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ABSTRACT Objective: Identifying biomarkers that predict the efficacy and prognosis of chemoradiotherapy is important for individualized
clinical treatment. We previously reported that high murine double minute 1 (MDMI) expression in patients with rectal cancer is
linked to a favorable chemoradiation response. In this study the role of MDMI in the chemoradiotherapy response in colorectal
cancer (CRC) patients was evaluated.

Methods: Colony formation and cell proliferation assays as well as xenograft models were used to determine if MDM1 expression
affects the sensitivity of CRC cells to chemoradiation. RNA sequencing revealed that MDMI regulates tumor protein 53 (TP53)
expression and apoptosis. A series of molecular biology experiments were performed to determine how MDMI affects p53
expression. The effects of inhibitors targeting apoptosis on MDM1 knockout cells were evaluated.

Results: Gene expression profiling revealed that MDMI is a potential chemoradiotherapy sensitivity marker. The sensitivity of CRC
cells to chemoradiation treatment decreased after MDMI1 knockout and increased after MDM1 overexpression. MDMI1 affected
p53 expression, thereby regulating apoptosis. MDM1 overexpression limited YBX1 binding to TP53 promoter, regulated TP53
expression, and rendered CRC cells more sensitive to chemoradiation. In CRC cells with low MDM1 expression, a combination of
apoptosis-inducing inhibitors and chemoradiation treatment restored sensitivity to cancer therapy.

Conclusions: The current study showed that MDM1 expression influences the sensitivity of CRC cells to chemoradiation by
influencing p53 and apoptosis pathways, which is the basis for the underlying molecular mechanism, and serves as a possible
predictive marker for chemoradiotherapy prognosis.
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treatment is treatment resistance, which is driven by complex
factors, including DNA damage repair, cell cycle dysregulation,
cell death, and mismatch repair deficiencies**. Resistance to
chemoradiotherapy results in a poor treatment response, fail-
ure to prolong survival, and various side effects. Therefore,
identifying markers that predict the efficacy and prognosis of
chemoradiotherapy is crucial for clinical decision-making and
patient survival. Many biomarkers have recently been studied
as predictors of the response to concurrent chemoradiation
therapy in locally advanced rectal cancer. However, the speci-
ficity and sensitivity of some research results have not reached
the expected predictive value®. Therefore, further exploration
is warranted.

Based on the urgent need to identify predictive markers
of chemoradiotherapy efficacy as well as the issues in cur-
rent marker research, we previously conducted an expression
profile-related study to define differentially expressed genes
(DEGs) that distinguish between good and poor responses
to chemoradiotherapy’. The results of the experimental ver-
ification of the top 10 DEGs showed that ZNF37A, ZNFI121,
and MDM] ranked in the top 3 DEGs. Because studies on
the mechanisms of action for ZNF37A and ZNFI12] have
already been conducted, we planned to determine the spe-
cific mechanism by which murine double minute 1 (MDM1)
expression affects chemoradiotherapy sensitivity. Both MDM!1
and murine double minute 2 (MDM?2) were discovered in
amplified extra chromosomal DNA sequences in the mouse
3T3DM cell line. Transcription factor p53 was characterized
as a powerful tumor suppressor that inhibits tumor growth by
promoting cell cycle arrest, apoptosis, and DNA repair®'°. E3
ubiquitin ligase MDM2 binds to p53 and induces p53 degra-
dation, displaying carcinogenic activity!!. The role of MDM2
gene amplification in resistance to cancer treatment has been
extensively studied!?. Overexpression of MDM?2 can directly
confer the resistance of tumor cells to cisplatin-induced apop-
tosis and also leads to cisplatin resistance by inducing p53
downregulation'*!4. In contrast, research on MDM1, which
does not exhibit tumorigenicity, remains limited!®>. MDM!]
encodes a nuclear protein that binds to and stabilizes microtu-
bules and inhibits centriole duplication'®!”. MDM1 maintains
endoplasmic reticulum homeostasis through the spatial regu-
lation of lipid droplet biosynthesis and links to intra-flagellar
transport in photoreceptor cells'®!°. To date, the correlation
between MDMI1 expression and chemoradiotherapy resist-
ance has not been studied. Therefore, the purpose of the pres-

ent study was as follows: (i) confirm the correlation between
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MDMI1 and colorectal cancer (CRC) cell sensitivity to chemo-
radiotherapy; and (ii) demonstrate the specific mechanism
by which MDM1 affects sensitivity to chemoradiotherapy

through various experiments.

Materials and methods
Study participants and biospecimens

As described in our previous studies, the study group was
comprised of 81 patients with locally advanced rectal can-
cer who were enrolled from January 2006 to June 2013 at
the Cancer Hospital (Chinese Academy of Medical Sciences,
Beijing, China)”?°. All of these participants underwent con-
current chemoradiotherapy preoperatively. The histologic
tumor response to chemoradiotherapy was judged using the
Mandard tumor regression grade (TRG). Briefly, 30 tissue
samples of TRG1 (n = 7) and TRG2 (n = 23), 37 tissue samples
of TRG3 (n = 37), and 14 tissue samples of TRG4 (n = 12)
and TRG5 (n = 2) were grouped as responders, intermediate
responders, and non-responders, respectively. The duration
of disease-free survival (DFS) was recorded starting from the
surgical intervention date to the time of tumor progression,
death, or most recent follow-up evaluation. All 81 patients
were tracked until 31 October 2021. None of the patients were
lost to follow-up with a median follow-up time of 125 months.
This study was approved by the Institutional Review Board of
the Chinese Academy of Medical Sciences Cancer Institute
(IRB no. 23/088-3827). The genome-wide expression profil-
ing data of 81 patients with rectal cancer who received neo-
adjuvant chemoradiotherapy were submitted to the National
Genomic Data Center database (https://ngdc.cncb.ac.cn/
gsub/; project ID: PRJCA027384).

