@° PLOS | ONE

Check for
updates

G OPEN ACCESS

Citation: Ma L, Wang L, Shan Y, Nafees M, Ihab E,
Zhang R, et al. (2017) Suppression of cancer
stemness by upregulating Ligand-of-Numb protein
X1 in colorectal carcinoma. PLoS ONE 12(11):
€0188665. https://doi.org/10.1371/journal.
pone.0188665

Editor: Gianpaolo Papaccio, Universita degli Studi
della Campania "Luigi Vanvitelli", ITALY

Received: August 24, 2017
Accepted: November 10, 2017
Published: November 30, 2017

Copyright: © 2017 Ma et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in
any medium, provided the original author and
source are credited.

Data Availability Statement: All relevant data are
within the paper and its supporting Information
files.

Funding: This project was sponsored by Natural
Science Fund of China (31071250, 81673462,
81473293, 91540119, and J1103521), the
Fundamental Research Funds for the Central
Universities. Six talent peaks project in Jiangsu
Province to WY. (YY-012). Key development
project of Jiangsu Province (BE2017712). Key
project of Wuxi Municipal Commission of Health

RESEARCH ARTICLE

Suppression of cancer stemness by
upregulating Ligand-of-Numb protein X1 in
colorectal carcinoma

Lin Ma'®, Lan Wang?®, Yating Shan', Muhammad Nafees?®, Elshoura lhab', Ruhui Zhang’,
Fangjun Wang**, Wu Yin'#

1 State Key Lab of Pharmaceutical Biotechnology, College of life Sciences, Nanjing University, Nanjing, P.
R., China, 2 Department of Respiratory Medicine, The Affiliated Jiangyin Hospital of Southeast University,
Jiangyin, China, 3 State Key Laboratory of Coordination Chemistry, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing, P. R., China, 4 Department of Gastroenterology, The Affiliated
Jiangyin Hospital of Southeast University, Jiangyin, China

® These authors contributed equally to this work.
* wyin@nju.edu.cn (WY); dizzy163@ 163.com (FJW)

Abstract

Cancer stem-like cells (CSCs) have been reported to play major roles in tumorigenesis,
tumor relapse, and metastasis after therapy against colorectal carcinoma (CRC). Therefore,
identification of colorectal CSC regulators could provide promising targets for CRC. Ligand-
of-Numb protein X1 (LNX1) is one E3 ubiquitin ligase which mediates the ubiquitination and
degradation of Numb. Although several studies indicate LNX1 could be a potential suppres-
sor of cancer diseases, the functions of LNX1 in mediating cancer stemness remain poorly
understood. In this study, LNX1 was identified as a negative regulator of cancer stemness in
CRC, which was downregulated in colonospheres or side population (SP) cells. Further-
more, the coxsackievirus and adenovirus receptor (CXADR) was found to be one critical
downstream mediator of cancer stemness regulated by LNX1. Interestingly, the anti-breast
cancer drug tamoxifen was found to be an agonist of LNX1 and suppress cancer stemness
in CRC. In sum, this study provided the evidences that LNX1 signaling plays important roles
in regulating the stemness of colon cancer cells.

Introduction

As one of the most commonly diagnosed cancer diseases in both men and women, colorectal
carcinoma (CRC) has caused serious concerns demographically and economically throughout
the world. Statistically, there are 95,270 cases of CRC and 49,190 deaths in the US in 2016
whereas in China, almost 376,000 patients were diagnosed with CRC and 191,000 of both gen-
ders died of CRC in 2015 [1]. With the occurrence of chemoresistance and tumor relapse after
therapy, the frontier of cancer stemness has become the focus of recent developments in CRC
research [2,3]. Plethora of research reports have demonstrated that there is a small group of
cells named as cancer stem-like cells (CSCs) possessing the ability of self-renewal and higher
proliferation rate with increased capacity of invasion, metastasis and tumor formation [4,5,6].
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Although there is no consensus on the concept on CSCs in academia, this group of cells are
enriched in solid tumors following chemointervention and function as the “arch-criminal”
which finally leads to drug resistance and tumor recurrence after therapy against CRC [7,8,9].
At present, targeting CSCs has become one of the promising strategies for the development of
CRC therapy [10].

Identifying new properties of CSCs, exploring the biochemical mechanisms of CSCs and
searching for the key regulator of cancer stemness will be instructive for the reversal of drug
tolerance and the inhibition of the tumor recurrence mediated by cancer stemness in CRC
study. Currently there are different methodologies to identify and isolate CSCs including cell
sorting using the stemness-specific cell surface marker, detection of side population (SP) phe-
notype by Hoechst 33342 efflux, assessment of the ability to form spheres or tumors, and anal-
ysis of aldehyde dehydrogenase (ALDH) activity [11]. There are several CSC markers which
have been identified in CRC study including CD133, CD44, ALDH]1, LGR5, EpCAM, CD24,
CD29, CD166, as well as ABC transporters [12,13,14,15,16,17,18]. As one broad-spectrum
stemness marker, CD133 was widely used to identify the CSC population in various kinds of
cancer cells including CRC [19,20,21,22]. Although there has been a rapid advancement in the
field of CSCs research which have provided optimism for the application of more reliable CRC
therapies, however, the identification of specific markers of colorectal CSCs still remains a
challenge [23,24,25]. Besides the identification of CSC markers using antibodies, there are
other ways to distinguish them in the heterogeneous solid tumor tissue. CSCs can be enriched
in SP after fluorescence activated cell sorting due to ABC transporters such as ABCG2 activa-
tion in this population which cannot be stained with Hoechst 33342, compared with those
treated with verapamil [26,27]. To evaluate the stemness, the extreme limited dilution assay
(ELDA) has been widely used to determine the efficiency of sphere formation or tumor gener-
ation in nude mice. Briefly, serial dilutions of cells were cultured using serum-free culture
methods to compare the rates of sphere formation between different groups [28]. Using this
method, several CSC markers have been identified.

