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Abstract: 

Squamous cell carcinomas (SCCs) originate from various sites that show poor survival due to the 

presence of cancer stem cells (CSCs), which impart therapy resistance. However, the crosstalk of 

molecular mechanisms regulating CSCs maintenance in skin and oral SCC is poorly understood. 

Here, we show that the whole-transcriptome profile of CSCs from skin SCC patients reveals 

upregulation in expression of genes associated with global hypermethylation, enhanced non-

canonical Wnt signaling, and glycolysis, thereby activating the c-Jun/Sox2/Hif1α axis. Thus, it 

suggests crosstalk among epigenetics/signaling/metabolism in skin and oral SCCs. Importantly, 

the combination of Decitabine (DAC), a methyltransferase inhibitor, and a RAC1 non-canonical 

Wnt inhibitor (RAC1i) in skin and oral SCC xenograft mouse models reduces global 

hypermethylation and non-canonical Wnt signaling, thereby attenuating the c-Jun/Sox2/Hif1α 

axis, stemness, and tumorigenic potential. Overall, our findings show that the combination of DAC 

and RAC1i may improve the clinical outcomes in patients with skin and oral SCC. 
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1. Introduction: 

Squamous cell carcinomas (SCCs) are common epithelial cancers that significantly contribute to 

global mortality. The subtypes of SCCs include skin SCC, oral SCC, and lung SCC, etc., each of 

which exhibits molecular changes and clinical behaviours. However, skin and oral SCCs showed 

the highest mortality rate worldwide due to metastasis either in the regional lymph nodes or distant 

organs. Recent reports have emphasized that the complex interaction between genetic mutations 

and epigenetic modification is important in the development and progression of SCCs1. Epigenetic 

modifications, such as DNA methylation and histone modifications, play pivotal roles in regulating 

gene expression. DNA methylation is the most common form, affecting gene expression by altering 

chromatin structure and recruiting modifiers like DNMT1, DNMT3a, and DNMT3b2,3. 

Furthermore, KMT2D, a histone methyltransferase, acts as a tumor suppressor in head and neck 

squamous cell carcinoma (HNSCC) and plays an important role in inhibiting of tumor progression. 

KMT2D mutation or deletion is involved in the development and aggressiveness of HNSCC4. 

Despite the crucial role of epigenetics in SCCs, elucidating the underlying molecular mechanism is 

essential. An important aspect of SCCs is the dysregulation of the Wnt signaling pathway 

(canonical/non-canonical Wnt signaling), which plays crucial roles in proliferation, differentiation, 

and migration that are associated with cancer stem cells (CSCs) maintenance, tumor aggressiveness, 

and resistance to therapy in SCC5–9. Multiple studies highlighted the aberrations of Wnt signaling 

in cancers such as HNSCC5, breast cancer6, glioblastoma7, skin cancer8, and liver cancer10. 

Furthermore, Wnt signaling is regulated by various antagonists, such as Wnt inhibitory protein-1 

(WIF1), Dickkopf (DKK), and secretory frizzled proteins (SFRPs)11. SFRPs are majorly 

upregulated during early embryogenesis of mice12. Sfrp1 is involved in the regulation of 

hematopoietic stem cells (HSCs) through the canonical Wnt signaling pathway13. Our laboratory 

also showed that Sfrp1 regulates the hair follicle stem cell (HFSCs) pool through the BMP-AKT-

GSK3B axis14. On the other hand, the loss of Sfrp1 in glioblastoma activates canonical Wnt 

signaling15. Moreover, low expression of Sfrp1 is associated with poor overall survival (OS) in 

glioblastoma patients16. Furthermore, miRNA-27a binds and targets Sfrp1, which subsequently 

activates Wnt/β-catenin signaling, resulting in cell proliferation of gastric and breast cancer17,18. 

Sfrp1 loss showed an increased tumor initiation and EMT in murine skin CSCs19. 

Recent studies have demonstrated the interaction between epigenetic modifiers and Wnt signaling, 

in which DNMT1 or EZH2 stabilizes β-catenin by recruiting the USP7 (deubiquitinase) in 
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colorectal and neuronal cancer cells20,21. However, the role of epigenetic regulation in non-

canonical Wnt signaling remains obscure in skin and oral SCC. Hence, investigating the crosstalk 

between non-canonical Wnt signaling and epigenetic modification would unravel an important 

molecular network that may contribute to the progression of skin and oral SCC. Moreover, SCCs 

undergo significant metabolic reprogramming; one of the important characteristics is increased 

glycolysis22. This high proliferative demand of tumor cells shifts the flux towards aerobic glycolysis 

and contributes to the heterogeneous metabolic landscape within the tumors23,24. It has been 

observed that α-ketoglutarate regulates the Wnt signaling in colon cancer24. Similarly, aberrant 

activation of the Wnt signaling pathway promotes aerobic glycolysis in colon cancer25,26. Wnt/β-

catenin signaling through CEBPA/FOXA1 regulates amino acid metabolism by targeting histidine 

ammonia lyase (HAL) in liver cancer27. Furthermore, the overexpression of LRP5 increases Wnt/β-

catenin signaling and thereby promotes aerobic glycolysis in gastric cancer28. However, the role of 

epigenetic modifiers in regulating non-canonical Wnt signaling, which influences metabolic 

reprogramming, remains elusive in skin and oral SCCs. 

In this work, our whole transcriptome profile (RNA sequencing) of advanced-stage skin SCC 

patient samples shows enrichment for genes regulating histone and DNA methylation, EMT 

markers, non-canonical Wnt signaling, and glycolysis. We uncover that histone and DNA 

methylation of the SFRP1 promoter enhances non-canonical Wnt signaling (WNT7B, c-JUN) in 

both skin and oral SCC. Importantly, we show that c-JUN regulates the SOX2 promoter, a key 

transcription factor that maintains tumour stemness. Furthermore, ChIP-qPCR data reveal that 

SOX2 regulates HIF1α, which directly controls the expression of key glycolytic enzymes such as 

HK2 and LDHA in skin and oral SCC. Importantly, we find that the combination of Decitabine 

(DAC) (DNA methylation inhibitor) and RAC1i (non-canonical Wnt signaling inhibitor) leads to a 

significant reduction in (~75-80%) tumor growth of skin and oral SCC. Our RNA sequencing, in 

combination of DAC and RAC1i, reveals a reduction in DNA methylation, which restores SFRP1 

levels by decreasing non-canonical Wnt signaling, EMT markers, and glycolysis, thereby reducing 

cancer stemness and in vivo tumorigenic and metastatic potential in skin and oral SCC. Our study 

paves the way for the development of targeted therapies in skin and oral SCC. 

