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Abstract 

Background Identification of promising targeted antigens that exhibited cancer‑specific expression is a crucial 
step in the development of novel antibody‑targeted therapies. We here aimed to investigate the anti‑tumor activity 
of a novel monoclonal antibody (mAb) 11C9 and identify the antibody tractable target in the hepatocellular cancer 
stem cells (HCSCs).

Methods The identification of the targeted antigen was conducted using SDS‑PAGE, western blot, mass spectrom‑
etry, and co‑immunoprecipitation. Silence of HSP90 was induced by siRNA interference. Positive cells were sorted 
by fluorescence‑activated cell sorting. Double‑immunofluorescent (IF) staining and two‑color flow cytometry 
detected the co‑expression. Self‑renewal, invasion, and drug resistance were assessed by sphere formation, matrigel‑
coated Transwell assay, and CCK‑8 assay, respectively. Tumorigenicity was evaluated in mouse xenograft models. RNA‑
seq and bioinformatics analysis were performed to explore the mechanism of mAb 11C9 and potential targets.

Results MAb 11C9 inhibited invasion and self‑renewal abilities of HCC cell lines and reversed the cisplatin resistance. 
HSP90 (~ 95 kDa) was identified as a targeted antigen of mAb 11C9. Tissue microarrays and online databases revealed 
that HSP90 was overexpressed in HCC and associated with a poor prognosis. FACS and double‑IF staining showed 
the co‑expression of HSP90 and CSCs markers (CD90 and ESA). In vitro and in vivo demonstrated the tumorigenic 
potentials of HSP90. The inhibition of HSP90 by siRNA interference or 17‑AAG inhibitor both decreased the number 
of invasion, sphere cells, and  CD90+ or  ESA+ cells, as well as reversed the resistance. Bioinformatics analysis and west‑
ern blot verified that HSP90 activated Wnt/β‑catenin signaling.

Conclusions The study preliminarily revealed the anti‑tumor activity of mAb 11C9. More importantly, we identified 
HSP90 as a targeted antigen of mAb 11C9, which functions as an oncogene in phenotype shaping, stemness mainte‑
nance, and therapeutic resistance by activating Wnt/β‑catenin signaling.
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Background
Hepatocellular carcinoma (HCC) is a major common 
malignancy and a leading cause of cancer-related mor-
tality worldwide, especially in several regions of Africa 
and Asia with the highest incidence rates [1, 2]. Moreo-
ver, incidence rates of HCC show geographic variations 
worldwide and are heavily affected by regional differ-
ences in risk factors for liver disease [3]. Unfortunately, 
the prognosis of patients with HCC is unsatisfactory 
in all regions of the world [4]. HCC is a heterogeneous 
tumor associated with multiple signaling pathway altera-
tions, and the complex pathophysiology made its treat-
ment decision challenging [5]; accordingly, despite the 
treatment of HCC has considerably evolved in the past 
decade year, survival of patients has not improved greatly 
due to the limited therapeutic regimens available [6]. 
Notably, knowledge of HCC molecular mechanisms has 
led to the development of systemic treatment options, 
such as monoclonal antibodies (mAbs), tyrosine kinase 
inhibitors (TKIs), and immunotherapy [7]. Therefore, 
much hope has been placed in the identification of novel 
mAbs and targets through molecular profiling.

In recent years, targeted therapy with mAbs or small-
molecule kinase inhibitors has shown considerable 
promise in the treatment of various cancers [8]. Never-
theless, the majority of targeted therapies for HCC were 
ineffective and did not confer any increased therapeutic 
benefit, especially for those who present with advanced 
disease at the time of diagnosis [9]. It is exciting that can-
cer stem cells (CSCs) are emerging as the most promising 
targets for cancer treatment due to their high capabilities 
for self-renewal, tumorigenesis, multidrug resistance, and 
recurrence [10]. Thus, we proposed that the discovery 
and validation of novel mAbs to specifically target CSCs 
should be the focus of future research on HCC-targeted 
therapy.

Furthermore, the identification of candidate tumor-
associated antigens (TAAs) exhibiting high differential 
cancer-specific expression is a crucial step in the devel-
opment of new targeted antibody therapeutics, because 
the characteristics of mAbs were affected by the antigen 
specificity [11]. Previous research has revealed that phe-
notypic mAb screening followed by mass spectrometry 
(MS) identification of immunoprecipitated putative tar-
get antigens is an effective method to identify candidate 
protein targets functionally involved in cancer tumo-
rigenesis [12, 13]. In our laboratory, a multipotent CSC 
mAbs library was constructed and functional screens 
have identified antibodies that can regulate the stemness 
and resistance of hepatocellular CSC. Herein, a novel 
function mAb designated 11C9 was selected based on 
its ability in regulating hepatocellular CSC stemness 
and resistance. In the present study, we explored the 

candidate target antigen of mAb 11C9 and investigated 
the functional properties, hoping to find exploitable ther-
apeutic targets directly involved in the CSCs stemness 
phenotype for HCC-targeted therapy.

Methods
Cell lines and antibodies
Two human HCC cell lines (MHCC97L and BEL7402) 
were obtained from the Cell and Molecular Biology Lab-
oratory, Cancer Institute, Chinese Academy of Medical 
Sciences (Beijing, China). Each cell line was not cross-
contaminated, as identified by polymorphic short tan-
dem repeat (STR) authentication (Additional file  1). 
The mAb 11C9 was obtained from the multipotent CSC 
mAbs library constructed in our laboratory [14].