Ligand-of-Numb protein X1 (LNXI1) is one E3 ubiquitin-protein ligase of NUMB which
mediates the protein degradation of its downstream targets in a ubiquitin-dependent way [29].
There are two isoforms of LNX1 named respectively as LNX1 p70 and LNX1 p80, in which
LNX1 p80 contains 4 PDZ domains at its C terminal and a RING domain at its N terminal
that mediates ubiquitination and subsequent proteasomal degradation of its targets including
NUMB [29]. In addition, LNX1 could independently interact with several other proteins via
PDZ domains for its role as an E3 ubiquitin ligase [30,31,32,33,34]. Recently it has been dem-
onstrated that members of the LNX family could be suppressor genes in various cancer dis-
eases [33,35]. However, the precise function of LNX in mediated tumorigenesis or relapse after
therapy is poorly understood. Here in this article, LNX1 was first identified as a negative regu-
lator of cancer stemness in CRC and we showed that targeting LNX1 could provide a promis-
ing strategy against CSCs for clinical CRC research.

Materials and methods
Cell culture

Six colorectal carcinoma cell lines (Colo205, HCT116, HCTS8, HT29, Caco-2 and LS174T)
were purchased from American Type Culture Collection (ATCC; Manassas, VA, USA).
HCT116, HCT8, HT29, Caco-2, LS174T were maintained in DMEM medium containing 10%
fetal bovine serum (FBS) and 50 U/mL penicillin/streptomycin and Colo205 was cultured
using RPMI1640 medium containing 10% FBS and 50 U/mL penicillin/streptomycin. The cell
cultures were incubated at 37°C with a humidified atmosphere containing 5% CO,. The HT29
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stable LNX1 knockdown cells line was created by lentiviral transduction of a pLentilox3.7 vec-
tor containing a specific construct (LNX1 shRNA sense 5’ ~GGAGAATGACCGTGTGTTA-
37). Another two stable LNX1-knockdown Colo205 cell lines were created respectively with
two specific constructs targeting LNX1 including the above one and another construct (LNX1-
2 shRNA sense 5’/ ~-GGTGCTTGTATAACTGTAA-3").

siRNA transfections

For transient knockdown studies, cells were transfected with pools of scrambled or target
gene-specific siRNAs (100 nM) using Lipofectamine 2000 according to the manufacturer’s
instructions. The sequences of designed siRNAs were as follows (sense): LNX1 5’ ~-GGAGA
AUGACCGUGUGUUA-3'",CXADR 5’ ~-GGAAGUGACUUUAAGAUAA-3',NUMB 5’ - GGU
UAGAAGAGGUGUCUAA-3’, ¢c-Src 5’ ~GGCUCCAGAUUGUCAACAA-3’,ErbB2 5’ -GGAAG
GACAUCUUCCACAA-3',Claudinl 5’ ~-CAAUAGAAUCGUUCAAGAA-3".

Antibodies

Mouse monoclonal antibody against LNX1 was purchased from Abgent (San Diego, CA). Rab-
bit polyclonal antibodies against ALDH1A1, CD133, LGR5 and the mouse monoclonal anti-
body against ABCB5 were purchased from GeneTex (GeneTex, CA). Rabbit polyclonal
antibody against CXADR was purchased from Novus Biologicals, Inc. (Littleton, CO). Anti-
GAPDH and HRP-conjugated secondary IgG were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA).

Sorting and analysis of SP cells

Cells were dissociated with trypsin, resuspended at 1x10° cells per mL in DMEM with 2% FBS
containing 5 pg/mL Hoechst33342 at 37°C for 90 min with or without 100 uM verapamil
(Sigma) to inhibit ABC transporters. Then cells were incubated on ice for 10 min and washed
with ice-cold PBS before flow cytometric sorting and analysis. Propidium iodide (PI) was used
to distinguish live and dead cells and the Hoechst negative and PI negative population repre-
sents the group of SP. Flow cytometry data were analyzed using FlowJo 7.6.1 software.

Colonosphere formation assay

Cells were seeded in ultra-low cluster plates (Corning Inc., Corning, NY) and cultured in
DMEM/F12 serum-free medium (Invitrogen) supplemented with 20 ng/mL EGF, 20 ng/mL
bFGF, 0.4% BSA, and 2% B27 (BD Pharmingen, Carlsbad, CA) as well as 1% methyl cellulose
(Sigma-Aldrich). For ELDA, the cells at different densities were cultured 12 wells per cell den-
sity in stem cell medium in 96-well plates for 1 to 2 weeks. The numbers of wells with at least
one tumorsphere (diameter >50 um) were counted in a blinded manner. The frequency of
sphere-initiating cells was calculated by ELDA online program at http://bioinf.wehi.edu.au/
software/elda/.

