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Abstract

Molecule interacting with CasL2 (MICAL2), a microtubule-associated monooxygenase, is highly
expressed in various cancers and is involved in cancer pathogenesis, but the mechanisms underlying
its regulation in carcinogenesis are unclear. In this study, we aim to clarify the mechanism by which
MICAL2 participates in colorectal cancer (CRC) and identify novel markers for predicting prognosis
of CRC patients.

Methods: The value of MICAL2 in CRC prognosis was determined by immunohistochemical
analysis of a CRC biopsy array. A short hairpin RNA target MICAL2 (shMICAL?2) was designed to
knock down MICAL2 expression and observe MICAL2’s function on CRC cell growth. mRNA
expression array was used to screen target molecules of MICAL2. HCT116 p53** and HCT116
p53™ cells were used to confirm whether MICAL2 exerts its oncogenic effect through p53. The in
vivo effect of MICAL2 on CRC growth was assessed by subcutaneously injecting MICAL2-knockout
CRC cells into the dorsal flank of each mouse. Immunofluorescence was used to observe the effect
of MICAL2 on p53 cellular location. Reverse-phase nano ESI-LCMS analysis was used to investigate
if MICAL2 mediates p53 oxidation.

Results: MICAL2 was found to be highly expressed in CRC tissues, and its expression was
associated with CRC carcinogenesis and poor patient outcome. MICAL2-knockdown decreased
growth and colony formation of CRC cells, which was linked with cell cycle arrest and apoptosis.
MICAL2 physically interacted with p53 and retained p53 in the cytoplasm. MICAL?2 shortened the
half-life of p53, and ectopic MICAL2 expression decreased p53 protein stability through ubiquitin
degradation. MICAL?2 was also found to oxidize p53 at methionine 40 and 160, which mediated p53
ubiquitin degradation. MICAL2-promoted CRC growth in vivo was confirmed in nude mice.

Conclusion: MICAL2 binds to p53, retains p53 in the cytoplasm and oxidizes it at Met 40 and 160,
promotes p53 ubiquitination, and decreases p53 function. MICAL2-reduced p53 promotes CRC
development.
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Introduction

Colorectal cancer (CRC) is one of the most
common malignancies worldwide, with approxim-
ately 1.2 million new cases and 608,700 deaths every
year [1]. It is one of the major causes of cancer-related
death, and the third most commonly diagnosed
cancer in men and the second most commonly
diagnosed cancer in women [2]. Various factors are
involved in CRC incidence. Sporadic CRCs are caused
by somatic mutations, and account for approximately
75% of all CRCs. Hereditary CRCs are by
germline-inactivating mutations in oncogenes or
tumor suppressor genes, and familial CRCs are
caused by minor variant or single nucleotide
polymorphisms genes [3-6]. CRC development is
characterized by an ‘adenoma-carcinoma sequence’.
Overexpression of specific oncogenes and/or low
expression of tumor suppressor genes in the
epithelium result in the formation of a hyperprolife-
rative mucosa, produce a benign adenoma, and
eventually form a carcinoma [7-9]. This process is
orchestrated by different proteins, such as Wnt, bone
morphogenetic protein (BMP) and transforming
growth factor (TGF)-B, along with the extracellular
matrix and stromal cells that form cell niches [10].
Alterations to molecular pathways, such as Wnt,
RAS/MAPK, PI3K, TGF-B, NF-xB pathways and
DNA mismatch repair (MMR) genes are involved in
CRC onset. These alterations are responsible for
colorectal epithelium carcinogenesis, which evenly
confer individual susceptibility to cancers when they
are germlines [6, 11, 12].

Molecules interacting with CasL. (MICALs) are
an evolutionary conserved family of multidomain
signaling proteins that includes MICAL1, MICAL2
and MICALS3 [13, 14]. In addition to MICALs, MICAL-
like protein (MICAL-Ls) and MICAL2 prostate cancer
variants (MICAL2-PV) have also been identified [15].
Recent studies have suggested that MICALSs regulate
actin cytoskeleton dynamics [16, 17]. MICALSs have a
unique structure containing a N-terminal flavoprotein
mono-oxygenase (MO) domain [18, 19] with other
protein-protein interaction modules that network
with cytoskeletal and signaling partners [13, 14].

MICAL2 is highly expressed in bladder cancer,
and is involved in its pathogenesis[20]. MICAL2 is
suggested to be an important regulator of epithelial-
to-mesenchymal transition and therefore is a
promising target for anti-metastatic therapy [21].
MICAL2 promotes breast cancer cell migration
through maintaining epidermal growth factor
receptor (EGFR) stability and activating EGFR/P38
signaling [22]. MICAL2-PV is involved in prostate
cancer progression, and is suggested to be a novel

molecular marker and/or target for treating prostate
cancers with a high Gleason score [15]. In the present
study, we found that MICAL2 is highly expressed in
CRC tissues and cells, and its expression was
associated with CRC carcinogenesis and poor patient
outcome. Further experiments showed that MICAL2
increases CRC cell growth in vitro and in vivo;
mechanistically, MICAL2 induces p53 oxidation and
ubiquitin degradation.

Methods

All procedures were consistent with the National
Institutes of Health Guide and approved by the
institutional board with patients’ written consent.
This study was evaluated and approved by the Ethics
Committee of the Affiliated Cancer Hospital of
Central South University.

Reagents and antibodies

Chemical reagents for molecular biology were
purchased from Sigma-Aldrich (St. Louis, MO).
Dulbecco’s modified Eagle medium (DMEM) and
other supplements were obtained from Life
Technologies (Rockville, MD). Antibodies against
MICAL?2, p53, urine double minute 2 (MDM2), and
cyclin-dependent kinase inhibitor 1A (CDKN1A)
were purchased from Abnova Company (Shanghai,
China). Antibodies against GAPDH, HA and Flag
were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA) and Cell Signal Technology, Inc.
(Beverly, MA).

Tissue microarray and immunohistochemical
staining

Human tissue microarrays (T14-659) containing
90 pairs of CRC and corresponding adjacent
non-tumor tissues were purchased from Outdo
Biotech Company (Shanghai, China). 90 patients
enrolled in this study with 54 males and 36 females.
The median age of the patients was 48.5 years (range
36-78) with 20 patients < 50 years and 51 patients > 50
years. The tumor histology and stages were classified
according to the WHO classification and the TNM
staging system of the UICC, respectively. 31 patients
were T1-T2 stages and 59 patients were T3-T4 stages.
34 patients were NO stage and 56 patients were N1-N3
stages. 37 patients were MO stage and 57 patients were
M1 stage. The array tissues were stained with
MICAL2 antibody (dilution 1:600) as described
previously [23]. The stained tissue microarrays were
evaluated independently by two pathologists who
were blinded to the clinical features and clinical
outcome. Immunohistochemical staining for MICAL2
was quantified using the German semiquantitative
scoring system. Immunoreactive score (IRS) was
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determined using the product of the extent score and
the staining intensity score.

