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Characterization of sphere-forming HCT116 clones by
whole RNA sequencing

Eunkyung Chung*, Inkyung Oh'*, Kil Yeon Lee'
R&D Center, L&K Biomed Co. Ltd., Seoul, "Department of Surgery, College of Medicine, Kyung Hee University, Seoul, Korea

Purpose: To determine CD133" cells defined as cancer stem cells (CSCs) in colon cancer, we examined whether CD133"
clones in HCT116 demonstrate known features of CSCs like sphere-forming ability, chemodrug-resistance, and metastatic
potential.

Methods: Magnetic cell isolation and cell separation demonstrated that <1% of HCT116 cells expressed CD133, with the
remaining cells being CD133" clones. In colon cancer cells, radioresistance is also considered a CSC characteristic. We
performed clonogenic assay using 0-4 Gy y-irradiation.

Results: Interestingly, there were no differences between HCT116 parental and HCT116 CD133" clones when the cells
comprised 0.5% of the total cells, and CD133" clone demonstrated radiosensitive changes compared with parental and
CD133" clones. Comparing gene expression profiles between sphere-forming and nonforming culture conditions of
HCT116 subclones by whole RNA sequencing failed to obtain specific genes expressed in CD133" clones.

Conclusion: Despite no differences of gene expression profiles in monolayer attached culture conditions of each clone,
sphere-forming conditions of whole HCT116 subclones, parental, CD133", and CD133™ increased 1,761 coding genes and
downregulated 1,384 genes related to CSCs self-renewal and survival. Thus, spheroid cultures of HCT116 cells could be

useful to expand colorectal CSCs rather than clonal expansion depending on CD133 expressions.

[Ann Surg Treat Res 2016;90(4):183-193]
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INTRODUCTION

Cancer stem cells (CSCs) are tumor cells that have the
principal properties of self-renewal, clonal tumor initiation
capacity, and clonal long-term repopulation potential. CSCs
are a distinct cellular subpopulation in colon cancer that
is essential for tumor maintenance [1,2]. Human colorectal
CSCs were first isolated on the basis of CD133 expression and
were demonstrated to induce tumors in mice that resembled
the original malignancy [3,4]. CSCs have some unexpected
properties, including a high degree of heterogeneity and pla-

sticity, capability of metastasis, chemotherapy resistance, and
can continually adapt to changing microenvironments [5,6].
CSCs were initially considered a population with well-defined
phenotypic and molecular features. However, accumulating
evidence suggests instead that CSCs are a dynamic population
continuously shaped by a convergence of genetic, epigenetic,
and microenvironmental factors [1].

CSCs reside in niches that are anatomically distinct regions
within the tumor microenvironment, which are cellular and
noncellular elements surrounding tumors [7]. Interactions
between malignant and nontransformed cells create the
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tumor microenvironment [8]. Nonmalignant cells of the tumor
microenvironment including immune cells, tumor vasculatures
and lymphatics, as well as fibroblasts, pericytes, and adipocytes
have dynamic and often tumor-promoting functions at all
stages of carcinogenesis [9,10]. CD133" colon cancer cells are
reportedly more interactive with the tumor microenvironment
than are CD133" cells [11]. HCT116 cell populations are
composed mainly of stem-like cancer cells, as demonstrated by
their colonosphere forming capability and CD133 expression
[12,13]. Long-term cultured self-renewing CD133°CD44" cells
enriched in the CD133°CD44 (high) subset, which express the
epithelial-to-mesenchymal transition marker, are more invasive
in vitro and are solely responsible for liver metastasis in vivo [14].
However, it has not yet been defined whether CD133" clones of
HCT116 cells have distinct molecular signatures compared with
CDI133" clones in terms of known CSCs properties like sphere
forming ability, angiogenesis and vascular niche formation,
chemoresistance, radioresistance, and invasive migration for
metastasis.

In the present study, we performed whole RNA sequencing
in CD133" and CD133" clones both in attached monolayer
cultures and colonosphere forming condition to identify CSC-
specific gene expression profiles. Moreover, we also intended
to establish in vitro three-dimensional (3D) tumor model
consisting of CSCs by applying tumor-sphere formation
depending on CD133 expression.

METHODS

Monolayer and tumor spheres cultures
The HCT116 human colorectal cancer cell line was obtained

from the American Type Culture Collection (Manassas, VA,
USA) Cells were cultured in RPMI 1640 medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum
and antibiotics at 37°C and 5% CO..

To obtain sphere cultures, monolayer cells were enzymatically
and manually dissociated into a single cell suspension using
Trypsin-EDTA (0.125%) followed by passage through a 25-gauge
needle. Cells were seeded at 5,000 cells/mL into nonadherent
plates coated with 1.2% poly-(2-hydroxyethylmethacrylate)/95%
ethanol (Sigma-Aldrich, St Louis, MO, USA). Stem cell medium
consisted in DMEM/F12 supplemented with B27 (Gibco-Life
Technologies, Carlsbad, CA, USA) and MEGM SingleQuots
(human epidermal growth factor, insulin, hydrocortisone and
GA-100; Lonza, Basel, Switzerland). Tumor sphere cultured
(TSC) cells were disaggregated by incubation with the StemPro
accutase Cell Dissociation Reagent (Gibco-Life Technologies)
until a single cell suspension was obtained. TSC cells were
subcultured every 5 to 7 days for up to 5 generations.

