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Cancer stem cells (CSCs) are thought to play important roles in cancer malignancy.

Previously, we successfully induced sphere cancer stem-like cells (CSLCs) from sev-

eral cell lines and observed the property of chemoresistance. In the present study,

we examined the metastatic potential of these induced CSLCs. Sphere cancer stem-

like cells were induced from a human hepatoma cell line (SK-HEP-1) in a unique

medium containing neural survival factor-1. Splenic injection of cells into immune-

deficient mice was used to assess hematogenous liver metastasis. Transcriptomic

strand-specific RNA-sequencing analysis, quantitative real-time PCR, and flow

cytometry were carried out to examine the expression of epithelial-mesenchymal

transition (EMT)-related genes. Splenic injection of CSLCs resulted in a significantly

increased frequency of liver metastasis compared to parental cancer cells (P < .05).

In CSLCs, a mesenchymal marker, Vimentin, and EMT-promoting transcription fac-

tors, Snail and Twist1, were upregulated compared to parental cells. Correspond-

ingly, significant enrichment of the molecular signature of the EMT in CSLCs

relative to parental cancer cells was shown (q < 0.01) by RNA-sequencing analysis.

This analysis also revealed differential expression of CD44 isoforms between CSLCs

and parental cancer cells. Increasing CD44 isoforms containing an extra exon were

observed, and the standard CD44 isoform decreased in CSLCs compared to parental

cells. Interestingly, another CD44 variant isoform encoding a short cytoplasmic tail

was also upregulated in CSLCs (11.7-fold). Our induced CSLCs possess an increased

liver metastatic potential in which promotion of the EMT and upregulation of CD44

variant isoforms, especially short-tail, were observed.
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1 | INTRODUCTION

Cancer stem cells (CSCs) have been defined as a small subset of cancer

cells within the tumor bulk that show potential causes of malignant

properties of tumors, such as tumor initiation, metastasis, recurrence,

and chemoresistance.1,2 Expression of various CSC markers such as

CD44, CD133, CD90, CD13, aldehyde dehydrogenase, and epithelial

cell adhesion molecules has been identified by recent research in many

solid carcinomas, suggesting a relationship with poor prognosis.3-7 It

was also reported that plasticity enables differentiated cancer cells to

transform into cells harboring cancer stem-like properties through the

epithelial-mesenchymal transition (EMT).8,9 Based on this concept, we

have successfully induced cancer stem-like cells (CSLCs) from several

cell lines using a unique medium supplemented with neural survival

factor-1.10-12 The obtained sphere CSLCs have increased resistance to

several anticancer drugs.12

Metastasis is a life-threatening systemic condition of all cancer

patients. Hepatoma patients have an especially poor prognosis due

to intrahepatic recurrence even after most potentially curative thera-

pies such as surgical resection and liver transplantation.13-15 Only a

small fraction of cancer cells that survive in the systemic circulation

are able to give rise to clinically relevant metastases.16 These cells

are considered CSCs and have an enhanced capacity for metastatic

behavior in vitro and in vivo.17-19

In this study, we evaluated the metastatic ability of our CSLCs

by splenic injection into immune-deficient mice, and further exam-

ined metastatic potential-related features in the induced CSLCs.

2 | MATERIALS AND METHODS

2.1 | Cell lines

The human hepatoma SK-HEP-1 and HuH-7 cell lines were pur-

chased from ATCC (Rockville, MD, USA) and the Health Science

Research Resources Bank (Osaka, Japan). The SK-HEP-1 and HuH-7

cell lines are from poorly and well differentiated hepatomas, respec-

tively. Cells were cultured in DMEM (Nissui Pharmaceutical, Tokyo,

Japan) containing 10% heat-inactivated FBS (Thermo Fisher Scien-

tific, Kanagawa, Japan), penicillin (100 U/mL), streptomycin (100 lg/

mL), and sodium bicarbonate (1.5 g/L) at 37°C in a humidified atmo-

sphere of 5% CO2 in air.

