madcam1 in
melanoma cells, which contributed to melanoma
growth and metastasis. Because knockdown of MMP-9
did not alter Madcam1 protein levels, and Madcam1
silencing did not affect MMP-9 protein expression, we
conclude that the effects were independent, and that
both proteins are needed for metastatic dissemination
of melanoma cells.
TRIM59, a member of the TRIM ubiquitin ligase family,
has long been considered a tumor marker in association
with tumor progression and metastasis in several tumor
types, such as non-small cell lung cancer, gastric cancer,
osteosarcoma, and cervical cancer [17, 43–46]. A recent
study reported that depletion of TRIM59 suppresses
breast cancer metastasis by promoting RNFT1-induced
K63 poly ubiquitination and SQSTM1-directed
autophagic degradation of PDCD10 [40]. Another study
reported that TRIM59 promotes gliomagenesis by
inhibiting TC45 dephosphorylation of STAT3 [41].
TRIM59 can also regulate autophagy by modulating
both the transcription and ubiquitination of BECN1 [42].
Interestingly, we found that TRIM59 expression is
induced in BCG-stimulated macrophages and mediates a
cytotoxic effect by direct cell contact on MCA207
fibrosarcoma cells [20]. In the present work, TRIM59
deficiency stimulated the metastatic potential of
melanoma cells, suggesting that expression of TRIM59
in macrophages may have antitumor effects. We also
found that TRIM59 expression in macrophages did not

alter their phenotype, but significantly increased
phagocytic activity [47], which may be a mechanism
involved in the antitumor response.
M2-like macrophages predominate in the tumor
microenvironment, and play a stimulatory role on tumor
development and metastasis [48, 49]. In our study, we
found that deletion of TRIM59 further enhanced the
tumor-promoting actions of M2 macrophages by
inducing production and the release of TNF-α. Recent
studies indicated the involvement of several ubiquitin
ligases, including TRIM family members such as
TRIM45, in the regulation of the MAPK signaling
pathway
(through
alterations
in
AP-1/Elk1transcriptional activity) and the NF-κB signaling
pathways [50–52]. In our study, TRIM59-/ -macrophages
mediated upregulation of the PI3K and ERK signaling
pathways in B16 melanoma cells, promoting MMP-9
and Madcam1 expression and stimulating migration and
invasion in vitro, as well as tumorigenesis, EMT, and
metastasis in an in vivo tumor model.
In conclusion, our study suggested that expression
of TRIM59 in macrophages potentially restricts
melanoma progression and metastasis, and its loss has
pro-tumoral effects via induction of TNF-α. This
evidence highlights that upregulation of TRIM59 in
TAMs could be an effective way to attenuate or
prevent tumor growth, in melanoma and perhaps other
cancers.

Figure 7. MMP-9 or Madcam1 silencing decreases pulmonary metastasis of melanoma cells. Representative macroscopic and