Cell lines and reagents

HT29 and HCT8 cells were grown in RPMI-1640 medium
with 10% fetal bovine serum (FBS). RKO and HCT116 cells
were grown in DMEM with 10% FBS. All cells were placed
in a humidified incubator at 37°C in 5% CO,. The chemo-
therapeutic drugs [5-FU (HY-90006) and oxaliplatin (HY-
17371)] were acquired from MedChemExpress (Monmouth
Junction, NJ, USA). Navitoclax/ABT-263 (A3007), birina-
pant/TL32711 (A4219), and idasanutlin/RG7388 (A3763)
were obtained from APExBIO (Houston, TX, USA).
All drugs were dissolved in dimethylsulfoxide [DMSO]
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(Sigma-Aldrich, St. Louis, MO, USA) at appropriate concen-

trations and refrigerated at —80°C.

Establishment of CRC cell lines with MDM1
overexpression (OE) and knockout (KO)

Lentiviral particles containing the CRISPR/Cas9 system
for stable MDM1-OE or MDM1-KO were procured from
GeneChem (Shanghai, China). Stable MDM1 KO was accom-
plished using CRISPR to create single-guide RNA (sgRNA-
1: 5-CACCgCGAGTCTTGTAATTCCTCCG-3', sgRNA-2:
5'-CACCgTCTGATCTAAGTCCAGCCCA-3') sequences tar-
geting the MDM1 genetic sequence. These sequences were sub-
sequently inserted into the GV392 vector. HCT8 and RKO cells
were transfected with the lentivirus, incubated in an incomplete
medium for approximately 24 h, and subsequently selected
with puromycin. Stable MDM1-OE and MDM1-KO cell lines
were verified using western blotting and reverse transcription-

quantitative polymerase chain reaction (RT-qPCR).
Cell viability and colony formation assays

Cells were seeded into 96-well (2,000 cells/well) and 6-well
(2,000 cells/well) plates containing complete growth medium
with or without chemotherapy (5 pg/mL of 5-FU and 1 pg/mL
of oxaliplatin) and radiotherapy (2 Gy). Cell viability was
tested daily using Cell Counting Kit-8 [CCK-8] (Dojindo Lab,
Shanghai, China). CCK-8 reagents were incubated in each
well at 37°C for 1.5 h and absorbance was detected at 450 nm.
Cells were incubated with serial dilutions of 5-FU and oxalip-
latin for determination of the half-maximal inhibitory con-
centration (IC,)) and CCK-8 absorbance was detected after
48 h. The IC,, values were obtained by non-linear regres-
sion analysis using GraphPad Prism software. Colonies were
fixed in methanol and stained with 0.5% crystal violet after 1
week of cloning culture and the number was quantified using

Image] software.
Extreme limiting dilution analysis

Cancer cells were seeded into 96-well plates at various cell
densities (6.25, 12.5, 25, 50, 100, and 200 cells/well for RKO
cellsand 3, 6.25, 12.5, 25, 50, and 100 cells/well for HCT8 cells)
with or without irradiation (2 Gy). After 1-2 weeks, the colony
number was counted and a statistical analysis was performed

online (http://bioinf.wehi.edu.au/software/elda/).

Quantitative real-time PCR analysis

Total RNA was isolated from the cell samples using an RNA-
Quick Purification Kit (RN001; ES Science, Shanghai, China)
and reverse-transcribed using PrimeScript RT Master Mix
(RR0O036A; TaKaRa, Dalian, China). The relative expression
of the target genes was quantified via RT-qPCR using SYBR
Green (RR820A; TaKaRa). Table S1 presents the primer sets
used for PCR amplification. Targeted gene mRNA levels were
measured relative to GAPDH mRNA levels.

Western blot analysis

Cells were lysed using RIPA lysis buffer (P0013B; Beyotime,
Shanghai, China) with the addition of phenylmethylsulfo-
nyl fluoride [PMSF] (P0100; Solarbio, Beijing, China) and a
phosphatase inhibitor cocktail (P003; NCM Biotech, Suzhou,
China). After centrifugation at 12,000 rpm (16,000 x g) for
15 min, the protein supernatant concentration was meas-
ured using a BCA Protein Assay Kit (A53225; Thermo Fisher
Scientific, Waltham, MA, USA). Next, 20 pg-protein samples
were isolated on SDS-PAGE gels (MA0298; Meilunbio, Dalian,
China) and transferred to PVDF membranes (Millipore,
Billerica, MA, USA). Antibodies against GAPDH (60004-
1-Ig), MDM1 (17575-1-AP), BAX (50599-2-Ig), non-POU
domain-containing octamer-binding (NONO; 11058-1-AP),
Y-box binding protein 1 (YBX1;20039-1-AP), and p53 (10442-
1-AP) were purchased from Proteintech (Rosemont, IL, USA).
Splicing factor proline/glutamine-rich (SFPQ) protein anti-
body (ab177149) was purchased from Abcam (Cambridge,
MA, USA). Antibodies against caspase-3 (#9662), cleaved
caspase-3 (#9661), PARP (#9542), and cleaved PARP (#5625)
were purchased from Cell Signaling Technology (Danvers,
MA, USA). The signal was detected using an enhanced chemi-
luminescence western blotting substrate (Thermo Fisher
Scientific) and visualized using an Amersham Imager 600.
Quantification of the protein bands was performed by gray-

