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Abstract: In this study, we introduce an innovative in vivo antibody screening method to identify antibodies that can 
inhibit melanoma cell growth and induce apoptosis. By using a lentiviral ScFv library, we developed a platform that 
allows for the direct suppression of melanoma cell proliferation within a living mouse model. Through this approach, 
we identified the M1 antibody, which targets PKM2, a key protein involved in tumor progression. The M1 antibody 
was found to significantly inhibit melanoma cell growth by disrupting the function of PKM2. Although PKM2 is widely 
recognized as an important factor in various cancers, no commercial therapeutic agents currently target this pro-
tein. Our findings indicate that the in vivo antibody screening method is a reliable and effective approach for isolat-
ing antibodies for melanoma therapy. Moreover, the M1 antibody shows great potential as a promising candidate 
for developing novel treatments for human melanoma.
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Introduction

Melanoma is a serious type of skin cancer that 
begins in the melanocytes, the cells responsi-
ble for producing melanin, the pigment that 
gives our skin its color. Although it is less com-
mon that other types of skin cancer, melanoma 
is a highly aggressive skin cancer with a strong 
tendency to metastasize to other parts of the 
body if not detected and treated early. It often 
appears on sun-exposed areas of the body, 
such as the back, legs, arms, and face, but can 
also develop in less expected places like the 
soles of the feet, palms, and under the nails. 
Exposure to UV radiation and genetic predispo-
sition significantly increase the risk of develop-
ing melanoma, making the critical need for pre-
vention, early detection, and successful treat-
ments [1, 2].

The treatment approach for melanoma de- 
pends on the stage of the cancer at the time of 
diagnosis and the overall health condition of 
the patient. The primary treatment is surgical 
removal for early-stage melanoma, while more 

advanced cases may require targeted thera-
pies that inhibit specific pathways involved  
in tumor growth, especially in patients with 
BRAF mutations. Recently immunotherapy that 
boosts the body’s immune system to fight can-
cer has also shown significant promise in treat-
ing melanoma. Other options include radiation 
therapy, chemotherapy, and newer methods 
like oncolytic virus therapy. Despite these 
advances, the treatment of extensively meta-
static melanoma remains a major challenge, 
underlining the need for ongoing research and 
participation in clinical trials to develop more 
effective treatments [3-7].

For many years, high-throughput target-based 
screening like phage display and hybridoma 
technology was the standard method for isolat-
ing antibodies, but it has become increasingly 
difficult due to the limited number of validated 
targets in this field [8-10]. However, recent 
advancements in combinatorial antibody libr- 
aries and innovative delivery methods have 
opened up new possibilities for isolating func-
tional antibodies directly within cellular environ-
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ments. These antibodies can alter cell fate by 
being secreted, anchored on the plasma mem-
brane, expressed in the cytoplasm, or implant-
ed in the endoplasmic reticulum. In stem cell 
research, these functional antibodies have 
shown the potential to regulate pluripotency 
and lineage specification, providing new in- 
sights into cell surface signaling and the intri- 
cacies of signal transduction [11-13].

In vivo screening provides researchers with a 
more accurate and physiologically relevant 
understanding of how treatments function wi- 
thin the complex biological environment of a  
living organism. Unlike in vitro assays, which 
are limited to isolated cells under artificial con-
ditions, in vivo studies capture critical systemic 
factors such as tissue architecture, immune 
responses, pharmacokinetics, and cell-cell in- 
teractions. Advanced technologies such as 
CRISPR/Cas9 and RNA interference (RNAi) 
have further expanded the capabilities of in 
vivo screening by enabling direct gene modifi-
cation or silencing. These tools support high-
throughput, genome-wide analyses of gene 
function and disease mechanisms, although 
their application can be limited by technical 
challenges such as delivery efficiency, off-tar-
get effects, and complexity [14, 15].

