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1 | INTRODUCTION

| Jing Liu?

Abstract

Colorectal carcinoma (CRC) remains a huge challenge in clinical treatment due to
tumor metastasis and recurrence. Stem cell-like colon tumor-repopulating cells
(TRCs) are a subpopulation of cancer cells with highly tumorigenic and chemotherapy
resistant properties. The core transcription factor c-Myc is essential for maintaining
cancer stem-like cell phenotypes, yet its roles and regulatory mechanisms remain un-
clear in colon TRCs. We report that elevated c-Myc protein supported formation and
growth of TRC spheroids. The tumor suppressor DOC-2/DAB2 interactive protein
(DAB2IP) suppressed c-Myc expression to inhibit TRC expansion and self-renewal.
Particularly, DAB2IP disrupted c-Myc stability through glycogen synthase kinase 3B/
protein phosphatase 2A-B56a-mediated phosphorylation and dephosphorylation
cascade on c-Myc protein, leading to its eventual degradation through the ubiquitin-
proteasome pathway. The expression of DAB2IP was negatively correlated with c-
Myc in CRC specimens. Overall, our results improved mechanistic insight into how

DAB2IP suppressed TRC growth and self-renewal.
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Cancer stem-like cells (CSCs) are a small subpopulation of tumor

cells characterized by their self-renewal, heterogeneity, plasticity,

Colorectal cancer (CRC) ranks as the third most common malignancy
and the second leading cause of cancer-related death worldwide.'?
In addition, the incidence of CRC in young and middle-aged adults
has been increasing over the past two decades.®* Hence, it is imper-
ative to elucidate the molecular mechanisms underlying CRC tumor-

igenesis and progression for optimizing therapeutic strategies.

tumorigenicity, and chemoresistance.>® The presence of CSCs is
recognized to facilitate tumor metastasis, recurrence, and treatment
failure in CRC patients.” A deeper understanding of the biological
features of CSCs or highly tumorigenic cells could provide novel in-
sights into the pathogenesis of CRC. In previous studies, a highly

tumorigenic subpopulation of cancer cells was enriched using a soft
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3D fibrin culture system.s'10 These cells that exert crucial effects
in tumor initiation and repopulation are functionally termed tumor-
repopulating cells (TRCs).!%'! TRCs display several typical charac-
teristics of CSCs but are distinct from those stem-like cells that are
isolated only based on conventional surface markers.!?13

The oncogene c-Myc is a well-known pleiotropic transcription fac-
tor that regulates the expression of numerous critical genes involved
in essential biological processes.'* It has been shown that c-Myc is
linked to the self-renewal ability of colon tumor-initiating cells,*>*¢
but the function roles and potential regulatory mechanism of c-Myc
in TRCs remain unclear. DOC-2/DAB2 interactive protein (DAB2IP), a
novel Ras-GTPase activating protein, is a tumor suppressor frequently
downregulated in multiple aggressive tumors that regulates various
biological processes.”*® It was demonstrated that loss of DAB2IP
expression enhanced CSC-like phenotypes, suggesting its role in sup-
pressing CSCs.*”2! Our previous work showed that downregulation
of DAB2IP in colon TRCs promoted colony growth in soft fibrin gels.?
Nevertheless, the mechanisms by which DAB2IP regulates the growth
and self-renewal of TRCs require further investigation.

In the present study, we explored the expression of c-Myc and
its regulatory mechanisms in colon TRCs. We showed that DAB2IP
destabilized c-Myc protein by facilitating its phosphorylation-
dependent ubiquitination and eventual proteasomal degradation,
thus limiting the growth and self-renewal of colon TRCs. This study
delineated the functional importance of the DAB2IP-c-Myc axis in
maintaining colon TRCs and CRC progression.

2 | MATERIALS AND METHODS
2.1 | Celllines and cell culture

Human colon cancer cell lines (HCT116 and HT29) were sourced
from the China Center for Type Culture Collection. Cells were cul-
tured in RPMI-1640 (Gibco) supplemented with 10% FBS (Gibco) and
1% penicillin-streptomycin at 37°Ciin a 5% CO, incubator.

2.2 | Collection of clinical tissue specimens

Fifteen pairs of primary tumor tissues and their corresponding ad-
jacent normal tissues were collected from CRC patients who signed
informed consent at Zhongnan Hospital of Wuhan University. All
the experimental procedures were approved by the clinical research
institutional review board of the Zhongnan Hospital of Wuhan
University and were carried out in accordance with the ethical

guidelines of the Declaration of Helsinki.