scale scanning using ImageJ software.
Immunofluorescence flow cytometry

An annexin V/PI double-staining apoptosis detection kit
(AD10; Dojindo Lab) was applied in this assay. Briefly, cells
from the different treatment groups were digested and centri-
fuged at 1,000 rpm (111 x g) for 3 min. After two washes in PBS
(MAO00015; Meilunbio) the cells were subsequently incubated
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with PI and annexin V reagents at room temperature for 15
min and detected by BD flow cytometry (LSRII; San Jose, CA,
USA) within 1 h.

RNA sequencing analysis

Total RNA was extracted from MDM1-OE, MDM1-KO, and
control cells in triplicate for sequencing (Novogene, Beijing,
China). The RNA sequencing results were mapped to the
human genome (Genome Research Consortium human
build 38) by HISAT2. Significant differential expression was
screened by referencing the P value and fold-change using the
DESeq2 R package.

Proteomics analysis

Sequencing data (PTM BIO, Hangzhou, China) of pro-
tein samples from MDM1-OE and control HCT8 cells were
retrieved using Proteome Discoverer (v2.4.1.15). Significantly
differentially expressed proteins were selected at a P value <
0.05 and fold-change > 1.5 or < 0.67.

Immunoprecipitation assays

Cells were lysed in RIPA lysis buffer (P0013D; Beyotime) supple-
mented with PMSF (P0100; Solarbio) and phosphatase inhibitor
cocktail (P003; NCM Biotech) for 1 h at 4°C. The supernatant
was obtained after 15 min of centrifugation at 12,000 rpm
(16,000 x g). Next, immunoprecipitation assays were conducted
using the Dynabeads™ Protein G Immunoprecipitation Kit
(10007D; Invitrogen, Carlsbad, CA, USA). Cell protein extracts
and antibodies were incubated overnight with slow rotation at
4°C and eluted using an elution buffer. The obtained protein
supernatant was isolated by SDS-PAGE for further western blot-
ting and mass spectrometry analysis (PTM BIO). Antibodies for
co-immunoprecipitation of rabbit immunoglobulin G (30000-
0-AP), MDMI1 (17575-1-AP), and YBX1 (20039-1-AP) were

purchased from Proteintech.

Plasmids and small-interfering RNA
transduction

Small-interfering RNAs  (siRNAs)  targeting  YBXI
(5'-GGAGUUUGAUGUUGUUGAAGG-3'; control siRNA,
5'-UUCUCCGAACGUGUCACGUTT-3") were purchased
from Gene Pharma (Shanghai, China). Cells grown in 6-well
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plates were transfected with siRNAs using Lipofectamine 2000

(Invitrogen).
Dual-luciferase reporter assays

Dual-luciferase reporter assays were performed using the
Nano-Glo Dual-Luciferase Reporter (NanoDLR™) system
following the manufacturer’s directions (N1620; Promega
(Madison, WI, USA). CRC cells grown in 48-well plates (6 x
10* cells/well) were transfected with reporter plasmids using
Lipofectamine 2000. After 1 day, Firefly and Renilla luciferase
activities were measured using GENES5 software (BioTek,
Winooski, Vermont, USA).

Chromatin immunoprecipitation (ChIP)
assay

The SimpleChIP® Plus Sonication Chromatin IP Kit (#56383;
Cell Signaling Technology) was used. Per the manufactur-
er’s manual, 37% formaldehyde was added to the complete
growth medium for a cross-linking reaction. The reaction
was terminated with glycine (Sigma-Aldrich) after 10 min.
Subsequently, the cells were lysed and treated with ultrasound
to fragment chromatin ranging from approximately 200 bp to
several kilobytes in length. Chromatin fragments were incu-
bated overnight with corresponding antibodies against the
target protein and protein G magnetic beads for ChIP. Then,
the chromatin fragments were eluted from the antibody/pro-
tein G microbeads and de-cross-linked. Finally, the purified
DNA was analyzed using qPCR and the primer sets used are
presented in Table S1.

Xenografted tumor model

Five-week-old male NOD-PrkdcscidIL2rgtm1 (NSIG) mice
(Beijing HFKBIOSCIENCE Co., Beijing, China) were subcu-
taneously injected with MDM1-OE, MDM1-KO HCT8 and
RKO cells (2 x 10° in 100 pL PBS). The mice were randomly
categorized into vehicle- and chemoradiotherapy-treated
groups. Mice in the chemoradiotherapy-treated group received
radiotherapy (4 Gy) and intraperitoneal chemotherapy (20
mg/kg 5-FU and 5 mg/kg of oxaliplatin) for 2 weeks, whereas
mice in the control group received the same frequency and
dose of normal saline injections. Mice treated with RG7388
(10 mg/kg) with or without a combination of chemoradiother-

apy treatment were randomly divided.
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Bioinformatics analysis

MDM1 expression was analyzed using Gene Expression
Profiling Interactive Analysis (GEPIA) and the University of
Alabama at the Birmingham CANcer Data Analysis Portal
(UALCAN). Next, the prognostic significance of MDM]I
expression in colon cancer was evaluated using the Kaplan-
Meier plotter database. The Metascape database (http://metas-
cape.org/) was used for the enrichment analysis.