MHCC97L cells were maintained in DMEM/H 
medium supplemented with 10% fetal bovine serum 
(FBS), L-glutamine (2  mmol/L), penicillin (100 U/mL), 
and streptomycin (100  μg/mL) in a humidified incuba-
tor containing 5%  CO2 at 37  °C, whereas BEL7402 was 
in RIPM 1640 medium supplemented with 10% FBS, 
L-glutamine (2  mmol/L), penicillin (100 U/mL), and 
streptomycin (100 μg/mL) in a humidified incubator con-
taining 5%  CO2 at 37  °C. Cells were sub-cultured using 
0.25% trypsin and 0.1% EDTA when confluent (> 80% 
confluence).

Hepatocellular CSCs (HCSCs) culture
HCSCs were, respectively, enriched from MHCC97L 
and BEL7402 cells in the serum-free sphere induction 
medium [15]. In brief, MHCC97L and BEL7402 cells 
were sub-cultivated for 48  h and centrifuged to collect 
cell sediment. Subsequently, cells were re-suspended in 
a serum-free DMEM/F12 medium containing epidermal 
growth factor (EGF; 20  ng/ml), basic fibroblast growth 
factor (bFGF; 20 ng/ml), leukemia inhibitory factor (LIF; 
10  ng/mL), B27 (1:50), L-glutamine (2  mmol/ml), and 
methylcellulose (0.8%) for sphere induction. Cells were 
seeded in an ultra-low attachment flask at a density of 
2 ×  104 cells/ml and maintained at 37  °C in a humidified 
atmosphere of 5%  CO2 in the air. From day 2, induction 
was begun through supplementing medium every 2 days. 
After the sphere formation (day 7–10), sphere cells were 
harvested and dissociated into single cells with trypsin 
for the subsequent experiments.

LC‐MS/MS identification
The mAb11C9-targeted antigen was purified using aga-
rose G (GE, Boston, USA) and long-range SDS-PAGE, 
as described previously [16]. Briefly, SDS-PAGE was 
visualized using the Coomassie brilliant blue stain-
ing and Western blot, respectively. The detected 
band was excised and then measured by the liquid 
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chromatography-MALDI-tandem time of flight (LC-
MALDI-TOF/TOF). Mascot database (http:// www. matri 
xscie nce. com) was used for fragment sequences analy-
sis. Finally, the identified band was further confirmed by 
co-immunoprecipitation (Co-IP) using the purified mAb 
11C9, a commercial antibody to HSP90 (4877S, CST), or 
their corresponding negative control (normal mouse IgG 
and rabbit IgG).

Tissue microarray and immunohistochemistry (IHC)
The IHC microarray BC03119 (including 103 HCC and 
12 normal samples) and LV805 (including 10 hepati-
tis and 40 liver cirrhosis samples) were purchased from 
Alenabio Biotechnology (Shanxi, China). HCC survival 
microarray HLiv-HCC180Sur-04 (including 76 HCC 
samples) was purchased from Shanghai Outdo Biotech-
nology (Shanghai, China). A standard IHC staining pro-
tocol was followed to detect the HSP90 expression using 
a commercial UItraSensitiveTM S-P Kit (Maxim Biotech-
nologies, China). HSP90 expression was evaluated using 
a semi-quantitative scoring system established based on 
the staining intensity (1 = none, 2 = weak, 3 = moderated, 
4 = intense) and percentage of positively stained cells 
(< 5% vs. ≥ 5%). IHC staining of samples was stratified as 
either positive HSP90 expressing (≥ 5% and moderated/
intense staining) or negative HSP90 expressing (< 5% and 
none/weak staining).

Flow cytometry and fluorescence‑activated cell sorting 
(FACS)
The expression of cell surface proteins CD90, EAS, and 
HSP90 and the cell sorting were conducted by flow 
cytometry. Briefly, parental or sphere cells (100 ×  106 
density) were dissociated with 0.25% trypsin and re-
suspended with a medium containing FBS. Then, cells 
were incubated with fluorescein isothiocyanate (FITC)-
conjugated CD90 (eBioscience), phycoerythrin (PE)-
conjugated ESA (eBioscience), and PE_Cy5.5-conjugated 
HSP90 or FITC-conjugated HSP90 alone, or in combi-
nation (as indicated in the figure) at room temperature 
for 1  h. The standard was established by isotype match 
control. The percentage of expression was calculated 
by comparing to the respective isotype control. The 
labeled cells were analyzed using FACSAria (BD Bio-
sciences).  HSP90+,  HSP90−,  CD90+,  CD90+HSP90+, 
 CD90−HSP90+,  CD90+HSP90−,  CD90−HSP90−, 
 ESA+,  ESA+HSP90+,  ESA−HSP90+,  ESA+HSP90−, and 
 ESA−HSP90− cells were sorted using a FACSAria cell 
sorter (BD Biosciences). To determine the co-expression 
of CSCs makers and HSP90 in CSCs, we calculated the 
rate of double-positive cells among single-positive cells. 
Double-positive rate (%) was defined as the proportion of 
CD90/HSP90 or ESA/HSP90 double-positive cells (Q2) 

in all single-positive cells of CD90 or ESA (Q1 + Q2), thus 
calculated as Q2/(Q1 + Q2) × 100%.

