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Abstract: Although amplification/overexpression is the predominant mechanism for the oncogenic properties of
MDM2, an increasing number of MDM2 somatic missense mutations were identified in cancer patients with the
recent advances in sequencing technology. Here, we characterized an MDM2 cancer-associated mutant variant
W329G identified from a patient sample that contains a wild-type p53 gene. Trp329 is one of residues that were
reported to be critical to MDM2’s binding to ribosomal protein L11 (RPL11). We found that the MDM2 W329G mu-
tant was resistant to the inhibitory effect of RPL11 on MDM2-mediated p53 ubiquitination and degradation, in line
with its defect on RPL11 binding. Using isogenic U20S cells with or without endogenous MDM2 W329G mutation,
we demonstrated that the expression of classic p53 targets induced by ribosomal stress signals was reduced in
mutant cells. RNA-seq analysis revealed that upon 5-FU treatment, the p53 response was significantly impaired.
Also, the 5-FU-mediated repression of genes in cell cycle progression and DNA replication was diminished in W329G
mutant-containing cells. Physiologically, U20S W329G cells were more resistant to cell growth inhibition induced
by ribosomal stress and exhibited higher glycolytic rates upon 5-FU treatment. Together, our data indicated that
cancer-associated MDM2 W329G mutant attenuates ribosomal stress-mediated p53 responses to promote cell
survival and glycolysis.

Keywords: MDM2, p53, cancer-associated mutations, ribosomal stress

Introduction in mice results in early embryonic lethality,
whereas deletion of the p53 gene with the
Mdm?2 gene rescues the lethal phenotype [5].
MDMX (also referred to as MDM4) is the MDM2
homolog and another crucial negative regulator
of p53. It has been shown that MDMX inhibits
the p53 function mainly by repressing its tran-
scriptional activity [6]. MDMX lacks the E3 ubig-
uitin ligase activity [7] but has been reported to
promote MDM2-mediated p53 degradation
through MDM2/MDMX heterodimer formation

MDM?2 is a crucial negative regulator of p53,
the most commonly mutated tumor suppressor
in cancer. In response to various cellular stress-
es, active p53 protein is released from MDM2
to regulate numerous effectors involved in cell
cycle arrest, apoptosis, senescence, and differ-
entiation [1-3]. MDM2 binds directly to the
N-terminal transactivation domain of p53 and
modulates the function of p53 through several

mechanisms, including inhibition of p53-depen-
dent transcription, facilitation of p53 protea-
some degradation by an E3 ubiquitin ligase
activity, and translocation of p53 from nucleus
to cytoplasm [4]. In turn, the p53 protein binds
to the promoter of MDM2 and activates MDM2
transcription. The feedback loop between
MDM2 and p53 fine-tunes the cellular respons-
es after p53 activation. Loss of the Mdm2 gene

[8-11]. Overexpression of MDMX has been doc-
umented in different types of human cancers
[12]. Loss of Mdmx in mice also leads to embry-
onic lethality and deletion of p53 with Mdmx
rescues the lethal phenotype [13, 14].

MDM?2 gene is amplified and overexpressed in
various human cancers, especially in the
tumors that retain wild-type p53, although over-
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expression of MDM2 is not mutually exclusive
with mutation of p53 [15]. Amplification of
MDM2 gene is sufficient in and of itself to
induce the broad range of tumor types and the
numbers of tumors [16]. Targeting MDM2 has
been considered a promising treatment strate-
gy, and an increasing number of MDM2 inhibi-
tors are under preclinical and clinical investiga-
tion [17, 18]. Advances in sequencing technol-
ogy have enabled a comprehensive dissection
of the cancer genome and led to the identifica-
tion of a significantly increasing number of
somatic mutations that are involved in cancer
[19]. Intriguingly, MDM2 mutations are rare in
cancer. A single nucleotide polymorphism
(SNP309) was found in the MDM2 promoter
and has been shown to associate with acceler-
ated tumor formation in both hereditary and
sporadic cancers in humans [20]. Among sev-
eral reported MDM2 somatic mutants, one
variant (MDM2 C305F) was found to accelerate
Eu-Myc-induced lymphomagenesis in mice
and showed defects in the normal metabolic
response when subjected to calorific restriction
[21, 22]. Several cancer-associated MDM2
mutants have been characterized using ectopi-
cally overexpressed proteins, although contra-
dictory results have been obtained for some
mutants [23, 24]. In addition, several lab-engi-
neered mutations targeting residues at critical
functional domains of MDM2 have been report-
ed mainly using overexpressing assays [25,
26]. Although those studies have provided valu-
able information on understanding the onco-
genic function of MDM2, it would be interesting
to confirm those findings under a physiological
setting and test the concept that specific
MDM2 mutations (especially those residing in
critical functional domains of MDM2) can func-
tion as driver mutations for tumorigenesis.

We analyzed the COSMIC (Catalogue Of Soma-
tic Mutations In Cancer) database for MDM2
mutations that are associated with cancer,
with particular interest in the MDM2 cancer-
associated mutations that occur at functional
domains of MDM2 as they may be the driver
mutations leading to tumorigenesis. Various
factors have shown that perturbation of ribo-
somal biogenesis generates ribosomal stress
that causes ribosome-free forms of RPs’ (nota-
bly RPL11) interaction with MDM2, resulting in
p53 stabilization and activation [27, 28]. The
RP-MDM2-p53 surveillance network monitors

2142

the fidelity of ribosomal biogenesis and serves
as a crucial tumor-suppression mechanism [4,
29]. The structure of MDM2 in complex with
RPL11 has been reported [30], and multiple
cancer-associated MDM2 mutations identified
in the COSMIC database happen on residues
involved in MDM2-RPL11 interaction. MDM2-
binding RPL11-mimetics have been reported to
target the RPL11-MDM2-p53 pathway for anti-
cancer therapeutics [31]. Here, we chose an
MDM2 cancer-associated mutant variant,
W329G, identified from a patient sample that
contains a wild-type p53 gene for further char-
acterization. Trp329 is one of the residues that
are important for MDM2-RPL11 binding. To
examine the function of MDM2 W329G and its
role in tumorigenesis under a physiological set-
ting, we established cell lines with W329G at
the endogenous MDM2 gene locus using
CRISPR/Cas9-based genome editing methods.
Our results indicate that the MDM2 W329G
variant attenuates p53-mediated cellular res-
ponses to ribosomal stress to promote cell
survival.

Material and methods
Plasmids and cell culture

Flag-MDM2 (wild-type), HA-p53, pCMV-p53,
Myc-MDMX, Myc-L11, and HA-Ubiquitin were
described previously [32]. Flag-MDM2 (W329G)
was constructed by site-directed mutagenesis
using Flag-MDM2 as a template. The mutation
was confirmed by Sanger sequencing.

U20S cells (osteosarcoma cells expressing
wild-type p53) and H1299 cells (p53-null lung
epithelial carcinoma cells) were grown in Dul-
becco modified Eagle medium containing 10%
fetal bovine serum (Gemini) plus 1% penicillin-
streptomycin (Gibco) at 37°C, 5% CO,,.