2.3 | Cell culture in 3D fibrin gels

TRC culture was undertaken as previously described. In brief, salmon

fibrinogen (Searun Holdings Company) was dissolved in distilled water

at 4°C and diluted to 2 mg/mL with T7 buffer (pH 7.4, 50 mmol/L Tris,
150 mmol/L NaCl). The 125 uL precooled fibrinogen solution was
mixed with 125 pL single-tumor cell solution (1:1) and seed into a pre-
cooled 24-well plate with 5 pL thrombin (0.1 U/uL; Searun Holdings).
The cells were supplemented with 1 mL complete culture medium
after incubation for 30 minutes at 37°C. After 5 days of culture, the
cells were collected by sequential digestion with Dispase Il (Roche)
for 30 minutes at 37°C and 0.25% trypsin for 3 minutes. Tumor cells
cultured in flasks were used as control. For sphere formation assay, a
total of 1250 cells were seeded in fibrin gel and cultured for 5 days.
The colony number was counted at 96 hours under an inverted mi-
croscope (Olympus). For colony size measurement, 50 spheroids per
group were randomly photographed with a light microscope and ana-
lyzed by ImagelJ software. For serial passage experiments, tumor sphe-
riods were disaggregated into single cell suspension at the fifth day
postplating and reseeded into a precooled 24-well plate to generate
secondary spheroids for another 5 days. Tertiary spheroids were gen-
erated from the secondary spheres using the same process.

2.4 | Quantitative RT-PCR

Total cellular RNA was extracted using TRIzol reagent (Invitrogen)
and reverse transcribed to cDNA using Transcript First-strand cDNA
Synthesis Super Mix (Roche) according to the manufacturer’s in-
structions. Quantitative PCR was carried out with UltraSYBR mix-
ture (Cwbio) on Roche LightCycler 96 according to standard PCR

conditions. Primer sequences are listed in Table S1.

2.5 | Cell transfection

Small interfering RNA oligonucleotides and the corresponding
negative control were purchased from RiboBio. pcDNA3.1(+) and
pcDNA3.1(+)-DAB2IP plasmids were gifted by Professor Daxing Xie
of the Tongji Cancer Research Institute. Commercialized recombi-
nant pCMV3-vector and pCMV3-MYC plasmids were chemically
synthesized by Sino-Biological. The indicated siRNAs and plasmids
were transfected into cells using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. The siRNA sequences are
listed in Table S2.

2.6 | Immunoblotting

Immunoblotting assays were carried out as previously described’
with the following primary Abs: DAB2IP (23582-1-AP, Proteintech),
c-Myc (ab32072, Abcam), c-Myc (67447-1-lg, Proteintech), p-c-
Myc®%? (ab185656, Abcam), p-c-Myc 8 (ab185655, Abcam), glycogen
synthase kinase 3 (GSK3p; 10044-T32, SinoBiological), p-GSK3[359
(#5558, CST), Bcl-2(12789-1-AP, Proteintech), Bax (#5023, CST), B56a
(ab89621, Abcam), Ubiquitin (10201-2-AP, Proteintech), Ubiquitin
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(linkage-specific K48) (ab140601, Abcam), Nanog (#8822S, CST),
CDA44 (60224-1-lg, Proteintech), CD133 (18470-1-AP, Proteintech),
and GAPDH (60004-1-Ig, Proteintech). Secondary Abs conjugated to

HRP (Servicebio) were used, followed by chemiluminescence.

2.7 | Cycloheximide chase assay

Cells were treated with 100 pg/mL cycloheximide (CHX; Selleck) and
harvested at the indicated time points. Total protein was extracted and
subjected to immunoblot analysis. Relative protein expression was meas-

ured using ImageJ software, with GAPDH used as a loading control.

2.8 | Immunoprecipitation

HCT116 and HT29 cells were lysed with ice-cold lysis buffer containing
freshly added protease and phosphatase inhibitors. After preclearing
with protein A/G-agarose beads, the cell lysates were then incubated
with IgG, anti-DAB2IP, anti-c-Myc, or anti-B56ux Abs overnight at 4°C
with continuous inversion and precipitated with protein A/G-agarose
beads (Santa Cruz Biotechnology) for 3 hours. Immunoprecipitated
beads were collected and washed three times. Immunocomplexes
were eluted and subjected to immunoblot analysis with the indicated
Abs. The input was 2% of cell lysates prior to immunoprecipitation.

