Translational Oncology 13 (2020) 100804

o q ) g Translational
Contents lists available at ScienceDirect Oncology.

Translational Oncology

journal homepage: www.elsevier.com/locate/tranon

Check for
updates

Low Expression of Smurfl Enhances the Chemosensitivity of Human
Colorectal Cancer to Gemcitabine and Cisplatin in Patient-Derived
Xenograft Models

Jing Guo ¢, Guiying Xu **, Chuanbin Mao “*, Rongfei Wei >®¢*

@ Beijing Municipal Key Laboratory of Advanced Energy Materials and Technology, School of Materials Science and Engineering, University of Science and Technology Beijing,
Beijing 100083, China

Y Key Laboratory of Human Disease Comparative Medicine, Ministry of Health, Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences & Comparative
Medical Center, Peking Union Medical College, Beijing 100021, China

¢ Department of Chemistry and Biochemistry, Stephenson Life Sciences Research Center, University of Oklahoma, 101 Stephenson Parkway, Norman, OK 73019-5300, USA

4 Beijing Engineering Research Center for Experimental Animal Models of Human Critical Diseases, Beijing 100021, China

¢ Beijing Key Laboratory for Animal Models of Emerging and Reemerging Infectious, Beijing 100021, China

ARTICLE INFO ABSTRACT
Article history: Despite the side effects, chemotherapy is one of the most common treatments in colorectal cancer (CRC). An open-
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ended question about CRC chemotherapy, which has been discussed quite often, is with respect to the validation of
prognostic or predictive factors. It is believed that personalized chemotherapy can improve the treatment outcome
of patients with colorectal tumors. Though, Smurfl is highly expressed in multiple tumors and plays a critical role
in the occurrence and development of multiple cancers, it’s role in the susceptibility of CRC response to chemotherapy
is still unknown, Therefore, the study aimed to understand the role of Smurfl in the susceptibility of CRC response to
chemotherapy. The study showed that the knockdown of Smurf1 increases gemcitabine and cisplatin-induced HCT116
cells apoptosis in vitro. Furthermore, in vivo experiments showed that tumors that had low Smurf1 expression exhib-
ited enhanced gemcitabine, cisplatin, and gemcitabine plus cisplatin anti-tumor effects in HCT116 cell-derived xeno-
graft (CDX) models and patient-derived xenograft (PDX) models. In conclusion, the results indicated that Smurfl
inhibits the chemosensitivity of CRC to gemcitabine, cisplatin, and gemcitabine plus cisplatin. Therefore, downregu-
latilng the Smurfl expression is a potential strategy to increase the efficacy of gemcitabine and cisplatin in
CRC patients.
© 2020 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction highly expressed in multiple cancers, including CRC [4], ovarian cancer

[5], and breast cancer [6]. It plays a critical role in the occurrence and devel-

Colorectal cancer (CRC) is a common gastrointestinal malignant tumor,
which is the third most common cancer in terms of incidence and second
most common in terms of mortality [1]. In the recent years, new and im-
proved generation of chemotherapeutic agents and molecular targeted
agents for treating CRC have emerged [2,3]. However, some CRC patients
are insensitive to chemotherapeutic drugs.

Smad ubiquitination regulatory factor 1 (Smurfl) is a HECT-type E3
ubiquitin-protein ligase, which belongs to the neuronal precursor cell-
expressed developmentally down-regulated 4 (Nedd4) family. Smurfl is

opment of multiple tumors by targeting diverse substrates such as RhoA [7],
DAB2IP [8], and ARHGP26 [5] for ubiquitin-dependent degradation and reg-
ulates tumor cell growth and metastasis. However, it is significantly unclear if
Smurfl regulates the sensitivity of cancer cells to chemotherapeutic drugs.
To improve drug development, National Cancer Institute (NCI), in the
1970s, used human cancer models for drug screening. However, over
90% of the drugs with preclinical activity failed during the clinic trail
owing to insufficient efficacy [9]. During the last 40 years, several methods
or models have been developed for preclinical testing of anti-tumor agents

* Address all correspondence to: Guiying Xu, Beijing Municipal Key Laboratory of Advanced Energy Materials and Technology, School of Materials Science and Engineering, University of
Science and Technology Beijing, Beijing 100083, China. or Chuanbin Mao, Department of Chemistry and Biochemistry, Stephenson Life Sciences Research Center, University of Oklahoma, 101
Stephenson Parkway, Norman, OK 73019-5300, USA. or Rongfei Wei, Key Laboratory of Human Disease Comparative Medicine, Ministry of Health, Institute of Laboratory Animal Science,
Chinese Academy of Medical Sciences & Comparative Medical Center, Peking Union Medical College, Beijing 100021, China.