Isogenic U20S wild-type and MDM2 W329G
cells were generated using CRISPR/Cas9
genome-editing technology [33]. The left
(anti-sense; GTTGCAATGTGATGGAAGGG) and
right (sense; GTTGGGCCCTTCGTGAGAATTGG)
sgRNAs were cloned into pX335 (Addgene
#42335) to cut the genome DNA in the exon
11 of the MDMZ2 gene. The donor vector was
designed to introduce mutation W329G (TGG
to GGG) in exon 11 of the MDM2 gene with a
FNF selection cassette flanked by left and right
homologous arms and cloned into pFNF
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(Addgene #22687). The donor and CRISPR
plasmids were transfected into U20S cells, fol-
lowed by selection with G418 (800 ug/ml) for 2
to 3 weeks. The resistant clones were expand-
ed and examined by PCR for FNF insertion on
the MDM?2 gene locus. The corrected clones
were confirmed by both genome and cDNA
sequencing. Isogenic wild-type clones were
also obtained through the same selection pro-
cess to serve as controls. All the clones were
maintained in Dulbecco-modified Eagle medi-
um containing 10% fetal bovine serum, 1%
penicillin-streptomycin, and 250 pg/ml G418.

U20S shRNA p53 knockdown and shRNA con-
trol cells were generated using a lentivirus
shRNA knockdown vector system. Lentiviral
particles containing shRNAs targeting p53
(pLKO-p53-shRNA-427; Addgene #25636 and
pLKO-p53-shRNA-941; Addgene #25637) [34]
as well as control shRNAs (pLKO.pig Luc
shRNA and pLKO.pig control shRNA1) [35, 36]
were produced in HEK293T cells and subse-
quently delivered to isogenic U20S wild-type
or MDM2 W329G cells following Addgene
pLKO.1 Protocol. 2 pg/ml of puromycin was
added to the transduced plates two days after
infection for selecting stable clones. Five days
after selection, cells were harvested to deter-
mine the p53 protein levels. Control or p53
knock-down cells were maintained in Dulbe-
cco-modified Eagle medium containing 10%
fetal bovine serum, 1% penicillin-streptomycin,
and 2 pg/ml puromycin. When needed, they
were pooled right before plating for the
experiments.

Antibodies and drugs

Commercially obtained antibodies were used
to detect the following proteins or epitopes:
human p53 (rabbit polyclonal antibody; FL393,
Santa Cruz), c-Myc (monoclonal antibody;
9E10, Santa Cruz), Flag (mouse monoclonal
antibody; M2, Sigma), HA (mouse monoclonal
antibody; HA.11, Biolegend), GFP (mouse mo-
noclonal antibody; B-2, Santa Cruz), p21 (rabbit
monoclonal antibody; 12D1, Cell signaling),
MDMX (monoclonal antibody; 8C6, Millipore),
MDM2 (rabbit polyclonal antibody; N-20, Santa
Cruz), E2F1 (mouse monoclonal antibody;
KH95, Santa Cruz), RPL11 (rabbit polyclonal
antibody; PA5-34604, Invitrogen). Mouse mo-
noclonal antibodies against human p53 (DO-1)
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and MDM2 (3Gb, 4B11, 5B10) were used as
supernatants from hybridoma cultures. Drugs
used in this study are as follows: 5-FU (50 pM,;
Sigma), MG132 (20 uyM; Calbiochem), Actino-
mycin D (5 nM; Sigma), G418 (250 or 800 ug/
ml; Gemini), Puromycin (2 pg/ml; InvivoGen).

Transfections and immunoblotting

Transfections were performed using Lipofec-
tamine 2000 (Invitrogen) according to the man-
ufacturer’s instructions. In all transfection
experiments, balancing amounts of empty vec-
tor (pcDNA3 plasmid) were added to ensure
equal amounts of total DNA used for transfect-
ing cells. Cells were lysed with TEB Lysis Buffer
(10 mM Tris-Hcl pH 7.5, 150 mM NaCl, 10%
glycerol, and 1% Nonidet P-40 with 50 nM
PMSF and protease inhibitor cocktail (sigma;
58820). After 10,000-rpm centrifugation at
4°C for 10 minutes, total cleared cell lysates
were collected, and protein concentration was
measured using the Bradford assay (Bio-Rad).
Equivalent lysates were separated by SDS-
PAGE, transferred onto nitrocellulose mem-
branes, and blocked with PBS containing
0.1% Tween 20 (Sigma) and 2% non-fat dry milk
for 1 hour. Then antibodies were applied, and
Digital-ECL Substrate (Kindle Bioscience) was
used for protein visualization with KwikQuant
Imager (Kindle Bioscience).

Immunofluorescent staining

U20S cells grown on coverslips were transfect-
ed with 1 pg of Flag-tagged MDM2 (wild-type or
W329G). Twenty-four hours after transfection,
cells were fixed by 4% paraformaldehyde in PBS
and then subjected to immunostaining with
anti-Flag antibody and secondary Alexa fluor
594 donkey anti-mouse antibody (Molecular
Probes, Eugene, OR) followed by counterstain-
ing with DAPI (Thermofisher). Images were visu-
alized by fluorescent microscopy (Carl Zeiss
Axio Observer 7) using Zen Pro software.

In vivo ubiquitination assay

In vivo ubiquitination assays employed H1299
cells transfected with constructs as indicated
using Lipofectamine 2000 (Invitrogen). MG132
(20 uM) was added 5 hours before harvesting.
Cells were harvested 24 hours after transfec-
tion, and total cell lysates were prepared. For
experiments using an HA-Ub construct, equal
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amounts of cleared cell lysates were subjected
to anti-p53 (FL393, Santa Cruz) or anti-Flag
(M2, Sigma) immunoprecipitation followed by
Western blotting with the monoclonal anti-HA
antibody (BioLegend).

Cell proliferation assay

Cell proliferation was measured using the
CellTiter 96® AQueous One Solution Cell Proli-
feration Assay (Promega) following the manu-
facturer’'s instruction. 1x10° U20S cells per
well were plated in 96-well plates. The cells in
triplicates were then treated as indicated, and
the plates were read 24 hours after treatment
on a TECAN SPARK Microplate Reader (Tecan)
at a wavelength of 490 nm. The results were
expressed as means = s.d. of three indepen-
dent experiments.

Colony formation assay

Pooled isogenic U20S cells were plated on 35
mm dishes or 12-well plates. The cells were
treated with indicated drugs for 24 hours, and
then fresh DMEM medium (without drug) was
added and replaced every other day. Seven to
fourteen days after treatment, the cells were
fixed and stained with crystal violet (0.05% in
20% ethanol). The crystal violet stained cells
were scanned using the LI-COR Odyssey CLx
imaging system. The intensity of the crystal
violet signal in each well was quantified to rep-
resent the cell numbers in the well. The signal
of DMSO-treated wild-type cells were set as
100% for quantification.

Cell cycle analysis

U20S cells were treated with 50 uM 5-FU for
24 hours and then harvested by trypsinization,
fixed, and resuspended in Guava® Cell Cycle
Reagent according to the manufacturer’s
instruction. Stained cells were analyzed with
Guava® easyCyte™ Flow Cytometer (Luminex).
The percentage of G1 and S phase cells was
quantified using Guava Cell Cycle Software.

