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Abstract
CD98, also known as SLC3A2, is a multifunctional cell surface molecule consisting of amino acid transporters. CD98 is 
ubiquitously expressed in many types of tissues, but expressed at higher levels in cancerous tissues than in normal tissues. 
CD98 is also upregulated in most hepatocellular carcinoma (HCC) patients; however, the function of CD98 in HCC cells has 
been little studied. In this study, we generated a panel of monoclonal antibodies (MAbs) against surface proteins on human 
embryonic stem cells (hESCs). NPB15, one of the MAbs, bound to hESCs and various cancer cells, including HCC cells 
and non-small cell lung carcinoma (NSCLC) cells, but not to peripheral blood mononuclear cells (PBMCs) and primary 
hepatocytes. Immunoprecipitation and mass spectrometry identified the target antigen of NPB15 as CD98. CD98 depletion 
decreased cell proliferation, clonogenic survival, and migration and induced apoptosis in HCC cells. In addition, CD98 
depletion decreased the expression of cancer stem cell (CSC) markers in HCC cells. In tumorsphere cultures, the expression 
of CD98 interacting with NPB15 was significantly increased, as were known CSC markers. After cell sorting by NPB15, 
cells with high expression of CD98 (CD98-high) showed higher clonogenic survival than cells with low expression of CD98 
(CD98-low) in HCC cells, suggesting CD98 as a potential CSC marker on HCC cells. The chimeric version of NPB15 
was able to induce antibody-dependent cellular cytotoxicity (ADCC) against HCC cells in vitro. NPB15 injection showed 
antitumor activity in an HCC xenograft mouse model. The results suggest that NPB15 may be developed as a therapeutic 
antibody for HCC patients.
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Abbreviations
ADCC	� Antibody-dependent cellular cytotoxicity
ALDH	� Aldehyde dehydrogenase
CSC	� Cancer stem cells
α-CD98	� Rabbit anti-CD98 antibody
HCC	� Hepatocellular carcinoma
HNSCC	� Head and neck squamous cell carcinoma
hESC	� Human embryonic stem cell
NSCLC	� Non-small cell lung carcinoma
PBMC	� Human peripheral blood mononuclear cell
PEI	� Polyethyleneimine

PI	� Propidium iodide
SA-HRP	� Streptavidin–horseradish peroxidase
siCon	� Control siRNA
siCD98	� CD98 siRNA

Introduction

CD98 (SLC3A2, 4F2) is a solute carrier family protein that 
is a component of the amino acid transporter and pairs with 
another solute carrier family protein, such as L-type amino 
acid transporter 1 (LAT1/SLC7A5) or cystine/glutamate 
transporter (xCT/SLC7A11) [1]. CD98 was discovered by 
biochemically analyzing the antigen bound by 4F2 mono-
clonal antibody (MAb) that binds to peripheral blood mono-
cytes and activated lymphocytes [2, 3]. CD98 is known to 
play a role in delivering amino acids into and out of cells as 
an amino acid transporter. In particular, it pairs with LAT1 
to deliver branched chain amino acids and aromatic amino 
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acids into cells, playing an important role in maintaining 
the cell cycle and nucleotide pool [4]. Another function of 
CD98 is to pair with xCT to deliver cystine into cells. Cys-
tine is a material that synthesizes intracellular glutathione 
and plays an important role in protecting cells by reducing 
intracellular active oxygen and maintaining redox balance 
[5]. CD98 overexpression is closely correlated with poor 
prognosis in advanced tumors and overall survival in vari-
ous cancers including lung and liver cancer [6–9]. Recent 
studies have also reported that CD98-positive cells exhibit 
cancer stem cell (CSC)-like properties in all head and neck 
squamous cell carcinoma cell lines [10, 11]. Therefore, the 
CD98-targeting MAb was shown to be effective in treating 
acute myeloid leukemia [12]. Although high level expression 
of CD98 is also observed in most hepatocellular carcinoma 
(HCC) patients [9], the role of CD98 in HCC cells has been 
little studied.

By injecting naïve human embryonic stem cells (hESCs) 
into mice, in a previous study, we generated a panel of 
MAb that bound to naïve hESCs [13]. Among the MAbs, 
NPB15 was able to bind to both naïve and primed hESCs. 
In addition, NPB15 antigen was not expressed in normal 
cells, such as peripheral blood mononuclear cells (PBMCs) 
and hepatocytes, but was highly expressed in HCC cells, 
embryonal carcinoma cells and non-small cell lung car-
cinoma (NSCLC) cells. Immunoprecipitation and mass 
spectrometry identified the NPB15 antigen as CD98. Based 
on the previous report [14], we postulated that NPB15 is 
a novel antibody that recognizes the oncofetal epitope of 
CD98 expressed on hESCs and HCC cells but not on normal 
primary cells. In this study, we report that CD98 promotes 
cell proliferation, clonogenic survival, migration, apoptosis 
resistance and cancer stemness in HCC cells. In addition, 
we revealed that NPB15 injection has antitumor activity in 
a xenograft mouse model of HCC. The results suggest that 
NPB15 is a novel antibody that can inhibit cancer growth by 
targeting CD98 on HCC cells.