Radiosensitivity assay
The association between the expression of monolayer and

sphere formed cells and radiation sencitivity was evaluated
by sorting and collecting CD133" and CD133" clones. The cells
were pre-plated in a 6-cm diameter culture dish. The following
day the cells were exposed to externally applied 0-4 Gray (Gy)
y-rradiation. After 10 days the cells were washed in phosphate-
buffered saline and fixed with methanol: acetic acid (3:1) for 10
minutes. The colonies were stained with 5% trypan blue for 10
minutes, rinsed in water, and counted.

RNA sequencing

Transcriptome libraries were prepared following Illumina’s
TruSeq RNA kit protocol, using 1-2 g of total RNA. Poly(A)+
RNA was isolated using AMPure XP beads (Beckman Coulter,
Brea, CA, USA) and fragmented with the Ambion Fragmentation
Reagents kit (Ambion, Austin, TX, USA). cDNA synthesis, end-
repair, A-base addition, and ligation of the Illumina indexed
adapters were performed according to Illumina’s protocol. Libra-
ries were size-selected for 250-300 bp cDNA fragments on a 3%
Nusieve 3:1 (Lonza) agarose gel, recovered using OIAEX I gel
extraction reagents (Qiagen, Hilden, Germany), and polymerase
chain reaction (PCR)-amplified using Phusion DNA polymerase
(New England Biolabs, Ipswich, MA, USA) for 14 PCR cycles.
The amplified libraries were purified using AMPure XP beads.
Library quality was measured on an Agilent 2100 Bioanalyzer
for product size and concentration. Paired-end libraries were
sequenced with the Illumina HiSeq 2500 (2x100 nucleotide
read length). Reads that passed the chastity filter of [llumina
BaseCall software were used for subsequent analysis.

RESULTS

HCT116 cells display colonosphere forming capa-
city and radioresistance regardless of CD133 ex-

pression
In order to identify whether CD133 expression in HCT116

cancer cells is a prerequisite to define CSCs, CDI33" cells were
isolated using MACS. Fewer than 1% of HCT116 cells expressed
CD133 with the remainder being CD133". Whole subclones of
HCT116 separated by the expression of CDI33 formed irregular
shaped colonospheres in culture (Fig. 1A). In colon cancer cells,
radioresistance is also considered a CSC characteristic [15,16].
Appropriately we performed a clonogenic assay using 0-4 Gy
y-irradiation. Interestingly, there were no differences between
HCT116 parental and CDI133" clones when cells comprised 0.6%
of the total cells (Fig. 1B). Only CD133" clones demonstrated
radioresistant changes at 1 Gy y-irradiation compared with
other HCT116 clones. It suggests that whole clones of HCT116
have some CSC properties determined by colonosphere
forming capacity, while there is a difference in CD133" clones
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with low dose radioresistance. This led us to investigate gene
expression profiles of HCT116 subclones, CD133", and CD133"
cells in attached monolayer culture as well as sphere-forming
conditions for further characterization.

CDI33 expression is not a CSC marker in HCT116 cells

Comparison of each subclone of HCT116 in attached mono-
layer and colonosphere cultures by whole RNA sequencing
unexpectedly revealed no significant differences in CD133"
and CD133" clones. The most significant differences were in
the comparison of whole spheres and monolayers (Fig, 2). We
identified 1,751 coding genes whose expression was increased
and 1,384 genes that were downregulated in the spheroid-
forming cells (1) (Table 1). Consistently, a few genes were
differentially expressed in colonosphere culture conditions
compared to attached monolayer cultures of each subclones
(2-4). There was no difference in gene expression profiles
among HCT116 subclones in attached monolayer cultures. Com-
parison of parental cells and CD133" clones (5), CD133" and

—— HCT116
--«- HCT116 (CD133)
~=- HCT116 (CD133")

Fig. 1. HCT116 cells show colo-
nosphere forming capacity and
radioresistance, regardless of
CD133 expression. (A) Light
microscopy photomicrographs of
colonospheres over the course of
2 weeks. Upper panel: magnifi-
cation x4, scale bar denotes 500
uM; lower panel: magnification
x10, scale bar denotes 100 uM.
(B) Radiosensitization of clono-
genic cell survival curves were
obtained from HCT116 parental,
CD133" and CD133" clones cells
cells pretreated with different ex-
posed to 0-4 Gy y-irradiation.
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Fig. 2. Comparison of each subclone of HCT116 in attached
monolayer and colonosphere cultures by whole RNA se-
quencing.

