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TRIM24 promotes colorectal cancer cell progression
via the Wnt/[B-catenin signaling pathway activation
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Abstract: Overexpression of TRIM24 is observed in several human cancers and is correlated with an increase in the
progression and metastasis of tumors. In this study, we investigated the changes in activity and biochemical events
that occur after overexpression of TRIM24 in a colorectal cancer (CRC) mouse model. We observed upregulated
TRIM24 expression in CRC tissues compared to that in nonneoplastic adjacent tissues. Enhanced expression of
TRIM24 was significantly associated with the status of lymph nodes and poor recurrence-free survival of patients
with CRC. The role of TRIM24 in CRC tumor growth was investigated using an orthotopic model of MC38 mouse
colon cancer cells overexpressing TRIM24, and CRC tumor growth was found to increase dramatically by TRIM24
overexpression. Moreover, angiogenesis was stimulated by TRIM24 overexpression via the upregulation of vascular
endothelial growth factor (VEGF) expression. Overexpression of TRIM24 in MC38 cells led to an increase in the pro-
tein levels of ALDH1 and other stem cell markers. In addition, we observed that Wnt/B-catenin signaling is required
for the function of TRIM24 in CRC cells. Tumor-associated macrophages (TAMs) were found to be recruited by tumor
cells overexpressing TRIM24 via the increased expression of CCL2/5, CSF-1, and VEGF, further enhancing CRC tu-
mor growth. In conclusion, overexpression of TRIM24 facilitates the growth of CRC and the remodeling of the tumor
stroma via angiogenesis stimulation and TAM recruitment. The Wnt/B-catenin pathway is a possible crucial link in
the TRIM24-associated progression of tumors, which may provide opportunities for pharmacological intervention.
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Introduction consists of a B1B2 (B-box type 1 and 2) domain,
a RING (E3 ubiquitin ligase) domain, a coiled-

Colorectal cancer (CRC) is a highly devastating coil (BBC) region, and a PHD-Bromo dual epi-

cancer of the digestive system; it is the third
most commonly diagnosed cancer and the sec-
ond most deadly cancer [1, 2]. Although there
has been an increase in screening for CRC, a
large number of patients are diagnosed in the
advanced stage [3]. The prognosis of CRC is
poor due to the absence of molecular biomark-
ers and early specific symptoms as well as che-
motherapy resistance, distant metastasis, and
tumor recurrence [4, 5]. Therefore, the identifi-
cation and development of more efficient bio-
markers and targets to promote CRC diagnosis
and treatment are urgent.

TRIM24, which is also called TIF1a, harbors a
motif called TRIM (N-terminal tripartite motif),

genetic reader at the C-terminus [6, 7]. Unlike
other TRIM proteins, the central domain of
TRIM24 contains an LxxLL motif that is evolu-
tionarily conserved, in addition to the PHD-
Bromo domain, and this motif associates with
various ligand-dependent nuclear transcription
factors, including AR, at their AF-2 domain [8].
The chromatin localization of TRIM24 is consid-
ered to be partly mediated by PHDBROMO, a
tandem plant homeodomain finger-bromodo-
main that can sense H3K23ac and H3K4meO
histone modifications and act as an chromatin-
associated epigenetic reader protein [9]. A pre-
vious study indicated that TRIM24 is abnormal-
ly expressed in numerous tumors [10, 11].
Upregulation of TRIM24 expression contributes
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Table 1. IHC staining of TRIM24 in colorectal cancer and

adjacent normal tissues

tumors were examined. We ob-
served that TRIM24 overexpression

Low expression High expression

p facilitated the in vitro and in vivo

Tumor tissues (n=25) 3 (12%)
Normal tissues (n=25) 21 (84%) 4 (16%)

22 (88%) P<0.001

growth of CRC tumors, enhanced
cancer stem cell (CSC) characteris-

to prostate cancer progression and is inversely
related to the survival of patients with breast
cancer [11, 12]. Furthermore, TRIM24 pro-
motes the degradation of P53 ubiquitin; there-
fore, TRIM24 can be used as a therapeutic tar-
get to restore the tumor suppressor function of
P53 to treat tumors [13]. Additionally, TRIM24
was identified as a novel crucial factor in acute
leukemia [14]. Recent research demonstrated
that TRIM24 enhances tumor progression by
inducing EMT in renal cell carcinoma [15].
However, the functions of TRIM24 in patients
with CRC are not well understood.

