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Abstract

The protein, tripartite motif containing 24 (TRIM24) is a member of the TRIM pro-
tein family, and acts as a critical co-regulator of multiple nuclear receptors. TRIM24
is dysregulated in many cancers, including colorectal carcinoma. However, its bio-
logical functions and molecular mechanisms with respect to colorectal carcinoma
are still largely unknown. In the current study, we found that TRIM24 promotes
YAP signaling for driving cell proliferation in colorectal cancer. TRIM24 was sig-
nificantly upregulated in colorectal carcinoma, and its expression was negatively
correlated with the survival of patients. Depletion of TRIM24 impaired the ability
of the cancer cells to proliferate and form colonies. Furthermore, this study also
revealed the mechanism underlying the recruitment of TRIM24 by the DANCR/
KAT6A complex, which is bound to acetylated lysine 23 of histone H3 (H3K23),
resulting in binding to the YAP promoter and activation of YAP transcription that
ultimately enhances the proliferation of colorectal cancer cells. Our results revealed a
novel mechanism involving TRIM24-Y AP signaling for the regulation of colorectal
cancer. We also identified TRIM24 as a potential therapeutic molecule for targeting

colorectal cancer.
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1 | INTRODUCTION

Colorectal carcinoma is the third most common malignancy
worldwide, and accounts for a significant proportion of can-
cer-related deaths.' Despite significant advances being made in
the development of treatments involving molecular targets, the
median survival of patients with colorectal cancer still remains
low.” This outcome has fostered major efforts aimed at discover-
ing novel molecular targets for the treatment of colorectal cancer.

TRIM24 is an important member of the transcription inter-
mediary factor (TIF) family.3 It consists of a C-terminal tandem
PHD finger domain, a conserved N-terminal tripartite motif do-
main, and a bromodomain.* TRIM24 has been shown to be on-
cogenic, and its expression is positively associated with the poor
survival of patients with various cancers, such as bladder cancer,5
gastric cancer,6 human HCC,7 nonsmall cell lung cancer,8 breast
cancer,’ head and neck cancer.'’ Previous research found that
upregulation of TRIM24 was significantly associated with poor
survival of colorectal cancer patients.11 Another study reported
that knockdown of TRIM?24 significantly inhibited the growth
of colorectal cancer cells, and induced apoptosis.12 TRIM?24 has
also been identified as targeting p53 in human breast cancer.” In
glioblastoma, it has been shown to upregulate PI3K/AKT signal-
ing by interacting with KAT6A."* The TRIM24 gene has been
shown to be targeted by NCK1-AS|1 in glioma cells."> However,
the function of TRIM24 in colorectal cancer remains unclear.

Several studies have demonstrated that abnormal ex-
pression of the Hippo/YAP signaling pathway plays a crit-
ical role in tumorigenesis, including colorectal cancer.'%!7
Recent evidence has shown that YAP forms complexes with
certain transcription factors, and then drives tumor initiation
and progression.18 YAP phosphorylation, a critical event in
YAP signaling, is a key downstream transducer of the Hippo
pathway.19 Lysine methylation is also involved in YAP acti-
vation.?’ However, the precise mechanisms by which YAP
activation mediates the development of colorectal cancer are
still largely unknown.

We evaluated the expression of TRIM24 in colorectal
cancer patients, and found a positive correlation between the
expression pattern of the protein and the clinical outcomes.
We showed that TRIM24 promotes cell proliferation through
YAP signaling. Finally, we explored the potential role of the
DANCR/KAT6A complex in mediating the TRIM24 response.

2 | MATERIALS AND METHODS

2.1 | Clinical samples

A total of 80 clinical colorectal tumor tissues and paired
peri-tumoral tissues were obtained from the Seventh
Affiliated Hospital of Sun Yat-Sen University between May
2018 and January 2020. None of the patients had received

chemotherapy or radiotherapy before biopsy. This study
was approved by the Institutional Ethical Review Boards of
the Seventh Affiliated Hospital of Sun Yat-Sen University.