Building on this foundation, in vivo antibody 
screening has emerged as a powerful and  
versatile platform for discovering therapeuti-
cally relevant antibodies. Unlike traditional cell-
based assays or phage display, in vivo antibody 
selection enables researchers to identify anti-
bodies that not only bind to disease-associated 
antigens but also demonstrate functional activ-
ity within physiological environments such as 
the tumor microenvironment (TME) [16]. By 
introducing lentiviral antibody libraries into 
tumor cells prior to implantation in animals, 
antibodies can be selected under natural con-
ditions where immune interactions, vascula-
ture, and extracellular matrix are preserved. In 
our study, we employed this approach to iden-
tify functional antibodies against melanoma. 
The resulting scFv library exhibited measurable 
antitumor activity, and among the selected 
antibodies, M1 showed robust inhibitory ef- 
fects across multiple melanoma cell lines, 
underscoring the translational value of in vivo 
antibody discovery [17].

Beyond oncology, in vivo antibody screening 
plays a pivotal role in regenerative medicine, 

particularly for studying cell migration and dif-
ferentiation. Similar to autocrine signaling-
based selection, this approach allows identifi-
cation of antibodies from combinatorial librar-
ies that influence stem cell fate and movement 
within the body. Our group and others have 
demonstrated that antibodies can induce 
hematopoietic stem cells (HSCs) to differenti-
ate into specific lineages such as microglia, 
macrophages, brown adipocytes, and beta-like 
cells, and subsequently migrate to their target 
tissues. For example, antibody agonists have 
been shown to drive microglial differentiation 
from bone marrow cells, leading to functional 
integration in the brain. Similarly, antibodies 
targeting proteins such as IYD and periostin 
(POSTN) facilitated the differentiation and 
migration of cells to the heart and pancreatic 
islets, respectively. These findings highlight the 
potential of in vivo antibody screening not only 
to regulate cell fate but also to reconstitute 
damaged organ systems by mimicking develop-
mental processes. Despite technical limita-
tions such as the difficulty in precisely charac-
terizing induced cell types and understanding 
antibody mechanisms this strategy provides a 
powerful framework for developing targeted 
therapies for diseases including cancer, auto-
immune disorders, metabolic diseases, and 
heart conditions [11-13, 17-20].

In cancer research, functional antibodies have 
shown the ability to regulate cell proliferation 
and differentiation, sometimes by activating 
pathways different from those induced by na- 
tural ligands. This receptor pleiotropism high-
lights the complexity of cellular signaling and 
offers opportunities for discovering new thera-
peutic targets. For example, antibodies de- 
rived from combinatorial antibody libraries 
have been used to either promote or inhibit 
cancer growth depending on their interaction 
with specific binding receptors. This approach 
highlights the potential of antibody libraries in 
identifying targets and developing treatments 
that can effectively regulate cancer progres-
sion, making it a valuable strategy in advanc- 
ing cancer therapy [11, 21].

In this study, our goal was to develop an in vivo 
antibody selection method for melanoma ther-
apy. We identified that selected M1 antibody 
plays a key role in regulating human melano- 
ma cell growth through our novel method. By 
screening M1 from a human antibody library, 
we found that it successfully induces cell prolif-
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eration arrest by blocking PKM2. These results 
indicate that our method is highly robust and 
efficient for the novel antibody selection in  
vivo melanoma. Moreover, PKM2 has the 
potential to act as a target for melanoma 
immune therapy.

Materials and methods

Mice and cell lines

All experiments were performed using C57- 
BL/6J mice (The Jackson Laboratory, USA). The 
mice were housed and maintained at tempe- 
ratures between 20 and 26°C, adhering to pro-
tocols approved by the Institutional Animal 
Care and Use Committee at Hannam Univer- 
sity (12-0029/HNU2021-6). Cell lines used in 
the study included HEK 293T human embryon-
ic kidney cells, B16F10 mouse melanoma cells, 
the normal fibroblast cell line CCD-986Sk, and 
the A375P and A375SM human melanoma cell 
lines, which were cultured in DMEM medium 
(Corning, USA) supplemented with 10% fetal 
bovine serum (FBS, Gibco, USA) and 1% penicil-
lin/streptomycin (Gibco, USA). The FreeStyle™ 
293-F cell line (Invitrogen, USA) was cultured in 
FreeStyle 293 Expression Medium (Invitrogen, 
USA). All cell cultures were maintained at 37°C 
in a humidified incubator with 5% CO2.