Glycolytic rate assay

25,000 cells were plated in Seahorse XFp car-
tridges the day prior to analysis. Seahorse XFp
Glycolytic Rate Assay was performed according
to the manufacturer’s protocol. Rate data anal-
ysis was normalized based on the post-assay
DNA content.

2144

RNA extraction and quantitative RT-PCR analy-
sis

RNA was extracted using a Qiagen RNeasy
mini-kit, and cDNA was synthesized with the
QuantiTect reverse transcription kit (Qiagen).
Samples were analyzed by quantitative real-
time PCR on a Bio-Rad CFX 96 using PowerUp
SYBR Green (Thermo Fisher Scientific). RNA
expression was normalized to RPL32 mRNA
expression. Relative levels were calculated by
the comparative Ct method (AACT method).
The results are expressed as means * s.d. of
three experiments. Primer sequences are:
RPL32, 5-TTCCTGGTCCACAACGTCAAG-3’ (For-
ward) and 5-TGTGAGCGATCTCGGCAC-3’ (Re-
verse); p21 (CDKN1A), 5-GGCGGCAGACCAG-
CATGACA-3’ (Forward) and 5-GCAGGGGGCG-
GCCAGGGTAT-3’ (Reverse); PUMA, 5-CCTGG-
AGGGTCCTGTACAATCT-3’ (Forward) and 5-GC-
ACCTAATTGGGCTCCATCT-3’ (Reverse); TIGAR,
5-CCAGGCTCGCAGCTTCA-3’ (Forward) and 5'-
GGTTTCGACTCCAGGTGCAA-3' (Reverse). Pri-
mers for C6orfl5 (Forward: 5-ACGATAGAG-
GGAAACCCAAC-3’; Reverse: 5-TAGTGCTGGAA-
ACATGCTGA-3’), COL3A1 (Forward: 5-AGCTA-
CGGCAATCCTGAACT-3’; Reverse: 5-GGGCCTT-
CTTTACATTTCCA-3’), MMP9 (Forward: 5-CTC-
TGGAGGTTCGACGTG-3’; Reverse: 5-GTCCACC-
TGGTTCAACTCAC-3’), RAB11FIP4 (Forward: 5™-
ACAGAGTCAGCAGGGAACTG-3’; Reverse: 5'-TC-
AGGAAACAGACCAGAAGC-3’), and TGM2 (For-
ward: 5-GTCTGTGCACAAATCCATCA-3’; Rever-
se: 5-CCAGTTTGTTCAGGTGGTTC-3’) were ob-
tained from RealTimePrimers.com.

RNA-sequencing

Two rounds of RNA sequencing were carried
out with two different vendors. First, RNA from
U20S WT_1, WT_2, MUT_1, and MUT_2 cells
was extracted using a Qiagen RNeasy mini-kit.
RNA was then sent to Sulzberger Columbia
Genome Center for standard STRPOLYA 40 m
2x100 bp Illlumina NOVA sequencing. Second,
RNA from U20S WT_1, WT_2, MUT_1, and
MUT_2 cells was extracted using a Qiagen
RNeasy mini-kit. RNA was then sent to Azenta
Life Sciences/GENEWIZ for standard STRP-
OLYA 40 m 2x150 bp Illumina NOVA sequenc-
ing. The fastq files for all samples were mapped
to the human genome library (HG19), and TPMs
were combined for the bioinformatics an-
alysis. mRNA sequencing data has been depos-
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Table 1. MDM2 mutations at residues that were shown to be critical to RPL11 interaction in COSMIC

database
Sample Name AA. Zygosity Somatic Status  p53 mutation Tumor type

Mutation
TCGA-5L-AAT1-01 E292K Unknown Confirmed Somatic WT Breast Carcinoma
T2257 D294Y Unknown Confirmed Somatic WT Large intestine Carcinoma
TCGA-AB-2952-03 E296D  Heterozygous Unknown E286G Acute myeloid leukaemia
46M D301N Unknown Confirmed Somatic WT Malignant melanoma
PARXMV C319R Unknown Confirmed Somatic WT Acute lymphoblastic T cell leukaemia
P-0010030-T01-IM5  C322Y  Heterozygous Confirmed Somatic WT Lung Adenocarcinoma
P-0000791-T01-IM3  W323S  Heterozygous Confirmed Somatic WT Germ cell tumour (testis)
GCYC_366_T W323L Unknown Confirmed Somatic R273C Stomach Carcinoma
16710 W329G  Heterozygous Confirmed Somatic WT Lung cancer
5-VS076-T1 W329L  Heterozygous Confirmed Somatic 1255F, A161D Colon cancer

TCGA-AJ-A3EK-01 W329C Unknown Confirmed Somatic

R213* Endometrioid carcinoma

Three groups of residues were reported [33] to be critical to MDM2’s binding to RPL11 based on the crystal structure of the MDM2-RPL11
complex: residues (colored green) that are important for zinc finger fold (C305, C308, C319, C322, W323 and H318); residues (colored blue)
that form a charged surface in the acidic domain to establish an electrostatic interaction with RPL11 (E292, E293, D294, E296, and D301), and
residues (colored red) that form hydrogen-bonding networks with the center of the palm of RPL11 (S317, W329, and N328). Sample information
was retrieved from COSMIC database (https://cancer.sanger.ac.uk/cosmic). * indicates a nonsense substitution.

ited to the Gene Expression Omnibus (GEO),
and access number is GSE267150.

Bioinformatics analysis

Differential gene expression analysis was pro-
vided by vendors using the standard DESeq2
analysis package [37]. Gene Set Enrichment
Analysis (GSEA) was conducted as describ-
ed [38] and implemented in the desktop mod-
ule (http://www.gsea-msigdb.org/gsea/index.
jsp) using previously reported cell cycle phase-
specific gene sets [39]. DAVID version 6.7
(https://david.ncifcrf.gov/) was used to classify
the functional categories, including KEGG
pathway and gene ontology (GO) annotation
enrichment analysis of differentially expressed
proteins (DEPs) [40]. The gene lists were pro-
vided in Table S1.

