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ARTICLE INFO ABSTRACT

Keywords: Nucleolar protein hUTP14a is required for 18S rRNA processing and promotes p53 degradation. Here, we report
hUTP14a that hUTP14a stabilizes c-Myc in colorectal cancer (CRC) progression. Firstly, nucleolar hUTP14a is upregulated
c-Mye in human CRC tissues. Mass spectrometry analysis identified c-Myc and its deubiquitinase ubiquitin-specific
Protein degradation protease 36 (USP36) in the hUTP14a-specific complex. Importantly, hUTP14a interacts with c-Myc and protects
Colorectal cancer c-Myc from ubiquitination and degradation in a USP36-dependent way. We further demonstrate that hUTP14a
forms a complex with USP36/Fbw7+y to inhibit Fbw7y-mediated c-Myc degradation. Ectopic expression of Flag-
hUTP14a enriches c-Myc in the nucleolus, indicating hUTP14a stabilizes c-Myc in the nucleolus. Interestingly, c-
Myc activates transcription of hUTP14a. Knockdown of hUTP14a by short hairpin RNA inhibits tumor growth
and decreases c-Myc levels in mouse xenografts. Significantly, nucleolar hUTP14a and c-Myc are co-upregulated
in human CRC tissues, and this co-upregulation indicates poor prognosis of CRC patients. Thus, disruption of
hUTP14a-c-Myc regulation may provide a potential therapeutic strategy for a subset of CRC patients.

1. Introduction

Nucleolar protein hUTP14a is required for 18S rRNA processing [1].
Importantly, hUTP14a binds p53 and promotes p53 degradation, sug-
gesting that hUTP14a might play important roles in human tumor-
igenesis [1]. Moreover, hUTP14a promotes RB degradation through its
E3 ligase activity [2]. Expression of hUTP14a is upregulated in hepa-
tocellular carcinoma and is associated with poor prognosis of the pa-
tients [3]. In addition, hUTP14a plays an anti-apoptotic role and pro-
tects tumor cells from chemotherapeutic drug-induced apoptosis; thus,
hUTP14a might possess a potential as a target in anti-tumor therapy
[4].

One of the most important oncoproteins, c-Myc is a transcription
factor regulating over 15% of human genes involved in multiple bio-
logical processes [5]. c-Myc activates the transcription of downstream

genes such as CCND, CDK4, and E2F1 to promote cell proliferation [5].
In addition, c-Myc activates rDNA transcription in the nucleolus and
plays a pivotal role in regulating ribosome biogenesis and cell growth
[6,7]. Gene amplification, chromosomal translocation, and retroviral
promoter or enhancer insertion of MYC gene are responsible for c-Myc
activation in about 20% of human cancers [5]. However, over-
expression of c-Myc has been found in about 70% of human tumors [8].
Thus, regulation of c-Myc protein stability plays an essential role in the
development of human tumors.

c-Myc is an unstable protein with a half-life of approximately
20 min due to ubiquitin-proteasome system-mediated protein de-
gradation [9-11]. Degradation of c-Myc is mediated by E3 ubiquitin
ligases including SKP2, CHIP, TRUSS, and Fbw7y [12-15]. Inhibition of
proteasome-mediated protein degradation leads to c-Myc accumulation
in the nucleolus [16,17]. Particularly, Fbw7y promotes c-Myc
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Fig. 1. Nucleolar hUTP14a expression is upregulated in colorectal cancer (CRC) patients. (A) Proteins extracted from frozen human colorectal tumor tissues and
paired adjacent non-tumorous colorectal tissues were subjected to Western blotting probed with anti-hUTP14a antibody. Beta-actin was used as a loading control (T,
tumor tissues; N, non-tumorous counterparts). (B) Relative hUTP14a protein levels standardized by B-actin in 20 pairs of CRC tissues and paired adjacent non-
tumorous colorectal tissues are shown. (C) Representative immunohistochemistry staining of hUTP14a in CRC tissues and adjacent non-tumorous tissues. Scale bars
represent 50 pm. (D) Summary of hUTP14a expression in 154 pairs of CRC tissues and their non-tumorous counterparts. (E) Summary of nucleolar hUTP14a
expression in CRC tissues and their non-tumorous counterparts. Pearson's x> test. (F) Overall survival of patients with CRC exhibiting different levels of nucleolar
hUTP14a expression as determined by Kaplan-Meier analysis. Data are from 120 CRC cases for which survival information was available. P = 0.003, log-rank test.

degradation in the nucleolus, and short hairpin RNA (shRNA)-mediated
Fbw7+y inhibition leads to nucleolar accumulation of endogenous c-Myc
[15]. Recent studies have demonstrated that ubiquitin-mediated de-
gradation of c-Myc was inhibited by USPs including USP28, USP37, and
USP36 [18-20]. USP28 and USP37 stabilize c-Myc in the nucleus
[18,19], while USP36 interacts with Fbw7y in the nucleolus and abol-
ishes Fbw7y- and Fbw7a-mediated c-Myc degradation [20].

Colorectal cancer (CRC) is the third most commonly diagnosed
cancer worldwide and the third leading cause of global cancer-related
death [21]. Surgical resection could significantly prolong the survival of
early-staged CRC patients with a 5-year overall survival (OS) rate of
70%-80% [22]. However, 50% of CRC patients develop recurrence and
metastasis after operation, leading to poor prognosis of the patients
with a median survival time of about 20 months [23]. Thus, exploration
of novel prognostic factors for CRC might improve the outcome of CRC
patients. c-Myc is frequently over-expressed in CRC [24], and over-
expression of c-Myc is associated with poor prognosis of the patients

[25]. Loss of c-Myc attenuates tumor progression and oral administra-
tion of c-Myc shRNA improves animal survival in a CRC mouse model.
These results suggest that targeting c-Myc will provide a practical
therapeutic strategy for CRC [26]. Therefore, exploration of c-Myc
regulators may shed light on the cancer therapeutics and improvement
of the outcome of CRC patients.