 

 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

2. Results 

➢ Loss of SFRP1 increases non-canonical Wnt signaling and glycolysis in advanced-stage 

human skin SCC and oral SCC patients  

To delineate the molecular signaling in advanced-stage human skin SCC patients, we collected 

advanced-stage skin SCC patient samples (n=6) and normal skin (adjacent margin) (n=6). 

Furthermore, we performed FACS on advanced-stage skin SCC patient samples and normal skin 

(adjacent margin) to isolate CSCs using the CD133 marker (Fig. 1a). Our data showed that normal 

skin (adjacent margin) has CD133- cells (99.99%), which were considered non-CSCs. 

Subsequently, we collected CD133+ (CSCs) from patients with skin SCC (~2-3%) for RNA 

sequencing (Fig. 1b). Our RNA sequencing data revealed the loss of SFRP1 in the skin CSCs as 

compared to normal skin (adjacent margin) CD133- (non-CSCs), and enrichment in the genes 

involved in the non-canonical Wnt signaling, EMT markers, and glycolytic genes 

(Supplementary Fig.1a-c), suggesting a correlation among them. 

Similarly, we have validated the human skin CSCs RNA sequencing data by Real-Time PCR, 

which revealed upregulation of non-canonical Wnt signaling (WNT7B), stemness marker (SOX2), 

EMT markers (VIMENTIN, TWIST1, ZEB1, ZEB2), and glycolytic genes (SLC2a1, SLC2a2, HK2, 

LDHA, SIRT2) in skin SCC patients CSCs as compared to normal skin (adjacent margin) (non-

CSCs) (Fig. 1c). Furthermore, we have also checked the levels of non-canonical Wnt signaling in 

the skin SCC patients and normal skin (adjacent margin) by western blot analysis. Our data 

revealed a reduction in SFRP1 levels, while upregulation in levels of non-canonical Wnt signaling 

(WNT7B, DVL2, RAC1, JNK, c-FOS, c-JUN, SOX2) in skin SCC patients as compared to normal 

skin (adjacent margin) (Supplementary Fig. 2a & b).  

In addition, epithelial tissues such as skin and oral epithelia share similarities in tissue structure 

and function, as well as in tumor progression and metastasis. We sought to understand whether a 

similar relationship exists between skin and oral SCC. Hence, we performed TCGA data analysis 

from UCSC Xena for human oral SCC primary tumor (n=520) and normal solid tissue (n=43), 

which showed an upregulation in expression of EZH2, WNT7B, and c-JUN, while downregulation 

in gene expression of SFRP1 in oral SCC primary tumor as compared to the normal solid tissue 

(Supplementary Fig. 3a-c). Further, we have also performed the correlation analysis between OS 

and expression levels of SFRP1, WNT7B, and c-JUN genes from the publicly available TCGA of 

HNSCC database, which showed that low SFRP1 expression is associated with poor OS (p=0.001) 
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in HNSCC patients (Supplementary Fig. 3a-c). Similarly, high c-JUN expression is associated 

with poor OS (p=0.029) in HNSCC patients. However, we did not find a significant association of 

EZH2 and WNT7B expression with OS in TCGA HNSCC database (Supplementary Fig. 3a-c). 

Furthermore, to validate the observation of the TCGA database, we performed 

immunohistochemistry (IHC) of SFRP1, WNT7B, and c-JUN (non-canonical Wnt signaling) on 

skin SCC patient samples (n=28), normal skin samples (adjacent margin) (n=10), oral SCC patient 

samples (n=59), and normal oral mucosa samples (adjacent margin) (n=12). We observed low 

SFRP1 levels and increased levels of WNT7B and c-JUN in skin SCC patient samples as compared 

to the normal skin (adjacent margin), and oral SCC patient samples as compared to normal oral 

mucosa (adjacent margin) (Fig. 1d-h). Quantitative comparison of the skin and oral SCC IHC 

scores showed significant upregulation of WNT7B levels (~1.5-fold) in skin SCC patients as 

compared to oral SCC patients. We have also observed a reduction in SFRP1 levels (~3-4-fold) in 

skin SCC patients as compared to oral SCC patients. However, we have not found the differences 

in the IHC scores of c-JUN between skin and oral SCC patients (Supplementary Fig. 4a). 

Importantly, we observed significant negative correlations between SFRP1 and WNT7B, and c-

JUN, in skin and oral SCC patients. (Supplementary Fig. 5a & b). In addition, we observed that 

decreased levels of SFRP1 and increased levels of WNT7B, c-JUN are associated with poor OS 

by Kaplan-Meier plots in skin and oral SCC patients (Supplementary Fig. 6a-f).  

Overall, our data showed that increased non-canonical Wnt signaling is associated with poor OS 

in skin and oral SCC patients. 

 

➢ Skin cell line CSCs showed enhanced non-canonical Wnt signaling and glycolysis: 

To investigate the detailed molecular mechanisms in skin CSCs, we isolated CSCs and non-CSCs 

from the skin SCC cell lines A3886 and ACSCC1. We have also used primary human epidermal 

keratinocytes (HEKa) as a control. 