E-mail addresses: xugy@mater.ustb.edu.cn, (G. Xu), cbmao@ou.edu, maophage@gmail.com, (C. Mao), weirongfei2010@163.com. (R. Wei).

http://dx.doi.org/10.1016/j.tranon.2020.100804

1936-5233/© 2020 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.tranon.2020.100804&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.tranon.2020.100804
weirongfei2010@163.com
http://dx.doi.org/10.1016/j.tranon.2020.100804
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/tranon

J. Guo et al. Translational Oncology 13 (2020) 100804

Smurf1
154 T 1.2+
g
S < S g
~ — -~
A 2 10 i =09 $ £
8 3 s L
g $ 0.6+ c @
° S
3 57 5 IB: Smurf1 . ~ 86kDa
9 o 0.3
< 2 wox
0- S 00l I B-actin s 43 kDa
S N S N
ANNEXIN V s & &8
& &P
B 0 pM GEM 0.5 yM GEM 5 uM GEM 10 yM GEM ~®— shControl —M- shSmurf1
% =4 & k&
o " b o 5 40+
oy o =y =4 =
E E 8 p— ok
oy = ey e <
E % % 30_ dekk
e =] L1 ®
”:?’ 1.9% | W 6.4% | = MR 8.2% 3
A e R B B ek R R FLs i Bk S PR o 204
. s
% L % =1 - Fekek
“’1 *"l “’l . T § 104 e s
o =y =y =3 5 £
. o N @] £
é =3 = = i S’C) 0 T T T T T T
] o] ; “f:J @ 0 05 1 2 5 10
~d 78% | <HF 81% W24, 2%
A e - AL i e i Sl - T GEM (M)
7
ANNEXIN V
C 0 uM CIS 12.5 yM CIS 50 uM CIS 200 pM CIS
=1 b = < ~®— shControl —M- shSmurft
= = I £ 100-
h?‘ m?‘ "‘E_l 8 *%k
c  ~
] - o — — » £ 804
- 6.4% : 24.9% W 34 s -
S T n AL Lo Al i R L e e Rl R T 60+ .
o
"21 o .,_‘ ,,_* o *kk
. f‘ j! :‘! 3 40 -
= =3 =1 =1 5 g
<| % o & ‘E g 204 .
] o] . 6 - @ 04
=] P 10 5% | W 33.2% e 510 * 84.5% N y y ' '
"“'o "'"oz““oq ";z‘}‘o ":,z"‘*o 0 125 25 50 100 200
> CIS (um)
ANNEXIN V
D shControl shSmurf1 F
GEM -+ - -+ - shControl [
cls - - o+ - - 4+
IB: Bax !
shSmurf1
B-actin
c
S
E 104 -6~ shControl+PBS § 10004
8 —A— shControl+GEM £ — shControl
< shControl+CIS 9 800+ - mmm  shSmurfi
Z 6 —©— shSmurf1+PBS £ [ .
g °7 ~¥—  shSmurf1+GEM % 600 —
[S 4 - shSmurf1+CIS <
2 T /“/1‘ w 4004
T sk e}
O 24 %\'ﬁ & 200
. 9]
0 T T T T T % 0 T T |.—
1 2 3 4 5 3 PBS GEM cis

(caption on next page)



J. Guo et al.

both in vitro and in vivo [10]. Recently, the development and application of
patient-derived tumor xenograft (PDX) models for preclinical research have
gained ample popularity. PDX models, established from tumor tissue sam-
ples directly implanted into immunodeficient mice, maintain the histopath-
ologic architecture and genetic characteristics of their donor tumor, as well
as the interplay with stromal components and other cells fluxing into the
tumor environment [10-12]. Therefore, PDX models offer a potential solu-
tion to maximize the success of drug development and ultimately allow for
personalized treatment of patients.