Lentivirus transfection

HEK293T cells were seeded at a density of 8 × 
105 cells per well in a 6-well plate. After over-
night incubation, the cells were transfected 
with 1.3 μg each of pLV plasmid, pCMVD pack-
aging plasmid, and pVSVG envelope plasmid 
using Lipidofect-P (Lipidomia, Korea) as the 
transfection reagent. Following a 4-hour incu-
bation, the culture medium was replaced with 
fresh growth medium. After 72 hours of incuba-
tion, the culture supernatant was harvested, 
filtered through CA filters, and analyzed by 
Western blotting using an anti-HIV-1 p24 anti-
body (Santa Cruz, USA), with recombinant HIV-1 
p24 (Abcam, USA) serving as an assay control. 
Lentiviral supernatants with confirmed produc-
tion were stored at -80°C.

MTS assay 

Cells were seeded into 96-well plates at a den-
sity of 5 × 103 cells per well and infected with 
M1 lentivirus in the presence of 10 µg/ml poly-

brene (Millipore, USA). After 12 hours, the 
medium was replaced with 100 µl of fresh 
growth medium. The cells were then cultured 
for an additional 3-4 days, followed by the  
addition of 20 µl of CellTiter 96® AQueous One 
Solution (Promega, USA) to each well. The 
plates were incubated at 37°C for 4 hours, and 
the optical density (OD) was measured at 490 
nm using a SpectraMax 190 Microplate Reader 
(Molecular Devices, USA).

Colony formation assay 

Cells were seeded at a clonogenic density of  
1 × 103 cells per well in 12-well plates. After 24 
hours, cells were infected with M1 lentivirus in 
the presence of 10 µg/ml polybrene (Millipore, 
USA) for 12 hours, after which the culture medi-
um was replaced. Forty-eight hours later, the 
infection procedure was repeated. Cells were 
incubated for 10-12 days, with the culture me- 
dium refreshed every 3 days. Following incuba-
tion, colonies were fixed with 4% paraformalde-
hyde in PBS for 20 minutes, rinsed with PBS, 
and stained with 0.03% crystal violet in water 
for 20 minutes. Stained colonies were quanti-
fied using ImageJ software (version 1.8.0). All 
experiments were performed in triplicate.

Wound healing assay 

Cells were seeded at a density of 1 × 105 cells 
per well in 12-well plates and incubated for 24 
hours. A linear scratch was made across the 
cell monolayer using a pipette tip to simulate a 
wound. Fresh culture medium supplemented 
with M1 lentivirus and 10 µg/ml polybrene 
(Millipore, USA) was then added to each well. 
Images of the wound area were captured at 0, 
24, and 48 hours. The rate of cell migration 
was assessed by measuring the remaining 
wound area at each time point relative to the 
initial wound area at 0 hours, using ImageJ 
software for quantitative analysis.

Immunoblotting

Cells were washed twice with ice-cold PBS and 
lysed in IP or RIPA buffer (Thermo Scientific, 
USA). Lysates were centrifuged at 15,000 rpm 
for 25 minutes at 4°C, and protein concentra-
tions were determined using the BCA Protein 
Assay Kit (Thermo Scientific, USA). Equal am- 
ounts of protein were denatured by boiling in 
SDS-PAGE loading buffer at 70°C for 5 min-
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utes, separated by SDS-PAGE, and transferred 
onto nitrocellulose (NC) membranes using the 
Trans-Blot Turbo Transfer System (Bio-Rad). 
Membranes were blocked in 5% blocking bu- 
ffer (0.2% Tween-20 and 5% skim milk powder 
in TBS) for 1 hour at room temperature, then 
incubated overnight at 4°C with primary anti-
bodies against M1, PARP, Caspase-3, cleav- 
ed Caspase-3, p21Waf1/Cip1, BAX, β-actin (Cell 
Signaling Technology, USA), and p53 (Millipore, 
USA). After three washes with TBST (TBS con-
taining 0.1% Tween-20) for 15 minutes each, 
membranes were incubated with HRP-con- 
jugated secondary antibodies (anti-IgG1, anti-
rabbit, or anti-mouse; Cell Signaling Techno- 
logy, USA) for 1 hour at room temperature. 
Following three additional 10-minute washes  
in TBST, protein bands were visualized using 
Clarity Western ECL Substrate (Bio-Rad) or 
SuperSignal™ West Dura Substrate (Thermo 
Scientific, USA).