Our result showed 9.13% population of skin CSCs (CD133+) in the A3886 cell line, while 

remaining cells were negative for CD133 (non-CSCs) in the HEKa (Fig. 2a). Similarly, we 

observed a 6.64% population of CSCs and 92.6% non-CSCs from the ACSCC1 cell line 

(Supplementary Fig. 7a & b). To assess the self-renewal capacity of isolated skin CSCs, we 

performed the spheroid formation assay. Our data revealed an increase in the formation of 

spheroids in skin CSCs as compared to non-CSCs in the A3886 (Fig. 2b & c) and ACSCC1 cell 
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lines (Supp Fig. 7c & d). Furthermore, we have also performed the IFA assay using the CD133 

marker in spheroids from skin CSCs and non-CSCs, which showed increased expression of CD133 

in skin CSCs as compared to non-CSCs (Supplementary Fig. 8a). Importantly, an in vivo serial 

transplantation assay is the gold standard assay to confirm the presence of CSCs in both skin and 

oral SCC. Therefore, we performed a serial transplantation assay by subcutaneously injecting 

20,000 skin CSCs (1st serial transplantation) into NOD/SCID mice, which formed tumor within 3-

4 weeks. Subsequently, 20,000 skin CSCs were isolated from the tumour arising from the 1st 

transplant and injected subcutaneously into NOD/SCID mice (2nd serial transplantation), which 

formed  tumors within 2-3 weeks. Furthermore, 20,000 skin CSCs isolated from the tumor arising 

from the 2nd transplant were injected subcutaneously into NOD/SCID mice (3rd serial 

transplantation) (Fig. 2d & e, Supplementary Fig. 7e & f). Our FACS data showed an enrichment 

of skin CSCs after 3rd serial transplantation, thereby confirming the presence of CSCs 

(Supplementary Fig. 8c & d). To strengthen our data, we performed IFA using the SOX2 marker 

on serially transplanted skin CSCs tumours. Our data demonstrated an increased number of 

SOX2+ve cells in skin CSCs tumors, suggesting enrichment of skin CSCs in the serially 

transplanted tumors (Supplementary Fig. 8e & f).  

To dissect the molecular signaling in skin CSCs, we performed RNA sequencing on skin CSCs 

from the A3886 and ACSCC1 cell lines, and non-CSCs of HEKa as a control (Supplementary 

Fig. 7g & h). Our RNA sequencing data showed significant upregulation of non-canonical Wnt 

ligand (WNT7B), EMT markers (VIMENTIN, TWIST1, ZEB1, ZEB2, SNAI1, SNAI2), and 

glycolytic genes (SLC2A1, SLC2A2, HK2, LDHA) in the skin CSCs as compared to the non-CSCs 

(Fig. 2f & Supplementary Fig. 7i). Furthermore, to understand the changes in the non-canonical 

Wnt signaling pathway, we performed the western blot analysis of skin CSCs (A3886) and non-

CSCs (A3886). We observed upregulation in expression of non-canonical Wnt signaling, such as 

WNT7B, DVL2, RAC1, JNK, c-FOS, c-JUN, and SOX2 in CSCs as compared to non-CSCs (Fig. 

2h & i). To understand the glycolytic rate, we performed Seahorse analysis in CSCs and non-

CSCs. The data revealed upregulation of glycolytic flux in CSCs as compared to non-CSCs (Fig. 

2g). Moreover, increased glycolytic flux enhanced LDH activity in skin CSCs as compared to non-

CSCs (Fig. 2j).   

Our results indicated that skin CSCs from both cell lines exhibited increased tumorigenic potential 

in vivo, non-canonical Wnt signaling, and glycolysis (2-3-fold as compared to cancer cells, i.e., 
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non-CSCs). The data from skin CSCs of both cell lines are in agreement with findings from human 

skin SCC patient samples.   

 

➢ Loss of Sfrp1 in murine and human skin SCC cell line enhance non-canonical Wnt signaling: 

Previously, we reported that Sfrp1-/- skin CSCs showed an increased tumorigenic potential, while 

the expression profile (Microarray) of Sfrp1-/- skin CSCs revealed the upregulation in expression 

of stemness, EMT, and proliferation markers as compared to WT skin CSCs19. However, the in-

depth molecular mechanism by which Sfrp1-/- skin CSCs increase in vivo tumorigenesis is yet to 

be deciphered. 

To delineate a deeper understanding of the molecular mechanism of non-canonical Wnt signaling, 

we used a two-stage chemical-induced (DMBA/TPA) skin carcinogenesis model in wild-type 

(WT) (Sfrp1+/+), Sfrp1 heterozygous (Sfrp1+/-), and Sfrp1 homozygous knockout (Sfrp1-/-) mice 

as described previously19. We administered DMBA and TPA to WT, Sfrp1+/-, and Sfrp1-/- mice 

at various postnatal days (Supplementary Fig. 9a & b). IFA analysis of Sfrp1-/- SCC tumors 

showed the co-expression of epithelial KERATIN14 (K14) and the mesenchymal marker 

VIMENTIN (Fig. 3a & c). Additionally, we isolated CSCs (Lin-/EpCam+/CD34+α6-integrin+) 

from WT SCC, Sfrp1+/- SCC, and Sfrp1-/- SCC tumors.  Our data confirmed that Sfrp1-/- CSCs 

showed an increased expression of K14 and VIMENTIN as compared to WT CSCs and Sfrp1+/- 

CSCs (Fig. 3b-e). Thus, these data suggested that the loss of SFRP1 facilitated the hybrid EMT 

phenotype in both murine skin CSCs and tumors.  

Furthermore, to validate our findings in the human context, we used a human skin SCC cell line 

(A3886). We observed that basal expression of SFRP1 was absent in the A3886 as compared to 

HEKa (Supplementary Fig. 9d). Our data showed that the loss of SFRP1 did not show any 

redundancy in the Sfrp1-/- skin SCC tumors and skin SCC cell line (A3886) (Supplementary Fig. 

9c-e). We showed an upregulation in expression of the non-canonical ligand Wnt7b in the in vivo 

Sfrp1-/- SCC tumors as compared to WT and Sfrp1+/- skin SCC tumors and in vitro skin SCC cell 

line (A3886) as compared to HEKa (Fig. 3f & g). Furthermore, we observed upregulation in 

expression of non-canonical Wnt signaling, such as WNT7B, DVL2, RAC1, JNK, c-FOS, c-JUN, 

and SOX2, in Sfrp1-/- skin SCC tumors and A3886 (Fig. 3i-l).  