Cells treatment and siRNA interference‑mediated 
knockdown of HSP90
MHCC97L and BEL7402 cells were exposed to various 
concentrations (0.2, 0.4, 0.8, and 1.0 mg/ml) of mAb 11C9 
to detect its anti-tumor activity. The HSP90 expression 
in sphere cells was inhibited by siRNA interference or 
small-molecule inhibitor 17-AAG (20, 80, and 320  nM) 
to explore the role of HSP90 involving stemness features 
of HCSCs.

The siRNA against HSP90 (siRNA-1: 5′-UUU AGU 
ACC AGA CUU GGC AAU GGU U-3′ or siRNA-2: 
5′-AAC CAU UGC CAA GUC UGG UAC UAA A-3′), and 
its stable non-specific siRNA (negative control) were 
provided by Invitrogen (Beijing, China). The siRNA 
transfection was performed with Lipofectamine™ 2000 
Transfection Kit (Thermofisher, USA). After transfection, 
the knockdown of HSP90 was confirmed by WB.

Sphere formation, cell invasion, and cell viability assay
The above FACS-sorted, transfected, or mAb 119C/17-
AAG-treated sphere cells were collected for subsequent 
experiments measuring self-renewal and cell invasion 
ability, and cell viability. The self-renewal ability was 
evaluated using sphere formation assay in serum-free 
DMEM/F12 medium. Sphere cells were counted using 
an inverted microscope (Nikon, Japan). Cell invasion was 
evaluated using the matrigel-coated Transwell cham-
ber (8 μm, Corning, USA). Invaded cells were fixed with 
methanol and acetone, followed by staining with DAPI. 
Images were captured under a fluorescent microscope 
(Nikon, Japan). CCK-8 assay was performed to deter-
mine the cell sensitivity to cisplatin (0.125–8 μg/ml). 
The optical density (OD) was detected at 450 nm under 
a microplate reader (Model 450, Bio-Rad, USA). The half 
maximal inhibitory concentration  (IC50) of cisplatin was 
determined.

Double‑immunofluorescent (IF) staining
Double-IF staining was performed, respectively, in live 
cells and fixed cells to identify co-localization of HSP90 
with cell surface markers for CSCs, CD90 in MHCC97L 
cell lines [17] or ESA in BEL7402 cell lines [18], accord-
ing to the standard protocol. Primary antibodies target-
ing HSP90 (purified mAb 11C9 or commercial antibody) 
as well as secondary antibodies prelabeled with Cya-
nine Cy™3 Goat Anti-Mouse IgG + IgM (H + L) (red) or 
Alexa Fluor®488 Goat Anti-Rabbit IgG (H + L) (green) 
were used in this study. For the direct double-IF stain-
ing of HSP90 and CD90/ESA, fluorescent-labeled 
antibodies including FITC-conjugated CD90 (green), 
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PE_Cy5.5-conjugated HSP90 (red), PE-conjugated ESA 
(red), and FITC-conjugated HSP90 (green) were used. 
DAPI (blue) was used for nuclear staining. Fluorescent 
images were obtained under fluorescence microscopy 
(Nikon, Japan) or a confocal laser scanning confocal 
microscope (Leica Microsystems, Germany). As PKH26–
positive cells exhibit greater in  vivo tumor-initiating 
capacity and stem cell frequency [19], PKH26 was co-
stained with HSP90 to investigate the role of HSP90 in 
CSCs (Additional file 2: Supplementary Method).

Western blot
Western blot was performed according to the standard 
protocol using the primary antibodies against HSP90 
(4877S, CST), β-catenin (9562S, CST), phosphoryl-
ated β-catenin (pβ-catenin, #9566, CST), phosphoryl-
ated GSK-3α/β (9331S, CST), and GAPDH (97166, CST; 
endogenous control), as well as the corresponding HRP-
conjugated secondary antibodies, HRP-conjugated goat 
anti-mouse IgG (Jackson, USA) and HRP-conjugated 
goat anti-rabbit IgG (Jackson, USA). Protein bands were 
developed with an enhanced chemiluminescence detec-
tion kit (Millipore, USA). Finally, the band intensity of 
target proteins was semi-quantified after normalization 
with the intensity of endogenous control using Bandscan 
software.

Nude mice tumorigenicity assay
Specific-pathogen-free BALB/C nude mice (female, 
4  weeks old) were purchased from Charles River Labo-
ratories (Beijing, China). All animals were housed at the 
Cancer Hospital, Chinese Academy of Medical Sciences 
(Beijing, China) and in standard conditions (60 ± 5% 
humidity, 25 ± 1  °C temperature, and 12-h light/dark 
cycle). All animal procedures were conducted in accord-
ance with the NIH Guide for the Care and Use of Labora-
tory Animals and authorized by the institutional review 
board (Ethical Approval: NCC2017A014) before the start 
of any protocol-specified procedures. BALB/C nude mice 
were randomly allocated into 9 groups (7 in each group). 
FACS-sorted cells were implanted into the forelimb axilla 
of mice in different doses (2 ×  102, 2 ×  103, and 2 ×  104) 
under sterile conditions. Tumor growth was monitored 
every 14 days until 10 weeks after the inoculation. Finally, 
mice were euthanized  with cervical dislocation  under 
anesthesia with isoflurane (1.5–2%).

Bioinformatics analysis
RNA-sequencing data of HCC were downloaded from 
the TCGA database. Patients were divided into HSP90-
high and HSP90-low groups according to the median 
value of HSP90 expression. The IHC staining of HSP90 in 
normal and HCC patients was obtained from The Human 

Protein Atlas (THPA) database (https:// www. prote inatl 
as. org/).

