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and M2 polarization of tumor-associated
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macrophages by regulating the TRIM2-
NF-kB pathway in colorectal cancer cells

Tumor-associated inflammation is an important component
of the tumor microenvironment, and an important factor
affecting tumor progression. In the tumor microenviron-
ment, tumor-associated macrophages (TAMs) receive
different stimuli and can be polarized into classically acti-
vated M1 macrophages and alternatively activated M2 mac-
rophages. Many studies have indicated that the polarization
of TAMs is closely related to tumor progression. M2-polarized
TAMs have been highly correlated with tumor metastasis,
angiogenesis, and poor prognosis, whereas M1-polarized
TAMs suppress tumor development. Tumors with higher
densities of M2 macrophages and lower densities of M1
macrophages have poor clinical outcomes." In terms of mo-
lecular mechanism, M2-polarized TAMs can produce various
cytokines required for tumor cell growth and angiogenesis,
including TGF-B, VEGF, and EGF.? In addition, M2-polarized
TAMs can inhibit humoral and cellular immunity to cancer
cells through various pathways, maintain tumor cells in an
immune tolerance state, and evade clearance by the body.
Tumor cells can regulate TAM polarization toward the M1 or
M2 phenotype by regulating the tumor microenvironment
and releasing cytokines.® TRIM family proteins have been
reported to be closely related to immune regulation,
inflammation, and tumorigenesis.* In our previously pub-
lished research, we found that epinephrine (Epi) could pro-
mote the progression of colorectal cancer (CRC) by
promoting the expression of TRIM2.° However, the immu-
nomodulatory role of TRIM2 in CRC is still unknown. In this
study, we found that Epi promotes tumor proliferation,
migration, and M2 polarization of TAMs by up-regulating
TRIM2 expression in CRC cells. TRIM2 expression is closely
related to CRC progression. TRIM2 promotes the
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development of CRC by promoting the ubiquitination and
degradation of lkBa. TRIM2 can also promote M2 polarization
of TAMs, which can further promote the progression of CRC.
Collectively, targeting the Epi/TRIM2 signaling pathway
might be a promising treatment option for CRC.

Firstly, we found that TRIM2 expression was considerably
increased in CRC tissues (Fig. 1A; Fig. S1A) and TRIM2
expression was strongly linked with tumor stage and lymph
node metastasis (Fig. S1B, C). Next, we explored the
probable relationship between TRIM2 and immune cell
infiltration in the TIMER database. The results indicated
that TRIM2 expression is associated with the infiltration of
various immune cells including macrophages in CRC
(Fig. S1D). The expression of iNOS and CD86 (M1 marker),
CD206 and CD163 (M2 markers), and CD68 (macrophage
markers) were investigated by immunohistochemistry in
human CRC tissues. The results indicated that more M2
macrophage polarization was found in tumor tissues with
high TRIM2 expression (Fig. 1B; Fig. S1E). Moreover, the
expression of TRIM2 in several CRC cell lines was examined
(Fig. S1F, G). Then, the function of TRIM2 in CRC was
investigated, and the results indicated that the expression
of TRIM2 related to the proliferation (Fig. 1C, D;
Fig. S$2G—Q) and migration (Fig. 1E; Fig. S2A—F, R) abilities
of CRC cells in vivo and in vitro.

We further detected markers of TAM polarization in
xenograft tumors by immunohistochemistry. We found
TRIM2 may promote M2 polarization of TAMs (Fig. S3A—D).
After activation with PMA, THP-1 cells were cocultured with
treated CRC cells. Then, flow cytometric and immunofluo-
rescence analyses were performed, and the results indi-
cated that TRIM2 promoted M2 polarization of TAMs
(Fig. 3F; Fig. S3E—H).