2.2 | Cell lines

HCT116, LOVO, SW620, HT29, and NM460 cell lines
were purchased from the Cell Bank of the Chinese Scientific
Academy (Shanghai, China). NCM460 cells were cultured
in DMEM/F12 (Invitrogen, Carlsbad, CA) supplemented
with 20 ng/mL epidermal growth factor (EGF), 5% horse
serum, 100 ng/mL cholera toxin, 0.5 pg/mL hydrocortisone,
100 pg/mL penicillin-streptomycin, and 10 pg/mL insulin.
All colorectal cancer cells were cultured in Dulbecco's
modified Eagle's medium (Invitrogen, Carlsbad, CA) con-
taining 10% fetal bovine serum. All cells were cultured in
an incubator with a 5% CO2 atmosphere at 37°C.

23 |
(ChIP)

Chromatin immunoprecipitation

ChIP was conducted according to the manufacturer's instruc-
tions. Approximately 1 X 107 cells were fixed using 1% for-
maldehyde in a 100 mm culture dish for cross-linking proteins
to DNA. The cell lysates were sonicated to shear DNA to sizes
ranging from 500 to 1,000 bp. The chromatin supernatants
were divided into equal aliquots, and 1ug of anti-TRIM24 or
H3K23ac was added. Anti-IgG was used as a control. The sam-
ples were rocked overnight at 4°C. PCR was preformed upon
decross-linking the protein and DNA complexes to give rise to
free DNA. The primers used for PCR are shown in Table S1.

2.4 | Luciferase assay

Following the manufacturer's protocol, the pGL3.0-Basic
luciferase reporter vectors containing the wild-type and
TRIM24 binding sites mutant-type YAP promoter were co-
transfected with or without TRIM24 using Lipofectamine™
2000 Transfection Reagent (Thermo Fisher). We used pRL-
TK Renilla plasmid (Promega) as a negative control. After
48 hours, a dual-luciferase assay (Promega) was performed
in accordance with the manufacturer's recommendations.

2.5 | Western blotting (WB) and
immunoprecipitation (IP)

WB and IP were conducted as previously described.”® In
brief, the cells were lysed in the required amount of IP lysis
buffer (150 mmol/L NaCl, 20 mmol/L.
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Tris-HCI, 5 mmol/L NaF, pH 7.5, 2 mmol/L Na3VO04,
1% Triton X-100, 1x protease inhibitor cocktail), and
1 mmol/L EDTA at 4°C for 30 minutes. The lysates were
then cleared by centrifugation. Equal amounts of cell ly-
sates were subsequently immunoprecipitated with the
target antibodies and protein G-agarose control beads
(Invitrogen). Finally, western blotting was performed using
a standard protocol.

2.6 | Cell proliferation and colony
formation assay

The cell proliferation and colony formation assay were
conducted as described previously 2 In brief, 1,000 cells
were seeded into 96-well plates and incubated for three days
at 37°C. Cell proliferation assays were performed using
WST-1 assay kits (Roche). For the colony formation assay,
400 cells were seeded into each well of six-well plates. After
incubation for one to two weeks, the colonies were fixed
with 4% paraformaldehyde and stained with 1% crystal vi-
olet. Finally, the stained colony numbers were scored and
analyzed.

2.7 | Western blotting

Western blots were performed as described previously.27
Antibodies used for western blotting were as follows: p-actin
(#4970, Cell Signaling Technology, 1:1,000), KAT6A
(ABP59003, Abbkine, 1:1,000,), YAP (#14074, Cell
Signaling Technology, 1:1,000,), and H3K23ac (#8173S Cell
Signaling Technology, 1:1,000,), AXL (ab226927, Abcam,
1:1,000), and CTGF (ab6992, Abcam, 1:1,000).

2.8 | Plasmid preparation

NCM460 cells were used to amplify the DNA sequences of
TRIM24 and YAP using RT-PCR. Those DNA sequences
were then subcloned into pcDNA3.3 or pLVX-Puro vectors
(Clontech), respectively. The YAP promoter was subcloned
into the pGL3-basic luciferase reporter vector.

2.9 | shRNA-knockdown and
transfection assays

TRIM24, DANCR, and KAT6A shRNA sequences were
purchased from GeneChem (Shanghai, China). The DNA
sequences and the packaging plasmids were transfected
into HEK293 cells. After transfection for 48 and 72 hours,
the cell supernatant was filtered through a 0.22-pm
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membrane (Millipore). The SW620 and HT29 cells were
infected using lentiviruses expressing shRNAs or shGFP
control (8 pg/mL polybrene). The infected cells were se-
lected using 5 pg/ml puromycin. Multiple monoclonal cul-
tures were screened for shRNAs using and RT-PCR and
Western blotting.