Importantly, our in-silico analysis by JASPAR showed that the c-JUN transcription factor motif 

had a binding site on the SOX2 promoter (Supplementary Fig. 9f and g). To validate these 
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findings, we performed ChIP-qPCR in A3886, which revealed c-JUN enrichment at the SOX2 

promoter in the A3886 cell line (Fig. 3h). 

Furthermore, Sfrp1-/- SCC skin tumors showed a hybrid EMT and increased non-canonical Wnt 

signaling (WNT7B, DVL2, RAC1, JNK, c-FOS, c-JUN). JNK may regulate adherens junction 

formation by forming the E-CADHERIN/β-CATENIN complex on the cell surface in the human 

neonatal primary keratinocytes29. Our data demonstrated that Sfrp1-/- skin SCC tumors showed a 

decreased co-localization of E-CADHERIN/β-CATENIN on the membrane as compared to 

Sfrp1+/- SCC tumors and WT SCC tumors (Supplementary Fig. 10a-d), which suggested that 

JNK may not only regulate β-CATENIN in adherens junction but also regulate the cytoplasmic 

pool of β-CATENIN, which translocates to the nucleus. Furthermore, we generated shRNA-

mediated inducible knockdown of JNK in A3886 (Supplementary Fig. 10e & f). JNK knockdown 

restored the E-CADHERIN, β-CATENIN, and LEF1 levels in the inducible A3886 shJNK (JNK 

knockdown) as compared to A3886 VC (Vector control) (Supplementary Fig. 10g & h). 

Additionally, to determine nuclear β-CATENIN activity, we have performed a TOP/FOP Flash 

assay. We observed a significant upregulation of luciferase activity in A3886 shJNK as compared 

to A3886 VC (Supplementary Fig. 10i), suggesting that the cytosolic pool of β-CATENIN was 

degraded and unable to translocate to the nucleus in A3886 VC. Similarly, IFA analysis showed 

the restoration of E-CADHERIN/β-CATENIN localization on the membrane of A3886 shJNK as 

compared to A3886 VC (Supplementary Fig. 11a-e).  

Overall, we observed that murine skin SCC tumours and a human skin SCC cell line (A3886) 

exhibited increased in vivo tumorigenic potential, stemness, and hybrid EMT due to enhanced non-

canonical Wnt signalling. Furthermore, the non-canonical Wnt pathway regulates canonical Wnt 

signaling in murine and human skin SCC by increasing JNK levels, which not only affects cell-

cell adhesion on the membrane via E-CADHERIN/β-CATENIN but also degrades cytoplasmic β-

CATENIN. 
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➢ Reversal of Sfrp1 overexpression in the human skin SCC cell line showed a decrease in vivo 

tumorigenic potential: 

To understand the effect of Sfrp1 on in vivo tumorigenesis and the metastatic potential, we 

overexpressed Sfrp1 in the human skin SCC cell line (A3886). We observed a 2.5-fold 

upregulation in levels of Sfrp1 in the A3886 Sfrp1 overexpressed cell line (A3886 Sfrp1 OE) as 

compared to A3886 VC. Furthermore, to understand the effect of Sfrp1 overexpression on in vitro 

cell proliferation, we performed clonogenic and BrdU cell proliferation assays. We observed a 

decrease in the colony-forming efficiency (Supplementary Fig. 12a & b) and percentage of 

BrdU+ve cells in A3886 Sfrp1 OE as compared to A3886 VC (Fig. 4a & b). Furthermore, our cell 

cycle analysis showed a significant downregulation of the S phase in A3886 Sfrp1 OE as compared 

to A3886 VC (Supplementary Fig. 12c & d), suggesting that the delay in cell cycle decreases in 

vitro cell proliferation of A3886 Sfrp1 OE as compared to A3886 VC. To check the effect of Sfrp1 

overexpression in in vivo tumorigenesis, we performed in vivo tumorigenic potential by injecting 

A3886 VC and A3886 Sfrp1 OE cell line subcutaneously into NOD/SCID mice. We observed that 

A3886 Sfrp1 OE showed a decreased tumorigenic potential as compared to A3886 VC (Fig. 4c & 

d). Furthermore, we demonstrated reduced non-canonical Wnt signaling in A3886 Sfrp1 OE as 

compared to the A3886 VC (Fig. 4e & f). We detected reduced EMT signatures such as 

VIMENTIN, TWIST1, KERATIN8, and the stemness marker SOX2 in the A3886 Sfrp1 OE tumor 

as compared to A3886 VC tumors (Fig. 4g-h).  Moreover, we showed that the c-JUN transcription 

factor motif was strongly enriched at the SOX2 promoter in A3886 VC. However, Sfrp1 

overexpression reduced c-JUN enrichment at the SOX2 promoter region, thereby reducing the 

stemness of A3886 (Fig. 4i). Interestingly, we revealed that Sfrp1 overexpression led to a reduction 

in the enrichment of c-JUN family transcription factors at the chromatin regions of EMT markers 

such as VIMENTIN and TWIST1, Cell cycle-related genes CCNE1 and CDK6 and the stemness 

marker SOX2 (Fig. 4i).  

Similarly, to understand the effect of Sfrp1 overexpression in skin CSCs, we have FACS-sorted 

the skin cell line A3886 VC CSCs and A3886 Sfrp1 OE CSCs. Our data showed a reduction in the 

A3886 Sfrp1 OE CSCs as compared to A3886 VC CSCs (Fig. 5a & b), which resulted in a 

decreased spheroid formation capacity of A3886 Sfrp1 OE CSCs (Supplementary Fig. 12e & f). 

Furthermore, we showed that A3886 Sfrp1 OE CSCs exhibited a significant reduction in in vivo 

tumorigenic potential as compared to A3886 VC CSCs (Fig. 5c & d). 
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Furthermore, A3886 Sfrp1 OE CSCs showed a decrease in hybrid EMT as compared to A3886 VC 

CSCs (Fig. 5e & f). The hybrid tumor state has been associated with an increased metastatic 

potential in circulating tumor cells Intravenous injection (Tail vein) of A3886 Sfrp1 OE CSCs 

showed a reduction in lung metastasis as compared to A3886 VC CSCs (Fig. 5g & h), which 

suggested that the loss of Sfrp1 enhanced the spontaneous metastasis and formation of tumor 

colonies in the lungs (Fig. 5i-l).  