Cell lines and cell culture

CRC cell lines, HCT116 p53+/*, HCT116 p53+/-
and SW480, and HEK293T (an embryonic kidney cell
line 293T) were obtained from American Type
Culture Collection (Maryland). All the cell lines were
grown in DMEM supplemented with 10% fetal bovine
serum (FBS) at 37 °C and in 5% CO..

Plasmids construction

MICAL2 DNA fragment was generated by
polymerase chain reaction (PCR) and cloned into
pcDNA3.1 containing a FLAG, HA or V5 tag
sequence. MICAL2? mutations were generated using
Quik-Change Site-Directed Mutagenesis Kit (Strata-
gene, California), and all the mutations were verified
by sequencing. PCR primers used are listed in Table
S1. Plasmid (pLVX-sh) expressing shMICAL2 (short
hairpin RNA target MICAL2) was obtained from
GenePharma (Shanghai, China). shMICAL2 sequence
is shown in Table S2. pLVX-shscramble served as the
control. pbd3 plasmid and its mutations were
constructed according to our methods described
previously [24]. HA-tagged ubiquitin was gifted by
Dr Helen Piwnica-Worms (Washington University, St.
Louis).

Gene transfection and stable cell transfection

Gene transfection and stable cell line establish-
ment were performed as described previously [25].
Briefly, 1x10% cells of HCT116, SW480, HCT116 p53+/*,
and HCT116 p53-/- cell lines were transfected with 2
pg DNA of pLVX-shMICAL2#1, pLVX-shMICAL2#2
or pLVX-shscramble following the manufacturer’s
suggested protocol. pLVX-shscramble served as a
control. The stably transfected cell lines, HCT116-
shMICAL2#1, HCT116-shMICAL2#2, HCT116-shcra-
mble, SW480-shMICAL2#1, SW480-shMICAL2#2, and
SW480-shcramble were obtained by selection, and
further confirmed by assessing MICAL2 expression.

Western blotting and immunoprecipitation

Western blotting and immunoprecipitation were
performed as described previously [25]. Briefly, 1x106
cells were lysed with lysis buffer (50 mM Tris, pH 7.4,
150 mM NaCl, 1 mM ethylenediaminetetraacetic acid
(EDTA), 1% Nonidet P-40, 0.1% sodium dodecyl
sulfate (SDS) and protease inhibitors). Cell lysates
obtained were centrifuged, and protein concentration
of the clarified lysates was measured. 40 pg
supernatant protein was subjected to Western
blotting. The clarified supernatants were immuno-
precipitated using anti-FLAG-agarose or anti-HA-
agarose antibody (Sigma Chemical Co.). MICAL2 or

p53 in the immunoprecipitated complexes were
respectively determined by Western blotting with
anti-MICAL2 or anti-p53 antibody.

MTT and colony formation assays

Cell growth was determined by performing MTT
assays as described previously [26]. Briefly,
MICAL2-knockdown HCT116, MICAL2-knockdown
SW480, MICAL2-knockdown HCT116 p53*/%, and
MICAL2-knockdown HCT116 p53-/- cells (1x10%) were
seeded in 96-well microplates. The cells were cultured
for the indicted time, followed by incubation with
MTT for 4 h. Optical density (OD) was determined at
490 nm using a microplate reader. Measurements
were acquired once per day for 5 and 6 d. For the
colony-formation assay, the cells were plated at a
density of 500 cells/well in six-well plates, and were
cultured for 12 d. Colonies were fixed in methanol,
stained with 0.5% gentian violet, and counted. Results
are presented as mean * SD of three independent
experiments.

Real-time PCR

Total RNA of 1x10¢cells of MICAL2-knockdown
HCT116 or MICAL2-knockdown SW480 was extracted
using Trizol reagent (Life Technologies) following the
manufacturer’s instructions. 1 pg DNase-treated RNA
was reverse transcribed using Revert AidTM
First-Strand ¢cDNA Synthesis Kit (MBI Fermentas,
USA) according to the manufacturer’s instructions.
The threshold cycle (Ct) value of each sample was
determined wusing Platinum SYBR Green qPCR
SuperMix-UDG with ROX (Invitrogen) in ABI 7900HT
Real-Time PCR System (Applied Biosystems, Foster
City, CA). Sequences of primers used are shown in
Table S3. Relative mRNA expression of each target
gene was normalized to the expression of the
housekeeping gene GAPDH. Relative mRNA level
was calculated as two power values of ACt (Ct value of
GAPDH Ct of target gene).

mRNA expression array analysis

Total RNAs in MICAL2-knockdown HCT116
cells were extracted using Trizol reagent (Life
Technologies) according to the manufacturer’s instr-
uctions, RIN was determined to assess RNA integrity.
Qualified total RNA was purified using RNeasy mini
kit (QIAGEN) and RNase-free DNase Set (QIAGEN),
and was amplified and labeled using Low Input
Quick Amp Labling Kit (Agilent technologies)
according to the manufacturer’s instructions. Each
slide was hybridized with Cy3-labled cRNA using
Gene Expression Hybridization Kit (Agilent Techno-
logies) according to the manufacturer’s instructions.
After hybridization, the slides were washed with
Gene Expression Wash Buffer Kit (Agilent
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Technologies) in staining dishes (Thermo, Shandong)
according to the manufacturer’s instructions.
Hybridization data were extracted using Feature
Extraction 10.7 software (Agilent technologies). Raw
data were normalized using quantile algorithm
available in GeneSpring Software 12.6.1 (Agilent
technologies). Experimental and control data were
compared to identify genes that were significantly
differentially expressed with a selection threshold of
flag >7 and fold change >1.5. Results of this calcul-
ation were sorted. Gene Ontology (GO) analysis and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis were used to analyze the different genes.