Tumorigenicity in vivo
Different numbers of HT29 cells were injected subcutaneously into the flanks of the male nude
mice at three weeks of age which were housed in a specific pathogen-free facility. The tumors

were counted after 18 days of injection and the tumor formation rate was calculated using
ELDA analysis.
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Western blot

Cells were washed with 1x PBS and lysed on an ice with RIPA buffer supplemented with a pro-
tease inhibitor cocktail (P8340) (Sigma-Aldrich). Lysates were subjected to SDS/PAGE fol-
lowed by blotting with the indicated antibodies. Signal detection was achieved using Clarity
Western ECL substrate (Bio-Rad).

RNA extraction and RT-PCR

Total RNAs were isolated with TRIZOL reagent (Invitrogen) following the manufacturer’s
instructions. RT-PCR was performed in 20 pL of reaction mixture. PCR products were
resolved on 1.2% agarose gels and stained with GelRed. Glyceraldehyde 3-phosphate dehydro-
genase was also detected as a loading control.

Statistics

Results are expressed as mean + SD. Statistical analyses involving two groups were performed
by means of Student’s t test. All data were processed with GraphPad Prism 5.0 software.

Results
LNX1 is a negative regulator of cancer stemness in colorectal carcinoma

By detecting RNA level of LNX1 of the sorted SP and non-SP from the colorectal carcinoma
cell line HT29, it was found that LNX1 was highly expressed in SP cells with higher levels of
LGR5, ABCB5, ALDH1A1 and CD133 rather than non-SP group (Fig 1A, 1B and 1C). In an
attempt to investigate the role of LNX1 in the SP maintenance, LNX1 knockdown assay using
siRNA was performed revealing that downregulation of LNX1 increased the frequency of SP
in HT29 (Fig 2A and 2B). To validate the function of LNX1 in regulating cancer stemness in
colorectal carcinoma, the colonoshpere formation assay and ELDA analysis were performed
using stable transfected shLNX1 HT29 cell line (vector as the control). Based on the observa-
tion, depletion of LNX1 enlarges the capacity of the colonosphere formation and increases the
sphere formation rates (Fig 2C, 2D and 2E). Histological analysis was performed to confirm
the origin of these xenograft tumors (54 Fig). This observation was also confirmed by SP analy-
sis and colonosphere formation assay using another colorectal carcinoma cell line Colo205 in
which LNX1 was also depleted with two separate sShRNA constructs using lentivirus infection
(S1 Fig). Moreover, knockdown of LNX1 decreased the tumor formation rate in vivo

(Table 1). Thus, LNX1 was identified as a negative regulator of cancer stemness in colorectal
carcinoma.

Inhibition of cancer stemness by LNX1 partially requires CXADR

To investigate the molecular mechanisms of the inhibition of cancer stemness mediated by
LNX1, we screened potential substrates of LNX1 using RNAi and the SP analysis. Interestingly,
knockdown of coxsackievirus and adenovirus receptor (CXADR) markedly decreased percent-
age of SP compared with other groups (Fig 3A and S2 Fig). Notably, CXADR was highly
expressed in colonospheres of HT29 or SP cells rather than the control groups (Fig 3B and
3C). Besides, it was also observed that the level of CXADR was negatively correlated with the
level of LNX1 in various colorectal carcinoma cell lines (Fig 3D).

In order to further confirm the relationship between LNX1 and CXADR, LNX1 knock-
down assay was performed which reveals that depletion of LNX1 increased the level of
CXADR (Fig 3E). Furthermore, LNX1 and CXADR double RNA interference assay showed
that the upregulation of SP percentage in the absence of LNX1 was significantly affected by
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Fig 1. Analysis of LNX1 and CSC markers in CRC SP and non-SP cells. (A) Sorting of SP and non-SP
cells using BD Aria software. The verapamil group was set as the negative control. (B) and (C) are the western
blot and the semi-quantitative RT PCR analysis of genes (LNX1 as well as CSC markers in CRC including
LGR5, CD133, ABCB5 and ALDH1A1).

https://doi.org/10.1371/journal.pone.0188665.9g001

CXADR depletion. However, knockdown of LNX1 has little effect on the change of SP per-
centage caused by CXADR interference (Fig 3F-1, 3F-2, 3F-3 and S3 Fig). These results indi-
cate that suppression of cancer stemness mediated by LNX1 partially requires the CXADR
interference in colorectal carcinoma.

Screening of LNX1 agonists to suppress cancer stemness in colorectal
carcinoma

Quantitative LNX1 promoter activity profiles from HT29 cells treated with 5 drugs were
obtained using the Dual Luciferase Reporter system, in which tamoxifen and quercetin both
evidently increased the transcription activity of LNX1 (Fig 4A). Western blot results confirmed
that tamoxifen could both upregulate the level of LNX1 in HT29 and Colo205 cell lines (Fig
4B). In addition, colonosphere formation assay and ELDA analysis reveal that tamoxifen could
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Fig 2. Analysis of the function of LNX1 in mediating cancer stemness in CRC. (A) Effect of LNX1
knockdown on the percentage of SP. (B) The efficiency of LNX1 knockdown using semi-quantitative RT PCR
analysis. (C) Effect of LNX1 knockdown on the capacities of colonosphere formation (n = 8 per group). (D)
Effect of LNX1 knockdown on the rates of colonosphere formation (p value was calculated using the online
ELDA software). (E) The efficiency of LNX1 knockdown using shLNX1 lentivirus particles. Data from
triplicates are presented as the meanSD, *P<0.05, **P<0.01, ***P<0.001.

https://doi.org/10.1371/journal.pone.0188665.g002

Table 1. Effect of LNX1 knockdown on the tumor formation rate using the HT29 cell line.

