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ARTICLE INFO ABSTRACT

Keywords: Background: Malignant cells may arise from dedifferentiation of mature cells and acquire features of the pro-
SSEA3 genitor cells. Definitive endoderm from which liver is derived, expresses glycosphingolipids (GSLs) such as stage-
Globo H

specific embryonic antigen 3 (SSEA3), Globo H, and stage-specific embryonic antigen 4 (SSEA4). Herein, we

Ezf’ﬁzg;mmma evaluated the potential prognosis value of the three GSLs and biological functions of SSEA3 in hepatocellular
EM”?‘ carcinoma (HCC).

Methods: The expression of SSEA3, Globo H, and SSEA4 in tumor tissues obtained from 328 patients with
resectable HCC was examined by immunohistochemistry staining. Epithelial mesenchymal transition (EMT) and
their related genes were analyzed by transwell assay and qRT-PCR, respectively.

Results: Kaplan Meier survival analysis showed significantly shorter relapse-free survival (RFS) for those with
higher expression of SSEA3 (p < 0.001), Globo H (p < 0.001), and SSEA4 (p = 0.005) and worse overall survival
(0S) for those with high expression of either SSEA3 (p < 0.001) or SSEA4 (p = 0.01). Furthermore, multivariable
Cox regression analysis identified the SSEA3 as an independent predictor for RFS (HR: 2.68, 95% CI: 1.93-3.72,
p < 0.001) and OS (HR: 2.99, 95% CI: 1.81-4.96, p < 0.001) in HCC. Additionally, SSEA3-ceramide enhanced the
EMT of HCC cells, as reflected by its ability to increase migration, invasion and upregulate the expression of
CDH2, vimentin, fibronectin, and MMP2, along with ZEB1. Moreover, ZEB1 silencing abrogated the EMT-
enhancing effects of SSEA3-ceramide.

Conclusions: Higher expression of SSEA3 was an independent predictor for RFS and OS in HCC and promoted
EMT of HCC via upregulation of ZEB1.

At a glance of commentary

Scientific background on the subject Previous study demonstrated the hepatocellular carcinoma (HCC) |
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patients with high mRNA expression level of Beta-1,3-
galactosyltransferase 5 (B3GALT5), fucosyltransferase 1 (FUT1)
or fucosyltransferase 2 (FUT2) had poor outcome. These genes
encode key enzymes for the biosynthesis of stage-specific embry-
onic antigen 3 (SSEA3), Globo H, and stage-specific embryonic
antigen 4 (SSEA4).

What this study adds to the field

Using immunohistochemical staining, we showed that HCC pa-
tients with high expression of either SSEA3, Globo H, or SSEA4
had poor clinical outcome. Multivariable Cox regression analysis
identified SSEA3 expression as an independent predictor for
relapse-free survival (RFS) and overall survival (OS) in HCC. To
understand the biological role of SSEA3 in HCC, we synthesized
SSEA3-ceramide (SSEA3Cer), and showed that incubation of HCC
cells with SSEA3Cer enhanced the EMT of HCC cells, along with
upregulation of CDH2, vimentin, fibronectin, MMP2, and ZEB1.
SSEA3Cer-induced EMT was mediated by ZEB1 signaling. These
data provided potential immunotherapeutic options for HCC pa-
tients with higher expression of SSEA3, Globo H, and SSEA4.

Liver cancer is the second leading cause of cancer-related deaths
worldwide [1]. Hepatocellular carcinoma (HCC) is the most common
type of primary malignancy of the liver and a major cause of death in
many countries [2]. The risk of HCC was positively correlated with
exposure to aflatoxin B, hepatitis B virus (HBV), and hepatitis C virus
(HCV) infection [3]. Although the morbidity and mortality have
improved with surgical resection, the tumor recurrence rates remain
high, leading to poor outcome [4]. Clinically, a-fetoprotein, serum al-
bumin, creatinine, bilirubin, alkaline phosphatase levels, presence of
ascites, tumor size, tumor number, metastases and vascular invasion are
major prognostic factor after hepatectomy in HCC [5]. With the
advancement of various molecular biotechnologies, such as quantitative
polymerase chain reaction (QPCR), mass spectrometry, enzyme-linked
immunoassay and microarray based technology, several molecular
profiles associated with HCC recurrence have been reported [6]. But
these markers have yet to be put into clinical use. In recent years, the use
of a multi-targeted kinase inhibitor, Sorafenib, has increased the sur-
vival of patients with advanced HCC [7]. The addition of immune
checkpoint inhibitors, Nivolumab, Pembrolizumab, and Atezolizumab
has also shown survival benefit [8-10]. Despite such advances, recur-
rence of HCC after surgical resection remains to be a challenge and
contributes to a gloomy outcome. Therefore, it is important to investi-
gate new markers for prognostication and therapy of patients with
resectable HCC.

In general, malignant cells may arise from dedifferentiation of
mature cells and acquire features of the progenitor cells. During em-
bryonic development, the expression of complex globo-series glyco-
sphingolipids (GSLs) including stage-specific embryonic antigen 3
(SSEA3), stage-specific embryonic antigen 4 (SSEA4), and Globo H is
highly restricted to the primed state of human embryonic stem cells
which disappear upon their differentiation into embryoid bodies, but re-
emerged in definitive endoderm from which liver is derived [11]. Thus,
it is highly likely that HCC may express these globosides. Indeed, in our
previous report, mass spectrometry and IHC analyses showed the pres-
ence of SSEA3, Globo H, and SSEA4 in a few HCC specimens [12]. We
had also demonstrated the adverse prognostic impacts of the expression
of key biosynthetic enzymes for their biosynthesis in HCC, including
Beta-1,3-galactosyltransferase 5 (B3GALT5), which generate SSEA3
from Gb4 [13], fucosyltransferase 1 (FUT1) or fucosyltransferase 2
(FUT2), which add a terminal fucose moiety to SSEA3, giving rise to
Globo H [14]. These findings suggest that the expression levels of these
globo-series GSLs may have prognostic significance in HCC.