Results

Cancer-associated MDM2 W329G mutant
retained its binding to p53 and MDMX but re-
duced its interaction with RPL11

The center region of MDM2 has been shown
to provide binding sites for many MDM2-
interacting proteins, including ribosomal pro-
teins. Three groups of residues were reported
to be critical to MDM2’s binding to RPL11
based on the crystal structure of the MDM2-
RPL11 complex: residues that are important for
zinc finger fold (C305, C308, C319, C322,
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W323 and H318); residues that form charged
surface in the acidic domain to establish an
electrostatic interaction with RPL11 (E292,
E293, D294, E296, and D301), and residues
that form hydrogen-bonding networks with the
center of the palm of RPL11 (S317, W329, and
N328) [30]. In the COSMIC dataset (to date),
somatic mutations were found in 8 of these 14
residues, implying the physiologic importance
of the MDM2/RPL11 interaction in tumor sup-
pression (Table 1). When we initiated our study,
we noticed that multiple patient samples con-
tained MDM2 mutation at Trp329, including
one with an MDM2 W329G mutation occurring
in the wild-type p53 background. To confirm
that W329G mutation affects the function of
MDM2, we first examined the properties of
MDM2 W329G mutant with ectopically ex-
pressed MDM2 W329G proteins. A co-im-
munoprecipitation assay revealed that MDM2
W329G retained its ability to bind to p53
(Figure 1A) and MDMX (Figure 1B). Note that
the reduced levels of MDMX in the presence of
wild-type MDM2 or MDM2 W329G but not
MDM2 C462A (an E3 ligase defective MDM2
variant) indicated that MDM2 W329G retain-
ed its ability to degrade MDMX (Figure 1B).
Consistent with the previous report that
Trp329 is involved in MDM2-RPL11 interaction
[30], MDM2 W329G was defective in interac-
tion with RPL11 like C305F mutant, an MDM2
variant that was shown to lose the ability to
bind to RPL11 [21] (Figure 1C). On the other
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Figure 1. Cancer-associated MDM2 W329G mutant retained its binding to
p53 and MDMX but not RPL11. A. MDM2 W329G retained its ability to in-
teract with p53. 1.2 g of Flag-tagged MDM2 (wild-type or W329G) were
transfected with 0.3 pg of HA-p53 into H1299 cells. Twenty hours after
transfection, cells were treated with MG132 (25 puM) for 4 hours. Then the
cells were harvested, and total cell lysates were prepared. 200 pg of cell
lysates were subjected to immunoprecipitation using anti-Flag antibody fol-
lowed by immunoblotting with anti-Flag and anti-HA antibodies. 10% of total
lysates were blotted as input control. B. MDM2 W329G retained its binding
to MDMX. 1.2 pg of Flag-tagged MDM2 (wild-type, W329G, or C464A) were
transfected with 0.3 pg of Myc-MDMX into H1299 cells. Twenty hours after
transfection, cells were harvested, and total cell lysates were prepared. 200
ug of cell lysates were subjected to immunoprecipitation using anti-Myc an-
tibody, followed by immunoblotting with anti-MDM2 and anti-MDMX antibod-
ies. 10% of total lysates were blotted as input control. C. MDM2 W329G was
defective in RPL11 binding. 1.2 ug of Flag-tagged MDM2 (wild-type, W329G,
or C305F) were transfected with 0.5 pg of Myc-RPL11 into H1299 cells.
Twenty hours after transfection, cells were harvested, and total cell lysates
were prepared. 200 pg of cell lysates were subjected to immunoprecipita-
tion using anti-Myc antibody, followed by immunoblotting with anti-MDM2
and anti-Myc antibodies. 10% of total lysates were blotted as input control.
MDMZ2 blots for both input and co-immunoprecipitated samples were quan-
tified using Image) software. The band intensity for wild-type Flag-MDM2
was set as 1.0, and the relative levels of MDM2 W329G and C305F were
quantified accordingly.

cells with or without MG132
treatment 4 hours before har-
vesting. As shown in Fig-
ure 2A, the MDM2 W329G
mutant was stabilized by
MG132, similarly to wild-type
MDM2. In line with this obser-
vation, we found that the
MDM2 W329G mutant retain-
ed its ability to autoubiquiti-
nate (Figure 2B) and exhibit-
ed similar subcellular localiza-
tion as wild-type MDM2 when
overexpressed and visualized
by immunofluorescent stain-
ing (Figure 2C). In addition,
when co-transfected with ec-
topic p53 in U20S cells, the
MDM2 W329G mutant re-
tained its ability to degrade
ectopically expressed p53
(Figure 2D). Consistent with
its defect on RPL11 interac-
tion, the inhibitory effect of
RPL11 on MDM2-mediated
p53 degradation was signifi-
cantly attenuated for the MD-
M2 W329G mutant (Figure
2D). A p53-ubiquitination as-
say further confirmed that
MDM2 W329G was capable
of ubiquitinating p53 as wild-
type MDM2 and RPL11 could
inhibit its E3 ligase activity
toward p53 much less effi-
ciently compared to that of
wild-type MDM2 (Figure 2E).

Cell lines with W329G muta-
tion at endogenous MDM2
locus exhibited attenuated
p53 response upon ribosomal
stress stimuli treatment

hand, MDM2 W329G retained its binding to
ribosomal protein S7 (RPS7) and p14/Arf, two
other proteins shown to interact with MDM2 at
the central region (data not shown).

MDM2 W329G mutant retained its E3 ligase
activity but had an attenuated response to in-
hibition by RPL11

To examine whether MDM2 W329G mutation
affects MDM2 stability, we transfected Flag-
tagged wild-type or mutant MDM2 into U20S

2146

To better understand mutant MDM2 function
under a physiological setting, we established
U20S cell lines with MDM2 W329G mutation at
its endogenous locus using CRISPR/Cas9-
based genome editing method. Using our engi-
neered isogenic cell lines, we found that en-
dogenous MDM2 W329G, like ectopically
expressed protein, retained its binding to p53
and MDMX (Figure 3A) and was defective on
RPL11 upon 5-FU treatment (Figure 3B). As the
RP-MDM2-p53 surveillance network serves as
a crucial tumor-suppression mechanism, we
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Figure 2. MDM2 W329G mutant retained its E3 ligase activity but had an attenuated response to RPL11 inhibition.
A. MDM2 W329G was stabilized by MG132. 1.2 ug of Flag-tagged MDM2 (wild-type or W329G) was transfected into
U20S cells. Twenty hours after transfection, transfected cells were treated with or without MG132 (20 uM) for an
additional 4 hours. Cells were then harvested, and total cell lysates were prepared and subjected to immunoblotting
with anti-Flag or anti-actin antibodies. B. MDM2 W329G retained its auto-ubiquitination capacity. H1299 cells were
transfected with 1.2 ug of HA-Ubiquitin together with Flag-tagged MDM2 (wild-type or W329G; 1.5 ug) as indicated.
Twenty hours after transfection, cells were treated with MG132 (20 uM). Five hours later, cells were harvested, and
total cell lysates were prepared. 200 pg of cell lysates were subjected to immunoprecipitation using anti-Flag anti-
body followed by immunoblotting with anti-HA antibodies. 10% of total lysates were blotted with anti-Flag antibody
as input control. C. MDM2 W329G retained its nuclear localization as wild-type MDM2. 1 ug of Flag-tagged MDM2
(wild-type or W329G) was transfected into U20S cells. Twenty-four hours after transfection, cells were fixed by 4%
paraformaldehyde in PBS, then subjected to immunostaining with anti-Flag antibody, counterstained with DAPI, and
visualized by fluorescence microscopy (Carl Zeiss). D. MDM2 W329G retained its ability to degrade p53 but resisted
RPL11’s inhibitory effect on MDM2-mediated p53 degradation. U20S cells were transfected with a combination of
plasmids (0.3 ug of HA-p53, 1 or 2 pg of Flag-tagged MDM2 variants, and 0.25 or 0.5 ug of Myc-L11) as indicated.
pe-GFP N1 plasmid was also transfected as a transfection control. Twenty-four hours after transfection, cells were
harvested, and total cell lysates were prepared and subjected to immunoblotting with anti-Flag, anti-HA, anti-p21,
and anti-GFP antibodies. MDM2, p53, and p21 blots were quantified using ImageJ software. Relative band intensity
was calculated accordingly, as indicated. E. MDM2 W329G resisted RPL11’s inhibitory effect on MDM2-mediated
p53 ubiquitination. H1299 cells were transfected with a combination of plasmids (1.2 pg of HA-Ub, 0.3 pg of un-
tagged p53, 1 or 2 g of Flag-tagged MDM2 variants, and 0.25 or 0.5 pg of Myc-L11) as indicated. Twenty hours
after transfection, cells were treated with MG132 (20 uM). Five hours later, cells were harvested, and total cell
lysates were prepared. 200 ug of cell lysates were subjected to immunoprecipitation using an anti-p53 (FL393) an-
tibody, followed by immunoblotting with an anti-HA antibody. 10% of total lysates were blotted with anti-p53 antibody
as input control. Ubiquitinated p53 species in the top panel were quantified using ImageJ software. Relative band
intensity was calculated accordingly, as indicated.