CDI33 clones (6), and parental HCT116 and CD133" clones (7)
did not reveal differentially expressed genes were observed.
Specifically regulated genes of the CD133" (8) and CD133 clone
(10) were detected in the spheroid-culture condition upon
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Table 1. Comparison of each subclone of HCT116 in attached monolayer and colonosphere cultures by whole RNA se-

quencing
Genes
NO Group 1 (G1) Group 2 (G2)
Sum Up (G2 only) Down (G1 only)
1 Monolayer HCT116 parent, CD133", Sphere HCT116 parent, CD133", 3,135 1,751 (4) 1,384 (1)
CD133" CD133"

2 Monolayer HCT116 parent Sphere HCT116 parent 17 13 (3) 4(2)
3 Monolayer HCT116 CD133" Sphere HCT116 CD133" 32 18 (7) 14 (2)
4 Monolayer HCT116 CD133~ Sphere HCT116 CD133~ 27 14 (7) 13 (4)
5 Monolayer HCT116 parent Monolayer HCT116 CD133" 0 0 (0) 0 (0)
6 Monolayer HCT116 CD133" Monolayer HCT116 CD133~ 0 0(0) 0 (0)
7 Monolayer HCT116 parent Monolayer HCT116 CD133" 0 0(0) 0(0)
8 Sphere HCT116 parent Sphere HCT116 CD133" 23 33) 20 (0)
9 Sphere HCT116 CD133" Sphere HCT116 CD133~ 0 0 (0) 0 (0)
10 Sphere HCT116 parent Sphere HCT116 CD133~ 36 1109 25 (1)

comparison with HCT116 parental cells. However, there was no
difference between CD133" and CD133" clones in colonosphere
forming condition (9). The observations suggested that the
variations of CD133 expression were not caused by differences
of RNA expression. In addition, tumor heterogeneity has been
shown to be driven by a combination of genetic, epigenetic, and
microenvironmental factors, which together result in functional
diversity at the individual, clonal, and intraclonal levels.

CD133"HCT116 spheroid cells acquire CSC-like pro-

perties
Spheroid cultures of cells derived from primary or metastatic

tumors have been widely used to isolate and expand colorectal
CSCs. Comparison of whole RNA expression profiles between
spheroid cells and monolayer cultured cells revealed up-re-
gulation of 1,751 coding genes and down-regulation of 1,384
genes in the spheroid cells. The 50 most frequently up-re-
gulated and down-regulated genes are listed in Tables 2, 3,
respectively. Heatmap analysis of the top 30 up-regulated and
down-regulated genes in colonosphere culture conditions dis-
criminated spheres and monolayers of each HCT116 subclone
(Fig. 3).

We further analyzed these up-regulated genes by grouping
of known CSC properties in the known categories of CSCs,
which included control of stemness, chemodrug resistance,
and tumor microenvironment vascular and metastatic ni-
ches of angiogenesis and metastasis, respectively (Table 4).
Unexpectedly, sphere forming ability was not correlated with
up-regulation of stemness-related genes aldehyde dehydro-
genase family 1 member A3 (ALDH1A3) [17,18], which was
-23 folds down-regulated. However, spheroid cell formation
was associated with up-regulation of enhanced vasculogenesis
mediated by ANGPTL, ankyrin repeat domain 37 (2.0 folds),
SEMA3D, sema domain, immunoglobulin domain (Ig), short

basic domain, secreted, (semaphorin) 3D (1.8 folds), SBSN,
suprabasin (1.8 folds), and FGFBP1, fibroblast growth factor
binding protein 1 (1.8 folds). In addition, spheroid cell up-
regulation was noted in several gene implicated in chemodrug
resistance properties and survival of CSCs under nutrient-
restricted conditions, including SLC2A3 (solute carrier family
2; facilitated glucose transporter member 3) (1.9 folds) and
SLC30A1 (solute carrier family 30, zinc transporter member
1; a transporter for glucose and zinc) (1.5 folds). The encoded
SLC proteins function in the transporter of anticancer agents
into cancer cells and mediate the uptake of essential nutrients
for tumor growth and survival [19,20]. Concerning metastasis,
expression of the gene encoding MACC1 (metastasis-asso-
ciated in colon cancer protein 1) was up-regulated 1.5 folds
and that encoding SOCS1 (suppressor of cytokine signaling
1) was up-regulated 1.9 folds in spheroid cells, but MALAT1
(metastasis-associated lung adenocarcinoma transcript 1)
was down-regulated 1.4 folds in spheroids. Increased SOCS1
in spheres represented a less aggressive phenotypic change
than monolayer cultured HCT116 cells [21]. This pathway
may be associated with colonization by metastatic clones.
Colonospheres formed by colon cancer cell lines are highly
enriched in CSCs and the Wnt/B-catenin pathway plays a critical
role in growth and maintenance of CSCs. In addition, FGF,
Notch, Hedgehog, and TGF/BMP signaling networks have been
implicated in the maintenance of the survival and expansion
of CSCs [22]. However, in our gene expression profiles of stem
cell signaling network, DKK4 (dickkopf homolog 4), which is an
antagonist for Wnt/B-catenin signaling, was up-regulated up to
5.4 folds while DKK1 was down-regulated up to 1.4 folds; overall
Wnt/B-catenin signaling was attenuated. Similarly, FGF22
was down-regulated up to 1.8 folds. However, transforming
growth factor-beta (TGF signaling was enhanced by the 14 folds
reduced expression of inhibitory SMADG6. TGF signaling is key
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Table 2. List of the 50 most frequently up-regulated genes