In the present study, we investigated if the knockdown of Smurf1 could
enhance the chemosensitivity of colorectal cancer cells to gemcitabine, cis-
platin, and gemcitabine plus cisplatin in cell-derived xenograft (CDX) and
PDX models. We determined that the knockdown of Smurfl in HCT116
cell line exhibited enhanced chemosensitivity to gemcitabine, cisplatin,
and gemcitabine plus cisplatin, alongside that of CDX and PDX models.
To the best of our knowledge, this is the first description of the relationship
between Smurfl and chemosensitivity in human cancers.

Materials and Methods
Cell Culture and Cell Lines

HCT116, MCF7, HeLa and A549 cells were cultured in RPMI 1640 me-
dium (Gibco) supplemented with 10% fetal bovine serum (Gibco), 100
units mL ™ penicillin and streptomycin, at 37°C in a humidified 5% CO, in-
cubator. All cell lines used in this study were purchased from American
Type Culture Collection (ATCC, Manassas, VA).

Antibodies and Chemical Reagents

Anti-Smurfl antibody (ab57573) was purchased from Abcam; anti-
PCNA and anti-Cyclin D1 antibodies were purchased from Cell Signaling
Technology. Gemcitabine was purchased from MCE; cisplatin was pur-
chased from APExBIO.

Establishment of Stable Smurf1 Knockdown Cell Lines

To knock down endogenous Smurfl expression in HCT116, MCF7, HeLa
and A549 cells, lentiviruses containing Smurfl or control shRNA were pur-
chased from GeneChem Co., Ltd., Shanghai, China. And the stable cell lines
with Smurfl knockdown were constructed as previously described [13].
The knockdown efficiency was detected by western blot and real-time PCR.

RNA Extraction and Analysis

Smurfl knockdown cell lines, including HCT116, MCF7, HeLa and
A549 cells, were homogenized in TRizol and total RNA purified, DNase
treated, quantified and subjected to reverse transcription PCR, quantitative
Real-time PCR (qPCR) and calculating gene expression levels relative to
GAPDH (2"24%Y, Quantitative Real-time PCR was performed using an
ABI StepOne Plus system (Applied Biosystems, Foster City, CA). Primer se-
quences used in this study were as follows: Smurfl F, 5'-
ctaccagcgtttggatctat-3’ and Smurfl R, 5’-tgtctcgggtetgtaaact-3; GAPDH F,
5’-aggtcggtgtgaacggatttg-3’ and GAPDH R, 5'-tgtagaccatgtagttgaggtca-3”.
F and R represent forward and reverse primer, respectively.
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Apoptosis Assays for Flow Cytometry

2 X 10° HCT116 cells stably knocked down for Smurfl or not were
washed with PBS and stained with PE Annexin V and 7-AAD according to
the manufacture’s protocol of PE Annexin V Apoptosis Detection Kit I (BD
Pharmingen, San Diego, CA, USA). Apoptotic cells were then determined
by flow cytometry.

Transwell Assays

5 x 10 control or Smurfl-depleted HCT116 cells were added in the
upper well of the 24-well transwell plate with 8-mm polyethylene
terephalate membrane filters (Corning) in 200 pL serum-free RPMI 1640
medium supplemented with 1 pM GEM or 6.25 pM CIS. The bottom reser-
voir was filled with 500 pL. RPMI 1640 medium plus with 10% fetal bovine
serum (FBS) and 100 U mL* penicillin. Cells were cultured at 37°C in a hu-
midified 5% CO, incubator. After 24 h, cells on the lower membrane sur-
face were fixed with methanol for 10 min and stained with 0.1% Crystal
Violetin 20% (v/v) methanol for 15 min, photographed and the cell number
on each filter was counted in five randomly selected 200 x fields.

Histochemistry

Tissues were dissected in 10% formalin for 48 h and processed for 3.5 pm
paraffin wax sections. Hematoxylin and Eosin staining was performed using
standard histology techniques. Primary antibodies used were against PCNA,
Cyclin D1 and Smurfl. Signal detection was performed using DAB substrate
kit (ZSGB-BIO, Beijing, China) according to the manufacturer’s instructions.