H&E images of mouse lungs colonized by metastatic B16-F10 melanoma cells. Scale bar = 20 µm. Quantification of metastatic foci (mean ±
SD, n = 5) for each experimental condition is shown. Data are represented as mean ± SD. *p<0.05, **p<0.01, compared with shRNA control
B16-F10 cells inoculated in TRIM59-CKO mice.
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MATERIALS AND METHODS
Cell culture
B16-F0 and B16-F10 mouse melanoma cells, primary
mouse bone marrow-derived macrophages, THP1 cells,
and A375 human melanoma cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and
antibiotics. All cells were cultured in a humidified
atmosphere of 5% CO2 at 37°C.
Antibodies and reagents
Anti-PI3K-p85 (cat. no. 4257T), anti-phospho-PI3K-p85
(cat. no. 4228S), anti-Akt (cat. no.4691S), anti-phosphoAkt (cat. no. 4060S), anti-Erk (cat. no. 3552S), antiphospho-Erk1/2 (cat. no. 4370S), anti-phospho-c-raf
(cat. no. 9427S), anti-E-cadherin (cat. no. 3195S), antiN-cadherin (cat. no. 13116T), anti-vimentin(cat. no.
5741S), anti-β-catenin (cat. no. 8480S), anti-Snail (cat.
no. 3879S), anti-cyclinD1 (cat. no. 2978S), anti-β-actin
(cat. no. 4970S), anti-MMP-9 (cat. no. 13667S), and
anti-TNF-α (cat. no. 11948S) were from Cell Signaling
Technology (Danvers, MA, USA). Anti-Madcam1 (cat.
no. AF993) was from R&D Systems (Minneapolis, MN,
USA). Recombinant mouse IL-4 (cat. no. 214-14) and
IL-13 (cat. no. 210-13) were from Peprotech (Rocky
Hill, NJ, USA). Recombinant mouse TNF-α (cat. no.
abs04259) was from Absin Bioscience Inc. (Shanghai,
China). U0126 (cat. no. 1095821), a selective inhibitor
of MEK1 and MEK2, and MK2206 (cat. No. 1031320),
a selective inhibitor of Akt, were both from Peprotech.
Animals
All animal studies were conducted in accordance with
the guidelines established by the Animal Research
Committee of Jilin University. The TRIM59 targeting
vector was constructed by flanking the exons of TRIM59
with 2 loxP sequences. TRIM59Flox/Flox (TRIM59F/F)
mice were produced by homologous recombination
using the C57BL/6N ES cell line RENKA (Cyagen
Biosciences Inc., Guangzhou, China). TRIM59F/F mice
were crossed with Lyz2-Cre transgenic mice (Jackson
Laboratories, Bar Harbor, USA) to produce TRIM59F/F:
Lyz2-Cre (TRIM59-CKO) mice. These mice only
knocked out TRIM59 in macrophages. These
conventional macrophage TRIM59-KO mice were
backcrossed onto the C57BL/6genetic background and
used in the present study.
Tumor models
For subcutaneous tumor implantation, B16-F0 or B16F10 melanoma cells transfected with control shRNA or