2.9 | Ubiquitination assay

For ubiquitination assay, cells were treated with 10 pmol/L MG132
(MedChemExpress) for another 6 hours before harvesting, and then
collected for immunoprecipitation with 1gG or anti-c-Myc Ab fol-

lowed by immunoblot analysis of ubiquitin.

2.10 | Animal models

The 6-week-old BALB/c nude mice were purchased from Beijing Vital
River Laboratory Animal Technology Company. All animal experiments
were carried out using standard methods and approved by the Animal
Ethics Committee of Wuhan University. Control cancer cell suspensions
or TRC suspensions (1 x 10°) were subcutaneously injected into each
mouse (n = 6 per group). All mice were killed after 4 weeks, and the
tumors were excised and weighed. Tumor tissues were fixed in para-
formaldehyde, embedded in paraffin, and sectioned for subsequent

immunofluorescence (IF) and immunohistochemistry (IHC) assessment.
2.11 | Immunofluorescence and
Immunohistochemistry

For cell experiments, collected cells were fixed with 4% paraform-
aldehyde for 30 minutes and permeabilized with 0.2% Triton X-100
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for 15 minutes at room temperature. Fixed cells were blocked in
5% BSA, probed with the primary Abs at 4°C overnight, and stained
with corresponding secondary Abs conjugated to FITC (Servicebio),
CY3 (Servicebio), or Alexa Fluor 647 (Beyotime) for 2 hours and fur-
ther counterstained with DAPI. IF and IHC analysis of tumor tissues
were carried out as previously described® with primary Abs against
DAB2IP (23582-1-AP, Proteintech) and c-Myc (ab32072, Abcam).
IF images were captured using a confocal microscope (Leica) or a
fluorescence microscope (Olympus). The IHC images were acquired

under a light microscope (Olympus).

2.12 | Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) was carried out using GSEA
software (http://www.broadinstitute.org/gsea/). The samples were
divided into two groups based on the median of DAB2IP mRNA ex-
pression in the GSE39582 dataset from Gene Expression Omnibus
(GEO) database.

2.13 | Statistical analysis

Statistical analyses were carried out using GraphPad Prism 7.0 soft-
ware (GraphPad Software). Student’s t test (two-tailed) was used for
comparison between two groups. One-way ANOVA with Bonferroni
adjustment was used for the multiple comparisons. Pearson correla-
tion analysis was used to evaluate the correlation between DAB2IP
and c-Myc. For survival analysis, Kaplan-Meier survival curves were
plotted and analyzed by the log-rank test. The correlation between
DAB2IP expression and clinicopathologic features was analyzed
using Pearson's Xz test. Results are represented as the mean + SEM
of at least three independent experiments. Statistical significance
was set at P < .05 (*P < .05, **P < .01, ***P < .001).

3 | RESULTS

3.1 | Colon TRCs display self-renewal and long-term
repopulating capabilities

To enrich colon TRCs, colon tumor cells were cultured in 3D fi-
brin gels. The TRCs grew into spheroid-like morphological shapes
(Figure 1A). In contrast to adherent cells cultured in flasks, TRCs
showed a compact cell body and relaxed cytoskeleton tension
(Figure 1A). The stem cell markers CD133, CD44, and Nanog were
increased in colon TRCs (Figures 1B,C and S1A). In addition, colon
TRCs formed new spheroids for at least three successive genera-
tions, indicating their self-renewal and long-term repopulating ca-
pabilities (Figure 1D,E). The first passage to the second passage was
accompanied by increased colony size, whereas the colony size of
the third passage was comparable to that of the second passage

(Figure 1D). The numbers of colonies were increased as the passage
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FIGURE 1 Tumor-repopulating cells (TRCs) show self-renewal and long-term repopulating capability. A, Immunofluorescence (IF) staining
of F-actin in HCT116 TRC spheroids and control monolayers with phalloidin. Scale bars, 10 pm. B, IF staining of CD133, CD44, and Nanog

in HCT116 TRC spheroids and control monolayers with indicated Abs. Scale bars, 10 um. C, Immunoblot analysis of stem markers expressed
in HCT116 and HT29 TRCs, vs their control cells. D, E, Serial passage assays of HCT116 and HT29 TRCs for three successive generations. D,
Left panels, Representative images of TRC spheroids. Scale bars, 25 pm. Right panels, The colony size at each passage was calculated using
ImageJ software. E, Colony numbers were counted at 96 h. F, Immunoblot analysis of Bax and Bcl-2 expression in HCT116 and HT29 TRCs
during serial passages. GAPDH was used as a loading control. Data are shown as the mean + SEM (n = 3). *P < .05, **P < .01, ***P < .001. ns,
not significant (P > .05). Con, control adherent cells cultured in flask

