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Alpha-enolase (ENO1), identified as an
antigen to monoclonal antibody 12C7,
promotes the self-renewal and malignant
phenotype of lung cancer stem cells by
AMPK/mTOR pathway
Xiong Shu1†, Kai-Yue Cao2†, Hui-Qi Liu3, Long Yu4, Li-Xin Sun4, Zhi-Hua Yang4, Cheng-Ai Wu1* and Yu-Liang Ran4*

Abstract

Background: Tumor-associated antigens (TAAs) can be targeted in cancer therapy. We previously identified a
monoclonal antibody (mAb) 12C7, which presented anti-tumor activity in lung cancer stem cells (LCSCs). Here, we
aimed to identify the target antigen for 12C7 and confirm its role in LCSCs.

Methods: Immunofluorescence was used for antigen localization. After targeted antigen purification by
electrophoresis and immunoblot, the antigen was identified by LC-MALDI-TOF/TOF mass spectrometry,
immunofluorescence, and immunoprecipitation. The overexpression or silence of ENO1 was induced by lentiviral
transduction. Self-renewal, growth, and invasion of LCSCs were evaluated by sphere formation, colony formation,
and invasion assay, respectively. High-throughput transcriptome sequencing (RNA-seq) and bioinformatics analysis
were performed to analyze downstream targets and pathways of targeted antigen.

Results: Targeted antigen showed a surface antigen expression pattern, and the 43–55 kDa protein band was
identified as α-enolase (ENO1). Self-renewal, growth, and invasion abilities of LCSCs were remarkably inhibited by
ENO1 downregulation, while enhanced by ENO1 upregulation. RNA-seq and bioinformatics analysis eventually
screened 4 self-renewal-related and 6 invasion-related differentially expressed genes. GSEA analysis and qRT-PCR
verified that ENO1 regulated self-renewal, invasion-related genes, and pathways. KEGG pathway analysis and
immunoblot demonstrated that ENO1 inactivated AMPK pathway and activated mTOR pathway in LCSCs.

(Continued on next page)

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: wuchengai05@163.com; ran_yuliang@126.com
†Xiong Shu and Kai-Yue Cao are authors contributed equally to the
manuscript and thus share the first authorship.
1Laboratory of Molecular Orthopaedics, Beijing Research Institute of
Orthopaedics and Traumatology, Beijing JiShuiTan Hospital, No. 31 Xinjiekou
E Road, Xicheng, Beijing 100035, People’s Republic of China
4State Key Laboratory of Molecular Oncology, National Cancer Center/
National Clinical Research Center for Cancer/Cancer Hospital, Chinese
Academy of Medical Sciences and Peking Union Medical College, No. 17
Panjiayuan Subdistrict, Chaoyang, Beijing 100021, People’s Republic of China
Full list of author information is available at the end of the article

Shu et al. Stem Cell Research & Therapy          (2021) 12:119 
https://doi.org/10.1186/s13287-021-02160-9

http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-021-02160-9&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:wuchengai05@163.com
mailto:ran_yuliang@126.com


(Continued from previous page)

Conclusions: ENO1 is identified as a targeted antigen of mAb 12C7 and plays a pivotal role in facilitating self-
renewal, growth, and invasion of LCSCs. These findings provide a potent therapeutic target for the stem cell
therapy for lung cancer and have potential to improve the anti-tumor activity of 12C7.

Keywords: α-Enolase, Monoclonal antibody, Tumor-associated antigens, Cancer stem cells, Lung cancer

Background
Lung cancer is a leading cause of cancer-related death
worldwide [1, 2]. A recent investigation reported that
approximately 1.8 million people are diagnosed with
lung cancer, and 1.6 million people died of these dis-
eases every year [3]. Despite remarkable advancements
in the lung cancer therapy, including surgery, chemo-
therapy, and radiotherapy, especially targeted therapy,
have been achieved in recent decades [4, 5], treatment
outcomes remain unsatisfactory with the low 5-year sur-
vival rates, ranging from 4 to 17% [6, 7]. Therefore, the
innovative diagnosis and treatment strategies are ur-
gently needed to improve outcome for patient with lung
cancer.
Growing evidences showed that cancer stem cells

(CSCs) are defined as sub-population of tumor cells that
possess the capacity to self-renew and high tumorigen-
icity, which are responsible for the tumor progression,
spread, drug resistance, and recurrence [8]. Thus, target-
ing lung CSCs (LCSCs) may produce crucial advances in
the innovative and more effective therapies. Fortunately,
recent studies have proposed that LCSCs as therapeutic
targets may provide powerful tools to improve the clin-
ical outcome of patients with lung cancer [9]. Thus,
here, we aimed to focus on the biological properties of
LCSCs, including self-renewal, growth and invasion.
Currently, monoclonal antibody (mAb)-based thera-

peutics are standard methods in the cancer therapies
[10, 11]. However, the antigen specificity could affect the
characteristics of mAbs [10], thereby, the identification
of target antigen and understand of downstream signal-
ing pathway would be crucial for the therapeutic appli-
cations of mAb. In our previous study, we identified a
functional antibody 12C7 that specifically target LCSCs
and, more importantly, confirmed their inhibitory effects
on biological properties of LCSCs both in vitro and
in vivo [12]. However, their target antigen and the mech-
anism that drives the self-renewal of LCSCs are not fully
understood [13]. Herein, the study was designed to iden-
tify the target antigen recognized by mAb 12C7 and in-
vestigate its function, expecting to find novel therapeutic
targets for stem cell therapy and improving the anti-
tumor activity of 12C7.
In present study, we identified α-enolase (ENO1) as an

antigen of mAb 12C7 by using the western blot and immu-
noprecipitation, followed by the liquid chromatography-