Materials and methods

Cell culture

Rimed H9 hESC line (WiCell, Madison, WI, USA) was pur-
chased and cultured on irradiated mouse embryonic fibro-
blasts (MEFs) as described previously [13]. To induce the 
naïve state of H9 hESCs, H9 hESCs were plated as small 
clumps on fresh inactivated MEFs in 2i/L/F/A or 2i/L/X/F/P 
naïve conversion media [13]. 2i/L/F/A medium consisted 
of KO-DMEM (Thermo Fisher Scientific) supplemented 
with 20% KOSR, 0.1  mM βmercaptoethanol, 12  ng/ml 
bFGF, 1000U recombinant human LIF (rhLIF, PrimeGene, 
Shanghai, China), 1 μM PD0325901 (Sigma-Aldrich), 3 μM 

CHIR99021 (Tocris, Seongnam, Korea), 10 μM Forskolin 
(Sigma-Aldrich), 50 ng/ml ascorbic acid (Sigma-Aldrich). 
2i/L/X/F/P medium consisted of DMEM/F12 (Thermo 
Fisher Scientific) supplemented with 20% KOSR, 0.1 mM 
β-mercaptoethanol, 10 ng/ml bFGF, 20 ng/ml rhLIF, 1 μM 
PD0325901, 3 μM CHIR99021, 4 μM XAV939 (Sigma-
Aldrich), 10 μM Forskolin (Tocris) and 2 μM Purmor-
phamine (Tocris). NT2/D1 (ATCC, Manassas, VA, USA) 
and HEK293FT cells (Themo Fisher Scientific, Waltham, 
MA, USA) were cultured in DMEM (Welgene, Gyeongsan, 
Korea) supplemented with 2 mM L-glutamine (Welgene), 
10% fetal bovine serum (FBS)(VWR, Radnor, PA, USA) 
and penicillin–streptomycin solution (Welgene). 2102Ep 
cells were kindly provided by Professor Kim Kye-Seong of 
Hanyang University (Seoul, Korea). Cells were subcultured 
every 3 days and early passages (passage 6–8) were used 
in this study. Human HCC cell lines (SNU387, SNU449, 
Huh7, HepG2, PLC/PRF/5), a mouse HCC cell line (Hepa 
1–6) and NSCLC cell lines (A549, NCI-H460, Calu-3) were 
purchased from the KCLB (Seoul, Korea) and ATCC and 
were cultured according to the instructions provided by the 
supplier. Human primary hepatocytes were purchased from 
Thermo Fischer Scientific. Human peripheral blood mono-
nuclear cells (PBMCs) were isolated by the Ficoll-Paque 
Plus method (GE Healthcare, Seoul, Korea). Differentiation 
of H9 hESCs was induced by incorporating all trans-retinoic 
acid (RA, Sigma-Aldrich, St. Louis, MO, USA) at 10–5 M 
into the medium and culturing the cells for at least 7 days. 
Tumorsphere cultures were performed as described previ-
ously [15]. Briefly, cells were seeded at 2.1 × 103 cell/cm2 
in ultra-low attachment plate (Corning, Seoul, Korea) and 
maintained in DMEM/F12 (Corning) supplemented with 
20 ng/ml fibroblast growth factor 2 (R&D system, Seoul, 
Korea), 20  ng/ml epidermal growth factor (PeproTech, 
Seoul, Korea) and 1 × B27 supplement (Life technologies). 
The medium was replaced every 3 days. All experiments 
were performed with mycoplasma-free cells.

Generation and purification of MAb NPB15

NPB15 was purified from the culture supernatant of hybri-
doma NPB15 by protein G-agarose column chromatography 
[13].

Flow cytometry and cell sorting

Flow cytometry was performed as described previously [13, 
16]. Primary antibodies used were NPB15, Chi-NPB15, 
anti-human CD98 (Ancell corporation, Bayport, MN, USA), 
anti-mouse CD98 (BioLegend, San Diego, CA, USA), anti-
CD133 (Abcam, Cambridge, UK), anti-EpCAM (Santa Cruz 
Biotechnology, Dallas, TX, USA) and anti-CD44 (Invitro-
gen, Waltham, MA, USA). For cell sorting, cancer cells (1.5 
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× 107) were subjected to sorting by the expression level of 
CD98. Cells were labeled with 3 μg of NPB15 per 3 × 105 
cells followed by staining with fluorescein isothiocyanate 
(FITC)-conjugated anti-mouse IgG (Thermo Fischer Scien-
tific). To isolate live cells, the cells were stained with pro-
pidium iodide (PI), and PI-negative cells were gated. In the 
cancer cell group to which NPB15 was bound, the upper 
30% and lower 30% cell groups were gated and sorted on 
the BD FACSAria II (BD Biosciences, San Jose, CA, USA).

