General Procedure for Accurate Parameter Estimation
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\ MAPLE / All rights reserved. Maple is a trademark of
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| Type 7 for help.
libname := "/home/calforme/lemaire/Triade/src/lib", "/usr/local/maplel4/1lib"

with(DifferentialAlgebra):
with(CodeGeneration) :
with(codegen) :
sys := [
x1[t] - ( -ki12*x1 + k21*x2 - Vexxl/(ke+x1)),
x2[t] - ( k12*x1 - k21*x2)
1;

vV V.V V V V vV

sys := [x1[t] + k12 x1 - k21 x2 + —-——-——- , x2[t] - k12 x1 + k21 x2]

> R := DifferentialRing(blocks=[x2,x1,k12(),k21(),Ve(),ke ()], derivations=[t]);
R := differential_ring

> Ids := RosenfeldGroebner ( numer(sys), denom(sys), R,
> basefield=field(generators=[k12,k21,Ve,kel));
Ids := [regular_differential_chain]

> eqs := Equations(Ids[1]);
eqs := [

2
k21 x2 x1 + k21 x2 ke - x1[t] x1 - x1[t] ke - k12 x1 - k12 x1 ke - Ve x1,

2 2 2
x1[t, t] xt + 2 xi[t, t] x1 ke + x1[t, t] ke + x1[t] x1 k12

2 2
+ x1[t] x1 k21 + 2 x1[t] x1 k12 ke + 2 x1[t] x1 k21 ke + x1[t] k12 ke

2 2
+ x1[t] k21 ke + x1[t] Ve ke + x1 k21 Ve + x1 k21 Ve kel

# One performs some necessary renaming
> egs := subs(xi[t,t]l=xitt, x1[tl=x1t, x1[J=x1, x2[t]=x2t, x2[]=x2, eqgs);
2
eqs := [k21 x2 x1 + k21 x2 ke - x1t x1 - x1t ke - k12 x1 - k12 x1 ke - Ve x1,

2 2 2 2
x1tt x1 + 2 x1tt x1 ke + x1tt ke + x1t x1 k12 + x1t x1 k21

2 2
+ 2 x1t x1 k12 ke + 2 x1t x1 k21 ke + xit k12 ke + xlt k21 ke

2
+ x1t Ve ke + x1 k21 Ve + x1 k21 Ve kel

> toTransform := [ result = abs(egs[1]) + abs(eqs([2]) ];
toTransform := [result =
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| -k21 x2 x1 - k21 x2 ke + x1t x1 + x1t ke + k12 x1 + k12 x1 ke + Ve x1 |

2 2 2 2
+ | xitt x1 + 2 x1tt x1 ke + xitt ke + x1t x1 k12 + x1t x1 k21

2 2
+ 2 x1t x1 k12 ke + 2 x1t x1 k21 ke + x1t k12 ke + x1t k21 ke

2
+ x1t Ve ke + x1 k21 Ve + x1 k21 Ve ke |]

> cost(toTransform) ;
18 additions + 2 functions + 46 multiplications + assignments

# One guesses that the denominator ke+xl appears in many places.
# To make it appear, one introduces de = ke + x1
# and performs the substitution ke -> de - x1

> toTransform2 := subs(ke = de - x1, toTransform):

> toTransform2 := simplify(toTransform2);

toTransform2 := [result = | -k21 x2 de + xl1t de + k12 x1 de + Ve x1 | + |
2 2 2

x1tt de + x1t k12 de + x1t k21 de + x1t Ve de - xl1t Ve x1 + x1 k21 Ve de

11

> cost(toTransform2);
9 additions + 2 functions + 21 multiplications + assignments

> eqs2 := subs(ke = de - x1, egs):
> eqs2 := simplify(egs2);
eqs2 := [k21 x2 de - x1t de - k12 x1 de - Ve x1,

2 2 2
xltt de + x1t k12 de + xlt k21 de + x1t Ve de - xit Ve x1 + x1 k21 Ve de

# One remarks that ke does not appear anymore.

# Using horner and optimization.

> eqs3 := convert(eqs2, horner, [de,x1,x2,x1t,x1tt]);
eqs3 := [-Ve x1 + (k21 x2 - x1t - k12 x1) de,

-x1t Ve x1 + (x1 k21 Ve + x1t Ve + (x1tt + (k12 + k21) x1t) de) del

> toTransform := [ result = abs(eqs3[1]) + abs(eqs3[2]) 1;
toTransform := [result = | Ve x1 - (k21 x2 - x1t - k12 x1) de |

+ | -x1t Ve x1 + (x1 k21 Ve + x1t Ve + (x1tt + (k12 + k21) x1t) de) de ]

> cost( toTransform);
9 additions + 2 functions + 12 multiplications + assignments