The two intracellular signaling pathways associ-
ated with the Wnt signaling pathway are the
noncanonical Wnt pathway, which is a B-ca-
tenin-independent pathway, and the canonical
Wnt pathway which is the -catenin-dependent
pathway [16, 17]. The canonical Wnt/B-catenin
pathway, in contrast to other signaling path-
ways, is highly conserved and primarily involves
B-catenin [18]. In the absence of Wnt ligands,
cytoplasmic B-catenin is recruited to a complex
harboring adenomatous polyposis coli (APC),
axin, glycogen synthase kinase 33, and casein
kinase (CK) 1a and is then phosphorylated by
GSK3B and CKla [19, 20]. Phosphorylated
B-catenin is directly ubiquitinated by an E3
ligase containing a B-transducin repeat, and a
low level of PB-catenie and phosphorylate
LRP5/6 (low-density lipoprotein receptor-relat-
ed proteins 5/6), which in turn dismantles the
destruction complex to enable phosphorylated
LRP5/6 to provide a GSK3B- and axin-binding
site [22]. After stabilization, B-catenin accumu-
lates in the cytoplasm, which is accompanied
by its translocation to the nucleus, where it
activates the transcription of downstream
genes, including c-Myc, cyclin D1, and matrix
metalloproteinase (MMP)-1 and MMP-7, by
binding to lymphocyte enhancer factor/T-cell
factor (LEF/TCF) of the transcriptional complex
[23, 24]. A previous study reported that TRIM24
promotes the aggressiveness of gastric cancer
via the Wnt/B-catenin signaling pathway [25].

In the current study, the functions of TRIM24 in
the progression of mouse and human CRC
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tics, and upregulated VEGF (vascu-
lar endothelial growth factor) ex-
pression to consequently stimulate angioge-
nesis. Furthermore, TRIM24 overexpression
caused TAM (tumor-associated macrophage)-
recruitment by increasing the expression of
VEGF, macrophage-specific CSF-1 (colony stim-
ulating factor), and chemokine CCL2/5 (C-C
motif ligand 2/5), thus promoting the growth of
CRC tumors.

Materials and methods
Patient samples

This study was approved by the Ethics
Committee of The People’s Hospital of China
Medical University (The People’s Hospital of
Liaoning Province) (20190426). Patients with
CRC who underwent surgical resection at The
People’s Hospital of China Medical University
(The People’s Hospital of Liaoning Province)
were enrolled in this study, and written informed
consent was obtained from all the patients.
During surgery, CRC tissue and matched non-
cancerous colorectal tissue samples were
obtained. Clinical characteristics, including
gender, age, and tumor stage were retrieved
from the medical records (Table 2).

Cell culture

Human colorectal cancer cell lines (LS180,
HCT-8, Lim1215, DiFi, Lim2405, and DLD1
cells) and murine colon adenocarcinoma MC38
cells were obtained from ATCC (Manassas,
USA). All the cell lines were grown in DMEM
(MD, USA) containing 10% FBS (fetal bovine
serum, Sigma). The normal colonic epithelial
cell line NCM356 was obtained from INCELL
Corporation LLC (San Antonio, USA) and grown
in M3 media with 5% FBS. Each cell was grown
in an appropriately humidified atmosphere with
5% CO, at 37°C. IWP-2 (Selleckchem, Houston,
USA) was diluted in DMSO (Sigma-Aldrich, St.
Louis, USA).

Knockdown and overexpression of TRIM24

Mouse TRIM24 cDNA was cloned into the
pcDNA3.1 plasmid (V79020, ThermoFisher
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Then the cells were sorted and
the top 10-20% GFP-positive

level
. Allcases TRIM24 high  TRIM24 low 2 cells were collected.
Variables (n=81; %) expression (40) expression (41) values
. MTT assay
Gender
Male 53 (65.4) 25 (62.5) 28 (68.3) 0.256 For cell proliferation, the MTT
Female 28(34.6)  15(37.5) 13 (31.7) assay was conducted as previ-
Age (Year) ously described [26, 27]. In
<65 32(395) 14 (35) 18(439) 0134  Drief, 5x10° cells were seeded
>65 49 (60.5) 26 (65) 23 (56.1) in each \./vell.of 96.-well plqtes
Liver metastasis ar.1d maintained in .mfa.dlum
. with 10% FBS. The viability of
Yes 16 (19.8) 14.(39) 2(4.9) 0.035 the cells was assessed by add-
No 65(80.2)  26(69) 39(95.1) ing MTT (3-(4,5-dimethylthia-
Depth of invasion zol-2-yl)-2,5-diphenyltetrazoli-
T1/T2 20 (24.7) 5(12.5) 15(36.6)  0.007™ um bromide) solution. The
T3/T4 61 (75.3 35 (87.5) 26 (63.4) color intensity in each plate
Lymph node status was measured at 560 nmon a
Absent 38 (47) 12 (30) 26(63.4)  0.002™ microplate reader. To assess
Present 43(63)  28(70) 15 (36.6) anchorage-dependent  colony
Location formation, the indicated cells
were seeded in 6-well plates
Rectum 30(37) 14.(39) 0.15 and then incubated for 14
Colon 51(63) 26 (65) days. The colonies were fixed
TNM stage in methanol and stained with
-1 35 (43.2) 11 (27.5) 24 (58.5 0.022" 0.1% crystal violet (Sigma, St.
n-v 46 (56.8)  29(72.5) Louis, USA) before counting.

n (%). "P<0.05; *"P<0.01.