number increased (Figure 1E). In addition, the expression of proa- of c-Myc formed fewer spheroids with smaller size than the control
poptosis protein Bax was decreased from first-passage spheroids, group (Figure 2C,D). Moreover, the protein expressions of Nanog,
and antiapoptosis protein Bcl-2 was increased (Figure 1F). Taken CD133, and CD44 were attenuated in HCT116 and HT29 cells fol-
together, these data suggest that TRCs mostly undergo their self- lowing c-Myc knockdown (Figure 2E). These observations suggest that
renewal and long-term repopulating capabilities. c-Myc is required for the colon TRC maintenance.

3.2 | c-Mycis critical for maintaining colon TRCs 3.3 | DOC-2/DAB2 interactive protein

downregulates c-Myc to suppress TRC growth and
Given the widespread transcriptional activity of c-Myc and its critical self-renewal
roles in CSC phenotype, we explored whether c-Myc was involved in
maintaining colon TRCs. The c-Myc protein was markedly increased in We previously reported that downregulation of DAB2IP promoted
TRCs compared with control cells, although c-Myc mRNA levels were TRC growth (Figures 3A,B and S2A,B).8 In this study, we found that
not significantly altered (Figures 2A and S1B). Immunohistochemical DAB2IP overexpression significantly reduced c-Myc protein lev-
staining also showed c-Myc was upregulated in TRC xenograft tumors, els in HCT116 and HT29 cells (Figure 3C), which was verified by

in contrast with control xenograft tumors (Figure 2B). Knockdown IF staining (Figure 3D). In contrast, DAB2IP knockdown displayed
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FIGURE 2 c-Mycis critical for maintaining colon tumor-repopulating cells (TRCs). A, Immunoblot analysis of c-Myc expression in HCT116
and HT29 TRCs, vs their control cells. Relative c-Myc protein levels were quantitated using ImageJ software. B, Immunohistochemical

staining of c-Myc in the subcutaneous xenografts of HCT116 TRCs or

control cells. Mean density was calculated by Image-Pro Plus 6.0.

Scale bars, 25 pm. C, D, Effect of c-Myc knockdown on TRC spheroid formation and growth. C, Left panels, Representative images of

TRC spheroids. Scale bars, 25 pm. Right panels, Colony size calculated

by ImageJ software. D, Colony numbers were counted at 96 h. E,

Immunoblot analysis of CD133, CD44, and Nanog protein levels in HCT116 and HT29 cells treated with either c-Myc siRNA or negative

control siRNA (siNC). Data are shown as the mean + SEM (n = 3). *P <

the opposite effect (Figure S2C,D). Overexpression of c-Myc sig-
nificantly promoted the TRC spheroid formation and growth of
DAB2IP-overexpressing cells (Figure 3E,F). Furthermore, c-Myc
overexpression largely rescued the DAB2IP-mediated inhibitory ef-
fect on Nanog, a well-known transcription factor for maintaining CSC
self-renewal (Figures 3G and S2E). However, neither c-Myc overex-
pression nor knockdown modulated the expression of DAB2IP in
HCT116 and HT29 cells (Figure S2F,G). Both IF staining and immuno-
blot analysis showed that TRC-derived xenograft tumors exhibited
low expression of DAB2IP and high expression of c-Myc compared
with that in the control group (Figures 3H,l and S2H). These results
suggest that DAB2IP impairs TRC growth and self-renewal at least
partially through negative regulation of c-Myc.

3.4 | DOC-2/DAB2 interactive protein promotes
c-Myc protein degradation

To determine how DAB2IP downregulated c-Myc expression, we mon-
itored mRNA levels by quantitative RT-PCR. Only a slight decrease
of c-Myc mRNA levels was observed following DAB2IP transient
overexpression (Figure 4A). As c-Myc was a highly unstable protein
with a very short half-life,?? we attempted to understand the post-
translational regulatory mechanisms potentially involved to suppress
c-Myc protein in DAB2IP-overexpressing cells. To determine whether
DAB2IP modulated c-Myc protein stability, we treated cells with CHX,