MALDI-tandem time-of-flight (LC-MALDI-TOF/TOF)
analysis. Furthermore, we confirmed the tumorigenic role
of ENO1 and proposed its potential mechanism by high-
throughput transcriptome sequencing (RNA-seq) and bio-
informatics analysis.

Materials and methods
Cell lines and cell culture
Human lung cancer A549 cell line was obtained from
Laboratory of Antibody Engineering, Cancer Institute,
Chinese Academy of Medical Sciences. Human lung
adenocarcinoma SPCA-1 cell line was purchased from
Type Culture Collection of the Chinese Academy of Sci-
ences (Shanghai, China). Cells were maintained in RIPM
1640 medium supplementing with 10% fetal bovine
serum (FBS), L-glutamine (2 mmol/L) penicillin (100 U/
mL), and streptomycin (100 U/mL) in a humidified incu-
bator containing 5% CO2 at 37 °C. Then, cells were sub-
cultured using 0.2% trypsin and 0.1% EDTA when
confluent (> 80% confluence).
Lung cancer stem cells (LCSCs) were enriched from

A549 cells and SPCA-1 cells, respectively, using serum-
free medium, as previously described [14]. Briefly, lung
cells were collected after 48 h serial subcultivation and
re-suspended in serum-free DMEM/F12 medium. Subse-
quently, the treated cells were seeded in culture bottle at
a density of 2 × 104 cells/mL and incubated at 37 °C with
a 5% CO2 atmosphere. The medium containing growth
factors was supplemented every 2 days. Finally, after the
formation of the sphere (day 7), cells were harvested by
centrifugation and used for the subsequent experiments.

Immunofluorescence localization
The antigen localization was determined using immuno-
fluorescence localization (live-cell and fixed-cell im-
munofluorescence staining). In brief, cells were grown in
a 24-well plate for 48 h and washed with serum-free
medium twice. For live-cell immunofluorescence, cells
were incubated with corresponding primary antibodies
to ENO1 (purified mAb 12C7 or commercial antibody
to ENO1) for 1 h at room temperature and washed with
phosphate buffer solution (PBS) with 1% bovine serum
albumin (BSA). Cells were then fixed in 4% paraformal-
dehyde for 15 min.
For fixed-cell immunofluorescence, cells were firstly

fixed in 4% paraformaldehyde for 15 min and then
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washed with PBS containing 1% BSA and 0.05% Tween-
20 (Sigma-Aldrich, St. Louis, USA). Subsequently, cells
were permeabilized with 0.02% TritonX-100 (Merck &
Co., Inc., New Jersey, USA) and blocked with horse
serum for 10min. Next, cells were incubated with pri-
mary antibodies to ENO1 for 1 h at room temperature.
Subsequently, the following same treatments were per-

formed for the live-cell and fixed-cell immunofluores-
cence. Cells were washed with PBS containing 1% BSA
and 0.05% Tween-20, and incubated with secondary
antibodies (Jackson ImmunoResearch, Pennsylvania,
USA) for 30 min at room temperature. DAPI was used
for nuclear staining. The cellular localization was visual-
ized under a fluorescent microscope (Nikon, Japan) or
laser scanning confocal microscope (Leica Microsystems,
Wetzlar, Germany).

Purification and identification of antigen recognized by
mAb 12C7
The antigen recognized by mAb 12C7 was purified from
SPCA-1 sphere cells using agarose G (GE, Boston, USA)
and long-range SDS-PAGE. Briefly, SPCA-1 sphere cells
were lysed with 200 μL RIPA buffer (Beyotime Biotech-
nology, Beijing, China) containing protease inhibitor
cocktail (Roche, Basel, Switzerland). After centrifugation
of cell lysates at 12,000 rpm, the protein supernatant was
mixed with 20 μL agarose G, and centrifuged at 3000
rpm for 5min to remove the non-specific adsorbed pro-
teins. Then, the protein supernatant was added into
20 μL agarose G pre-conjugated with 127C antibody
(10 μL) and incubated overnight at 4 °C. Subsequently,
the mixture was centrifuged to remove supernatant. The
proteins were eluted with PBS and separated on 10%
SDS-PAGE. Next, the result of SDS-PAGE was visual-
ized by Coomassie brilliant blue staining and Western
blotting, respectively. Finally, the putative ENO1 band
on SDS-PAGE was excised and then analyzed using LC-
MALDI-TOF/TOF as described elsewhere [15]. The
fragment sequences searched and analyzed using the
Mascot database (http://www.matrixscience.com).