2.2 | Induction of sphere cells

Cells were suspended in the sphere induction medium, which was

based on neural stem cell medium.12 This medium contained 2 lg/

mL heparin (Sigma-Aldrich Japan, Tokyo, Japan), 10 ng/mL human

recombinant epidermal growth factor (Sigma-Aldrich), 10 ng/mL

basic fibroblast growth factor (Merck Millipore, Tokyo, Japan),

10 ng/mL leukemia inhibitory factor (Merck Millipore), 60 lg/mL N-

acetyl-L-cysteine (Sigma-Aldrich), and 1/50 volume neural survival

factor-1 (Lonza, Tokyo, Japan) to induce floating sphere cells.

2.3 | Splenic injection of tumor cells

NOD-Rag1null IL2rcnull double mutant mice (NRG mice) were pur-

chased from the Jackson Laboratory (Bar Harbor, ME, USA) and

maintained in a HEPA-filtered environment with autoclave-sterilized

cages, food, and bedding. Paraffin-embedded liver tissues were

stained with H&E; thereafter, images of whole sections were

obtained using a BZ-X700 microscope (Keyence, Osaka, Japan). The

proportion of tumor areas was calculated using the BZ-X Analyzer

(Keyence). All animal studies were carried out in accordance with

the Institutional Animal Care and Use Committee of Yamaguchi

University (Ube, Japan) and conformed to the Guide for the Care

and Use of Laboratory Animals published by the US NIH (Bethesda,

MD, USA).

The ability of SK-HEP-1 and SK-sphere cells to produce tumor

nodules in the liver was studied subsequent to their implantation

into the spleen of 8-12-week-old NRG female mice. Mice were

anesthetized by inhalation of 2% isoflurane in oxygen and placed in

the supine position. A small abdominal incision was made in the left

flank and the spleen was exposed. Viable tumor cells (103 or 104) in

0.1 mL Hanks’ balanced salt solution (Thermo Fisher Scientific) were

injected into the spleen by a 27-gauge needle and the spleen was

then resected. The wound was closed in one layer with metal wound

clips. After 8 weeks, injected mice were killed and necropsied.

2.4 | RNA sequencing

SK-HEP-1 and SK-sphere cells were lysed with TRIzol (Thermo

Fisher Scientific). Total RNAs was isolated with the miRNeasy Mini

Kit (Qiagen, Tokyo, Japan). RNA quality was assured by Bioanalyzer

analysis (Agilent Technologies, Tokyo, Japan). Sequencing libraries

were constructed using the TruSeq Stranded Total RNA with Ribo-

Zero Gold LT Sample Prep kit (Illumina, Tokyo, Japan) according to

manufacturer’s instructions. Libraries were pooled after quantifica-

tion by Bioanalyzer analysis as well as fluorometrically using Qubit

dsDNA HS Assay kits and a Qubit 2.0 Fluorometer (Thermo Fisher

Scientific). Sequencing of paired-end fragments (75 bp 9 2) was car-

ried out on a NextSeq 500 sequencing platform (Illumina) to a depth,

in triplicate, of 123-150 million fragments for SK-HEP-1 and SK-

sphere cells, and a depth, in duplicate, of 42-46 million fragments

for HuH-7 cells.

Data for each sample were separated using unique barcode com-

binations and to generate FASTQ files. Next-generation sequencing

data were subjected to reads cleaning with cutadapt (version 1.8.3)20

and cmpfastq_pe.pl (http://compbio.brc.iop.kcl.ac.uk/software/cmpfa

stq_pe.php). After a quality control step, the filtered short reads

were mapped to the reference genome (hg38) with STAR (version

2.5.1b) 2-pass mapping.21 Strand-specific counts of fragments from

each sample were normalized with the trimmed mean of M values

method22 using the TCC package.23,24 Differentially expressed genes

were identified based on a false discovery rate q-value threshold of

<0.05. Genes were considered differentially expressed when
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displaying a change of more than two-fold with a q-value of <0.05.

Gene set enrichment analysis was carried out with Java command

line program GSEA2 (version 2.2.1).25

2.5 | Quantification of CD44 isoforms expression

Because we obtained more than 100 million paired-ends in the

RNA-sequencing (RNA-seq) analysis with SK-HEP-1 and SK-sphere

cells, we evaluated the expression of each CD44 isoform. Isoform

quantification was accomplished by the Cuffdiff program in Cufflinks

(version 2.2.1)26 with BAM files generated from the STAR program.