Overall, our data revealed that Sfrp1 overexpression decreased in vivo tumorigenic and metastatic 

potential, as well as hybrid EMT stemness, in human skin CSCs and a skin SCC cell line, due to 

reduced non-canonical Wnt signalling. 

 

➢ Reversal of Sfrp1 overexpression in the human oral SCC cell line showed decreased 

tumorigenic and metastatic potential: 

We observed that the upregulation in levels of non-canonical Wnt signaling led to an increase in 

vivo tumorigenic and metastatic potential in murine and human skin SCC. Furthermore, to 

extrapolate our findings in the oral SCCs, we used the oral SCC cell lines (ACOSC3, ACOSC4, 

and ACOSC16)30. We observed that all the oral SCC cell lines showed a decrease in the Sfrp1 

expression (ACOSC3 ~50% reduction, ACOSC4 ~98% reduction, and ACOSC16 ~80% 

reduction) as compared to primary normal human keratinocytes (HOK)(Supplementary Fig. 

12g). Therefore, we overexpressed Sfrp1 in all three oral SCC cell lines. To decipher the molecular 

mechanism in human oral SCC cell lines, we assessed the status of non-canonical Wnt signaling 

across all oral SCC cell lines. Our western blot data demonstrated that Sfrp1 overexpression 

resulted in reduced non-canonical Wnt signaling in all oral SCC cell lines (Fig. 6a & b). To 

understand the effect of Sfrp1 overexpression on tumor growth, we assessed the in vivo 

tumorigenic potential by subcutaneously injecting all three oral SCC cell lines into NOD/SCID 

mice. Our tumorigenesis data showed a reduced tumorigenic potential due to the Sfrp1 

overexpression in all three oral SCC cell lines (Fig. 6c & d).  

Additionally, we performed ChIP-qPCR to determine the enrichment of c-JUN transcription factor 

at the SOX2 promoter. We found that Sfrp1 overexpression decreased the expression of c-JUN and 

thereby reduced the enrichment at the SOX2 promoter and the tumor stemness in the oral SCC cell 

lines (Fig. 6e). We validated our findings in the oral CSCs, we have performed the Real-Time PCR 

of non-canonical Wnt signaling and EMT markers in oral CSCs and non-CSCs. Our data exhibited 
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a reduction of Sfrp1 expression in oral CSCs as compared to non-CSCs, which led to enhanced 

non-canonical Wnt signaling (WNT7B, DVL2), stemness marker SOX2, EMT markers such as 

VIMENTIN, TWIST1, ZEB1, ZEB2, and SNAI1 in all three oral CSCs as compared to non-CSCs 

(Supplementary Fig. 12h). Furthermore, EMT signatures are often associated with increased 

metastatic potential in vivo systems. Our PET-CT results revealed that Sfrp1 overexpression 

decreased metastatic potential of all the human oral SCC cell lines (Fig. 6f).  

Furthermore, we have also performed quantitative comparison of gene signatures between skin 

CSCs and oral CSCs. Our quantitative comparison of EMT markers revealed the expression of 

ZEB2 (1036.9%), TWIST1 (941.8%), VIMENTIN (688.2%) and ZEB1 (360%) showed increased 

expression in the skin CSCs as compare to the oral CSCs (Supplementary Fig. 4b). Furthermore, 

we observed the upregulation in expression of non-canonical Wnt signaling genes WNT7B 

(170.6%), DVL2 (65.6%), and SOX2 (9%) in skin CSCs as compared to oral CSCs 

(Supplementary Fig. 4b). Moreover, our data revealed the upregulation in expression of 

glycolytic genes SLC2A2 (788%), SLC2A1 (152.8%), HK2 (43.2%) in skin CSCs as compare to 

oral CSCs and the upregulation in expression of LDHA (22.6%) in oral CSCs as compared to skin 

CSCs (Supplementary Fig. 4b). 

Altogether, these data were in congruence with the human skin and oral SCC patient samples, 

murine skin tumor, and human skin CSCs. The results showed that human oral SCC cell lines and 

oral CSCs also exhibited increased non-canonical Wnt signaling, in vivo tumorigenic potential, 

and metastatic potential. 

 

➢ Epigenetic regulation of non-canonical Wnt signaling in human skin and oral SCC  

We observed an increased in vivo tumorigenic potential, EMT markers, metastatic potential, and 

non-canonical Wnt signaling in human skin and oral SCC cell lines. However, the mechanism 

underlying the loss of Sfrp1 in the skin and oral SCC remains unknown. RNA sequencing data of 

skin CSCs showed enrichment of PRC2-mediated histone and DNA methylation (Fig. 7a). 

Furthermore, we found that upregulation in expression of the epigenetic modifiers, such as EZH2, 

EED, SUZ12, DNMT3A, DNMT3B, and HDAC2 in human skin CSCs (Fig. 7b) and oral CSCs 

(Supplementary Fig. 13a). Our quantitative comparison between skin and oral CSCs revealed an 

upregulation in expression of epigenetic modifiers DNMT3A (17.1%), DNMT3B (17%), and 

EZH2 (25.8%) in the oral CSCs as compared to skin CSCs (Supplementary Fig. 4b). To 
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understand the levels of epigenetic modifiers, we performed western blot analysis of advanced-

stage skin SCC patients, which showed an upregulation of EZH2 levels, followed by increased 

histone methylation (H3K27me3) as compared to normal skin (adjacent margin) (Supplementary 

Fig. 2c & d). Similarly, our IHC data showed an increased level of EZH2 in skin SCC samples as 

compared to normal skin (adjacent margin) (Fig. 7c & d) and oral SCC patients as compared to 

normal oral mucosa (adjacent margin) (Fig. 7e & f). We demonstrated that high EZH2 expression 

is associated with poor OS in patients with skin and oral SCC patients (Supplementary Fig. 13b 

& c) (Supplementary Fig. 3d).  