> out := optimize( toTransform );
out := t7 = | Ve x1 - (k21 x2 - x1t - k12 x1) de |, t8 = x1t Ve,
t19 = | -t8 x1 + (x1 k21 Ve + t8 + (xitt + (k12 + k21) x1t) de) de |,

result = t7 + t19
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> cost([out]);

2 functions + 11 multiplications + 9 additions + 4 assignments

# One generates the C code
>C(C [ out 1);

t7 = fabs(Vexx1-(k21*x2-x1t-k12*x1)*de);

t8 = xl1tx*Ve;

t19 = fabs(~t8*x1+(x1*k21*Ve+t8+(x1tt+(k12+k21)*x1t)*de)*de) ;
result = t7+t19;

> quit
memory used=32.7MB, alloc=28.4MB, time=0.18
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Discrete Nature of EpCAM™ and CD90™ Cancer Stem
Cells in Human Hepatocellular Carcinoma

Taro Yamashita," Masao Honda,' Yasunari Nakamoto,' Masayo Baba,' Kouki Nio," Yasumasa Hara,'
Sha Sha Zeng,' Takehiro Hayashi," Mitsumasa Kondo," Hajime Takatori," Tatsuya Yamashita,"
Fishiro Mizukoshi,' Hiroko Ikeda,' Yoh Zen,' Hiroyuki Takamura,' Xin Wei Wang,? and Shuichi Kaneko'

Recent evidence suggests that hepatocellular carcinoma (HCC) is organized by a subset of
cells with stem cell features (cancer stem cells; CSCs). CSCs are considered a pivotal target
for the eradication of cancer, and liver CSCs have been identified by the use of various
stem cell markers. However, little information is known about the expression patterns and
characteristics of marker-positive CSCs, hampering the development of personalized CSC-
targeted therapy. Here, we show that CSC markers EpCAM and CD90 are independently
expressed in liver cancer. In primary HCC, EpCAM™" and CD90™ cells resided distinc-
tively, and gene-expression analysis of sorted cells suggested that EpCAM™ cells had fea-
tures of epithelial cells, whereas CD90" cells had those of vascular endothelial cells.
Clinicopathological analysis indicated that the presence of EpCAM™ cells was associated
with poorly differentiated morphology and high serum alpha-fetoprotein (AFP), whereas
the presence of CD90™ cells was associated with a high incidence of distant organ metasta-
sis. Serial xenotransplantation of EpCAM*/CD90" cells from primary HCCs in immune-
deficient mice revealed rapid growth of EpCAM™ cells in the subcutaneous lesion and a
highly metastatic capacity of CD90™ cells in the lung. In cell lines, CD90™ cells showed
abundant expression of ¢-Kit and iz vitro chemosensitivity to imatinib mesylate. Further-
more, CD90™ cells enhanced the motility of EpCAM™ cells when cocultured iz vitro
through the activation of transforming growth factor beta (TGF-f) signaling, whereas
imatinib mesylate suppressed TGFBI expression in CD90" cells as well as CD90"
cell-induced motility of EpCAM™ cells. Conclusion: Our data suggest the discrete nature
and potential interaction of EpCAM™ and CD90" CSCs with specific gene-expression
patterns and chemosensitivity to molecular targeted therapy. The presence of distinct
CSCs may determine the clinical outcome of HCC. (HeraroLoGy 2012;00:000-000)

he cancer stem cell (CSC) hypothesis, which
suggests that a subset of cells bearing stem-
cell-like features is indispensable for tumor
development, has recently been put forward
subsequent to advances in molecular and stem cell

noma (HCC), is a leading cause of cancer death
worldwide.! Recent studies have shown the existence
of CSCs in liver cancer cell lines and primary HCC
specimens using various stem cell markers.”” Inde-

pendently, we have identified novel HCC subtypes

biology. Liver cancer, including hepatocellular carci- defined by the hepatic stem/progenitor cell markers,

Abbreviations: 5-FU, fluorouracil; Abs, antibodies; AFR alpha-fetoprotein; CK-19, cytokeratin-19; CSC, cancer stem celly DNs, dysplastic noduless EMT,
epithelial mesenchymal transition; EpCAM; epithelial cell adhesion molecule; FACS, fluorescent-activated cell sorting; HBY, hepatitis B virus; HCC, hepatocellular
carcinoma; HCV, hepatitis C virus; HSCs, hepatic stem cells; IE immunofluorescence; IHC, immunohistochemistry; IR, immunoreactivity; MDS, multidimensional
scalingg NBNC, non-B, non-C hepatitis NODISCID, nonobese diabetic, severe combined immunodeficient; NT, nontumor; OV-1, ovalbumin 1; gPCR,
quantitative real-time polymerase chain reaction; SC, subcutaneous; Smad3, Mothers against decapentaplegic homolog 3; TECs, tumor epithelial cells TGF-f,
transforming growth factor beta; TIN, tumor/nontumor; VECs, vascular endothelial cells; VM, vasculogenic mimicry; VEGFR, vascular endothelial growth factor
receptor.