2.6 | Flow cytometry

After cell cultivation, sphere and parental adherent cells were dissoci-

ated with Accumax and Accutase (Innovative Cell Technologies, San

Diego, CA, USA), respectively. Dissociated cells were stained with Fix-

able Viability Dye eFluor 450 (Thermo Fisher Scientific) to distinguish

between living and dead cells. For flow cytometric analyses, cells were

incubated with the following fluorescence-conjugated antibodies:

anti-Vimentin phycoerythrin (PE) (MAB4527; Abnova, Taipei, Taiwan)

and anti-epithelial cell adhesion molecule (EpCAM) FITC (130-080-

301; Miltenyi Biotec, Tokyo, Japan). Mouse IgG1 PE- and fluorescein-

conjugated antibodies (R&D Systems, Minneapolis, MN, USA) were

used as negative controls for anti-Vimentin PE and anti-EpCAM FITC,

respectively. For staining the CD44 variant, anti-CD44v9 (Cosmo Bio,

Tokyo, Japan) and mouse anti-rat IgG FITC (Thermo Fisher Scientific)

were used as primary and secondary antibodies, respectively. Rat

IgG2a, k Isotype Control (Thermo Fisher Scientific) was used as a nega-

tive control for the anti-CD44v9 antibody. Flow cytometric analysis

was undertaken using a MACSQuant analyzer (Miltenyi Biotec).

2.7 | Quantitative real-time PCR

The expression levels of EMT-related genes were examined by quan-

titative real-time (qRT)-PCR as described previously, with minor

modifications.27 The qRT-PCR amplification was carried out using

LightCycler 480 Probe Master (Roche Diagnostics, Tokyo, Japan) and

Universal ProbeLibrary (Roche Diagnostics) probes in a LightCycler

System (version 3; Roche Diagnostics). Primers and probes are listed

in Table 1. Amplification was carried out according to a two-step

cycle procedure consisting of 45 cycles of denaturation at 95°C for

10 seconds and annealing/elongation at 60°C for 30 seconds. The

mRNA levels were measured semiquantitatively using the D/D

threshold cycle (Ct) method. GAPDH and PGK1 were used simultane-

ously as controls. Values are expressed relative to SK-HEP-1 cells.

Triplicate wells were analyzed in each assay.

2.8 | Statistical analysis

Each experiment was repeated at least three times. Data are

expressed as means � SD. Significant differences were evaluated by

Fisher’s exact test, or Student’s or Welch’s t-test, using R version

3.4.0 software (the R project website, http://www.r-project.org/). A

P value <.05 was considered statistically significant.