Nude Mice Xenograft Models (CDX Models)

BALB/c nude mice (6-7 weeks old, 18.0 = 2.0 g) were obtained from
Beijing HFK Bioscience CO., LTD. HeLa cells (8 X 10°/site) were inocu-
lated subcutaneously into both sides of the front armpits of the mice.
Tumor size and body weight were measured weekly and tumor volume
(TV) was calculated as follows: TV (mm®) = (a x b?)/2, where a and b
were the largest and smallest diameters, respectively. Once the tumor had
attained a size of 100 mm?, mice were injected intraperitoneally (i.p.)
with gemcitabine at 50 mg/kg, cisplatin at 2.5 mg/kg and gemcitabine
(25 mg/kg) plus cisplatin (1.25 mg/kg) weekly.

All animals were sacrificed after treated or not for 3 weeks. Tumors
were removed, weighed and fixed for histological examination. All experi-
mental procedures were approved by the Animal Care and Use Committee
(IACUC) of Institute of Laboratory Animal Sciences (Institute of Laboratory
Animal Science, CAMS & PUMC). Then histochemical analysis was per-
formed as described in Histochemistry method.

Construction of PDX Models

Experiments were performed after receiving patient informed con-
sent and approval from the Research Ethics Committee of Peking Uni-
versity People’s Hospital. All samples identities are renamed with
codes (such as CRC1, CRC2, CRC3, CRC4, CRC5, CRC6) instead of
the patient’s name, and hospital number. The animal care protocol
for this study was approved by the Institutional Animal Care and
Use Committee (IACUC) of the Laboratory of Animal Research at
the Institute of Laboratory animal Sciences, CAMS&PUMC. Fresh

<— Figure 1. Knockdown of Smurf1 promotes gemcitabine or cisplatin-induced HCT116 cells apoptosis. A. Flow cytometry was performed to evaluate the cell apoptosis of

control or Smurfl-depleted HCT116 cells. And the percentage of apoptotic cells was statistically analyzed. The knockdown efficiencies of Smurf1 were detected by real-time
PCR and western blot. Data represent three independent experiments. B and C. The cell apoptosis of control or Smurfl-depleted HCT116 cells with or without treated with
the indicated concentration of gemcitabine (0.5, 1, 2, 5, 10 uM) or cisplatin (12.5, 25, 50, 100, 200 pM) for 48 h. And the percentage of apoptotic cells was statistically
analyzed. D. Western blot analysis of the expression of apoptosis protein Bax in control or Smurfl-depleted HCT116 cells treated with 10 pM GEM or 200 uM CIS for 48
h. E. The cell numbers of control or Smurfl-depleted HCT116 cells cultured in medium supplemented with 1 pM GEM or 6.25 M CIS were calculated in the indicated
time. F. The cell migration assays were performed in transwell plates. Data represent three independent experiments. GEM, gemcitabine; CIS, cisplatin. Data represent the

mean *+ S.D. **P < .01, ***P < .001.
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Figure 2. Smurfl inhibits chemosensitivity of HCT116 cells to gemcitabine and cisplatin in vitro. CCK-8 assay was used to detect cell viability of HCT116 (A), MCF7
(B), HeLa (C) and A549 (D) cells. Cells were treated with the indicated concentrations of gemcitabine (0, 0.5, 1, 2, 5, 10, 20, 50 pM), cisplatin (0, 0.5, 1, 2, 5, 10, 20, 50 pM) or
both (0, 0.1, 0.2, 0.5, 1, 2.5, 10 pM) for 48 h. Data represent three independent experiments. Data represent the mean + S.D. *P < .05, **P < .01, ***P < .001.