In the present study, 328 HCC specimens were examined for the
expression levels of SSEA3, Globo H, and SSEA4 by IHC staining and
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correlated with clinical variables and survival of patients. Our data
demonstrated for the first time that higher expression of SSEA3, Globo
H, or SSEA4 correlated with poorer clinical outcome in HCC patients
after surgical resection. Notably, higher expression of SSEA3 was an
independent prognostic factor for poor relapse-free survival (RFS) and
overall survival (OS) in HCC. We further provided evidence of a key role
of SSEA3-ceramide (SSEA3Cer) in promoting EMT of HCC cells.

Materials and methods
Clinical specimens

Individual tissue slides prepared from paraffin-embedded tumor
specimens and associated clinical and pathological information from
328 patients with resectable stage I to IV HCC (Stage was classified by
Guideline of American Joint committee on Cancer) were obtained from
Tissue Bank of Linkou Chang Gung Memorial Hospital (Taoyuan,
Taiwan) and Taiwan Liver Cancer Network. All 328 samples investi-
gated are primary tumors obtained from treatment-naive patients.
Written Informed consent was obtained from all subjects before their
tissues were deposited. All studies were performed in accordance with
relevant guidelines and regulations and were approved by Institutional
Review Board of Chang Gung Medical Foundation (IRB number:
201304758B0), Review Board of Tri-Service General Hospital, and
Biobank Ethics Committee of National Health Research Institutes.

Synthesis of SSEA3-ceramide (SSEA3Cer) and globo H ceramide (GHCer)

SSEA3Cer with fatty acid tail 16:0 were prepared by modification of
previously reported methods [15]. In brief, lactosyl sphingosine was
assembled with sugars by chemo-enzymatic synthesis to generate globo
H-sphingosine, which were then coupled with a fatty acid, respectively,
to yield Globo H ceramide (GHCer) [16]. To prepare SSEA3Cer, GHCer
was digested with al, 2-fucosidase according to the manufacturer’s in-
structions. Briefly, GHCer was mixed with fucosidase in 1X GlycoBufferl
(New England Biolabs, Ipswich, MA, USA) and incubated at 37 °C for 2
h. After incubation, the enzyme was inactivated at 100 °C for 10 min.
Then, the digested GHCer was subjected to MS spectral analysis without
further purification. SSEA3Cer and Glucosylceramide (GlcCer) with
fatty acid tail 16:0 (860539P, Sigma-Aldrich, St. Louis, MO, USA) were
dissolved in PBS to a concentration of 2 mg/mL. The Glycosphingolipids
were aliquoted and stored at 4 °C until use.

Cell culture

Human HCC cell line Hep3B, HA22T, and HA59T were purchased
from Bioresource Collection and Research Center (BCRC, Hsinchu,
Taiwan). All cells were grown in MEM supplemented with 10% fetal
bovine serum, 2 mM of 1-glutamine, 100 U/mL of penicillin and 100 pg/
mL of streptomycin in a humidified incubator containing 5% CO at
37 °C.

Immunohistochemistry

The primary antibodies used included the following: anti-SSEA3
(MC-631, R&D Systems, Minneapolis, MN), anti-Globo H, (VK9, hy-
bridoma provided by Dr. Govindaswami Ragupathi, Memorial Sloan-
Kettering Cancer Center, New York, NY), and anti-SSEA4 (MAB-1435,
R&D Systems, Minneapolis, MN). IHC analysis was performed by LEICA
BOND RXm stainer (Leica Biosystems, Vista, CA) according to the user
protocols. Briefly, 3 pm formalin-fixed, paraffin-embedded tissue sec-
tions on coated slides were deparaffinized and rehydrated, then sub-
jected to antigen retrieval by autoclave at 100 °C for 40 min in antigen
Retrieval ER1 solution (Leica Biosystems, Vista, CA). Sections were
treated with HyO5 and then incubated with primary antibodies at 37 °C
overnight for 45 min, followed by staining with Polymer-HRP Detection
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System (DS9800 kit, Leica Biosystems, Vista, CA) a. Slides were counter-
stained with hematoxylin (DS9800 kit, Leica Biosystems, Vista, CA) and
mounted. Sections were examined by pathologists and digital images
were captured by Aperio Scope AT Turbo Slide Scanner (Leica Bio-
systems, Vista, CA) at 40x magnification. The IHC was read by a
certified pathologist, Dr. Yenlin Huang to determine the H score by the
formula: 3 x percentage of strong staining + 2 x percentage of moderate
staining + percentage of weak staining, giving a range of 0-300.

In vitro transwell assay

Transwell assay was assessed by cell migration chamber (#3422,
Corning Incorporated Costar, Tewksbury, USA). Tumor Cells were sus-
pended in serum free medium containing GlcCer control, SSEA3Cer, or
SSEA3Cer/SSEA3 antibody and seeded (1 x 10° cells per well) into
upper chambers coated with or without Matrigel® (BD Biosciences,
Franklin Lakes, NJ, USA) for invasion or migration assay, respectively.
The complete medium was loaded in the lower chamber. After 24 h
incubation at 5% CO, and 37 °C, the migrated or invaded cells passing
through the Transwell membrane were fixed in 4% paraformaldehyde
for 15 min and stained with 1% crystal violet at room temperature for
20 min. The migrated or invaded cells were quantified by counting the
number of cells on the Transwell membrane pores from five randomly
selected different fields per sample detected by a light microscope (100 x
magnification).