From the ' Liver Center, Kanazawa University Hospital, Kanazawa, Ishikawa, Japan; and *Laboratory of Human Carcinogenesis, Center for Cancer Research,
National Cancer Institute, Bethesda, MD.

Received fuly 9, 2012; revised October 22, 2012; accepted November 6, 2012.

This study was supported by a Grant-in-Aid from the Ministry of Education, Culture, Sports, Science, and Technology of Japan (23590967), a grant from the
Japanese Society of Gastroenterology, a grant from the Ministry of Health, Labor, and Welfare, and a grant from the National Cancer Center Research and
Development Fund (23-B-5) of Japan. X.W.W. is supported by the Intramural Research Program of the Center for Cancer Research, U.S. National Cancer
Institute.

_59..



2 YAMASHITA ET AL.

epithelial cell adhesion molecule (EpCAM) and alpha-
fetoprotein (AFP), which correlate with distinct gene-
expression  signatures and  prognosis.®” EpCAM™
HCC cells isolated from primary HCC and cell lines
show CSC features, including tumorigenicity, invasive-
ness, and resistance to fluorouracil (5-FU)." Similarly,
other groups have shown that CD133", CD90", and
CD13™ HCC cells are also CSCs, and that EpCAM,
CD90, and CD133 are the only markers confirmed to
enrich CSCs from primary HCCs thus far.”>'°
Although EpCAM+, CD90", and CD133" cells
show CSC features, such as high tumorigenicity, an
invasive nature, and resistance to chemo- and radiation
therapy, it remains unclear whether these cells repre-
sent an identical HCC population and whether they
share similar or distinct characteristics. In this study,
we used fluorescent-activated cell sorting (FACS),
microarray, and immunohistochemistry (IHC) techni-
ques to investigate the expression patterns of the repre-
sentative liver CSC markers CD133, CD90, and
EpCAM in a total of 340 HCC cases and 7 cases of
mesenchymal liver tumors. We further explored gene-
and protein-expression patterns as well as tumorigenic
capacity of sorted cells isolated from 15 primary
HCCs and 7 liver cancer cell lines in an attempt to
identify the molecular portraits of each cell type.

Materials and Methods

Clinical Specimens. HCC samples were obtained
with informed consent from patients who had under-
gone radical resection at the Liver Center in Kanazawa
University Hospital (Kanazawa, Japan), and tissue
acquisition procedures were approved by the ethics
committee of Kanazawa University. A total of 102
formalin-fixed and paraffin-embedded HCC samples,
obtained from 2001 to 2007, were used for IHC analy-
ses. Fifteen fresh HCC samples were obtained between
2008 and 2012 from surgically resected specimens and
an autopsy specimen and were used immediately to
prepare single-cell suspensions and xenotransplantation
(Table 1). Seven hepatic stromal tumors (three
cavernous hemangioma, two hemangioendothelioma,
and two angiomyolipoma) were formalin fixed and
paraffin embedded and used for IHC analyses.

HEPATOLOGY, Month 2012

Table 1. Clinicopathological Characteristics of HCC Cases
Used for Xenotransplantation

Age/ Tumor Histological AFP bpce
D Sex Etiology Size (cm) Grade (ng/mL) (1U/mL)
P1 77/M  Alcohol 12.0 Moderate 198 322
P2 61/F NBNC 11.0 Moderate 12 3,291
P3 66/M NBNC 2.2 Moderate 13 45
P4 65/M HCV 4.2 Poor 13,700 25977
P5 52/M HBV 6.0 Moderate 29,830 1,177
P6 60/M HCV 2.7 Poor 249 185
P7 79/F HBV 4.0 Poor 46,410 384
P8 77/F NBNC 5.5 Moderate 17,590 562
P9 71/M  Alcohol 7.0 Poor 3,814 607
P10 51/M HBV 2.2 Well <10 21
P11 71/M  Alcohol 2.1 Well <10 11
P12 60/M HBV 10.8 Poor 323 2,359
P13 66/M HCV 2.8 Moderate 11 29
P14 71/M HCV 7.2 Moderate 235,700 375,080
P15  75/M HBV 55 Poor <10 97

Abbreviation: DCP, des-gamma-carboxy prothrombin.

Additional details of experimental procedures are
available in the Supporting Information.