To investigate the mechanism of mAb 11C9’s anti-
tumor activity and potential targets of HSP90, differen-
tially expressed genes (DEGs) between  CD90+HSP90+ 
and  CD90+HSP90− cells, as well as  CD90+HSP90+ and 
11C9-treated  CD90+HSP90+ cells, were identified. The 
mRNA was extracted from each sample and subjected 
to transcriptome analysis using Affymetrix GeneChip 
3’IVT expression array by Capitalbio Corporation (Bei-
jing, China). Sequencing results were available from 
GEO database (GSE215984). The AGCC software was 
used to save the chip fluorescence scanning image into a. 
DAT file for analysis. Statistical software R was used to 
statistical calculation and interpretation of DEGs. DEGs 
were defined as those with q-value < 0.05 and  Log2 fold 
change ≥ 2 or ≤ 0.5. Biological significance of DEGs was 
explored by GO terms enrichment analysis, including 
biological process (BP), cellular component (CC), and 
molecular function (MF), based on DAVID (https:// 
david. ncifc rf. gov/). Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analysis was also 
performed with DAVID (https:// david. ncifc rf. gov/). Pro-
tein–protein interaction (PPI) network analysis was per-
formed using Cytoscape software.

Statistical analysis
SPSS statistics version 17.0 (SPSS Inc., USA) was used 
for statistical analysis. Experimental data were pre-
sented as the mean ± standard error of the mean (S.E.M). 
All in  vitro experiments were independently repeated a 
minimum of three times; the in  vivo experiments were 
performed on 7 mice from each group. Clinical data of 
patients were presented as mean ± standard deviation 
(s.d.) or number (percentage, %). Statistical significance 
between two groups was analyzed by student’s t test, 
and among multiple groups was analyzed by one-way or 
two-way analysis of variance (ANOVA) with Bonferroni 
post hoc test. Survival analysis was determined using 
Kaplan–Meier method and compared using the log-
rank test. Cox proportional-hazards model was used to 
evaluate the independent prognostic factors after adjust-
ment of baseline data (age, gender, stage, etc.). A p values 
of < 0.05*, < 0.01**, and < 0.001*** were considered statisti-
cally significant.

Results
mAb 11C9 inhibited the stemness and malignant behavior 
of HCSCs in vitro
To explore the anti-tumor activity of the mAb 11C9 
that was obtained from the multipotent CSC mAbs 
library, two human HCC cell lines (MHCC97L and 
BEL7402) were induced to CSCs and exposed to various 

https://www.proteinatlas.org/
https://www.proteinatlas.org/
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/


Page 5 of 15Liu et al. Stem Cell Research & Therapy          (2023) 14:273  

concentrations of mAb 11C9. As shown in Fig. 1A, mAb 
11C9 significantly inhibited the sphere formation ability 
both in MHCC97L and BEL7402 sphere cells, as evident 
by the decrease in sphere size and number. Meanwhile, 
the invasion ability of two sphere cells was suppressed 
after mAb 11C9 exposure (Fig. 1B). Given that the dose 
of 0.8 mg/ml mAb 11C9 was enough to induce a consid-
erable change in cell phenotypes, the doses ranged from 
0.2  mg/ml to 0.8  mg/ml mAb 11C9 were used to treat 
the sphere cells in cell viability assay. As a result, mAb 
11C9-treated MHCC97L cells  (IC50 = 0.8) were more 
sensitive to cisplatin treatment compared to the control 

 (IC50 = 1.5), displaying a significantly reduced  IC50 value 
(Fig. 1C). Similar result was observed in the BEL7402 cell 
 (IC50 = 0.47 in mAb 11C9-treated cells vs. 0.81 in con-
trol; Fig. 1C). However, low-doses (0.2 and 0.4 mg/ml) of 
mAb 11C9 had no effects on the cisplatin sensitivity in 
HCSCs (data not shown). Furthermore, the FACS expres-
sion analysis of CSCs markers in sphere cells revealed 
that mAb 11C9 inhibited the expression of CD90 (known 
as CSCs marker for MHCC97L cells) and ESA (known 
as CSCs marker for BEL740 cells) in a dose-dependent 
manner (Fig. 1D). Thus, these results preliminarily dem-
onstrated that the obtained mAb 11C9 has anti-tumor 

Fig. 1 mAb 11C9 inhibited the stemness and malignant behavior of hepatocellular CSCs in vitro. Two human HCC cell lines (MHCC97L 
and BEL7402) were induced to hepatocellular CSCs and exposed to various concentrations (0–1.0 mg/ml) of mAb 11C9 for following experiments. 
A Representative images (scale bar, 100 μm) of sphere formation assay and quantitative results showed the inhibition effects of mAb 11C9 
on self‑renewal ability in MHCC97L and BEL7402 sphere cells. B Representative images (scale bar, 100 μm) of matrigel‑coated Transwell assay 
and quantitative results showed the inhibition effects of mAb 11C9 on cell invasion ability in MHCC97L and BEL7402 sphere cells. C CCK‑8 assay 
was performed and the  IC50 value was calculated to evaluate the cell resistance. D Flow cytometry assay showed the inhibition effects of mAb 11C9 
on cancer stem cell markers in sphere cells. Data plotted represent the mean ± S.E.M of at least three independent experiments. Statistics: *p < 0.05, 
***p < 0.001
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activity, presenting as the inhibition of the stemness and 
invasion abilities, as well as the improved chemothera-
peutic treatment.