colorectal cancer tissues were sliced into about 2-3 mm? fragments in injection (i.p.) weekly. Body weight and tumor growth were moni-
cold PBS and six-week-old male NSG mice were subjected to tumor tored weekly for five weeks and PDX mice were sacrificed. These
engraftment. Once the xenograft tumor had attained a size of 100 tumor tissues were fixed in 10% formalin for 48 h and processed for
mm?>, 50 mg/kg gemcitabine, 2.5 mg/kg cisplatin and 25 mg/kg 3.5 pm sections. Then histochemical analysis was performed as previ-
gemcitabine plus 1.25 mg/kg cisplatin were given via intraperitoneal ously described.
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Figure 3. Depletion of Smurfl enhances the chemosensitivity of human colorectal cancer to gemcitabine and cisplatin in HCT116 cell-derived xenograft models.
A. Body weight was analyzed at the indicated time points. B. Volume of xenografts derived from HCT116 cells (8 x 10 per site) subcutaneously inoculated into both sides of
the front armpits of the mice (n = 6 per group) and treated with or without gemcitabine, cisplatin or both for 3 weeks. The transplanted tumors were removed and
photographed. Tumor weight (C) and tumor volume (D) were determined. Tumor volume was measured using a caliper at the indicated time points. Data are shown as
the mean + S.D. *P < .05, **P < .01, ***P <.001.

Statistical Analysis

Results

Data were analyzed using GraphPad Prism5 (GraphPad Software). Two-
tailed Student’s t-test was applied to analyze continuous variables. Statisti-
cally significant differences were presented as either *P<0.05, **P <0.01,
or ***P < (.001. Three independent replicates were performed for each ex-
periment. All results were calculated as the mean =+ standard deviation

(SD).

Gemcitabine and Cisplatin Increase Smurf1-Depleted HCT116 Cells Apoptosis

Smurfl is highly expressed in colorectal tumor tissues and corre-
lates with cancer progression [4]. It was determined that the knock-
down of Smurfl leaded to a significant increase in apoptosis in
HCT116 cells (Figure 1A). To investigate the role of Smurfl in
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Figure 4. Histological analysis of colon tumors from HCT116 cell-derived mouse xenografts. A. The histology of xenograft tumors was determined via H&E staining
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xenograft tumors from shControl or shSmurfl HCT116 cells. The positive cell number was counted in five randomly selected 400 x fields. Scale, 100 pm. Data represent

the mean + S.D. **P < .01, ***P < .001.

terms of the sensitivity of human colorectal cancer cells to chemo-
therapeutic drugs, we firstly identified if gemcitabine could signifi-
cantly induce apoptosis of Smurfl-depleted HCT116 cells. As shown
in Figure 1B, the percentage of apoptotic cells increased with an in-
crease in the gemcitabine concentration. Similarly, cisplatin was
found to increase the rate of apoptotic cells (Figure 1C). Gemcitabine
or cisplatin enhanced the expression of apoptosis-related protein,
Bax, in Smurfl-depleted HCT116 cells (Figure 1D). Furthermore,
gemcitabine or cisplatin reduced the proliferation and migration of
Smurfl-depleted HCT116 cells (Figure 1, E and F). These findings re-
vealed an inhibitory function of Smurfl, which was suppressing the
chemosensitivity of human colorectal cancer cells to gemcitabine
and cisplatin.

The Knockdown of Smurf1 Enhances the Sensitivity of Colorectal Cancer Cells to
Gemcitabine and Cisplatin In Vitro

Based on the above-mentioned results, we demonstrated that Smurfl
plays a critical role in HCT116 cells’ resistance to gemcitabine and cisplatin.
As listed in the Supplementary Table S1, we found that the half maximal in-
hibitory concentration (ICso) data for HCT116 significantly decreased for
gemcitabine, cisplatin, and gemcitabine plus cisplatin treatment in the
Smurfl-depleted HCT116 cells compared to the control cells following
drug treatment. The effect observed was most significant in the combina-
tion group. Furthermore, we investigated to determine similar effects in
other types of cancer cells. We established breast cancer MCF7, cervical
cancer HeLa, and lung adenocarcinoma A549 cell lines with lentivirus-
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Table 1
Patient information
Case no. Gender Age Position Diagnosis IHC
CRC1 M 76 Colon Adenocarcinoma HER2: negative

MLH1: positive
MSH2: positive
MSH6: positive
PMS2: positive
c-MET: positive (+)
CRC2 M 61 Right hemicolon Adenocarcinoma HER2: negative
MLH1: positive
MSH2: positive
MSHB6: positive
PMS2: positive
c-MET: positive (+ +)
CRC3 M 34 Rectum Adenocarcinoma HER2: positive
MLH1: positive
MSHZ2: positive
MSHBS6: positive
PMS2: positive
c-MET: positive (+)
CRC4 M 59 Colon Adenocarcinoma HER2: positive
MLH1: positive
MSHZ2: positive
MSHB6: positive
PMS2: positive
c-MET: positive (+ +)
CRC5 M 46 Rectum Adenocarcinoma HER2: positive
MLH1: positive
MSH2: positive
MSHB6: positive
PMS2: positive
¢-MET: positive (+ +)
CRC6 F 59 Right hemicolon Adenocarcinoma HER2: positive
MLH1: positive
MSH2: positive
MSH6: positive
PMS2: positive
c-MET: positive (+ + +)