a de novo protein synthesis inhibitor. Accordingly, as the time of CHX

.05, **P < .01, ***P < .001. Con, control adherent cells cultured in flask

treatment was prolonged, DAB2IP transient overexpression signifi-
cantly accelerated the turnover rate of c-Myc compared with control
cells (Figure 4B). Furthermore, the proteasome inhibitor MG132 treat-
ment largely blocked the DAB2IP-induced reduction of c-Myc protein,
indicating that DAB2IP affected c-Myc protein stability (Figure 4C).
Overexpression of DAB2IP enhanced ubiquitination of c-Myc in
HCT116 and HT29 cells (Figure 4D). Given the key role of lysine(K)
48-linked polyubiquitination in c-Myc protein degradation,?>%*
further determined weather DAB2IP orchestrated K48-linked ubiqui-
tination of c-Myc. As shown in Figure 4E, overexpression of DAB2IP

we

promoted endogenous K48-linked ubiquitination of c-Myc (Figure 4E).
Collectively, these results suggest that DAB2IP disrupts c-Myc stabil-

ity and enhances its ubiquitin-proteasome degradation.

3.5 | Glycogen synthase kinase 3p/protein
phosphatase 2A-B56a-induced phosphorylation/
dephosphorylation cascade contributes to DAB2IP
modulation of c-Myc stability

Next, we intended to explore how DAB2IP regulated c-Myc stability.
The degradation of c-Myc is largely dependent on an ordered GSK3p-
mediated phosphorylation at threonine 58 (T58) site and subsequent
protein phosphatase 2A (PP2A)-mediated dephosphorylation at ser-

ine 62 (S62) site.?> Indeed, DAB2IP transient overexpression led to

562)

a reduction of S62 phosphorylation (p-c-Myc and an increase of

CT58)

T58 phosphorylation (p-c-My relative to total c-Myc protein in
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FIGURE 3 DOC-2/DAB?2 interactive protein (DAB2IP) downregulates c-Myc to suppress tumor-repopulating cell (TRC) growth and self-
renewal. A, B, Quantitative RT-PCR (A) and immunoblot analysis (B) of DAB2IP expression in HCT116 and HT29 TRCs, vs their control cells.
C, Immunoblot analysis of c-Myc levels in HCT116 and HT29 cells treated with vector or DAB2IP-overexpressing plasmids for 48 h. Relative
c-Myc protein levels were quantitated using ImageJ software. D, Immunofluorescence (IF) staining of c-Myc levels in HCT116 cells treated
with vector or DAB2IP-overexpressing plasmids. Scale bars, 10 um. E, F, Impact of DAB2IP overexpression and/or c-Myc overexpression

on TRC colony formation and growth. E, Left panel, Representative images of TRC spheroids. Scale bars, 25 um. Right panel, Colony size
calculated by ImageJ software. F, Colony numbers were counted at 96 h. G, Immunoblot analysis of Nanog expression in HCT116 and HT29
cells transfected with indicated plasmids. H, I, IF staining (H) and immunoblot analysis (I) of c-Myc and DAB2IP expression in xenograft
tumor tissues derived from HCT116 TRCs or control cells. Scale bars, 25 um. Data are shown as the mean + SEM (n = 3). *P < .05, **P < .01,
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HCT116 and HT29 cells (Figures 5A and S3A). The pS62 / pT58 ratio
was significantly decreased, consistent with the decreased c-Myc sta-
bility (Figure 5A). We also found that colon TRCs showed increased
S62 phosphorylation and decreased T58 phosphorylation relative to
total c-Myc protein compared with control cells (Figure S3B). Of note,
B56a (also known as PPP2R5A or PR61a), a key regulatory subunit of
PP2A, directs the heterotrimeric PP2A complex to interact with du-
ally phosphorylated c-Myc (T58/562) and dephosphorylate c-Myc at
S62 residue, which in turn triggers c-Myc ubiquitination and degra-
dation.?¢?” We hypothesized that DAB2IP required B56a to promote
S62 dephosphorylation of c-Myc. As anticipated, B56a silence res-

cued DAB2IP-induced downregulation of p-c-Myc®%? (

Figures 5B and
S3C,D). Transiently overexpressed DAB2IP substantially strengthened
the interaction between B56a and c-Myc without changing B56x ex-
pression (Figure 5C). Moreover, overexpression of DAB2IP downregu-
lated serine 9 (S9) phosphorylation of GSK3p (p-GSK3[359, an inactive
form of GSK3p), suggesting active GSK3p was increased (Figure 5D).

Conversely, DAB2IP knockdown resulted in upregulation of p—GSK3ﬁ59

(Figure S3E). The GSK3p inhibitor LiCl largely reduced T58 phospho-
rylation and increased S62 phosphorylation in DAB2IP-overexpressing
cells (Figures 5E and S3F), indicating that GSK3p activation was a pre-
requisite for DAB2IP to orchestrate c-Myc phosphorylation. Taken to-
gether, the above results demonstrate that DAB2IP modulates c-Myc
stability through the GSK3p/PP2A-B56a-induced phosphorylation/
dephosphorylation cascade.