www.aging-us.com

8633

shRNAs targeting either MMP-9 or Madcam1 were
injected subcutaneously (5×105 cells in 150 μl saline)
into the sides of 8- to 10-week-old female WT or
TRIM59-CKO mice. Tumor volume (in mm3) was
measured twice a week with a digital caliper and
calculated by the following formula: volume = (width)2
× length/2. On day 28 post-implantation mice were
sacrificed, and tumors were harvested for downstream
experiments.
To evaluate metastasis development in vivo, B16-F0 or
B16-F10 melanoma cells transfected with control
shRNA, or shRNAs targeting either MMP-9 or
Madcam1 were injected intravenously (5 × 105 cells in
100 μl saline) into 8- to 10-week-old female WT or
TRIM59-CKO mice. For all animal experiments, at
least five mice were randomly selected and included in
each experimental group, and all animals used were
included in the analysis.
Bone marrow-derived macrophage (BMDM)
induction and conditioned medium preparation
Bone marrow cells were flushed from mouse bones and
cultured in DMEM (20% FBS, 2 mM L-glutamine, 50
μM 2-mercaptoethanol) with 40 ng/ml macrophage
colony stimulating factor (M-CSF). The medium was
changed every two days, and the cells differentiated into
BMDMs in one week. To generate M2 macrophages,
BMDM cells were cultured with 25 ng/ml IL-4 and 25
ng/ml IL-13 for 48 h, and IL-4 and IL-13 were then
removed by thorough washing. M2 cells were further
cultured in 2 mL fresh serum-free DMEM for another
24 h to produce the conditioned media from M2 cells.
Conditioned media was collected and stored at 80 °C.
Cell proliferation, wound healing and transwell assays
Cells were cultured in serum-free DMEM for 24 h before
seeding at 1 × 103 cells per well in 96-well plates in
control media, WT-M2 conditioned media, orTRIM59-/-M2 conditioned media. Cell proliferation was measured
using Cell Count Kit-8 (CCK-8) reagent (10 μl was
added to each well at the endpoint) at the indicated times
according to the manufacturer’s instructions (Dojindo
Laboratories, Kumamoto, Japan). In wound healing
assays, melanoma cancer cells were seeded into 6-well
plates and scraped using a sterile pipette tip. Images were
obtained using an inverted microscope at 0 and 24 h and
then analyzed by ImageJ software (NIH, Bethesda, MD,
USA). For cell invasion assays, melanoma cancer cells
were seeded into Matrigel-coated upper chambers of
Transwell inserts (Corning, NY, USA). After 24 h of
incubation, non-invading cells were scraped off with a
cotton swab, and the cells on the bottom of the chamber
were fixed, stained, and counted.
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Flow cytometry and immunofluorescence
Flow cytometry and/or immunofluorescence was used to
analyze F4/80, CD11b, MHCII, and Ly6C expression in
TAM subtypes, and F4/80, MHCII, and CD206
expression in BMDM subtypes. APC/Cy7-Ly6C
(557661), PE-F4/80 (565410), and FITC-CD11b
(557396) were from BD Biosciences (San Jose, CA,
USA); APC-MHCII (107614) and FITC-CD206
(141703) were from BioLegend (San Diego, CA, USA).
Enzyme-linked immunosorbent assay (ELISA)
Murine TNF-α, IL-6, IL-1b, IL-10, and TGF-β were
measured in serum-free CM from WT-M0, WT-M2,
TRIM59-CKO-M0, and TRIM59-CKO-M2 cells using
murine ELISA kits purchased from eBioscience (San
Diego, CA, USA) according to the manufacturer’s
instructions. Murine IL-2 was measured in serum free
CM from WT-M0, WT-M2, and TRIM59-CKO-M2
cells using murine ELISA kits purchased from R&D
Systems (Minneapolis, MN, USA). Absorbance was
measured at 450 nm and corrected at 540 nm using a
microplate reader. Total protein concentrations in CM
were calculated using CurveExpert 1.4. (CurveExpert
and GraphExpert Software, Madison, AL). Statistical
analysis was performed using Student’s t-test. A p <
0.05 was considered statistically significant.
Western blot analysis
Cells were harvested and lysed in lysis buffer (50mM
Tris-HCl, 1% NP40, 150 mM NaCl, 1mM EDTA, and
1mM PMSF) for 30 min at 4°C. Total cell extracts were
separated using 12% sodium dodecyl sulfatepolyacrylamide gels and transferred to polyvinylidene
difluoride membranes. The membranes were blocked
with 3% bovine serum albumin and incubated with
primary antibodies diluted in blocking solution. Signals
were visualized using a chemiluminescent substrate
(Super Signal West Pico Kit; Thermo Scientific, IL,
USA).
RNA isolation and quantitative real-time PCR
Total RNA was extracted from cultured or sorted
macrophages using TRIzol reagent (Takara, Tokyo,
Japan) according to the manufacturer’s instructions.
cDNA was synthesized and analyzed via quantitative
real-time PCR with SYBR Mix. Expression levels of the
target genes were normalized to that of the control gene.
Cell transfection
MMP-9 and Madcam1 shRNA plasmids and shRNA
negative control were purified and synthesized by
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Gene-Pharma (Shanghai, China). Transfection was
performed using polyethylenimine transfection reagent
(Polysciences, Inc., Warrington, PA). RNA sequences
were as follows: Sh-MMP-9: 5′-3′CCAACUAUGACCA
GGAUAATT, 3′-5′UUAUCCUGGUCAUAGUUGGTT;
Sh-Madcam1: 5′-3′GCUCUUGUUUGCCGAGCUATT,
3′-5′UAGCUCGGCAAACAAGAGCTT.
Immunohistochemistry
Tumors from WT or TRIM59-CKO mice were fixed for
72 h with 10% buffered formalin before paraffin
embedding. Serial tissue sections (2 μm thick) were
deparaffinized in xylene, rehydrated with a series of
ethanol solutions (100% to 50%), and incubated in a
0.3% hydrogen peroxide solution for 20 min to block
endogenous peroxidase activity. Sections were then
rinsed with tap water, washed with phosphate-buffered
saline (PBS) and subjected to antigen retrieval by boiling
in a Tris/EDTA (pH 9.0) solution for 20 min.
Subsequently, the sections were cooled, rinsed with tap
water and PBS, and incubated with normal serum at
room temperature for 30 min, followed by hematoxylin
and eosin (H&E) staining or IHC. For IHC, the sections
were incubated with MMP-9 or Madcam1 primary
antibodies overnight at 4 °C. After rinsing with PBS
three times, the slides were incubated for 30 min with
HRP-conjugated secondary antibodies. Signal was
developed using a 3′-diaminobenzidine (DAB) kit
(Solarbio, Beijing, China).
Statistical analysis
Data were analyzed using unpaired Student’s t test and
are expressed as mean ± SD. P < 0.05 was considered
statistically significant. All graphs and statistical
calculations were performed using GraphPad Prism
software (Version 6.0; La Jolla, CA, USA).