No. Gene name Description Value_1 Value_2 log2fc  P-value
1 DKK4 Dickkopf homolog 4 (Xenopus laevis) [Source: HGNC Symbol; Acc: ~ 0.253  10.3 5.4 <0.001
2894]
2  MYO3B Myosin lIB [Source: HGNC Symbol; Acc: 15576] 0.0431 0.671 4 <0.001
3 KRT2 Keratin 2 [Source: HGNC Symbol; Acc: 6439] 0.106 1.64 3.9 <0.001
4 BEND2 BEN domain-containing protein 2 [Source: SWISS; Acc: Q8NDZ0] 0.0434 0.489 3.5 0.001
5 CXCR4 Chemokine (C-X-C motif) receptor 4 [Source: HGNC Symbol; Acc:  0.483 4.57 3.2 <0.001
2561]
6 ANKRD37  Ankyrin repeat domain 37 [Source: HGNC Symbol; Acc: 29593] 2.92 21.6 2.9 <0.001
7 KRTI Keratin 1 [Source: HGNC Symbol; Acc: 6412] 0.541 3.96 2.9 <0.001
8  STEAP4 STEAP family member 4 [Source: HGNC Symbol; Acc: 21923] 0.167 1.19 2.8 <0.001
9 FRY Furry homolog (Drosophila) [Source: HGNC Symbol; Acc: 203671 0.505 3.45 2.8 <0.001
10 DCD Dermcidin [Source: HGNC Symbol; Acc: 14669] 0.286 1.72 2.6 <0.001
11 PEGIO Paternally expressed 10 [Source: HGNC Symbol; Acc: 14005] 7.1 37.7 2.4 <0.001
12 ERICH2 Glutamate-rich 2 [Source: HGNC Symbol; Acc: 44395] 2.84 14.5 2.4 <0.001
13 ELF5 E74-like factor 5 (ets domain transcription factor) [Source: HGNC ~ 1.42 6.85 2.3 <0.001
Symbol; Acc: 3320]
14  FAMI138D  Protein FAM138D [Source: SWISS; Acc: Q6VEP2] 0.116 0.556 2.3 0.008
15 DDIT4 DNA-damage-inducible transcript 4 [Source: HGNC Symbol; Acc: 26.4 125 2.2 <0.001
24944)
16 EPGN Epithelial mitogen [Source: HGNC Symbol; Acc: 17470] 0.252 1.07 2.1 <0.001
17 pol Pol polyprotein [Source: SWISS; Acc: P21414] 0.723 3.04 2.1 <0.001
18 DDIT4 DNA-damage-inducible transcript 4 [Source: HGNC Symbol; Acc: 24.3 101 2.1 <0.001
24944]
19 VSNLIT Visinin-like 1 [Source: HGNC Symbol; Acc: 12722] 28.2 112 2 <0.001
20 SPARCL1 SPARC-like 1 (hevin) [Source: HGNC Symbol; Acc: 11220] 0.303 1.2 2 <0.001
21 ANGPTL4  Angiopoietin-like 4 [Source: HGNC Symbol; Acc: 16039] 7.05 27.3 2 <0.001
22 ZNF192P1  Zinc finger protein 192 pseudogene 1 [Source: HGNC Symbol; Acc:  0.165 0.63 1.9 0.001
18777]
23 NR4A3 Nuclear receptor subfamily 4, group A, member 3 [Source: HGNC  0.358 1.36 1.9 <0.001
Symbol; Acc: 7982]
24 ACAP1 ArfGAP with coiled-coil, ankyrin repeat and PH domains 1 [Source:  0.378 1.43 1.9 <0.001
HGNC Symbol; Acc: 164671
25  SOCS1 Suppressor of cytokine signaling 1 [Source: HGNC Symbol; Acc:  1.76 6.57 1.9 0.001
19383]
26 GRHL3 Grainyhead-like 3 (Drosophila) [Source: HGNC Symbol; Acc: 25839]  0.895 3.27 1.9 <0.001
27 SOX6 SRY (sex determining region Y)-box 6 [Source: HGNC Symbol; Acc:  0.153 0.554 1.9 0.008
16421]
28  SLC2A3 Solute carrier family 2 (facilitated glucose transporter), member 3 3.78 13.7 1.9 <0.001
[Source: HGNC Symbol; Acc: 11007]
29 SP5 Sp5 transcription factor [Source: HGNC Symbol;Acc: 14529] 1.51 5.38 1.8 <0.001
30 Pol Retrovirus-related Pol polyprotein LINE-1 [Source: SWISS; Acc:  0.459 1.61 1.8 0.008
P11369]

31  SEMA3D Sema domain, immunoglobulin domain (Ig), short basic domain,  0.483 1.66 1.8 <0.001
secreted, (semaphorin) 3D [Source: HGNC Symbol; Acc: 10726]

32 TMCI1 Transmembrane channel-like T [Source: HGNC Symbol; Acc: 165131  0.765 2.58 1.8 <0.001

33 SBSN Suprabasin [Source: HGNC Symbol; Acc: 24950] 0.242 0.814 1.8 <0.001

34 ADAMTS16 ADAM metallopeptidase with thrombospondin type 1 motif, 16  0.35 1.15 1.7 0.008
[Source: HGNC Symbol; Acc: 17108]