EMT assays

HA22T, HAS59T and Hep3B cells were cultured in 6-well plates in
complete culture medium. After 24 h, cells were incubated with 30 pM
GlcCer or SSEA3-Cer for 24 h to investigate their effects on EMT. Cell
morphology changes were assessed by Phase contrast image captured by
Leica DMI3000 B inverted microscope. The cell elongation ratios of sixty
cells in each experiment was determined by calculating the ratio of cell
length to cell width using ImageJ.

Flow cytometry

SSEA3Cer treated HA22T, HA59T, and Hep3B cells were stained
with mAbSSEA3 (MC-631, R&D Systems, Minneapolis, MN) followed by
FITC-conjugated goat anti-rat IgM as secondary antibody (Biolegend).
SSEA3™ cells were analyzed by flow cytometry using SA3800 Spectral
Cell Analyzer (Sony, Tokyo, Japan).

Reverse-transcription quantitative real-time polymerase chain reaction

HA22T, HA59T and Hep3B cells were incubated with GlcCer, SSEA3-
Cer, SSEA3 antibody at the indicated concentration and time point.
Total RNA was isolated using the WelPrep cell/tissue RNA kit (Welgene,
Daegu, Korea) according to the manufacturer instructions. One micro-
gram total RNA collected from HCC cells were converted to cDNA using
high capacity cDNA reverse transcription kit (ref. 4368813, Thermo
Fisher Scientific, NY, USA) according to the manufacturer’s instructions.
Expression of mRNA, including CDH1, CDH2, VIM, FN, MMP2, SNAIL,
TWIST1, and ZEB1, was determined by Fast SYBR Green Master Mix
(Applied Biosystems, CA, USA). Primer pairs for CDH1 (HP207683),
CDH2 (HP205580), VIM (HP206907), FN (HP234005), MMP2
(HP207826), SNAIL (SNAI1, HP209016), TWIST1 (HP200446), ZEB1
(HP215380) and GAPDH (HP205798) were purchased from OriGene
(Rockville, MD, USA). The primer sets for PCR amplification are listed in
Supplementary Table S1. All PCR condition were performed on an
Applied Biosystems 7500 fast real-time PCR system with the reaction
conditions of pre-incubation at 95 °C for 10 s to activate HotStart Taq
DNA polymerase, followed by 40 cycles of 15 s at 95 °C and 1 min at
60 °C. Nuclease-free water was used to replace cDNA in each run as a
negative control in PCR amplification. Glyceraldehyde-3-phosphate
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Table 1
Clinical and pathological characteristics of 328 hepatocellular carcinoma (HCC)
patients.

Characteristics N (%)

Age (Mean + SD and range) (years) 56.5 + 13.9 (19-87)

Gender

Male 267 (81.4%)

Female 61 (18.6%)
Drinking history”

Yes 106 (32.5%)

No 220 (67.5%)
Virus infection

None 23 (7.0%)

HBV 233 (71.0%)

HCV 54 (16.5%)

HBV + HCV 18 (5.5%)
Tumor size (Mean + SD and range) (cm) 6.3 + 4.3 (0.8-20.5)

<5 170 (51.8%)

>5 158 (48.2%)
Serum AFP (ng/mL)"

<200 215 (66.4%)

>200 109 (33.6%)
Edmondson Grade

1+2 156 (52.4%)

3+4 172 (47.6%)
TNM stage

I+1I 217 (66.2%)

I + 1Iv 111 (33.8%)
Vascular invasion

Absent 179 (54.6%)

Present 149 (45.4%)
Tumor number

Solitary 192 (58.5%)

Multiple 136 (41.5%)
Cirrhosis

No 172 (52.4%)

Yes 156 (47.6%)
Metastasis

No 277 (84.5%)

Yes 51 (15.5%)
Relapse®

No 130 (40.2%)

Yes 193 (59.8%)

RFS duration median (range) 27.4 (0.6-138.8 months)
Outcome

Alive 259 (79.0%)

Dead 69 (21.0%)

OS duration median (range) 53.2 (0.8-138.8 months)

# Data missing in two samples.
b Data missing in four samples.
¢ Data missing in five samples.

dehydrogenase (GAPDH) was an endogenous control. Ten nanograms
of cDNA sample were used for the RT-qPCR reaction following the
manufacturer’s instructions. The fluorescent signals were analyzed by
7500 software v2.06. The relative mRNA expression was calculated by
using the A/A\Ct method [17].

Western blot assay

Cells were lysed in Pro-PREP protein extraction buffer (iNtRON
Biotechnology, Korea) according to manufacturer’s instructions, and
protein samples were boiled 5 min after mixing with protein loading
buffer. Equal amounts of total protein samples were loaded on 8-12%
sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) for electropho-
resis, and proteins were then transferred to PVDF membranes. Blots
were incubated with Tris-buffered saline (TBS) blocking buffer con-
taining 3% BSA for 1 h at room temperature, followed by the respective
primary antibodies diluted in TBST (containing 0.1% Tween20 and 3%
BSA) overnight at 4 °C. Subsequently, blots were washed and incubated
with appropriate secondary antibodies in TBST. The western blotting
result was quantified by measuring the band intensity ratios of target
genes to GAPDH using ImageJ. Antibodies for E-Cadherin (GTX100443),
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Fig. 1. Expression of stage-specific embryonic antigen 3 (SSEA3), Globo H, and stage-specific embryonic antigen 4 (SSEA4) in hepatocellular carcinoma (HCC).
Expression of SSEA3, Globo H, and SSEA4 in formalin-fixed, paraffin-embedded tumor sections was determined by IHC staining. Representative positive stainings
(original magnification 40X) for each of the 3 globosides and their isotype controls were shown. Scale bars indicate 60 pm.