Furthermore, given that DAB2IP is known as a scaffold protein
that interacted with various proteins,?®3* we wondered whether
DAB2IP interacted with c-Myc. The IF staining showed that c-Myc
was mainly located in the nucleus, and DAB2IP was localized both in
the cytosol and nucleus under physiological conditions (Figure S3G).
A coimmunoprecipitation analysis was undertaken and confirmed
that endogenous DAB2IP interacted with endogenous c-Myc in
HCT116 cells (Figure 5F). In addition, the DAB2IP-c-Myc interac-
tion was confirmed following exogenous DAB2IP overexpression
(Figure 5G). These results suggest that DAB2IP might also exert its

function through interaction with c-Myc.



Ll T AL = 4599
Cancer Science giaiu=%
(A) (B) HCT116 21259 ——  VectCHX
Vector DAB2IP £, ol DaB2PiCHX
HCT116 HT29 CHX(h) 0 o025 05 1 2 0 02505 1 2 50_75_
= = : £
Si200) =2 Ve Sroooo IS e c-Myc NP g oy & Soso] §
2 = = 300 20254
800 =
2 0o ] Z 600 GAPDH R EPENEDET e ;.
QE: 1.5 £ 15 5 o0 0.51_. 1A0(h)1.5 20
ime
é‘ 1.0 n.s é‘ 1.0 n.s. HT29 21.250 ——  VectCHX
% 5 Vector DAB2IP € —=—  DAB2IP+CHX
@ 05 2 05 CHX(h) 0 025 05 1 2 0 025 05 1 2 g“m*
2 2 ] B - = 0.754
< 0.0- < 0.0- c-Myc . “ ‘ - “ “ o 80 50-
14 DAB2IP c-Myc X DAB2IP c-Myc g
GAPDH | ap e Sie e o= | ans e GED aus ;025“ **
= 0.00+
S 00 05 10 15 20
Time (h)
©) (D) (E)
HCT116 HCT116 HT29 HCT116 HT29
Vector + - + = Vector + - + - Vector + Z T Z
DAB2IP - + - + DAB2IP - + - + DAB2IP - + - 4
MG132 - - o+ o+ MG132 + +  +  + MG132 + +
oacae | @ e
o (2]
> >
K48-ub
c-MyC | wee D @D o 3 i
GAPDH | "™ «un ane -
c-Myc c-Myc
mmm  \/ec+DMSO mmm  \ec+tDMSO
£ === DAB2P+DMSO £ === DAB2IP+DMSO
8 1o = Vec+tMG132 8 10, == Vect+MG132
0 1= paB2IP+MG132 9@ Y= DAB2IP+MG132
S 104 =% ., o 8 = -
53, 0H s o, 0A ns. Ub o K48-ub 0
g 2 T = =
¢ =
2 c-Myc | | - o-Myc | || - -
o
2, 2, DAB2P|  w|| e DAB2IP|  sew| e
o DAB2IP M o DAB2IP M
& owe @ T GAPDH [w w] | e | YT N p——

FIGURE 4 DOC-2/DAB2 interactive protein (DAB2IP) decreases c-Myc stability and induces its degradation via ubiquitin-proteasome

pathway. A, quantitative RT-PCR analysis of DAB2IP and c-Myc mRNA levels in HCT116 and HT29 cells transfected with indicated plasmids
for 48 h. B, Immunoblot analysis of c-Myc expression in DAB2IP-overexpressing cells after treating with protein synthesis inhibitor
cycloheximide (CHX, 100 pg/mL) in a time series. Right panels, Semiquantification of c-Myc levels, with GAPDH used as a loading control.
C, Immunoblot analysis of c-Myc expression following DAB2IP transient overexpression after treating with MG132 (10 pmol/L, 6 h).

Bottom left panel, Semiquantification of c-Myc levels, with GAPDH used as a loading control. D, Immunoblot analysis of ubiquitination of
c-Myc in HCT116 and HT29 cells transfected with indicated plasmids. Cells were treated with MG132 for another 6 h and then subjected

to immunoprecipitation (IP). E, Immunoblot analysis of specific endogenous K48-linked ubiquitination of c-Myc in HCT116 and HT29 cells

transfected with indicated plasmids. Relative protein levels were quantitated using ImageJ software. Data are shown as the mean + SEM

(n=3).*P < .05, **P < .01, ***P < .001. ns, not significant (P > .05). WCL, whole cell lysate. Ub, ubiquitin. K48-ub, K48-linked ubiquitin

3.6 | DOC-2/DAB2 interactive protein is negatively
associated with c-Myc in CRC tissues and prognosis of

CRC patients

We examined whether a correlation between DAB2IP and c-Myc
expression existed in CRC tissues. As shown in Figure 6A, DAB2IP
protein levels were downregulated and c-Myc was upregulated in
tumor tissues compared with adjacent normal tissues (Figure 6A).