Scientific, USA) to generate pcDNA3.1-mTR-
IM24. Stable transfection of MC38 cells with
pcDNA3.1 vector or pcDNA3.1-mTRIM24 was
performed with Lipofectamine 2000 (Invitrogen,
USA) according to the manufacturer’s instruc-
tions. Stable MC38-V and MC38-TRIM24 cell
lines were selected in medium supplemented
with 300 ug/mL Zeocin (Invitrogen, Carlsbad,
USA). Transfection of the HCT-8 cell line with
pcDNA3.1-TRIM24 or pcDNA3.1 was performed
using FUGENE 6 (Promega, Madison, WI). The
LS180 cell line was transfected with green fluo-
rescent protein-tagged constructs of lentivirus
(pGIPZ) carrying scrambled shRNA (sh con,
5-CTCGCTTGGGCGAGAGTAAG-3’) or TRIM24-
targeting shRNA (sh TRIM24, 5-ATTGTTTAG-
AGAGTCCAGC-3’) (Dharmacon, Lafayette, USA)
and the packaging plasmids pCMV-VSV-G
(#8454) and pCMV-A8.2 (#8455, Addgene,
Cambridge, USA) with Lipofectamine 2000.
Sixty hours post-transfection, viral superna-
tants were collected, and CRC cells were imme-
diately infected in the presence of polybrene
(10 pg/mL), Sigma-Aldrich (St. Louis, USA).
Scrambled RNA- or TRIM24 shRNA-expressing
cells were selected with puromycin (5 pg/mL).
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Western blotting

Western blotting was carried out as previously
described [28, 29]. In brief, 30 ug of cell lysate
or tumor tissue homogenate was mixed with
Laemmli buffer from BioRad (Hercules, USA)
and loaded into Precast Mini-PRTOEAN® TGX™
Gels from BioRad (Hercules, USA). After electro-
phoresis, the proteins were transferred to PVDF
membranes, and immunoblotting analysis was
conducted using primary antibodies against
ALDH1, TRIM24, active B-catenin, B-catenin,
KLF4, Nanog, ABCG2, c-Myc, cyclin D1, Sox2,
E-cadherin, vimentin, LOX, and ZO-1 (all from
Cell Signaling Technology, MA, USA), VEGF,
MMP2, MMP9, and MMP7 (Abcam, Cambridge,
USA), CSF-1, CCL2, B-actin, and CCL5 (Santa
Cruz Biotechnology, Dallas, USA). Then, the
membranes were incubated with peroxida-
se-conjugated anti-rabbit/mouse 1gG (Cell
Signaling Technology, Danvers, USA) for 60 min
at room temperature, and the protein bands
were detected using ECL. The uncropped west-
ern blots were provided in Figures S3 and S4.

Assay for the formation of in vitro tumorsphere

The indicated cells (1x10%/well) were plated in
ultra-low attachment 6-well plates (Corning,
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Table 3. Primers sequences

Genes Sequences

VEGF Forward 5-GTACCTCCACCATGCCAAGT-3’
Reverse 5’-AATAGCTGCGCTGGTAGACG-3’
TRIM24  Forward 5’-CATATGCAGCAACAGCAACCG-3’
Reverse 5’-GAAAGCCATCTGTAGGGGGT-3’
B-catenin Forward 5’-GGATCAAACCTGACAGCCA-3’
Reverse 5’-GAAAACGCCATCACCACGTC-3’
cyclin D1 Forward 5-GATGCCAACCTCCTCAACGA-3’
Reverse 5-ACTTCTGTTCCTCGCAGACC-3’
c-Myc Forward 5’-CCCTCCACTCGGAAGGACTA-3’
Reverse 5-GCGGTGCATTTTCGGTTGT-3’
ALDH1 Forward 5’-AGCCTTCACAGGATCAACAGA-3’
Reverse 5-GTCGGCATCAGCTAACACAA-3’
Sox2 Forward 5-CGAGTGGAAACTTTGTCGGA-3’
Reverse 5-TGTGCAGCGCTCGCAG-3’
ABCG2 Forward 5-ACCTGAAGGCATTTACTGAA-3’
Reverse 5’-TCTTTCCTTGCAGCTAAGAC-3’

Nanog Forward 5-AAAGGATGAAGTGCAAGCGGTGG-3’

Reverse 5-CTGGCTTTGCCCTGACTTTT-3’
KLF4 Forward 5’-TACCAAGAGCTCATGCCACC-3’
Reverse 5-GCGAATTTCCATCCACAGCC-3’
MMP7 Forward 5-CAGGAAGCCGGAGAAGTGAC-3’
Reverse 5’-TCTCCGGCAAACCGAAGAAC-3’
CXcL1 Forward 5’-ACTGCACCCAAACCGAAGTC-3’
Reverse 5-TGGGGACACCTTTTAGCATCTT-3’
CSF-1 Forward 5’-ACCCCTCCACCCTCTCTG-3’
Reverse 5-CTGCCCCTTCACTTGCTG-3’
CSF-2 Forward 5-TCGTCTCTAACGAGTTCTCCTT-3’
Reverse 5’-CGTAGACCCTGCTCGAATATCT-3’
CSF-3 Forward 5-GCTGCTTGAGCCAACTCCATA-3’
Reverse 5-GAACGCGGTACGACACCTC-3’
CCL2 Forward 5’-AGGTCCCTGTCATGCTTCTG-3’
Reverse 5-TCTGGACCCGTTCCTTCTTG-3’
CCL5 Forward 5’-ACTCCCTGCTGCTTTGCCTAC-3’
Reverse 5-GAGGTTCCTTCGAGTGACA-3’
B-actin Forward 5-GCCGCCAGCTCACCATGGAT-3’
Reverse 5-TGGGCCTCGTCGCCCACATA-3’