Immunoprecipitation
Immunoprecipitation was performed to further identify
the antigen. In brief, the agarose G was pre-incubated
with 10 μg of commercial antibody to ENO1 (Abcam,
Cambridge, UK), the purified mAb 12C7 or their corre-
sponding negative control (NC), including normal
mouse IgG and rabbit IgG. Then, cells were lysed with
200 μL RIPA buffer containing protease inhibitor cock-
tail. Total cell extracts were incubated with agarose G.
Then, the protein were collected. Thereafter, the target
protein was immunoprecipitated by incubating the
supernatant with agarose-conjugated antibodies over-
night at 4 °C. Samples were washed with PBS three

times. Finally, efficiency of immunoprecipitation was
confirmed by western blot using mAb 12C7 or commer-
cial antibody to ENO1.

Lentiviral production and transduction
Human ENO1 was inserted into the GV248 lentiviral
vectors to silence ENO1, and into the GV358 lentiviral
vectors to overexpress ENO1, respectively. The lentiviral
vectors GV248, GV358, and corresponding NC (Lentivi-
ruses CON238 and CON077) were obtained from Gene-
chem (Shanghai, China). A549 and SPCA-1 cells were
respectively seeded in the 6-well plate and further incu-
bated for 24 h in complete medium. Then, lentiviral vec-
tors were transfected into A549 and SPCA-1 cells at a
multiplicity of infection (MOI) ranging from 1 to 100.
To produce stably transfected cell lines, cells were cul-
tured in the presence of puromycin. Cells were incu-
bated for another 2 weeks and were harvested when the
lentiviral transduction efficiency was greater than 90% as
measured by the density of green fluorescent protein.
Western blot was performed to confirm the expression
of the target gene according to standard protocol. Then,
cells were used for subsequent experiments.

Sphere formation assay
Self-renewal ability was evaluated by sphere formation
assay. LCSCs were enriched, respectively, from trans-
fected A549 cells and SPCA-1 cells. Sphere cells were
digested with tyrisin (Thermo Fisher scientific, USA)
and plated onto a 24-well plate at a density of 500 cells/
well in serum-free DMEM/F12 medium supplemented
with methylcellulose (0.8%, Sigma-Aldrich, St. Louis,
USA), epidermal growth factor (EGF, 20 ng/mL, Invitro-
gen) and basic fibroblast growth factor (bFGF, 20 ng/mL,
Invitrogen), leukemia inhibitory factor (LIF, 10 ng/mL,
Invitrogen), and B27 (1:50; Invitrogen). After incubation
for 11 days, the number of spheres was counted under
an inverted microscope (Nikon, Japan).

Colony formation assay
Colony formation assay was performed to determine cell
growth ability. Briefly, the transfected cells were seeded
into a 24-well plate with and cultured for 14 days using
the standard two-layer soft agar culture in a humidified
incubator at 37 °C with a 5% CO2 atmosphere. Then,
colonies were fixed with methanol for 30 min and
stained with Giemsa stain for another 30 min. Stained
colonies were visualized and manually counted under a
microscope (Nikon, Japan).

Cell invasion assay
Cell invasion ability was detected by matrigel-coated
Transwell chamber. Briefly, 2 × 104 cells/well transfected
cells were plated in the upper chambers of 8 μm
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Transwells (Corning, USA) coated with matrigel (BD
Biosciences, USA). Cells were maintained in the medium
without serum or growth factors at 37 °C with 5% CO2.
The medium containing 10% FBS was used as a chemo-
attractant in the lower chamber. After 24 h incubation,
non-invading cells were removed from upper surface of
matrigel. Cells that invaded the lower chamber were
fixed with methanol and stained with 4,6-diamidino-2-
phenylindole (DAPI). Finally, the stained cells were
counted in three random fields per well using a light
microscope (Nikon, Japan).

RNA-seq and bioinformatics analysis
To identify the potential target of ENO1, the differen-
tially expressed genes (DEGs) between the GV248-
ShENO1B SPCA-1 cells and GV248-CON SPCA-1 cells
(NC) were detected by RNA-seq. RNA-seq was per-
formed by Hebei Jianhai Medical Laboratory (Shijiaz-
huang, Hebei, China). Briefly, total RNA was extracted
and purified using Aurum™ total RNA Mini kit (Bio-Red,
USA) following the manufacturer’s protocol. mRNA was
isolated with Oligo (dT) beads from total RNA (10 μg)
and fragmented into small pieces. Using these short frag-
ments as templates, random hexamers were used to
synthesize double-stranded cDNA using SuperScript
Double-Stranded cDNA Synthesis Kit (Invitrogen, USA).
Synthesized cDNA was subjected to end-repair, phos-
phorylation, 3′adenylation and ligation to sequencing
adaptors using Illumina Truseq RNA Sample Prepar-
ation kit (Illumina, USA). Finally, PCR products were se-
quenced on Illumina HiSeq platform (Illumina, Inc.,
USA). Statistical software R and packages of limma were
utilized to analyze DEGs. Gene ontology (GO) analysis,
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis, and Gene set enrichment
analysis (GSEA) was performed for ENO1 and their pu-
tative targets to identify the potential pathways and net-
works involved in the ENO1-mediated lung cancer
progression.

Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)
The qRT-PCR analysis was performed to confirm the ex-
pression of self-renewal and invasion-related DEGs.
RNA was prepared by Aurum™ total RNA Mini kit (Bio-
Red, USA) following the manufacturer’s protocol. Then,
the cDNA was synthesized using iscript™ cDNA synthe-
sis kit (Bio-Red, USA). The qRT-PCR analysis was per-
formed using Power SYBR® Green PCR Master Mix
(Applied Biosystems, USA) on an ABI 7500 Fast Real-
Time PCR System (Applied Biosystems, USA). Finally,
the mRNA expression levels of target genes were quanti-
fied relative to GADPH and calculated using

comparative cycle threshold (CT) (2−ΔΔCT) method. The
sequences of PCR primers were listed in Table 1.

Western blot
Antibodies to ENO1 (Abcam, Cambridge, UK), p-4EBP1
(ABclonal, Boston, USA), p-S6K (ABclonal, Boston, USA),
p-mTOR (CST, Danvers, MA, USA), mTOR (Proteintech,
Chicago, USA), p-ACC (ABclonal, Boston, USA), p-
AMPKα (ABclonal, Boston, USA), AMPKα (Proteintech,
Chicago, USA), β-actin (CST, Danvers, MA, USA), HRP-
conjugated goat anti-mouse IgG (Jackson, Pennsylvania,
USA), and HRP-conjugated goat anti-rabbit IgG (Jackson,
Pennsylvania, USA) were used in this study.
Whole-cell lysates were extracted from treated cells

using RIPA lysis buffer. The proteins concentration was
detected using Bicinchoninic acid (BCA) method according
to the manufacturer’s protocol (Thermo Fisher Scientific,
USA). Equal amounts of proteins (30 μg) from each sample
were separated by SDS-PAGE and transferred onto
polyvinylidene fluoride (PVDF) membrane (Millipore,
USA), followed by blocking with 5% skim milk. There-
after, PVDF membrane was probed with the indicated
antibodies, followed by incubation with corresponding
HRP-conjugated secondary antibodies using standard
protocols. The bands were visualized by enhanced
chemiluminescence kit (Millipore, USA) and were semi-
quantified subsequent to normalization with the density
of endogenous control using Bandscan software.

Statistical analysis
All statistical analysis was performed with SPSS statistics
version 17.0 (SPSS Inc., USA). Results were presented as

Table 1 The sequences of PCR primer

Genes Sequences

GAPDH F: TGCACCACCAACTGCTTAGC

R: GGCATGGACTGTGGTCATGAG

EGR1 F: GTCCCCGCTGCAGATCTCT

R: TCCAGCTTAGGGTAGTTGTCCAT

STAT3 F: ATGGCCCAATGGAATCAGC

R: TTATTTCCAAACTGCATCAA

FGF2 F: TTCCTGCGCCTGATGTCC

R: GGTTCAGTTTGGGTTGCTTGT

CA9 F: GCCTTTGAATGGGCGAGTG

R: CCTTCTGTGCTGCCTTCTCATC

C-JUN F: TCCCCCAGCTATCTATATGCAAT

R: TCACAGCACATGCCACTTGA

HMOX1 F: GGCAGAGAATGCTGAGTTCA

R: CCACATAGATGTGGTACAGG

CTGF F: CTGCCTACCGACTGGAAG

R: GAAGGTATTGTCATTGGTAACTC
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mean ± standard error of the mean (SEM) of three separ-
ate experiments. Statistical significance between two
groups was performed by Students’ t test. Differences
were considered statistically significant when p < 0.05.

Results
ENO1 was identified as an antigen of mAb 12C7 in LCSCs
In our previous study, we observed that mAb 12C7 tar-
geted LCSCs and inhibited their biological properties
[12]. Herein, the localization, purification, and identifica-
tion of mAb 12C7 targeted antigen were performed in
this study. Firstly, for targeted antigen localization, live-
cell and fixed-cell immunofluorescence were respectively
performed in A549 cells and SPCA-1 sphere cells using
mAb 12C7. Immunofluorescence analysis showed that
both in SPCA-1 and A549 sphere cells, the antigen rec-
ognized by mAb 12C7 were expressed on membrane,
cytoplasm, and nucleus in fixed cell (Fig. 1a). Moreover,
the live-cell immunofluorescence further verified the cell
membrane immunoreactivity (Fig. 1b). Furthermore, in
order to identify the specific antigen recognized by mAb
12C7, the cell lysate was purified by agarose G, and then
electrophorized and immunoblotted with 12C7 anti-
bodies in SPCA-1 sphere cells. As a result, a band of
protein between 43 and 55 kDa was observed by Coo-
massie brilliant blue staining and confirmed by Western
blotting (Fig. 1c). Then, the 43–55 kDa protein band was
excised from SDS-PAGE for LC-MALDI-TOF/TOF
mass spectrometry analysis. As data shown in Fig. 1d,
the antigen recognized by mAb 12C7 was identified as
human ENO1 by searching in Mascot database (Mascot
score, 344; Estimated molecular weight/pI, 47,481/7.01;
protein sequence coverage, 34%).
Subsequently, to further confirm ENO1 as the target

antigen of mAb 12C7, the immunofluorescence co-
localization and immunoprecipitation was performed
using commercial antibody to ENO1 or the purified
mAb 12C7. As shown in Fig. 1e, the target antigen la-
beled with mAb 12C7 (green fluorescence) was well-
fitted to that labeled with commercial antibody to ENO1
(red fluorescence) and both co-located on the cell mem-
brane. Moreover, immunoprecipitation also demon-
strated that the 43–55 kDa protein band was either
interacted with mAb 12C7 or commercial antibody to
ENO1 (Fig. 1f). Taken together, these results indicated
that ENO1 was the targeted antigen of mAb 12C7 in
LCSCs.