Additionally, our in-silico analysis revealed EZH2 binding to the Sfrp1 promoter region 

(Supplementary Fig. 13d & e). Our ChIP-qPCR data showed that EZH2 binds to the promoter 

region of SFRP1 and regulates its expression in the skin and oral SCC cell lines (Supplementary 

Fig. 2e & f). EZH2 belongs to the PRC2 complex family and methylates H3 at the K27 position 

by recruiting various DNMTs (DNA methyltransferases). To understand the SFRP1 promoter 

hypermethylation, we performed ChIP-qPCR analysis, which showed that the H3K27me3 mark 

was significantly upregulated around the SFRP1 promoter region in human skin and oral SCC cell 

lines (Fig. 7g & j). Moreover, western blot analysis revealed the upregulation of EZH2 levels in 

skin and oral SCC cell lines, which led to upregulation in the global levels of histone methylation 

(H3K27me3) and reduction of histone acetylation (H3K27ac) in human skin and oral SCC cell 

lines (Fig. 7h, i, k, l).  

Overall, our data suggested that histone and DNA methylation play vital roles in the loss of Sfrp1 

and modulate the non-canonical Wnt signaling in skin and oral SCC. 

 

➢ DAC reduces histone methylation and restores the SFRP1 levels in skin and oral SCC cell 

lines: 

We demonstrated that the epigenetic modifier EZH2 recruited DNMTs, which enhanced promoter 

hypermethylation and promoted the loss of SFRP1, thereby increasing non-canonical Wnt 

signaling in skin and oral SCC cell lines. Therefore, we used the pharmacological drug DAC, a 

methyltransferase inhibitor that is being used in clinical trials of Acute Myeloid Leukemia 

(AML)31,32. To assess the effect of DAC on Sfrp1 promoter hypermethylation in A3886 and 

A3886+DAC, we performed the ChIP-qPCR. We observed decreased histone levels (H3K27me3) 

(Fig. 8a) and increased levels of histone acetylation (H3K27ac) on the Sfrp1 promoter after DAC 
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treatment in the skin SCC cell line (Supplementary Fig. 13f) and oral SCC cell lines (Fig. 8b & 

Supplementary Fig. 13g). Moreover, to understand the effect of DNA methylation after DAC 

treatment, we performed ChIP-qPCR using 5-methyl cytosine (5-mc) in human skin and oral SCC 

cell lines. Our data revealed that DAC treatment reduced 5-mc on the Sfrp1 promoter, thereby 

decreasing hypermethylation in skin and oral SCC cell lines (Supplementary Fig. 13h & i).  

Similarly, we performed western blot analysis of histone methylation and acetylation levels in 

human skin and oral SCC cell lines. Our data revealed a decrease in H3K27me3 and an increase 

in levels of H3K27ac after DAC treatment, suggesting the restoration of Sfrp1 expression in human 

skin and oral SCC cell lines (Fig. 8c-f). Overall, we observed that DAC treatment restored SFRP1 

levels, thereby decreasing non-canonical Wnt signaling in skin and oral SCC cell lines. 

We have observed that epigenetic modification increases in non-canonical Wnt signaling, the 

stemness marker SOX2, and EMT markers in skin and oral SCC cell lines. Our RNA sequencing 

data on skin CSCs showed the enrichment of hypoxia-inducible factor (HIF1α) (Fig. 8g). To 

understand the correlation between stemness and hypoxia, we performed promoter analysis, which 

showed that SOX2 regulates HIF1α by binding to the promoter. Our ChIP-qPCR result showed 

that SOX2 binds to the promoter region of HIF1α in skin and oral SCC cell lines. However, DAC 

treatment restored SFRP1 expression and reduced SOX2 enrichment at the HIF1α promoter, 

thereby reducing hypoxia in the skin and oral SCC cell lines (Fig. 8h & i). 

 

➢ DAC reduces glycolysis through non-canonical Wnt signaling: 

We have observed an increase level in histone methylation, leading to the loss of SFRP1, which 

enhanced non-canonical Wnt signaling and hypoxia in skin and oral SCC. However, the regulation 

of metabolic reprogramming due to epigenetic modification and non-canonical Wnt signaling 

remains elusive. To uncover the crosstalk between non-canonical Wnt signaling, hypoxia and 

glycolysis, we analyzed the RNA sequencing and GSEA (gene set enrichment analysis) analysis 

of human skin CSCs, which exhibited the enrichment of glycolytic genes (SLC2A1, SLC2A2, HK2, 

ENO1) (Fig. 8j & Supplementary Fig. 14a). However, DAC treatment reduced the expression of 

glycolytic genes (Supplementary Fig. 14b) Furthermore, our seahorse experiment also showed 

an increased glycolytic rate in skin and oral SCC cell lines as compared to normal skin and oral 

keratinocytes (Supplementary Fig. 14c & d). Additionally, our Real-time PCR data exhibited the 

upregulation in expression of SLC2A1, SLC2A2, LDHA, LDHB, and SIRT2 in human skin and oral 
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CSCs as compared to non-CSCs (Supplementary Fig. 14e & f). Our STRING analysis revealed 

that hypoxia (HIF1α) regulates the expression of glycolytic genes (HK2, LDHA, SLC2A2) (Fig. 

8k). To validate the regulation of HK2, LDHA, and SLC2A2 by HIF1α, we performed ChIP-qPCR. 

Our data showed that HIF1α strongly bound to the promoters of HK2 and LDHA, whereas it bound 

weakly to the SLC2A2 promoter. However, DAC treatment reduced the enrichment of HIF1α at 

the promoter regions of HK2, LDHA, and SLC2A2 in both human skin and oral SCC cell lines 

(Fig. 8l & m). Furthermore, our western blot analysis also showed a reduction in HIF1α, HK2, 

and LDHA levels after DAC treatment in human skin and oral SCC cell lines (Fig. 9a-d). 

Interestingly, DAC treatment reduced LDH activity (Fig. 9e & i) and the substrate levels of 

pyruvate and lactate (Fig. 9f, g, j, k), while an increase in the substrate levels of Acetyl-CoA was 

observed in human skin (Fig. 9h) and oral SCC cell lines (Fig. 9l).  