USA) in 2 mL of serum-free DMEM/F12 medi-
um supplemented with EGF (20 ng/mL), bFGF
(20 ng/mL), and B27 (2%). The cells were grown
at 37°C in 5% CO2 for 10 days. Then, the num-
ber of tumorspheres in each well was manually
counted.

Cell invasion and migration assays

For the cell migration assay, a 24-well plate
containing 8-um (pore size) polycarbonate
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membrane inserts (BD Biosciences) was
used. A total of 4x10* cells were added to
the upper chamber of each well and the
lower chamber contained medium supple-
mented with 2.5% fetal calf serum; the plates
were incubated at 37°C for 24 hours. Cell
invasion was analyzed by a Transwell cham-
ber invasion assay (BD Biosciences). A total
of 1x10* cells were seeded into the upper
chamber in serum-free medium and allowed
to invade the lower chamber, which contained
15% fetal calf serum as a chemical attrac-
tant. After 24 hours, the cells that invaded
through the Matrigel matrix and adhered to
the underside of the membrane were fixed in
4% paraformaldehyde for 15 min and stained
with crystal violet for 30 min. All the cells
were counted under a microscope at 200x
magnification. This experiment was repeated
3 times, each with duplicate samples.

Gene expression analysis by real-time quan-
titative PCR (RT-qPCR)

Total RNA was isolated from cells using an
Agilent’'s Total RNA Isolation Mini Kit
(Wilmington, USA). One microgram of total
RNA was used for reverse transcription with
an iScript cDNA Synthesis Kit (Bio-Rad), and
RT-gPCR was conducted using iQ SYBR Green
Supermix (Bio-Rad) in a final reaction volume
of 20 uL, which included gene-specific prim-
er/probe sets. The reaction was conducted
with a standard thermal cycling procedure
(35 cycles) in a Bio-Rad CFX96™ real-time
PCR system. The conditions for the PCRs
were as follows: 5 min at 95°C followed by 35
cycles of 30 s at 95°C, 1 min at 60°C and 1
min at 72°C. The results are expressed as
the threshold cycles (Ct). The relative quanti-
fication of the target transcripts was deter-
mined by the comparative Ct method (AACt)
according to the manufacturer’'s protocol.
The 222t method was used to analyze the
relative changes in gene expression. The inter-
nal control was B-actin. Each sample was exam-
ined in triplicate. Primers used in this study are
list in Table 3.

Mouse model

All the animal experiments were approved
by and performed following the instructions
of the committee of China Medical University
(20190426). An orthotopic CRC mouse model
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was established as previously described [30,
31]. In brief, C57BL/6 mice were anesthetized
by inhaling oxygen containing 2% isoflurane.
MC38-TRIM24 cells or MC38-V cells were
injected into the sub-serosa of the cecum of
the C57BL/6 mice (8-week-old) to establish the
mouse orthotopic model. The mice were sacri-
ficed by CO, at the end of the study, and the
tumor tissues were incubated in paraformalde-
hyde (4%) before being embedded in paraffin
for immunohistochemical and histological
analyses.

Immunohistochemical (IHC) staining

Tumor sections were processed as previously
described [32, 33]. Non-specific epitopes were
blocked with normal horse serum for 60 min.
The samples were incubated overnight with
antibodies at 4°C. For IHC staining, tumor sec-
tions were incubated with specific secondary
antibodies conjugated to HRP (Bio-Rad, CA,
USA) for 60 min at room temperature. The anti-
gen signals were detected using the DAB
(2-Solution Diaminobenzidine) Kit (Invitrogen,
Carlsbad, USA), and the samples were counter-
stained using hematoxylin and mounted on
Acrymount from StatLab (TX, USA). The sam-
ples were visualized with a fluorescence micro-
scope (Olympusx81).

Statistical analysis

The statistical analyses of the data were car-
ried out with GraphPad Prism. The data are pre-
sented as the means = standard deviations.
Student’s t test was used to identify the signifi-
cance of differences between two groups, and
one-way analysis of variance (ANOVA) with
Fisher's LSD post-hoc tests was used for multi-
ple groups. The Kaplan-Meier method was
used to analyze survival data, and the signifi-
cance was examined using the log-rank test.
Data collected from a minimum of three inde-
pendent experiments were used for statistical
analyses, and P<0.05 indicated statistically
significant differences.