TABLE 1 Primers and hydrolysis probes used in this study

Gene Sequence

TWIST1

50-primer 50-CGGCCAGGTACATCGACT-30

30-primer 50-CATCTTGGAGTCCAGCTCGT-30

Hydrolysis probe UPL Probe #65a

TWIST2

50-primer 50-GCAAGAAGTCGAGCGAAGAT-30

30-primer 50-GCTCTGCAGCTCCTCGAA-30

Hydrolysis probe UPL Probe #45a

SNAI1

50-primer 50-CATGTCCGGACCCACACT-30

30-primer 50-TGGCACTGGTACTTCTTGACA-30

Hydrolysis probe UPL Probe #10a

SNAI2

50-primer 50-TGGTTGCTTCAAGGACACAT-30

30-primer 50-GTTGCAGTGAGGGCAAGAA-30

Hydrolysis probe UPL Probe #7a

SNAI3

50-primer 50-TGCAAGATCTGTGGCAAGG-30

30-primer 50-CAGTGCGAGCAGGCATAG-30

Hydrolysis probe UPL Probe #80a

ZEB1

50-primer 50-CCTAAAAGAGCACTTAAGAATTCACAG-30

30-primer 50-CATTTCTTACTGCTTATGTGTGAGC-30

Hydrolysis probe UPL Probe #36a

ZEB2

50-primer 50-AAGCCAGGGACAGATCAGC-30

30-primer 50-CCACACTCTGTGCATTTGAACT-30

Hydrolysis probe UPL Probe #68a

HMGA2

50-primer 50-TCCCTCTAAAGCAGCTCAAAA-30

30-primer 50-ACTTGTTGTGGCCATTTCCT-30

Hydrolysis probe UPL Probe #34a

GAPDH

50-primer 50-AGCCACATCGCTCAGACAC-30

30-primer 50-GCCCAATACGACCAAATCC-30

Hydrolysis probe UPL Probe #60a

PGK1

50-primer 50-CTGTGGCTTCTGGCATACCT-30

30-primer 50-CGAGTGACAGCCTCAGCATA-30

Hydrolysis probe UPL Probe #42a

aUniversal ProbeLibrary (UPL) probe number (Roche Diagnostics, Tokyo,

Japan).
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3 | RESULTS

3.1 | Ability of CSLCs to metastasize to the liver

We examined the liver metastatic potential of induced CSLC SK-

sphere cells (Figure 1). NRG mice injected with 1 9 103 SK-sphere

cells into the spleen showed an increased frequency of liver tumors

compared to injection of the same number of parental SK-HEP-1

cells (P < .05). Peritoneal dissemination was observed in 4/18 (22%)

of the SK-sphere cell-injected mice and 0/22 (0%) of the SK-HEP-1

cell-injected mice (P < .05). There was no difference in the frequency

of liver tumors after injection of 1 9 104 cells. However, the areas

occupied by the tumor in the cut surface of the livers were signifi-

cantly increased in mice injected with SK-sphere cells compared to

SK-HEP-1 cells (57 � 26% vs 10 � 3.4%, P < .05).

3.2 | Comprehensive mRNA expression analysis in
CSLCs

Using quantitative RNA-seq analysis, we measured the comprehen-

sive mRNA levels in both SK-sphere and parental SK-HEP-1 cells.

After normalization, the mRNA expression profiles differed between

SK-sphere, parental SK-HEP-1, and non-sphere forming HuH-7 cells

(Figure 2A). There were 2067 genes with significant differences in

the read counts between SK-sphere and SK-HEP-1 cells (fold change

>2.0; q-value <0.05; 1328 upregulated and 739 downregulated

genes) (Figure 2B, magenta dots). Considering the mRNA levels in

HuH-7 cells that had no sphere-forming potential, 657 genes (518

upregulated and 139 downregulated) remained as specific differen-

tially expressed genes in SK-sphere cells (Figure 2B, green dots).

Gene set enrichment analysis with the mRNA expression profiles of

SK-sphere and SK-HEP-1 cells showed there were significantly

enriched signatures of tumor necrosis factor-a (TNF-a) signaling by

nuclear factor-jB (NF-jB)-, hypoxia-, and EMT-related genes in SK-

sphere cells (Figure 3; Table S1).

3.3 | Expression of EMT-related genes in CSLCs

The expression of EMT-related genes was examined by flow cytom-

etry and qRT-PCR. Cells that were positive at the protein level for

the mesenchymal marker, Vimentin, and negative for the epithelial

marker, EpCAM, increased from 19.9% in SK-HEP-1 cells to 36.3%

in SK-sphere cells (Figure 4). Interestingly, 94.9% of the Vimentin-

positive cells were also CD44v9-positive (Figure S1). Similarly,

among EMT-initiating transcription factors, mRNA levels of TWIST1

and SNAI1 were 2.2- and 60.7-fold higher in SK-sphere compared to

SK-HEP-1 cells, respectively (P < .05; Figure 5). HMGA2 mRNA was

also significantly upregulated in SK-sphere cells compared to paren-

tal cells (P < .05; Figure 5).

3.4 | Proportions of CD44 variant isoforms
expressed in CSLCs

There are several isoform variants of CD44, which is a well-known

cancer stem cell marker (Figure 6A). We evaluated the expression of

each CD44 isoform variant in detail (Figure 6B). Fragments per kilo-

base of transcript per million (FPKM) values of the standard CD44 iso-

form in SK-sphere cells was downregulated 0.6-fold compared to

parental cells. Conversely, FPKM values of CD44v8-10 were upregu-

lated 2.9-fold. Interestingly, the FPKM value of the CD44 isoform con-

taining the short cytoplasmic domain was more upregulated in sphere

(A) SK-HEP-1
1.0 × 103 cells

Frequency:
3/22 (14%)