examined the effect of W329G mutation on cin D (5 nM) treatment compared to their wild-

ribosomal stress-induced p53 response. As
shown in Figure 3C and Figure S1A, homoge-
nous U20S W329G cell lines showed reduced
p53 induction upon 5-FU (50 uM) or actinomy-
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type counterparts. In line with that, the induc-
tion of p21 was attenuated in U20S W329G
cells. Note that it has been well-established
that both 5-FU (50 uM) and actinomycin D (5
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Figure 3. U20S MDM2 W329G cells exhibited attenuated p53 response upon ribosomal stress stimuli treatment.
A. Endogenous MDM2 W329G retained its ability to interact with endogenous p53 and MDMX. Total cell lysates
(650 pg) from isogenic U20S wild-type (W) or MDM2 W329G mutant (M) cells were subjected to immunoprecipita-
tion using an anti-MDM2 (N-20) antibody, followed by immunoblotting with anti-MDM2, anti-p53, and anti-MDMX
antibodies. 10% of total lysates were also blotted as input control. B. Endogenous MDM2 W329G is defective in
RPL11 binding upon 5-FU treatment. Isogenic U20S wild-type (W) or MDM2 W329G mutant (M) cells were treated
with MG132 (25 uM) alone or with 5-FU (50 uM) for 4 hours. Total cell lysates (350 ug) were subjected to immuno-
precipitation using an anti-MDM2 (N-20) antibody, followed by immunoblotting with anti-MDM2 and anti-RPL11 an-
tibodies. 20% of total lysates were blotted as input control. C. U20S cell lines with MDM2 W329G mutation exhibited
attenuated p53 activation in response to 5-FU and Actinomycin D treatment. Isogenic U20S wild-type (W) or MDM2
W329G mutant (M) cells were treated with DMSO, 5-FU (50 uM) or Actinomycin D (ActD; 5 nM) for 24 hours. Total
cell lysates were immunoblotted with anti-MDM2, anti-p53, anti-p241, and anti-actin antibodies. D. U20S cell lines
with MDM2 W329G mutation exhibit similar p53 activation as wild-type cells in response to Nutlin-3a treatment.
U20S parental (P), isogenic wild-type (W), or MDM2 W329G mutant (M) cells were treated with DMSO, Nutlin-3a (10
uM), or 5-FU (50 uM) for 24 hours. Total cell lysates were immunoblotted with anti-MDM2, anti-p53, anti-p21, and
anti-actin antibodies. E. Quantitative RT-PCR analysis of p21, PUMA, and TIGAR mRNA levels in isogenic U20S cells
with or without 5-FU treatment. Isogenic U20S wild-type (W_1 and W_2) or MDM2 W329G mutant (M_1 and M_2)
cells were treated with DMSO or 5-FU (50 uM) for 24 hours. Total RNAs were extracted and subjected to Real-Time
Quantitative Reverse Transcription PCR analysis for p21, PUMA, and TIGAR genes. The data showed the representa-
tive results from 3 independent experiments. F. 5-FU-mediated induction of high-confidence p53 target genes was
attenuated in U20S cell lines with MDM2 W329G mutation. Isogenic U20S cells were treated as in B and subjected
to RNA sequencing analysis. Heatmap depicts differential gene expression of canonical p53 target genes in U20S
cells (wild-type vs W329G) treated with 5-FU. Columns represented individual cell clones from two independent ex-
periments. G. Gene Set Enrichment Analysis of RNA sequencing data using a gene list for the p53 signaling pathway.

nM) induce ribosomal stress response at the similarly to U20S parental cells (Figure S1A and
dosage used here [41]. In addition, our wild- Figure 3D). On the contrary, Nutlin-3a (an
type control cells that underwent the same MDM2 inhibitor that disrupts MDM2/p53 in-
selection process as the mutant cells behaved teraction; Figure 3D) and DNA damage agent
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etoposide-induced p53 and p21 expression
were not affected by MDM2 W329G mutation
(Figure S1B, S1C). Quantitative RT-PCR reveal-
ed that mRNA levels of classical p53 target
genes p21, PUMA, and TIGAR were significantly
reduced in 5-FU treated MDM2 W329G cells
compared to isogenic wild-type cells (Figure
3E). To assess the global transcriptional pro-
files of U20S cells varying in MDM2 status
treated with DMSO or 5-FU, we carried out
RNA-sequencing (RNA-seq) for U20S W329G
cells and the isogenic wild-type cells. Although
basal expression of high-confidence p53
target genes remained unchanged overall, the
induction of those genes following 5-FU treat-
ment was significantly decreased in U20S
W329G cells (Figure 3F). Gene Set Enrichment
Analysis confirmed the reduced expression of
p53 pathway genes in 5-FU treated U20S
W329G cells compared to wild-type cells
(Figure 3G). Together, our results indicate that
the MDM2 W329G mutant attenuates p53
response to ribosomal stress.

5-FU mediated repression of genes in cell
cycle and DNA replication was diminished in
W329G mutant containing cells

Besides the p53 signaling pathway, DAVID
KEGG pathway analysis of RNA-seq data
revealed that DNA replication and cell cycle
were the most changed pathways comparing
5-FU treated U20S W329G and isogenic wild-
type cells (Figure 4A). Notably, 5-FU-mediated
repression of select E2F family members
(E2F1 and E2F2) and multiple minichromo-
some maintenance protein complex (MCM)
members (MCM2, MCM3, MCM4, MCM5, and
MCMT7) was diminished in W329G mutant con-
taining cells (Table S1). We carried out western
blot analysis and confirmed that 5-FU treat-
ment led to repression of E2F1 in U20S wild-
type but not MDM2 W329G cells (Figure 4B).
Furthermore, depletion of p53 by siRNAs res-
cued the E2F1 repression in response to 5-FU
treatment (Figure 4B, top panel), consistent
with previous reports showing that E2F-
mediated signaling is repressed in a p21-depen-
dent manner in response to p53 induction [42,
43]. To strengthen our conclusion, we have also
generated stable p53 knockdown wild-type or
mutant cells using a lentiviral system (Figure
S2). Similarly, we observed 5-FU-mediated
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E2F1 repression in shRNA-control wild-type
cells but not in shRNA-control W329G cells,
and this repression was abolished in shRNA_
p53 cells regardless of MDM2 status (Figure
4B, bottom panel). In line with the essential
regulatory roles of p53 and E2F in cell cycle
progression, Gene Set Enrichment Analysis
revealed that the expression of G1/S phase-
specific genes [39] was significantly enriched
in 5-FU treated U20S W329G cells in compari-
son to 5-FU treated U20S wild-type cells (Fig-
ure 4C). Similarly, enrichment of G2/M phase-
specific genes [39] was observed in 5-FU treat-
ed U20S W329G cells in comparison to wild-
type cells (Figure S3). Together, these data
suggest that the MDM2 W329G mutant may
promote resistance to 5-FU-mediated cell cycle
arrest by attenuating p5b53-mediated E2F
repression.