HT29 Numbers of tumors/total injections TCF(95% Cl) TCF Estimate fold P-value
Cells per injection
1x10° 1x10° 1x10° 1x10°
vector 7/8 4/8 1/8 0/8 1/655511-1/127312 1/288919 1.0 P<0.05
shLNX1 8/8 6/8 3/8 0/8 1/115449-1/25115 1/53846 5.4

Different numbers of HT29 cells were injected subcutaneously into the male mude mice of 3 weeks old. Tumors were counted and the the formation rate
was calculated using ELDA after 18 days of injection. TCF means tumor-initiating cell frequency. Cl represents confidence interval.

https://doi.org/10.1371/journal.pone.0188665.t001
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Fig 3. CXADR functions as a downstream CSC-meditator of LNX1. (A) Targets screening of LNX1 using SP analysis. B, C, D
represent the expression analysis of CXADR and LNX1 respectively in HT29 compared with HT29-derived colonospheres (A); in SP and
non-SP group(B); in various CRC cell lines(C).(E)Effect of LNX1 knockdown on CXADR level. (F-1) Effect of double knockdown of
CXADR and LNX1 on the percentage of SP. (F-2) The inhibition percentage of SP frequency by LNX1 in the presence or absence of
CXADR. (F-3) The inhibition percentage of SP frequency by CXADR knockdown in the presence or absence of LNX1. Data from
triplicates are presented as the mean+SD, *P<0.05, **P<0.01, ***P<0.001.

https://doi.org/10.1371/journal.pone.0188665.9003

inhibit the capacity of colonosphere formation and decrease the sphere formation rates in the
presence of LNX1, which demonstrated it as a potential target for colorectal carcinoma therapy
against CSCs (Fig 4C and 4D).
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Fig 4. LNX1-based drug screening to suppress cancer stemness in CRC. (A) Effect on small molecules
on LNX1 transcription. (B) Effect of tamoxifen on the LNX1 protein level in HT29 and Colo205 cell lines
detected by western blot. (C)Effect of tamoxifen and LNX1 knockdown on the capacities of colonosphere
formation (n = 8 per group). (D) Effect of tamoxifen and LNX1 knockdown on the rates of colonosphere
formation (p value was calculated using the online ELDA software). Data from triplicates are presented as the
mean+SD, *P<0.05, **P<0.01, ***P<0.001.

https://doi.org/10.1371/journal.pone.0188665.9004

Discussion

Existence of CSCs is one driving force of colon tumorigenesis and malignancy and one major
reason which leads to the drug resistance and tumor recurrence after therapy. There has been
a rapid advancement in the field of CSCs research in colorectal carcinoma which has provided
enough room for the application of more reliable cancer therapies [36]. Here we identified
LNXI1 as a new negative regulator of cancer stemness in colorectal carcinoma. It was also dem-
onstrated that the expression of LNX1 was downregulated in colonospheres or SP of colorectal
carcinoma cells. By exploring the underlying molecular mechanisms, it was found that LNX1
suppresses cancer stemness which partially requires the CXADR interference in colorectal
carcinoma.

Several CSC markers on the cell surface functions as receptors to collect the information from
the tumor microenvironment (TME) and facilitate the mutual communication with TME which
was required by the tumor heterogeneity and the enrichment of CSCs [37,38,39]. Although
CXADR has been reported to function as a virus receptor, its primary biological functions are
unknown. Recently its has been shown that CXADR was highly expressed in tumor tissues rather
than normal tissues and the anti-CXADR antibody could be a feasible drug candidate against
cancer disease [40]. Here our results indicate that LNX1 suppresses cancer stemness which par-
tially requires the downregulation of CXADR. As the component of the epithelial apical junction
complex, CXADR protein was delicately regulated by the PDZ-domain-containing protein
MAGI-1. Although LNX1 p80 contains both PDZ domains and the RING domain which is
required for the ubiquitin-mediated protein degradation, however it cannot be ruled out the fact
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Fig 5. Probable mechanisms underlying tamoxifen therapy targeting ER-positive cells against breast
cancer. (A) Effect of ER knockdown on the LNX1 level, data was obtained from the curated Datasets in the
Gene Expression Omnibus (GEO) repository(GDS4061). (B) Schematic presentation of the predicted
mechanisms underlying tamoxifen therapy targeting ER-positive cells against breast cancer, the broken lines
indicate the possible cases at different circumstance. In ER-positive cells, tamoxifen could trigger the
expression of LNX1 and exert its anti-tumor function, which could be abolished in ER-negative cells due to the
restricted LNX1 level.

https://doi.org/10.1371/journal.pone.0188665.9g005

that CXADR was downregulated via other systems including the receptor endocytosis and degra-
dation pathway rather than the LNX1-mediated ubiquitination pathway. Moreover, depletion of
CXADR could not abolish the function of LNX1 in regulating cancer stemness, indicating there
may be other downstream substrates of LNX1 in colorectal carcinoma.