ENO1 promoted the self-renewal, growth, and invasion
abilities of LCSCs
To investigate whether ENO1 participates in the bio-
logical properties of LCSCs, lentiviral transduction was
performed to induce overexpression or silence of ENO1,
respectively. Western blotting analysis and qRT-PCR

confirmed the upregulation or downregulation of ENO1
in both SPCA-1 (Fig. 2a) and A549 cells (Fig. 2b) com-
pared with the NC after lentivirus transfection. Notably,
the downregulation of ENO1 by lentivirus vector
GV248-ShENO1B was more significant than that by
GV248-ShENO1A (Fig. 2a, b); thus, GV248-ShENO1B
transfected cells were selected for the subsequent
experiments.
Subsequently, LCSCs were enriched from transfected

SPCA-1 and A549 cells for sphere formation, colony for-
mation and invasion assay. As shown in Fig. 3a, compar-
ing with the control, the sphere formation ability was
remarkably inhibited by the downregulation of ENO1,
while enhanced by the upregulation of ENO1 both in
SPCA-1 and A549 sphere cells. Similarly, after lentivirus
transfection, we observed that the growth and invasion
ability of LCSCs was both significantly suppressed by
ENO1 downregulation while promoted by ENO1 upreg-
ulation in two cells (Fig. 3b, c). Overall, these above re-
sults indicated that ENO1 promoted the self-renewal,
growth, and invasion abilities of LCSCs.

ENO1 was confirmed to regulate self-renewal and
invasion-related gene in LCSCs by bioinformatics analysis
To examine the potential targets of ENO1 that could be
involved in mediating the biological properties of LCSCs,
SPCA-1 sphere cells were transfected with GV248-CON
and GV248-ShENO1B and collected for RNA-seq to
identify the DEGs. As a consequence, a total of 244
genes showed significantly differential expression.
Among them, 92 genes were upregulated and 152 were
downregulated in ENO1-low expression cell compared
to control (Fig. 4a). GO analysis demonstrated that the
DEGs showed significant enrichment of gene sets in-
volved in the regulation of cell growth, angiogenesis,
growth factor binding, apoptosis, and regulation of cell
migration (Fig. 4b). Furthermore, GSEA plot showed
that ENO1 expression was negatively correlated with the
pathways related to cell self-renewal, migration, invasion,
and metastasis-associated signaling, including extracellu-
lar matrix (ECM)-receptor interaction, cytokine-cytokine
receptor interaction, and chemokine signaling pathway
(Fig. 4c). Thus, to verify the role of ENO1 in self-
renewal and invasion in lung cancer, we screened the
self-renewal and invasion-related gene by using Gene-
Cards database (http://www.genecards.org/) and Venny
software. As shown in Fig. 4d, among 441 known self-
renewal-related genes, a total of 4 self-renewal-related
DEGs (EGR1, CA9, STAT3, FGF2) were found from
these 244 DEGs. Thus, we confirmed their expression by
qRT-PCR. As expected, we observed that ENO1 knock-
down significantly upregulated EGR1 and downregulated
CA9, STAT3, and FGF2 (Fig. 5a), and completely
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Fig. 1 Localization and identification of targeted antigen recognized by mAb 12C7. a Fixed SPCA-1 and A549 sphere cells were labeled with
mAb 12C7 (green) and counterstained with the nuclear stain DAPI (blue). Fluorescent microscope images (× 1000) showed that targeted antigen
is abundantly localized in the membrane, cytoplasm and nucleus. Scale bar, 10 μm. b Live SPCA-1 and A549 sphere cells were labeled with mAb
12C7 (green), after fixing and washing, counterstained with the nuclear stain DAPI (blue). Images (× 1000) further verified the cell membrane
immunoreactivity. Scale bar, 10 μm. c Purification of targeted antigen recognized by mAb 12C7. Purified antigen proteins recognized by mAb
12C7 from cell lysate of SPCA-1 sphere cells were electrophorized (right panel) and then immunoblotted with mAb 12C7 (left panel). Results
presented a band of 43–55 kDa protein. d The 43–55 kDa protein band was excised from SDS-PAGE and identified as ENO1 by mass spectrometry
(right panel) and analysis in Mascot database (left panel). e Immunofluorescence co-localization of targeted antigen in SPCA-1 and A549 cells.
Cells were co-incubated with mAb 12C7 (green) and commercial antibody to ENO1 (red), and counterstained with the nuclear stain DAPI (blue).
Fluorescent microscope images (× 1000) showed the high coincidence between antigens labeled with mAb 12C7 (green) and with commercial
antibody to ENO1 (red). Scale bar, 10 μm. f Identification of mAb 12C7-binding antigen by immunoprecipitation-western blot.
Immunoprecipitation was performed using purified mAb 12C7 or commercial antibody to ENO1, followed by western blotting against ENO1.
Results confirmed that a 43–55-kDa protein band of ENO1 antigen interacting with mAb 12C7
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opposite results induced by ENO1 overexpression both
in SPCA-1 and A549 sphere cells (Fig. 5b).
Besides, by comparing with the known invasion-