Cell surface biotinylation, immunoprecipitation 
and western blot

Cell surface biotinylation, immunoprecipitation, and West-
ern blotting were performed as described previously [13, 16]. 
Briefly, biotin-labeled cells were solubilized with lysis buffer 
(25 mM Tris–HCl, pH7.5, 250 mM NaCl, 5 mM EDTA, 1% 
nonidet P-40) containing protease inhibitors (2 μg/ml apro-
tinin, 100 μg/ml PMSF, 5 μg/ml leupeptin, 1 mM NaF and 
1 mM NaVO3) at 4 °C for 30 min. Immunoprecipitation and 
Western blotting were performed as described previously 
[13]. Biotin-labeled lysates were immunoprecipitated and 
analyzed by Western blotting with streptavidin–horseradish 
peroxidase (SA-HRP). The primary antibodies used were as 
follows: anti-DDDDK (MBL biological, Tokyo, Japan), anti-
CD98 (Cell signaling technology, Danvers, MA, USA), anti-
EpCAM (Abcam, Cambridge, UK), anti-CD13 (Cell signal-
ing technology) and anti-α-tubulin antibodies (Proteintech, 
Rosemont, IL, USA). For western blot on formaldehyde-
treated tumor tissues, tumors were first homogenized with 
a mortar and pestle, and proteins were extracted overnight 
on a rotator at 4 °C with RIPA buffer (150 mM NaCl, 0.5% 
sodium deoxycholate, 0.1% SDS, 50 mM Tris–HCl (pH 7.4), 
1% NP40, 2 μg/ml aprotinin, 100 μg/ml PMSF, 5 μg/ml leu-
peptin, 1 mM NaF, 1 mM Na3VO4). The signal intensities of 
Western blots were measured quantitatively using the Image 
J software.

Mass spectrometry

The protein of interest was enzymatically digested in-gel in 
a manner similar to that described previously [13].

Wound healing assay

Cells (1.5 × 105) were seeded into 24 plates per well and 
incubated overnight to make cells reach 90% confluence. 
The day after seeding, the cell monolayer was scratched 
using yellow pipette tips. To remove the cell debris, the cul-
ture media was aspirated and washed with PBS (pH 7.4) 
twice. The media was replaced with 5% FBS and incubated 
at 37 °C for 24 h. The scratch was photographed at 0 and 

12 h after scratch, and the scratch area was quantified by 
Image J software.

Transfection

To perform CD98 knockdown in HCC cells, HCC cells 
were transfected with negative control siRNA (Genolution, 
Seoul, Korea), CD98 siRNA#1 (siCD98, Bioneer#6520–1, 
Daejeon, Korea) and CD98 siRNA#2 (10). Briefly, cells (5 
× 104) were seeded on 6-well plates with antibiotics-free 
media. The day after seeding, transfection was performed 
using siRNAs with RNAiMAX (Thermo Fischer Scientific) 
following the manufacturer’s protocol. The medium was 
changed 8 h after transfection, and the cells were harvested 
72 h after transfection. For ectopic expression of Flag-tagged 
CD98, HEK293FT cells were seeded the day before trans-
fection. pCMV3-SLC3A2-FLAG expression plasmid (Sino 
Biological, Beijing, China) and polyethyleneimine (PEI, 
Polyscience, Warrington, PA, USA) were mixed in the 
TOM medium (Welgene) at a ratio of 1:3. The transfected 
HEK293FT cells were harvested after 72 h after transfection 
and used for immunoprecipitation.

Clonogenic survival and apoptosis assay

Cancer cells knocked down by CD98 siRNA or sorted 
according to CD98 expression level were recovered and 
were subjected to clonogenic survival assay as described 
previously [17]. Briefly, siCon or siCD98 transfected cells 
were harvested at 48 h after siRNA transfection. The cells 
(1 × 103) were plated in a 6-well plate with complete medium 
and incubated for 10-day incubation, the cells were stained 
with crystal violet (Sigma-Aldrich) at room temperature for 
1 h, and the colonies were counted. Detection of apopto-
sis was measured by staining with PI and FITC-conjugated 
annexin V kit (BD Biosciences). The assay was performed 
following the manufacturer’s protocol.

Construction, expression, purification and analysis 
of chimeric NPB15 antibody

Total RNAs were isolated from hybridoma NPB15 cells 
by using RNAiso Plus (TaKaRa, Otsu, Japan), and cDNA 
synthesis was performed by using PrimeScript™ RT Mas-
ter Mix (TaKaRa). All the experiments followed the manu-
facturer’s instructions. To clone the cDNAs coding the 
NPB15 antibody variable domain, primers were prepared 
as described previously [18]. To produce the chimeric 
antibody version of NPB15, the variable regions of heavy 
and kappa chain were fused with human heavy/light chain 
signal peptide DNA fragments by recombinant PCR using 
eight synthetic oligonucleotides as primers (Table S1). The 
fused products of heavy chain were digested with EcoRI 
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and ApaI (Enzynomcis, Daejeon, Korea) and inserted into 
the front of the human Cγ1 sequence to generate pdCMV-
dhfr-Chi-NPB15 expression vector. In the same manner, the 
fused fragments of light chain were digested with HindIII 
and BsiWI (Enzynomcis) and inserted into the front of Cκ 
sequence of pdCMV-dhfr-Chi-NPB15 expression vector 
[19]. The expression plasmids were transiently expressed 
in HEKMAb cells by transfection using polyethyleneimine. 
The chimeric NPB15 antibody was purified from the cul-
ture supernatant by affinity column chromatography with 
recombinant protein G-agarose (Amicogen, Seoul, Korea).

ALDH activity assay

ALDH (aldehyde dehydrogenase) activity assay was per-
formed by using ALDH Activity Assay Kit (Abcam, Cam-
bridge, UK) according to manufacturer’s protocol. Briefly, 
Huh7 and SNU449 cells (1.0 × 106) were homogenized 
with 200 μl icy cold assay buffer and incubated at 4 °C 
for 10 min. Cells were centrifuged, and supernatants were 
transferred to 96-well plates and subjected to be samples for 
test. The reaction mixture containing developer/substrate, 
reaction buffer and acetaldehyde was added and incubated 
at room temperature in the dark. ALDH activity was meas-
ured at OD450 nm at 5 and 25 min after incubation, and the 
relative ALDH activity was calculated as follows: Relative 
ALDH activity = OD450nm at 25 min – OD450nm at 5 min 
incubation.