(B) SK-sphere
1.0 × 103 cells

P = .018*

Frequency:
9/18 (50%)

(D) SK-sphere
1.0 × 104 cells

P = .216*

Frequency:
8/8 (100%)

(C) SK-HEP-1
1.0 × 104 cells

Frequency:
7/10 (70%)

F IGURE 1 Liver metastasis ability of induced cancer stem-like
cells. The metastatic ability of cells was evaluated by splenic
injection into NOD-Rag1null IL2rcnull double mutant mice. A,B, In
mice injected with 1 9 103 SK-sphere or SK-HEP-1 cells, liver
tumors were formed with a frequency of 9/18 (50%) and 3/22
(14%), respectively (P = .018). C,D, There is no significant difference
in liver metastatic frequency in mice injected with 1 9 104 cells
(P = .216). However, tumor areas were larger in SK-sphere- than in
SK-HEP-1-injected mice. Yellow arrows indicate formed tumors.
*P < .05 by Fisher’s exact test
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F IGURE 2 Clustering dendrogram and MA plot generated from
RNA-sequencing analysis of cancer stem-like cells. A, Hierarchical
clustering dendrogram of cells. Height is the Spearman distance
between nodes consisting of three independent SK-HEP-1 and SK-
sphere samples, and two independent samples of HuH-7 cells
cultured in normal medium and sphere-induction medium containing
neural survival factor-1. B, MA plot of RNA-sequencing read count
data for SK-sphere vs SK-HEP-1 cells. For each gene, the log2
(average expression) in the two samples (A, x axis) against the log2
(fold change) between the samples is plotted (M, y axis). Magenta
and green circles represent significant differentially expressed genes
(DEGs) between SK-sphere and SK-HEP-1 cells. Genes indicated by
green circles are sphere-specific DEGs that were not significantly
changed in the experiment using non-sphere forming HuH-7 cells.
Black circles are genes that are not significantly different between
SK-sphere and SK-HEP-1 cells. Gray circles are genes with low
expression counts in both SK-sphere and SK-HEP1 cells. Horizontal
red and blue lines indicate the median of the M-value and cut-off of
fold change, respectively

(C)

(B)

(A)

F IGURE 3 Enriched molecular signatures in cancer stem-like cells.
RNA-sequencing data obtained from SK-sphere and SK-HEP-1 cells
were subjected to Gene Set Enrichment Analysis. Enrichment plots
from Gene Set Enrichment Analysis data show significant enrichment
of tumor necrosis factor-a (TNF-a) signaling through nuclear factor-
jB (NF-jB) (A), hypoxia (B), and epithelial-mesenchymal transition (C)
genes in SK-sphere cells relative to SK-HEP-1 cells (q < 0.01). NES,
normalized enrichment score
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cells compared to CD44v8-10 (8.8-fold). Expression of the CD44

short-tail variant isoform relative to all CD44 variants was 1.0% in par-

ental SK-HEP-1 cells, but increased to 11.7% in SK-sphere cells.

Expression of the CD44v8-10 isoforms relative to all variants was

increased to 1.4% in SK-sphere cells compared to 0.4% in SK-HEP-1

cells. Moreover, the proportion of CD44 short-tail isoforms were also

increased in surgically resected specimens obtained from hepatocellu-

lar carcinoma (HCC) patients with poor prognosis compared to those

with long-term recurrence-free survival (Figure S2).

4 | DISCUSSION

In the present study, we examined the metastatic phenotype of induced

sphere CSLCs from a hepatoma. Injecting SK-sphere cells into immune-

deficient mice resulted in increased liver metastasis compared to paren-

tal SK-HEP-1 cells (Figure 1). Consistent with the enriched expression of

EMT- and hypoxia-related genes in SK-sphere cells, expression of an

EMT marker, Vimentin, and EMT-related transcription factors, was

upregulated in SK-sphere cells. In addition, expression analysis of CD44

variant isoforms revealed a decreased proportion of the standard CD44

isoform in SK-sphere cells. In contrast, expression of the variant isoforms

of CD44 was increased in SK-sphere cells.