Results

Increased expression of TRIM24 in CRC tis-
sues and its correlation with clinicopathologi-
cal features

Previous studies have suggested an important
role of TRIM24 in the progression of multiple
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cancers [10, 34, 35]; however, little information
is available on the function of TRIM24 in CRC
cells. To address this question, RT-qPCR analy-
sis was carried out to assess TRIM24 mRNA
expression in 30 pairs of CRC tissues and adja-
cent healthy tissues. The CRC tissues exhibited
significantly upregulated TRIM24 expression
(Figure 1A). Then, TRIM24 expression in 25
CRC tissues and 25 adjacent healthy tissues
was detected using IHC staining, and signifi-
cant upregulation of the TRIM24 protein levels
was observed in the CRC tissues (Figure 1B
and 1C; Table 1). Western blotting and RT-gPCR
assays revealed upregulated expression of
TRIM24 in the CRC cell lines compared to the
NCM356 cell line, a normal colonic epithelial
cell line (Figure 1D and 1E).

Then, the association of TRIM24 expression
with CRC tissues clinicalpathological factors
was analyzed. Based on the average TRIM24
levels, the patients were categorized into two
groups, and TRIM24 expression and its associ-
ation with clinicopathological features were
analyzed. Increased levels of TRIM24 were
associated with increased lymph node metas-
tasis, deeper invasion, advanced tumor stage,
and increased liver metastasis (Table 2).
However, there was no significant association
of TRIM24 expression with age, sex, or tumor
location. The Kaplan-Meier curves analyzed the
impact of TRIM24 expression on CRC patient
OS (overall survival) over a median follow-up
time of five years, and enhanced TRIM24 mRNA
expression was associated with poorer CRC
patient prognosis (Figure 1F). Therefore, these
results strongly indicate the important func-
tion of TRIM24 in CRC development and
progression.

Overexpression of TRIM24 promotes the
growth, migration, and invasion of CRC cells in
vitro

We then examined CRC progression when
TRIM24 was overexpressed and observed
slightly enhanced growth of HCT-8 and MC38
cells in vitro (Figure 2A). Further colony forma-
tion assays confirmed that TRIM24 overexpres-
sion promoted tumor growth (Figures 2B and
S1A). Moreover, MC38-TRIM24 cells exhibited
enhanced cell migration and invasion through
Matrigel compared to MC38-V cells (Figure 2C),
and TRIM24 significantly enhanced the migra-
tion and invasion of HCT-8 cells (Figure 2D) and

Am J Transl Res 2022;14(2):831-848
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Figure 1. TRIM24 expression in CRC tissues predicts poor prognosis. A. Relative TRIM24 mRNA expression level in
30 paired CRC tissues measured by RT-gPCR. "P<0.05. B and C. Representative images and score of IHC staining of
TRIM24 in CRC and adjacent normal mucosal tissues. "P<0.05, n=25. Scale bar: 50 uym. D. Relative mRNA level of
TRIM24 was analyzed by RT-qPCR. E. Protein level of TRIM24 in indicated cell lines was analyzed by western blotting
and normalized to B-actin. F. Kaplan-Meier analysis of overall survival for patients with CRC (‘P<0.05).

DLD1 cells (Figure 2E). In contrast, TRIM24
knockdown in LS180 and HCT-8 cells caused a
decrease in cell invasion and migration (Eigure
S1B and S10). Thus, in vitro overexpression of
TRIM24 increases CRC cell invasion and
migration.

Epithelial-mesenchymal transition (EMT) en-
hances the migratory and invasive capacities
of epithelial cells and is considered a crucial
step in the tumor progression [36, 37]. We
observed reduced expression of ZO-1 and
E-cadherin and enhanced expression of vimen-
tin due to TRIM24 overexpression in MC38
cells (Figure 2F). Similarly, TRIM24 overexpres-
sion in human CRC HCT-8 cells significantly
reduced the expression of ZO-1 and E-cadherin
(Figure 2G). shRNA-mediated TRIM24 knock-
down in LS180 and HCT-8 cells notably
increased the expression of E-cadherin (Figure
S1D and S1E). Taken together, the above data
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indicate that TRIM24 promotes EMT in CRC
cells.

TRIM24 overexpression in vivo causes an in-
crease in CRC tumor growth and stimulates
angiogenesis

We then used a surgical orthotopic mouse
model to assess the effect of TRIM24 on tumor
characteristics. MC38-V cells (MC38 vector
control cells) and MC38-TRIM24 cells (MC38
cells with high TRIM24 expression) were inject-
ed into C57BL/6 mice. As shown in Figure 3A
and 3B, the MC38-V group had tumors of high-
er weight than the MC38-TRIM24 group 21
days after injection. Therefore, a high level of
TRIM24 expression in MC38 cells causes a sig-
nificant increase in tumor growth.