35 COL3AT Collagen, type Ill, alpha 1 [Source: HGNC Symbol; Acc: 2201] 0.245 0.801 1.7 <0.001

36 SCGB3A2  Secretoglobin, family 3A, member 2 [Source: HGNC Symbol; Acc:  0.627 2.04 1.7 0.001
18391]

37 FGFBP1 Fibroblast growth factor binding protein 1 [Source: HGNC Symbol; 5.8 18.7 1.7 <0.001
Acc: 19695]

38 KRT14 Keratin 14 [Source: HGNC Symbol; Acc: 6416] 1.01 3.04 1.6 <0.001

39 GADI1 Glutamate decarboxylase 1 (brain, 67kda) [Source: HGNC Symbol;  4.78 14.3 1.6 <0.001
Acc: 4092]
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No. Gene name Description Value_1 Value_2
40 HECW2 HECT, C2 and WW domain containing E3 ubiquitin protein ligase 2 0.47 1.41
[Source: HGNC Symbol; Acc: 29853]
41 61E3.4 Protein LOC728888 [Source: UniProtKB/TrEMBL; Acc: ESRHQ5] 0.973 2.91
42 APOBEC3F DNA dC->dU-editing enzyme APOBEC-3F [Source: SWISS;Acc: 6.5 19.3
Q8IUX4]
43 ANKRD22  Ankyrin repeat domain 22 [Source: HGNC Symbol;Acc: 28321] 5.74 16.9
44 FAMIT157A Putative protein FAM157A [Source: SWISS; Acc: C9JC47] 0.363 1.07
45  CALML5 Calmodulin-like 5 [Source: HGNC Symbol; Acc: 18180] 0.285 0.837
46 SCNI9A Sodium channel, voltage-gated, type IX, alpha subunit [Source:  0.341 0.995
HGNC Symbol; Acc: 105971
47  MACCIT Metastasis-associated in colon cancer protein 1 [Source: SWISS; Acc:  5.32 15.3
Q6ZN28]
48  SLC30A1 Solute carrier family 30 (zinc transporter), member 1 [Source: HGNC ~ 4.57 12.9
Symbol; Acc: 11012]
49  ZNF573 Zinc finger protein 573 [Source: HGNC Symbol; Acc: 26420] 0.671 1.9
50 ZNF714 Zinc finger protein 714 [Source: SWISS; Acc: Q96N38] 0.171 0.48
Whole monolayer vs. sphere culture, upregulated (top 50).
Table 3. List of the 50 most frequently down-regulated genes
No. Gene name Description Value_1  Value_2
1 CYP24A1 Cytochrome P450, family 24, subfamily A, polypeptide 1 47 4.71
[Source: HGNC Symbol; Acc: 2602]
2 CD79B CD79b molecule, immunoglobulin-associated beta 0.689 0.111
[Source: HGNC Symbol; Acc: 1699]
3  GBP7 Guanylate-binding protein 7 [Source: SWISS; Acc: 1.08 0.183
Q8N8V2]
4 KRT7 Keratin 7 [Source: HGNC Symbol; Acc: 6445] 3.68 0.731
5 SIX2 SIX homeobox 2 [Source: HGNC Symbol; Acc: 10888] 0.569 0.113
6  HISTTH4E Histone cluster 1, H4e [Source: HGNC Symbol; Acc: 4790] 1.03 0.205
7 SRSF6 Serine/arginine-rich splicing factor 6 [Source: SWISS; Acc: 4.16 0.84
Q13247]
8 ALDHITA3 Aldehyde dehydrogenase family T member A3 [Source: 262 53.8
SWISS; Acc: P47895]
9 DMCI DMC1 dosage suppressor of mck1 homolog, meiosis- 0.845 0.174
specific homologous recombination (yeast) [Source:
HGNC Symbol; Acc: 2927]
10 HISTTH4A Histone cluster 1, H4a [Source: HGNC Symbol; Acc: 4781] 5.39 1.12
11 TEX19 Testis expressed 19 [Source: HGNC Symbol; Acc: 33802] 2.88 0.612
12 PADI3 Peptidyl arginine deiminase, type Ill [Source: HGNC 7.51 1.61
Symbol; Acc: 18337]
13 ALDHI1A3 Aldehyde dehydrogenase 1 family, member A3 [Source: 273 59.1
HGNC Symbol; Acc: 409]
14 ™ HERV-R(b)_3p24.3 provirus ancestral Env polyprotein 3.08 0.679
[Source: SWISS;Acc: P60509]
15 HARITA Highly accelerated region TA (non-protein coding) [Source: 0.514 0.117
HGNC Symbol; Acc: 33117]
16  KISSTR KISS1 receptor [Source: HGNC Symbol; Acc: 4510] 3.29 0.794
17 KLF9 Kruppel-like factor 9 [Source: HGNC Symbol; Acc: 1123] 13.4 3.23
18 C9orf169 Chromosome 9 Open Reading Frame 169 [Source: HGNC 1.49 0.402
Symbol; Acc: 30529]
19 SUSD2 Sushi Domain Containing 2 [Source: HGNC Symbol; Acc: 4.04 1.11
30667]
20 PCBP3 Poly(Rc) Binding Protein 3 [Source: HGNC Symbol; Acc: 3.33 0.919

8651]

log2fc

1

_\_.Ai
to oo

.6

o

log2fc
-3.3
-2.6
-2.6
-2.3
-2.3

-2.3
-2.3

-2.3
-2.2
-2.2

-2.2
-2.1
-2.1
-2.1
-1.9
-1.9

-1.9

P-value

0.001

<0.001
<0.001

<0.001
0.001

0.011
<0.001

<0.001

<0.001

<0.001
<0.001

P-value
<0.001
<0.001
<0.001
<0.001
0.003
0.001
0.002
<0.001
0.002
0.007
<0.001
<0.001
<0.001
<0.001
0.002
<0.001
<0.001
0.001

<0.001

<0.001
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Table 3. Continued

No.