CONFLICTS OF INTEREST
The authors declare that there are no conflicts of
interest.

FUNDING
This work was supported by grants from the National
Natural Science Foundation of China (Nos. 81571530
and Nos. 31570934) and the Fundamental Research
Funds for the Central Universities of China.

REFERENCES
1.

Govindarajan B, Bai X, Cohen C, Zhong H, Kilroy S, Louis
G, Moses M, Arbiser JL. Malignant transformation of
melanocytes to melanoma by constitutive activation of

AGING

mitogen-activated protein kinase kinase (MAPKK)
signaling. J Biol Chem. 2003; 278:9790–95.
https://doi.org/10.1074/jbc.M212929200
PMID:12514183
2.

Bittner M, Meltzer P, Chen Y, Jiang Y, Seftor E, Hendrix
M, Radmacher M, Simon R, Yakhini Z, Ben-Dor A,
Sampas N, Dougherty E, Wang E, et al. Molecular
classification of cutaneous malignant melanoma by
gene expression profiling. Nature. 2000; 406:536–40.
https://doi.org/10.1038/35020115 PMID:10952317

3.

Apalla Z, Lallas A, Sotiriou E, Lazaridou E, Ioannides D.
Epidemiological trends in skin cancer. Dermatol Pract
Concept. 2017; 7:1–6.
https://doi.org/10.5826/dpc.0702a01 PMID:28515985

4.

Chambers AF, Groom AC, MacDonald IC. Dissemination
and growth of cancer cells in metastatic sites. Nat Rev
Cancer. 2002; 2:563–72.
https://doi.org/10.1038/nrc865
PMID:12154349

5.

Valastyan S, Weinberg RA. Tumor metastasis:
molecular insights and evolving paradigms. Cell. 2011;
147:275–92.
https://doi.org/10.1016/j.cell.2011.09.024
PMID:22000009

6.

Fang M, Zhu D, Luo C, Li C, Zhu C, Ou J, Li H, Zhou Y,
Huo C, Liu W, Peng J, Peng Q, Mo Z. In vitro and in vivo
anti-malignant melanoma activity of Alocasia cucullata
via modulation of the phosphatase and tensin
homolog/phosphoinositide 3-kinase/AKT pathway. J
Ethnopharmacol. 2018; 213:359–65.
https://doi.org/10.1016/j.jep.2017.11.025
PMID:29180042

7.

8.

9.

Florea AM, Büsselberg D. Cisplatin as an anti-tumor
drug: cellular mechanisms of activity, drug resistance
and induced side effects. Cancers (Basel). 2011;
3:1351–71.
https://doi.org/10.3390/cancers3011351
PMID:24212665
Kehe K, Szinicz L. Medical aspects of sulphur mustard
poisoning. Toxicology. 2005; 214:198–209.
https://doi.org/10.1016/j.tox.2005.06.014
PMID:16084004
Gray-Schopfer V, Wellbrock C, Marais R. Melanoma
biology and new targeted therapy. Nature. 2007;
445:851–57.
https://doi.org/10.1038/nature05661
PMID:17314971

10. Joyce JA, Fearon DT. T cell exclusion, immune privilege,
and the tumor microenvironment. Science. 2015;
348:74–80.
https://doi.org/10.1126/science.aaa6204
PMID:25838376