Statistical analysis

Data were analyzed using GraphPad Prism 7 software. All data
were presented as the mean + SD. A normality test was per-
formed to confirm that each group of samples met the nor-
mal distribution and group differences were examined using
Student’s t-test. Survival analysis of DFS time was based on
the Kaplan-Meier method and log-rank test with survival out-
come variables defining tumor progression or patient death as
terminal events. All statistical tests were two-tailed with statis-

tical significance defined as a P < 0.05.
Results

MDM1 expression affects the sensitivity of
CRC cells to chemoradiotherapy

In two previous studies aimed at identifying biomarkers pre-
dicting the sensitivity of CRC cells to chemoradiotherapy”2’,
we conducted gene expression profiling analysis of 81 patients
with rectal cancer who underwent and responded differently to
preoperative synchronous chemotherapy combined with radi-
cal surgery (Table S2). This analysis revealed 179 probes repre-
senting 132 DEGs between the sensitive and insensitive groups.
These DEGs were sorted by P value and the function of the top
10 genes was experimentally verified, indicating that MDM]1
expression correlated with the sensitivity of CRC cells to chemo-
radiotherapy. We also found that MDM!1 expression was lower
in non-responders (TRG4+5) and patients with high MDM!1
expression had a better preoperative chemoradiation response
and a longer DFS time than patients with low MDM1 expression
(HR =0.50,95% CI,0.27-0.95, P,,_ .\ = 0.0337; Figure 1A, B).
Therefore, we propose that MDMI is a key gene affecting the
sensitivity of CRC cells to chemoradiotherapy. Furthermore, a
search in the GEPIA database revealed that MDM1 expression is

lower in several tumors, including CRC, than in normal tissues

(Figure 1C, D). The prognostic value of MDM1I was evaluated
and colon cancer patients expressing high MDM]I were shown
to live longer than patients expressing low MDM1 (HR = 0.64,
95% CI, 0.52-0.80, Py, .., < 0.0001; Figure 1E).

To explore whether MDM1 expression affects the sen-
sitivity of CRC cells to ionizing radiation (IR) and chem-
otherapeutic treatment, the CRC cell lines (HCT8 and
RKO) were engineered into MDMI1-KO and MDM1-OE
(Figure 1F, G). MDM1 silencing decreased the sensitivity to
5-FU and oxaliplatin (Figure S1A, B) compared to the con-
trol group, whereas MDM1-OE increased chemosensitiv-
ity of the cells (Figure S1C, D). Extreme limiting dilution
analysis showed that MDM1-KO desensitized CRC cells to
radiation (Figure S1E, F) and MDM1-OE induced IR sensi-
tivity (Figure S1G, H). Therefore, we concluded that MDM1
expression affected the sensitivity of CRC cells to radiation
and chemotherapy. The cell proliferation and colony-forming
abilities were like the control cells when the MDM1-KO and
MDM1-OE cells were not subjected to chemoradiation treat-
ments. However, after chemoradiation treatments, the prolif-
eration and colony-forming abilities of MDM1-KO RKO and
HCT8 cells were markedly enhanced relative to the control
cells (Figures 2A and S2A) but substantially decreased when
MDM1 was overexpressed (Figures 2B and S2B). Similarly,
knockout or overexpression of MDM1 did not alter the growth
rate of RKO and HCTS cells transplanted into mice that did
not receive chemoradiation. The growth rates of subcutane-
ously transplanted tumors accelerated in MDM1-KO cells
compared to control cells (Figures 2C and S2C) in the chemo-
radiotherapy-treated group, whereas the transplanted tumors
exhibited better chemoradiotherapy responses in MDM1-OE
cells than control cells (Figures 2D and S2D).

MDM1 regulates p53 and apoptosis pathways

Currently, only a few studies involving MDMI1 and relevant
studies on the role of MDMI in tumor therapy have been
published. RNA sequencing was performed to determine
MDM1 function. The MDM1-OE group had 542 upregulated
and 501 downregulated genes compared to the control group
(Figure 3A). Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis of the upregulated genes showed
enrichment in small-cell lung cancer, p53 signaling, and apop-
tosis pathways (Figure 3B), while the downregulated genes
were accumulated in DNA replication and cell cycle pathways
(Figure 3C). Gene Set Enrichment Analysis demonstrated
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sample size. (D) Expression of MDM1 across different stages in TCGA-READ. (E) Kaplan—-Meier estimates of survival time by MDM1 expression in
colon cancer (n = 1,336). (F) Expression of MDM1 in MDM1-KO and MDM1-OE HCT8 and RKO cells identified by western blotting. (G) mRNA