related genes via Venny software, we found 38 invasion-
related genes among these 244 DEGs (Fig. 4d). Then,
network analysis was performed for these invasion-
related genes using STRING database and showed that a
total of 23 genes had protein-protein interaction net-
works (Fig. 4e). Next, the networks were analyzed by
Cytoscape software to obtain the connection values of
each node. Eventually, the top 6 nodes (EGR1, STAT3,
FGF2, c-JUN, HMOX1, CTGF) were determined in these
23 test networks (Fig. 4f). Here, due to the expression
levels of CA9, STAT3, and FGF2 have been detected, the
remaining JUN, HMOX1, and CTGF were verified by
qRT-PCR. The expression levels of c-JUN, HMOX1, and
CTGF were decreased by ENO1 knockdown (Fig. 5c)
and enhanced by ENO1 overexpression both in SPCA-1
and A549 sphere cells (Fig. 5d), which was consistent
with the results of RNA-seq. Overall, we further con-
firmed the oncogenicity of ENO1 in LCSCs progression
by bioinformatics analysis.

Analysis of downstream pathway of ENO1 in LCSCs
To further investigate the potential downstream path-
ways of ENO1 in LCSCs progression, KEGG pathway
enrichment analysis of putative targets was performed.
The results showed that the DEGs were enriched in
multiple pathways as shown in Fig. 6a. Among them,
AMPK signaling pathway, a master regulator of cellular
metabolism, was verified in this study. Western blot
assay revealed that the downregulation of ENO1 pro-
moted the expression of p-AMPKα and p-ACC, but had
no effect on the expression of total AMPKα, indicating
the activation of AMPK signaling pathway (Fig. 6b).

Meanwhile, the downregulation of ENO1 inhibited the
phosphorylation of mTOR and its downstream tran-
scription factors (S6K and 4EBP1), suggesting the inacti-
vation of mTOR pathway (Fig. 6b). In addition, we
found that the downregulation of ENO1 decreased the
proto-oncogene c-myc and cyclin D1 expression (Fig. 6b).
Conversely, the upregulation of ENO1 showed the com-
pletely opposite results, in which ENO1 inactivated
AMPK pathway, activated mTOR pathway, and en-
hanced c-myc and cyclin D1 expression (Fig. 6c). Thus,
we speculated that ENO1 may modulate the biological
properties of LCSCs by AMPK/mTOR pathway to pro-
mote the progression of LCSCs.

Discussion
Tumor-associated antigens (TAAs) are tumor-expressed
antigenic proteins that are involved in cellular functions
related to tumorigenesis and malignant transformation
and thereby can be targeted in clinical cancer therapy
[16]. Interestingly, wide-range evidences indicated that
the autoantibodies can be used as probes to isolate, iden-
tify, and characterize potential TAAs [17]. In our previ-
ous, we successfully identified one mAb 12C7 and
confirmed its anti-tumor activity [12]. Thus, based on
our previous study, we here identified the putative tar-
geted antigens using the purified mAb 12C7 and investi-
gated the role of its targeted antigen in biological
properties of LCSCs.
It is well-recognized that CSCs could express the

TAAs, which can be recognized by autoantibodies [18,
19]. Identification and validation of TAAs in CSCs for
autoantibodies is a crucial step in understanding their
roles on a molecular basis in cancer immunology, as well
as of interest for the advances in stem cells targeted
therapies [20]. The 12C7, a novel mAb with anti-tumor

Fig. 2 Abnormal expression of ENO1 was verified by Western blotting after transfection. a SPCA-1 and b A549 cells were respectively transfected
with lentivirus silent vector (GV248-ShENO1B or GV248-ShENO1A) or overexpressed vector GV358-ENO1. Western blot analysis and qRT-PCR
confirmed the downregulation or upregulation of ENO1 in two cells, respectively. Data are expressed as mean ± SEM of three independent
experiments. **p < 0.01, compared to control (CON)
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activity in lung cancer, was developed by our laboratory
[12]. However, we have not reported its anti-tumor
mechanism and targeting in lung cancer. Herein, we
firstly detected the localization of putative antigen recog-
nized by mAb 12C7. As a consequence, the putative
antigen was successfully recognized by 12C7 antibody
and showed a surface antigen expression pattern, which
was in accordance with the typical antigen expression
pattern of CSCs [21]. Besides, ENO1 previously was re-
ported to be expressed at the cell surface [22, 23], being
consistent with our present observation that targeted
antigen abundantly expressed at the cytomembrane of
viable cell. Moreover, the abundant expression of ENO1
in membrane, cytoplasm, and nucleus in fixed cell impli-
cated its great potential as a therapeutic target. In