www.aging-us.com

8635

11. Noy R, Pollard JW. Tumor-associated macrophages:
from mechanisms to therapy. Immunity. 2014;
41:49–61.
https://doi.org/10.1016/j.immuni.2014.06.010
PMID:25035953
12. Sica A, Mantovani A. Macrophage plasticity and
polarization: in vivo veritas. J Clin Invest. 2012;
122:787–95.
https://doi.org/10.1172/JCI59643 PMID:22378047
13. Qian BZ, Pollard JW. Macrophage diversity enhances
tumor progression and metastasis. Cell. 2010;
141:39–51.
https://doi.org/10.1016/j.cell.2010.03.014
PMID:20371344
14. Zhang Y, Yang WB. Down-regulation of tripartite motif
protein 59 inhibits proliferation, migration and
invasion in breast cancer cells. Biomed Pharmacother.
2017; 89:462–67.
https://doi.org/10.1016/j.biopha.2017.02.039
PMID:28249247
15. Zhan W, Han T, Zhang C, Xie C, Gan M, Deng K, Fu M,
Wang JB. TRIM59 Promotes the Proliferation and
Migration of Non-Small Cell Lung Cancer Cells by
Upregulating Cell Cycle Related Proteins. PLoS One.
2015; 10:e0142596.
https://doi.org/10.1371/journal.pone.0142596
PMID:26599082
16. Chen W, Zhao K, Miao C, Xu A, Zhang J, Zhu J, Su S,
Wang Z. Silencing Trim59 inhibits invasion/migration
and epithelial-to-mesenchymal transition via TGFβ/Smad2/3 signaling pathway in bladder cancer cells.
Onco Targets Ther. 2017; 10:1503–12.
https://doi.org/10.2147/OTT.S130139
PMID:28331343
17. Zhou Z, Ji Z, Wang Y, Li J, Cao H, Zhu HH, Gao WQ.
TRIM59 is up-regulated in gastric tumors, promoting
ubiquitination
and
degradation
of
p53.
Gastroenterology. 2014; 147:1043–54.
https://doi.org/10.1053/j.gastro.2014.07.021
PMID:25046164
18. Hao L, Du B, Xi X. TRIM59 is a novel potential
prognostic biomarker in patients with non-small cell
lung cancer: A research based on bioinformatics
analysis. Oncol Lett. 2017; 14:2153–64.
https://doi.org/10.3892/ol.2017.6467
PMID:28789440
19. Kondo T, Watanabe M, Hatakeyama S. TRIM59
interacts with ECSIT and negatively regulates NF-κB
and IRF-3/7-mediated signal pathways. Biochem
Biophys Res Commun. 2012; 422:501–07.
https://doi.org/10.1016/j.bbrc.2012.05.028
PMID:22588174

AGING

20. Zhao X, Liu Q, Du B, Li P, Cui Q, Han X, Du B, Yan D, Zhu
X. A novel accessory molecule Trim59 involved in
cytotoxicity of BCG-activated macrophages. Mol Cells.
2012; 34:263–70.
https://doi.org/10.1007/s10059-012-0089-z
PMID:22949172
21. Georgoudaki AM, Prokopec KE, Boura VF, Hellqvist E,
Sohn S, Östling J, Dahan R, Harris RA, Rantalainen M,
Klevebring D, Sund M, Brage SE, Fuxe J, et al.
Reprogramming Tumor-Associated Macrophages by
Antibody Targeting Inhibits Cancer Progression and
Metastasis. Cell Rep. 2016; 15:2000–11.
https://doi.org/10.1016/j.celrep.2016.04.084
PMID:27210762
22. Van Overmeire E, Stijlemans B, Heymann F, Keirsse J,
Morias Y, Elkrim Y, Brys L, Abels C, Lahmar Q, Ergen C,
Vereecke L, Tacke F, De Baetselier P, et al. M-CSF and
GM-CSF Receptor Signaling Differentially Regulate
Monocyte Maturation and Macrophage Polarization in
the Tumor Microenvironment. Cancer Res. 2016;
76:35–42.
https://doi.org/10.1158/0008-5472.CAN-15-0869
PMID:26573801
23. Locksley RM, Killeen N, Lenardo MJ. The TNF and TNF
receptor superfamilies: integrating mammalian
biology. Cell. 2001; 104:487–501.
https://doi.org/10.1016/S0092-8674(01)00237-9
PMID:11239407
24. Balkwill F. Tumor necrosis factor or tumor promoting
factor? Cytokine Growth Factor Rev. 2002; 13:135–41.
https://doi.org/10.1016/S1359-6101(01)00020-X
PMID:11900989
25. Grivennikov SI, Wang K, Mucida D, Stewart CA, Schnabl
B, Jauch D, Taniguchi K, Yu GY, Osterreicher CH, Hung
KE, Datz C, Feng Y, Fearon ER, et al. Adenoma-linked
barrier defects and microbial products drive IL-23/IL17-mediated tumour growth. Nature. 2012; 491:254–
58.
https://doi.org/10.1038/nature11465 PMID:23034650
26. Nandhu MS, Kwiatkowska A, Bhaskaran V, Hayes J, Hu
B, Viapiano MS. Tumor-derived fibulin-3 activates proinvasive NF-κB signaling in glioblastoma cells and their
microenvironment. Oncogene. 2017; 36:4875–86.
https://doi.org/10.1038/onc.2017.109 PMID:28414309
27. Ham B, Fernandez MC, D’Costa Z, Brodt P. The diverse
roles of the TNF axis in cancer progression and
metastasis. Trends Cancer Res. 2016; 11:1–27.
PMID:27928197
28. Hanahan D, Weinberg RA. The hallmarks of cancer.
Cell. 2000; 100:57–70.
https://doi.org/10.1016/S0092-8674(00)81683-9
PMID:10647931