In the present study, we evaluated expression of hUTP14a in CRC
and identified c-Myc as an interacting partner of hUTP14a. We there-
after demonstrated that hUTP14a protects c-Myc from degradation by
forming a complex with USP36/Fbw7y in the nucleolus. In turn, c-Myc
transactivates hUTP14a transcription. Significantly, co-upregulation of
hUTP14a and c-Myc expression predicts poor prognosis of CRC patients.
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Table 1
Univariable and multivariable Cox regression analysis of predictive factors of
overall survival in I-III stage cases.

Variables Univariate analysis Multivariate analysis
HR (95% CI)* p° HR (95% CD)* p°

Gender

Male 1

Female 0.8 (0.4-1.6) 0.544 - -

Age (y)

=60 1

> 60 0.8 (0.4-1.5) 0.487 - -

Tumor location

Colon 1

Rectum 1.42 (0.7-2.8) 0.321 - -

Serum CEA level (ng/mL)

<5 1 1

>5 2.7 (1.3-5.4) 0.006 2.4 (1.2-4.8) 0.017

CA199 (U/mL)

=37 1

> 37 2.0 (0.9-4.5) 0.081 - -

Tumor size (cm)

=4 1

>4 1.5 (0.8-2.8) 0.272 - -

Tumor differentiation

Well-moderate 1

Poor-moderate 1.0 (0.5-2.2) 0.938 - -

T stage

T0-3 1

T4 1.9 (0.87-4.0) 0.110 - -

N stage

NO 1

N1-2 6.2 (2.4-16.1) < 0.001 4.7 (1.7-12.9) 0.002

Lympho-vascular invasion

Negative 1

Positive 3.3 (1.7-6.5) < 0.001 - -

Nucleolar hUTP14a

Negative 1

Positive 2.7 (1.4-5.2) 0.004 2.8 (1.4-5.7) 0.003

c-Myc expression

Negative 1

Positive 1.8 (0.8-3.8) 0.131 - -

2 Hazard ratios (HRs) and 95% confidence intervals (Cls) were calculated
using univariate or multivariate Cox proportional hazards regression in SPSS
17.0.

> p values were calculated using univariate or multivariate Cox proportional
hazards regression in SPSS 17.0. P < 0.05 or P < 0.01 were considered to be
statistically significant.

2. Materials and methods
2.1. Plasmids and reagents

Expression plasmids encoding pCl-neo-Flag-c-Myc, pCl-neo-Flag-
USP36, and pCI-neo-Flag-Fbw7y were obtained by reverse transcrip-
tion-polymerase chain reaction (RT-PCR) cloning using total RNA ex-
tracted from HeLa cells as a template. Constructed plasmids were ver-
ified by DNA sequencing. Lentivirus vector pLKO.1 and the packaging
vectors pMD2.G and psPAX2 were purchased from Addgene. Polybrene
was purchased from Sigma. MG132 was purchased from Calbiochem.
Cycloheximide was purchased from Sigma. Anti-c-Myc (9E10 and C33)
and anti-B-actin (1615) antibodies were purchased from Santa Cruz
Biotechnology. Anti-HA (H6908), anti-Fbw7y (F1930), and anti-Flag
(3165 and 1804) antibodies were purchased from Sigma. Anti-USP36
(72243) antibody was from Abcam. Anti-hUTP14a antibody was gen-
erated in our laboratory [1].

2.2. Patients, tumor tissues, and tissue microarrays

Human CRC tissues and adjacent non-tumorous colorectal tissues
used for Western blotting were obtained from 20 CRC patients who
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underwent tumor resection at Peking University First Hospital from
2003 to 2005. The patients did not receive chemotherapy or irradiation
therapy before the operation.

Tissue microarrays consist of 154 formalin-fixed, paraffin-em-
bedded CRC tissues and non-tumorous colorectal tissues obtained from
the CRC patients who underwent curative surgical resection without
prior neoadjuvant therapy from January 2004 to December 2008 in
Beijing Cancer Hospital. The clinical pathologic characteristics of pa-
tients including age, gender, tumor location, carcinoembryonic antigen
(CEA) level, carbohydrate antigen 19-9 (CA19-9) level, tumor size,
tumor differentiation, T stage, N stage, lymphovascular invasion, dis-
tant metastasis, and metastatic site are summarized in Supplementary
Table S1. The patients included 89 men and 65 women, with a median
age of 64 years (range, 22-84 years). The median duration of follow-up
time was 69.5 months (range, 2-122 months). Approximately 77.9%
(120/154) of patients had stages I-III CRC and 22.1% (34/154) had
stage IV CRC with liver-limited metastases (American Joint Committee
on Cancer Staging Manual, seventh edition). Adjuvant chemotherapy
was given in patients with stage III or more advanced tumor stage. The
OS and disease-free survival (DFS) in patients with stages I-III CRC
were evaluated. Recurrence occurred in 30.8% (37/120) of patients,
and 27.5% (33/120) died of recurrence during the follow-up period.

All human tissues were collected in accordance with the protocols
approved by the Ethics Committee of the Peking University Health
Science Center, and informed consent was obtained from all patients.