Immunoprecipitation 

Immunoprecipitation was performed using the 
Pierce™ Crosslink IP Kit (Thermo Scientific, 
USA). The M1-Fc antibody (100 μg/ml) was con-
jugated to Protein A/G Agarose and subse-
quently cross-linked using Disuccinimidyl Su- 
berate (DSS). Cell lysates from HEK-293T, 
A375P, and A375SM cells (1 × 106 cells per 
sample) were prepared using the IP Lysis/ 
Wash Buffer and pre-cleared with Pierce 
Control Agarose Resin to minimize non-specific 
binding. The cross-linked M1-Fc antibody was 
then incubated with the lysates to immunopre-
cipitate the target antigen.

Silver stain and LC-MS

The immunoprecipitated eluates were separat-
ed by SDS-PAGE using Mini-PROTEAN® TGX™ 
10% precast gels (BIO-RAD, USA). After electro-
phoresis, the gels were silver-stained with the 
SilverQuest™ Staining Kit (Invitrogen, USA). The 
silver-stained bands that were specifically iden-
tified by the M1 antibody were subsequently 
analyzed by liquid chromatography-mass spec-
trometry at the National Institute for Basic 
Science Research (Korea).

PKM2 small interfering RNA (siRNA) transfec-
tion

PKM2-specific siRNA oligonucleotides and  
non-specific siRNA (siNC) were synthesized 

(Jinpama, China). The siRNAs were transfected 
into A375P and A375SM cells using Lipidofect-P 
(Lipidomia, Korea) following the manufacturer’s 
instructions. After siRNA transfection, the cells 
were incubated for 24-48 hours. Subsequently, 
cell lysates were collected and analyzed by 
Western blot to assess the impact of siRNA. 
The transfected cells were then subjected to 
colony-forming assays. The specific sequences 
of the siRNAs were as follows:

Statistical analyses

All data are presented as mean ± standard 
error of the mean (s.e.m.), based on experi-
ments independently repeated at least three 
times. Statistical analyses were performed 
using multiple unpaired t-tests or one-way 
ANOVA, as appropriate. Significance levels  
were indicated as follows: NS, not significant; 
*P < 0.05; *P < 0.01; *P < 0.001. Statistical 
analysis was conducted using GraphPad Prism 
version 9 (Graphpad software, USA).

Results

In vivo antibody selection system for inhibiting 
melanoma cell growth

We established a novel in vivo antibody sc- 
reening method to select antibodies that can 
suppress melanoma growth (Figure 1). This 
approach uses a human single-chain fragment 
variable (ScFv) phage library to generate a 
human ScFv lentiviral combinatorial antibody 
library including 108 specific individual clones. 
The antibodies were presented on the cell sur-
face by using the methods we previously pub-
lished [11-13, 17, 19, 20]. B16F10 mouse mel-
anoma cells are transduced with an ScFv lenti-
viral library and then transplanted subcutane-
ously into the hind flank of a mouse. After about 
three weeks, candidate antibodies are identi-
fied from cells whose growth has been sup-
pressed by the antibodies.

The results indicated that our antibody selec-
tion method is effective on melanoma cells, 
showing a significant reduction in cell growth 
following antibody library treatment compared 

Name Sequence
siPKM2 #1 5’-GCCAUAAUCGUCCUCACCA-3’
siPKM2 #2 5’-CCAUAAUCGUCCUCACCAA-3’
siNC 5’-CUUACGCUGAGUACUUCGA-3’
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to the control group (Figure S1). Candidate anti-
bodies were identified through genomic DNA 
PCR, cloning, and sequencing of the antibody 
library-treated cells isolated from the in vivo 
selection process (Figure 2). To determine 
whether a single antibody from the selected 
antibodies could inhibit melanoma growth, we 
focused on the M1 gene, which consistently 
appeared with significant redundancy in the 
sequencing results from the harvested mela-
noma cells.