www.aging-us.com

8636

29. Balkwill F, Mantovani A. Inflammation and cancer: back
to Virchow? Lancet. 2001; 357:539–45.
https://doi.org/10.1016/S0140-6736(00)04046-0
PMID:11229684
30. Pikarsky E, Porat RM, Stein I, Abramovitch R, Amit S,
Kasem S, Gutkovich-Pyest E, Urieli-Shoval S, Galun E,
Ben-Neriah Y. NF-kappaB functions as a tumour
promoter in inflammation-associated cancer. Nature.
2004; 431:461–66.
https://doi.org/10.1038/nature02924
PMID:15329734
31. Szlosarek PW, Balkwill FR. Tumour necrosis factor
alpha: a potential target for the therapy of solid
tumours. Lancet Oncol. 2003; 4:565–73.
https://doi.org/10.1016/S1470-2045(03)01196-3
PMID:12965278
32. Tselepis C, Perry I, Dawson C, Hardy R, Darnton SJ,
McConkey C, Stuart RC, Wright N, Harrison R,
Jankowski JA. Tumour necrosis factor-alpha in Barrett’s
oesophagus: a potential novel mechanism of action.
Oncogene. 2002; 21:6071–81.
https://doi.org/10.1038/sj.onc.1205731
PMID:12203119
33. Hagemann T, Robinson SC, Schulz M, Trümper L,
Balkwill FR, Binder C. Enhanced invasiveness of breast
cancer cell lines upon co-cultivation with macrophages
is due to TNF-alpha dependent up-regulation of matrix
metalloproteases. Carcinogenesis. 2004; 25:1543–49.
https://doi.org/10.1093/carcin/bgh146
PMID:15044327
34. Jaiswal M, LaRusso NF, Burgart LJ, Gores GJ.
Inflammatory cytokines induce DNA damage and
inhibit DNA repair in cholangiocarcinoma cells by a
nitric oxide-dependent mechanism. Cancer Res. 2000;
60:184–90. PMID:10646872
35. Battegay EJ, Raines EW, Colbert T, Ross R. TNF-alpha
stimulation of fibroblast proliferation. Dependence on
platelet-derived growth factor (PDGF) secretion and
alteration of PDGF receptor expression. J Immunol.
1995; 154:6040–47. PMID:7751646
36. Leber TM, Balkwill FR. Regulation of monocyte MMP-9
production by TNF-alpha and a tumour-derived soluble
factor (MMPSF). Br J Cancer. 1998; 78:724–32.
https://doi.org/10.1038/bjc.1998.568
PMID:9743290
37. Yoshida S, Ono M, Shono T, Izumi H, Ishibashi T, Suzuki
H, Kuwano M. Involvement of interleukin-8, vascular
endothelial growth factor, and basic fibroblast growth
factor in tumor necrosis factor alpha-dependent
angiogenesis. Mol Cell Biol. 1997; 17:4015–23.
https://doi.org/10.1128/MCB.17.7.4015
PMID:9199336

AGING

38. De Cesaris P, Starace D, Starace G, Filippini A, Stefanini
M, Ziparo E. Activation of Jun N-terminal kinase/stressactivated protein kinase pathway by tumor necrosis
factor alpha leads to intercellular adhesion molecule-1
expression. J Biol Chem. 1999; 274:28978–82.
https://doi.org/10.1074/jbc.274.41.28978
PMID:10506145