Tumor growth assays in vivo

In vivo tumor growth assays were performed as
described previously[27]. Briefly, female BABL/c
athymic nude mice (age 4 weeks) were obtained from
an animal center of Guangdong Province (Guang-
zhou, China). All animal experiments were performed
according to the National Institutes of Health Animal
Use Guidelines on the Use of Experimental Animals.
The nude mice were subcutaneously injected with
2x106 cells of shMICAL2#1-HCT116p53+/*, shMIC-
AL2#2-HCT116p53+/*,  shMICAL2#1-HCT116p53-/-,
and shMICAL2#2-HCT116p53/- cell lines, 6 mice per
group. Tumor size was measured every 2 or 3 days,
and tumor volume was estimated. After 17 days, the
mice were euthanized, and the tumors were removed

and weighed.

Cell synchronization and flow cytometry
analysis

The transfected cells (1x10%) were seeded on
6-well plates at 30% confluence and synchronized at
the G1/S boundary by double thymidine. After being
treated with 2 mM thymidine for 16 h, the treated cells
were released in fresh medium containing 10% fetal
bovine serum (FBS) for 9 h and incubated with 2 mM
thymidine for another 16 h. At this point, approxim-
ately 90% of the cells were synchronized at G1/S
boundary and then released a second time, and cells
were collected cells at 0 and 2 h time points. Cycle
profiles of the transfected cells were analyzed by flow
cytometry. 1x10% of the transfected cells were treated
with 5-fluorouracil (5-FU) at 10 pg/mL and then
stained with annexin V-EGFP (Enhanced Green
Fluorescent Protein) and propidium iodide (KeyGen
Biotec). The stained cells were analyzed by flow
cytometry.

Immunofluorescence analysis
Immunofluorescence analysis was performed as
described previously [28]. 1x10° of the cells
transfected with various plasmids were fixed with
2.0% formaldehyde in PBS for 30 min, washed three

times with PBS, and then treated with PBS containing
0.2% Triton X-100 for 10 min. After being washed
three times with PBS, the cells were incubated with
0.5% bovine serum albumin (BSA) in PBS. The cells
were washed three times with PBS, stained with 5
pg/mL HA- or Flag-antibody (Sigma-Aldrich) for 40
min to detect p53 or MICAL2 respectively, and then
examined under a Zeiss Axiophot microscope (Carl
Zeiss, Oberkochen, Germany) [28]. 10 fields (about
1000 cells) per group were observed under a
microscope. Cells stained with Hochest served as a
nucleus control.

Cytoplasmic and nuclear protein extraction

1x107 of the cells transfected with the indicated
plasmids were rinsed three times with ice-cold PBS
before being lysed with 400 pL lysis buffer. Lysates
were kept on ice for 10 min during which they were
vibrated 30 s every 5 min. Insoluble material was
pelleted at 12,000 xg for 10 min at 4 °C. Nuclear
proteins were extracted following the protocol of a
nuclear protein extraction kit (Sangon Biotech).
Subcellular fractions of tissues were extracted by
Subcellular Proteome  Extraction Kit (Merck
Millipore). Protein concentration was measured by
the Enhanced BCA Protein Assay Kit (Beyotime
Biotechnology). The protein samples were subjected
to Western-blotting with p53- or MICAL2-antibody.

Protein half-life detection

Protein half-life was determined as described
previously [29]. Briefly, 1x10° cells of shscramble-
HCT116, shMICAL2#1-HCT116, and shMICAL2#1-
HCT116 were treated with indicated concentrations of
cycloheximide (CHX), and the cells treated with 10
mg/mL CHX were collected at indicated time points
after treatment. 40 pg protein of the treated cells was
extracted for performing Western blotting with
anti-MICAL2 or anti-p53 antibody. GAPDH was used
as an internal control to verify basal level expression
and equal protein loading. The abundance ratio to
GAPDH was counted. The half-life time of the
proteins was calculated.

Ubiquitination assay

In vivo ubiquitination assay was performed as
described previously [29, 30]. Briefly, 2x106 cells of
HEK293T were transfected with 2 pg DNA of
shMICAL?2 plasmid. After transfection, the cells were
cotransfected with 2 pg 3Flag-p53 and HA-ubiquitin.
The transfected cells were lysed in 400 pL lysis buffer.
The cell lysates were centrifuged. 100 png protein of the
supernatants was immunoprecipitated with anti-Flag
agarose, and 20 pg protein of the immunocomplexes
was immunoblotted using anti-HA antibody.
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Reverse-phase nano ESI-LCMS analysis and
methionine oxidation analysis

1x10¢ of the transfected cells were lysed in lysis
buffer, and 100 pg protein of the clarified lysates was
immunoprecipitated with anti-FLAG agarose. 40 pg
of the immunoprecipitated proteins was separated on
polyacrylamide gel and stained with 0.4% Coomassie
brilliant blue. The protein bands on polyacrylamide
gel were excised, destained with 50 mM ammonium
bicarbonate/acetonitrile, alkylated with iodoacetam-
ide, and dried in a Speedvac. The dried gel spots were
rehydrated in a grade porcine trypsin solution (20
pg/mL in 25 mM NH4HCOs) and the rehydrated
complexes were centrifuged. Supernatants were
harvested, and the gels were extracted with extraction
buffer (67% acetonitrile containing 1% trifluoroacetic
acid). The extracts and supernatants were combined
and completely dried. The dried tryptic peptide
samples were resuspended in water containing 0.1%
formic acid and 2% acetonitrile, and then were
analyzed by TripleTOF 5600 mass spectrometry with
a EksigentNano LC-Ultra 1D plus system and
nanoelectrospray ionization tandem mass spectrome-
try. Mass spectra were acquired in Information
Dependent Acquisition mode. Survey scan of TOF-MS
was acquired at 250 ms, and MS/MS spectra were
acquired in high sensitivity mode with an accumula-
tion time of 80 ms/spectra. MS/MS data were
analyzed for protein identification and quantification
using ProteinPilot Software v.4.5 (AB SciexInc., USA).
Local false discovery rate was estimated as 1.0% using
the integrated PSPEP tool in the ProteinPilot Software
after searching against the Uniprot-human proteome
set database. Search parameters included trypsin
digestion, fixed modification of cysteine with
iodoacetamide, and variable modification of
methionine (Met) through searching mode [31].