Smurf1 FPKM
N w B
T T 9

-
o
1

1ol

T T T T T
(IR PRI e e
TS

C CRC 1 2 3 4 5 6

Figure 5. Analysis of Smurfl expression in CRC tissues. A. Smurfl RNA levels were analyzed in the indicated 6 CRC tissues. RNA-seq analysis was performed. B.
Immunohistological analysis of the CRC tissues and representative images of Smurfl staining were shown at 400 X magnification. Scale, 100 pm. C. Western blot analysis
of Smurfl expression in the CRC tissues.
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mediated Smurfl stably silencing as Smurfl-depleted HCT116 cells. How-
ever, contrary to our expectations, the knockdown of Smurfl showed no
significant enhanced effects on the chemosensitivity of MCF7, HeLa, and
A549 cells to gemcitabine, cisplatin, or gemcitabine plus cisplatin (Supple-
mentary Table S1). These results confirmed that the knockdown of Smurf1
specifically enhanced the sensitivity of the CRC cells to gemcitabine and cis-
platin. Furthermore, the cell viability assays were performed by CCK-8.
Smurfl-depleted HCT116 (Figure 2A), MCF7 (Figure 2B), Hela
(Figure 2C), and A549 (Figure 2D) cells were planted into 96-well plates
and then treated with the indicated concentration of gemcitabine, cisplatin,
and gemcitabine plus cisplatin. The cell viability was analyzed at OD4s50nm
of CCK-8. While maintaining consistency with the previously obtained re-
sults, compared to the control cells, the cell viability of HCT116, unlike
that of MCF7, HeLa, and A549 cells treated with gemcitabine, cisplatin,
or gemcitabine plus cisplatin, significantly declined. When considered to-
gether, the data indicated that Smurf1 specifically promoted CRC resistant
to chemotherapy.

The Knockdown of Smurf1 Enhances the Sensitivity of Colorectal Cancer Cells to
Gemcitabine and Cisplatin in HCT116 Cell-Derived Xenograft Models

We compared the efficacy of gemcitabine and cisplatin in inhibiting
Smurfl-depleted and control HCT116 cell-derived xenograft tumor growth.
Smurfl-depleted and control HCT116 cells were subcutaneously inoculated
on both the sides of the front armpits of BALB/c nude mice. The treatment
was performed for three weeks. Thereafter, the body weight, photographed
tumor size, tumor weight, and tumor volume of the mice treated with
gemcitabine, cisplatin, and gemcitabine plus cisplatin were analyzed. The indi-
cated treatment showed no significant change in terms of the body weight in
the Smurfl-depleted and control groups (Figure 3A). We found that Smurfl
depletion significantly enhanced the chemosensitivity of HCT116 cell-
derived xenograft tumors to gemcitabine and cisplatin, especially in combina-
tion groups, assessed via photographed tumor size (Figure 3B), tumor weight
(Figure 3C), and tumor volume (Figure 3D). The results suggested that Smurfl
inhibited the sensitivity of colorectal cancer cells to chemotherapy.

Hematoxylin and eosin (H&E) staining of xenografts from each group
showed varying degrees of necrosis and apoptosis in the tumor tissues. As
shown in Figure 4A, tumors from Smurf1-depleted and control cells treated
with PBS had identical pathological characteristics. However, Smurf1-
depleted tumors treated with gemcitabine or cisplatin, when compared to
control tumors, showed an increase in apoptosis with extensive necrosis.
TUNEL staining further confirmed that depletion of Smurf1 significantly in-
creased apoptosis in the gemcitabine and cisplatin-treated tumors as com-
pared to the control tumors (Figure 4B). Proliferating cell nuclear antigen
(PCNA) and Cyclin D1 staining showed a significant decrease in cell prolif-
eration in Smurf1-depleted tumors in the gemcitabine and cisplatin-treated
groups compared to the control tumors (Figure 4C). The in vivo data con-
firmed that Smurfl suppressed the chemosensitivity of HCT116 cell-
derived xenograft tumors to gemcitabine and cisplatin. When considered
together, these results conclude that the knockdown of Smurfl enhanced
the sensitivity of the CRC cells to gemcitabine or cisplatin.