Based on the Dual-Luciferase Reporter system of LNX1 promoter, we screened different
drugs in an attempt to find out a small molecule that could suppress cancer stemness via targeting
LNXI. Interestingly, it was observed that tamoxifen downregulated the transcriptional activity of
LNX1 and suppressed cancer stemness. Moreover, tamoxifen required LNX1 to downregulate
the capacity and the rate of the colonosphere formation. Thus, LNX1 could be a potential drug
target in cancer therapy against colorectal CSCs. As the endocrine agent most commonly used at
all stages of breast cancer, tamoxifen has proved beneficial after therapy against estrogen receptor
(ER)-positive breast cancer. Surprisingly, LNX1 was downregulated in ER-silenced MCF?7 cells
according to the gene expression profiles from curated Datasets in the Gene Expression Omnibus
(GEO) repository (GDS4061). This phenotypic profiling using an Affymetrix Human Genome
U133 plus 2.0 GeneChip is obtained by Sanaa Al Saleh using siRNA-mediated knockdown of the
estrogen receptor o (ER) in the breast cancer cell line MCF7 and it was observed that ERa
knockdown resulted in estrogen/tamoxifen resistant cells with changed morphology, increased
motility with the cytoskeleton rearrangement and the ability to invade simulated components of
the extracellular matrix [41]. By exporting the GEO profile of LNX1, it was observed that LNX1
was downregulated in ERo-silenced breast cancer cells (Fig 5A). It might give a reasonable expla-
nation why chemotherapy with tamoxifen has better effect on patients with ER-positive breast
cancer than patients with ER-negative breast cancer. That is, LNX1 could not be significantly
upregulated by tamoxifen in the absence of ER in breast cancer (Fig 5B). However, the relation-
ship between LNX1 and ER still remains to be investigated.

Supporting information

S1 Fig. Analysis of the function of LNX1 in mediating cancer stemness in colorectal carci-
noma cell line Colo205. (A) Effect of LNX1 knockdown on the percentage of SP in Colo205.
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(B) Effect of LNX1 knockdown on the capacities of colonosphere formation (n = 8 per group).
(C) Effect of LNX1 knockdown on the rates of colonosphere formation (p value was calculated
using the online ELDA software). (D) The efficiency of LNX1 knockdown using two shLNX1
constructs. Data from triplicates are presented as the mean+SD, *P<0.05, **P<0.01,
**P<0.001.

(TIF)

S2 Fig. Screening of downstream targets of LNX1. SP analysis was performed using BD Aria
software and was analyzed using FlowJo 7.6.1 software.
(TIF)

S3 Fig. Effect of double knockdown of CXADR and LNX1 on the percentage of SP. SP anal-
ysis was performed using BD Aria software and was analyzed using Flow]o 7.6.1 software.
(TTF)

S4 Fig. Histological analysis of HT29 xenograft tumors. Tumor sections were stained with
hematoxylin and eosin (H & E).
(TIF)

Acknowledgments

This project was sponsored by Natural Science Fund of China (31071250, 81673462,
81473293, 91540119, and J1103521), the Fundamental Research Funds for the Central Univer-
sities. Six talent peaks project in Jiangsu Province to Y.W. (YY-012). Key development project
of Jiangsu Province (BE2017712). Key project of Wuxi Municipal Commission of Health and
Family Planning (Z201509), and the young talent’s subsidy project of Jiangsu Province
(QNRC2016136) to Wang fangjun The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Author Contributions

Funding acquisition: Wu Yin.

Methodology: Lin Ma.

Project administration: Lan Wang, Fangjun Wang.

Writing - review & editing: Yating Shan, Muhammad Nafees, Elshoura Thab, Ruhui Zhang.

References

1. ChenW, Zheng R, Baade PD, Zhang S, Zeng H, Bray F, et al. (2016) Cancer statistics in China, 2015.
CA Cancer J Clin 66: 115-132. https://doi.org/10.3322/caac.21338 PMID: 26808342

2. ChoiJE, Bae JS, Kang MJ, Chung MJ, Jang KY, Park HS, et al. (2017) Expression of epithelial-mesen-
chymal transition and cancer stem cell markers in colorectal adenocarcinoma: Clinicopathological sig-
nificance. Oncol Rep 38: 1695—1705. https://doi.org/10.3892/0r.2017.5790 PMID: 28677737

3. MashimaT (2017) Cancer Stem Cells (CSCs) as a Rational Therapeutic Cancer Target, and Screening
for CSC-targeting Drugs. Yakugaku Zasshi 137: 129—132. https://doi.org/10.1248/yakushi.16-00229-1
PMID: 28154319

4. Gilbertson RJ, Graham TA (2012) Cancer: Resolving the stem-cell debate. Nature 488: 462—463.
PMID: 22919708

5. EunK, Ham SW, Kim H (2017) Cancer stem cell heterogeneity: origin and new perspectives on CSC
targeting. BMB Rep 50: 117—125. https://doi.org/10.5483/BMBRep.2017.50.3.222 PMID: 27998397

6. Desiderio V, Papagerakis P, Tirino V, Zheng L, Matossian M, Prince ME, et al. (2015) Increased fucosy-
lation has a pivotal role in invasive and metastatic properties of head and neck cancer stem cells. Onco-
target 6: 71-84. https://doi.org/10.18632/oncotarget.2698 PMID: 25428916

PLOS ONE | https://doi.org/10.1371/journal.pone.0188665 November 30, 2017 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188665.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188665.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188665.s004
https://doi.org/10.3322/caac.21338
http://www.ncbi.nlm.nih.gov/pubmed/26808342
https://doi.org/10.3892/or.2017.5790
http://www.ncbi.nlm.nih.gov/pubmed/28677737
https://doi.org/10.1248/yakushi.16-00229-1
http://www.ncbi.nlm.nih.gov/pubmed/28154319
http://www.ncbi.nlm.nih.gov/pubmed/22919708
https://doi.org/10.5483/BMBRep.2017.50.3.222
http://www.ncbi.nlm.nih.gov/pubmed/27998397
https://doi.org/10.18632/oncotarget.2698
http://www.ncbi.nlm.nih.gov/pubmed/25428916
https://doi.org/10.1371/journal.pone.0188665