In this splenic injection model, CSLCs must survive in the blood-

stream, migrate from blood vessels to the liver, and form a tumor in

the internal organ environment.28 This process is similar to

hematogenous metastasis in clinical practice. In contrast, an s.c.

injection model showed no significant difference of tumorigenicity

between induced CSLCs and parental cells (unpublished data). It was

reported that liver-CSC marker CD133+ cells had high self-renewal

and tumorigenic capacity compared to CD133� cells.29,30 Although

the tumorigenic ability through s.c. injection was identified as one of

the CSC characteristics, there was no difference in tumor-forming

rates by s.c. injection between cancer stem-like CD44+/CD24�/low

breast cancer cells induced by EMT-inducing cytokines and parental

cells without cytokine exposure.31 Interestingly, our CSLCs revealed

CD133�/CD44high/CD24low expression, unlike typical liver CSCs.12

Consistent with the finding in the current study that the expres-

sion of EMT-related genes was increased in CSLCs (Figure 3C), sev-

eral previous studies reported that enhancement of the EMT

correlated to the metastatic potential and CSC state.32-38 Indeed,

the proportion of cells positive for the mesenchymal marker, Vimen-

tin, and the expression of the EMT-promoting transcription factors

Twist1 and Snail, were increased in CSLCs (Figures 4,5).

High mobility group AT-hook 2 (HMGA2), which is a target for

let-7a-5p microRNA, is associated with high rates of metastasis, poor

prognosis, and induction of the EMT in several cancers, including

hepatoma.39-41 We observed a reduced level of let-7a-5p microRNA

and an elevated HMGA2 protein level in SK-sphere cells by microar-

ray and iTRAQ-labeled 2-D liquid chromatography-tandem mass

spectrometry analyses, respectively (unpublished data). Elevated

HMGA2 levels were confirmed by qPCR analysis (Figure 5). Overall,

our results support that EMT enhances the metastatic phenotype of

CSCs, although our CSLCs differed from typical liver CSCs in CD133

expression and s.c. tumorigenicity.

Hypoxia has been reported to cause drug resistance.42,43 RNA-

sequencing followed by gene set enrichment analysis showed signifi-

cant enrichment of not only EMT-related genes, but also hypoxia-

related genes in CSLCs (Figure 3B). This result corresponded to our

previous report that induced chemoresistant CSLCs expressed higher

HIF1A mRNA levels.12

Gene Set Enrichment Analysis revealed that TNF-a signaling

through the NF-jB signature was also enriched in CSLCs (Figure 3A).

In chronic myeloid leukemia stem cells and leukemia-initiating cells

of acute myeloid leukemia, NF-jB activity was promoted by TNF-a

secretion.44,45 In addition, CD24�/low/CD44+ breast CSCs, wherein

TNF signaling was enhanced, possessed higher NF-jB activity com-

pared to non-CSCs.46 The NF-jB-dependent stabilization of Snail in

several cancer cell lines by TNF-a treatment caused EMT, which in

turn increased cell invasiveness.38,47

(A)

(B)

F IGURE 4 Flow cytometric analysis of Vimentin expression in
cancer stem-like cells. Cells were stained with phycoerythrin (PE)-
conjugated anti-Vimentin and FITC-conjugated anti-epithelial cell
adhesion molecule (EpCAM) antibodies, and separated by flow
cytometry. SK-sphere cells, as induced cancer stem-like cells, show
an increased population of Vimentin-positive and EpCAM-negative
cells compared to parental SK-HEP-1 cells (36.3% vs 19.9%)
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TWIST1 TWIST2 SNAI1 SNAI2 ZEB1 ZEB2