46. Wang Y, Zhou Z, Wang X, Zhang X, Chen Y, Bai J, Di W.
TRIM59 Is a Novel Marker of Poor Prognosis and
Promotes Malignant Progression of Ovarian Cancer by
Inducing Annexin A2 Expression. Int J Biol Sci. 2018;
14:2073–82.
https://doi.org/10.7150/ijbs.28757
PMID:30585270

39. Leek RD, Landers R, Fox SB, Ng F, Harris AL, Lewis CE.
Association of tumour necrosis factor alpha and its
receptors with thymidine phosphorylase expression
in invasive breast carcinoma. Br J Cancer. 1998;
77:2246–51.
https://doi.org/10.1038/bjc.1998.373 PMID:9649140

47. Jin Z, Tian Y, Yan D, Li D, Zhu X. BCG Increased
Membrane Expression of TRIM59 Through the TLR2/
TLR4/IRF5 Pathway in RAW264.7 Macrophages.
Protein Pept Lett. 2017; 24:765–70.
https://doi.org/10.2174/0929866524666170818155524
PMID:28820065

40. Tan P, He L, Zhou Y. TRIM59 deficiency curtails breast
cancer
metastasis
through
SQSTM1-selective
autophagic degradation of PDCD10. Autophagy. 2019;
15:747–49.
https://doi.org/10.1080/15548627.2019.1569951
PMID:30653426

48. She L, Qin Y, Wang J, Liu C, Zhu G, Li G, Wei M, Chen C,
Liu G, Zhang D, Chen X, Wang Y, Qiu Y, et al. Tumorassociated macrophages derived CCL18 promotes
metastasis in squamous cell carcinoma of the head and
neck. Cancer Cell Int. 2018; 18:120.
https://doi.org/10.1186/s12935-018-0620-1
PMID:30181713

41. Sang Y, Li Y, Song L, Alvarez AA, Zhang W, Lv D, Tang J,
Liu F, Chang Z, Hatakeyama S, Hu B, Cheng SY, Feng H.
TRIM59 Promotes Gliomagenesis by Inhibiting TC45
Dephosphorylation of STAT3. Cancer Res. 2018;
78:1792–804.
https://doi.org/10.1158/0008-5472.CAN-17-2774
PMID:29386185
42. Han T, Guo M, Gan M, Yu B, Tian X, Wang JB. TRIM59
regulates autophagy through modulating both the
transcription and the ubiquitination of BECN1.
Autophagy. 2018; 14:2035–48.
https://doi.org/10.1080/15548627.2018.1491493
PMID:30231667
43. Cui Z, Liu Z, Zeng J, Chen L, Wu Q, Mo J, Zhang G, Song
L, Xu W, Zhang S, Guo X. Eugenol inhibits non-small cell
lung cancer by repressing expression of NF-κBregulated TRIM59. Phytother Res. 2019; 33:1562–69.
https://doi.org/10.1002/ptr.6352 PMID:30932261
44. Liang J, Xing D, Li Z, Shen J, Zhao H, Li S. TRIM59 is
upregulated and promotes cell proliferation and
migration in human osteosarcoma. Mol Med Rep.
2016; 13:5200–06.
https://doi.org/10.3892/mmr.2016.5183
PMID:27121462
45. Aierken G, Seyiti A, Alifu M, Kuerban G. Knockdown of
Tripartite-59 (TRIM59) Inhibits Cellular Proliferation
and Migration in Human Cervical Cancer Cells. Oncol
Res. 2017; 25:381–88.
https://doi.org/10.3727/096504016X14741511303522
PMID:27662486