Selected M1 antibody inhibits proliferation and 
migration of melanoma cell lines

The results showed a substantial reduction in 
cell viability in multiple cell lines treated with 
M1 compared to the control. A clear reduction 
in cell growth was observed following tre- 
atment, particularly in melanoma cell lines. 
B16F10 cells showed a 27.3% decrease, A375P 
cells dropped by 45.1%, and A375SM cells by 
31.3%. Liver (HepG2) and lung (A549) cancer 
cells also showed notable declines in viability, 

with reductions of 21.0% and 18.8%, respec-
tively. In contrast, the colon cancer cell line 
HCT116 showed only a slight decrease of 1.6%, 
indicating no meaningful difference from the 
untreated control (Figures 3A, 3B, S3). In addi-
tion, the colony formation assay showed a  
significant decrease in the colony count after 
treatment with M1 Ab compared to the control 
(Figure 3C). This finding was corroborated by 
the wound healing assay, which demonstrated 
a considerable reduction in cell migration fol-
lowing M1 Ab treatment (Figure 3D). Collec- 
tively, these results indicated that M1 Ab mark-
edly inhibit human melanoma cell proliferation, 
colony formation, and migration in vitro.

Selected M1 antibody induces apoptosis in 
melanoma

To determine whether M1 antibody triggers 
apoptosis in human melanoma cells, we ob- 
served the levels of key cell death markers, 
including PARP, cleaved PARP, p53, p21Waf1/Cip1, 
and BAX using Western blot analysis after treat-

Figure 1. Antibody selection scheme for suppressing melanoma growth in vivo. A scheme was developed to select 
antibodies that inhibit cell growth. To achieve this, genes from a human ScFv phage library, comprising 108 mem-
bers, were cloned into a lentiviral vector to make a lentiviral antibody library. In this library, antibodies are anchored 
to the plasma membrane and displayed on the cell surface. B16F10 melanoma cells were then infected with this 
antibody library in vitro and cultured for two days. Because of an autocrine basis, each cell expressed distinct anti-
bodies. Subsequently, the cells were subcutaneously transplanted into C57BL/6 mice and allowed to grow for three 
weeks. Afterward, the melanoma cells were harvested and analyzed using PCR to identify the antibody genes that 
effectively inhibited tumor cell growth.

Figure 2. Candidate antibody identification. ScFv DNA was amplified from genomic DNA (gDNA). The amplified ScFv 
DNA and the lentiviral vectors (LV) were digested using the SfiI restriction enzyme and subsequently ligated. The 
resulting constructs were transformed into DH5α bacterial cells. Following colony selection, Plasmid prep and se-
quencing analysis were performed to confirm successful cloning.
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ing the cells with M1 antibody delivered through 
lentiviral transduction. Cleaved PARP, p53, and 

and purified, after which M1 Ab was incubated 
with A375P and A375SM cell lysates. Immune 

Figure 3. M1 antibody suppresses human melanoma cells growth. A. B16F10, A375P, and A375SM cells were 
observed in culture following M1 treatment. Scale bar: 100 µm. B. The MTS assay was used to assess the prolifera-
tion of M1 treated B16F10, A375P, and A375SM cells. C. Colony formation was analyzed in both cell lines, with the 
number of colonies quantified through ImageJ. D. The impact of M1 on cell migration was evaluated using wound 
healing assays. Representative images show the scratched and healing areas (indicated by white dotted lines) on 
confluent layers of melanoma cells transduced with M1. Results are expressed as mean ± s.e.m., based on an ex-
periment repeated independently at least three times. Statistical significance was determined using multiple t-tests 
and one-way ANOVA: NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 4. M1 Ab regulates apoptosis-related protein expression in human 
melanoma. A375P and A375SM melanoma cells were lysed after treat-
ment with M1 Ab and control. The protein level of PARP, cleaved PARP, p53, 
p21Waf1/Cip1, Caspase-3, cleaved Caspase-3, and BAX was measured using 
Western blotting.

p21Waf1/Cip1 and BAX proteins 
associated with are apopto- 
tic cell death were significant-
ly increased in A375P and 
A375SM cells treated with 
M1 antibody (Figure 4). These 
results demonstrated that M1 
antibody plays a role in acti-
vating apoptosis pathway in 
human melanoma cell lines.