ADCC reporter gene assay

Huh7 cells (7.5 × 104) cells were plated on 96-well white-
sided microtiter plate. The antibody-dependent cellular 
cytotoxicity (ADCC) reporter assay was performed in 
accordance with the manufacturer's instructions (Promega, 
Madison, WI, USA). The chimeric NPB15 antibody was 
added to Huh7 cells with ADCC bioassay effector Jurkat 
cells at 25:1 E/T ratio. Six hours after co-culture at 37 °C 
in the presence of the chimeric NPB15 antibody, luciferase 
assay reagent was added into each well. The luminescence 
was detected by luminometer (Promega).

Xenograft nude mouse model of HCC and in vivo 
antitumor activity of NPB15

Four- to five-week-old female immune-deficient nude 
(BALB/c nu/nu) mice were purchased from Nara biotech 
(Seoul, Korea). To establish HCC xenograft mouse models, 
5 × 106 Huh7 cells were resuspended in 200 µl of a 1:1 mix-
ture of Matrigel (Thermo Fischer Scientific) and PBS and 
injected into the dorsal right flank of 12 nude mice subcuta-
neously. Tumor growth in mice was assessed by measuring 
the tumor size twice per week using calipers (length/2 × 

width × width). When tumor volume reached to 100 mm3, 
10 mg/kg of NPB15 (n = 6) or isotype mouse IgG1 (n = 6) 
was intravenously or intraperitoneally injected into the mice 
every 2 days. All mice were killed when tumor volumes 
reached about 2000 mm3. Tumor volume and the weight of 
the mice were measured every 2 days. All animal experi-
ments were approved by the Institutional Animal Care and 
Use Committee at Sejong University (SJ-20220512).

Statistical analyses

Statistical evaluation for data analysis was determined by 
unpaired Student’s t test, one-way and two-way ANOVA. 
All experiments were performed at least three times. All data 
are presented as mean values ± SD except for tumor-related 
data. Tumor width and length were determined using a cali-
per. Data were presented as mean values ± SEM for isotype 
(n = 6) and NPB15 (n = 6). A p value < 0.05 is indicated by 
*, p < 0.01 by ** and p < 0.001 by ***.

Results

NPB15 binds to hESCs, HCC and NSCLC cells 
but not to PBMC and hepatocytes

Previously, we generated a panel of MAbs specific to naïve 
hESCs by using primed hESCs as a decoy immunogen [13]. 
In the same mice, primed hESCs were first injected into the 
right foot as a decoy immunogen, and naïve hESCs were 
injected into the left foot as a target immunogen, and then 
the left popliteal lymph nodes were collected to produce 
hybridomas. Among the hybridomas produced in this way, 
many hybridomas produced antibodies that simultaneously 
bound to primed and naïve hESCs [13]. NPB15, one of the 
MAbs, bound to naive and primed hESC, but not to mouse 
embryonic fibroblasts in flow cytometric analysis (Fig. 1a). 
When primed hESCs were induced to differentiation by 
retinoic acid, NPB15 binding was drastically decreased 
(Fig. 1a). NPB15 also bound to various cancer cells, includ-
ing embryonic carcinoma cell lines (NT2/D1 and 2102Ep), 
human HCC cell lines (Huh7, HepG2, SNU387, SNU449, 
PLC/PRF/5, SK-Hep1) and human NSCLC lines (NCI-
H460, A549, Calu-3), but did not bind to normal PBMC 
and human primary hepatocyte (Fig. 1b, supplementary 
Table S1). The results suggest that NPB15-reactive anti-
gen is a cell surface molecule that is expressed in naïve and 
primed hESCs but is significantly reduced in differentiated 
cells. The results also suggest that NPB15-reactive antigen 
is expressed in HCC and NSCLC cells, but not in PBMCs 
and hepatocytes.
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NPB15 recognizes the extracellular domain of CD98 
in a conformation‑dependent manner

NPB15 appeared to recognize proteins expressed on the 
surface of hESCs, HCC cells and NSCLC cells rather than 
normal cells. To identify the target antigen recognized by 
NPB15, surface proteins of NT2/D1 and A549 cells were 
biotinylated, cell surface proteins were immunoprecipitated 
with NPB15, and the immunoprecipitants were analyzed by 
Western blotting with SA-HRP. NPB15 immunoprecipitated 
approximately 90 and 120 kDa surface proteins on NT2/D1 
and A549 cells (Fig. 2a, supplementary Fig. S1a). However, 
the NPB15-reactive proteins were not detected in the NT2/
D1 whole cell lysates by Western blotting with NPB15 (Sup-
plementary Fig. S1b), suggesting that NPB15 recognizes 

its cognate antigen in a conformation-dependent manner. 
To identify the antigen, the NPB15 immunoprecipitants 
were stained with PageBlue solution, the 120 kDa band 
was excised, and the excised band was subjected to mass 
spectrometry (Supplementary Fig. S1c). The 120 kDa pro-
tein was identified as CD98 from a protein database search 
(Supplementary Fig. S1d). To prove whether NPB15 rec-
ognizes CD98, A549 cell lysates were immunoprecipitated 
with NPB15, and the immunoprecipitated proteins were 
detected with a commercially available rabbit anti-CD98 
antibody (α-CD98). The immunoprecipitant was detected 
at approximately 90 and 120 kDa by Western blotting with 
α-CD98, suggesting that NPB15 immunoprecipitates CD98 
(Fig. 2b). To further prove whether CD98 is the target anti-
gen of NPB15, HEK293FT cells were transfected with 