Results

MICAL2 is highly expressed in CRC and is
associated with poor patient outcome

To detect MICAL2 expression in CRC, we
collected five pairs of fresh tissues including CRC and
adjacent non-tumor tissue specimens, and examined
MICAL2 expression using Western Dblotting.
Compared with the non-tumor tissue, MICAL2
protein levels were mostly elevated in CRC tissues (4
out of 5 tissues; Figure 1A), indicating that MICAL2 is
highly expressed in CRC. To confirm this finding,
MICAL2 expression in a tissue microarray containing
90 pairs of CRC and adjacent non-tumor tissues was
detected  using  immunohistochemistry.  The
immunohistochemical analysis showed that MICAL2
was significantly high in CRC tissues compared with

the matched adjacent normal tissues (Figure 1B-C, p =
0.023). The positive rates of MICAL2 expression were
compared in normal colorectal tissues, primary CRC,
and metastatic CRC tissues. The positive rates of
MICAL2 were 21.1% in normal tissues, 62.3 % in
primary CRC and 54.1% in metastatic CRC tissues,
respectively (Table 1). MICAL2 was significantly
upregulated in primary CRC (Table 1, p = 0.038) and
metastatic CRC tissues (Table 1, p = 0.029), whereas
there was no difference in MICAL2 between primary
CRC and metastatic CRC tissues. MICAL2 expression
may be used for diagnosis, so the area under the curve
(AUC) was calculated. The cut-off of MICAL2 was 4
(Figure 1D, AUC = 0.820, p = 0.000). Our results also
showed that high MICAL2 was correlated with
significantly shorter overall survival than low
MICAL2 expression (Figure 1E, p = 0.009).
Additionally, the association of MICAL2 expression
with CRC stages was analyzed. MICAL2 expression
was not correlated with T stage (original tumor size
and nearby tissue invasion) (Table 2, p = 0.812), N
stage (lymph node metastasis) (Table 2, p = 0.910), nor
M stage (distant metastasis) (Table 2, p = 0.896). These
data strongly suggest that high MICAL2 increased
oncogenic potency and is associated with poor
outcome.

Table 1. MICAL2 expression in normal colorectal, primary CRC,
and metastatic CRC tissues.

MICAL2
n - + % 14
NC 90 71 19 21.1
CRC 53 22 33 62.3 0.038"
MCRC 37 17 20 54.1 0.029#

NC : normal colorectal tissue; CRC: primary CRC; MCRC: metastatic CRC tissues.
* CRC versus NC; #, MCRC versus NC.

Table 2. MICAL2 expression in CRC samples at various clinical
stages.

Characteristic Cases MICAL2 expression P
low high

All patients

Gender

Male 54 25 (46.7%) 29 (53.3%) 0.997

Female 36 17 (47.2%) 19 (52.8%)

Age (y)

<50 29 14 (48.3%) 15 (51.7%) 0.970

>50 51 25 (49.0%) 26 (51.0%)

T stage

T1-T2 31 14 (45.2%) 17 (54.8%) 0.812

T3-T4 59 24 (40.7%) 35 (59.3%)

N stage

NO 34 12 (35.3%) 22 (64.7%) 0.910

N1-N3 56 19 (33.9%) 37 (66.1%)

M stage

MO 37 19 (51.4%) 18 (48.6%) 0.896

M1 53 26 (49.1%) 27 (50.9%)

T: original tumor size and nearby tissue invasion; N: lymph node metastasis; M:
distant metastasis
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Figure 1. MICAL2 expression in CRC and relationship with CRC patient outcome. (A) MICAL2 expression in five pairs of CRC tissues and their
corresponding adjacent non-tumor tissues detected by performing Western blotting. T: CRC tissue; N: non-tumor tissue. (B) MICAL2 expression in CRC tissues
microarray detected using immunohistochemistry (IHC). (a) negative, scored as 0; (b) weakly positive, scored as 1; (c) moderately positive, scored as 3; (c) positive,
scored as 4; (e) strongly positive, scored as 5. (C) MICAL2 expression level was quantified using a German semiquantitative scoring system. Relative expressions in
CRC tissues and non-tumor tissues were statistically analyzed using Mann-Whitney U test (¥, p < 0.05). The dots represent scores. (D) The cut-off value of MICAL2
immunoreactive score is 4 according to the ROC curve, and the AUC is 0.820. ROC: receiver operating characteristic; AUC: area under the curve. (E) The overall

survival of patients with CRC showing high or low MICAL2 expression.

Oncogenic properties of MICAL?2 in CRC

To determine MICAL2 functions in CRC, we
generated two specific stable shRNA, namely,
shMICAL2#1 and shMICAL2#2, for targeting MICAL2.
CRC cell lines HCT116 and SW480 were infected with
pLVX-shMICAL2#1 or pLVX-shMICAL2#2, and stable
cell lines, HCT116-shMICAL2#1, HCT116-shMICAL-
2#2, SW480-shMICAL2#1, and SW480-shMICAL2#2
were established. Western blotting and real-time PCR
were performed to evaluate the efficiency of
shMICAL2#1 and shMICAL2#2 on MICAL2 gene. The

results showed that shMICAL2#1 and #2 effectively
blocked MICAL2 protein (Figure 2A) and mRNA
expression (Figure 2B). To determine the effects of
shMICAL2#1 and shMICAL2#2 on CRC cell growth,
we determined the viabilities of the cells infected with
shMICAL2#1 or shMICAL2#2 by performing MTT
[3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazo
lium bromide] assay. MICAL2-knockdown supper-
ssed the growth kinetics of HCT116 and SW480 cells
(Figure 2C-D, p<0.01). Moreover, MICAL2-knock-
down suppressed colony formation of HCT116 and
SW480 cells (Figure 2E-F, p < 0.05). Next, we synchro-
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nized HCT116-shMICAL2#1 and HCT116-shMICAL-
2#2 with thymidine to determine cell cycle progre-
ssion, and found that most of the cells were arrested
in Gl phase. The percentage of HCT116 cells at S
phase decreased in MICAL2-knockdown cells after
release from thymidine for 2 h (Figure 2G, p<0.05),
suggesting that MICAL2-knockdown supperssed
G1/S transition. The inhibitory effect of MICAL2 on
CRC cell apoptosis was measured by treating
MICAL2-knockdown HCT116 cells with 5-FU. As
expected, MICAL2-knockdown promoted the
apoptosis of 5-FU-treated HCT116 cells (Figure 2F, p <
0.05). Therefore, we concluded that MICAL2 may be
an oncogenic driver in CRCs.