Identification of HSP90 identified as a target antigen 
for mAb 11C9
To isolate and identify the candidate target antigen of 
mAb 11C9 in MHCC97L cells, protein identification 
was conducted using MS analysis, followed by double IF 
staining and Co-IP. Whole-cell lysates were purified by 
mAb 11C9-linked sepharose 4B, electrophorized by SDS-
PAGE, and immunoblotted with mAb 11C9. Under the 
conditions we used, mAb 11C9 detected one protein with 
Mr of ~ 95 kDa in lysates, as shown in Fig. 2A (Full-length 

blots/gels are shown in Additional file 3: Fig S1). Through 
the MS analysis and searching in the Mascot database 
(Fig.  2A), this 95  kDa band was identified as human 
HSP90α (Mascot score, 24970; Estimated molecular 
weight/pI, 85006/4.94; Protein sequence coverage, 76%).

The subsequent double-IF staining showed that the 
11C9-labeled target antigen was well-fitted to that 
labeled with commercial antibody to HSP90 and co-
located on the cell membrane (Fig.  2B). Co-IP further 
confirmed that the 95  kDa band was either interacted 
with 11C9 or commercial antibody to HSP90 (Fig.  2C; 
Full-length blots/gels are shown in Additional file 3: Fig 
S1). An obvious reduction in the HSP90 expression was 
observed in the si-HSP90 transfected cells when probed 

Fig. 2 Identification of HSP90 identified as a target antigen for mAb 11C9. A Targeted antigen recognized by mAb 11C9 was identified 
by sequentially using SDS‑PAGE, western blot, and mass spectrometry. The 95 kDa band was identified as human HSP90 by analysis in Mascot 
database. B Double‑immunofluorescence staining showed the co‑localization of antigen recognized by mAb 11C9 (red) or commercial antibody 
to HSP90 (green). scale bar: 10 μm. C Co‑immunoprecipitation/Western blot confirmed that the 95 kDa band interacted with mAb 11C9. D After 
the siRNA interference of HSP90, Western blot showed a reduction of HSP90 when probed with mAb 11C9. Full‑length blots/gels are presented 
in Additional file 2: Figure S1
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with 11C9 (Fig.  2D; Full-length blots/gels are shown in 
Additional file  3: Fig S1). Taken together, these results 
identified HSP90 as the targeted antigen of mAb 11C9.

HSP90 predicts a worse outcome for patients with HCC
To investigate the clinical significance of HSP90 in the 
HCC progression, we analyzed the expression of HSP90 
and its correlation with survival outcomes and clinico-
pathological features. IHC in tissue microarrays revealed 
that the positive expression of HSP90 in HCC is more 
remarkable compared to normal tissue (Fig.  3A), and is 
specific in tumor tissue (Fig. 3B). According to the expres-
sion status of HSP90, tumors were stratified as positive 
HSP90 expressing or negative HSP90 expressing. A high 

association was observed between HSP90 expression and 
tumor differentiation or metastasis (p < 0.05, Additional 
file  2: Table  1S), as well as the poor prognosis of HCC 
patients (Fig. 3C). Furthermore, the Cox-regression anal-
ysis confirmed that HSP90 expression is an independent 
risk factor for the overall survival (Fig. 3D). Consistently, 
the high expression of HSP90 (Fig.  3E, F) and its asso-
ciation with the prognosis of HCC patients (Fig. 3G, H) 
were also verified in online databases (TCGA, https:// 
www. cancer. gov/ tcga; THPA, https:// www. prote inatl as. 
org/). Overall, these results suggested that HSP90, acting 
as a risk factor, could independently evaluate the survival 
prognosis of patients with HCC.

Fig. 3 HSP90 predicts a worse outcome for patients with HCC. A The distribution of subjects with HSP90‑positive expression in HCC and normal 
participants. B The HSP90 expression in liver tissues was detected using IHC and representative images were shown. Scale bar, 50 μm. C Kaplan–
Meier curve of overall survival in 76 HCC patients, classified by HSP90 expression  (HSP90+, positively stained cells ≥ 5% and moderated/intense 
staining;  HSP90−, < 5% and none/weak staining). D Forest plot of the Cox‑regression analysis on overall survival in 76 HCC patients. E Expression 
of HSP90 in HCC patients that derived from the TCGA database. F Expression of HSP90 in HCC patients that derived from the THPA database. G 
Kaplan–Meier curve of overall survival in the TCGA database, classified by HSP90 expression (high, FPKM values above the median; low, FPKM values 
below the median). H Forest plot of the Cox‑regression analysis on overall survival as per the data derived from the TCGA database. NC negative 
control. Statistics: ***p < 0.001