Identification of a target pro-
tein

To identify the antigenic pro-
tein recognized by M1 Ab, M1 
antibody was first produced 
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complexes formed were then captured using  
a protein A column. The proteins interacting 
with M1 antibody, were subsequently analyzed 
by silver stain and identified through mass 
spectrometry (Figure 5A, 5B). A specific band 
with an apparent molecular weight of approxi-
mately 58 kDa was excised from the gel and 
subjected to LC-MS analysis. Among the de- 
tected proteins, pyruvate kinase M2 (PKM2) 
showed the highest coverage and matches 
(Figure 5B). PKM2 was identified as the most 
likely target antigen of M1 Ab.

The interaction between the PKM2 antigen 
and M1 antibody

To confirm PKM2 as the target antigen, a west-
ern blot analysis was performed. This analysis 
demonstrated that M1 antibody bound to 
lysates from A375P and A375SM cells specifi-
cally at the known molecular size of PKM2, but 
not to lysates from the normal fibroblast cell 
line CCD-986Sk, (Figure 6A). To further investi-
gate whether the interaction between M1 anti-
body and PKM2 regulate melanoma cell grow- 
th, we used two siRNAs (siPKM2#1-2), silence 
control, and control to knock down PKM2 
expression in human melanoma A375SM cells 
(Figure 6B). Following the knockdown, cells 
were treated with the M1 antibody and a colony 
forming assay was performed. Without PKM2, 
M1 antibody treatment did not inhibit melano-
ma cell growth. However, when PKM2 was not 
silenced in the control group, the M1 antibo- 
dy showed consistent inhibition on melanoma 

cells (Figure 6C, 6D). These results demon-
strated that the M1 antibody suppresses mela-
noma cell growth by interacting with PKM2.

Discussion

In this study, we investigated to determine if 
specific antibodies from human Scfv antibody 
library could inhibit cells growth or induce cells 
death in melanoma cells implanted under the 
skin of mice in vivo. The newly developed in  
vivo antibody selection method performed as 
expected, allowing us to identify promising anti-
body candidates. Notably, among the selected 
antibodies, the M1 antibody showed significant 
effectiveness in regulating the growth of hu- 
man melanoma cells through PKM2.

In vivo antibody selection offers a significant 
advantage over traditional in vitro cell culture or 
phage display. By directly injecting cells treated 
with lentiviral antibody libraries into animals, 
this approach allows for the isolation of anti-
bodies and identification of tissue specific anti-
gens [12]. This method enables the isolation of 
more precise and capable antibody candidates 
showing promise for developing targeted thera-
pies. We applied this method to find new an- 
tibody candidates for treating melanoma. It 
showed further results that the in vivo antibody 
screening method is consistently robust and 
effective.

Our results indicated pyruvate kinase M2 
(PKM2) is the target antigen by M1 antibody. 