N-Cadherin  (GTX127345) Fibronectin (GTX112794), MMP2
(GTX104577), ZEB1 (GTX105278), SNAI1 (GTX125918) and GAPDH
(GTX100118) were purchased from GeneTex Inc (USA). Anti-Vimentin
(sc-6260) and TWIST (sc-15393) were from Santa Cruz Biotechnology
(USA).

Small interfering RNA and transfection

Small interfering RNA oligonucleotides (siRNA) against ZEB1
(HSS110548) and scrambled negative control siRNA were purchased
from ThermoFisher (Thermo Fisher Scientific, CA, USA). The siRNA
transfection experiments were carried out using lipofectamine 3000
reagent (Thermo Fisher, CA, USA) with 100 nM siRNA according to the
manufacturer’s instructions. After siRNA transfection for 24 h, cells
were used for, quantification PCR, migration and invasion assays.

Statistical analysis

The prognostic performance of glycosphingolipid expression by IHC
H-score was calculated by the receiver operating characteristic (ROC)
curve. The area under the ROC curve was used to determine sensitivity
and specificity of H-score of glycosphingolipid expression for predicting
relapse. Youden index method was applied to choose best cut-off value
calculation of H-score of glycosphingolipid. Kaplan-Meier Survival
curves were plotted using log-rank test for comparison. The Cox
proportional-hazards regression model was employed to identify the
independent prognostic factors in all clinical parameters. p-values <
0.05 were considered statistically significant. The statistical analyses
were performed with SPSS software ver 22.0 (IBM, Armonk, NY, USA) or
Prism 6.0 (GraphPad Software, La Jolla, CA, USA).

Results
Clinical characteristic in hepatocellular carcinoma (HCC) tissues

The expression levels of the SSEA3, Globo H, and SSEA4 were
determined by Immunohistochemical staining in 328 patients with
resectable HCC. Their clinical information and patient characteristics
were listed in Table 1. The mean age of HCC patients was 56.5 + 13.9
(range: 19-87). Of this cohort, 81.4% were male, 71% were HBV posi-
tive, and 5.5% were HBV and HCV double positive. The mean of tumor

size was 6.3 cm (range: 0.8-20.5 cm), but 51.8% of patients had tumor
size less than 5 cm. Additionally, 156 patients (52.4%) had low grade
tumors, 149 patients (45.4%) possessed vascular invasion in tumors, and
156 patients (47.6%) had liver cirrhosis. In accordance with the tumor-
node-metastasis (TNM) staging system, 217 patients (66.2%) were stage
I and II. The median follow-up time was 27.4 months (range: 0.6-138.8
months). Twenty-one percent (69/328) of patients died at the time of
this study.

Correlation of clinicopathological parameters with the expression levels of
stage-specific embryonic antigen 3 (SSEA3), Globo H, and stage-specific
embryonic antigen 4 (SSEA4) in hepatocellular carcinoma(HCC) patients

Representative positive IHC staining of HCC specimens for each
glycan antigen are shown in Fig. 1. Staining patterns of SSEA3, Globo H,
and SSEA4 were in line with our previous report [12] showing mem-
branous, cytoplasmic, and nuclear staining patterns. Next, we examined
the association of the higher expression levels of SSEA3, Globo H, and
SSEA4 as reflected by H scores>3 with clinical pathological character-
istics of 328 patients with HCC [Table 2]. When compared to patients
with lower SSEA3 expression, those with higher SSEA3 expression were
more likely to have large tumor size (OR: 2.64, 95% CI: 1.60-4.36, p <
0.001), higher serum Alpha-Fetoprotein (AFP) (OR: 2.66, 95% CI:
1.61-4.39, p < 0.001), TNM III + IV stages (OR: 2.99, 95% CI:
1.82-4.94, p < 0.001), presence of vascular invasion (OR: 2.55, 95% CI:
1.55-4.18, p < 0.002), multiple tumors (OR: 1.84, 95% CI: 1.13-2.99, p
= 0.02), existence of metastasis (OR: 2.03, 95% CI: 1.09-3.77, p = 0.03),
occurrence of relapse (OR: 5.50, 95% CI: 2.94-10.27, p < 0.001), and
death (OR: 3.65, 95% CI: 2.09-6.36, p < 0.001) [Table 2]. Higher Globo
H expression showed a significant association with tumor size (OR: 1.81,
95% CI: 1.09-3.01, p = 0.03), serum AFP (OR: 2.06, 95% CI: 1.22-3.45,
p=0.009), TNM stage (OR: 1.71, 95% CI: 1.02-2.87, p = 0.04), vascular
invasion (OR: 2.25, 95% CI: 1.35-3.76, p = 0.002), and relapse (OR:
2.06, 95% CI: 1.18-3.58, p = 0.01). Higher expression of SSEA4 showed
association with vascular invasion (OR: 2.43, 95% CIL: 1.42-4.17, p =
0.001), relapse (OR: 2.52, 95% CI: 1.38-4.59, p = 0.002), and death
(OR: 2.56, 95% CI: 1.43-4.59, p = 0.003).
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Association of stage-specific embryonic antigen 3 (SSEA3), Globo H, and stage-specific embryonic antigen 4 (SSEA4) expression with clinical-pathological parameters

in 328 patients with hepatocellular carcinoma (HCC).