Angiogenesis is a crucial factor in the progres-
sion of cancer [38]. The presence of pericytes

Am J Transl Res 2022;14(2):831-848
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Figure 3. TRIM24 overexpression increases CRC tumor growth in vivo. A. MC38-TRIM24 or MC38-V was orthotopi-
cally injected into the cecum subserosa of mice and mice were killed after 6 weeks. The weight of tumors in mice
was shown. “P<0.05. B. Representative tumors at the end of the experiment. C. Representative images of CD31 and
o-SMA staining in MC38-V and MC38-TRIM24 tumors. Scale bar: 50 ym. n=6. D. The expression of VEGF, MMP9,
MMP2 and TGF-B in MC38-V and MC38-TRIM24 tumors was analyzed by western blotting and normalized to B-actin.
E. The expression of MMP9, VEGF and TGF-B in MC38-TRIM24 and MC38-V tumors was analyzed by immunohis-
tochemistry. Scale bar: 50 ym. n=6. F. The expression of VEGF, MMP9 and MMP2 in MC38-V and MC38-TRIM24
cells was analyzed by western blotting and normalized to B-actin. Data are presented as the mean + SD from three

independent experiments. “P<0.05; **P<0.01; ***P<0.001.

in blood vessels and vascular endothelial cells
was demonstrated by a-SMA and CD31 stain-
ing. Tumors derived from MC38-TRIM24 cells
had a greater number of a-SMA- and CD31-
positive cells than tumors derived from MC38-V
cells (Figure 3C), clearly indicating that high
expression of TRIM24 enhances angiogenesis
in tumors. Various proteins have been indicat-
ed to be angiogenic activators, including VEGF,
angiogenin, basic fibroblast growth factor,
transforming growth factor-a, TGF-, tumor
necrosis factor-a, granulocyte colony-stimulat-
ing factor, platelet-derived endothelial growth
factor, interleukin-8, placental growth factor,
epidermal growth factor, and hepatocyte
growth factor [39-41]. We then examined the
levels of these proteins in MC38-V and MC38-
TRIM24 tumors. The levels of MMP9, TGF-j,
and VEGF were increased in MC38-TRIM24
tumors relative to those of MC38-V tumors
while the level of MMP2 remained unchanged
(Figure 3D). A similar result was observed by
IHC analysis of MC38-TRIM24 cell-derived
tumors compared to MC38-V cell-derived tu-
mors (Figure 3E). Consistent with these find-
ings, the in vitro examination revealed that
compared with MC38-V cells, MC38-TRIM24
cells had increased levels of VEGF and MMP9
but not MMP2 (Figure 3F). These findings indi-
cate that the stimulation of angiogenesis was
mediated by the high expression of TRIM24 in
CRC tumors via increased levels of MMP9, TGF-
B, and VEGF.

TRIM24 enhances cancer stem cell character-
istics in CRC

We examined the characteristics of the MC38-
TRIM24 cell-derived or MC38-V cell-derived
tumors from the cecum. We found a dramatic
increase in the protein and mRNA levels of
KLF4, ALDH1, ABCG2, c-Myc, and Nanog in
MC38-TRIM24 cell-derived tumors (Figure 4A
and 4B). Then, the tumorsphere-forming ability
of MC38-TRIM24 and MC38-V cells was exam-
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ined. The number of tumorspheres was higher
in the MC38-TRIM24 cells than that in MC38-V
cells (Figure 4C). Furthermore, tumorsphere
formation and cell proliferation were examined
in TRIM24 knockdown or TRIM24 overexpress-
ing human CRC cells, and a slight increase in
tumorsphere formation was observed in
TRIM24 overexpressing HCT-8 cells (Figure 4C).
However, shRNA-mediated TRIM24 knockdown
in LS180 cells reduced the formation of tumor-
spheres (Figure 4C). These findings suggest an
increase in the CSC-like population due to
TRIM24 overexpression in CRC cells.

A high level of TRIM24 expression leads to
Wnt/B-catenin signaling pathway activation

By investigating the signaling pathways that are
activated in cells overexpressing TRIM24, we
found a considerable increase in the level of
B-catenin in MC38-TRIM24 cells compared to
that in MC38-V cells (Figure 5A). The molecular
changes related to TRIM24 overexpression in
human CRC cell lines were then examined, and
TRIM24 knockdown in LS180 cells clearly
decreased the mRNA and protein levels of
cyclin D1, B-catenin, MMP7, and c-Myc and
increased the mRNA and protein levels of
c-Myc, MMP7, B-catenin, and cyclin D1 in HCT-8
cells (Figure 5B and 5C). These observations
indicate the possible regulation of the Wnt/[3-
catenin signaling pathway by TRIM24. To fur-
ther confirm this regulation, we assessed the
level of active B-catenin and observed a signifi-
cant increase in HCT-8 cells with high TRIM24
expression and a decreased level in LS180
cells with no TRIM24 expression (Figure 5D). A
TOP/FOP Flash assay, an established dual-lucif-
erase reporter assay for TCF/B-catenin was
used to assess the role of TRIM24 in B-catenin
signaling [42]. TCF-responsive sites are present
on the TOP Flash reporter, and mutant TCF
binding sites are present on the FOP Flash
reporter and serve as negative controls. We
observed a significant reduction in TOP Flash
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luciferase activity after the knockdown of
TRIM24 expression, while high expression of
TRIM24 facilitated TCF reporter activation
(Figure 5E-G). Therefore, TRIM24 positively
mediates Wnt/[B-catenin activity, which is a cru-
cial function in MC38 cells and human CRC
cells.