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48
49

50

Gene name

CNTNAP3
DGAT2
BST2
FGF22
SSTR5-AS1
BLK
PAGE4
SETMAR
YS049_HUMAN
IMMPTL
SERTAD4
DRD1
MMP7
HPD
FCGRT

CBR3
APOCT
GATA2

YS049_HUMAN
RNASEH2C
EMX1

MSRB3

MALATT
SMAD6

LMCD1
MAPK15
TMEMT160

CST6
RPL13

DKK1

Description

Contactin-associated protein-like 3 [Source: SWISS;Acc:
QIBZ76]

Diacylglycerol O-Acyltransferase 2 [Source: HGNC
Symbol; Acc: 16940]

Bone Marrow Stromal Cell Antigen 2 [Source: HGNC
Symbol; Acc: 1119]

Fibroblast Growth Factor 22 [Source: HGNC Symbol; Acc:
3679]

SSTR5 antisense RNA 1 [Source: HGNC Symbol; Acc:
26502]

B lymphoid tyrosine kinase [Source: HGNC Symbol; Acc:
1057]

P antigen family, member 4 (prostate associated) [Source:
HGNC Symbol; Acc: 4108]

Histone-lysine N-methyltransferase SETMAR [Source:
SWISS;Acc: Q53H47]

Zinc finger protein ENSP00000375192 [Source:
SWISS; Acc: Q8WTZ3]

IMPT inner mitochondrial membrane peptidase-like (S.
cerevisiae) [Source: HGNC Symbol; Acc: 263171

SERTA domain containing 4 [Source: HGNC Symbol; Acc:
25236]

Dopamine receptor D1 [Source: HGNC Symbol; Acc:
3020]

Matrix metallopeptidase 7 (matrilysin, uterine) [Source:
HGNC Symbol; Acc: 7174]

4-Hydroxyphenylpyruvate dioxygenase [Source: HGNC
Symbol; Acc: 5147]

Fc fragment of IgG, receptor, transporter, alpha [Source:
HGNC Symbol; Acc: 3621]

Carbonyl Reductase 3 [Source: HGNC Symbol; Acc: 1549]

Apolipoprotein C-1 [Source: HGNC Symbol; Acc: 607]

GATA binding protein 2 [Source: HGNC Symbol; Acc:
4171]

Zinc finger protein ENSP00000375192 [Source:
SWISS; Acc: Q8WTZ3]

Ribonuclease H2, Subunit C [Source: HGNC Symbol; Acc:
24116]

Empty Spiracles Homeobox 1 [Source: HGNC Symbol;
Acc: 3340]

Methionine Sulfoxide Reductase B3 [Source: HGNC
Symbol; Acc: 27375]

Metastasis-associated lung adenocarcinoma transcript 1
[Source: SWISS;Acc: Q9UHZ2]

SMAD family member 6 [Source: HGNC Symbol; Acc:
6772]

LIM and cysteine-rich domains 1 [Source: HGNC Symbol;
Acc: 6633]

Mitogen-activated protein kinase 15 [Source: HGNC
Symbol; Acc: 24667]

Transmembrane protein 160 [Source: HGNC Symbol; Acc:
26042]

Cystatin E/M [Source: HGNC Symbol; Acc: 2478]

Ribosomal protein L13 [Source: HGNC Symbol; Acc: 3.01E+03

10303]
Dickkopf 1 homolog (Xenopus laevis) [Source: HGNC
Symbol; Acc: 2891]

Whole monolayer vs. sphere culture, downregulated (top 50).

Value_1

54.4
6.78
14.1
0.636
1.46
0.757
0.87
1.09
0.601
120
1.33
0.892
0.971
1.1
1.55
1.33
10.8
5.62
30.5
1.86
7.37
48.7
2.92
6.1
21.1
3.92

36.6

110

Value_2 log2fc
15 -1.9
1.93 -1.8
4.05 -1.8
0.185 -1.8
0.431 -1.8
0.231 -1.7
0.268 -1.7
0.346 -1.7
0.191 -1.7
38.9 -1.6
0.447 -1.6
0.299 -1.6
0.327 -1.6
0.369 -1.6
0.528 -1.6
1.03 -1.5
0.467 -1.5
3.89 -1.5
2.06 -1.5
11.2 -1.4
0.684 -1.4
2.73 -1.4
18.2 -1.4
1.1 -1.4
2.3 -1.4
8.07 -1.4
1.51 -1.4
14.2 -1.4
1.16E+03 -1.4
43.2 -1.4
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P-value
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0.005
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0.005

<0.001

0.001

<0.001

<0.001

0.001

0.001

<0.001

<0.001
0.004
<0.001

0.005

<0.001

<0.001

0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
<0.001

<0.001
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in the interactions between metastatic features of single tumors
[23]. In this context, TGF acts as tumor suppressor during the

Row Z-score
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ATPIF1
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Sample ID:

Fig. 3. Heatmap analysis of the top 30 up-regulated and
down-regulated genes in colonosphere culture conditions
discriminated spheres and monolayers of each HCT116 sub-
clone.