www.aging-us.com

8637

49. Li M, Lai X, Zhao Y, Zhang Y, Li M, Li D, Kong J, Zhang Y,
Jing P, Li H, Qin H, Shen L, Yao L, et al. Loss of NDRG2 in
liver microenvironment inhibits cancer liver metastasis
by regulating tumor associate macrophages
polarization. Cell Death Dis. 2018; 9:248.
https://doi.org/10.1038/s41419-018-0284-8
PMID:29445150
50. Varfolomeev E, Goncharov T, Maecker H, Zobel K,
Kömüves LG, Deshayes K, Vucic D. Cellular inhibitors of
apoptosis are global regulators of NF-κB and MAPK
activation by members of the TNF family of receptors.
Sci Signal. 2012; 5:ra22.
https://doi.org/10.1126/scisignal.2001878
PMID:22434933
51. Shibata M, Sato T, Nukiwa R, Ariga T, Hatakeyama S.
TRIM45
negatively
regulates
NF-κB-mediated
transcription and suppresses cell proliferation.
Biochem Biophys Res Commun. 2012; 423:104–09.
https://doi.org/10.1016/j.bbrc.2012.05.090
PMID:22634006
52. Xu J, Zhou J, Dai H, Liu F, Li W, Wang W, Guo F. CHIP
functions as an oncogene by promoting colorectal
cancer metastasis via activation of MAPK and AKT
signaling and suppression of E-cadherin. J Transl Med.
2018; 16:169.
https://doi.org/10.1186/s12967-018-1540-5
PMID:29921293

AGING

SUPPLEMENTARY MATERIALS
Supplementary Figures

Supplementary Figure 1. (A) Expression of TRIM59 in THP1 cells transfected with TRIM59-shRNA, as assessed by western blotting. (B) CCK8 showing that TRIM59 overexpressed THP1 has a cytotoxicity of 18.25% on A375 human melanoma cells. (C) Wound healing assay results
showing the migratory ability of A375 cells in response to CM from Control meidia, THP1-M2 macrophage cultures or TRIM59-/--THP1-M2
macrophage cultures. Data are represented as mean ± SD. **p<0.01, compared with control media; ▲p<0.05, TRIM59-/--THP1-M2 CM vs.
THP1-M2 CM. (D) Transwell assays results showing the invasive ability of A375 cells In response to CM from Control meidia, THP1-M2
macrophage cultures or TRIM59-/--THP1-M2 macrophage cultures. Data are represented as mean ± SD. *p<0.05, **p<0.01, compared with
control media; ▲p<0.05, TRIM59-/--THP1- M2 CM vs. THP1-M2 CM.
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Supplementary Figure 2. (A) Flow cytometry analysis of macrophage subpopulations based on MHCII and CD206 expression. Data are

represented as mean ± SD. *p<0.05, compared to WT-MO macrophages; ▲p<0.05, TRIM59-/--M2 vs. WT-M2. (B) ELISA detection of IL2 in
culture supernatants from WT-MO, WT-M2, and TRIM59-/--M2 macrophages. Data are represented as mean ± SD.
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Supplementary Figure 3. (A) Wound healing assay results showing the migratory ability of B16-F10 cells in response to CM from M2

macrophage cultures in the presence of the Akt inhibitor MK2206. (B) Transwell assays results showing the invasive ability of B16-F10 cells in
response to CM from M2 macrophage cultures in the presence of the Akt inhibitor MK2206. (C) Statistical analysis of (A) and (B). Data are
represented as mean ± SD.
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Supplementary Table
Supplementary Table 1. Primer sequences used for qPCR analyses.
Ccl2
Cxcl3
Erbb4
Mmp12
Cxcl5
Cxcl2
Ccl20
Mmp9
Cxcl1
Madcam1
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Forward primer (5′-3′)
GCTACAAGAGGATCACCAGCAG
TGAGACCATCCAGAGCTTGACG
CAAAGCCAACGTGGAGTTCATGG
CACACTTCCCAGGAATCAAGCC
CCGCTGGCATTTCTGTTGCTGT
CATCCAGAGCTTGAGTGTGACG
GTGGGTTTCACAAGACAGATGGC
GCTGACTACGATAAGGACGGCA
TCCAGAGCTTGAAGGTGTTGCC
TGTCAGACACAGGCACTCCTGT

8641

Reverse primer (5′-3′)
GTCTGGACCCATTCCTTCTTGG
CCTTGGGGGTTGAGGCAAACTT
CTGCGTAACCAACTGGATAGTGG
TTTGGTGACACGACGGAACAGG
CAGGGATCACCTCCAAATTAGCG
GGCTTCAGGGTCAAGGCAAACT
CCAGTTCTGCTTTGGATCAGCG
TAGTGGTGCAGGCAGAGTAGGA
AACCAAGGGAGCTTCAGGGTCA
CTGTCCAGGTACAAGGAACTCC
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