2.3. Immunohistochemistry and evaluation

Immunohistochemistry (IHC) was performed as previously de-
scribed [27] using anti-hUTP14a and anti-c-Myc antibodies. Results of
IHC were determined by two independent pathologists blinded to the
clinical outcome. The immunostaining was categorized into four
groups: negative (—), 0%-10% positive cells; weakly positive (+),
10%-25% positive cells; moderately positive (+ +), 25%-50% positive
cells; or highly positive (+ + +), =50% positive cells.

2.4. Cell culture, transfection, and luciferase assays

U20S cell was obtained from the Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences. HeLa and 293T cells were pur-
chased from the American Type Culture Collection. HCT116 p53~/~
and HCT116 p53*/* cells were precious gifts from Professor Roland
Schuele (Center for Clinical Research, Freiburg University Medical
Center, Germany). All of the cells were recently authenticated by Short
Tandem Repeat profiling by Shanghai Biowing Applied Biotechnology
Company. Microbiological culture was performed to screen all cell lines
for mycoplasma contamination. Cell lines were kept frozen and were
passaged in the laboratory for fewer than 4 months after resuscitation.
All cells were grown in DMEM medium supplemented with 10% fetal
bovine serum.

Small interference RNAs (siRNAs) against hUTP14a, c-Myc, and
USP36 were used as described previously [1,6,20]. The synthesized
siRNA was transfected into cells with Lipofectamine 2000™ (Invitrogen)
according to the manufacturer's instructions. Luciferase assay was
performed according to the manufacturer's instruction (Promega).

2.5. Immunoprecipitation

Immunoprecipitation was performed as previously described [1,28].
Briefly, cell lysates were prepared in buffer A (25 mM Tris-Cl, pH 7.5,
100 mM KCl, 1 mM dithioerythritol, 2 mM ethylenediaminetetraacetic
acid, 0.5 mM phenylmethylsulfonyl fluoride, and 0.1% Nonidet P-40)
and used directly for immunoprecipitation. Antibodies were coupled
with a 50% suspension of protein A-Sepharose beads (GE Healthcare) in
IPP500 (500 mM NaCl, 10 mM Tris-Cl, pH 8.0, and 0.1% Nonidet P-40).
Coupled beads were incubated with cell lysates for 2hat 4 °C. After
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Fig. 2. hUTP14a protected c-Myc through ubiquitin-proteasome pathway. (A) Flag-hUTP14a or Flag control vector was transfected into HCT116 p53~/~ cells, and
immunoprecipitation was performed with an anti-Flag antibody. Proteins from precipitates were separated by SDS-PAGE and detected by silver staining. The
hUTP14a-specific bands were subjected to mass spectrometry analysis (B), and (C) immunoprecipitation was performed with an anti-hUTP14a antibody on HCT116
p53*/* (B) and U20S (C) cell lysates. Cells were treated with DMSO or MG132 for 6 h prior to harvest. Proteins from the precipitates were subjected to Western
blotting probed with the indicated antibodies. Rabbit IgG (rIgG) was used as an antibody control for immunoprecipitation. (D) and (E) Cells were treated with DMSO
or MG132 for 6 h prior to immunofluorescence staining. Inmunofluorescence staining was performed with anti-c-Myc (mouse) and anti-hUTP14a (rabbit) antibodies
on HCT116 p53*/* (D) and U20S (E) cells. Nuclei were stained with DAPI. Immunofluorescence images were captured using a confocal microscope. Scale bars
represent 10 um (HCT116 p53*/™) or 25 um (U20S). (F) and (G) HCT116 p53 7~ cells were transfected with hUTP14a siRNAs or control siRNA. Protein and mRNA
were extracted and subjected to Western blot (F) or RT-qPCR (G), respectively. Data are expressed as means = SEM of three independent experiments. N.S. means no
significance, Mann-Whitney U test. (H) and (I) HCT116 p53_/ ~ cells were transfected with indicated amounts of Flag-hUTP14a plasmid. Western blot (H) and RT-
qPCR (I) were performed as described in (F) and (G). Data were expressed as means + SEM of three independent experiments. N.S. means no significance, Mann-
Whitney U test. (J) HCT116 p53’/ ~ cells were transfected with indicated plasmids. Cells were harvested at the indicated time points after cycloheximide (CHX)
treatment. c-Myc protein levels were evaluated by Western blotting. Relative c-Myc protein levels standardized by -actin are shown (right).

washing, precipitates were analyzed by Western blot using the in- 2.6. Real-time quantitative PCR
dicated antibodies.
Real-time qPCR was performed using the SYBR-Green qPCR master
mix (Roche). GAPDH was used as a control for sample normalization.
The primers for PCR were as follows: sense primer for MYC: 5-CTC TGA
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and proteins in the precipitates were immunoblotted with anti-HA antibody. (D) U20S cells were transfected with Flag-hUTP14a or Flag vector 48 h post-transfection
of USP36 siRNA or the control siRNA. Proteins from cell lysates were subjected to Western blotting probed with the indicated antibodies. (E) U20S cells were
transfected with hUTP14 siRNA or/and USP36 siRNA. Proteins from cell lysates were subjected to Western blotting probed with the indicated antibodies. (F) HCT116
p53*/* cells were transfected with HA-ubiquitin, Flag-Fbw7y, and different doses of Flag-hUTP14a. Cells were treated with 10 uM MG132 for 6 h before harvest.
Immunoprecipitation was performed with anti-c-Myc antibody, and the precipitates were subjected to Western blotting probed with anti-HA antibody. (G) HCT116
p53*/* cells were transfected with Flag-USP36 or/and Flag-Fbw7y plasmid. Immunoprecipitation was performed with anti-hUTP14a antibody on whole cell lysates
after cells were treated with DMSO or MG132. Immunoprecipitates were subjected to Western blotting for evaluation of hUTP14a, Flag-USP36, and Flag-Fbw7y.
Approximately 5% of the cellular extracts for immunoprecipitation were loaded as the input control. (H) HCT116 p53*/™ cells were transfected with Flag-USP36 or
Flag-Fbw7y plasmid. Cells were treated with DMSO or MG132 for 6 h. Cells were fixed and double immunofluorescence staining was performed with the indicated
antibodies. Nuclei were stained with DAPI. Images were obtained under confocal microscopy. Scale bars represent 10 um. (I) HCT116 p53*/* cells were transfected
with GFP-hUTP14a plasmid and fixed 24 h post-transfection. Immunofluorescence staining was performed with anti-c-Myc antibody. c-Myc immuno-signals were
recognized with Alexa Fluor 594-labeled goat anti-mouse IgG. GFP-hUTP14a were observed under confocal microscope. Cell nuclei were stained with DAPI.
Immunofluorescence images were obtained by confocal microscope. The arrows indicate GFP-hUTP14a transfected cells, and the asterisk represents non-transfected
cells. Scale bars represent 10 um.