Table 4. List of cancer stem cell markers

initial transformation and has a predominant oncogenic role
during tumor progression. In addition, differential expression
of several genes encoding transcription factors related to
regulation of growth and differentiation of CSCS were presently
noted in spheroid cells. The up-regulated genes were the ets
domain transcription factor ELF5 (E74-like factor 5; 2.3 folds),
SOXO6 (SRY, sex determining region Y-box 6; 19 folds), ZNF573
(zinc finger protein 573; 1.5 folds), and ZNF714 (zinc finger
protein 714; 1.5 folds). Down-regulated genes were SIX2 (SIX
homeobox 2; 2.3 folds), KLF9 (Kruppel-like factor 9; 2.1 folds),
and GATA?2 (GATA binding protein 2; 15 folds). Thus, sphere-
forming HCT116 clones displayed CSCs properties and similar
phenotypic changes into CSCs occurred even in cells derived
from CD133" clones.

Gene expression profiles in sphere-forming HCT116

clones are associated with CSCs properties
We further analyzed the top 50 differentially expressed genes

with already known gene expression omnibus (GEO) profiles
and classified them into 6 distinct categories: colon cancer
progression in SW480/SW620, CD133" clones in CRCs, STAT5b-/-
colon cells, colonospheres of HT29, snail overexpression
in SW480, methotrexate-resistant HT20, and peroxisome
proliferator-activated receptor-gamma (PPAR-/- in colon cells
(Table 5). Based on the analysis of the colon GEO repository, 12
genes were determined to be up-regulated in sphere forming
cells compared to monolayer cells. Among these, 4 genes (DKK4,
SLC2A3, DDT4, and CXCR4) were inversely correlated with colon
cancer progression. The remaining & genes (PEGIO, ANGPTL4,
NR4A3, SOX6, GRHL3, ACAPI, FGFBPI, and GADI) were strongly
associated with colon cancer progression. In case of CD133"
clones in CRCs, 3 genes were over-expressed: MYO3B, DCD,
and GADI. None of the down-regulated genes were detected
in CD133" CRC clones. In case of STAT5b-/- in colon cells, 5
genes were over-expressed: SPARCLI, FRY, TMCI, EPGN, and
FGFBPI1. However, FRY showed an opposite correlation. It was
expected that most of genes would overlap with sphere-derived
cells of whole HCT116 subclones. However, only 5 genes were:
ANKRDZ22, SP5, DCD, MYO3B, and SLC30A1. Among them, SP5
showed a reverse correlation. In case of snail overexpression in

Category Correlation Involved genes (up/ down)
Stemness Inverse ALDH1A3 (down)
Chemodrug resistance Consistent ~ SLC2A3 (up), SLC30AT (up)
Angiogenesis (vascular niches/pre-metastatic niches) Consistent ANGPTL4 (up), SEMA3D (up), SBSN (up), FGFBPT (up)
Metastasis Inverse MACCT (up), MALATT (down), SOCST (up)
Tumor microenvironment (metastatic niches) Consistent CXCR4 (up)

Stem cell signaling network
Transcription factors

DKK4 (up), FGF22 (down), SMAD6 (down), DKK1 (down)

ELF5 (up), SOX6 (up), ZNF573 (up), ZNF714 (up), SIX2
(down), KLF9 (down), GATA2 (down)
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Table 5. Upregulated gene expression profiles in sphere-forming HCT116 clones

Category Condition Involved genes (c/o0)
Colon cancer progression SW480/SW620 DKK4 (O), PEG10, ANGPTL4, NR4A3,50X6, SLC2A3 (O), DDT4 (O),
CXCR4 (O), GRHL3, ACAP1, FGFBP1, GAD1
CD133" clones CRC MYO3B, DCD, GAD1
STAT5b-/- Colon SPARCL1, FRY (O), TMC1, EPGN, FGFBP1
Colonospheres HT29 ANKRD22, SP5 (O), DCD, MYO3B, SLC30A1
Snail overexpression SW480 SOCST (O), NR4A3, DKK4, ZNF573
Methotrexate-resistance HT29 KRT2, CXCR4, PEG10, VSNL1, SCN9A

Table 6. Downregulated gene expression profiles in sphere-forming HCT116 clones

Category Condition Involved genes (c/o)

Colon cancer progression SW480/SW620 TMEM160

CD133" clones CRC None

STAT5b-/- Colon TEX19 (O), SERTAD4, HPD

Colonospheres HT29 CYP24A1, ALDH1A3, DMCT1, TEX19, HARTA, KLF9, CNTNAP3, SSTR5-
AST1, SETMAR, IMMP1L, MMP7, FCGRT, CBR3 (O), GATA2, MALATT (O)