Results

EpCAM, CDI133, and CD90 Expression in
HCC. We first evaluated the frequencies of three rep-
resentative. CSC markers (EpCAM™, CD90™, and
CD133™ cells) in 12 fresh primary HCC cases surgi-
cally resected by FACS (representative data shown in
Fig. 1A). Clinicopathological characteristics of primary
HCC cases are shown in Table 1. We noted that
frequency of EpCAM™, CD90", and CD133" cells
varied between individuals. Abundant CD90™" (7.0%),
but almost no EpCAM™, cells (0.06%, comparable to
the isotype control) were detected in P2, whereas few
CD90% (0.6%), but abundant EpCAMT™, cells
(17.5%) were detected in P4. Very small populations
of EpCAM™ (0.09%), CD90™ (0.04%), and CD133™
cells (0.05%) were found in P12, but they were almost
nonexistent in P8, except for CD90™ cells (0.08%)
(Fig. 1A). We further evaluated the expression of
EpCAM, CD90, and CD133 in xenografts obtained
from surgically resected samples (P13 and P15) and an
autopsy sample (P14). As a whole, compared to the
isotype control, 7 of 15 HCCs contained definite
EpCAM™ cells (46.7%), whereas only 3 HCCs

Address reprint requests to: Taro Yamashita, M.D., Ph.D., Department of General Medicine, Kanazawa University Hospital, 13-1 Takara-Machi, Kanazawa,
Ishikawa 920-8641, Japan. E-mail: taroy@m-kanazawa. jp; fax: +81-76-234-4250.
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Additional Supporting Information may be found in the online version of this article.
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Fig. 1. Gene-expression profiles of CSC marker-positive HCCs. (A) FACS analysis of primary HCCs stained with fluorescent-labeled Abs against
EpCAM, CD90, or CD133. (B) Multidimensional scaling analysis of 172 HCC cases characterized by the expression patterns of EpCAM, CD133,
and CD90. Red, EpCAM™ CD90~ CD133™ (n = 34); orange, EpCAM™ CD90™ CD133™ (n = 10); light blue, EpCAM™ €D90™ CD133™ (n =
49); blue, EpCAM™ CD90™ CD133™ (n = 79). HCC specimens were clustered in specific groups with statistical significance (P < 0.001). (C)
Expression patterns of well-known hepatic stem/progenitor markers in each HCC subtype, as analyzed by microarray. Red bar, EpCAM™; orange
bar, CD133™; light blue bar, CD90™; blue bar, EpCAM™ CD90~ CD133™. (D) Hierarchical cluster analysis based on 1,561 EpCAM/CDS0/
CD133-coregulated genes in 172 HCC cases. Each cell in the matrix represents the expression level of a gene in an individual sample. Red and
green cells depict high and low expression levels, respectively, as indicated by the scale bar. (E) Pathway analysis of EpCAM/CD30/CD133-
coregulated genes. Canonical signaling pathways activated in cluster A (red bar), cluster B (orange bar), or cluster C (light blue bar) with
statistical significance (P < 0.01) are shown. (F) Expression patterns of representative genes differentially expressed in EpCAM/CD90/CD133
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Table 2. Tumorigenic Capacity of Unsorted, EpCAM™, TABLE 2. (Continued)
EpCAM ™, €D90™, and CD90™ Cells From Primary —
HCCs and Xenografts Cell Formation
cD133 CcDS0 EpCAM Surface Numb
cell MOt comple (%) (%) (%) Marker  ofCells  2M  3M
Formation
samal °°°/133 c‘n’f“ EP‘;“M ;‘”‘:‘f‘* ”f‘“;“’:' P S& 0 003 677 EpCAMT 5 x 10° 4/4  NA
ample (%) (%) (%) arker of Celis 5 % 10° 3/3 NA
P1 0 3.1 0 Unsorted 1 x 107  0/5 0/5 5x10® 3/3 NA
cb90t 1 x10° 0/5 0/5 EpCAM™ 5 x 10°  0/4 NA
CD90~ 1 x 10° 0o/5 0O/5 5x 10 0/3 NA
P2 0.06 7.0 0.06  Unsorted 1 x 10" 0/5 0/5 5x10° 0/3 NA
cDoo* 1x10° 0/5 o0/5 Pld 24.0 0.06 3.1 EpCAM™ 5x10°  4/5 NA
€D90~ 1 x10° 0/ 0/5 EpCAM™ 5 x 10°  2/5  NA
P3 0 1.3 0 Unsorted 1 x 10° ©0/2 072 P15 0 2.45 0 CD90* 5 x 10°  3/4  NA
CD90* 1 x 10* 0/4 0/4 5x10®° 1/3  NA
CD90~  1x10* 0/4 0/4 5x 102 1/3  NA
P4 0 0.6 175  Unsorted 1 x 10° 3/4 4/4 CD90~ 5 x 10* 2/4 NA
EpCAMT 1 x 10° 0/3 2/3 5x 10°  1/3  NA
1 x 10 3/4  4/4 5x10° 0/3 NA
1x10° 3/3 3/3 )
cD90™ 1 % 10° 0/3  0/3 NA, not available.
1x10° 0/4 0/4
5 . .
EpCAV- i i 183 gg gj 2 contained definite CD133" cells (20%) (Table 2).
CD90~ CD90" cells were detected at variable frequencies in
1x10* o4 o/4 all 15 HCCs analyzed.
5 . e
o5 0 08 297 Unsorted '} x igﬁ 8; g 8; g To explore the status of these CSC marker-positive
. . nsorte X . . “ge .
EpCAM™ 1 x 10° 0/5 0/5 ceps in HCC in a large cohort, we utilized ollgo—DNA
cD90*  1x 105 0/5 0/5 microarray data from 238 HCC cases (GEO accession
EpCAM™  1x10° 0/5 0/5 no. GSE5975) to evaluate the expression of EPCAM