Then, TRIM24-overexpressing CRC cells were

treated with an inhibitor of Wnt/B-catenin sig-
naling, IWP-2. We observed significantly inhib-
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ited cell growth after treatment TRIM24-
overexpressing cells with IWP-2 (Figure 5H).
The Transwell assay also revealed significant
reversal of the TRIM24-enhanced cell invasion
and migration capacities due to Wnt/B-catenin
pathway inhibition (Figure 51 and 5J).

High expression of TRIM24 in MC38 cells in-
creases TAM recruitment

Next, the tumor microenvironment and its
effect on TRIM24-induced tumor progression
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were examined. The tumor microenvironment,
which is also known as the tumor-associated
stroma, includes cells that are non-neoplastic,
including infiltrating immune cells, fibroblasts,
structural components, and endothelial cells
[43, 44]. In CRC, cytokines, tumor-infiltrating
immune cells, and other immune mediators
participate in the progression of tumorigenesis
in the colon, including initiation, promotion, pro-
gression, and metastasis [45]. Thus, the asso-
ciation between TRIM24 overexpression and
systemic inflammation was investigated in an
orthotopic model of CRC. Significantly higher
infiltration of CD206* cells was observed in
MC38-TRIM24 cell-derived tumors than in
MC38-V cell-derived tumors (Figure 6A).
Therefore, the high expression of TRIM24 in
MC38 cells recruits TAMs.

TRIM24 enhances CCL2/5 and CSF-1 expres-
sion for TAM recruitment

TAMs exert pro-tumor functions by secreting
chemokines, cytokines, and growth factors and
promoting angiogenesis and tissue remodeling
in lieu of cytotoxic activity [46, 47]. Recruitment
of TAMs to CRC tumor sites may occur via VEGF,
CCL2, CCL5, and CSF-1. We observed an
increase in the transcription of CSF-1, CCL2,
VEGF, and CCL5 in MC38-TRIM24 cells com-
pared to that in MC38-V cells (Figure 6B). We
also examined the transcription of cytokines
associated with neutrophil recruitment to
tumors, including chemokine (C-X-C motif)
ligand 1 (CXCL1), colony-stimulating factor-2
(CSF-2), and CSF-3. The levels of CSF-2 and
CSF-3 were decreased and that of CXCL1 was
increased in MC38-TRIM24 cells (Figure 6B). In
addition, we also observed enhanced expres-
sions of the mRNA and protein levels of CSF-1,
CCL2, and CCL5 (Figure 6C and 6D) in HCT-8-
TRIM24 cells compared to those in the corre-
sponding controls. In LS180 cells, knockdown
of TRIM24 expression significantly reduced the
protein and mRNA levels of CSF-1, CCL2, and
CCL5 (Figure 6E and 6F). In addition, knock-
down of TRIM24 expression in HCT-8 cells sig-
nificantly reduced the protein and mRNA levels
of CSF-1, CCL2, and CCL5 (Figure 6G and 6H).
Thus, TRIM24 causes an increase in the expres-
sion of cytokines that trigger the infiltration of
macrophages to the tumor, leading to CRC
growth and tumor progression.
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Discussion

Recently, several studies have revealed an
association of TRIM24 with the progression
and survival of tumors in various types of can-
cers [48, 49]. TRIM24 was found to be
expressed at a very high level in non-small-cell
lung cancer, malignant glioma, and breast can-
cer [10, 50, 51]. Data obtained from clinical
studies reveal a correlation of TRIM24 expres-
sion with poor patient survival [51]. TRIM24
overexpression could also act as a prognostic
factor in HNSCC, and the silencing of TRIM24
expression reduced the proliferation of cells
[34]. Nevertheless, the mode of action of
TRIM24 in the proliferation of CRC cells is still
unknown. In this study, we demonstrated the
upregulation of TRIM24 expression in CRC,
which correlated with TNM stage; this was con-
gruent with earlier reports, suggesting an asso-
ciation with malignancy. The oncogenic activity
of TRIM24 was shown to be associated with
proliferation and angiogenesis. In addition,
high expression of TRIM24 stimulated angio-
genesis and enhanced the tumorigenic poten-
tial of the MC38 mouse CRC cell line. TRIM24
was also observed to increase the CSC popula-
tion and induce macrophage chemotaxis, pos-
sibly by causing an increase in the levels of
VEGF, CSF-1, and CCL2/5, thereby promoting
the growth of CRC tumors (Figure S2).

EMT, a crucial step in tumor metastasis, is
characterized by the loss of E-cadherin expres-
sion [52]. We observed that TRIM24 overex-
pression promoted EMT, further suggesting
that EMT may be required for the increases in
CRC cell invasion and migration. We also
observed increased MMP9 and VEGF levels in
response to TRIM24 overexpression, which, as
we expected, promoted angiogenesis in tumors,
and may provide the biochemical basis for
TRIM24-promoted CRC progression.