MICAL2 regulates the expression of p53 target
genes

The above results suggested that MICAL2 is
associated with proliferation and apoptosis of CRC
cells. We next investigated the mechanisms underly-
ing MICAL2-regulated proliferation and apoptosis.
We performed an unbiased gene array analysis to
measure gene expression changes in MICAL2-
knockdown cells. GO analysis showed that 120 and
227 genes were upregulated and downregulated,
respectively, by >1.5-fold in MICAL2-knockdown
HCT116 cells (Figure 3A). KEGG pathway analysis
implied that p53 pathway was involved in the
upregulation of 120 genes (Figure 3B). The
down-stream genes of p53 transcriptional targets
were CDKN1A, SERPINBS, SESN1, IGFBP3, and FAS.
Further, mRNA transcripts of CDKN1A, SERPINBS,
SESN1, IGFBP3, and FAS were detected using
qRT-PCR. The data showed that CDKN1A, SERPINBS5,
SESN1, and FAS were increased in MICAL2-
knockdown cells (Figure 3C, p < 0.01), while TP53
mRNA level did not change (Figure 3C). Simultan-
eously, we detected that the protein expressions of
p53 and CDKN1A, p53 and CDKN1A were increased
in MICAL2-knockdown cells (Figure 3Da-b).

Next, we focused on MICAL2 regulation on p53
and its molecular mechanism. HCT116 p53*/* and
HCT116 p53-/- cells were used to determine whether
MICAL2 regulates p53 transcriptional targets. We
obtained consistent results in HCT116 p53*/* cells as
the above results: the mRNA expressions of CDKN1A,
SERPINB5, SESN1, and FAS were increased with
MICAL2-knockdown (Figure 3Ea, p < 0.01), but
unchanged in HCT116 p53-/- cells (Figure 3EDb). Also,
the protein expressions of p53 and CDKNI1A were
detected; p53 and CDKNIA were increased in
HCT116 p53*/* cells when MICAL2 was knocked
down (Figure 3Fa-b, p < 0.05; p < 0.01), but not in
HCT116 p53/- cells (Figure 3Fa-b). This implied that
MICAL2 downregulates p53 expression. Doxorubicin

is a DNA damaging agent that has been documented
to induce p53 expression. To further confirm the
relationship between MICAL?2 and p53 expression, we
used doxorubicin to induce p53 expression, and
observed MICAL2 expression. In the experiments of
doxorubicin-induced DNA damage, p53 expression
was increased, but MICAL2 expression was decreased
(Figure 3Ga-b). These results showed that MICAL2
expression is negatively associated with p53
expression.

MICAL2 exerts tumor-promoting effects
through p53

We used HCT116 p53*/* and HCT116 p53-/- cells
to determine whether p53 gene is essential for the
oncogenic role of MICAL2. Cell growth and colony
formation were tested in HCT116 p53+/* and HCT116
p53/- cells with MICAL2-knockdown. MICAL2-
knockdown deceased the cell growth kinetics (Figure
4A, p < 0.05) and colony formation (Figure 4C, p <
0.05) in HCT116 p53*/+ cells, but not in HCT116 p53-/-
cells (Figure 4B, D). These data suggested that
MICAL2-promoted cell proliferation and colony
formation is associated with p53. Simultaneously,
apoptosis in MICAL2-knockdown cells was also
detected; there was no difference (data not shown).
So, 5-FU was used to treat MICAL2-knockdown cells,
and cell apoptosis was detected. The data showed that
apoptosis was increased in HCT116 p53+/* cells when
MICAL2 was knocked down (Figure 4E, p < 0.05),
while in HCT116 p53-/- cells, there was no difference
in apoptosis between MICAL2-knockdown and
control (Figure 4F). This result showed that MICAL2
mediates cell apoptosis inhibition through p53.

MICAL2 knockdown suppresses tumor growth
through p53 in vivo

To confirm whether MICAL2 exerts its
oncogenic effect through p53 in vivo, shAMICAL2#1-
HCT116p53+/*, shMICAL2#2-HCT116p53+/*, shMIC-
AL2#1-HCT116p53/-, and shMICAL2#2-HCT116p53-/-
cells were subcutaneously injected into the dorsal
flanks of mice. Shscramble-HCT116p53*/* and
-HCT116p53/- served as the controls. After 17 days,
the mice were euthanized, and tumor sizes and tumor
weights were measured. Data showed that tumors of
mice injected with MICAL2-knockdown HCT116
p53*/* cells were smaller than those of the control
mice (Figure 5Aa). However, tumors of mice injected
with MICAL2-knockdown HCT116 p53/- cells
showed no significant difference compared with the
control mice (Figure 5Ab). Consistently, the growth
curve of xenografts indicated that tumors of mice
injected with MICAL2-knockdown HCT116p53+/*
more slowly grew than those of the control mice
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(Figure 5Ba, p < 0.05). In contrast, the tumor growth
kinetics of mice injected with HCT116 p53-/- cells were
no different from those of controls (Figure 5Bb).
Tumors of mice injected with MICAL2-knockdown
HCT116 p53+/* cells were lighter than those of control
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mice (Figure 5C-Da, p < 0.05). No difference was
observed in tumor weights of mice injected with
MICAL2-knockdown HCT116 p53-/- cells and controls
(Figure 5C-Db).
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Figure 2. MICAL2 knockdown decreases CRC cell growth and induces cell apoptosis. HCT116 and SW480 cells were transfected with shMICAL2#] or

shMICAL2#2. Shscramble RNA served as a control. (A) MICAL2 expression in the

transfected cells was detected using Western blotting. (B) MICAL2Z mRNA was

detected using real-time PCR. (C) Viability of the transfected HCT 116 cells was measured using MTT. (D) Viability of the transfected SW480 cells was measured. (E)

Colony formation of the transfected HCT116 cells was detected using colony form:
(G) The cells stably transfected with the indicated plasmids were synchronized at G

ation assay. (F) Colony formation of the transfected SWW480 cells was detected.
1/S boundary by double thymidine, and then were released in fresh medium. Cell