expression of MDM1 in MDM1-KO and MDM1-OE HCT8 and RKO cells quantified by RT-qPCR. Data are shown as the mean + SD from three
independent experiments (G). *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001 of Student's t-test (A, C, D, G).
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that the upregulated genes correlated with autophagy, amino
acid metabolism, NF-kB, and apoptosis pathways (Figure 3D
and Table S3), while the downregulated genes were engaged
in terpenoid backbone biosynthesis, nitrogen metabolism, and
citrate cycle pathways (Table S4). When a fold-change of > 1.2
or < 0.8 was evaluated, 236 upregulated and 115 downregu-
lated genes were identified (Figure 3E). Enrichment analysis
of these DEGs suggested that the upregulated genes were asso-
ciated with the type I hemidesmosome assembly, p53 signaling
pathway, and cell death pathways (Figure 3F), while the down-
regulated genes were mostly involved in biological regulatory
processes (Figure 3G). In addition, KEGG enrichment anal-
yses of 2,628 upregulated and 3,058 downregulated genes in
the MDM1-KO HCTS cells vs. control cells suggested that the
downregulated genes were correlated with p53 signaling path-
way (Figure S3A-C). An enrichment analysis of 157 overlap-
ping genes between the downregulated genes in the MDM1-KO
HCTS8 cells and upregulated genes in the MDM1-OE HCT8
cells was performed (Figure S3D). These genes were related
to p53 signaling, apoptosis, and cell death pathways (Figure
S3E). Proteomic analysis was also performed on the control
and MDM1-OE HCT8 cells, confirming 613 differentially
expressed proteins (Figure S3F). Further analysis revealed 123
significantly altered proteins, including 85 upregulated (fold-
change > 1.5) and 37 downregulated proteins (fold-change <
0.6; Figure S3G). Enrichment analysis of the 37 downregulated
proteins showed that the downregulated proteins were related
to negative regulation of the apoptosis pathway (Figure S3H).
Considering the mechanisms that may cause tumor resist-
ance, we hypothesized that MDM1 affects the sensitivity of CRC
cells to chemoradiotherapy by affecting the p53 signaling and
apoptosis pathways. The relationship between MDM1 and p53
expression was subsequently evaluated. RT-qPCR and western
blotting verified that before and after chemoradiation treatment,
P53 expression dropped in the MDM1-KO cells relative to con-
trol cells but increased in the MDM1-OE cells (Figure 3H-K).

MDM1 expression regulates CRC cell
apoptosis

Flow cytometry proved that apoptosis was considerably
repressed in MDM1-KO cells compared to control cells
(Figure 4A) but was upregulated before and after chemora-
diation treatment in the MDMI1-OE cells (Figure 4B). The
impact of MDM1 expression on the apoptotic signaling path-

way was verified by western blotting. When not subjected to
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chemoradiation, cleaved caspase-3, cleaved PARP, and the
pro-apoptotic effector (BAX) expression was lower in the
MDM1-KO cells vs. control cells and the expression differ-
ence was more pronounced after chemoradiation treatment
(Figure 4C). In contrast, cleaved caspase-3, cleaved PARP, and
BAX expression was elevated in the MDM1-OE cells before
and after chemoradiation treatment (Figure 4D). The expres-
sion of apoptosis-related genes was examined, including BAX,
BAK, FAS, and GADD45A, all of which are regulated by p53.
The expression of these genes decreased after MDM1-KO
(Figure 4E, F) but increased after MDM1-OE (Figure 4G, H).
Therefore, these data suggested that MDM1 affects apoptosis
by influencing the level of TP53 transcription.

MDM1 affects TP53 transcription through its
interaction with YBX1

To investigate how MDM1 modulates the level of TP53 tran-
scription, immunoprecipitation was performed using MDM1
antibodies in the HCTS8 cells. Mass spectrometry results
showed that the top proteins bound to MDM1 were mostly
components of paraspeckles, such as NONO, SFPQ, and par-
aspeckle protein component 1 (PSPC1), which regulate RNA
transcription and splicing (Figure S4A, B and Tables S5-
§$8). NONO and SFPQ are the core proteins of paraspeckles.
Moreover, YBX1 (also known as YB1) was detected in separate
mass spectrometry results of 4 different bands, which has been
reported as a transcriptional repressor of p53*l. Inhibiting
YBXI1 upregulates p53, resulting in significant apoptosis in
a p53-dependent manner. A co-immunoprecipitation assay
confirmed MDM1 binding to NONO, SFPQ, and YBX1 in the
HCT8 and RKO cell lines (Figure 5A). The expression profil-
ing data herein indicated no statistical difference in NONO,
SFPQ and YBX1 expression between responders and non-re-
sponders to chemoradiotherapy (Figure S4C-E). No signif-
icant correlation between YBX1 and MDMI1 was detected
(Figure S4F). Therefore, we hypothesized that MDM1 binds
to paraspeckles and the p53 transcriptional inhibitor, YBX1,
affecting the function of YBX1 and regulating the level of
TP53 transcription to influence cell apoptosis.

First, we verified the interaction between YBX1and the TP53
promoter region in HCT8 cells by ChIP-qPCR (Figure S5A).
Western blotting and RT-qPCR analyses showed that TP53
expression increased after silencing YBX1 (Figure S5B-D) and
proved that YBX1 inhibits TP53 transcription. Furthermore,

mRNA expression of apoptosis-related genes downstream
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Figure 4 MDML expression regulates CRC cell apoptosis. (A) Proportion of apoptotic MDM1-KO HCT8 and RKO cells in chemoradiothera-
py-treated and control groups. (B) Proportion of apoptotic MDM1-OE HCT8 and RKO cells in chemoradiotherapy-treated and control groups. (C)
Western blots of MDM1 and several apoptosis-related protein levels in chemoradiotherapy-treated and control groups of MDM1-KO HCT8 and
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HCT8 and RKO cells. (E, F) mRNA expression of MDM1 and apoptosis-related genes detected by RT-qPCR in MDM1-KO HCT8 (E) and RKO (F) cells.
(G, H) mRNA expression of MDM1 and apoptosis-related genes detected by RT-qPCR in MDM1-OE HCT8 (G) and RKO (H) cells. Data are shown
as the mean + SD from three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; and **** P < 0.0001 of Student's t-test (A, B, E-H).