Variable N SSEA3 (n = 328) Globo H (n = 328) SSEA4 (n = 328)

Low High p value OR(95% CI) Low High p value OR(95% CI) Low High p value OR(95% CI)
Age
<55 146 104 42 0.806 1 108 38 0.7 1 114 32 1,00 1
>55 182 132 50 0.94 (0.58-1.52) 139 43 0.88 (0.53-1.46) 142 40 1.00 (0.59-1.70)
Gender
Female 61 42 19 0.53 1 44 17 0.51 1 48 13 1.00 1
Male 267 194 73 0.83 (0.45-1.52) 203 64 0.82 (0.44-1.53) 208 59 1.05 (0.53-2.06)
Drinking history”
Had or Has 220 165 55 0.11 1 162 58 0.34 1 172 48 0.89 1
no 106 70 36 1.54 (0.93-2.56) 84 22 0.73 (0.42-1.28) 82 24 1.05 (0.60-1.83)
Virus infection
None 23 16 7 0.81 1 19 4 0.62 1 21 2 0.19 1
HBV/HCV 305 220 85 0.88 (0.35-2.22) 228 77 1.60 (0.53-4.86) 235 70 3.13 (0.72-13.67)
Tumor size (cm)
<5 170 138 32 <0.001 1 137 33 0.03 1 130 40 0.51 1
>5 158 98 60 2.64 (1.60-4.36) 110 48 1.81 (1.09-3.01) 126 32 0.83 (0.48-1.39)
Serum AFP (ng/ml)"
<200 215 170 45 <0.001 1 172 43 0.009 1 174 41 0.06 1
>200 109 64 45 2.66 (1.61-4.39) 72 37 2.06 (1.22-3.45) 78 31 1.69 (0.99-2.89)
Edmondson Grade
1+2 156 112 44 1 1 123 33 0.16 1 116 40 0.14 1
3+4 172 124 48 0.99 (0.61-1.59) 124 48 1.44 (0.86-2.39) 140 32 0.66 (0.39-1.12)
TNM stage
I+1I 217 173 44 <0.001 1 171 46 0.04 1 173 44 0.33 1
II + 1V 111 63 48 2.99 (1.82-4.94) 76 35 1.71 (1.02-2.87) 83 28 1.33 (0.77-2.28)
Vascular invasion
Absent 179 144 35 <0.001 1 147 32 0.002 1 152 27 0.001 1
Present 149 92 57 2.55 (1.55-4.18) 100 49 2.25 (1.35-3.76) 104 45 2.43 (1.42-4.17)
Tumor number
Solitary 192 148 44 0.02 1 149 43 0.29 1 150 42 1 1
Multiple 136 88 48 1.84 (1.13-2.99) 98 38 1.34 (0.81-2.23) 106 30 1.01 (0.59-1.72)
Cirrhosis
No 172 117 55 0.11 1 131 41 0.79 1 131 41 0.42 1
Yes 156 119 37 0.66 (0.41-1.08) 116 40 21.12 (0.67-1.82) 125 31 0.79 (0.47-1.34)
Metastasis
No 277 206 71 0.03 1 210 67 0.6 1 215 62 0.72 1
Yes 51 30 21 2.03 (1.09-3.77) 37 14 1.19 (0.61-2.33) 41 10 0.85 (0.40-1.79)
Relapse®
No 130 116 14 <0.001 1 108 22 0.01 1 113 17 0.002 1
Yes 193 116 77 5.50 (2.94-10.27) 136 57 2.06 (1.18-3.58) 140 53 2.52 (1.38-4.59)
Survival®
Alive 259 202 57 <0.001 1 199 60 0.21 1 212 47 0.003 1
Dead 69 34 25 3.65 (2.09-6.36) 48 21 1.45 (0.81-2.61) 44 25 2.56 (1.43-4.59)

Based on the expression levels of SSEA3, Globo H, and SSEA4 HCC patients were divided into higher (H-score =3) or lower (H-score <3) expression groups.

# Two patients without drinking history data.

b Four patients without AFP data.

¢ Five patients without relapse data.

d Follow up duration median (range): 53.2 (0.6-138.8 months).

Higher expression levels of stage-specific embryonic antigen 3 (SSEA3),
globo H, and stage-specific embryonic antigen 4 (SSEA4) correlate with
poor clinical outcome in hepatocellular carcinoma (HCC) patients

We further examined whether higher expression of SSEA3, Globo H,
or SSEA4 were significant predictors of OS or RFS of HCC. Kaplan-Meier
survival curve revealed that OS in HCC patients with higher expression
of SSEA3 (mean: 71.9, 95% CI: 58.9-85.0 months) was significantly
shorter than those with lower expression of SSEA3 (mean: 119.7, 95%
CI: 113.8-125.5 months; p < 0.001) [Fig. 2A]. The OS in HCC patients
with higher expression of Globo H (mean: 89.9, 95% CI: 77.3-102.5
months) was also shorter than those with lower expression of Globo H,
albeit with borderline significance (mean: 112.3, 95% CI: 105.7-118.9
months; p = 0.05) [Fig. 2B]. Furthermore, OS in HCC patients with
higher expression of SSEA4 (mean: 88.5, 95% CI: 76.7-100.3 months)
was significantly shorter than those with lower expression of SSEA4
(mean: 113.7, 95% CI: 107.1-120.4 months; p = 0.01) [Fig. 2C]. In
addition, RFS in HCC patients with higher expression of SSEA3, Globo H,
and SSEA4 were significantly shorter than those with lower expression

of SSEA3 (median: 7.9, 95% CI: 4.2-11.7 months vs. median: 61.9, 95%
CI: 42.8-81.0 months; p < 0.001), Globo H (median: 14.1, 95% CL:
5.2-22.4 months vs. median: 43.4, 95% CI: 27.6-59.1 months; p <
0.001), and SSEA4 (median: 21.7, 95% CI: 14.5-29.1 months vs. me-
dian: 42.7, 95% CI: 28.9-56.4 months; p = 0.005) [Fig. 2D-F].