U20S cells with MDM2 W329G mutation at its
endogenous locus were more resistant to cell
growth inhibition induced by ribosomal stress
and exhibited higher glycolytic rates upon 5-FU
treatment

We next examined the functional consequenc-
es of the MDM2 W329G mutation that might
be associated with tumorigenesis. We found
that U20S cells with MDM2 W329G mutation
were more resistant to cell growth inhibition
induced by 5-FU in both cell proliferation assay
(Figure 5A) and colony formation assay (Figure
5B). p53 depletion by siRNAs (Figure S4A) or
shRNA (Figure S4B) in wild-type and MDM2
W329G cells led to resistance to 5-FU-in-
duced cell growth inhibition to a similar extent,
suggesting the effect of MDM2 W329G is
p53-dependent. Cell cycle analysis revealed
that MDM2 W329G cells were more resistant
to cell cycle arrest induced by 5-FU than iso-
genic wild-type cells (Figure 5C). Moreover,
previous studies with MDM2 C305F mice sug-
gested that the ribosomal protein-MDM2-p53
pathway plays a significant role in maintain-
ing metabolic homeostasis [44]. As MDM2
W329G, like MDM2 C305F, is defective in
RPL11 interaction, we tested if U20S W329G
cells have metabolic alteration. We observed
that cellular glycolytic flux, as measured by pro-
ton efflux rate, was lower in U20S W329G cells
compared to wild-type cells. 5-FU treatment
significantly reduced cellular glycolytic flux in
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Figure 4. 5-FU mediated repression of genes in cell cycle and DNA replication was diminished in W329G mutant
containing cells. A. KEGG pathway analysis of RNA sequencing data for 5-FU treated isogenic U20S cells with wild-
type or W329G MDM2. The top ten enriched pathways in U20S wild-type cells compared to MDM2 W329G cells
were ordered by p-value (blue) and % of differentially expressed genes (orange). B. 5-FU mediated repression of
E2F1 was diminished in W329G mutant-containing cells. Top panel: a pool of isogenic U20S cells (W: wild-type; M:
W329G mutant) were plated and transfected with control siRNA or siRNAs targeting p53. Twenty-four hours after
transfection, the cells were treated with DMSO, 5-FU (50 uM), or etoposide (ETP; 15 uM) for 24 hours. Cells were
then harvested, and total cell lysates were subjected to immunoblotting with indicated antibodies. Bottom panel: a
pool of stable shRNA_Control or shRNA_p53 U20S cells (W: wild-type; M: W329G mutant) were treated with DMSO
or 5-FU (50 uM) for 24 hours and total cell lysates were subjected to immunoblotting with indicated antibodies. C.
Gene Set Enrichment Analysis of RNA sequencing data using a gene list for the G1/S phase of the cell cycle. Heat-
map depicts differential gene expression of S phase genes in U20S cells (wild-type vs W329G) treated with 5-FU.
Columns represented individual cell clones from two independent experiments.

wild-type cells but much less in W329G cells genic wild-type U20S cells without stress stim-
(Figure 5D). The resistance of W329G cells to uli, we noticed limited numbers of significantly
5-FU-mediated reduction of glycolytic rate is differentially expressed genes, consistent with
most likely p53-dependent as p53-depleted the notion that MDM2 W329G largely retains
wild-type and W329G cells exhibited similar gly- its function (Figure 6A). Interestingly, gene
colytic rate upon 5-FU treatment (Figure 5D). ontology analysis revealed that a subgroup of

those significantly differentially expressed
U20S cells with MDM2 W329G mutation at its genes was clustered in the extracellular matrix,
endogenous locus had altered gene expres- extracellular region, and extracellular space
sion in extracellular matrix organization (Figure 6B). Alterations in expression of those

genes (C6orfl5, COL3A1, MMP9, PAPPA2,
Comparing the global transcription profile of RAB11FIP4, and TGM2), which have been docu-
U20S cells with MDM2 W329G to that of iso- mented to be involved in extracellular matrix
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Figure 5. U20S W329G cells were more resistant to cell growth inhibition induced by ribosomal stress and exhib-
ited higher glycolytic rates upon 5-FU treatment. A. U20S W329G cells were more resistant to 5-FU-induced cell
proliferation inhibition. Pooled isogenic U20S cells (wild-type; WT or W329G; MUT) were plated (1x10° cells/well)
on 96-well plates in triplicates. After 24 hours, cells were treated with DMSO or 5-FU (50 uM) for 24 hours. Cell
proliferation was measured as described in Materials and Methods. The results were expressed as means + s.d.
of three independent experiments. The asterisk indicates statistical significance (P value < 0.05). B. U20S W329G
cells were more resistant to 5-FU-induced cell growth inhibition. 2x10* pooled isogenic U20S cells (wild-type; WT
or W329G; MUT) were plated on 35 mm dishes. Twenty-four hours later, the cells were treated with DMSO or 5-FU
(50 uM) for 24 hours. Fresh DMEM medium was then added to each dish and replaced every other day. The cells
were fixed and stained 7 days after treatment. Relative colony formation capacity was quantified as described in
Materials and Methods based on three independent experiments. The asterisk indicates statistical significance (P
value < 0.05). C. U20S W329G cells were more resistant to 5-FU-induced cell cycle arrest. Pooled isogenic U20S
cells (wild-type; WT or W329G; MUT) were treated with DMSO or 5-FU (50 uM) for 24 hours. Cell cycle analysis was
performed as described in Materials and Methods. The percentage of cells in the G1 and S phases was plotted
based on three independent experiments. The asterisk indicates statistical significance (P value < 0.05). D. U20S
W329G cells were more resistant to 5-FU-induced reduction of cellular glycolytic flux. 2.5x10* pooled isogenic
shRNA_Control or shRNA_p53 U20S cells (wild-type; WT or W329G; MUT) were plated on an Agilent Seahorse XFp
cell culture miniplate and treated with DMSO or 5-FU (50 uM) for 24 hours. Cellular glycolytic flux was measured
using Agilent Seahorse XFp Glycolytic Rate Assay Kit and analyzed with Agilent Seahorse XFp Glycolytic Rate Assay
Report Generator. Rate data analysis was normalized based on the post-assay DNA content. The data were plotted
based on three independent experiments. The asterisk indicates statistical significance (P value < 0.05).