https://www.cancer.gov/tcga
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HSP90 is identified as a stemness‑related protein in HCSCs
To identify the role of HSP90 in HCSCs, sphere-forming 
culture was performed using HCC cell lines, MHCC97L 
(CSC marker, CD90), and BEL7402 (CSC marker, ESA); 
and then  CD90+ and  ESA+ sphere cells were selected using 
the FACS sorting. As shown in Fig. 4A, the number of col-
onies formed by sphere cells, especially  CD90+ and  ESA+ 
sphere cells, was superior to those formed by parental cells 
both in MHCC97L and BEL7402 cell lines, indicating the 
stem cell-like features of sphere cells. In Fig. 4B, FACS anal-
ysis revealed that HSP90 was overexpressed in the mem-
brane surface of sphere cells in the MHCC97L (17.8% vs. 
2.25%) and BEL7402 cells (7.19% vs. 1.78%), compared to 
their corresponding parent cells. Meanwhile, CSC markers, 
CD90 (7.06% vs. 2.37%) and ESA (4.36% vs. 2.6%), showed 
a similar tendency of high expression with HSP90 in sphere 
cells (Fig.  4C), implying the potential co-expression of 
HSP90 and stem cell markers. Furthermore, two-color 
flow cytometry (Fig. 4D) confirmed this co-expression by 
determining the co-staining of CSCs makers and HSP90 in 
CSCs, with an HSP90/CD90 double-positive rate of 57.1% 
in  CD90+MHCC97L cells, and an HSP90/ESA double-pos-
itive rate of 40.9% in  ESA+BEL7402 cells. As indicated in 
Fig. 4E, double-IF staining also demonstrated that HSP90 
was co-expressed with CSCs markers, CD90 or ESA. Addi-
tionally, the quiescent PKH26-positive cells with stem-like 
characteristics were also co-labeled with HSP90 (Addi-
tional file 2: Fig. S1). Based on the co-expression of HSP90 
with CSCs markers or PKH26, we speculated that HSP90 
might be a stemness-related protein in HCSCs.

HSP90 promoted stemness features of HCSCs and tumor 
progression in HCC
In order to assess the function of HSP90 in tumor pro-
gression and stemness features of HCSCs, we first sorted 
 HSP90+,  CD90+HSP90+, and  ESA+HSP90+ cells and 
compared the self-renewal, invasion, resistance, and 
tumorigenicity to the parent or negative cells. As shown 
in Fig.  5A-5C, both  HSP90+ MHCC97L, and  HSP90+ 
BEL7402 showed significantly higher abilities of invasion 
(Fig. 5A), self-renewal (Fig. 5B), and higher cisplatin resist-
ance (Fig. 5C) when compared to parent or  HSP90− cells. 
The in vivo tumorigenicity assay revealed that tumor for-
mation could be initiated by 200  HSP90+ cells but 2 ×  104 
 HSP90− cells both in MHCC97L and BEL7402 cell lines 
(Table 1), further suggesting the tumorigenic potentials of 
HSP90.

In the HCSCs sorted by CSCs markers (CD90 or 
ESA), we also observed the higher abilities of invasion 
(Fig. 5D), self-renewal (Fig. 5D), and cisplatin resistance 
(Fig. 5E) of  CD90+HSP90+ and  ESA+HSP90+ cells com-
pared to  HSP90− cells, implying that HSP90 promoted 
stemness features of HCSCs. Therefore, to further con-
firm this above finding, we suppressed the HSP90 expres-
sion in the sphere cells by siRNA interference (Fig.  6A; 
Full-length blots/gels are shown in Additional file 3: Fig. 
S2) or adding small-molecule inhibitor 17-AAG (20–
320 nM) for HSP90. As a result, the inhibition of HSP90 
induced a decrease in invasion cells (Fig. 6B, F), the size 
and number of sphere cells (Fig. 6C, G), and the expres-
sion of  CD90+ or  ESA+ cells (Fig. 6D, H). In addition, the 
inhibition of HSP90 increased the sensitivity to cisplatin, 
with a significant decrease in  IC50 values of sphere cells 
(Fig.  6E, I). Meanwhile, we observed that the 17-AAG-
mediated inhibition occurred in a dose-dependent man-
ner (Fig.  6F–H). Overall, these results suggested that 
HSP90 could promote the stemness features of HCSCs 
and then accelerate tumor progression in HCC.

mAb 11C9 plays anti‑tumor activity by inhibiting HSP90/
Wnt/β‑catenin signaling
Subsequently, we performed the bioinformatics analy-
sis to investigate the potential targets of HSP90-induced 
biological properties of HCSCs. By comparing DEGs 
between  CD90+HSP90+ and  CD90+HSP90− cells, we 
identified 126 up-regulated DEGs with a fold change 
of > twofold (see Additional file  2: Fig. S2A). GO and 
KEGG analysis showed that DEGs were involved in the 
regulation of cell cycle and mitosis, such as microtubule 
binding, cell cycle, cell growth, microtubule cytoskeleton, 
and p53 signaling pathway. (Additional file 2: Fig. S2B & 
S2C). Furthermore, the PPI network analysis showed a 
strong interaction among these cell cycle/mitosis-related 
proteins (Additional file 2: Fig. S2D). According to these 
results, we speculated that HSP90 mainly participated 
in the self-renewal of HCSCs by regulating the cell cycle 
and mitosis. For this hypothesis verification, we down-
regulated HSP90 in  CD90+HSP90+ cells by using mAb 
11C9, to explore the downstream pathway of HSP90. 
After HSP90 inhibition, 314 genes up-regulated and 1271 
down-regulated (Additional file 2: Fig. S2E), such as Wnt 
signaling (CTNNB1, CCND1, LRP5L, APC), stemness-
related gene KLF4, and resistance-related gene TOP2A. 
By the GO and KEGG analysis, we observed that these 