Overall, our data unraveled a mode of action of DAC treatment, which restored SFRP1 levels, 

reduced c-Jun/Sox2/Hif1α axis, non-canonical Wnt signaling and metabolic reprogramming, 

thereby decreasing cancer stemness and the in vivo tumorigenic and metastatic potential of human 

skin and oral SCC. 

 

➢ Pharmacological drug DAC and RAC1i decrease in vivo tumorigenic potential in the skin 

and oral SCC cell lines: 

Our data showed that DAC treatment decreased global hypermethylation and reduced in vivo 

tumor growth of skin (~50% reduction) (Fig. 10a & b) and oral SCC (~50% reduction) (Fig. 10c 

& d). Additionally, we observed that Sfrp1 overexpression reduced non-canonical Wnt signaling, 

thereby decreasing the in vivo tumorigenic potential of skin and oral SCC. Furthermore, to assess 

the combinatorial effect of targeting epigenetic modification and non-canonical Wnt signaling in 

skin and oral SCC, we used DAC and RAC1i. We have injected 1 x 106 skin and oral SCC cell 

lines subcutaneously into the flank of NOD/SCID mice. Once the tumour reached a volume of 150 

mm3, we treated the NOD/SCID mice with RAC1i alone or in combination of DAC. Our data 

revealed that treatment with only RAC1i reduced tumor volume by ~50-55% in skin and oral SCC. 

However, with the combination treatment of DAC and RAC1i reduced tumor volume by ~75-80% 

in the skin (Fig. 10e & f) and in oral SCC (Fig. 10g-j). 

To understand the detailed molecular mechanism following DAC and RAC1i, we performed RNA 

sequencing on DAC-treated skin SCC cell lines, RAC1i-treated skin SCC cell lines, and the skin 
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SCC cell lines treated with a combination of DAC & RAC1i. (Supplementary Fig. 15a-d). Our 

RNA sequencing data of DAC treatment showed an increased expression of SFRP1, while 

reduction in levels of epigenetic modifiers (EZH2, DNMT1, DNMT3A, HDAC2, & HDAC10), non-

canonical Wnt signaling (WNT7B), EMT markers (VIMENTIN, TWIST1, ZEB1, ZEB2), and genes 

involved in regulating glycolysis (SLC2A1, SLC2A2, HK2, ENO1, SIRT2, SIRT7) 

(Supplementary Fig. 14b & 15e). Furthermore, we observed that RAC1 inhibition decreased the 

expression of stemness marker (SOX2) and glycolytic genes (SLC2A1, SLC2A2, HK2, ENO1, 

SIRT2, SIRT7). Similarly, we have observed that a combination of DAC and RAC1i reduced DNA 

methylation, which in turn increased SFRP1 expression and reduced glycolysis in the skin SCC 

cell line (Supplementary Fig. 14b & 15e).  

Overall, the data suggested that the therapeutic effects of DAC and RAC1i target the crosstalk 

among epigenetic modification, non-canonical Wnt signaling, and metabolic reprogramming, 

thereby reducing the in vivo tumorigenic potential of skin and oral SCC (Fig. 10k). 
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3. Discussion: 

In this study, we sought to understand the molecular mechanisms involved in epigenetic 

modification, non-canonical Wnt signaling, and metabolic reprogramming in skin and oral SCC. 

Our RNA sequencing analysis of advanced-stage skin CSCs revealed that key epigenetic modifiers 

were upregulated, leading to a decrease in SFRP1 levels and the activation of the non-canonical 

Wnt signaling pathway. Similarly, in our patient cohort of advanced-stage skin and oral SCC, we 

found a negative correlation between SFRP1 and the expression of EZH2, WNT7B, and c-JUN, 

which was associated with poor OS in advanced-stage skin and oral SCC patients. Previous studies 

have demonstrated that hypermethylation of H3K27me3 inhibits SFRP1 expression, thereby 

facilitating cell proliferation via the Wnt/β-catenin signaling pathway in esophageal squamous cell 

carcinoma33. Furthermore, DACT3, a negative regulator of Wnt/β-catenin signaling, was 

transcriptionally repressed due to histone methylation (H3K27me3 and H4K20me3) in colorectal 

cancer34. Moreover, abnormal H3K27ac activates the Wnt/β-catenin and PI3K/Akt pathway that 

promote the EMT in gastric cancer35. Overall, these mechanisms emphasize the crucial roles of 

epigenetic modifications in regulating signaling pathways during tumor progression. Similarly, in 

our study, we observed that elevated levels of EZH2 contributed to an increase level in histone 

methylation (H3K27me3) by recruiting the PRC2 complex and DNMTs (DNMT3a, DNMT3b) in 

both skin and oral SCC cell lines. Furthermore, ChIP-qPCR data showed that promoter 

hypermethylation leads to the loss of Sfrp1 expression in both the human skin and oral SCC cell 

lines. Sfrp1 overexpression in colorectal cancer inhibits cell proliferation, invasion, and 

migration36. Sfrp1 overexpression reduces in vivo tumorigenesis by targeting Wnt/β-catenin in 

ovarian cancer37. In contrast, Sfrp1 overexpression showed increased cell proliferation and 

angiogenesis in gastric cancer38 and enhanced prostate CSCs properties in vitro39. Furthermore, 

the regulation of Wnt7b by Sfrp1 or Sfrp2 during early mouse embryogenesis12; Wnt7b expressed 

in the mouse hippocampus activates the Dvl2, Rac, and Jnk in the neuronal hippocampus40. 