€b90™ 00 o2 02 (encoding EpCAM and CD326), THYI (encoding

P6 0 0.7 0 Unsorted 1 x - )
090" 1x10° o4 o4 CD90), and PROMI (encoding CD133) in whole HCC
€p90™ 1 x 102 0/4  0/4 dssues and nontumor (NT) tssues. Because previous
PY 138 45 44 légzmef ;iigz gﬁ Sjg studies demonstrated that CD133" and CD90" cells
1 x10° o3 173 were detected at low frequency (~13.6% by CD133
1x10* 2/4 4/4 staining and ~6.2% by CD90 staining) in HCC, but
2 . . . -
CD90™ 2 x o0 03 /3 were almost nonexistent in NT liver (4, 5),%° we utilized
1 x 10 0/3 0/3 . .
1% 10° o/4 o/ tumor/nontumor (T/N) gene-expression ratios to detect
EpCAM~ 1 x10° 0/3 /3 the existence of marker-positive CSCs in tumor. Accord-

CD90™ ingly, we showed that a 2-fold cutoff of T/N ratios of

1 i ig: gﬁ gﬁl EPCAM  successfully stratifies HCC samples with

P8 0 008 0 Unsoted 1 x 10° o4 o4 EpCAM™ liver CSCs.”"*
€D90* 1 x 102 0/3  0/3 A total of 95 (39.9%), 110 (46.2%), and 31
g 0 026 0 UCan??ted i i 185 8; Z gﬁ (13.0%) of the 238 HCC cases were thus regarded as
oo0r  1x10° o3 o3 EpCAM™, CD90™, and CD133" HCCs (T/N ratios:
D90~ 1x10° 0/3 0/3 >2.0), respectively. As observed in the FACS data
P10 0 0.78 0 Ug;ggid 1 X ig: g/ g g/ g described above, we detected coexpression of EpCAM
e L% s 5 and CD90 in 45 HCCs (18.9%), EpCAM and CD133
P11 0 01 154 Unsoted 5 x 10° 0/2 o072 in five HCCs (2%), CD90 and CD133 in five HCCs
Eggg\")\/‘: ix igz gg 8;3 (2%), and EpCAM, CD90, and CD133 in 11 HCCs
EcCAM™ 1 i 0 03 03 (4.6%). To clarify the characteristics of gene-expression

€D90™ ‘signatures specific to stem cell marker expression status,

P12 006 005 009  Unoted 1 x 10° 03 3/3 we selected 172 HCC cases expressing a single CSC
st g;j ifi marker (34 EpCAM™ CD90™ CD133", 49 EpCAM ™
51 o 33 CD90T CDI337, and 10 EpCAM™ CD90

CD133™) or all marker-negative HCCs (79 EpCAM™

Continued
(Continued) CD90~ CD1337). A class-comparison analysis with
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univariate F tests and a global permutation test
(x10,000) vyielded a total of 1,561 differentially
expressed genes. Multidimensional scaling (MDS) analy-
sis using this gene set indicated that HCC specimens
were clustered in specific groups with statistical signifi-
cance (P < 0.001). Close examination of MDS plots
revealed three major HCC subtype clusters: all marker-
negative HCCs (blue spheres); EpCAM single-positive
HCCs (red spheres); and CD90 single-positive HCCs

(light  blue spheres). CD133" HCCs (orange
spheres) were rare, relatively scattered, and not clustered
(Fig. 1B).

We examined the expression of representative he-
patic stem/progenitor cell markers AFR KRT19, and
DLK1 in HCCs with regard to the gene-expression
status of each CSC marker (Fig. 1C). All three
markers were up-regulated in EpCAM™ and CD1337
HCCs, compared with all marker-negative HCCs,
consistent with previous findings.'”'" However, we
found no significant overexpression of AFR KRT19,
and DLKI in CD90™ and all marker-negative HCCs.