cycle profiles were analyzed by flow cytometry. (H) The stably transfected cells were treated with 5-fluorouracil (5-FU) and then stained with annexin V-EGFP
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(Enhanced Green Fluorescent Protein) and propidium iodide (KeyGen Biotec). The stained cells were analyzed by flow cytometry. All experiments were repeated
three times. Data are presented as mean * S.D. of three independent experiments and were statistically analyzed using Student’s t-test. *, p < 0.05; **, p < 0.01.
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Figure 3. mRNA expression array analysis of shMCIAL2#1 and p53 target gene expressions. (A-B) Total RNA in the stably transfected cells was
extracted, amplified and labeled. Each slide was hybridized with the labeled cRNA. Hybridization data were extracted and analyzed. Experimental and control data
were compared to identify genes that were significantly differentially expressed. (C) mRNA transcripts of CDKNIA, SERPINB5, SESNI, IGFBP3, and FAS in the
transfected cells were detected using qRT-PCR. Relative mRNA expression of each target gene was normalized to the expression of the housekeeping gene GAPDH.
Relative mRNA level was calculated as two power values of Act (Ct value of GAPDH Ct of target gene CDKNIA, SERPINB5, SESN1, IGFBP3, and FAS). (D) HCT 116
and SW480 cells were transfected with shMICAL2#1 and 2, and then MICAL2, p53, and CDKNIA expressions were detected with Western blotting (a). The
abundance ratio of MICAL2, p53, and CDKNIA to GAPDH were calculated (b). (E) HCT116 p53++and HCT116 p53-- cells were transfected with shMICAL2#1. The
mRNA expressions of MICAL2, CDKNIA, SERPINBS, SESN 1, IGFBP3 and FAS in HCT 116 p53++-shMICAL2#1 (a) and HCT116 p53---shMICAL2#1 cells (b) were detected
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using real-time PCR. Relative mRNA expression was calculated using the 2-AACt method. (F) MICAL?2, p53, and CDKNIA expressions in HCT116 p53++ and
HCT116 p53-- cells were detected with Western blotting (a). GAPDH served as a loading control; the abundance ratio to GAPDH was calculated (b). (G) HCTI116
cells were treated with Doxorubicin at 1, 2 UM for 24 h (a), and treated at | pM for 16, 24 h (b). MICAL2 and p53 expressions were detected using Western blotting.
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Figure 4. MICAL2 exerts tumor-promoting effects in vitro through p53. MICAL2 in HCT116 p53++ and HCT116 p53-- cells was knocked down using
shMICAL2#] or shMICAL2#2. ShMICAL2 stably expressing HCT116 p53++ and HCT116 p53-- cell lines were obtained. Viabilities of shMICAL2-HCT116p53++ (A)
and shMICAL2-HCT116p53-- cells (B) were detected using MTT assay. (C) Colony formations of shMICAL2-HCT116p53++ were measured using cell colony
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formation assay (a). The number of colonies was calculated (b). (D) Colony formations of shMICAL2- HCT116p53-- were measured using cell colony formation assay
(2). The number of colonies was calculated (b). (E) shMICAL2-HCT116p53++ cells were treated with 5-FU. (F) shMICAL2-HCT116p53-- cells were treated with
5-FU. The treated cells were analyzed using flow cytometry (a), and the percentage of apoptotic cells was calculated (b). Data are presented as mean * S.D. of three
independent experiments and statistically analyzed using Student’s t-test. *, p < 0.05.
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Figure 5. MICAL?2 exerts tumor-promoting effects in vivo through p53. HCT116 p53++ and HCT116 p53-- cells were transfected with pLVX-shMICAL2#]
or pLVX-shMICAL2#2. pLVX-shcramble served as a control. The stable cell lines, shMICAL2#I-HCTI116p53++ and shMICAL2#]-
HCT116p53--, shMICAL2#2-HCT116p53++ and shMICAL2#2-HCT116p53-- were established. (A) MICAL2-knocked down HCT116 p53+/+ (a) and HCT116 p53--
cells (b) were subcutaneously injected into the dorsal flanks of mice. After 17 days, the mice were euthanized. Representative images are shown. (B) The tumor
growth of MICAL2-knockdown HCT116 p53++ (a) and HCT116 p53-- cells (b) in vivo was calculated by the increase of tumor volume. (C) After euthanization, the
tumors of mice were removed. (D) The removed tumors were weighed. (a) HCT116 p53+* cells; (b) HCT116 p53-- cells. *, p < 0.05.

) . might regulate p53 at the post-transcriptional level.
MICAL2 interacts with p53 We first performed an endogenous immunoprecip-

The above results suggested that MICAL2-  jtation assay to examine whether MICAL2 directly
knockdown increases p53 protein level, while p53 interacts with p53, and found that MICAL2-
mRNA level did not change, indicating MICAL2  jmmunoprecipitated complexes contained p53, and
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p53 immunocomplexes contained MCIAL2 (Figure
6A). This suggested that MICAL2 interacts with p53.
To confirm this interaction, exogenous Flag-MICAL2
and HA-p53 were co-transfected into HEK293T cells,
and Flag or HA were respectively immunoprecip-
itated; the results showed that exogenous MICAL2
and p53 could also be co-immunoprecipitated
reciprocally (Figure 6B-C).

Next, we determined the domains of MICAL2
and p53 involved in this interaction using p53- and
MICAL2-expressing  plasmids. The  plasmids
expressing mutant p53 (Figure 6Da) or MICAL2
(Figure 6Ea) containing different domains were
constructed. HEK293T cells were transfected with the
indicated plasmids, and co-immunoprecipitation was
performed to identify the interacting domains of
MICAL2 and p53. The core domain of p53 (residues
100-300) was necessary and sufficient for binding to
MICAL2 (Figure 6DDb). Interestingly, except MICAL2
mutant containing LIM and C-terminal domains
(residues 776-997; Figure 6Ea-b), all MICAL2 mutants
interacted with p53 (Figure 6Eb). MICAL2 mutant
(resides, 1-630) containing FAD and CH domain
coprecipitated with p53 more weakly than other
mutants (Figure 6Eb). MICAL2 mutants (1-775)
containing MICAL2 domains except LIM domain
displayed a strong interaction with p53. Moreover,
MICAL2 mutant (776-997) containing LIM and
C-terminal domains did not interact with p53 (Figure
6Eb). These findings indicated that FAD and CH
domains of MICAL2 interact with p53. Since MICAL2
is thought to be a globular protein [18], multiple
residues located across the region spanning FAD and
LIM domains may interact with p53 rather than a
specific linear chain of amino acids.

MICAL2 interacting with p53 remains in the
cytoplasm

The above results showed that MICAL?2 interacts
with p53. In the next step, we wanted to further probe
whether this interaction affects p53 cellular location.
HEK293T cells were transfected with HA-p53 or
HA-p53Mut (mutant), Flag-MICAL2 and MICAL-
Mut. Flag was detected using immunofluorescence.
The immunofluorescence results showed that p53
stayed in the cytoplasm of cells following MCIAL2
transfection, but did not when the cells were
transfected with MICAL2-Mut or untransfected
(Figure 7A). To confirm this finding, cytoplasmic and
nuclear proteins of the transfected cells were
respectively extracted, and p53 was tested in the
extractions. p53 was significantly increased in the
cytoplasm of cells transfected with MICAL2, and was
decreased in the nucleus when compared with the
control and MICAL2-Mut-transfected cells (Figure

7B, p < 0.05). The next step was to investigate whether
MICAL2 knockdown decreases p53 in the cytoplasm.
The results showed that p53 was decreased in the
cytoplasm and increased in the nucleus of cells
transfected with shMICAL2 compared with the
control (Figure 7C, p < 0.05). This suggests that
MICAL2 modulates p53 cytoplasm location.