AAG GCT CTC CTT GCA-3’, antisense primer for MYC: 5’-CCG AGT CGT 2.7. Immunofluorescence

AGT CGA GGT CAT AG-3/, sense primer for h(UTP14A: 5-CAA TGA GAA

GCG CAA CAT CC-3’, antisense primer for hUTP14A: 5-TAA TGA TAT Immunofluorescence was performed as previously described [1].
GGC CTG GCT TGG-3’, sense primer for GAPDH: 5-ACG GAT TTG GTC Anti-c-Myc (C33, Santa Cruz Biotechnology) and anti-USP36 (72243,
GTA TTG GG-3’, and antisense primer for GAPDH: 5-CGC TCC TGG Abcam) were used as primary antibodies. Alexa Fluor 594-conjugated
AAG ATG GTG AT-3". goat anti-rabbit IgG and Alexa Fluor 488-conjugated goat anti-mouse
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Fig. 4. Transcription of hUTP14a was activated by c-Myc. (A) Schematic representation of the putative binding sites of c-Myc and p53 on the hUTP14A promoter. (B)
hUTP14A promoter reporter plasmid pGL3-hUTP14a-luc was co-transfected with increasing amounts of Flag-c-Myc plasmid into 293T cells in 24-well plates.
Luciferase activity was measured 24 h after transfection. Relative luciferase activity is shown. Data are expressed as means + SEM of three independent experiments
in triplicate. Statistical significance was analyzed using one-way analysis of variance (**P < 0.01). (C) Cells were transfected with the indicated amounts of Flag-c-
Myc and harvested 24 h post-transfection. Total RNA was extracted, and RT-qPCR was performed for evaluating the mRNA levels of hUTP14A. Relative hUTP14A
mRNA levels are represented by the black histogram (left). Data are expressed as means * SEM of three independent experiments in triplicate. *P < 0.05, Mann-
Whitney U test. Protein from the cell lysates were subjected to Western blotting (right) to evaluate protein levels of Flag-c-Myc and hUTP14a. (D) U20S cells were
transfected with c-Myc siRNA, and control siRNAs. RT-qPCR (left) and Western blot (right) were performed as described in (C). Relative hUTP14A mRNA levels are

represented by the black histogram. Data are expressed as means =+

IgG (Zhongshan Golden Bridge Biotechnology Co., Ltd) were used as
secondary antibodies. Immunofluorescence images were captured using
a confocal microscope (Leica TCS-ST2).

2.8. Lentivirus production and shRNA-mediated gene knockdown

The following shRNA sequences were cloned into pLKO.1 vector:
control shRNA, 5’-ACU ACC GUU GUU AUA GGU Gtt-3’ and hUTP14a
shRNA, 5-CAG GAA GAA CUA GCG GAU Utt-3’. Lentiviruses for
hUTP14a knockdown or scrambled control were generated by trans-
fecting 293T cells with a transducing vector or a control vector, as well
as the packaging vectors pMD2.G and psPAX2. Polybrene (8 ug/mL)
was added to the medium to improve infection efficiency. The medium
was replaced with fresh DMEM supplemented with 10% FBS 12 h after
transfection. Virus particles in the medium were collected, filtered, and
transduced into target cells 48 h after transfection.

2.9. Mouse xenograft tumor model

Four-to six-week-old female nonobese diabetic/severe combined
immunodeficiency (NOD/SCID) mice (Beijing Vital River Laboratory
Animal Technology Co., Ltd.) were randomly separated into two groups
(n = 5, per group), and HCT116 p53*/™ cells expressing pLKO.1-con-
trol shRNA or pLKO.1-hUTP14a shRNA (2 x 10°) were injected sub-
cutaneously into the right armpit of each mouse. Tumor size was
measured with a digital caliper every other day, and the tumor volume
was calculated using the formula length x width? x 0.5 (mm?). At day
24 post-implantation, the mice were sacrificed. Tumors were collected
and weighted. Expression of hUTP14a and c-Myc was evaluated by
Western blot. Animal operations were performed according to the
National Institutes of Health guidelines. Studies on animals obtained
the approval of the Institutional Animal Care and Use Committee of
Peking University Health Science Center.

2.10. Statistical analysis

All statistical analyses were carried out using SPSS software 17
version (SPSS Inc.) and GraphPad Prism Software. All data are ex-
pressed as means + SEM. Mann-Whitney U test or one-way analysis of
variance was used in all cellular experiments to determine statistical
significance. The associations between hUTP14a expression and clinical
pathological variables were analyzed using the Pearson's > test.