Higher expression of stage-specific embryonic antigen 3 (SSEA3) is an
independent prognostic factor for hepatocellular carcinoma (HCC)

To appraise the potential value of higher expression levels of SSEA3,
Globo H, and SSEA4 for predicting HCC RFS and OS, univariate Cox
regression analyses were performed. As expected, the results indicated
that RFS correlated with tumor size greater than 5 cm (HR: 1.78, 95% CI:
1.34-2.37, p < 0.001), AFP level more than 200 ng/mL (HR: 1.48, 95%
CI: 1.10-1.99, p = 0.009), presence of vascular invasion (HR: 1.99, 95%
CI: 1.50-2.66, p < 0.001), and presence of metastasis (HR: 2.99, 95% CI:
2.16-4.15, p < 0.001). In addition, RFS duration of HCC patients was
significantly associated with higher expression of SSEA3 (HR: 3.48, 95%
CL: 2.59-4.67, p < 0.001), Globo H (HR: 1.91, 95% CI: 1.39-2.61, p <
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Fig. 2. Kaplan-Meier survival analyses of recurrence-free survival (RFS) (A-C) and overall survival (0OS) (D-F) of HCC patients in relation to higher (H-score >3) or
lower (H-score <3) expression of stage-specific embryonic antigen 3 (SSEA3) (A, D), Globo H (B, E), and stage-specific embryonic antigen 4 (SSEA4) (C, F). Tumors
with either nuclear, cytoplasmic, or membranous staining were considered to be positive for each marker.
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Fig. 3. Univariate analysis of higher expression of stage-specific embryonic antigen 3 (SSEA3), Globo H, and stage-specific embryonic antigen 4 (SSEA4) as
prognostic factors. Forest plot of univariate analysis is shown. Covariates tested in univariate cox models were age, gender, hepatitis virus infection, cirrhosis, tumor
size, alpha-fetoprotein (AFP), tumor number, grade metastasis, vascular invasion, SSEA3 expression, Globo H expression, and SSEA4 expression for (A) recurrence-
free survival (RFS) and (B) overall survival (OS). p values were calculated using the Cox regression model.

0.001), and SSEA4 (HR: 1.57, 95% CI: 1.14-2.15, p = 0.005) [Fig. 3A].
On the other hand, our data showed that OS correlated with the patient
tumor size greater than 5 cm (HR: 2.0, 95% CI: 1.25-3.26, p = 0.004),
presence of vascular invasion (HR: 2.65, 95% CI: 1.61-4.35, p < 0.001),
and presence of metastasis (HR: 3.62, 95% CI: 2.19-5.98, p < 0.001). In
addition, OS duration of HCC patients was significantly associated with

higher expression of SSEA3 (HR: 4.19, 95% CI: 2.60-6.75, p < 0.001),
and SSEA4 (HR: 1.87, 95% CI: 1.15-3.06, p = 0.01) [Fig. 3B].

Next, to identify independent variables associated with poor RFS and
0OS, we selected covariates with p value < 0.1 from the univariate
analysis for multivariable Cox regression analysis in a stepwise manner.
Our data indicated that tumor size was an independent risk factor for
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Fig. 4. Multivariate analysis of higher expression of stage-specific embryonic antigen 3 (SSEA3), Globo H, and stage-specific embryonic antigen 4 (SSEA4) as
prognostic factors. Forest plot of multivariate analysis is shown. Covariates tested in multivariate cox models were age, tumor size, alpha-fetoprotein (AFP),
metastasis, vascular invasion, SSEA3 expression, Globo H expression, and SSEA4 expression for (A) recurrence-free survival (RFS) and (B) overall survival (OS). p

values were calculated using the Cox regression model.

RFS (HR: 1.43, 95% CI: 1.04-1.95, p = 0.02). Metastasis was also an
independent risk factor for RFS (HR: 2.57, 95% CI: 1.84-3.59, p < 0.001)
and OS (HR: 2.67, 95% CI: 1.57-4.55, p < 0.001). Notably, the higher
expression of SSEA3 was the independent risk factor for RFS (HR: 2.68,
95% CI: 1.93-3.72, p < 0.001) and OS (HR: 2.99, 95% CI: 1.81-4.96, p
< 0.001) [Fig. 4]. These data identified higher expression of SSEA3 as an
important and independent prognostic factor for poor RFS and OS in
HCC, with the advantage that it could be easily detected by immuno-
histochemical staining of readily available paraffin embedded tissue
slides.

SSEA3-ceramide (SSEA3Cer) increased the ability of hepatocellular
carcinoma (HCC) cells in migration and invasion