Hierarchical cluster analyses revealed three main
gene clusters that were up-regulated in EpCAM™
HCCs (cluster A, 706 genes), EpCAM™ or CD1337
HCCs (cluster B, 530 genes), and CD90" or
CD133" HCCs (cluster C, 325 genes) (Fig. 1D).
Pathway analysis indicated that the enriched genes in
cluster A (red bar) were associated with chromatin
modification, cell-cycle regulation, and Wnt/f-catenin
signaling (Fig. 1E). Genes associated with messenger
RNA processing were enriched in clusters A (red bar)
and B (orange bar). Surprisingly, genes in cluster C
were significantly associated with pathways involved in
blood-vessel morphogenesis, angiogenesis, neurogene-
sis, and epithelial mesenchymal transition (EMT)
(light blue bar). Close examination of genes in each
cluster suggested that known hepatic transcription fac-
tors (FOXAI), Wnt regulators (7CF7L2 and DKKI),
and a hepatic stem cell marker (CD24) were domi-
nantly up-regulated in EpCAM™ and CD133" HCCs
(Fig. 1F). By contrast, genes associated with blood-ves-
sel morphogenesis (77EI and FLTI), EMT (TGFBI),
and neurogenesis (IVES) were activated dominantly in
CD90" HCCs and CD133™ HCCs.

CD90* HCC Cells Share Features With Mesen-
chymal Vascular Endothelial Cells. Because CD133™
HCCs were relatively rare and constituted only 13%
(microarray cohort) to 20% (FACS cohort) of all
HCC samples analyzed, we focused on the characteri-
zation of EpCAM and CD90. To clarify the cell iden-
tity of EpCAM™ or CD90™ cells in primary HCCs,
we performed IHC analysis of 18 needle-biopsy

YAMASHITA ETAL. 5

specimens of premalignant dysplastic nodules (DNis),
102 surgically resected HCCs, and corresponding NT
liver tissues. When examining the expression of
EpCAM and CD90 in cirrhotic liver tissue by double-
color IHC analysis, we found that EpCAM™ cells and
CD90™ cells were distinctively located and not colo-
calized (Supporting Fig. 1A). Immunoreactivity (IR) to
anti-CD90 antibodies (Abs) was detected in vascular
endothelial cells (VECs), inflammatory cells, fibro-
blasts, and neurons, but not in hepatocytes or cholan-
giocytes, in the cirrhotic liver (Supporting Fig. 1B,
panels a,b). IR to anti-EpCAM Abs was detected in
hepatic progenitors adjacent to the periportal area and
bile duct epithelial cells in liver cirrhosis (Supporting
Fig. 1B, panels ¢,d).

IR to anti-EpCAM Abs was detected in 37 of 102
surgically resected HCCs (Fig. 2A, panel b), but not
in 18 DNs (Fig. 2A, panel a). By contrast, no tumor
epithelial cells (TECs) showing IR to anti-CD90 Abs
were found in any of the 18 DNs or 102 HCCs
examined (Fig. 2A, panels ¢,d). However, we identified
CD90" cells that were morphologically similar to
VEC:s or fibroblasts within the tumor nodule in 37 of
the 102 surgically resected HCC tissues (>5% positive
staining in a given area). IR to anti-CD90 Abs was
also detected in hepatic mesenchymal tumors (Sup-
porting Fig. 1C, panels a-c), indicating that CD90 is
also a marker of liver stromal tumors.

Double-color IHC and immunofluorescence (IF)
analysis confirmed the distinct expression of EpCAM
and CD90 in HCC (Fig. 2B), consistent with the
FACS data (Fig. 1A). Quantitative real-time polymer-
ase chain reaction (qQPCR) analysis of sorted EpCAM™,
CD90*, and EpCAM™ CD90™ cells after CD45™ cell
depletion indicated that the hepatic stem/progenitor
markers, AFP and KRT19, were up-regulated in
EpCAM™ cells (red bar), whereas the mesenchymal
markers, KIT and FLT1, were up-regulated in CD90™
cells (orange bar), compared with EpCAM™ CD90™
cells (blue bar) (Fig. 2C). The hepatocyte marker,
CYP3A4, was down-regulated in EpCAM+ cells and
not detected in CD90™ cells, compared with
EpCAM™ CD90™ cells. POU5FI and BMIl were
equally up-regulated in both EpCAM™ and CD90™
cells, compared with EpCAM™ CD90™ cells.

EpCAM and CD90 were independently and
distinctively expressed in different cellular lineages, so
we evaluated the staining of EpCAM and CD90 sepa-
rately and analyzed the clinicopathological characteris-
tics of surgically resected HCC cases. HCCs were
regarded marker positive if >5% positive staining was
detected in a given area. The existence of EpCAM™
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cells (>5%) was characterized by poorly differentiated
morphology and high serum AFP values with a tend-
ency for portal vein invasion, whereas the existence of
CD90™ cells (>5%) was associated with poorly differ-
entiated morphology and a tendency for large tumor
size (Supporting Tables 2 and 3). Notably, the exis-
tence of CD90™ cells was associated with a high inci-
dence of distant organ metastasis, including lung,
bone, and adrenal gland, within 2 years after surgery,
whereas EpCAM™ cell abundance appeared unrelated
to distant organ metastasis.