60.7*
±8.4

*

*

HMGA2

*

F IGURE 5 Messenger RNA levels of
epithelial-mesenchymal transition-
promoting transcription factors in cancer
stem-like cells. Expression levels of
TWIST1, TWIST2, SNAI1, SNAI2, ZEB1,
ZEB2, and HMGA2 were measured with
quantitative real-time PCR. Data are
presented as ratios to levels in SK-HEP-1
hepatoma cells. Open and gray columns
represent values from SK-HEP-1 and SK-
sphere cells, respectively. *P < .05 with
Student’s t-test or Welch’s t-test
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F IGURE 6 Expression of CD44
isoforms in cancer stem-like cells (SK-
sphere) and parental cancer cells (SK-HEP-
1). A, CD44 structure of mRNA splicing
patterns according to the RefSeq database
is shown. NM_001001391.1 is the
standard form of CD44, CD44s. The
variant (v) forms of CD44, CD44v1-10,
contain extra exons (ex) as shown by the
orange boxes. NM_001202557.1 contains
exon 18 instead of exon 19, resulting in a
short-tail isoform due to an alternative
translation stop codon. Lower panel, amino
acid sequence features of the
transmembrane domain and several
functional motifs are shown. An asterisk
connected by a red arrow indicates a stop
codon in exon 18 of the short-tail isoform.
This differs from exon 19 of other
isoforms represented below the sequence.
Arrowheads represent sites for regulated
intramembranous cleavage. Serine residues,
that are phosphorylation sites, and
cysteine residues, where palmitoylation
occurs, are represented by yellow and
orange, respectively. B, Bar plots showing
the proportions of CD44 isoforms
expressed in SK-HEP-1 and SK-sphere
cells. The standard CD44 isoform (cyan) is
decreased in SK-sphere (upper bar)
compared to SK-HEP-1 cells (lower bar). In
contrast to the significant decrease in the
standard CD44 isoform, CD44v8-10
(orange), CD44v10 (salmon), and CD44
short-tail (green) isoforms are significantly
increased in SK-sphere cells
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In our previous study, CSLCs contained increased numbers of

CD44v9+ cells.12 CD44 variants are considered to be CSC markers

of many cancers.48 CD44 variants with an extra extracellular domain,

such as CD44v9, are functionally associated with the chemoresistant

phenotype of CSCs. CD44 variant isoforms bind and stabilize to the

cystine transporter, xCT, in the cell membrane. The resulting produc-

tion of glutathione, an antioxidant, enhances resistance to oxidative

stress.49,50 Furthermore, CD44 variants increase the metastatic

potential of rat pancreatic carcinoma cells.51 CD44v3, v8-10, and

MMP9 can bind to each other on the cell surface. Those interactions

lead to degradation of the ECM, which contributes to cell invasion

and migration processes.52

Interestingly, in addition to CD44v8-10 isoforms, induced

CSLCs showed increased expression of a rare CD44 short-tail iso-

form (Figure 6). The CD44 short-tail isoform had not been of

interest as a research target because of its very low abundance

compared with other CD44 isoforms.53,54 Thus, there are few

reports on the CD44 short-tail isoform, and its role in cancer and

CSCs has been almost unknown. Among the few existing reports,

it was shown that knockdown of the CD44 short-tail variant

enhanced hyaluronan internalization and decreased cell-associated

matrices in particular chondrocytes.55 Moreover, HCCs with poor

prognosis showed a greater proportion of the CD44 short-tail iso-

form than those with a good prognosis (Figure S2). Our RNA-seq

data showed that mRNA levels of GFPT1 (also known as GFAT1)

encoding glutamine–fructose-6-phosphate transaminase 1, a hex-

osamine biosynthetic pathway rate-limiting enzyme, were signifi-

cantly higher in both CSLCs (2.2-fold) and poor prognostic HCCs

(1.8-fold) compared to parental cells and good prognostic HCCs,

respectively (unpublished data). Inhibition of GFPT1 by its antago-

nist decreased hexosamine biosynthetic pathway-dependent hya-

luronic acid production, hypoxia-inducible factor-1a signaling, and

CD44high/CD24low breast CSLC populations.56 Taken together, the

CD44 short-tail isoform might be related to CSC properties

through hyaluronan metabolism and/or signaling. Further studies

are needed to identify the role of the CD44 short-tail isoform in

CSCs.

In conclusion, our induced CSLCs possessed metastatic in addi-

tion to chemoresistant characteristics. The EMT, and CD44 variants,

including the short-tail isoform as well as the v8-10 isoforms, might

correlate with the CSC phenotype. The CSLCs used in this study

might be responsible for the poor prognosis of human liver cancer;

hence, further detailed investigations with the integration of CSLCs

and clinical samples could disclose key therapeutic target genes for

liver cancer.
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