In view of the important prognostic significance of SSEA3 expression
in HCC, we sought to investigate the biological functions of SSEA3Cer in
cancer, which remained largely unknown. Upon incubation of SSEA3
negative HA22T, HA59T, and Hep3B cells with synthetic SSEA3Cer for
24 h, we found expression of SSEA3 on the surface of these cells by flow
cytometry [Supplementary Fig. 1]. We also noticed altered morphology
of these cells from cuboidal or oval shape into fibroblast-like cells with
tapering ends, reminiscent of epithelial mesenchymal transition (EMT)
[Fig. 5A]. We next examined the effects of SSEA3Cer on transwell
migration and invasion of these HCC cell lines after incubation with
SSEA3Cer for 24 h. Compared with GlcCer controls, a monosaccharide
precursor of the glycolipids SSEA3, incubation of HCC cells with 30 pM
SSEA3Cer showed 2.7-3.4 folds increases in the numbers of migrated
cells [Figs. 5B], and 2.7-3.3 folds increases in the number of invading
cell [Fig. 5C]. The increased migration and invasion induced by
SSEA3Cer were dampened by the addition of anti-SSEA3 [Fig. 5B and C].
We also examined the impacts of SSEA3Cer on the expression of genes
involved in migration and invasion [18], including Cadherin-1 (CDH1),
Cadherin-2 (CDH2), Vimentin (VIM), Fibronectin (FN), matrix
metalloproteinase-2 (MMP2) in HCC cells. As shown in Fig. 5D, CDH1
was down-regulated to ~0.5-fold of ctrl. The downregulation of CDH1 in
HCC cells by SSEA3Cer was abolished by co-culture with anti-SSEA3
antibody [Fig. 5D]. In contrast, >2-fold up-regulation (vs ctrl) of
CDH2, VIM, FN, and MMP2 was observed in HA22T, HA59T, and Hep3B
cells incubated with 30 pM SSEA3Cer for 24 h [Fig. 5D]. The upregu-
lation of these genes in HCC cells by SSEA3Cer was abolished by the

addition of anti-SSEA3 antibody [Fig. 5D]. The expression of proteins
determined by western blotting agreed with qRT-PCR results in general
[Supplementary Fig. 2]. These findings suggested that SSEA3Cer pro-
moted EMT process in HCC cells.

SSEA3-ceramide (SSEA3Cer) enhanced hepatocellular carcinoma (HCC)
cell migration and invasion was mediated by ZEB1 signal pathway

Next, we evaluated the effects of SSEA3Cer on the expression of
transcription factors [19] that regulated EMT process including SNAIL,
TWIST1, and ZEB1. Upon incubation of HCC cell lines with SSEA3Cer for
24 h, we noticed that the ZEB1 expression at RNA [Fig. 6A] and protein
levels [Supplementary Fig. 3] increased to 2-4 fold of control. We
further confirmed that the up-regulation (vs. ctrl) of ZEB1 by SSEA3Cer
was obliterated by the addition of anti-SSEA3 antibody [Fig. 6B and
Supplementary Fig. 4]. To investigate the role of ZEB1 in
SSEA3Cer-induced EMT property, we assessed the migration and inva-
sion of ZEB1 knockdown cell lines upon incubation with SSEA3Cer. In
the cells transfected with si-Control, SSEA3Cer significantly promoted
migration and invasion [Fig. 6C and D]. However, such promotion effect
was lost in the ZEB1 knockdown cells [Fig. 6C and D and Supplementary
Fig. 5]. We also observed that SSEA3-induced downregulation of CDH1
(~0.5-fold of GlcCer control) was observed in HCC cells transfected with
si-Control transfection but not in the ZEB1 knockdown cells [Fig. 6E and
Supplementary Fig. 6]. Similarly, SSEA3Cer induced upregulation of
EMT related gene such as CDH2, VIM, FN, and MMP2 (>2-fold, vs.
GlcCer control) in HCC cells transfected with si-Control transfection, but
not in the ZEB1 knockdown HCC cells [Fig. 6E and Supplementary
Fig. 6]. These results suggest that promotion of EMT property by
SSEA3Cer was mediated by upregulation of ZEB1.

Discussion

In this study, we observed the expression of SSEA3 in 28.0%, Globo H
in 24.7%, and SSEA4 in 21.9% of HCC by IHC. Higher expression levels
of SSEA3, Globo H, and SSEA4 were associated with significantly worse
outcome of HCC patients. Furthermore, expression levels of SSEA3,
SSEA4, and Globo H were associated with vascular invasion in HCC
patients. Importantly, SSEA3 was an independent prognostic marker to
predict HCC patients with poor RFS and OS. This is the first study to
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experiments (*p < 0.05 and **p < 0.001, One-way ANOVA test).

demonstrate the prognostic significance of these 3 globosides in HCC.
Moreover, they can be easily assessed by IHC using paraffin embedded
tumor tissues.

SSEA3 has been considered as a marker for embryonic stem cells
[201, but its biological role is still unclear. Chuang et at., reported that
SSEAS3 positive breast cancer cells displayed greater migration and in-
vasion abilities in vitro and tumorigenicity in vivo, likely involving
binding of SSEA3Cer to a FAK/CAV1/AKT/RIP complex [21]. In this
study, we found that SSEA3Cer significantly increased migration and
invasion as well as upregulated expression of EMT-related genes,
including CDH2, VIM, FN, and MMP2, in HCC cells. Importantly,
SSEA3Cer-induced EMT was ZEB1 dependent. Besides, in our previous
report, we found that a key enzyme for the biosynthesis of SSEA3,
B3GALTS5, can upregulate ZEB1 in breast cancer [22]. In light of the
findings in this study, this might be attributed to an increased expression
of SSEA3Cer by B3GALTS5. ZEB1 can directly or indirectly regulate the
genes involved in EMT. For example, transcription of VIM [23] and FN
[24] could be directly regulated by the ZEB1, which bound to their
promoters. ZEB1 could indirectly regulate EMT through St3gal5 (GM3
synthase). Upregulated St3gal5 should increase the expression of a-se-
ries of GSLs [25], which might promote EMT. However, the mechanism
of ZEB1 upregulation by SSEA3Cer remain to be elucidate in the future.