Fig. 1   Flow cytometric analysis of various cells with NPB15. a Bind-
ing profiles of NPB15 were examined by flow cytometry in naïve 
and primed hESCs, mouse embryonic fibroblasts (MEFs) and reti-

noic acid-treated primed H9 cells. b Binding profiles of NPB15 were 
examined by flow cytometry in various cancer cell lines and PBMCs 
and hepatocytes
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control and pCMV3-SLC3A2-FLAG expression vectors, 
and the cell lysates were subjected to immunoprecipitation 
with NPB15, α-CD98 and anti-FLAG, and then detected 
with α-CD98 or α-FLAG. Two major recombinant CD98 
proteins were detected in all three immunoprecipitants with 
α-CD98 and or α-FLAG (Fig. 2c, d). Taken together, the 
results suggest that NPB15 directly recognizes extracellular 
domain of CD98 in a conformation-dependent manner.

CD98 depletion inhibits cell proliferation 
and promotes apoptosis

To assess loss of function of CD98, cancer cells were 
knocked down by transfection with two CD98 siRNAs or 
negative control siRNA (siCon). Among the two CD98 
siRNAs, one (siCD982) showed a knockdown efficiency 
of approximately 33%, but the other (siCD98) showed 
more than 70% knockdown efficiency in all cells used, 
so siCD98 was used in all subsequent experiments (sup-
plementary Fig.  S2). Western blot analysis showed 

that CD98 protein expression was downregulated up to 
approximately 99% and 72% by siCD98 transfection in 
SNU449 and Huh7 cells, respectively (Fig. 3a). Thus, 
siCD98 induced more than 70% reduction in CD98 
protein in both HCC cells. Cell surface expression of 
CD98 was also decreased in siCD98 SNU449 and Huh7 
cells (Fig. 3b). CD98 depletion decreased the number 
of SNU449 and Huh7 cells by approximately 31% and 
34%, respectively, as compared to those of siCon group 
(Fig. 3c). The results suggest that CD98 is required for 
cell proliferation of HCC cells. To investigate whether 
CD98 plays a role in apoptosis resistance, CD98-depleted 
cells were stained with annexin V and PI. Although sin-
gle annexin V-positive cells were not changed in siCD98 
SNU449 cells, both annexin V- and PI-positive cells were 
increased by 15.4% in siCD98 SNU449 cells (Fig. 3d, f). 
Both annexin V- and PI-positive cells were not changed 
in siCD98 Huh7 cells, but single annexin V-positive cells 
were increased by 34.6% in siCD98 Huh7 cells (Fig. 3e, 
g), suggesting that CD98 is required for apoptosis 

Fig. 2   Identification and valida-
tion of cell surface molecule 
recognized by NPB15. a A549 
cell lysates were immunopre-
cipitated with NPB15 after 
cell surface biotinylation, and 
the immunoprecipitants were 
detected with SA-HRP in West-
ern blotting. Preclearing was 
done with protein G-agarose 
beads alone and used as a con-
trol (Con). b A549 cell lysates 
were immunoprecipitated with 
NPB15, and the immunopre-
cipitants were detected with 
α-CD98 in Western blotting. 
c, d Immunoprecipitation of 
FLA-tagged CD98 with mouse 
IgG (mIgG), NPB15, α-CD98 
and α-FLAG antibodies after 
overexpression of FLAG-tagged 
CD98 in HEK293FT cells. 
Immunoprecipitants were ana-
lyzed by Western blotting with 
α-CD98 (c) or α-FLAG antibod-
ies (d). Preclearing was done 
with protein G-agarose beads 
alone and used as a control
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resistance in HCC cells. Thus, CD98 is required for the 
promotion of cell proliferation and the suppression of 
apoptosis in HCC cells.

CD98 depletion inhibits clonogenic survival 
and migration

To investigate the role of CD98 in clonogenic survival 
of HCC cells, clonogenic survival assays were performed 
using the siCD98 SNU449 and Huh7. CD98 deple-
tion reduced the number and size of SNU449 and Huh7 

Fig. 3   CD98 depletion inhibits cell proliferation by promoting apop-
tosis in HCC cells. a CD98 protein expression of the control (siCon) 
and CD98 knockdown (siCD98) SNU449 and Huh7 cells. Indicated 
protein levels were analyzed by Western blotting and Image J soft-
ware. b Flow cytometry of the CD98 expression in siCon and siCD98 

SNU449 and Huh7 using NPB15. c Quantification of cell numbers of 
siCon and siCD98 SNU449 and Huh7 cells (*p < .05; ***p < .005). d, 
e Apoptosis analysis of siCon and siCD98 SNU449 and Huh7 cells. 
Cells were stained with PI and annexin V. f, g Quantification of d and 
e (ns, not significant; **p < .01; ***p < .005)