Gemcitabine and Cisplatin Significantly Inhibit Low Smurf1 Expression Tumor
Growth in Patient-Derived Xenograft Models

To further prove that Smurfl suppresses the chemosensitivity of human
colorectal cancer cells to gemcitabine and cisplatin, we selected tumor sam-
ples from 6 colorectal cancer patients, aged between 34 and 76 years. These
samples enabled us to demonstrate the effect of Smurfl expression level on
the chemosensitivity of human colorectal cancer cells to chemotherapy.
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The 6 tumor samples were labeled as CRC1, CRC2, CRC3, CRC4, CRC5,
and CRC6, respectively. Pathologically, all the 6 tumors were adenocarci-
nomas. However, histologically, 4 out of the 6 tumors were positive for
HER2 and all the 6 tumors were positive for the known markers, MLH1,
MSH2, MSH6, PMS2, and c-MET (Table 1). Firstly, we analyzed the
mRNA levels of Smurfl from the RNA-Seq data of the 6 clinical tumor sam-
ples, assessed with FKPM. As shown in Figure 54, CRC1, CRC2, and CRC3
expressed higher mRNA levels of Smurfl compared to CRC4, CRC5, and
CRC6. Furthermore, we evaluated the protein expression of Smurfl by
IHC and western blot in all the tumor samples. It was observed that
CRC1, CRC2, and CRC3 consistently expressed higher protein levels of
Smurfl compared to CRC4, CRC5, and CRC6 (Figure 5, B and C).

The 6 colorectal tumor PDX models were successfully established by subcu-
taneous implantation (Figure 6A). The PDX mice were treated with
gemcitabine, cisplatin, and a combination of gemcitabine and cisplatin.
Figure 6B shows the images of the tumors which clearly display the significant
difference in tumor size. The tumor volumes of CRC4, 5 and 6 with low Smurfl
expression were smaller than CRC1, 2 and 3 with high Smurfl expression after
treatments with gemcitabine, cisplatin, gemcitabine plus cisplatin. With the in-
dicated treatment, the tumor sizes of CRC1, CRC2, and CRC3 were significantly
larger than that of CRC4, CRC5, and CRC6. Furthermore, the tumor volume and
weight were also analyzed once the tumor was isolated from the mice. Consis-
tently, tumors that had low Smurfl expression in CRC4, CRC5, and CRC6
showed greater chemosensitivity to gemcitabine, cisplatin, and gemcitabine
plus cisplatin compared to tumors that had high Smurfl expression in CRC1,
CRC2, and CRC3, assessed via tumor volume and weight (Figure 6, C and D).

A histological analysis examined if the characteristics of the patient-
derived xenograft tumors treated with gemcitabine and cisplatin were con-
sistent with the results from HCT116 cell-derived xenograft (Figure 4). As
shown in Figure 7A, these xenografts retained the characteristics of their
original adenocarcinomas. Xenografts from these 6 patients treated with
PBS showed similar pathological characteristics. However, tumors with
low Smurfl expression in CRC4, CRC5, and CRC6, treated with
gemcitabine, cisplatin, or their combination showed an increase in apopto-
sis and extensive necrosis compared to tumors with high Smurf1 expression
in CRC1, CRC2, and CRC3. Furthermore, PCNA and Cyclin D1 staining
showed a significant decrease in cell proliferation in tumors of CRC4,
CRC5, and CRC6 that were treated with gemcitabine, cisplatin, and their
combination compared to tumors of CRC1, CRC2, and CRC3 (Figure 7B).
When considered together, these results demonstrated that low Smurf1 ex-
pression enhanced the chemosensitivity of human colorectal cancer to
gemcitabine and cisplatin in patient-derived xenograft models.