Correlation analysis showed that DAB2IP expression was negatively

correlated with c-Myc (Figure 6B). The expression pattern of DAB2IP
and c-Myc in CRC tissues was further confirmed by IHC (Figure 6C).

The GSEA further indicated that low DAB2IP expression was sig-
nificantly correlated with the MYC-activated target gene signature

based on the GEO database (GSE39582 dataset; Figure 6D). In addi-
tion, low DAB2IP expression was significantly associated with distant
metastasis in CRC patients from the GSE39582 dataset (Figure S4).
Finally, we investigated the relationship between DAB2IP and the

effectiveness of adjuvant treatment for CRC patients based on the
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FIGURE 5 DOC-2/DAB2 interactive protein (DAB2IP) destabilizes c-Myc through glycogen synthase kinase 3p (GSK3p)/protein
phosphatase 2A (PP2A)-B56a-induced phosphorylation and dephosphorylation cascade. A, Immunoblot analysis of c-Myc, p-c-Myc®%2, and
p-c-MycT58 levels in cells transfected with indicated plasmids. Relative protein levels were quantitated using ImageJ software.B, Immunoblot
analysis of p-c-Myc>%? levels in HCT116 and HT29 cells transfected with indicated plasmids and/or siRNA. C, Co-immunoprecipitation
(Co-1P) assay was used to detect c-Myc-B56a interaction in cells transfected with indicated plasmids. D, Immunoblot analysis of GSK3p

and p- GSK3[359 levels in HCT116 and HT29 cells transfected with indicated plasmids. E, Inmunoblot analysis of p-GSKSﬁS9, c-Myc, p-c-
Myc5¢2, and p-c-Myc™® levels in HCT116 and HT29 cells following GSK3p inhibitor LiCl (20 mmol/L, 6 h) treatment in the setting of DAB2IP
overexpression. F, Co-IP assay was performed to detect endogenous interaction between DAB2IP and c-Myc in HCT116 cells. G, Co-IP
assay was used to detect interaction between DAB2IP and c-Myc following DAB2IP overexpression in HCT116 cells. GAPDH was used as a
loading control. Data are shown as the mean + SEM (n = 3). *P < .05, **P < .01, ***P < .001. WCL, whole cell lysate

GSE103479 dataset. Colorectal cancer patients with low DAB2IP
expression were not responsive to 5-fluorouracil-based adjuvant
chemotherapy, whereas patients with high DAB2IP levels responded
well and showed longer overall survival after adjuvant treatment
(Figure 6E). These results indicate that DAB2IP expression is nega-
tively associated with c-Myc in CRC tissues and could serve as a bio-

marker for tumor progression and response to therapy.

4 | DISCUSSION

The presence of tumorigenic and self-renewing CSC populations
in CRC contributes to tumor recurrence and chemotherapy resist-
ance.®? Recent studies have revealed that TRCs truly exist as a highly
malignant and tumorigenic subpopulation that are responsible for
tumor initiation, metastasis, and treatment failure.’®** Thus, ex-
ploring the factors that regulate TRCs survival and self-renewal is
an important step to identifying novel therapeutic targets. Several
studies have linked the oncogenic transcription factor c-Myc to the
self-renewal, proliferation, and tumorigenic potential of CSCs.®
Because of its powerful roles in the transcription of numerous
genes, even slight changes in c-Myc appear to have profound ef-
fects on the whole cellular environment.3¢ Indeed, the expression

of c-Myc is tightly regulated at transcriptional, posttranscriptional,

and posttranslational levels.®”"4% |n the present study, the increased
c-Myc protein expression with altered phosphorylation status was
observed in colon TRCs compared with control cells. In addition,
c-Myc knockdown reduced the number and size of TRC spheroids,
suggesting that c-Myc was critical for TRC maintenance. The tumor
suppressor DAB2IP, a Ras-GTPase activating protein with scaffold-
ing function, is involved in various intracellular signaling pathways.‘”’
43 Here, we showed that DAB2IP promoted c-Myc degradation
through the ubiquitin-proteasome pathway, which was linked to
the exhaustion of colon TRC growth and self-renewal. The GSK3p/
PP2A-B56a-mediated phosphorylation and dephosphorylation cas-
cade on c-Myc protein contributed to DAB2IP modulation of c-Myc
stability, leading to its eventual degradation. Moreover, our results
expanded the scaffolding roles of DAB2IP to interact with c-Myc
protein in HCT116 cells. Given the important roles of its scaffold-
ing function, whether DAB2IP cooperates with other proteins to
mediate distinct posttranslational modifications on c-Myc protein
remains to be elucidated.