In tumors, an increase in Wnt/B-catenin signal-
ing is common, and the association between
cancer cell survival and angiogenesis, and
Wnt/B-catenin signaling is well proven [53, 54].
MMP9 expression is regulated by the Wnt/[3-
catenin pathway and is a vital step for the inva-
sion and migration of several types of cancers,
such as CRC [55]. Our results demonstrated
that a very high level of TRIM24 causes an
upregulation of B-catenin expression in human

Am J Transl Res 2022;14(2):831-848
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TRIM24-KD cells was analyzed by western blotting and normalized to B-actin. G. mRNA expression of VEGF, CSF-1,
CCL2 and CCL5 was determined by RT-gPCR in HCT-8 con-KD and TRIM24-KD cells. H. Protein level of CCL2, CCL5
and CSF-1 in HCT-8 con-KD and TRIM24-KD cells was analyzed by western blotting and normalized to B-actin. Data
are presented as the mean + SD from three independent experiments. "P<0.05; **P<0.01.

and mouse CRC cells, while TRIM24 knock-
down results in reduced [-catenin levels.
Therefore, we suggest the possibility of the
Wnt/B-catenin signaling pathway as a common
mechanism that causes progression of tumors
overexpressing TRIM24. Thus, potential targets
of the Wnt/B-catenin pathway may provide
treatment options for CRC.

Stromal cells are a significant component of the
tumor microenvironment, and these cells are
affected by signals from the cancer cells with
which they cooperate to support the progres-
sion of the tumor by facilitating its growth [56,
57]. A powerful angiogenic factor, VEGF, is pro-
duced by tumor cells to induce the proliferation
and migration of endothelial cells and to pro-
mote angiogenesis [58], which further fulfills
the oxygen and other metabolic requirements
of the tumor, ensures a pathway for cancer cell
survival, and promotes the progression and
metastasis of tumors [59-61]. In this study, we
assessed the function of TRIM24 overexpres-
sion in the progression of CRC using an ortho-
topic CRC mouse model; this model was estab-
lished by engrafting tumor cells into the cecum
of immunocompetent mice. We also observed
that high expression of TRIM24 not only influ-
enced the malignancy of the tumor cells by
enhancing CSC-like characteristics but also
facilitated tumor stroma remodeling by recruit-
ing TAMs and stimulating angiogenesis.

The function of TAMs in the promotion of tumor-
igenesis has been experimentally and clinically
shown [62, 63]. In the early tumor development
stage, macrophages facilitate the development
of a proinflammatory environment in the tumor,
but in later stages, macrophages stimulate
angiogenesis, promote tumor cell invasion and
migration and regulate anti-tumor immunity
[64-66]. For instance, CSF-1 is a major regula-
tor of macrophages; its overexpression is relat-
ed to poor prognosis in several cancers, includ-
ing CRC [67]. The cells in a tumor stimulate
MMP9 production by macrophages, which facil-
itates the invasion of cells and disrupts the
extracellular matrix [68]. We observed that
TRIM24 overexpression in CRC (grown as ortho-
topic tumors) induces the infiltration of TAMs by
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increasing the expression of VEGF, CCL2/5,
and CSF-1. In turn, the recruited TAMs secrete
molecules such as MMP9 and VEGF, which are
beneficial for tumors and promote further
angiogenesis in tumors.

In conclusion, our study demonstrates the
upregulation of TRIM24 expression in CRC
cells, which is associated with CRC aggressive-
ness. Furthermore, TRIM24 was observed to
exert an important effect of regulating prolifera-
tion, migration, invasion, and stem-like charac-
teristics. Finally, we observed that TRIM24
overexpression activates Wnt/-catenin signal-
ing in CRC cells of both humans and mice. Our
results also suggest the necessity of Wnt/[3-
catenin activation for the progression of tumors
that overexpress TRIM24. Therefore, the Wnt/
[-catenin pathway can potentially provide ther-
apeutic targets.
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Figure S1. A. Colony forming abilities of HCT-8 cells were analyzed following TRIM24 overxepression. Scale bar:
1 cm. B. LS180 cells were transfected with sh con or sh TRIM24, Cell migration (Left) and invasion (Right) were
determined by Matrigel transwell assay. Scale bar: 50 um. C. HCT-8 cells were transfected with sh con or sh TRIM24,
and cell migration (Left) and invasion (Right) were determined by Matrigel transwell assay. Scale bar: 50 ym. D.
LS180 cells were transfected with sh con or sh TRIM24. The indicated protein level was detected by western blotting
and normalized to B-actin. E. HCT-8 cells were transfected with sh con or sh TRIM24. The indicated protein level was
detected by western blotting and normalized to B-actin.
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Figure S2. A. Mode for oncogenic activities of TRIM24. TRIM24 overexpression promotes expression and release
of CLL2, CCL5, CSF-1, VEGF etc. through the Wnt/B-catenin signaling pathway. TAMs were recruited into tumor
microenvironment and play a key role in promoting tumor angiogenesis, growth, invasion, migration and CSC char-
acteristics.
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