We evaluated the characteristics of EpCAM™ or
CD90™ cells in seven representative HCC cell lines.
Morphologically, all EpCAM™ cell lines (HuHI,
HuH7, and Hep3B) showed a polygonal, epithelial
cell shape, whereas three of four CD90" cell lines
(HLE, HLE, and SK-Hep-1) showed a spindle cell
shape (Fig. 3A). EpCAM" cells were detected in
11.5%, 57.7%, and 99.6% of sorted HuH1, HuH7,
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Fig. 2. Distinct EpCAM™ and
CD90™ cell populations in HCC.
(A) Representative images of
EpCAM and CD90 staining in
dysplastic nodule (panels a,c)
and HCC (panels b,d) by IHC
analysis (scale bar, 50 um).
EpCAM (panels a,b) and CD90
(panels c¢,d) immunostaining is
depicted. (B) Upper panel: rep-
resentative images of EpCAM
(red) and CD90 (brown) double
staining in HCC by IHC (scale
bar, 50 um). Lower panel: repre-
sentative images of EpCAM
(green) and CD90 (red) staining
with  4’6-diamidino-phenylindole
(DAPI) (blue) in HCC by IF (scale
bar, 50 um). (C) gPCR analysis
of sorted EpCAM™ (red bar),
CD90™ (orange bar), or EpCAM™
CD90™ (blue bar) derived from
a representative primary HCC.
Experiments were performed in
triplicate, and data are shown as
mean = standard error of the
mean.

PROMT CYP3A4

POUSF1 BMI1

o 2.0

1.0

0
EpCAM™ CD45™ CD90”

and Hep3B cells, respectively. A small CD907 cell
population (0.66%) was observed in PLC/PRL/5,
whereas 91.3%, 10.8%, and 59.0% of CD90" cells
were detected in HLE, HLE and SK-Hep-1, respec-
tively. Compared with primary HCCs, only EpCAM™
or CD90™ cells were detected in liver cancer cell lines
under normal culture conditions (Fig. 3B), suggesting
that these cell lines contain a relatively pure cell popu-
lation most likely obtained by clonal selection through
the establishment process.

A class-comparison analysis with univariate  tests
and a global permutation test (x10,000) of microarray
data yielded two main gene clusters up-regulated in
EpCAMJr cell lines (HuH1, HuH7, and Hep3B)
(cluster I, 524 genes) or in CD90™ cell lines (HLE,
HLE and SK-Hep-1) (cluster II, 366 genes) (Fig. 3C).
PLC/PRL/5 showed intermediate gene-expression pat-
terns between EpCAM™ and CD90™ cell lines using
this gene set. Pathway analysis indicated that the genes
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Fig. 3. Characteristics of HCC cell lines defined by EpCAM and CD30. (A) Representative photomicrographs of EpCAMTCD90™ and EpCAM™
CDY0™ HCC cell lines. (B) Representative FACS data of EpCAMTCD90™ and EpCAM™ CD90™ HCC cell lines stained with fluorescein isothiocya-
nate (FITC)-EpCAM and APC-CD90 Abs. (C) Heat-map images of seven HCC cell lines based on 890 EpCAM/CD90-coregulated genes. Each cell
in the matrix represents the expression level of a gene in an individual sample. Red and green cells depict high and low expression levels,
respectively, as indicated by the scale bar. (D and E) Pathway analysis of EpCAM/CD90-coregulated genes. Canonical signaling pathways acti-
vated in cluster | (orange bar) or Il (blue bar) with statistical significance (P < 0.01) are shown. (F) qPCR of representative differentially
expressed genes identified by microarray analysis (C) in seven HCC cell lines.
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enriched in cluster II were mainly associated with
blood-vessel morpho- and angiogenesis (Fig. 3D). By
contrast, the enriched genes in cluster I were signifi-
cantly associated with known hepatocyte functions (2
< 0.01) (Fig. 3E). In addition, we identified that the
enriched genes in cluster IT were significantdy associ-
ated with neurogenesis, skeletal muscle development,
and EMT.

We used qPCR to validate that known hepatic stem
cell (HSC) and hepatocyte markers, such as AFR
EPCAM, ALB, and HINF4A genes, were up-regulated in
EpCAI\/I+ cell lines, but not detected in CD90™ cell
lines (Fig. 3F). By contrast, genes associated with mes-
enchymal lineages and EMT, such as K77, TWISTI,
CD44, and THYI, were strongly up-regulated in
CD90™ cell lines.