MICAL2 promotes ubiquitin degradation of
p53

Based on the above findings that MICAL2 binds
to and decreases p53 expression, we speculated that
MICAL2 affects p53 proteolysis. To confirm this,
MICAL2-knockdown HCT116 p53*/* cells were
treated with MG132, a specific proteasome inhibitor,
and p53 expression was detected. As we speculated,
MGI132 substantially rescued the increased p53
protein expression caused by MICAL2-knockdown in
HCT116 p53*/* cells (Figure 8A). Additionally,
HEK293T cells with low MICAL2 expression were
transfected with MICAL2, and then treated with
MG132. p53 expression significantly decreased
following MICAL2 transfection, while p53 increased
again after treatment with MGI132 (Figure 8A).
MGI132 substantially rescued the decreased p53
expression caused by MICAL2 overexpression. These
results suggest that MICAL2 promotes pb53
degradation by the proteasome. Next, HCT116 p53+*/+
cells were treated with CHX, and the half-life of
endogenous p53 was measured. The half-life of
endogenous  p53  protein was longer in
MICAL2-knockdown cells than in the control (Figure
8B-C). Ubiquitin-proteasome is a highly effective
protein degradation pathway in eukaryotic cells
[32-34]. We next determined whether MICAL?2 affects
p53 ubiquitination. The results showed that p53
poly-ubiquitination was upregulated in HEK293T
cells with MICAL2 overexpression (Figure 8D). To
further confirm whether MICAL2 regulates p53
ubiquitination, HEK293T cells were transfected with
MICAL2-siRNAs. We observed that MICAL2 decrease
downregulated p53 poly-ubiquitination (Figure 8E).
Collectively, these results indicate that MICAL2
increases p53 ubiquitination, thus promoting its
proteasomal degradation.

MICAL2 promotes p53 ubiquitination by
oxidizing p53 at Met 40 and 160

E3 ubiquitin ligase MDM?2 is the most critical
negative regulator of p53 protein stability. MDM2
binds to p53 and ubiquitinates it for proteasomal
degradation [35-37]. Therefore, we tested the effect of
MICAL2 on the binding of MDM2 and p53. MDM2
interaction with p53 did not change in the cells with
MICAL?2 transfection (Figure S1A). We speculated
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that MICAL2-mediated p53 ubiquitination may be not
dependent on MDM2. To confirm this speculation, the
transfected cells were treated with nutlin, a special
inhibitor of MDM2, and then p53 ubiquitination was
tested. p53 ubiquitin degradation was unchanged
when cells were treated with nutlin compound
RG7388 (Figure S1B). This result showed that
MICAL2 mediate p53 ubiquitination not through
MDM2. It has been reported that p53 oxidation at Met
decreases its function [38]. As a microtubule-
associated monooxygenase, MICAL2 oxidizes Met
residues [16, 39]. Therefore, we speculated that
MICAL2 may oxidize p53 at Met and regulate its
function. Met residues at positions 40, 44, 66, 133, 160,
169, 237, 243, 246, 340 and 384 in p53 may be oxidized.
To confirm whether MICAL2 regulates p53 through
these Met residues, we mutated Met residues at 40, 44,
66, 133, 160, 169, 237, 243, 246, 340 and 384 to Leucine
(Leu), and tested the effect of MICAL2 on p53
expression. The results showed that p53 could not be
downregulated by MICAL2 in Met 40 and 160
mutations (Figure S2). p53 oxidation in cells with
MICAL2 and p53 cotransfection was detected using

mass spectrometry. Mass spectrometry data showed
that p53 Met 40 was oxidized when cells were
transfected with MICAL? (Figure 9Ab). Although p53
Met 160 oxidation was observed without MICAL?2
transfection, Met 160 oxidation increased from 2.94%
to 11.76% after transfection with MICAL2 (Figure
9Ad-e). These results suggest that MCIAL2 promotes
p53 Met 40 and 160 oxidation in vivo. We further
mutated Met 40 and 160 into Leu, and investigated
whether these mutants affect p53 expression. p53
expression was not changed when mutating Met 40
and 160 (Figure 9B). To probe whether p53 oxidations
at Met 40 and 160 promote p53 ubiquitination and
degradation, we mutated p53 at Met 40 and 160 into
glutamine (GIn) to mimic its oxidation, and assessed
p53 ubiquitin degradation. The results showed that
oxidation mimics at Met 40 and 160 significantly
increased p53 ubiquitination (Figure 9C). Moreover,
double mutants showed higher ubiquitination, while
oxidation mimic at Met 340 did not increase p53
ubiquitination (Figure 9C). Together, these results
indicated that MICAL2 oxidizes p53 at Met 40 and
160, and increases p53 ubiquitin degradation.
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Figure 6. MICAL2 interacts with p53. (A) Lysates of HEK293T cells were immunoprecipitated using anti-IgG, anti-MICAL2 or anti-p53 antibody, and
immunoprecipitation products were analyzed by Western blotting with the indicated antibody. (B) HEK293T cells were transfected with the indicated plasmids, and
were lysed with the lysis buffer. Inmunoprecipitation was performed using anti-Flag antibody, and immunoprecipitation products were detected using Western

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 19 5302

blotting with the indicated antibody. (C) HEK293T cells were transfected with the indicated plasmids, and were lysed with the lysis buffer. Inmunoprecipitation was
performed using anti-HA antibody, and immunoprecipitation products were detected using Western blotting with the indicated antibody. (D) Schematic
representation of p53 domains (a). HEK293T cells were co-transfected with Flag-MICAL2 and various p53 mutants as the indicated vectors, and the transfected cells
were lysed with the lysis buffer and were analyzed using Western blotting (b). (E) Schematic representation of MICAL2 domains (a). HEK293T cells were
co-transfected with HA-p53 and various MICAL2 mutants as the indicated vector and were analyzed using Western blotting (b). IP: immunoprecipitation; WCL:
whole cell lysate; FL: full length MICAL2.
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Figure 7. MICALZ2 retains p53 in the cytoplasm. (A) HEK293T cells were transfected with the indicated plasmids. MICAL2 and p53 were detected using
immunofluorescence with the indicated antibody. Hochest served as a nucleus control. (B) HEK293T cells were transfected with MICAL2 or MICAL2-Mut plasmid.
(C) HEK293T cells were transfected with shMICAL2#] or shMICAL2#2. Cytoplasmic and nuclear proteins in the transfected cells were separated. p53 in the
separated components was detected using Western blotting (a). Lamin B served as a nuclear protein control. GAPDH served as a cytoplasmic protein control. The
abundance ratio to GAPDH or Lamin B was calculated (b). *, p < 0.05.