Cancer Biol Med Vol 22, No 3 March 2025

277

HCT8-OF RKO-OE
A HCT8 RKO B x
15 i m IgG 104
IgG MDM1 IgG YBX1 IgG MDM1 IgG YBX1
5 m=VYBX1 5 g
YBXL [ = | [ e | [ == [ ==]|-36kDa 5%10- %% e
- MDM1 [ == [ =] [ =] s -81 kDa g £ _ g § 61 == YBX1
‘T Q ‘T Q
NONO =— - -— & | -54 kDa = o < o 4 4
[a
SFPQ [ =] [ =] [ e=|-100kDa E& S o]
YBX1 |--| |--| |'- _l |- -|—36kDa 04 04
- Vector MDM1-OE
MoML =] [ =] [= =] [#= ==]-81kDa Vector  MDM1-OF
Input| NONO | —— | |-— — | | —— | |_-|—54 kDa D Vector MDM1-OE
SFPQ [ < | [ e | [ | [ wmm]-100 kDa siControl + -
GAPDH [ wme| [== =] [em e [—= ==]-37kDa SIVBXL -+ -
MDM1 -81 kDa
042 047 095 0.99
C HCT8-OE s« RKO-OE . YBX1 ~36kDa
" 154 I—l 1.5 e = Vector + siControl HCT8 53 0.98 0.55 0.86 0.60
oga) ns ns . p -53 kDa
3 % P Hk kK — e kkk — Vector + siYBX1 052 060 073 0.60
<Y 104 104 = MDM1-OE + siControl  GAPDH -37 kDa
Z 9 100 101 097 093
°§ 8 MDMD1-OE + siYBX1 MDM1 ~81kDa
g N 072 065 110 1.15
£ E 05+ 05 YBX1 -36 kDa
E ° RKO 0.67 036 0.64 037
= p53 -53 kDa
04 04 . . 089 1.02 102 096
YBX1 TP53 YBX1 TP53 GAPDH -37kDa
1.00 1.05 1.02 1.02
E HCT8 RKO F s HCT8-OE ., RKO-OE
> 15 - 157 = 2 15 - 1.5+
s sk ns == siControl 3 == siControl
3 =, 2 sivBXL @ _ns. —= SiYBX1
Q1.0 1 = 1.0 = % 1.0 4 1.0
s S
g 8
5 ‘S
2 o5 051 < 051 05
2 2
] B
o) [
€ olE : ol B . € o lE : ol .
wT MUT WT MUT Vector MDM1-OE Vector ~ MDM1-OE
G DMSO CRT H mm Vector + siControl
4 - 1.2+ 500 = Vector + siYBX1
5 400 ns == MDM1-OE + siControl
3 £ == MDM1-OE + siYBX1
g 5 300
2 -~ Vector + siControl =
g = Vector + siYBX1 ]j 5 200
-+ MDM1-OFE + siControI:l S 100
-v. MDM1-OE + sivBx1 4" .

Time (h)

48 7I2
Time (h)

24 9 120

DMSO

CRT

Figure 5 MDML1 affects TP53 transcription through interaction with YBX1. (A) Immunoprecipitation was performed with antibodies to
MDML1 and YBX1 in HCT8 and RKO cell lines. MDM1, YBX1, NONO, and SFPQ antibodies were used for the western blotting assay. (B) ChIP-
gPCR results showing the enrichment of the TP53 promoter in the MDM1-OE group vs. the control group in HCT8 and RKO cell lines. (C, D)
mRNA (C) and protein (D) expression of YBX1 and TP53 measured by real-time quantitative PCR and western blotting assays in MDM1-OE
HCT8 and RKO cells with and without YBX1 silencing by siRNA. (E) Luciferase activity of transfection of a plasmid containing wild-type
(WT) or mutant (MUT) TP53 promoter region in HCT8 and RKO cell lines with and without YBX1 silencing by siRNA. (F) Luciferase activity
of transfection of a plasmid containing wild-type TP53 promoter region in MDM1-OE HCT8 and RKO cells with and without YBX1 silencing
by siRNA. (G, H) Proliferation curves (G) and colony formation assay (H) of knocking down YBX1 in the MDM1-OE HCT8 and control cells.
Data are shown as the mean + SD from three independent experiments. **, P < 0.01; ***, P < 0.001, ****, P < 0.0001; and ns, not significant

of Student’s t-test (B, C, E-H).