2.10 | TIHC of human colorectal
cancer specimens

The paraffin-embedded human colorectal cancer specimens
were sectioned and subjected to immunohistochemistry
using antibodies against TRIM24 (1:100). Based on the in-
tensity of the staining (0 = no staining; 1 = weak staining;
2 = moderate staining; 3 = strong staining) and the propor-
tion of the stained cells (0 = 0%; 1 = 1%-25%; 2 = 25%-
50%; 3 = 50%-75%; and 4 = 75%-100%); each sample was
assigned a score. Negative control slides without primary
antibodies were included. Low TRIM?24-expressing tumors
had staining scores of 0 to 3, while high TRIM24-expressing
tumors had staining scores of 4 to 7. Scoring was con-
ducted by three individuals who were blinded to the clinical
characteristics.

2.11 | Tumorigenesis studies

Female BALB/c nude mice approximately 4-week-old
(SLAC, Shanghai, China) were divided into two groups
and housed under pathogen-free conditions. SW620 cells
were collected and washed twice with serum-free medium.
After resuspension in serum-free DMEM and mixing 1:1
with Matrigel (Becton-Dickinson), SW620 cells (3 X 10%
were implanted subcutaneously into the right flank of each
nude mouse. Mice were euthanized and tumor weights
were recorded. These animal experimental procedures
were approved by the Institutional Animal Care and Use
Committee of the Seventh Affiliated Hospital of Sun Yat-
Sen University.

2.12 | Statistical analysis

We conducted statistical analyses using GraphPad Prism
version 5.0. One-way analysis of variance (ANOVA) with
Newman-Keuls post-tests, or unpaired two-tailed Student's
t-tests were used to determine the significant differences be-
tween experimental groups Correlation was calculated using
Spearman's rank correlation coefficients. Log-rank tests and
the Kaplan-Meier method were used for survival analysis. A
two-sided P value of < 0.05 was considered to indicate sig-
nificance, unless otherwise stated.
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3.1 | TRIM24 is upregulated in colorectal
carcinoma and is negatively correlated with
patient survival

DNA copy numbers of TRIM24 were analyzed using data
from the TCGA colorectal cancer dataset (http://xena.
uscs.edu/public-hubs). The gene was amplified in 52.6%
(244/464) of the tumors (log2 > 0.09, tumor vs normal) rela-
tive to that in normal colon tissues (Figure 1A). These results
indicated that TRIM?24 is overexpressed in colorectal carci-
noma. Higher expression levels of TRIM24 mRNA were also
observed in the TCGA colorectal cancer dataset (http://xena.
uscs.edu/public-hubs) (Figure 1B). To validate this find-
ing, we evaluated the expression of TRIM24 in tumor and

paired peri-tumoral tissues at the protein level. As shown in
Figure 1C, we found that TRIM24 protein was more highly
expressed in colorectal tumor tissues than in paired peri-tu-
moral tissues. Kaplan-Meier survival analysis indicated that
patients who had low levels of TRIM24 had better progno-
ses than those with high TRIM24 levels (Figure 1D). These
results showed that TRIM24 is significantly upregulated in
colorectal carcinoma, and is negatively correlated with sur-
vival prognosis.

3.2 | TRIM24 promotes cell proliferation in
colorectal cancer

To investigate the molecular function of TRIM24 in colo-
rectal cancer, we first evaluated TRIM24 expression in a
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FIGURE 1

TRIM24 is upregulated and negatively correlated with survival prognosis in colorectal cancer. (A), Copy number analysis of

TRIM24 in the TCGA colon cancer dataset. The data were downloaded from http://xena.ucsc.edu/public-hubs. (B), TRIM24 mRNA expression
in tumor and normal specimens. TRIM24 mRNA expression was obtained from the TCGA dataset from http://xena.ucsc.edu/public-hubs. (C),

A total of 80 clinical colorectal cancer and paired peri-tumoral tissues were analyzed by immunohistochemistry (IHC). Representative images of