SEM of three independent experiments in triplicate. *P < 0.05, Mann-Whitney U test.

Survival curve was plotted using the Kaplan-Meier method, and the
difference between the survival curves was analyzed using the log-rank
test. Univariate and multivariate survival analyses were performed
using the Cox proportional hazard model. P < 0.05 (*), P < 0.01 (**),
or P < 0.001 (***) was considered significant.

3. Results
3.1. Expression of nucleolar hUTP14a is upregulated in CRC patients

To evaluate the expression level of hUTP14a in human CRC tissues,
Western blotting was performed on the tumor tissue lysates extracted
from CRC tumor and adjacent non-tumorous counterparts. We showed
that hUTP14a is upregulated in 16/20 (80%) of CRC tumor tissues
compared with their non-tumorous counterparts (Fig. 1A and B). To
confirm this finding, the expression of hUTP14a was evaluated by IHC
on human CRC tissue's microarray. hUTP14a is detected in the nu-
cleolus (Fig. 1C) and cytoplasm (Supplementary Fig. S1A) in CRC tis-
sues. Nucleolar hUTP14a is significantly upregulated in CRC tumor
tissues (60/154, 39.0%) compared with their non-tumorous counter-
parts (0/154, 0.0%) (Fig. 1D and E, P < 0.05). In comparison, no
significant difference was found in the cytoplasmic hUTP14a between
the CRC tumor tissues (84/154, 54.6%) and their non-tumorous coun-
terparts (99/154, 64.3%) (Fig. 1D and Supplementary Fig. S1B)
(P > 0.05), indicating that hUTP14a promotes CRC progression mainly
through its expression in the nucleolus. To evaluate the significance of
nucleolar hUTP14a in the prognosis of CRC patients, Kaplan-Meier
survival analysis was conducted based on the nucleolar hUTP14a ex-
pression in the primary tumors stages I-III. The OS of the patients with
positive nucleolar hUTP14a expression was significantly worse than
that of those with negative nucleolar hUTP14a expression (Fig. 1F)
(P < 0.01). Notably, univariate and multivariate Cox regression ana-
lyses showed that besides the serum CEA level and N stage, expression
of nucleolar hUTP14a is also considered as an independent prognostic
factor for poor survival of CRC patients (Table 1). Furthermore, the
nucleolar expression of hUTP14a is positively associated with distant
and extra-hepatic metastases (P < 0.05) (Supplementary Table S1).
However, no significant relationship was found between the nucleolar
hUTP14a and gender, age, tumor location, serum CEA level, CA19-9,
tumor size, tumor differentiation, T stage, N stage, pathological staging
(TNM), or lymphovascular invasion. Thus, hUTP14a may function as a
prognostic factor for CRC patients.



J. Zhang et al.

800
- . -e- Control shRNA *
e o
& & E goo{ ™ hUTP14ashRNA
§ » g
S g
& 5 4004
kpa © S
<}
100_- hUTP14a 5 200
46- ;
B-actin
04
HCT116 p53+/+ T T T T T T
0 12 14 16 18 20 22 24
Days
Control shRNA hUTP14a shRNA

kba 1 2 3 4 5 M 1 2 3 4 5

100- hUTP14a
58- c-Myc
46-

B-actin

Cancer Letters 440-441 (2019) 106-115
127

1.0

0.8

0.6

Control shRNA @iy .

_
&)
2
-
=
2
{7}
3
o
o
E
-
'—

Non-tumorous
counterparts

hUTP14a shRNA

Tumor tissues

Overall survival

E F —— Nucleolar hUTP14a (-) and c-Myc (-) (n=25)
—— Nucleolar hUTP14a (+) and c-Myc (-) (n=19)
Nucleolar hUTP14a (-) and c-Myc (+) (n =48)
_ = Nucleolar hUTP14a (+) and c-Myc (+) (n=28)
Variable c-Myc S 107 === )
— — . 508 iy Re—
Positive(%) Negative(%) Total P r %) ol
o 0.6
Nucleolar  Positive(%) 51(33.1)  9(5.8) 60(39.0) <0.001 0.32 2 0.4-
hUTP14a . 3 Bsid B
Negative(%) 51(33.1)  43(27.9) 94(61.0) E 02 =
O
Total 102(66.2) 52(33.8) 154(100.0 0.0 y T T T J
( ) ( ) ( ) 0 12 24 36 48 60
Follow-up Time (Month)
b
G Disease-free survival H b
( usp3s cMye D v
=~ Nucleolar hUTP14a (-) and c-Myc (-) (n=25)
—— Nucleolar hUTP14a (+) and c-Myc () (n = 19) k‘UTpl“aJ
Nucleolar hUTP14a (-) and c-Myc (+) (n = 48) FBW7y CcMyc )
_ =~ Nucleolar hUTP14a (+) and c-Myc (+) (n=28) INSNS/
.(2“ (_UsP36 hUTP14a promoter
0
=
n
)
=
E Py (hutP4al 2 2%
g P =0.001 Ub hUTP14a mRNA
= 0(c-Myc D
© 0.0+ . . . . , = -y
0 12 24 36 48 60 V\ )
Follow-up Time (Month) w L)

3.2. hUTP14a interacts with c-Myc

To explore the molecular mechanism by which hUTP14a functions
in CRC development, hUTP14a-associated proteins were identified by
immunoprecipitation on the cell lysates extracted from CRC cell line

(caption on next page)