Unique Tumorigenicity and Metastasis Capacity
of Distinct CSCs Defined by EpCAM and
CD90. We investigated the tumorigenic capacity of
EpCAM™ or CD90" cells by subcutaneously (SC)
injecting 1 x 10° sorted cells of four HCC cell lines
(HuH1, HuH7, HLE, and HLF) into nonobese dia-
betic, severe combined immunodeficient (INOD/
SCID) mice. We excluded Hep3B cells for the evalua-
tion of tumorigenicity because almost 100% of cells
were EpCAM positive. We further excluded SK-Hep-1
cells from the analysis because they potentially origi-
nated from endothelial cells.'® The highly tumorigenic
capacities of EpCAM™ and CD90™ cells were repro-
duced in HuH1, HuH7, and HLF cell lines, compared
with marker-negative cells (Fig. 4A). However, HLE
cells did not produce SC tumors, even 12 months af-
ter transplantation, in NOD/SCID mice. EpCAM™
cells from HuHI and HuH7 formed larger tumors
more rapidly than CD90™ cells from HLF (Fig. 4B).
IHC analyses indicated that EpCAM™ cells did not
produce CD90™ cells and wice versa in these cell lines
in vivo (Fig. 4C). CD90™ cells showed a high meta-
static capacity, whereas EpCAM™ cells showed no me-
tastasis to the lung when SC tumor volume reached
approximately 2,000 (HuH1 and HuH7) or 700 mm”’
(HLF) (Fig. 4D). The high metastatic capacity of
PLC/PRL/5 cells, which contain a small population of
CD90™ cells, was also confirmed after SC injection
into NOD/SCID mice (data not shown). CD90™ cells
could divide to generate both CD90™ and CD90~
cells, and CD90™ cells showed a high capacity to
invade and form spheroids with overexpression of
TWIST1 and TWIST2, which are known to activate
EMT programs in HLF cells (Supporting Fig. 2A-D).

We evaluated the tumorigenic/metastatic
capacity of CD45™ tumor cells using 12 fresh primary

next
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HCC specimens (P1-P12) that had been surgically
resected (Table 2). We further evaluated the tumorige-
nicity of EpCAM/CD90 sorted cells obtained from
xenografts derived from primary HCCs (Supporting
Fig. 3A). Of these, we confirmed the tumorigenicity of
cancer cells obtained from six primary HCCs after SC
injection into NOD/SCID mice within 3 months after
transplantation (Fig. 5A; Table 2; Supporting Fig. 3B).
EpCAI\/PL cells derived from four HCCs (P4, P7, P13,
and P14) showed highly tumorigenic capacities, com-
pared with EpCAM ™ cells. CD90™ cells derived from
two HCCs showed equal (P12) or more-tumorigenic
capacities (P15), compared with CD90™ cells. Tumori-
genicity of EpCAM™ cells was observed in three hepa-
titis C virus (HCV)-related HCCs and an hepatitis B
virus (HBV)-related HCC, whereas tumorigenicity of
CD90™ cells was observed in two HBV-related HCCs
(Tables 1 and 2).

Using unsorted cells, we compared the frequency of
EpCAM™ and CD90™ cells in primary and xenograft
tumors and found that EpCAM™ cells remained, but
CD90™ cells disappeared, in secondary tumors derived
from P4 or P7, whereas EpCAM™ cells disappeared,
but CD90" cells remained, in secondary tumors
derived from P12 (Fig. 5B). Morphologically, tumori-
genic EpCAM™ cells showed an epithelial cell shape,
whereas CD90™ cells showed a mesenchymal VEC
shape (Fig. 5C and Supporting Fig. 3C). FACS analy-
sis indicated that P12 HCC cells showed abundant
expression of vascular endothelial growth factor recep-
tor (VEGFR) 1 and a vascular endothelial marker
endoglin (CD105) (Fig. 5D). By contrast, P4 and P7
HCC cells did not express these vascular endothelial
markers (data not shown). Lung metastasis was
detected in NOD/SCID mice transplanted with P12
HCC cells, but not in mice transplanted with P4 and
P7 HCC cells (Fig. 5E,F).

Taken together, these results suggest that the
tumorigenic and metastatic capability of primary HCC
may depend on the presence of distinct EpCAM™ or
CD90" CSCs. EpCAM™ cells were associated with a
high tumorigenic capacity with hepatic epithelial stem
cell features, whereas CD90™ cells were related to the
metastatic propensity with VEC features.

Suppression of Lung Metastasis Mediated by
CD90" CSCs by Imatinib Mesylate. We previously
demonstrated that Wnt/f-catenin signaling inhibitors
could successfully attenuate the tumorigenic capacity
of EpCAM™ CSCs in HCC.*'® To explore the poten-
tial molecular targets activated in CD90" CSCs, we
investigated the expression of the known VEC
markers, CD105, VEGFR1 (encoded by FLTI), and
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