278 Ren et al. MDM1 promotes p53 expression and enhances chemoradiotherapy sensitivity

of p53 increased after silencing YBX1 (Figure S5C-E).
Interestingly, after MDM1-OE the binding of YBX1 to theTP53
promoter was impaired vs. control (Figure 5B). Knockdown
of YBX1 in MDM1-OE cells did not increase TP53 expression
compared to control cells (Figure 5C, D) and the same was
noted in TP53-mutated HT29 cells (Figure S5F). Reporter
gene vectors containing the wild-type and mutated TP53
promoter regions were constructed. Dual-luciferase reporter
assays indicated that transfection vectors containing wild-type,
but not mutated, TP53 promoter region increased luciferase
activity (Figures 5E and S5G). When vectors with wild-type
TP53 promoter were transfected into the MDMI1-OE and
control cells, YBX1 knockdown in MDM1-OE cells failed to
increase luciferase activity compared to control cells (Figures
5F and S5H), demonstrating that MDM1 attenuates the tran-
scriptional inhibition of TP53 by YBX1. To confirm whether
MDM1 affects cell sensitivity to chemoradiotherapy by inter-
acting with YBX1, YBX1 in MDM1-OE and control cells was
knocked down. Silencing YBX1 did not affect cell proliferation
and colony-forming abilities in vector or MDM1-OE cells in
the absence of chemoradiation treatment. After chemoradia-
tion, silencing YBX1 decreased cell proliferation and colony
formation abilities in control cells but did not increase cell sen-
sitivity to chemoradiation in MDM1-OE cells (Figures 5G, H
and S6A-D).

Inducing cell apoptosis restores the sensitivity
of MDM1-KO cells to chemoradiation

Collectively, cells with high MDMI1 expression were sensitive
to chemoradiotherapy by influencing the p53-directed apop-
totic pathways, whereas cells with low MDM1 expression were
resistant to chemoradiotherapy. We speculated that the sensi-
tivity of cells with low MDMI1 expression could be restored by
inducing apoptosis. Therefore, the dual BCL-2 and BCL-XL
inhibitor, navitoclax (ABT-263), the second mitochondri-
al-derived activator of caspases (SMAC) mimetic, birinapant
(TL32711), and the MDM2 inhibitor, idasanutlin (RG7388),
were tested. Flow cytometry showed that these three drugs
induced apoptosis in MDM1-KO cells in combination with
chemoradiation (Figure 6A, B). Cloning showed that these
three drugs restored the sensitivity of MDM1-KO cells to
chemoradiation treatment (1.0 uM RG7388; Figures 6C, D and
S7A, B). Considering that MDM1 affects apoptosis by influ-
encing the transcription level of TP53, RG7388 was selected
for further in vivo experiments. When RG7388 (10 mg/kg)

was used alone, the tumor growth rates did not significantly
differ between MDM1-KO and control RKO cells. However,
the MDM1-KO group was more sensitive to the combination
of RG7388 and chemoradiation treatment (Figure 6E).

Therefore, targeting the apoptotic pathway is a feasible
method for restoring the sensitivity of cells with low MDM1
expression to chemoradiotherapy treatment. Graphical
abstract showed that the level of MDMI1 expression influ-
ences the sensitivity of CRC cells to chemoradiotherapy by
regulating p53 signaling and apoptosis pathways (Figure 7).
The sensitivity of CRC cells to chemoradiotherapy increased
after MDM1-OE and decreased after MDM1-KO. MDM1-OE
can eliminate the binding of YBX1 to the TP53 promoter,
upregulate TP53 transcription, and render CRC cells more
sensitive to chemoradiation. MDM1-KO downregulates TP53
expression and cell apoptosis, leading to treatment resistance.
For CRC cells with low levels of MDM1 expression, the com-
bination of apoptosis-inducing inhibitors and chemoradi-
otherapy could restore the sensitivity of MDM1-KO cells to
cancer therapy.

Discussion

In a previous study screening for differential transcripts of
genes related to chemoradiotherapy sensitivity, a correlation
between MDM1 expression and sensitivity to chemoradio-
therapy in patients with CRC was discovered. Through gene
expression profiling analysis of 44 CRC samples with pre-
operative concurrent chemoradiotherapy, 132 DEGs among
patients with different treatment responses were identified
with MDM1 ranking 10™. After knocking down the top 10
DEGs in CRC cell lines, the cells were treated with chemo-
radiotherapy and MDMI ranked 3" according to P values in
the colony formation assay. Because studies on the ZNF37A
(the top one gene) mechanisms of action have already been
completed, ZNF37A downregulation promotes TNFRSF6B
expression, inhibits apoptosis, and leads to therapeutic resist-
ance to concurrent chemoradiotherapy in patients with rectal
cancer’; the current study focused on MDM1.

Further data analysis indicated that patients with high
MDM1 expression responded better to chemoradiation and
had an extended DFS time than patients with low MDM]I
expression. Therefore, MDM1I expression was verified to affect
the sensitivity of CRC cells to chemoradiotherapy treatment.
RNA sequencing and further experiments revealed a corre-
lation between MDM1 expression and the p53 signaling and
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Figure 6 Inducing cell apoptosis restores the sensitivity of MDM1-KO cells to chemoradiotherapy treatment. (A, B) Proportions of apoptotic
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apoptosis pathways. MDM1 was shown to bind to NONO, to chemoradiotherapy, three drugs targeting the apoptotic
SFPQ, and YBX1. MDM1-OE reduced binding of YBX1 to pathway were tested, particularly MDM2 inhibitors targeting
the TP53 promoter, weakened the transcriptional inhibition of p53. The results indicated that inducing apoptosis restored
YBX1 on TP53, and sensitized CRC cells to chemoradiation. the sensitivity of MDM1-KO cells to chemoradiotherapy.