@° PLOS | ONE

LNX1 negatively regulates the stemness of colorectal cancer

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

El Khoury F, Corcos L, Durand S, Simon B, Le Jossic-Corcos C (2016) Acquisition of anticancer drug
resistance is partially associated with cancer stemness in human colon cancer cells. Int J Oncol 49:
2558-2568. https://doi.org/10.3892/ij0.2016.3725 PMID: 27748801

Kantara C, O’Connell MR, Luthra G, Gajjar A, Sarkar S, Ullrich RL, et al. (2015) Methods for detecting
circulating cancer stem cells (CCSCs) as a novel approach for diagnosis of colon cancer relapse/metas-
tasis. Lab Invest 95: 100—112. https://doi.org/10.1038/labinvest.2014.133 PMID: 25347154

Dylla SJ, Beviglia L, Park I, Chartier C, Raval J, Ngan L, et al. (2008) Colorectal Cancer Stem Cells Are
Enriched in Xenogeneic Tumors Following Chemotherapy. PLoS One 3.

Medema JP (2017) Targeting the Colorectal Cancer Stem Cell. New England Journal of Medicine 377:
888-890. https://doi.org/10.1056/NEJMcibr1706541 PMID: 28854096

Tirino V, Desiderio V, Paino F, De Rosa A, Papaccio F, La Noce M, et al. (2013) Cancer stem cells in
solid tumors: an overview and new approaches for their isolation and characterization. The FASEB
Journal 27: 13-24. hitps://doi.org/10.1096/fj.12-218222 PMID: 23024375

Liu YS, Hsu HC, Tseng KC, Chen HC, Chen SJ (2013) Lgr5 promotes cancer stemness and confers
chemoresistance through ABCB1 in colorectal cancer. Biomed Pharmacother 67: 791-799. https://doi.
org/10.1016/j.biopha.2013.08.001 PMID: 24138824

Wang C, Xie J, Guo J, Manning HC, Gore JC, Guo N (2012) Evaluation of CD44 and CD133 as cancer
stem cell markers for colorectal cancer. Oncol Rep 28: 1301-1308. https://doi.org/10.3892/0r.2012.
1951 PMID: 22895640

Chen J, Xia Q, Jiang B, Chang W, Yuan W, Ma Z, et al. (2015) Prognostic Value of Cancer Stem Cell
Marker ALDH1 Expression in Colorectal Cancer: A Systematic Review and Meta-Analysis. PLoS One
10: e0145164. https://doi.org/10.1371/journal.pone.0145164 PMID: 26682730

Dean M (2009) ABC transporters, drug resistance, and cancer stem cells. J Mammary Gland Biol Neo-
plasia 14: 3-9. https://doi.org/10.1007/s10911-009-9109-9 PMID: 19224345

Kugimiya N, Nishimoto A, Hosoyama T, Ueno K, Enoki T, Li TS, et al. (2015) The c-MYC-ABCBS axis
plays a pivotal role in 5-fluorouracil resistance in human colon cancer cells. J Cell Mol Med 19: 1569-
1581. https://doi.org/10.1111/jcmm.12531 PMID: 25689483

Zhang HL, Wang P, Lu MZ, Zhang SD (2016) [c-Myc regulation of ATP-binding cassette transporter
reverses chemoresistance in CD133(+) colon cancer stem cells]. Sheng Li Xue Bao 68: 171-178.
PMID: 27108904

Fanali C, Lucchetti D, Farina M, Corbi M, Cufino V, Cittadini A, et al. (2014) Cancer stem cells in colo-
rectal cancer from pathogenesis to therapy: controversies and perspectives. World Journal of Gastroen-
terology 20:923-942. https://doi.org/10.3748/wjg.v20.i4.923 PMID: 24574766

Cioffi M, Alterio CD, Camerlingo R, Tirino V, Consales C, Riccio AM, et al. (2015) Identification of a dis-
tinct population of CD133 + CXCR4 + cancer stem cells in ovarian cancer. Scientific Reports 5: 10357.
https://doi.org/10.1038/srep10357 PMID: 26020117

Kawamoto H, Yuasa T, Kubota Y, Seita M, Sasamoto H, Shahid JM, et al. (2010) Characteristics of
CD133(+) human colon cancer SW620 cells. Cell Transplant 19: 857—-864. https://doi.org/10.3727/
096368910X508988 PMID: 20587144

Tirino V, Camerlingo R, Franco R, Malanga D, La Rocca A, Viglietto G, et al. (2009) The role of CD133
in the identification and characterisation of tumour-initiating cells in non-small-cell lung cancer. Euro-
pean Journal of Cardio-Thoracic Surgery 36: 446—453. https://doi.org/10.1016/j.ejcts.2009.03.063
PMID: 19464919

Tirino V, Desiderio V, Paino F, De Rosa A, Papaccio F, Fazioli F, et al. (2011) Human primary bone sar-
comas contain CD133+ cancer stem cells displaying high tumorigenicity in vivo. The FASEB Journal
25: 2022—2030. https://doi.org/10.1096/fj.10-179036 PMID: 21385990