TRIM?24 expression in serial sections from colorectal cancer tissues are shown. Scale bars: 50 pm. (D), Kaplan-Meier analyses of TRIM24 high

or low expression patients categorized based on IHC. Error bars show + SD. ***P < 0.001. The data represent the results from three independent

experiments
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colonic epithelial cell line, NCM460, and four colorectal
cancer cell lines: LOVO, SW620, HT29, and HCT116. The
expression levels of TRIM24 were higher in all colorectal
cancer cells than in NCM460 cells (Figure 2A). Next, we
depleted TRIM24 in SW620 and HT29 cells (Figure 2B).
TRIM24 knockdown significantly suppressed cell prolifera-
tion (Figure 2C and D) and colony formation (Figure 2E and
F) in vitro. TRIM24 knockdown also suppressed tumori-
genicity in vivo (Figure 2G and H). We also overexpressed
TRIM24 in LOVO cells (Figure 2I). TRIM24 overexpres-
sion promoted cell proliferation (Figure 2J) and colony
formation (Figure 2K and L). These results supported the
hypothesis that TRIM24 promotes cell proliferation in colo-
rectal cancer.

3.3 | TRIM24 promotes cell proliferation
through YAP

A previous study showed that YAP strongly promotes the
proliferation of colorectal cancer cells.”! We depleted the
expression of TRIM24 in SW620 and HT29 cells, and found
that knockdown of TRIM24 inhibited the expression of

GAPDH

TRIM24
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YAP at both mRNA and protein level (Figure 3A and B).
TRIM?24 knockdown also suppressed genes downstream of
YAP, such as AXL and CTGF?' (Figure 3A). We hypoth-
esize that TRIM24 promotes cancer cell proliferation by ac-
tivating the transcription of YAP. As shown in Figure 3C,
TRIM?24 directly binds to the YAP promoter at the —983 to
—734 site. Overexpression of TRIM24 markedly increased
YAP promoter activity in comparison with the empty vec-
tor, while YAP promoter mutation markedly decreased the
activity of its promoter, which was activated by TRIM24
overexpression (Figure 3D and E). We performed ChIP-
PCR assays in tumor tissues (Figure 2G) to detect inter-
actions between TRIM24 and the YAP promoter in vivo
(Figure 3F).

To determine the effect of YAP on TRIM24-mediated
cell growth in colorectal cancer, we overexpressed YAP in
TRIM24-knockdown SW620 and HT29 cells (Figure 3G and
H). Although overexpression of YAP rescued TRIM24 deple-
tion-mediated inhibition of cell growth (Figure 3I) and col-
ony formation (Figure 3J), it did not affect the impairment of
TRIM24 protein expression due to knockdown (Figure 3G).
These data further support the hypothesis that TRIM?24 pro-
motes cell proliferation by promoting YAP transcription.
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show + SD. *P < .05. **P < .01. ***P < .001. The data represent the results from three independent experiments
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3.4 | The DANCR/KATG6A complex
upregulates TRIM24 in colorectal carcinoma

DANCR and KAT6A, long non-coding RNA (IncRNA) mol-
ecules, have been reported to form a complex which medi-
ates cell proliferation in colorectal cancer.”” To gain insights
into the precise role of the DANCR/KAT6A complex in
mediating the function of TRIM24 in colorectal carcinoma,
we inhibited the expression of DANCR or KAT6A in both
SW620 and HT29 cells, and found that both mRNA and pro-
tein expression of YAP were inhibited (Figure 4A and B).
However, TRIM24 expression levels were not affected upon
DANCR or KAT6A knockdown (Figure 4A and B). TRIM24
overexpression attenuated the DANCR or KAT6A shRNA-
mediated inhibition of YAP protein and mRNA expression
(Figure 4C and D). Overexpression of TRIM24 largely re-
stored the association of TRIM24 with the YAP promoter, an
association that was inhibited by DANCR or KAT6A deple-
tion (Figure 4E). TRIM24 overexpression also rescued the
DANCR or KAT6A knockdown-mediated inhibition of cell

O
$
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proliferation and colony formation (Figure 4F and G). Thus,
the DANCR/KAT6A complex upregulates TRIM24 in colo-
rectal cancer.