For CRC cells with low MDM!1 expression that were resistant This finding provides a potential treatment option to restore
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Figure 7 Working model: MDML1 regulates therapeutic sensitivity to chemoradiotherapy in colorectal cancer. The sensitivity of CRC cells
to chemoradiotherapy increased after MDM1-OE and decreased after MDM1-KO. MDM1-OE eliminate binding of YBX1 and TP53 promoter,
upregulate TP53 transcription, and make CRC cells more sensitive to chemoradiation. MDM1-KO downregulate TP53 expression and cell
apoptosis, leading to treatment resistance. Combination of inhibitors inducing apoptosis and chemoradiotherapy restored the sensitivity of
MDM1-KO cells to cancer therapy because CRC cells have low MDM1 expression.

sensitivity to chemoradiotherapy in patients with low MDM1
expression (Figure 7).

The current study confirmed the interactions of MDM1
with YBX1, NONO, and SFPQ. YBX1 is responsible for reg-
ulating multiple biological activities, including cell prop-
agation, differentiation, senescence, apoptosis, and tumor
development?>23, YBX1 encodes proteins that bind DNA and
RNA, participating in processes, such as translation inhibi-
tion, RNA stabilization, mRNA splicing, DNA repair, and
transcriptional modulation?*-?6. YBX1 predominantly acts
as an RNA-binding protein that specifically recognizes and
binds to 5-methylcytosine-modified mRNA transcripts and
promotes mRNA stabilization?”?%. YBX1 also acts as a tran-
scription factor binding to a promoter containing Y-box
(5'-CTGATTGGCCAA-3'), such as TP53, negatively regulat-
ing TP53 expression and p53-induced cell death?!:?*-3!. The
current study demonstrated that MDM1 regulates TP53 tran-
scription through MDM1 interaction with YBX1, influencing

the CRC sensitivity to chemoradiation. Notably, although
MDMT1 affects p53 expression, MDM1 did not show tumor-
igenicity!®, which may be the result of crosstalk between dis-
tinct biochemical processes®>%3,

NONO and SFPQ are core proteins involved in the forma-
tion of paraspeckles, which regulate gene expression by alter-
ing the distribution of paraspeckle proteins, RNA retention,
and interactions with microRNAs*+3>, NONO and SFPQ
share a common domain consisting of two RNA recognition
motifs, belonging to the Drosophila melanogaster behavior,
human splicing (DBHS) protein family and exerting multi-
ple regulatory effects®*. NONO, a multifunctional nuclear
protein, regulates gene expression through RNA splicing,
transcriptional activation, and termination and participates
in biological activities, such as cell propagation, apoptosis,
migration, and DNA damage repair®’. Studies have reported
that NONO exerts dual effects on apoptosis, either promot-
ing or inhibiting apoptosis®®*. SPFQ activates several BCL-2
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family pro-apoptosis genes associated with chemotherapy
sensitivity?. In the current study the combination of MDM1
with YBX1, NONO, and SFPQ was proven through immu-
noprecipitation experiments. However, the specific roles of
NONO and SFPQ remain unclear. Given the diverse func-
tions of paraspeckles, MDM1, as a potential new paraspeckle
component, may affect many other genes and molecules, war-
ranting further research.

Interestingly, the current study demonstrated that MDM1
and ZNF37A affect chemoradiotherapy sensitivity by influ-
encing cell apoptosis, which is consistent with the recognized
perception that resistance to apoptosis leads to poor thera-
peutic outcomes in patients with cancer?!. Effective killing
of cancer cells through programmed cell death or apopto-
sis has always been a major goal of clinical cancer therapy.
The equilibrium between pro- and anti-apoptotic BCL-2
family members controls cytochrome c release from mito-
chondria and in turn activates caspases, which are negatively

regulated by the inhibitor of apoptosis protein (IAP) fam-
ily*
ing pro-survival BCL-2 family members, inducing apoptosis
downstream of p53. Venetoclax (ABT-199), a BH3 mimetic

targeting BCL-2, has been approved by regulatory authorities

244 BH3 mimetics are small-molecule inhibitors target-

worldwide for treating chronic lymphocytic and acute mye-
loid leukemia and second-generation navitoclax (ABT-263)
has been developed and tested*>°. Inhibitor of apoptosis
proteins (IAPs) promote cell survival by preventing caspase

activation®’

and TAP inhibitors, commonly referred to as
SMAC mimetics, such as birinapant (TL32711) and LCL161,
can be safely combined with various chemotherapeutics?®.
P53 modulates the expression of apoptosis-associated tar-
get genes and promotes apoptosis®2. Specifically, the MDM2
inhibitor, nutlins, induces p53 activation in wild-type p53
cancer cells and a third-generation nutlin derivative, idasa-
nutlin (RG7388), is undergoing clinical trials*. The current
study showed that ABT-263, TL32711, and RG7388 induce
apoptosis and weaken resistance of MDM1-KO cells to
chemoradiation treatment. In vivo studies demonstrated that
the MDM1-KO cells were highly sensitive to treatment after
combining RG7388 with chemoradiation. This provides a
possible treatment strategy for increasing the sensitivity of
CRC cells to chemoradiotherapy. Although numerous stud-
ies on drugs targeting p53 are ongoing, much remains to be
explored before the transition of p53-targeted drugs to the
clinic and the current difficulty in developing p53-targeted

drugs limits this study>*>L.
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Conclusions

The findings herein indicate that MDMI1 is a prospective
predictive marker for CRC sensitivity to chemoradiotherapy,
thereby providing guidance for the development of individu-

alized treatment regimens.
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