Liquid chromatography and high-throughput mass spec-
trometry analyses were applied to search proteins that
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Figure 1  Epinephrine promotes tumor progression and M2 polarization of tumor-associated macrophages by regulating the
TRIM2-NF-«xB pathway in colorectal cancer (CRC) cells. (A) The expression of TRIM2 in CRC tissues was examined by immunohis-
tochemistry (n = 65). (B) The protein expression of TRIM2, iNOS, and CD86 (M1 markers), CD206 and CD163 (M2 markers), and CD68
(macrophage marker) in human CRC tissues was evaluated by immunohistochemistry. (C) Subcutaneous xenograft tumors in the sh-
TRIM2 group grew slower than those in the control group. (D) Subcutaneous xenograft tumors in the TRIM2 group grew faster than
those in the control group. (E) Fewer lung metastatic nodules were observed in the sh-TRIM2 group than in the control group. (F)
THP-1 cells were cocultured with treated CRC cells, and markers of TAM polarization in THP-1 cells were evaluated by flow
cytometry (n = 3). (G) The expression of TRIM2 and IxBa in CRC cells transduced with sh-TRIM2 or transfected with the TRIM2
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interact with TRIM2 (Table S2). Next, we predicted the top
300 substrates for TRIM2 through the Ubibrowser database
(Table S3). The same genes between the two groups were
explored (Fig. S4A). The results indicated that TRIM2 may
bind to NFKBIA (IkBa), TRIM3, and ACTN4. Since previous
studies have indicated TRIM acts as a ubiquitin ligase to
regulate the NF-«B signaling pathway, IkBa was then
selected to further investigation. We found that the
expression of TRIM2 was negatively correlated with that of
IkBa. (Fig. S4B—D). Next, the results of Western blot analysis
indicated that TRIM2 inhibited the expression of IkBa
(Fig. 1G; Fig. S4E) and promoted the nuclear translocation
of p65 (Fig. S4F—H) in CRC cells. After silencing or over-
expressing TRIM2, CRC cells were further stimulated with
cycloheximide. The results showed that TRIM2 may
decrease IkBa protein stability (Fig. S4I—L). In addition,
MG132 was used to treat cells. We found that TRIM2
induced IkBa degradation in a proteasome-dependent
manner (Fig. S4M). Moreover, we further investigated the
polyubiquitinated form of endogenous IkBa (Fig. 4H). We
found that TRIM2 promoted the polyubiquitination of
endogenous IkBa.. Furthermore, plasmids expressing TRIM2,
IkBe, Ub, Ubk48, or Ubké63 were transfected into 293T cells.
We found that the total and K48-linked ubiquitination but
not the Ké3-linked ubiquitination of IkBa was obviously
increased by TRIM2, suggesting that TRIM2 promotes the
K48-linked polyubiquitination of IkBa. (Fig. S4N).

The results of Co-IP, GST pull-down assays, and immu-
nofluorescence staining indicated that TRIM2 physically
interacted with IkBa. (Fig. 1I; Fig. S5A—D). We further
constructed plasmids with the full-length TRIM2 sequence
or sequences with the deletion of different domains of
TRIM2. Co-IP was applied to explore the interaction of each
truncation deletion with IkBa. We found that amino acids
1—111 participated in this interaction (Fig. 1J; Fig. S5E).
Similarly, amino acids 181—317 of IkBa may participate in
the interaction of IkBa with TRIM2 (Fig. S5F, G). Finally, the
plasmids expressing full-length TRIM2 or TRIM2 with dele-
tion of amino acids 1—111 were transfected into CRC cells,
and we found that the amino acids 1—111 played an indis-
pensable role in TRIM2-mediated inhibition of IkBa
expression (Fig. S5H, I), promotion of P65 nuclear trans-
location (Fig. S5J, K), and promotion of IkBa degradation
(Fig. S5L—P).