Figure 5. Identification of a target protein recognized by M1 antibody. A. HEK 293T, A375P, and A375SM cell lysates 
were incubated with M1 antibody for immunoprecipitation. Immunoprecipitated elutes were analyzed by silver stain-
ing and LC-MS (L: cell lysate, E: elution). B. The candidate antigens were selected from the LC-MS analysis results. 
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Figure 6. Identification of a target protein recognized by M1 antibody. A. Western blot analysis indicated that the M1 antibody recognized the protein in not CCD-986, 
but A375P and A375SM cells. B. Western blot analysis confirmed the binding of the M1 antibody to PKM2 in A375SM cell lysates from untreated cells, siNC-treated 
cells, and cells treated with siRNA targeting PKM2 (si PKM2#1-2). C. Given that si PKM2#1,2 successfully knocked down PKM2 expression in melanoma cells, 
these siRNA-treated cells, along with those treated with the M1 antibody, were further assessed through a colony forming assay. D. Cells treated with siPKM2#1, 
siPKM2#2, and the M1 antibody were subsequently analyzed using the MTS assay. Results are expressed as mean ± s.e.m., based on an experiment repeated 
independently at least three times. Statistical significance was determined using multiple t-tests and one-way ANOVA: NS, not significant; *P < 0.05, **P < 0.01, 
***P < 0.001.
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PKM2 is an isoenzyme of pyruvate kinase that 
plays a crucial role in the glycolysis pathway. 
PKM2 also contributes to regulate multiple 
mechanisms in various cancers, including ga- 
strointestinal, pancreatic, lung, ovarian, and 
renal cancers [22, 23]. It playing a significant 
role in the Warburg effect, where cancer cells 
preferentially convert glucose to lactate even  
in the presence of oxygen [24]. This metabolic 
shift supports rapid cell growth and prolifera-
tion by allowing the diversion of glycolytic inter-
mediates into biosynthetic pathways. It also 
contributes to cancer metastasis by facilitating 
the epithelial-mesenchymal transition (EMT), 
which grants cancer cells the ability to migrate 
and invade distant organs. It interacts with vari-
ous proteins involved in cell migration and inva-
sion, further enhancing metastatic potential 
[25-29]. PKM2 is primarily known as a cytoplas-
mic enzyme involved in glycolysis. However, 
several recent researches suggest that PKM2 
can also be associated with the cell membrane, 
particularly in aggressive cancer cells. In these 
cases, PKM2 interacts with membrane pro-
teins, such as integrins, which are involved in 
cell adhesion and signaling, thereby promoting 
cancer cell migration and invasion (Figure S2) 
[29-32]. Additionally, PKM2 can be expressed 
on the surface of cancer cells, where it may 
play a role in immune evasion and extracellular 
interactions that contribute to tumor progres-
sion. Due to its central role in cancer cell 
metabolism and gene regulation, PKM2 is  
considered a promising therapeutic target. 
Inhibiting PKM2 could disrupt cancer cell me- 
tabolism, inhibit tumor growth, and prevent 
metastasis, making it a focus of ongoing can-
cer research.

We have yet to fully understand how M1 anti-
body interacts with PKM2 to inhibit melanoma 
growth. To address this, we are investigating 
studies on the cellular mechanisms involved 
and testing the effectiveness of M1 antibody 
treatment in immunodeficiency mouse model. 

In summary, our innovative antibody screen- 
ing method showed great promise, not only 
because it can be applied to melanoma, but 
also for its potential to all types of solid can-
cers. Additionally, our studies suggest that 
PKM2 could serve as an important target for 
the treatment of human melanoma. These find-
ings point to the possibility of developing M1 

antibody into an effective therapeutic agent, 
offering new possibilities for future treatment 
strategies.
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Figure S1. Antibody Selection on melanoma cells in vivo. B16F10 melanoma cells were then infected with this 
antibody library in vitro and cultured for two days. Subsequently, the cells were subcutaneously transplanted into 
C57BL/6 mice and allowed to grow for three weeks. Afterward, the melanoma cells were harvested and measured 
tissue size.

Figure S2. Immunocytochemical detection of M1 antibody binding to PKM2 in A375P and A375SM cells. Immuno-
cytochemistry was used to visualize the binding of the M1 antibody to PKM2 (labeled with FITC, green) and to stain 
cell nuclei (DAPI, blue) in A375P and A375SM human melanoma cells, with and without permeabilization. The M1 
purified antibody was used as the primary antibody, followed by a FITC-conjugated Mouse Anti-Human IgG1 (Fc-
region) secondary antibody (Alpha Diagnostics, USA). DAPI-containing mounting medium (Thermo, USA) was used 
for nuclear staining. In cells that were not permeabilized, PKM2 staining was primarily seen at the cell surface or 
membrane. However, in permeabilized cells, a stronger signal was observed within the cells, clearly showing PKM2 
localization in both the cytoplasm and the nucleus. All images were acquired using a Zeiss LSM 900 confocal mi-
croscope. Scale bar = 20 µm.
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Figure S3. M1 antibody suppresses cell proliferation in multiple cancer cell lines. A, B. Cell proliferation assays 
(MTS) were performed on HepG2 (liver), A549 (lung), and HCT116 (colon) cancer cell lines following treatment with 
the M1 antibody. Significant inhibition of cell growth was observed in HepG2 and A549 cells, while HCT116 cells 
exhibited no significant difference compared to the control. Data are presented as mean ± s.e.m. from at least three 
independent experiments. Statistical significance was assessed using multiple t-tests and one-way ANOVA. NS, not 
significant; *P < 0.05; **P < 0.01; ***P < 0.001.