addition, the internalization antibody-antigen complexes
would result in temporary or permanent disappearance
of the antigens from the cell surface [24]. Here, the IF
staining showed no obvious intracellular staining in live-
cells, indicating that the internalization of 12C7
antibody-antigen complex is not significant. Thus, our
finding further supported the hypothesis that ENO1 may
be a potent therapeutic target. Subsequently, we found
that the 43–55 kDa protein band purified from lung can-
cer sphere cells has a sequence coverage of 34% with hu-
man ENO1 and exists an interaction with 12C7 by
immunoprecipitation, which was consistent with the re-
sult of commercial antibody to ENO1. Given these above
evidence, the most striking finding of present study was
that human ENO1 was identified as the targeted antigen

Fig. 3 ENO1 promoted the self-renewal, growth, and invasion ability of LCSCs. Lung cancer stem cells (LCSCs) were enriched from GV248-
ShENO1B or GV358-ENO1 transfected SPCA-1 and A549 cells. a Sphere formation assay demonstrated that the sphere formation abilities of two
transfected LCSCs were both inhibited by ENO1 knockdown (right panel) but enhanced by ENO1 overexpression (left panel). Scale bar, 100 μm. b
Colony formation assay demonstrated that the cell growth abilities of two transfected LCSCs were both inhibited by ENO1 knockdown (right
panel) but enhanced by ENO1 overexpression (left panel). c Matrigel-coated Transwell assay demonstrated that the cell invasion ability of two
transfected LCSCs were both inhibited by ENO1 knockdown (right panel) but enhanced by ENO1 overexpression (left panel). Scale bar, 100 μm.
Data are expressed as mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, compared to control (CON)
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the 244 DEGs, in which 92 were upregulated and 152 downregulated in ENO1-low expression cell compared to control. b GO analysis of DEGs
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renewal-related DEGs and 38 invasion-related genes among 244 DEGs. e Network of invasion-related genes using STRING database. f Network of
invasion-related genes using Cytoscape software. Top 6 nodes were highlighted in red
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of mAb 12C7 in LCSCs, providing a potential to im-
prove the anti-tumor activity of 12C7.
ENO1 is a subtype of enolase, which is originally char-

acterized as an enzyme involved in glycolytic metabolism
[25]. Recently, ENO1 has been proved to perform pivotal
role in the tumorigenesis of numerous cancers and acts
as a good prognostic indicator to monitor the disease
progression [26–29]. Because of this, ENO1 is emerging
as a potential target in novel immunotherapies [22, 30].
CSCs hold stemness properties that sustain cancer pro-
gression, such as enhanced capacities for self-renewal
cloning, growing, metastasizing, homing, and reprolifer-
ating [31]. Among them, the dysregulated self-renewal
capacity is regarded as the defining feature of CSCs [32].
Targeting CSCs as a promising therapeutic strategy have
aroused great interest in current researches [9]. Unfortu-
nately, to our knowledge, there was no evidence of the
function of ENO1 in LCSCs to date. Thereby, we in-
novatively studied the role of ENO1 in the biological
properties, including self-renewal, growth, and invasion
of LCSCs by lentivirus transduction. Sphere-forming as-
says have been widely used to evaluate self-renewal and
differentiation at the single-cell level in vitro [33]. As ex-
pected, sphere-forming assays demonstrated that the
self-renewal ability was remarkably inhibited by the
downregulation of ENO1, while enhanced by the upreg-
ulation of ENO1 in LCSCs. Besides, the growth and in-
vasion abilities of LCSCs were also enhanced by ENO1.
Overall, ENO1 showed a powerful facilitation on in vitro
self-renewal, growth, and invasion abilities of LCSCs.
The self-renewal, growth, and invasion capacity of CSCs
can drive malignant transformation [32], thus ENO1-
mediated enhancement of these aggressive phenotypes

of LCSCs would promote the lung cancer progression.
Overall, this finding supported that ENO1 was an onco-
gene in lung cancer and emphasized the importance of
ENO1 on stem cell maintenance, implicating a potential
target for the stem cell therapy of lung cancer. Besides,
our studies implicated that elaboration of the tumor-
promoting action of ENO1 will lead to a better under-
standing of mAb 12C7-mediated anti-tumor mechanisms.
Although previous research revealed that ENO1 con-

tributes to NSCLC progression by FAK/PI3K/AKT path-
way [29], the specific mechanisms of ENO1 on
regulating stem cell responses are still poorly under-
stood. In this study, we explored its downstream targets/
pathway using RNA-seq and bioinformatics analysis.
Through bioinformatics analysis, we detected a total of
244 DEGs, which may be targeted by ENO1. Further-
more, the self-renewal-related genes (EGR1, CA9,
STAT3, FGF2) and invasion-related genes (EGR1,
STAT3, FGF2, c-JUN, HMOX1, CTGF) were found to be
anomalously expressed in ENO1 knockdown cells by
comparing the DEGs and Genecards database. Further-
more, these results were additionally confirmed by qRT-
PCR analysis. Among them, EGR1, c-JUN, HMOX1, and
CTGF were positively regulated by ENO1, while CA9,
STAT3, and FGF2 were negatively regulated. Numerous
studies have illuminated that the activation of CA9,
STAT3, and FGF promotes the self-renewal capacity of
CSCs [34–37]. Meanwhile, c-JUN, HMOX1, and CTGF
play an oncogenic role in cancer [38–40]. Nevertheless,
EGR1, a member of a zinc finger transcription factor
family, has been described as tumor suppressor in cancer
progression [41]. Additionally, GO analysis revealed that
the ENO1-regulated DEGs participate in lots of key