Rescue experiments were performed, and we found that
silencing IkBa reversed the inhibitory effect of TRIM2 on
IkBo. expression (Fig. 1K, L; Fig. S6A, B), and silencing IkBa
also significantly reversed the promoting effects of TRIM2

on P65 nuclear translocation (Fig. S6C—F), cell proliferation
and metastasis (Fig. 1M; Fig. S6G—N), and M2 polarization
of TAMs (Fig. 1N; Fig. S60, P).

In previous studies, we proved that Epi can increase the
level of TRIM2 in CRC. Therefore, we sought to determine
whether Epi can also promote the M2 polarization of TAMs.
We treated CRC cells with Epi (50 nM) in vitro. The results of
Western blot analysis showed that Epi promoted the
expression of TRIM2 and suppressed the expression of IkBa in
CRC cells (Fig. 10; Fig. S7A, B). Moreover, Epi promoted P65
nuclear translocation in CRC cells (Fig. 1P; Fig. S7C—E).
Then, the function of Epi in CRC was investigated, and the
results indicated that Epi can enhance the migration and
proliferation abilities of CRC cells in vivo and in vitro
(Fig. S7TF—N). We also examined the levels of TRIM2 and
macrophage markers in xenografts by immunohistochem-
istry, which revealed that Epi promoted TRIM2 expression
and M2 macrophage polarization (Fig. S70, P).

Finally, we down-regulated the expression of TRIM2 in
cells treated with Epi, which suppressed the regulatory
effects of Epi on IkBa expression (Fig. 1Q; Fig. S8A, B),
migration (Fig. S8C—F), and proliferation (Fig. S8G, H),
indicating that Epi promotes the proliferation and metas-
tasis of CRC cells and M2 polarization of THP1 cells by up-
regulating the expression of TRIM2 in CRC cells (Fig. 1R).

In this study, we revealed the role of TRIM2 in regulating
CRC progression and promoting TAM polarization. TRIM2
expressed in CRC cells promotes TAM polarization toward
the M2 phenotype. TRIM2 directly binds to IkBa and induces
the degradation of IkBa. by ubiquitination, thereby acti-
vating the NF-«B signaling pathway. In summary, we
revealed a unique role for TRIM2 in controlling TAM polar-
ization and tumor growth in CRC. These data imply that
targeting the TRIM2 signaling pathway might be a promising
therapeutic approach for CRC.
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overexpression plasmid was measured by Western blot. (H) Co-IP showing the effect of TRIM2 expression changes on IkBa poly-
ubiquitination in LoVo and SW480 cells. (I) Co-IP showing the interaction of endogenous TRIM2 and IkBa. in LoVo and SW480 cells. (J)
Immunoprecipitation of TRIM2 constructs and IkBa in 293T cells. (K) The expression of IkBa in LoVo cells transfected with sh-TRIM2
was inhibited by si-1kBa, and TRIM2 and IkBa expression were measured by Western blot. (L) The expression of IkBa in SW480 cells
transfected with the TRIM2 overexpression plasmid was up-regulated by the IkBa plasmid, and TRIM2 and IkBa expression were
measured by Western blot. (M) Silencing lkBe significantly reversed the promoting effect of TRIM2 on cell proliferation in vivo (scale
bar = 2 cm). (N) Silencing IkBe significantly reversed the promoting effect of TRIM2 on the M2 polarization of TAMs (n = 3). (0)
Western blot analysis revealed that Epi promoted the expression of TRIM2 and inhibited the expression of IkBa in LoVo cells. (P)
Western blot analysis of cytoplasmic (Cyto) and nuclear (Nuc) fractions isolated from the indicated cells. Epi promoted P65 nuclear
translocation in LoVo cells. (Q) Western blot analysis indicated that inhibiting TRIM2 expression reversed the Epi-induced promotion
of IkBa expression in CRC cells. (R) The model of epinephrine promotes tumor progression and M2 polarization of tumor-associated
macrophages by regulating the TRIM2-NF-kB pathway in CRC cells. *P < 0.05, **P < 0.01, ***P < 0.001.
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