Several reports indicated that expression of GSLs highly correlated

with EMT. Overexpression of Gb3 synthase in noncancerous polarized
epithelial cells induced cell invasiveness [26]. Inhibition of SSEA3
synthase, B3GALT5 reduced the migration and invasion ability of
MDA-MB-231 breast cancer cells [21]. SSEA-4 expression was increased
in the noncancerous MCF-10A mammary epithelial cells undergoing
EMT induced by TGF-p1 [27]. The ovarian cancer cell line with higher
expression of glycosphingolipid P1 displayed increased migration rate
[28]. GM3 synthase overexpression increased the migration ability of
murine breast cancer cell [29]. Overexpression of GD3 synthase in small
cell lung cancer and melanoma cells enhanced their invasion ability [30,
31]. On the other hand, other studies indicated that GSLs might inhibit
EMT in cancer cells. Treatment of human cells with GlcCer synthase
inhibitor, D-threo-1-(3',4-ethylenedioxy)phenyl-2-palmitoylamino-3-py
rrolidino-1-propanol (EtDO-P4) which depleted all GSL derived from
GlcCer, promoted EMT. But, the effects of the inhibitor was abrogated by
the addition of GM2 or Cg4 [32]. ST3GAL5 and its downstream gan-
gliosides were involved in the inhibition TGF-g-induced EMT in A549
[33]. Deletion of ST8SIAL1 in ovarian cancer cells induced epithelial cell
features, whereas loss of globosides in AA4GALT cells, resulted in EMT
[34,35]. Since some of these experiments were performed by deletion or
overexpression of GSL synthase, which may affect global GSLs profile as
well as glycosylation of proteins, it is difficult to dissect the biological
role of specific GSL in these studies.
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Our study provided the first evidence for expression of Globo H and
SSEA3 as poor prognostic factors in HCC. This is consistent with our
previous report that high expression of B3GALT5 and FUTI1, key
biosynthetic enzymes for SSEA3 and Globo H, is an independent pre-
dictor for the survival of HCC patients [12]. Similarly, Globo H
expression is a poor prognostic indicator in intrahepatic chol-
angiocarcinoma [36]. In addition, we showed association of Globo H
expression with vascular invasion in HCC. Vascular invasion is a poor
prognosis factor for patients with HCC [7]. Increased vascular invasion
in Globo H positive HCC might result from Globo H ceramide-induced
angiogenesis [37].

As to the clinical relevance of SSEA4 expression, we found higher
SSEA4 expression to be correlated with shorter RFS and OS in HCC.
Similarly, SSEA4 positive patients had poor outcome in basaloid non-
small cell lung cancer [38]. Furthermore, joint effects of higher SSEA4

expression level in cancer cells and detectable SSEA4 on

tumor-infiltrating immune cells was an independent predictor for
recurrence after prostatectomy [39]. In addition, SSEA4 expression in
astrocytoma is positively correlated with high grade IV astrocytoma,
glioblastoma multiforme [40]. Interestingly, increasing expression of
SSEA4 was noted from borderline cystadenoma to serous and mucinous
ovarian adenocarcinoma, but its expression was lost in patients with
advanced stage or poor differentiated ovarian cancer [41]. Moreover,
SSEA4 positive cells showed EMT characteristics in breast and prostate
cancers [27,42]. Thus, SSEA4 might play a role during tumor
progression.

Altered expression of GSLs on tumor cells may serve as targets for
cancer therapy. Abnormal fucosylated GSLs including Globo H were
identified by mass spectrometry in HCC in a previous study [43],
consistent with our findings by immunohistochemistry. Indeed, we
showed significant therapeutic efficacy of a Globo H antibody in rats
with thioacetamide-induced cholangiocarcinoma [36]. Moreover, in a
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phase II clinical trial of Globo H-KLH vaccine in breast cancer, those
patients who mounted Globo H-specific IgG and IgM antibodies had
significantly better progression free survival [44,45]. Furthermore,
Globo H vaccine could induce antibodies targeting not only Globo H but
also SSEA3 [14]. Besides, an anti-SSEA4 antibody could exert comple-
ment dependent cytotoxicity against human glioma cell lines [40], and
SSEA4 antibody conjugated immunotoxin reduced cell viability of breast
cancer cells [46]. These data provided potential therapeutic options for
HCC patients with higher expression of SSEA3, Globo H, and SSEA4.

Alternatively, inhibition of B3GALTS5 expression by inhibitor of sir-
tuin 1 (SIRT1), a nicotinamide adenine dinucleotide-dependent protein
lysine deacetylase, has been proposed as a potential strategy to target
SSEA3. SIRT1 promoted cancer progression [47,48], and its inhibition
induced STAT3 activation, leading to inhibition of the activity of
B3GALT5-LTR promoter, thereby decreased SSEA3 expression [49].
However, expression of B3GALT5 is not limited to cancer cells. It was
also detected in some normal tissues, such as gastrointestinal tract [50].
Additionally, SIRT1 inhibition does not selectively target B3GALTS5.
Inhibition of SIRT1 also enhances several pathways such as P53 and
PTEN signaling in cancers [51]. Thus, doubts remain on the use of SIRT1
inhibitor for treating SSEA3 positive cancers.

Conclusion

There is a great need for developing biomarkers that can predict
recurrence of HCC after surgery. In this study, we have identified high
expression of SSEA3, SSEA4, and Globo H as poor prognostic factors for
postoperative RFS and OS of HCC. Importantly, SSEA3 is an independent
predictor for clinical outcome. If confirmed in a larger cohort study,
these globo-series GSLs which can be easily detected by immunohisto-
chemical staining of HCC tissue slides may serve as valuable markers for
prognostication. In addition, these GSLs could serve as potential thera-
peutic targets for HCC.
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