	 Cancer Immunology, Immunotherapy          (2024) 73:231   231   Page 8 of 15

colonies by 70% and 97%, respectively (Fig. 4a, b). The 
results demonstrate that CD98 promotes cell survival and 
proliferation under low-density seeding stress. To inves-
tigate the role of CD98 in migration potential essential 
for metastasis of cancer cells, wound healing assays were 
performed using siCD98 SNU449 and Huh7 cells. After 
12 h, the scratch area of the control group was reduced by 
approximately 34%, while the scratch area was reduced 
by approximately 8% in siCD98 SNU449 cells (Fig. 4c, 
d). Similarly, the scratch area was reduced in siCon group 
by approximately 24% after 12 h, while the scratch area 
was reduced by approximately 6% in siCD98 Huh7 cells 
(Fig. 4e, f). Taken together, the results demonstrate that 
CD98 promotes clonogenic survival and migration in HCC 
cells.

CD98 expression is positively associated with cancer 
stemness

CSCs are thought to be responsible for tumor growth, drug 
resistance and recurrence [14]. Since CD98 was closely 
associated with cancer growth and clonogenic survival, 
we investigated whether the expression level of CD98 is 
closely related to cancer stemness. To investigate whether 
CD98 depletion affects cancer stemness, cell surface 
expression of CD44, a CSC marker, was examined in can-
cer cells by flow cytometry. When cell surface expression 
of CD98 was decreased by 69% in siCD98 SNU449 cells, 
cell surface expression of CD44 was also decreased by 
46% (Fig. 5a, b). Since EpCAM and CD13 are known CSC 
markers in Huh7 cells [20], we also examined EpCAM 
and CD13 protein expression in Huh7 cell. EpCAM pro-
tein was decreased by approximately 54% in siCD98 Huh7 
cells, whereas CD13 protein expression was not signifi-
cantly altered (Fig. 5c, d). ALDH is also considered as 
a classical and reliable biomarker of CSCs in HCC [20, 
21]. CD98 depletion also decreased the expression lev-
els of ALDH by approximately 19% and 18% in SNU449 
and Huh7 cells, respectively (Fig. 5e). The results sug-
gest that CD98 expression is positively associated with 
cancer stemness in HCC cells. Tumorsphere cultivation 
is a method for amplifying and enriching CSCs in vitro 
[22, 23]. To further examine correlation of NBP15-
reactive CD98 with CSC markers on tumorsphere cells, 
adherent Huh7 cells were detached and cultured in tum-
orsphere forms for at least 9 days. Cell surface expression 
of liver CSC markers CD133, EpCAM and CD44 [20] 
was increased by 1.4-fold, 1.5-fold and 1.6-fold, respec-
tively, in tumorsphere culture, where cell surface expres-
sion of CD98 was also increased by 1.4-fold (Fig. 5f–h). 
The results suggest that CD98 is positively associated with 
cancer stemness in HCC cells.

Cells with high expression of CD98 show higher 
clonogenic survival than cells with low expression

To dissect the role of CD98 in HCC cell survival and 
stemness, the cell population corresponding to the top 30% 
(cells with high expression of CD98, CD98-high) and the 
cell population corresponding to the bottom 30% (cells 
with low expression of CD98, CD98-low) were sorted from 
NPB15-positive cancer cells in flow cytometric analysis 
(Fig. 6a). CD98-high and -low cancer cells were then sub-
jected to clonogenic survival assays (Fig. 6b, c). CD98-high 
SNU449 cells showed increased clonogenic survival by 1.6-
fold, as compared with CD98-low SNU449 cells (Fig. 6c). 
The results suggest that enhanced cell surface expression 
of CD98 contributes to increased clonogenic survival and 
stemness in HCC cells.

NPB15 shows antitumor activity in vivo

Based on the above results, CD98 promoted the growth 
and migration of cancer cells and appeared to be a surface 
marker for CSCs. Therefore, NPB15 targeting CD98 was 
expected to have antitumor activity in vivo. Prior to in vivo 
experiment, we first investigated whether NPB15 had ADCC 
activity in vitro. To investigate the in vitro ADCC activity of 
NPB15, the chimeric version of NPB15 was prepared by fus-
ing the heavy chain variable region of NPB15 to the human 
IgG1 constant region and the light chain variable region of 
NPB15 to the human kappa constant region. The chimeric 
antibody (Chi-NPB15) was purified from the culture super-
natant of HEK293FT after transfection of the expression vec-
tor of chimeric antibody (Supplementary Fig. S3a, b). Chi-
NPB15 bound to Huh7 cells as did NPB15 (Supplementary 
Fig. S3c). Therefore, ADCC potential of Chi-NPB15 was 
investigated by in vitro ADCC reporter assay using Huh7 cells 
and Chi-NPB15 as described in Materials and Methods. Chi-
NPB15 exhibited potent ADCC activity against Huh7 cells as 
compared to control human IgG1 (Fig. 7a), suggesting that 
NPB15 may have potent in vivo antitumor activity through 
ADCC activity. To investigate the in vivo therapeutic effects 
of NPB15, we decided to examine the effects of NPB15 in a 
mouse tumor model. Although there is sequence similarity 
between human and mouse, human CD98 (hCD98, 630 aa) 
and mouse CD98 (mCD98, 526 aa) are quite different from 
each other. In flow cytometry analysis, a commercial anti-
mCD98 antibody recognized mCD98 on mouse HCC cell 
line Hepa 1–6 cells but not hCD98 on human HCC cell line 
Huh7 cells while a commercial anti-hCD98 antibody recog-
nized hCD98 on Huh7 cells but not mCD98 on Hepa 1–6 cells 
(supplementary Fig. S4a, b). Under this condition, NPB15 
recognized hCD98 on Huh7 cells but not mCD98 on Hepa 
1–6 cells. The results suggest that NPB15 does not recognize 
mCD98 in induced or spontaneous HCC mouse tumor models. 
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Fig. 4   CD98 depletion inhibits clonogenic survival and migra-
tion in HCC cells. a Clonogenic survival assays of siCD98 Huh7 
and SNU449 cells. The scale bar is 5  mm. b Quantification of a. 
The number of colonies was quantified and normalized (clonogenic 