(See figure on next page.)
Fig. 4 HSP90 is identified as a stemness‑related protein in HCSCs. A Sphere formation assay revealed the enhanced self‑renewal abilities of spheres 
and HCSCs. scale bar, 100 μm. B, C Flow cytometry assay verified the overexpression of HSP90, CD90, and ESA in spheres. D Two‑color flow 
cytometry showed the co‑expression of HSP90 and CD90 or ESA in MHCC97L (left panel) and BEL7402 (right panel) sphere cells, respectively. E 
Double‑IF staining revealed the co‑location of HSP90 and CSCs markers (CD90 or ESA). Data plotted represent the mean ± S.E.M of at least three 
independent experiments. Statistics: **p < 0.01
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Fig. 4 (See legend on previous page.)
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DEGs were indeed mainly enriched in the cell cycle-, 
stemness- and resistance-related signaling, including p53, 
Hedgehog, mTOR, TGF-β, ABC transporters, and Wnt 
(Additional file  2: Fig. S2F & S2G). More importantly, 
PPI network analysis demonstrated that both HSP90AA1 
and HSP90AB1 had an interaction with CTNNB1 
(β-catenin) and CCND1 (Additional file  2: Fig. S2H). 
Thus, we next assessed the effects of HSP90 on Wnt/β-
catenin signaling, since it is crucial in phenotype shap-
ing, stemness maintenance, therapeutic resistance, etc. 
[20]. After HSP90 inhibition by mAb 11C9, p-β-catenin 
was significantly up-regulated, while these downstream 

proteins, including p-GSK-3β, cell cycle-related proteins 
(CyclinD1, C-myc), stemness-related proteins (OCT4, 
KLF4, Snail), were down-regulated both in MHCC97L 
and BEL7402 cell lines (Fig. 7A; Full-length blots/gels are 
shown in Additional file 3: Fig. S3). Thus, we concluded 
that mAb 11C9 plays anti-tumor activity by inhibiting 
HSP90/Wnt/β-catenin signaling in HCC (Fig. 7B).

Discussion
The novel antibody–antigen system is necessary to cir-
cumvent tumor heterogeneity and tumor evolution in 
cancer therapy. Previously, we obtained a novel mAb 
11C9 from the multipotent CSC mAbs library in our lab-
oratory [14]. Here, we first verified the anti-tumor activ-
ity of mAb 11C9 in HCC. CSCs are self-renewing cells 
and possess stemness properties that facilitate tumor 
initiation, promote metastasis, and enhance therapeu-
tic resistance [21, 22]. Therefore, the inhibition effects 
of mAb 11C9 on sphere formation ability, cell invasion, 
and cisplatin resistance were verified in two HCC cell 
lines, suggesting that mAb 11C9 has anti-tumor activity 
in HCC and may provide novel insights into the devel-
opment of a therapeutic agent for HCC. However, these 
findings were only from in vitro experiments and remain 
investigated in clinical trials.

Fig. 5 HSP90 promoted the malignant phenotypes of HCC cell lines. FACS was conducted to sort the  HSP90−,  HSP90+,  CD90+HSP90−, 
 CD90+HSP90+,  ESA+HSP90−,  ESA+HSP90+ cells, using parental cells as control. A, B, D Matrigel‑coated Transwell assay and sphere formation assay 
measured the invasion and self‑renewal abilities, respectively. C, E CCK‑8 assay detected drug resistance. Data plotted represent the mean ± S.E.M 
of at least three independent experiments. Statistics: *p < 0.05, **p < 0.01

Table 1 Tumorigenicity assay of HSP90+, HSP90− and parent 
cells

Cell types 2 ×  102 2 ×  103 2 ×  104

MHCC97L

  HSP90+ 1/7 3/7 5/7

  HSP90− 0/7 0/7 1/7

 Parent 0/7 1/7 3/7

BEL7402

  HSP90+ 1/7 3/7 5/7

  HSP90− 0/7 0/7 1/7

 Parent 0/7 1/7 3/7
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TAAs serves as the primary targets for cancer immuno-
therapies [23]. In the present study, in order to improve 
the anti-tumor activity of mAb 11C9, its candidate TAA 
was identified. As result, we identified the HSP90 that 
is recognized by mAb 11C9, previously known as an 
ATP-dependent molecular chaperone involved in the 
folding and activation of substrate proteins [24]. Addi-
tionally, HSP90 with Mr of ~ 95 kDa was observed to be 
expressed in the cell surface, being consistent with the 
previous reports [25]. The surface antigen expression 
pattern of HSP90 is also in line with the typical anti-
gen expression pattern of CSCs [26]. As known, HSP90 
is a highly conserved molecular chaperone [27], thus, it 
has the potential to be an ideal target for the stem cell 
therapy of HCC. The fixed-cell IF staining revealed that 

HSP90 is abundantly expressed in the membrane, cyto-
plasm, and nucleus, suggesting the possibility of HSP90 
as an intracellular antigen. As well known, antibody-
targeted therapy has traditionally targeted extracellular 
or secreted proteins expressed by cancer cells because 
the large size of most mAbs is a serious handicap for 
penetrating tissues and the extracellular matrix to reach 
their target cells [28]. Currently, intracellular antigen 
targeting strategies still await translation into the clinic. 
Here, it is because of the extensive distribution of HSP90 
in HCC cell lines highlighting its great potential as an 
ideal therapeutic target. More remarkably, the live-cell IF 
staining demonstrated no obvious intracellular staining 
of HSP90, suggesting that these 11C9-HSP90 antibody–
antigen complexes were not internalized and degraded. 