organization and tumor progression, were Discussion
maintained in 5-FU treated cells (Figure 6C). In
addition, quantitative RT-PCR analysis of wild-

type or mutant cells with or without p53 deple-

Although MDM2 gene amplification/overex-
pression has been documented in various

tion by siRNAs revealed that the W329G
mutation may affect the p53-independent
function of MDM2. As shown in Figure 6D and
Figure S5, the ratios of cellular levels of
C6orfl5, COL3A1, MMP9, RAB11FIP4, and
TGM2 in mutant cells vs those in wild-type cells
were maintained with or without p53 depletion.
Together, these data suggested that W329G
mutation may regulate extracellular matrix
organization independent of p53.
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forms of cancer [15] and is the predominant
alteration of the MDM2 gene in tumor samples,
mutation within functional domains of MDM2
may also contribute to its role in tumorigenesis.
Advances in genome deep sequencing enable
the identification of more somatic mutations
and modifications of the cancer genome [19].
An increasing number of cancer-associated
MDM2 mutations were listed in the Catalogue
of Somatic Mutations in Cancer (COSMIC) data-
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Figure 6. U20S cells with MDM2 W329G mutation at their endogenous locus had altered gene expression in ex-
tracellular matrix organization. A. Summary of differentially expressed genes based on RNA sequencing analysis of
DMSO or 5-FU treated isogenic U20S cells. B. Gene Ontology analysis of RNA sequencing data for DMSO-treated
isogenic U20S cells with wild-type (WT) or W329G MDM2 (MUT). C. Differential gene expression of extracellular ma-
trix organization genes in U20S wild-type cells relative to W329G cells shown as log2 fold change. Data represent
mean = SEM for two independent clones in each treatment condition. D. Quantitative RT-PCR analysis of C6orf15,
COL3A1, MMP9, RAB11FIP1, and TGM2 mRNA levels in isogenic U20S cells with or without p53 depletion. Pools
of isogenic U20S wild-type (W_1 and W_2) or MDM2 W329G mutant (M_1 and M_2) cells were transfected with
control siRNA or siRNAs targeting p53. Forty-eight hours after transfection, the cells were harvested, and total RNAs
were extracted and subjected to Real-Time Quantitative Reverse Transcription PCR analysis for indicated genes. The
ratios of relative expression levels of indicated genes in W329G mutant cells versus in wild-type cells were plotted.

The data showed the representative results from 3 independent experiments.

base and The Cancer Genome Atlas (TCGA)
database. Some mutations located at the func-
tional domains of MDM2 are potentially onco-
genic. Several cancer-associated MDM2 muta-
tions, including W329G, have been character-
ized using ectopically overexpressed proteins.
Mikawa et al. reported that cancer-associated
M4591 mutation diminished MDM2-mediated
PGAM degradation in correlation with more cell
transformation [23]. In that study, the M459lI
mutant was shown to be defective in both p53
and PGAM ubiquitination and degradation, but
the W329G mutant was found to retain its E3
ubiquitin ligase activity to degrade p53 while
being partially defective in PGAM ubiquitina-
tion. Chauhan et al. have selected multiple can-
cer-associated mutations in the p53 binding
domain, acidic domain, zinc finger domain, and
the RING domain of MDM2 and examined their
effect on the abilities of MDM2 to interact and
degrade p53 as well as MDM2 autoubiquitina-
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tion with ectopically overexpressed proteins
[24]. W329G was one of the mutants in their
study that showed relatively similar activity as
wild-type MDMZ2 in their ability to degrade p53.
However, another mutation at Trp329 (W329L,
identified in a patient with mutant p53) and the
M459] mutation were found to promote p53
degradation. In our experimental system with
overexpressed proteins, we also observed
enhanced degradation of p53 by MDM2 M459lI
mutant (data not shown). Therefore, a cellular
context-dependent differential regulation of
MDM?2 activity may be involved in studies with
ectopically expressed MDM2 mutant proteins.

Here, consistent with those previous reports,
we found that ectopically expressed MDM2
W329G mutant retained its ability to interact
with, ubiquitinate, and degrade p53. In addi-
tion, we provided evidence showing that ec-
topically expressed MDM2 W329G mutant
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retained the ability to interact with and degrade
MDMX. In line with the notion that Trp329 is
one of the residues involved in RPL11 interac-
tion, as revealed in the crystal structure of the
human MDM2-RPL11 complex [30], we found
that MDM2 W329G variant was defective in
RPL11 binding and resistant to the inhibition
of RPL11 on MDM2-mediated p53 ubiquitina-
tion and degradation. Importantly, using cell
lines with W329G mutation at the endogenous
MDM2 gene locus, we further demonstrated
that MDM2 W329G mutant circumvents the
ribosomal stress response to p53, promoting
cell survival and glycolysis in a p53-dependent
manner. Moreover, global gene expression pro-
filing indicated that the MDM2 W329G mutant
deregulates p53 function by altering p53 tran-
scriptomes that are important for tumor sup-
pression. In contrast to attenuated p53 sig-
naling, W329G mutant-containing cells had
elevated levels of select E2F family members
(E2F1, E2F2, and E2F8) and MCM members
(MCM2, MCM3, MCM4, MCM7, and MCM10) in
comparison to wild-type cells upon 5-FU treat-
ment. This is in line with the regulatory roles
of p53 in the cell cycle and DNA replication.
Although only one patient has the specific
W329G mutation in the COSMIC database, we
found that 11 cancer patients have MDM2
mutations on 8 out of 14 residues that were
reported to be critical to MDM2/RPL11 interac-
tion, and 7 MDM2 mutations occurred at wild-
type p53 background (Table 1). This highlight-
ed the importance of the RP-MDM2-p53 sur-
veillance network in tumor suppression. Be-
sides RPL11, a long list of ribosomal proteins
has been similarly identified as MDM2-
interacting proteins to inhibit MDM2 function.
MDM2 residues that are responsible for their
interactions haven’t been thoroughly mapped.
We would anticipate that more MDM2 muta-
tions bypassing the RP signaling to p53 exist
in cancer patients, which may pre-deposit and
facilitate cancer formation and progression.
Our study provided proof of concept that spe-
cific cancer-associated MDM2 mutations such
as W329G may function as driver mutations for
tumorigenesis through their ability to attenuate
p53 response to stress stimuli. Accordingly,
they may serve as biomarkers for cancer detec-
tion and precision therapy.