survival of siCon, 100%). c, e Wound healing assays with siCD98 
SNU449 and Huh7 cells. The scale bar is 1 mm. d, f Quantification 
of c and e. The scratch area was measured and normalized at 0  h 
(*p < .05; **p < .01)
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Fig. 5   CD98 expression is positively associated with cancer 
stemness. a Cell surface expression of CD44 was examined in CD98 
knockdown SNU449 cells by flow cytometry. b Quantification of 
a. The MFIs of NPB15 and CD44 were quantified and normal-
ized against the MFIs of control cells (siCon). c Protein expression 
of EpCAM and CD13 was analyzed in CD98 knockdown (siCD98) 
Huh7 cells by Western blotting. d Quantification of c. Protein expres-
sion levels of siCD98 Huh7 cells were quantified by Image J software 

and normalized against control cells (siCon). α-tubulin was used 
as a loading control. e ALDH activity of CD98 knockdown cancer 
cells. ALDH activity was measured and normalized against control 
cells (siCon). f Image of tumor spheroids (scale bar, 64.3 µm). g, h 
Flow cytometry analysis of Huh7 tumor spheroids with CSC mark-
ers. The expression levels of CD133, EpCAM, CD44 and CD98 were 
quantified and normalized against those of adherent cells (*p < .05; 
**p < .01)
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To investigate the therapeutic effect of NPB15 in vivo, there-
fore, we examined the effect of NPB15 in a xenograft nude 
mouse model of HCC. A group of BALB/c nu/nu mice was 
subcutaneously transplanted with Huh7 cells and treated with 
intravenous injection of control mouse IgG1 or NPB15 every 
2 days after the tumor volume reached 100 mm3 (Fig. 7b). The 
treatment of NPB15 resulted in sustained inhibition of growth 
of Huh7 tumor xenografts over the course of the 20-day study, 
as compared to mouse IgG1 (Fig. 7c, d). The tumor weight 
of the NPB15-treated group was also significantly decreased 
compared with the control group (Fig. 7e), and any abnormali-
ties in both the body weight and behavior of the mice were 
not observed (Fig. 7f). When the extracted tumor tissues were 
analyzed by Western blots, NPB15 treatment significantly 
reduced CD98 protein expression in NPB15-treated tumor 
tissues compared with isotype-treated tumor tissue (Fig. 7g). 
The results suggest that NPB15 exhibits antitumor activity by 
inhibiting CD98 expression. Taken together, the results sug-
gest that NPB15 exhibits antitumor activity in vivo and also 
suggest that NPB15 may be developed as a therapeutic anti-
body in HCC patients.

Discussion

Since cancer-associated antigens are generally expressed in 
normal tissues, it is not easy to discover antigens or anti-
bodies with high specificity to cancer cells. CD98 is highly 
upregulated in various cancer cells and promotes cancer cell 

survival, migration, invasion, angiogenesis and drug resist-
ance [24]. However, CD98 is also widely expressed in nor-
mal tissues. CD98 is also highly upregulated in patients with 
HCC, but basal expression level of CD98 is also observed 
in normal liver tissues [9]. Therefore, we expected that 
CD98 expression would be observed in normal hepato-
cytes. However, interestingly, NPB15 did not bind to nor-
mal hepatocytes and normal PBMC at all (Fig. 1B). The 
result is reminiscent of R8H283 MAb that binds to tumor-
restricted epitope on CD98 expressed in multiple myeloma 
(MM) patients but not in normal lymphocytes or leukocytes 
[25]. Generally, CD98 is regarded as a lymphocyte activa-
tion antigen and is expressed on peripheral monocytes and 
activated lymphocytes [3]. However, R8H283 specifically 
targets CD98 on MM cells and exerts anti-MM effects with-
out damaging normal hematopoietic cells [25]. The result 
indicates that MAbs targeting tumor-restricted epitopes 
show a marked lack of side effects and is promising anti-
bodies for the development of antibody therapeutics. To 
generate and establish R8H283, the authors screened more 
than 10,000 MAb clones raised against MM cells. Unlike 
traditional CD98-targeting approaches, in this study, we gen-
erated a MAb targeting CD98 on hESCs. Embryonic stem 
cells and cancer cells have many biological similarities and 
share many markers and characteristics [26]. We postulated 
that the antigens recognized by hESC-specific antibodies 
are antigens with the characteristics of oncofetal antigen, 
which are expressed in embryonic and cancer cells but not 
in normal primary cells [14]. The basic similarities between 