Discussion

CRC is one of the most common malignancies with 1.36 million new
cases worldwide each year, and is also one of the leading causes of cancer
mortality [14]. Although chemotherapy is a common treatment for colorec-
tal cancer therapy, the side effects of systemic chemotherapy, including
neurotoxicity and gastrointestinal toxicity, may significantly impact the
quality of life of the patients. Personalized chemotherapy may improve
the treatment outcome for patients with colorectal tumors [15]. To ensure
this, identification of effective molecular markers capable of predicting the
response to chemotherapy is essential.

Smurfl plays a critical role in the occurrence and development of mul-
tiple tumors [5,7,8]. Smurf1 is highly expressed in CRC and correlates with
cancer progression [4]. However, the role of Smurfl in the susceptibility of
CRC response to chemotherapy has not been evaluated yet. In this study, we
firstly identified that the knockdown of Smurfl causes a significant increase
in the apoptosis of HCT116 cells (Figure 1A), and gemcitabine and cisplatin

<— Figure 6. PDXs with low Smurf1 expression exhibit more sensitive to gemcitabine and cisplatin. A. Schematic view of xenograft tumors from human colorectal cancer

and experimental design to evaluate the anti-tumor effects of gemcitabine, cisplatin or their combination in Smurfl highly or lowly expressed PDX models. Fresh tumor
specimens were minced with scissors and subcutaneously implant into both sides of the front armpits of the NSG mice. B. Representative images of xenograft tumors
from the indicated 6 colorectal PDXs after treated with or without gemcitabine, cisplatin or both for 5 weeks. Tumor growth curve (volume, mm?®) (C) and tumor weight
(D) were determined. Tumor volume was measured using a caliper at the indicated time points. Data are shown as the mean + S.D. *P < .05, **P < .01, ***P < .001.
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Figure 7. Histological analysis of xenograft tumors from colorectal PDXs after chemotherapeutic treatment. A. H&E staining of the tumor tissues as the indicated
treatment (magnification, 400 X ). Apoptotic cells were shown as the white arrows indicated. And the white dashed boxes showed the area of necrosis. Scale, 100 pm. B.
Immunohistochemistry of xenografts from mice treated as indicated and evaluated for proliferation by stained with anti-PCNA and anti-Cyclin D1 antibodies. The PCNA
and Cyclin D1 positive cells were counted in five randomly selected 400 x fields and statistically analyzed. Data represent the mean + S.D. *P < .05, ***P < .001.
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enhance this effect (Figure 1, B and C). Furthermore, we investigated the as-
sociation between Smurfl expression levels and the susceptibility of CRC
response to gemcitabine and cisplatin in CDX and PDX models. Preclinical
mouse models with high translatability are essential for cancer research
and anti-tumor drug development. PDX models are considered ideal as
they are capable of retaining the molecular and histopathological features
from the originating tumors [9,16].

In our previous study, 67 cases of patient-derived colorectal tumor were
subcutaneously transplanted, and 59 xenografts were successfully
established. In the current study, 6 cases with high or low Smurfl expressions
were chosen to test the effect of Smurfl expression levels on the susceptibility
of CRC response to chemotherapy. The obtained results suggest that Smurfl
plays the role of a chemosensitivity suppressor of human colorectal cancer
cells to gemcitabine and cisplatin. The screening of other cancer therapeutic
agents needs to be the focus of future studies. In addition, the mechanism un-
derlying the inhibiting effect of Smurfl on chemosensitivity also needs to be
investigated. As demonstrated, Smurf1 plays a critical role in multiple biolog-
ical processes, including embryonic development, cell cycle, cell polarity, and
motility by targeting numerous substrates, such as MEKK2, Weel, Securin,
Prickle 1, and RhoA, for ubiquitination and degradation. However, the role
of Smurfl substrates in chemosensitivity regulation is not known and, there-
fore, needs to be investigated further.

In conclusion, the relationship between Smurfl expression levels and
the chemosensitivity of human colorectal cancer to gemcitabine and cis-
platin in HCT116 cell-derived xenografts and colorectal patient-derived xe-
nograft models is demonstrated. A new inhibitory function of Smurf1 is
expressed in the form of a chemosensitivity suppressor of human colorectal
cancer cells to gemcitabine and cisplatin.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tranon.2020.100804.
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