Even though p53 regulation is the best-charac-
terized function of MDM2, evidence also sup-
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ports a role for MDM2 in tumorigenesis that is
independent of its effects on p53 [45]. MDM2
amplification/overexpression has been detect-
ed in various human cancers that lack p53 or
have pb53 mutations [46, 47]. Additionally,
MDM2 splice variants lacking the p53 binding
domain identified in tumors promote transfor-
mation in vitro despite their lack of p53 asso-
ciation [48]. Furthermore, mouse studies of
MDM2 overexpression or heterozygous MDM?2
gene deletion have also revealed a p53-inde-
pendent role for MDM2 in tumorigenesis [16,
49-51]. Moreover, MDM2 has noncarcinogenic
roles in development, inflammation, tissue
regeneration, and tissue remodeling that
involve extracellular matrix organization [52-
54]. Although we have been focused on the
effect of MDM2 W329G on p53 regulation in
the current study, comparing the global gene
expression profile of wild-type cells to that of
W329G mutant cells under unstressed condi-
tions, our gene ontology analysis revealed the
enrichment of genes in extracellular matrix,
extracellular region, and extracellular space
that have been shown be associated with
malignant tumor progression. Expression alter-
ation for those genes was maintained when
cells were depleted of p53 or treated with 5-
FU, suggesting that MDM2 W329G mutation
deregulates the p53-independent function of
MDM2, particularly on extracellular matrix
modulation. Note that overexpression of
C6orfl5 [55], COL3A1 [56], MMP9 [57],
PAPPA2 [58], RAB11FIP4 [59], and TGM2 [60]
has been linked to and suggested as prog-
nosis marker for various types of cancers.
Particularly, MDM2 has been shown to re-
gulate the expression of certain MMPs [61].
Correlation between the expression of MDM2
and MMP9 has been reported in human breast
cancer [62], benzopyrene-induced lung cancer
in rats [63], and pancreatic carcinoma
SW1990HM cells [64]. Further studies will be
needed to examine the potential regulatory
roles of MDM2 on the expression of those
extracellular matrix-associated genes and
investigate the mechanistic basis of MDM2
W329G mutation on those intriguing functions
of MDM2.
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Table S1. Functional Annotation Chart

List Po Po Fold . L

Term Count % PValue  Genes Total Hitz Totgl Enrichment Bonferroni Benjamini FDR
hsa04115:p53 22 411985 1.56E-15 CDKN1A, RRM2, CD82, GADD45A, 249 73 8164 9.881058 4.27E-13 4.29E-13 4.09E-13
signaling pathway TNFRSF10B, PPM1D, BBC3, DDB2,

TP5313, SESN3,CCNE2, RRM2B,

CCNE1, ZMAT3, CCNG2, SESN1,

CCNG1, SESN2, MDM2, FAS, BAX, TP73
hsa04110:Cell 18 3.370787 2.21E-07 CDKN1A, MCM7, GADD45A, CDC6, CD- 249 126 8164 4.683878 6.09E-05 3.04E-05 2.90E-05
cycle C25A, ORC6, CDC45, CCNE2, CCNE1,

MYC, MDM2, MCM3, E2F1, MCM4,

E2F2, MCM5, SKP2, MCM2
hsa03030:DNA 10 1.872659 8.75E-07 POLD4, RFC4, MCM7, RFC2, PRIM1, 249 36 8164 9.107541 2.41E-04 8.02E-05 7.64E-05

replication

MCM3, MCM4, MCM5, DNA2, MCM2
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Figure S1. Etoposide-induced p53 and p21 expression were not affected by MDM2 W329G mutation. A. 5-FU-me-
diated p53 responses were attenuated in MDM2 W329G mutant cells but not in parental U20S and isogenic U20S
wild-type cells. Parental U20S cells and isogenic U20S wild-type or MDM2 W329G mutant cells were treated with
DMSO or 5-FU (50 pM). Total cell lysates were immunoblotted with anti-MDM2, anti-p53, anti-p21, and anti-actin
antibodies. B. 5-FU but not etoposide-induced p53 and p21 expression was affected by MDM2 W329G mutation.
Isogenic U20S wild-type or MDM2 W329G mutant cells were treated with DMSO, 5-FU (50 uM), or etoposide (ETP;
15 uM) for 24 hours. Total cell lysates were immunoblotted with anti-MDM2, anti-p53, anti-p21, and anti-actin
antibodies. C. MDM2 W329G mutation did not affect etoposide-induced p53 expression. A pool of isogenic U20S
wild-type (W) or MDM2 W329G mutant (M) cells were treated with DMSO or an increasing dosage of etoposide (ETP;
0.15, 1.5, 15, or 30 uM) for 24 hours. Total cell lysates were immunoblotted with anti-MDM2, anti-p53, anti-p21,
and anti-actin antibodies.

shRNA p53_2 + + + +

shRNA p53_1 + + + +
shRNA control_2 + + + +
shRNA control_1 + + + +

W1 W2 M1 M2

Figure S2. p53 knockdown in isogenic U20S wild-type or MDM2 W329G mutant cells with a lentiviral ShRNA system.
Isogenic U20S wild-type (W_1 and W_2) or MDM2 W329G mutant (M_1 and M_2) cells were infected with lenti-
viral particles containing shRNAs targeting p53 (pLKO-p53-shRNA-427/shRNA p53_1 and pLKO-p53-shRNA-941/
shRNA p53_2) as well as control shRNAs (pLKO.pig Luc shRNA/shRNA control_1 and pLKO.pig control shRNA1/
shRNA control_2) produced in HEK293T cells. 2 ug/ml of puromycin was added to the transduced plates two days
after infection. Five days after selection, aliquots of cells were harvested, and total cell lysates were immunoblotted
with anti-p53 and anti-GAPDH antibodies.
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Figure S3. Gene Set Enrichment Analysis of RNA sequencing data using a gene list for the G2/M phase of the cell
cycle. Heatmap depicts differential gene expression of G2/M phase genes in U20S cells (wild-type vs W329G)
treated with 5-FU. Columns represented individual cell clones from two independent experiments.
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Figure S4. p53 depletion partially rescued 5-FU-mediated cell growth inhibition. A. Pooled isogenic U20S cells (wild-
type or W329G) were transfected with control siRNAs or siRNAs targeting p53. Twenty-four hours after transfection,
cells were trypsinized and counted. 1x10* isogenic cells were plated on each well of a 12-well plate. Twenty-four
hours later, the cells were treated with DMSO or 5-FU (50 uM) for 24 hours. Fresh DMEM medium (without 5-FU) was
then added into each well and replaced every other day. The cells were fixed and stained 7 days after treatment.
B. 8x10° pooled isogenic shRNA_Control or shRNA_p53 U20S cells (wild-type; WT or W329G; MUT) were plated
on each well of a 12-well plate. Twenty-four hours later, the cells were treated with DMSO or 5-FU (50 uM) for 24
hours. Fresh DMEM medium (without 5-FU) was then added into each well and replaced every other day. The cells
were fixed and stained 14 days after treatment. Relative colony formation capacity was quantified as described in
Materials and Methods based on three independent experiments. The asterisk indicates statistical significance (P
value < 0.05).
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Figure S5. W329G mutation may regulate extracellular matrix organization independent of p53. Pools of isogenic
U20S wild-type (W_1 and W_2) or MDM2 W329G mutant (M_1 and M_2) cells were transfected with control siRNA
or siRNAs targeting p53. Forty-eight hours after transfection, the cells were harvested, and total RNAs were ex-
tracted and subjected to Real-Time Quantitative Reverse Transcription PCR analysis for C6orf15, COL3A1, MMP9,
RAB11FIP1, and TGM2 genes. The data showed the representative results from 3 independent experiments.