Fig. 6 HSP90 promoted the stemness features of HCSCs. A Western blot verified the knockdown of HSP90 in both MHCC97L and BEL7402 sphere 
cells. Full‑length blots/gels are presented in Additional file 2: Figure S2. B, F Matrigel‑coated Transwell assay showed the reduction in invasion 
ability by si‑HSP90 or 20–320 nM 17‑AAG (inhibitor for HSP90). scale bar, 100 μm. C, G Sphere formation assay showed the reduction in sphere 
cells by si‑HSP90 or 17‑AAG. Scale bar, 100 μm. D, H Flow fluorescence assay revealed the inhibition of  CD90+  ESA+ cells expression by si‑HSP90 
or 17‑AAG. E, I CCK‑8 assay of drug resistance showed the decrease of  IC50 value by si‑HSP90 or 17‑AAG. Data plotted represent the mean ± S.E.M 
of at least three independent experiments. Statistics: *p < 0.05, **p < 0.01, ***p < 0.001
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However, it is well known that the rapid internalization of 
antibody–antigen complexes protects cells from efficient 
antibody-mediated lysis [29], which adds to the difficul-
ties of replicating the preclinical activity of mAb in clini-
cal trials. Therefore, the non-internalization advantage 
would provide additional benefits for the 11C9-HSP90 
complexes in clinical application.

Elucidating the role of TAAs in cancer progression is 
crucial to maximizing the value of this novel antibody–
antigen system. Here, we first confirmed the predic-
tive value of HSP90 for worse outcomes in patients with 
HCC, which is in agreement with previous findings [30]. 
A very intriguing finding here is that HSP90 was identi-
fied as a stemness-related protein in HCSCs by evaluating 

Fig. 7 mAb 11C9 plays anti‑tumor activity by inhibiting HSP90/Wnt/β‑catenin signaling. A Western blot verified the expression of proteins 
in Wnt/β‑catenin signaling or its downstream proteins after inhibition of HSP90 by mAb 11C9. Data plotted represent the mean ± S.E.M of at least 
three independent experiments. Full‑length blots/gels are presented in Additional file 2: Figure S3. Statistics: *p < 0.05, **p < 0.01. B The potential 
molecular mechanism of the anti‑tumor activity of mAb 11C9 in HCC
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the co-expression of HSP90 and CSCs markers. Extensive 
research has also revealed that HSPs enhance the CSCs 
stemness [31, 32], which further supported our results. 
Thus, the effects of HSP90 on stemness-associated prop-
erties were explored to confirm the function of HSP90 in 
HCSCs. The present results were exactly as expected, that 
is, HSP90 promoted cell invasion, self-renewal, and tum-
origenicity, as well as induced drug resistance in HCSCs. 
We also observed the direct inhibition effect of HSP90 on 
 CD90+ or  ESA+ cells. As CD90 and ESA are recognized 
markers of HCSCs [33], we concluded that HSP90 could 
direct affect HCSCs, being another remarkable property. 
These observations were completely in conformity with 
the classic theory of HSP90 [34]. Besides, the bioinfor-
matics analysis further demonstrated that HSP90 mainly 
affects the stemness-, cell cycle-, and resistance-related 
genes, such as KLF4, TOP2A, and CDK1, providing addi-
tional evidence for the effects of HSP90 on stemness-
associated properties.

In the present study, we also investigate the molecu-
lar mechanism of this antibody–antigen system and 
the potential targets in HCC. Through bioinformat-
ics analysis, several candidate pathways came into our 
sights, including Hedgehog, Hippo, TGF-β, Wnt, and 
p53 signaling pathways. Of these, Wnt/β-catenin sign-
aling is crucial in phenotype shaping, stemness mainte-
nance, therapeutic resistance, etc. [20]. Thus, the effects 
of HSP90 on Wnt/β-catenin signaling were confirmed 
in HCSCs by treating with mAb 11C9. We observed that 
11C9-treated cells had a lower level of p-GSK-3β, sug-
gesting the inactivation of Wnt/β-catenin signaling. As 
the classic Wnt/β-catenin signaling [35], the suppres-
sion of GSK-3β phosphorylation, in turn, promoted the 
phosphorylation and ubiquitin-mediated degradation 
of β-catenin. The inactive Wnt/β-catenin signaling then 
induced the low expression of cell cycle- (CyclinD1, 
C-myc) and stemness-related proteins (OCT4, KLF4, 
Snail). In short, these results demonstrated that mAb 
11C9 might play anti-tumor activity by inhibiting HSP90/
Wnt/β-catenin signaling in HCC. Given that Wnt/β-
catenin signaling is evolutionarily conserved and is inac-
tive in the normal tissues, except for stem cell niches [36], 
targeting this signaling by the 11C9-HSP90 antibody–
antigen system might provide future perspectives for the 
stem cell therapy of HCC.

Conclusion
In the present study, we preliminarily proved the anti-
tumor activity of mAb 11C9 in HCC cell lines. Mean-
while, HSP90 was identified as a targeted antigen of 
mAb 11C9. Furthermore, HSP90 was found to func-
tion as an oncogene in phenotype shaping, stemness 
maintenance, and therapeutic resistance by activating 

Wnt/β-catenin signaling in HCSCs. Our findings sug-
gested that this novel antibody–antigen system may 
have the potential for tumor targeting in stem cell ther-
apy for HCC.
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