Navarro-Alvarez N, Kondo E, Kawamoto H, Hassan W, Yuasa T, Kubota Y, et al. (2010) Isolation and
propagation of a human CD133(-) colon tumor-derived cell line with tumorigenic and angiogenic proper-
ties. Cell Transplant 19: 865-877. https://doi.org/10.3727/096368910X508997 PMID: 20587145

Shmelkov SV, Butler JM, Hooper AT, Hormigo A, Kushner J, Milde T, et al. (2008) CD133 expression is
not restricted to stem cells, and both CD133+ and CD133- metastatic colon cancer cells initiate tumors.
J Clin Invest 118:2111-2120. https://doi.org/10.1172/JCI34401 PMID: 18497886

Agliano A, Calvo A, Box C (2017) The challenge of targeting cancer stem cells to halt metastasis.
Semin Cancer Biol 44: 25—42. https://doi.org/10.1016/j.semcancer.2017.03.003 PMID: 28323021

Behbod F, Vivanco MD (2015) Side population. Methods Mol Biol 1293: 73-81. https://doi.org/10.1007/
978-1-4939-2519-3_4 PMID: 26040682

Xie ZY, Lv K, Xiong Y, Guo WH (2014) ABCG2-meditated multidrug resistance and tumor-initiating
capacity of side population cells from colon cancer. Oncol Res Treat 37: 666—668, 670—-662. https://doi.
org/10.1159/000368842 PMID: 25427584

PLOS ONE | https://doi.org/10.1371/journal.pone.0188665 November 30, 2017 11/12


https://doi.org/10.3892/ijo.2016.3725
http://www.ncbi.nlm.nih.gov/pubmed/27748801
https://doi.org/10.1038/labinvest.2014.133
http://www.ncbi.nlm.nih.gov/pubmed/25347154
https://doi.org/10.1056/NEJMcibr1706541
http://www.ncbi.nlm.nih.gov/pubmed/28854096
https://doi.org/10.1096/fj.12-218222
http://www.ncbi.nlm.nih.gov/pubmed/23024375
https://doi.org/10.1016/j.biopha.2013.08.001
https://doi.org/10.1016/j.biopha.2013.08.001
http://www.ncbi.nlm.nih.gov/pubmed/24138824
https://doi.org/10.3892/or.2012.1951
https://doi.org/10.3892/or.2012.1951
http://www.ncbi.nlm.nih.gov/pubmed/22895640
https://doi.org/10.1371/journal.pone.0145164
http://www.ncbi.nlm.nih.gov/pubmed/26682730
https://doi.org/10.1007/s10911-009-9109-9
http://www.ncbi.nlm.nih.gov/pubmed/19224345
https://doi.org/10.1111/jcmm.12531
http://www.ncbi.nlm.nih.gov/pubmed/25689483
http://www.ncbi.nlm.nih.gov/pubmed/27108904
https://doi.org/10.3748/wjg.v20.i4.923
http://www.ncbi.nlm.nih.gov/pubmed/24574766
https://doi.org/10.1038/srep10357
http://www.ncbi.nlm.nih.gov/pubmed/26020117
https://doi.org/10.3727/096368910X508988
https://doi.org/10.3727/096368910X508988
http://www.ncbi.nlm.nih.gov/pubmed/20587144
https://doi.org/10.1016/j.ejcts.2009.03.063
http://www.ncbi.nlm.nih.gov/pubmed/19464919
https://doi.org/10.1096/fj.10-179036
http://www.ncbi.nlm.nih.gov/pubmed/21385990
https://doi.org/10.3727/096368910X508997
http://www.ncbi.nlm.nih.gov/pubmed/20587145
https://doi.org/10.1172/JCI34401
http://www.ncbi.nlm.nih.gov/pubmed/18497886
https://doi.org/10.1016/j.semcancer.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28323021
https://doi.org/10.1007/978-1-4939-2519-3_4
https://doi.org/10.1007/978-1-4939-2519-3_4
http://www.ncbi.nlm.nih.gov/pubmed/26040682
https://doi.org/10.1159/000368842
https://doi.org/10.1159/000368842
http://www.ncbi.nlm.nih.gov/pubmed/25427584
https://doi.org/10.1371/journal.pone.0188665

@° PLOS | ONE

LNX1 negatively regulates the stemness of colorectal cancer

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4,

Hu'Y, Smyth GK (2009) ELDA: extreme limiting dilution analysis for comparing depleted and enriched
populations in stem cell and other assays. J Immunol Methods 347: 70-78. https://doi.org/10.1016/j.
jim.2009.06.008 PMID: 19567251

Nie J, McGill MA, Dermer M, Dho SE, Wolting CD, McGlade CJ (2002) LNX functions as a RING type
E3 ubiquitin ligase that targets the cell fate determinant Numb for ubiquitin-dependent degradation.
EMBO J 21: 93-102. https://doi.org/10.1093/emboj/21.1.93 PMID: 11782429

Sollerbrant K, Raschperger E, Mirza M, Engstrom U, Philipson L, Ljungdahl PO, et al. (2003) The Cox-
sackievirus and adenovirus receptor (CAR) forms a complex with the PDZ domain-containing protein
ligand-of-numb protein-X (LNX). J Biol Chem 278: 7439-7444. https://doi.org/10.1074/jbc.
M205927200 PMID: 12468544

Weiss A, Baumgartner M, Radziwill G, Dennler J, Moelling K (2007) c-Src is a PDZ interaction partner
and substrate of the E3 ubiquitin ligase Ligand-of-Numb protein X1. FEBS Lett 581: 5131-5136.
https://doi.org/10.1016/j.febslet.2007.09.062 PMID: 17936276