HCT116 followed by mass spectrometry analysis. Notably, c-Myc and
USP36 were found in the hUTP14a-specific immuno-complex (Fig. 2A).
To confirm the interaction between hUTP14a and c-Myc, im-
munoprecipitation was performed with hUTP14a antibody on
HCT116 cell lysates. However, immunoprecipitation showed a faint
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Fig. 5. hUTP14a stabilizes c-Myc in vivo, and co-upregulation of nucleolar hUTP14a and c-Myc indicates poor prognosis of CRC patients. (A) Expression of hUTP14a
was evaluated by Western blotting using anti-hUTP14a antibody in HCT116 p53*/™ cells stably expressing hUTP14a-shRNA or control shRNA. About 2 x 10° of
cells were subcutaneously injected into the right armpit of NOD/SCID mice. Tumor size was measured with a digital caliper every other day, and the tumor volume
was calculated as described in the Methods section. Tumor growth curve was plotted using tumor volumes at different time points. (B) Mice were sacrificed and
tumors were collected 24 days post-implantation (left). Weight of tumors was determined and represented as means * SEM (right). *P < 0.05, Mann-Whitney U
test. (C) Expression of hUTP14a and c-Myc in the xenograft tumors was evaluated by Western blotting. M means protein marker. (D) Representative im-
munohistochemistry staining of c-Myc in colorectal cancer tissues and adjacent non-tumorous tissues. Scale bars represent 50 um. (E) The correlation between
nucleolar hUTP14a and c-Myc in human CRC tissues was analyzed using Spearman's rank correlation test. P < 0.001. (F) Overall survival curves of CRC patients were
plotted against the nucleolar hUTP14a and/or c-Myc expression levels using the Kaplan-Meier method, and the difference between the survival curves was analyzed
using the log-rank test. Data were summarized from 120 CRC cases with which survival information was available. (G) Disease-free survival curves of CRC patients
against the nucleolar hUTP14a and/or c-Myc expression levels was plotted by Kaplan-Meier analysis. Data were summarized from 120 CRC cases with which survival
information was available. (H) Working model to illustrate the positive regulatory loop between hUTP14a and c-Myc.

interaction between hUTP14a and c-Myc under normal conditions. only in the presence of USP36 (Fig. 3E), confirming that USP36 is re-
Since hUTP14a is a nucleolar protein and c-Myc has been found to be quired for the hUTP14a-mediated c-Myc stabilization. As USP36 pro-
accumulated in the nucleolus when proteasomal activity is inhibited tects c-Myc from Fbw7y-mediated degradation in the nucleolus [20],

[17,29], we thus treated cells with proteasome inhibitor MG132 and we evaluated if hUTP14a affects Fbw7y-mediated c-Myc ubiquitination.
performed immunoprecipitation experiments. hUTP14a binds c-Myc in Results showed that Flag-hUTP14a inhibits Fbw7y-mediated c-Myc
HCT116 and U20S cells under MG132 treatment (Fig. 2B and C), ubiquitination in a dose-dependent manner (Fig. 3F), demonstrating
suggesting that hUTP14a might regulate proteasomal degradation of c- that hUTP14a stabilizes c-Myc by inhibiting Fbw7y-mediated c-Myc
Myec. In addition, c-Myc is co-localized with hUTP14a in the nucleolus degradation.

upon MG132 treatment in HCT116 p53*/*, U20S, and HeLa cells Thereafter, we determined if hUTP14a binds with USP36 and
(Fig. 2D and E and Supplementary Fig. S2), confirming that hUTP14a Fbw7y. We transfected cells with Flag-USP36 or/and Flag-Fbw7y and
interacts c-Myc in the nucleolus. performed immunoprecipitation with anti-hUTP14a antibody. Flag-

USP36 and Flag-Fbw7y co-existed in the hUTP14a-specific im-
3.3. hUTP14a stabilizes c-Myc through the ubiquitin-proteasome pathway munoprecipitates regardless of MG132 treatment, demonstrating that
hUTP14a forms a complex with USP36 and Fbw7y (Fig. 3G). Im-
We thereafter wanted to know if hUTP14a regulates c-Myc protein munofluorescence staining showed that hUTP14a co-localizes with
level. Since hUTP14a promotes p53 degradation [1], we evaluated c- Flag-USP36 and Flag-Fbw7y in the nucleolus whether cells were treated
Myc levels when hUTP14a was silenced in the HCT116 p53~/~ and with MG132 or not (Fig. 3H), confirming that hUTP14a interacts with
U208 cells. Knockdown of hUTP14a results in decreased levels of c-Myc USP36 and Fbw7y in the nucleolus. Importantly, c-Myc was localized in
in the HCT116 p53~/~ cells (Fig. 2F) and U208 cells (Supplementary the nucleolus in GFP-hUTP14a expressed cells, whereas c-Myc re-
Fig. S3A), suggesting that hUTP14a regulates c-Myc level regardless of =~ mained in the nucleoplasm in untransfected cells (Fig. 3I and
p53 expression. Furthermore, knockdown of hUTP14a did not sig- Supplementary Fig. S4), demonstrating that hUTP14a accumulates c-
nificantly change the MYC mRNA levels (Fig. 2G). Accordingly, ectopic Myc in the nucleolus. Collectively, we demonstrated that hUTP14a
expression of Flag-hUTP14a caused a dose-dependent increase of c-Myc forms a hUTP14a/USP36/Fbw7y complex to inhibit Fbw7y-mediated c-
levels in the HCT116 p53~/~ (Fig. 2H) and U20S cells (Supplementary Myc degradation in the nucleolus.
Fig. S3B) without changing the mRNA levels of MYC (Fig. 2I). These

results indicated that hUTP14a increases c-Myc levels by protein—pro- 3.5. ¢-Myc activates transcription of hUTP14A
tein interaction rather than transcriptional regulation.