Discussion normal colonic epithelial cells and cause adenomas
[9]. Results of the present study showed that MICAL2
is a novel oncogene in CRC pathogenesis. We
concluded this based on the following three results.
(1) MICAL2 was highly expressed in CRC cells, and
its expression was associated with advanced CRC

A multistage theory of CRC carcinogenesis
known as the adenoma-carcinoma sequence proposes
that mutations activating multiple oncogenes and
inactivating tumor-suppressor genes accumulate in
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development and low b5-year survival rate. (2)
MICAL2-knockdown decreased CRC malignant
activity. (3) In vivo, MICAL2-knockdown increased
tumor growth. These results suggested that MICAL2
promotes CRC development. Determination of the
underlying mechanism indicated that MICAL2
promotes CRC development through regulating p53.

TP53 gene is a tumor suppressor gene encoding
p53, whose primary function is to promote cell-cycle
arrest and induce apoptosis when necessary [40]. p53,
which is known as the guardian of the genome [41],
plays a critical role in inducing apoptosis and
preventing oncogenesis [42]. p53 is frequently
dysregulated in CRC tissues. Moreover, p53 is
associated with CRC pathogenesis and advanced
TNM stage, lymph nodes metastasis, and low 5-year
survival rate [43, 44]. Of the well-known functions of
p53, the mostly highlighted ones are the regulation of
cell cycle checkpoints and inducing apoptosis under
cellular stress [45]. Loss of p53 often induces
oncogenesis [46-48], and promotes tumor initiation
and progression [49-51]. In the present study, we
found that MICAL2 shortened p53 half-life and
decreased p53 level, suggesting that MICAL2
promoted CRC carcinogenesis through decreasing
p53 function. Determination of the underlying
mechanism indicated that (1) MICAL2 promotes cell
cycle progression and inhibits apoptosis through
downregulating p53 and (2) MICAL2 regulates the
expression of p53 target genes, including CDKN1A,
SERPINB5, SESN1 and FAS, and the protein
expression of CDKNIA. Interestingly, MICAL2
interacted with p53 and promoted p53 ubiquitination

and degradation. Thus, MICAL2-mediated p53
degradation may be critical for CRC initiation and
progression.

P53 activity can be regulated through ubiquitin-
ation, oxidation, phosphorylation, acetylation and
methylation [52-55]. The key to the regulation of p53
activity is the regulation of its stability, which is
mainly orchestrated through a network of
ubiquitination reactions [52, 53]. Among numerous
proteins involved in p53 regulation, MDM2 is the
major negative regulator of p53 level and activity [35,
56]. MDM2 physically interacts with p53 and
represses p53-mediated transcriptional activation [36,
37] and induce p53 ubiquitination. The E3 ubiquitin
ligase MDM2 is the most important regulator of
ubiquitin-mediated degradation of p53 [56]. MDM2
binds to p53 and ubiquitinates it proteasomal
degradation [35-37]. In the present study, MICAL2-
knockdown or knockin had no effect on the
interaction between MDM2 and p53; inhibiting
MDM?2 did not affect MICAL2-mediated p53
ubiquitination. However, MICAL2-knockin directly
increased p53  ubiquitination, and MICAL2-
knockdown decreased p53 ubiquitination. These
results suggest that MICAL2-mediated p53
ubiquitination may not be through MDM2. p53
oxidation decreases its function [38]. We found that
MICAL2 induced p53 oxidation at Met 40 and 160,
and increased p53 ubiquitination. As a microtubule-
associated monooxygenase, MICAL2 may directly
oxidize p53 Met residues and promote ubiquitin-
mediated degradation of p53. We think that MICAL2
is a novel regulator of p53 degradation.
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Figure 8. MICAL2 promotes p53 ubiquitin-degradation. HCT116 p53+/* cells were stably transfected with pLVX-shMICAL2#] or pLVX-shMICAL2#2. (A)

MICAL2-knochdown HCT116 p53+*+ cells were treated with dimethyl sulfoxide
with v5-MICAL2, and then treated with MG132. MICAL2 and p53 levels in the

(DMSO) and MG132. DMSO served as a control. HKE293T cells were transfected
treated cells were detected using Western blotting. GAPDH served as the loading

control. (B) MICAL2-knochdown HCT116 p53++ cells were treated with 20 mg/mL CHX at the indicated time points. MICAL2 and p53 levels were detected using
Western blotting. (C) p53 level was quantitatively analyzed by Western blotting and the half-life of p53 was calculated. (D) HEK293T cells were transfected with

HA-ubiquitin, v5-MICAL?2, 3Flag-p53 or vector. Flag was immunoprecipitated u

sing anti-Flag antibody, and p53 ubiquitination was detected using Western blotting

with the indicated antibody. (E) HEK293T cells were co-transfected with HA-ubiquitin and siRNA-MICAL2, 3Flag-p53 or vector. Flag was immunoprecipitated using
anti-Flag antibody, and p53 ubiquitination was detected. All experiments were performed in triplicate and representative data are shown.
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GAPDH - e

dizing Met 40 and 160. (A) HEK239T cells were cotransfected with plasmids

expressing MICAL2 or p53. Oxidation of p53 residues was detected using mass spectrometry. (a) Met 40 in the transfect with p53 plus vector; (b) Met 40 in the
transfect with p53 plus MICAL2; (c) Met 160 in the transfect with p53 plus vector; (d) Met 160 in the transfect with p53 plus MICAL2; (e) Met 160 oxidation
comparison of (c) and (d). (B) Met 40 or 160 was individually mutated into Leu, and both Met 40 and 160 were mutated. The p53 mutants and MICAL2 were
cotransfected into HEK239T cells and p53 expression was detected. (C) Met 40 or 160 were individually mutated into Gln, and both Met 40 and 160 were mutated.

The p53 mutants and MICAL2 were cotransfected with ubiquitin, and p53 ubiq

uitination was detected using immunoprecipitation and Western blotting.

In summary, the results indicate that MICAL2
binds to p53, retains p53 in the cytoplasm and
oxidizes it at Met 40 and 160, promotes p53
ubiquitination, and decreases p53 expression.
MICAL2-induced p53 decrease inhibits CRC cell

apoptosis and increases CRC cell growth both in vitro
and in vivo, and finally promotes CRC development.
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