3.5 | Association of H3K23ac with TRIM24
is critical for YAP expression

It is known that KAT6A promotes the binding of H3K23ac
to TRIM24 in glioma cells?>. We therefore investigated
the effect of DANCR or KAT6A depletion on the interac-
tions between H3K23ac with TRIM24 in SW620 colorectal
cells. Figure SA and B show that depletion of DANCR or
KATO6A significantly decreased the association of TRIM24
with H3K23ac, suggesting that the DANCR/KAT6A com-
plex is critical for this interaction. We also found, using
ChIP-gPCR assays, that DANCR or KAT6A knockdown
inhibited the direct combination of TRIM24 and H3K23ac
with the YAP promoter (Figure 5C and D). Luciferase assays
also revealed that depletion of DANCR or KAT6A inhibits
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H3K23ac with TRIM24-mediated transcription of YAP pro-
moter (Figure SE). These results indicate that the binding
of H3K23ac with TRIM24 is critical for YAP expression in
colorectal cancer.

3.6 | TRIM24 is positively correlated with
YAP in clinical colorectal cancer specimens

To evaluate the clinical implications of our results, we meas-
ured the expression levels of TRIM24 and YAP in clinical
colorectal cancer specimens. We collected 30 paraffin-em-
bedded colorectal cancer specimens. As shown in Figure 6A,
Spearman's rank correlation analysis found that the mRNA
levels of TRIM24 were significantly correlated with those
of YAP. Immunohistochemical (IHC) staining also revealed
that TRIM?24 protein levels were positively correlated with
those of YAP (Figure 6B and C). Therefore, we concluded
that TRIM24 is positively correlated with YAP in colorectal
cancer.

4 | DISCUSSION

In this study, we found that TRIM24 plays a critical role in
the proliferation of colorectal cancer cells via YAP signal-
ing. TRIM24 was amplified and upregulated in colorectal
carcinoma, and TRIM?24 levels were negatively associated
with patient survival. TRIM24 is initially activated by the
DANCR/KAT6A complex, thereby binding with H3K23ac
and subsequently inducing TRIM24-mediated recruitment of
YAP to the chromatin, which ultimately promotes the prolif-
eration of colorectal cancer cells.

Our results indicated that TRIM?24 is critical for the de-
velopment of colorectal cancer. Accumulating evidence has
shown that TRIM24 plays an important role in the develop-
ment of colorectal cancer.'"! Patients who had higher levels
of TRIM24 expression showed poorer overall survival than
those who had lower levels of TRIM24 expression.“ We
found that TRIM24 was upregulated in colorectal carcinoma,
and demonstrated that its expression is inversely correlated
with the survival of colorectal cancer patients. TRIM24
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knockdown suppressed cell proliferation and colony forma-
tion. Hence, we conclude that TRIM24 is essential to the de-
velopment of colorectal carcinoma.

We further found that the DANCR/KAT6A complex pro-
moted the association of TRIM24 with H3K23ac, thereby
inducing TRIM24-mediated recruitment of YAP to the chro-
matin, and promoting proliferation of colorectal cancer cells.
A previous study revealed that DANCR interacts with KAT6A,
which promotes proliferation of colorectal cancer cells.
TRIM?24 was shown to be oncogenic in colorectal canc«sr,1 L12
but the relationship between the DANCR/KAT6A complex and
TRIM24 in colorectal cancer had not previously been inves-
tigated. We found that the DANCR/KAT6A complex upreg-
ulated TRIM24, and promoted cell proliferation in colorectal
cancer. This result is consistent with that of a previous study,
which found that the association of TRIM24 with H3K23ac
regulates downstream-targeted genes in breast cancer,”* pros-
tate cancer,” and glioblastoma.26 Our data also suggest that
DANCR/KAT6A promotes the association between TRIM?24
and H3K?23ac, thereby enhancing the TRIM24-mediated re-
cruitment of YAP to the chromatin, resulting in the prolifera-
tion of colorectal cancer cells. We found that TRIM24 levels are
positively correlated with those of YAP.

In summary, our results indicated that TRIM24 serves as
an oncogene in colorectal.

carcinoma. We elucidated a previously unknown molecu-
lar mechanism involving DANCR/KAT6A-mediated associ-
ation of TRIM24 with H3K23ac, which subsequently results
in enhancement of the oncogenic processes associated with
the YAP signaling pathway in colorectal cancer. This novel
finding potentially provides a strong basis for the develop-
ment of new treatment options for patients sufferings from
colorectal cancer.
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