Thus, we wanted to determine if hUTP14a affects protein stability of To unravel the mechanism by which hUTP14a is upregulated in
c-Myc. The half-life of c-Myc was prolonged to more than 30 min when CRC, we set out to explore the transcriptional regulation of hUTP14a.
Flag-hUTP14a was ectopically expressed, whereas it was approximately The potential upstream regulatory factor(s) of hUTP14A promoter was
20 min in the Flag transfected cells (Fig. 2J) as described previously analyzed using a MatInspector Professional program. Both p53 and c-
[11,12], indicating that hUTP14a stabilizes c-Myc protein. Myc were found to be putative transcription factors in the minimal

To determine if the hUTP14a-mediated c-Myc stabilization is related promoter region of hUTP14A gene [30] (Fig. 4A). However, the luci-
to the ubiquitin-proteasome pathway, cells were treated with MG132. ferase activity of the hUTP14a-promoter-luciferase reporter pGL3-

Knockdown of hUTP14a-induced c-Myc reduction was inhibited by hUTP14a-luc was activated by Flag-c-Myc in a dose-dependent manner
MG132, indicating that hUTP14a stabilizes c-Myc through proteasome- (Fig. 4B) but not by Flag-p53 [30] (Supplementary Fig. S5A), suggesting
mediated pathway (Fig. 3A). Further, in vivo ubiquitination experiments that transcription of hUTP14A was upregulated by c-Myec. In addition,
showed that ectopic Flag-hUTP14a inhibits c-Myc polyubiquitination in hUTP14A mRNA levels were elevated by Flag-c-Myc (Fig. 4C) but not
cells (Fig. 3B). In contrast, knockdown of hUTP14a results in increased by Flag-p53 (Supplementary Fig. S5B). Meanwhile, hUTP14a protein
c-Myc ubiquitination (Fig. 3C), demonstrating that hUTP14a stabilizes levels were elevated by ectopic Flag-c-Myc. Accordingly, knockdown of

c-Myc by inhibiting ubiquitination of c-Myc. c-Myc by siRNA caused a dramatic decrease in hUTP14A mRNA and

hUTP14a protein levels (Fig. 4D). These results demonstrated that c-
3.4. hUTP14a forms a complex with USP36/Fbw7y to inhibit Fbw7y- Myec activates transcription of hUTP14A. Thus, hUTP14a forms a posi-
mediated c-Myc degradation tive regulation loop with c-Myc.

As USP36 stabilizes c-Myc in the nucleolus [20] and is identified in 3.6. Knockdown of hUTP14a inhibits tumor growth and decreases c-Myc

the hUTP14a-specific protein complex (Fig. 2A), we asked if the levels in mouse xenografts

hUTP14a-induced c-Myc stabilization is mediated by USP36. The de-

pletion of USP36 dramatically decreases c-Myc levels as previously To explore the role of hUTP14a in CRC progression, we established
described [20] (Fig. 3D). Importantly, Flag-hUTP14a failed to upregu- a stable cell line with hUTP14a-depleted by shRNA in the HCT116
late c-Myc in the absence of USP36, demonstrating that hUTP14a- p53*/* cells (Fig. 5A). HCT116-hUTP14a shRNA cells or HCT116-
mediated c-Myc stabilization is dependent on USP36. Accordingly, control shRNA cells were subcutaneously injected into the NOD/SCID
knockdown of hUTP14a causes a significant decrease in c-Myc levels mice, respectively. Tumor sizes were monitored every other day. As
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shown in Fig. 5A and B, the volume and weight of xenograft tumors
derived from HCT116-hUTP14a shRNA cells were significantly smaller
than that derived from HCT116-control shRNA cells (P < 0.05), de-
monstrating that knockdown of hUTP14a inhibits CRC growth in vivo.
We have evaluated the expression levels of hUTP14a, c-Myc, USP36,
and Fbw7y in the mouse xenografts (Fig. 5C and Supplementary Fig.
S6). Significantly, depletion of hUTP14a decreased the levels of c-Myc
in xenograft tumors, demonstrating that hUTP14a stabilizes c-Myc in
vivo.

3.7. Nucleolar hUTP14a positively correlates with c-Myc expression in
human CRC tissues and co-upregulation of hUTP14a and c-Myc indicates
poor prognosis of patients

Thereafter, we evaluated if expression of nucleolar hUTP14a cor-
relates with c-Myc in human CRC tissues. c-Myc was upregulated in
CRC tumor tissues (102/154, 66.2%) (Fig. 5D and E) as described
previously [24]. Nucleolar hUTP14a was positively correlated with
expression of c-Myc (P < 0.001) (Fig. 5E), indicating that nucleolar
hUTP14a and c-Myc are co-upregulated in a subset of human CRC
tumor tissues in vivo. Notably, the 5-year OS rate of patients with co-
upregulation of nucleolar hUTP14a and c-Myc expression was sig-
nificantly worse than that of patients with single c-Myc positive ex-
pression (52.4% vs 83.1%, P < 0.01) and that of the patients expres-
sing neither c-Myc nor nucleolar hUTP14a (52.4% vs 92.0%, P < 0.01)
(Fig. 5F). The 5-year DFS of patients with co-upregulation of nucleolar
hUTP14a and c-Myc expression was worse than that of patients with
single nucleolar hUTP14a expression (72.2% vs 92.0%, P < 0.05) and
single c-Myc positive expression (72.6% vs 92.0%, P < 0.01) and that
of patients with neither c-Myc nor nucleolar hUTP14a expression
(39.4% vs 92.0%, P < 0.01) (Fig. 5G). These findings strongly de-
monstrated that co-upregulation of nucleolar hUTP14a and c-Myec plays
a critical role in CRC progression and possesses prognostic potential for
the outcome of CRC patients.