Fig. 5 The qRT-PCR verification of screened DEGs. The expression of 4 self-renewal-related genes (EGR1, CA9, STAT3, FGF2) were verified by qRT-
PCR in ENO1 knockdown (a) or overexpression (b), respectively. The expression of 3 invasion-related genes (c-JUN, HMOX1, CTGF) were verified
by qRT-PCR in ENO1 knockdown (c) or overexpression (d), respectively. Results of qRT-PCR verification were consistent with bioinformatics
analysis. Data are expressed as mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, compared to control (CON)
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biological processes, such as cell growth and migration
regulation, apoptosis, and angiogenesis. Meanwhile,
GESA further confirmed that ENO1 negatively regulated
the ECM-receptor interaction, cytokine-cytokine recep-
tor interaction, and chemokine signaling pathway. These
above pathways contribute to the cell invasion and can-
cer metastasis and provide signals that are essential for
stem cell self-renewal [42–45]. Overall, the bioinformat-
ics analysis and qRT-PCR validation both further sup-
ported the results of phenotypic study. Given these
above evidence, we confirmed that ENO1 contributes to
the self-renewal and invasion of LCSCs.
Additionally, we achieved a comprehensive under-

standing of the putative targets’ functions. KEGG ana-
lysis indicated that ENO1 might participate in several
significant pathways to affect the stem cell maintenance,
including gluconeogenesis, p53 signaling pathway, and

AMPK signaling pathway. Among them, AMPK signal-
ing pathway, as a central regulator of cellular and organ-
ismal metabolism, expressed ubiquitously in eukaryotic
cells [46, 47]. AMPK affects many processes like gluco-
neogenesis, the phosphorylation of p53, and the activa-
tion of FoxO family transcription factors [48, 49].
Thereby, our present study mainly focused on the effects
of ENO1 on AMPK signaling pathway. Western blot
analysis demonstrated that ENO1 negatively regulated
the phosphorylation of AMPKα and ACC, implicating
that ENO1 inhibited the activation of AMPK signaling
pathway. AMPK signaling pathway negatively regulates
the mTOR pathway, promoting the cell growth [50].
Thus, we also measured the expression of proteins in
mTOR pathway, its downstream transcription factor
(4EBP1, S6K), and the growth related protein (cyclin D1
and c-myc). Not surprisingly, the phosphorylation of

Fig. 6 Analysis of downstream pathway of ENO1 in lung cancer. a KEGG pathway analysis of putative targets were shown. AMPK signaling
pathway, as a central regulator of cellular and organismal metabolism, was selected for further confirmation. b Western blotting verified the
expression of proteins-related to AMPK/mTOR pathway in ENO1 knockdown or overexpression sphere cells. Data are expressed as mean ± SEM of
three independent experiments. *p < 0.05, **p < 0.01, compared to control (CON)

Shu et al. Stem Cell Research & Therapy          (2021) 12:119 Page 11 of 13



mTOR, 4EBP1, and S6K, and the expression levels of
cyclin D1 and c-myc were remarkably enhanced by
ENO1 overexpression. The mTOR stimulates the syn-
thesis of some growth related proteins, such as cyclin D1
and c-myc, by phosphorylating 4EBP1and S6K [51].
Thus, the ENO1-mediated activation of mTOR pathway
would contribute to the stem cell maintenance of lung
cancer. In short, we speculate that ENO1, as an antigen
of mAb 12C7, might promote the self-renewal, growth
and invasion of LCSCs by AMPK/mTOR pathway. How-
ever, the proposed mechanism is only based on the
changes in protein levels. Thus, the internal mechanism
remains to be further researched adequately, for example
the regulation of glycolysis. Given that the preliminary
findings of glycolysis and ATP production regulated by
ENO1, we would confirm whether ENO1 inactive the
AMPK pathway by regulating the glycolysis levels, glu-
cose uptake, lactic acid production, and the cellular ATP
production. Moreover, the regulation of AMPK pathway
by ENO1 would by validated using the inhibitor and ac-
tivator of AMPK pathway, to support the findings from
present study.

Conclusion
The present study demonstrated that ENO1 is a targeted
antigen of our novel developed mAb 12C7. More im-
portantly, we revealed that ENO1 plays an oncogenic
role in lung cancer by facilitating self-renewal, growth,
and invasion of LCSCs. Besides, we preliminarily investi-
gated the potential mechanism of ENO1-mediated
tumor growth, that ENO1 might promote the biological
properties of LCSCs by AMPK/mTOR pathway. These
findings provide a potent therapeutic target for the stem
cell therapy for lung cancer and have the potential to
improve the anti-tumor activity of 12C7.
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