It is known that GSK3 also plays a critical role in regulating
Whnt/p-catenin signaling.** Activated GSK3p is complexed with
adenomatous polyposis coli (APC) and Axin to mediate p-catenin
phosphorylation and degradation, resulting in the decreased tran-
scription of its target gene c-Myc.*® Previous studies reported that
DAB2IP recruited PP2A to activate GSK3p, thus suppressing the
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FIGURE 6 DOC-2/DAB2 interactive protein (DAB2IP) is negatively associated with c-Myc in colorectal cancer (CRC) tissues. A,
Immunoblot analysis of DAB2IP and c-Myc protein in 15 pairs of clinical CRC tissues (T) and corresponding adjacent normal samples (N). B,
Relative DAB2IP and c-Myc expression was quantitated by ImageJ software, and their correlation was determined using Pearson’s analysis.

C, Left panels, Representative images of immunohistochemical stain

ing for DAB2IP and c-Myc in CRC tissue samples. Scale bars, 50 pm.

Right panel, Mean density was calculated by Image-Pro Plus 6.0. D, Correlation of DAB2IP expression and the MYC target signature in
the GSE39582 dataset using Gene Set Enrichment Analysis (GSEA) (n = 566). ES, enrichment score; NES, normalized enrichment score. E,
Kaplan-Meier survival curves of patients received with 5-fluorouracil-based adjuvant chemotherapy or not after surgery, classified by high

(n = 76)/low (n = 76) DAB2IP expression in the GSE103479 dataset.

GAPDH was used as a loading control. AT, adjuvant treatment. Data are

shown as the mean + SEM. *P < .05, **P < .01, ***P < .001 [Correction added on 5 November 2021, after first online publication: Figure 6E
has been corrected and in its caption “high (n=78)/low (n=77)"' was changed to “high (n = 76)/low (n = 76)']

Whnt/p-catenin pathway in prostate cancer and glioblastoma.314¢

In this study, there was no obvious change in c-Myc mRNA levels
following DAB2IP transient overexpression, which might be due to
the different genetic backgrounds of cell lines and the complex reg-
ulatory mechanisms of c-Myc. The role of DAB2IP-mediated GSK3p
activation in CRC was not universally identical due to the APC and
B-catenin mutation status. It was reported that approximately 80%
of CRC carried inactivating mutation in the APC gene or activating
B-catenin mutation.*”*® Both APC and B-catenin mutations contrib-
ute to constitutive stabilization of B-catenin and hyperactivation of
Wnt/B-catenin signaling in human CRC.* Particularly, HT29 cells

bear APC mutation, and HCT116 cells harbor WT APC but serine 45
mutation in B-catenin, which prevents subsequent phosphorylation
of B-catenin and its eventual degradation.>®*! The APC or B-catenin
mutation in those cells would result in less efficient GSK3p-mediated
phosphorylation and degradation of B-catenin following DAB2IP
overexpression. Consistently, Min et al reported that the p-catenin
transcriptional activity was not changed in APC mutant SW480 cells
following DAB2IP overexpression.?’ In addition, other DAB2IP-
mediated signaling pathways might also be involved in transcription-
ally regulating c-Myc in colon cancer cells, and the decreased c-Myc

protein expression might activate an acute feedback mechanism to
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control its mRNA levels. Further investigations, in any case, are nec-
essary for better understanding the complex regulatory network of
c-Myc.

We provided evidence that DAB2IP expression was negatively
correlated with c-Myc in CRC tissues. The DAB2IP expression was
negatively associated with distant metastasis and the response to
adjust chemotherapy treatment. We speculated that DAB2IP could
be used as a diagnostic and prognostic biomarker of CRC. In conclu-
sion, this study reveals that DAB2IP acts as a negative regulator to
modulate c-Myc protein stability through the GSK3p/PP2A-B56a-
dependent phosphorylation-dephosphorylation cascade, thus sup-

pressing TRC growth and self-renewal (Figure 7).
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