Snail overexpression SW480 KRT7, SIX2, BST2, IMMP1L, GATA2 (O), RNASEH2C (O), MSRB3 (O), CST6
(), DKKT

Methotrexate-resistance HT29 BST2, SSTR5-AS1 (O), SERTAD4 (O), SMADG6, LMCD1 (O), RPL13, DKKT (O)

SW480 metastatic clones or CSCs, 3 genes (NR4A3, DKK4, and
ZNF573) showed correlation. SOCS1 was inversely correlated
with spheroid HCT116 cells. Comparison of gene expression
patterns in methotrexate-resistance HT29 cells with sphere-
derived cells revealed consistent expression of 5 genes (KRTZ,
CXCR4, PEGIO0, VSNLI, and SCN9A) in spheroid cells.
Down-regulated genes in spheroid cultures also demonstrated
similar properties of CSCs in seven categories (Table 6). Related
to colon cancer progression, only TMEM160 was down-reg-
ulated in sphere-forming cells compared to monolayer cells.
No differentially regulated genes were detected in CD133"
clones. In case of STAT5b-/- colon cells, 3 genes were down-
regulated (TEX19, SERTAD4, and HPD), with expression of
TEX19 being inversely correlated. Fifteen genes displayed
similar expression patterns in HT29 colonospheres (CYP24A1,
ALDHIA3, DMCI, TEX19, HARIA, KLF9, CNTNAP3, SSTR5-
AS1, SETMAR, IMMPIL, MMP7, FCGRT, CBR3, GATAZ2, and
MALATI). Among them, CBR3 and MALATI showed a reverse
correlation. Nine genes were implicated in snail overexpression
in SW480 representing metastatic clones or CSCs: KRT7, SIX2,
BST2, IMMPIL, GATA2, RNASEH2C, MSRB3, CST6, and DKKI).
GATA2, RNASEH2C, MSRB3, and CST6 were inversely correlated
with sphere-derived cells in HCT116. Comparison of gene
expression patterns in methotrexate-resistant HT29 cells with
sphere-derived cells revealed consistent expression of 3 genes
(BST2, SMADG, and RPLI13) and an inverse correlation in the
expression of 4 genes (SSTR5-ASI, SERTAD4, LMCD, and DKK1).
Thus, sphere forming HCT116 clones showed more primitive
phenotypes in CSCs, similar to other stem cells, characterized

by slow growth, reduced progression in colon cancer, and high
vascular forming capability. However, these cells produced
proteins relevant to metastasis and reconstituted metastatic
niches.

DISCUSSION

In the present study, we examined CD133" cells in attached
monolayer culture and spheroid forming HCT116 cells including
CD133" cells, defined as CSCs in colon cancer. Whole RNA
sequencing of each HCT116 subclone in attached monolayer
cultures did not show any differences, but colonosphere
formation of each subclone was associated with distinct gene
expression profiles. Especially, spheroid HCT116 subclones,
parental, CD133", and CD133" cells displayed up-regulation of
1,761 coding genes and down-regulation of 1,384 genes related
to CSC self-renewal and survival. This offers strong evidence
that spheroid HCT116 cells expand colorectal CSCs rather
than clonal expansion depending on CD133 expression. This
is consistent with a previous analysis of sphere-derived lung
tumor cells in which cells enriched for CSC properties were
impaired in metastatic activity [24]. However, acquired CSC
properties of CD133" clones may result from spheroid-culture
conditions like suspension and epidermal and fibroblast growth
factors added during culture, rather than the expansion of
CDI133" clones. In the analysis of attached monolayer cultures
with spheroid-forming cultures of each HCT116 subclone,
genes were uniformly up-regulated and down-regulated
(Supplementary Table 1). Thirteen of these genes were among
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the 50 most frequently up-regulated gene in whole sphere
culture conditions of HCT 116 clones (FRY, DCD, PEGI0, ERICH?Z,
ELF5, DDIT4, VSNL1, ANGPTL4, SLC2A3, FGFBP1, KRT4, MACCI,
and SCL30A1). PEGIO (parentally expressed 10) was detected
in whole subclones and both genes, VSNLI and FGFBPI were
shared between CD133" and CD133" clones, visinin-like 1
and fibroblast growth factor binding protein 1, respectively.
Among the top 50 down-regulated genes, eight were shared
in whole HCT116 clones (CYP24A1, ALDHIA3, PADI3, TM,
KLF9, MALATI, RPLI3, and DKKI). Among them, CYP24A1
(cytochrome P450, family 24, subfamily A, polypeptide 1) was
commonly down-regulated in whole subclones of HCT116 cells
and PADI3 (peptidyl arginine deiminase, type I1I) was found in
the parental and CD133" clones of HCT116 cells.

A fundamental aspect of stem cell dynamics is plasticity—the
capability of cells to shift between different functional states

including quiescence/proliferation, drug sensitivity/resistance,
symmetric/asymmetric division, epithelial-mesenchymal/
mesenchymal-epithelial transition, and stem/nonstem state [7].
CSCs are no exception to this rule; they have been shown to be
plastic with regard to drug resistance, asymmetric division, and
differentiation state.
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