Fig. 6   NPB15-sorted CD98-high cells show higher clonogenic 
survival than CD98-low cells. a SNU449 cells were stained with 
NPB15, and the top 30% (CD98-high) and bottom 30% cell popu-
lations (CD98-low) were sorted on a cytometer. b NPB15-Sorted 

CD98-high and -low cells were subjected to clonogenic survival 
assays. The scale bar is 10 mm. c Quantification of b. The number of 
colonies was quantified by Image J software (***p < .005)
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Fig. 7   NPB15 shows antitumor activity in an HCC xenograft animal 
model. a ADCC assay of chimeric NPB15 antibody on Huh7 cells. 
Huh7 cells were treated with 0 to 100 μg/ml Chi-NPB15 or human 
IgG1 isotype control and incubated with effector Jurkat cell for 6 h. 
The relative luminescence unit (RLU) is plotted against the logarith-
mic antibody concentration (*p < .05; ***p < .005). b A schematic 
diagram showing the workflow of antibody injection into Huh7 xeno-
graft mice. BALB/c nu/nu mice were injected subcutaneously with 
Huh7 cells and injected intravenously every 2  days with mIgG1 or 
NPB15 after the tumor volume reached 100  mm3. c Graphical rep-
resentation of mIGg1- and NPB15-treated tumor growth, respec-
tively. Tumor width and length were determined using a caliper. Data 

are presented as mean values ± SEM for isotype (n = 6) and NPB15 
(n = 6) (*p < .05; ***p < .005). d Tumors from killed xenograft mod-
els are shown. e Tumors extracted (shown in d) were weighted and 
mean tumor weights ± SEM are presented (*p < 0.05). f Effects of 
antibody injection on body weight of HCC xenograft mice. Body 
weights of 12 mice were measured every 2  days and mean body 
weights ± SEM are presented (ns, not significant). g Western blot 
analysis of CD98 in NPB15- or mIgG1-treated tumor tissues. For-
maldehyde-treated tumor tissues were homogenized and analyzed by 
Western blot analysis with anti-CD98 antibody. α-tubulin was used as 
an internal loading control. CL CD98, cross-linked CD98 by HCHO
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hESCs and CSCs are that both have pluripotency or multi-
potency, and express the same oncofetal antigens [27]. In 
fact, studies including our studies have discovered oncofetal 
antigens using hESC-specific MAbs, and the MAbs have 
been developed as antibodies for cancer treatment [28, 29]. 
NPB15, one of the MAbs, had specificity for undifferentiated 
hESCs and bound to various HCC cells but not to primary 
hepatocytes (Fig. 1). Subsequent studies demonstrated that 
NPB15 recognizes a tumor-specific conformational epitope 
on CD98 and inhibits tumor growth in an HCC xenograft 
mouse model. Therefore, the present study suggests that 
hESC-specific MAbs are a good source for discovering anti-
bodies that recognize tumor-restricted epitopes and also for 
discovering antibodies for cancer treatment.

The present study showed that NPB15 recognized CD98 
protein in a conformation-dependent manner and was unable 
to recognize CD98 protein denatured by sodium dodecyl 
sulfate (Supplementary Fig. S1d). The results suggest that 
the epitope of NPB15 is a three-dimensional conformation 
epitope formed on CD98 in HCC cells, and the epitope 
is likely to be a specific epitope for HCC cells that is not 
formed in normal hepatocytes and hematopoietic cells. 
These results were reminiscent of the antibody used to target 
cancer-specific CD98 in triple negative breast cancers and 
colorectal cancer [30, 31]. Although the authors selected 
CD98 among the molecules whose expression increased in 
cancer tissues compared to normal tissues through exten-
sive surfaceome analyses, they further selected the antibody 
that recognized a conformational epitope on CD98 among 
antibodies made by immunizing a human leukemia cell 
line. Despite the superiority of CD98 protein as an anti-
cancer target, CD98 expression is widely distributed not 
only in cancers but also in various cells and tissues [32, 
33]. Therefore, antibody therapeutics that recognize CD98 
on the surface of normal cells may cause various immune 
side effects. Cancer-specific antigens have generally been 
discovered through proteomics and transcriptomics com-
parisons between normal and cancerous tissues. However, 
cancer-specific epitopes formed by protein posttranslational 
modifications, such as glycosylation [34], or conformational 
changes [35] may be missed by proteomics or transcriptom-
ics approaches. As shown in the present study, it can be 
also discovered through generation of hESC-specific MAbs. 
Based on the present study, NPB15 is expected to have no 
side effects on at least normal hepatocytes and hematopoi-
etic cells. To develop NPB15 as an antibody therapeutic, it 
must be analyzed for nonspecific binding through extensive 
immunohistochemistry on various human normal tissues in 
future studies.

In summary, we generated a MAb called NPB15 by 
immunizing hESCs into mice. NPB15 recognized CD98 
on HCC cells but did not show the binding activity to 

CD98 on hepatocytes and PBMCs. CD98 depletion 
inhibited cell proliferation, survival, apoptosis resist-
ance, migration and cancer stemness in HCC and NSCLC 
cells. NPB15-sorted CD98-high cells showed higher 
clonogenic survival than CD98-low cells in HCC cells. 
NPB15 showed antitumor activity in an HCC xenograft 
mouse model. NPB15 is a potential candidate that can be 
developed as antibody therapeutics for cancer treatment 
in HCC patients.
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