4. Discussion

c-Myc plays an essential role in the initiation of CRC since down-
regulation of c-Myc inhibits intestinal polyposis, which is the very
primary pathological change in the development of CRC [31,32]. In
addition, c-Myc promotes progression of CRC [24,33]. Thus, c-Myc-
regulators may contribute to tumor initiation and progression [10]. In
the present study, we have identified hUTP14a as an important reg-
ulator of c-Myc in the progression of CRC.

Here, we initially found that nucleolar hUTP14a is significantly
upregulated in human CRC tissues, suggesting that hUTP14a may play a
role in the CRC progression through its function in the nucleolus.
Interestingly, USP36 and c-Myc are found in the hUTP14a-specific
immunoprecipitates in CRC cells. We found that hUTP14a binds c-Myc
and stabilizes c-Myc through proteasome-mediated pathway.
Interestingly, hUTP14a protects c-Myc from Fbw7y-mediated degrada-
tion in a USP36-dependent manner. We further demonstrate that
hUTP14a forms a complex with USP36/Fbw7y in the nucleolus.
Importantly, hUTP14a binds and co-localizes with Flag-USP36 and
Flag-Fbw7y in the nucleolus with or without MG132 treatment, de-
monstrating that hUTP14a forms a stable complex with USP36 and
Fbw7y. In comparison, hUTP14a binds c-Myc in the nucleolus only
when proteasomal activity is blocked, demonstrating that hUTP14a
protects c-Myc from degradation in the nucleolus and therefore elevates
the cellular level of c-Myc. This is verified by the results showing that c-
Myc is accumulated in the nucleolus in the GFP-hUTP14a expressed
cells. Collectively, we demonstrate that hUTP14a forms a hUTP14a/
USP36/Fbw7y complex to inhibit c-Myc degradation in the nucleolus
(Fig. 5H).

c-Myc promotes cell proliferation by upregulating a large number of
downstream genes [5,34,35] such as CCND1, BOP1, and PES1 [36-38].
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Recently, integrin alf31, which was shown to be upregulated in 65% of
CRC patients and promote colon cancer cell invasion, was found to be
regulated by c-Myc in CRC [39]. Thus, identification of downstream
genes of c-Myc would provide insights toward understanding the
function of c-Myc and provide more targets for clinical therapy of
cancers. In the present study, we identified hUTP14a as a downstream
gene of c-Myc. Since hUTP14a is required for 18S rRNA processing and
promotes p53 and RB degradation [1,2], c-Myc might partially promote
CRC progression by activating hUTP14a expression.

Despite the fact that surgical techniques have achieved significant
advances over the years, the recurrence and metastasis rate of CRC
remain high after curative therapy. Extrahepatic metastasis of CRC is a
negative prognostic factor for CRC patients, causing less than 20% of
the 5-year OS even after curative treatment [40,41]. In the present
study, expression of nucleolar hUTP14a is significantly associated with
extrahepatic metastases; thus, interference of hUTP14a expression in
the patients with nucleolar hUTP14a expression might improve the
outcome of the patients. Several genes have been reported to be related
with extrahepatic metastases in CRC patients such as BRAF and KRAS.
KRAS gene mutations have been found in 50% of CRC patients, and
activation of the downstream genes by mutated KRAS expression di-
minishes the response of the patients to the anti-EGFR drug such as
cetuximab [42]. In addition, expression of c-Myc is associated with the
presence of KRAS and BRAF mutations in CRC [43]. Besides, MYC
might be a downstream gene of KRAS or BRAF [44]. Thus, a regulation
loop between c-Myc and KRAS or BRAF may play an important role in
CRC progression. Here, we demonstrate that hUTP14a forms a positive
regulation feedback loop with c-Myc. Hence, future studies should de-
termine whether hUTP14a is associated with KRAS and BRAF mutations
in CRC.

In the present study, we demonstrate that nucleolar hUTP14a acts as
a novel independent prognostic factor for reduced OS of CRC patients.
Additionally, nucleolar hUTP14a expression is not correlated with
serum CEA level and N stage, which are used as prognostic factors for
CRC [45,46]. Thus, evaluation of nucleolar hUTP14a in combination of
CEA levels and N stage might help improve the prediction of the
prognosis of CRC patients.

Given the demonstrated importance of c-Myc in promoting CRC
progression, much effort has been made to target c-Myc for CRC
therapy. Notably, several therapeutic targets of CRC identified in a
genome-scale analysis of 276 CRC samples reported by the Cancer
Genome Atlas all eventually converged on c-Myc [25]. Accordingly,
various strategies have been employed to target c-Myc directly or in-
directly. Direct inhibitors and indirect interference with c-Myc expres-
sion or stability have shown a high therapeutic efficacy for many tu-
mors [47,48]. In the present study, we found that hUTP14a forms a
positive regulation loop with c-Myec, raising the possibility that in-
hibition of hUTP14a expression might provide a clinically tractable
path toward the treatment of CRC. Furthermore, co-upregulation of
both hUTP14a and c-Myc proteins indicated poor outcome, suggesting
that these two proteins may act synergistically in CRC progression.
Importantly, depletion of hUTP14a inhibits tumor growth and de-
creases c-Myc expression levels in mouse xenograft. Thus, inhibition of
hUTP14a expression may provide a potential clinical therapeutic
strategy for a certain subset of CRC patients expressing nucleolar
hUTP14a and c-Myc.
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