Takahashi S, lwamoto N, Sasaki H, Ohashi M, Oda Y, Tsukita S, et al. (2009) The E3 ubiquitin ligase
LNX1p80 promotes the removal of claudins from tight junctions in MDCK cells. J Cell Sci 122: 985—
994. https://doi.org/10.1242/jcs.040055 PMID: 19295125

Chen J, Xu J, Zhao W, Hu G, Cheng H, Kang Y, et al. (2005) Characterization of human LNX, a novel
ligand of Numb protein X that is downregulated in human gliomas. Int J Biochem Cell Biol 37:2273—
2283. https://doi.org/10.1016/j.biocel.2005.02.028 PMID: 16002321

Higa S, Tokoro T, Inoue E, Kitajima |, Ohtsuka T (2007) The active zone protein CAST directly associ-
ates with Ligand-of-Numb protein X. Biochem Biophys Res Commun 354: 686—692. https://doi.org/10.
1016/j.bbrc.2007.01.036 PMID: 17257582

Hu T, Yang H, Han ZG (2015) PDZRN4 acts as a suppressor of cell proliferation in human liver cancer
celllines. Cell Biochem Funct 33: 443—-449. https://doi.org/10.1002/cbf.3130 PMID: 26486104

Kozovska Z, Gabrisova V, Kucerova L (2014) Colon cancer: cancer stem cells markers, drug resistance
and treatment. Biomed Pharmacother 68: 911-916. https://doi.org/10.1016/j.biopha.2014.10.019
PMID: 25458789

Lee SY, Kim JK, Jeon HY, Ham SW, Kim H (2017) CD133 Regulates IL-1beta Signaling and Neutrophil
Recruitment in Glioblastoma. Mol Cells 40: 515-522. https://doi.org/10.14348/molcells.2017.0089
PMID: 28736425

Hale JS, Otvos B, Sinyuk M, Alvarado AG, Hitomi M, Stoltz K, et al. (2014) Cancer stem cell-specific
scavenger receptor CD36 drives glioblastoma progression. Stem Cells 32: 1746—1758. https://doi.org/
10.1002/stem.1716 PMID: 24737733

Albini A, Bruno A, Gallo C, Pajardi G, Noonan DM, Dallaglio K (2015) Cancer stem cells and the tumor
microenvironment: interplay in tumor heterogeneity. Connect Tissue Res 56: 414—425. https://doi.org/
10.3109/03008207.2015.1066780 PMID: 26291921

Kawada M, Inoue H, Kajikawa M, Sugiura M, Sakamoto S, Urano S, et al. (2017) A novel monoclonal
antibody targeting coxsackie virus and adenovirus receptor inhibits tumor growth in vivo. Sci Rep 7:
40400. https://doi.org/10.1038/srep40400 PMID: 28074864

Saleh SA, Mulla FA, & Lugmani YA (2011) Estrogen Receptor Silencing Induces Epithelial to Mesen-
chymal Transition in Human Breast Cancer Cells. PLoS One 6(6): €20610. https://doi.org/10.1371/
journal.pone.0020610 PMID: 21713035

PLOS ONE | https://doi.org/10.1371/journal.pone.0188665 November 30, 2017 12/12


https://doi.org/10.1016/j.jim.2009.06.008
https://doi.org/10.1016/j.jim.2009.06.008
http://www.ncbi.nlm.nih.gov/pubmed/19567251
https://doi.org/10.1093/emboj/21.1.93
http://www.ncbi.nlm.nih.gov/pubmed/11782429
https://doi.org/10.1074/jbc.M205927200
https://doi.org/10.1074/jbc.M205927200
http://www.ncbi.nlm.nih.gov/pubmed/12468544
https://doi.org/10.1016/j.febslet.2007.09.062
http://www.ncbi.nlm.nih.gov/pubmed/17936276
https://doi.org/10.1242/jcs.040055
http://www.ncbi.nlm.nih.gov/pubmed/19295125
https://doi.org/10.1016/j.biocel.2005.02.028
http://www.ncbi.nlm.nih.gov/pubmed/16002321
https://doi.org/10.1016/j.bbrc.2007.01.036
https://doi.org/10.1016/j.bbrc.2007.01.036
http://www.ncbi.nlm.nih.gov/pubmed/17257582
https://doi.org/10.1002/cbf.3130
http://www.ncbi.nlm.nih.gov/pubmed/26486104
https://doi.org/10.1016/j.biopha.2014.10.019
http://www.ncbi.nlm.nih.gov/pubmed/25458789
https://doi.org/10.14348/molcells.2017.0089
http://www.ncbi.nlm.nih.gov/pubmed/28736425
https://doi.org/10.1002/stem.1716
https://doi.org/10.1002/stem.1716
http://www.ncbi.nlm.nih.gov/pubmed/24737733
https://doi.org/10.3109/03008207.2015.1066780
https://doi.org/10.3109/03008207.2015.1066780
http://www.ncbi.nlm.nih.gov/pubmed/26291921
https://doi.org/10.1038/srep40400
http://www.ncbi.nlm.nih.gov/pubmed/28074864
https://doi.org/10.1371/journal.pone.0020610
https://doi.org/10.1371/journal.pone.0020610
http://www.ncbi.nlm.nih.gov/pubmed/21713035
https://doi.org/10.1371/journal.pone.0188665