Moreover, WNT7B promoted differentiation and migration by activating c-JUN in human dental 

cells.41 WNT7B overexpression is associated with poor OS in prostate cancer42. The epigenetic 

modification of the non-canonical Wnt ligand (Wnt5a) leads to an increase in Cyclin-D1 

expression, which is associated with poor OS in AML43. However, the precise molecular 

mechanisms by which histone and DNA methylation regulate non-canonical Wnt signaling have 

yet to be explored in SCC.  
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To understand in-depth molecular mechanisms, we performed topicaly administered of the 

chemical carcinogen DMBA/TPA to Sfrp1-/- mice. We assessed different Wnt ligands in murine 

and human skin SCC and observed upregulation in expression of the non-canonical Wnt ligand 

WNT7B in murine skin SCC tumors and human skin SCC cell lines. Importantly, the loss of Sfrp1 

increased expression of non-canonical Wnt signaling pathway (WNT7B, DVL2, RAC1, JNK, c-

FOS, c-JUN) and stemness marker (SOX2) in murine and human skin SCC. SOX2 transcription 

factor in neural stem cells regulates the Ap1 transcription factor44; c-JUN and c-FOS genes 

regulated stemness markers Nanog, Oct3/4, and Sox2 in colorectal cancer45, while Sox2 deletion 

reduced tumor formation in skin SCC46. Similarly, our ChIP-qPCR data in skin SCC revealed that 

c-JUN binding to the promoter regions of SOX2, VIMENTIN, TWIST1, ZEB1, CCNE1, and CDK6 

indicated that the non-canonical Wnt signalling pathway regulates tumor stemness, EMT, and cell 

proliferation. Moreover, RNA sequencing data on human skin CSCs showed an increased 

expression of WNT7B ligand, stemness marker SOX2, epithelial markers, and mesenchymal 

markers in human skin CSCs as compared to non-CSCs, suggesting both epithelial and 

mesenchymal phenotypes in the human skin CSCs.  

The hybrid EMT populations have been characterized by the co-expression of epithelial and 

mesenchymal markers in the genetically induced murine skin SCC47. FAT1 mutation in genetically 

induced skin SCC tumors acquired the hybrid EMT phenotype48 that occurred very late during the 

tumor progression, which showed high tumorigenic and metastatic potential49. Moreover, breast 

cancer stem-like cells showed increased tumorigenesis and invasion due to the hybrid EMT 

phenotype50. The hybrid EMT state of tumor cells possesses higher metastatic potential upon 

intravenous injection in NOD/SCID mice49. In our study, Sfrp1-/- SCC tumors showed the 

expression of K14 and VIMENTIN in the keratin pearls, which indicated signs of squamous 

differentiation and stable hybrid EMT phenotypes in Sfrp1-/- skin SCC tumors. Similarly, Sfrp1-

/- CSCs exhibited increased hybrid EMT as compared to Sfrp1+/- CSCs and WT CSCs, suggesting 

that Sfrp1-/- CSCs possess higher tumorigenic potential.  

Additionally, JNK may regulate β-CATENIN on the cell surface in the human neonatal primary 

keratinocytes29. Similarly, we also observed that upregulation in levels of non-canonical Wnt 

signaling reduces canonical Wnt signaling by decreasing the E-CADHERIN and β-CATENIN 

levels on the membrane due to JNK in the murine skin SCC (Sfrp1-/- SCC) and human skin SCC 

cell line, which results in the disruption of the apical and basal cell surface junctions formed by E-
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CADHERIN/β-CATENIN due to the phosphorylation of β-CATENIN leads to its degradation. 

Therefore, upregulation in levels of non-canonical Wnt signaling exhibited the decoupling of cell 

adhesion and decreased canonical Wnt signaling, which may contribute to metastasis in murine 

and human skin SCC.  

Importantly, we observed that histone and DNA methylation are key regulators of Sfrp1 promoter 

hypermethylation, which, in turn, activates the non-canonical Wnt signaling pathway in skin and 

oral SCC. These findings highlighted the critical role of hypermethylation in modulating signaling 

pathways associated with tumor progression.  

DNA methylation also promotes metabolic reprogramming in cancer cells. Hexokinase-2 (HK2) 

upregulation in expression due to promoter hypomethylation increased glycolytic flux in 

glioblastoma51. In bladder cancer, the upregulation in expression of glycolytic genes is due to 

demethylation of H3K9me252. Several reports have indicated that canonical Wnt signaling also 

enhanced metabolic reprogramming in different cancers25,27,53. Wnt/β-catenin negatively regulates 

the expression of FOXA1, thereby modulating amino acid metabolism in liver cancer27. 

Furthermore, α-ketoglutarate decreases Wnt signaling by enhancing glutamine metabolism in 

colorectal cancer53. Overall, it is observed that either epigenetic modification can either modulate 

glycolysis or canonical Wnt signaling regulates metabolic reprogramming in SCC. However, the 

crosstalk between epigenetic modification and non-canonical Wnt signaling and its regulation of 

metabolic reprogramming remains poorly understood. In our study, we showed that c-JUN 

regulates the expression of stemness marker SOX2 by binding to the SOX2 promoter, which, in 

turn, controls hypoxia-inducing factor HIF1α, thereby enhancing glycolytic genes such as 

SLC2A2, HK2, and LDHA. Hitherto, these findings unravelled that not only epigenetic 

reprogramming modulates the glycolytic pathway, but also the cross-talk between epigenetics and 

non-canonical Wnt signaling regulates metabolic reprogramming in both skin and oral SCC.  

DAC, a methyl transferase inhibitor, eliminated H3K27me3 in adult T-cell lymphoma patients, 

thereby reprogramming entire cancer epigenome, which showed better clinical outcomes54. 

Furthermore, DAC and DZNep treatment inhibited H3K27me3 in AML cells55. DAC rescued 

cisplatin resistance by reducing methylation in HNSCC56. Similarly, RAC1 overexpression 

showed an increased in vivo tumorigenesis and metastasis in several cancers, such as non-small 

cell lung carcinoma, breast cancer, and gastric cancer57–59. RAC1i affects cytoskeleton modelling 

in different types of cancers60–63. Rac1i inhibition (NSC23766) attenuated oncogenic effects 
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mediated by LDHA62. RAC1i abrogated the CCL2-CCR4 axis in HNSCC cells60. Inhibition of 

RAC1 led to decreased cell proliferation and tumorigenesis in prostate cancer cells63. However, no 

such reports have showed the combination of DAC and RAC1i treatment targets crosstalk among 

epigenetic modification, non-canonical Wnt signaling, and metabolic reprogramming in the skin 

and oral SCC.   

Understanding the effects of DAC and RAC1i on the skin and oral SCC could provide valuable 

insights into potential therapeutic strategies. We observed that a treatment with DAC and RAC1i 

alone reduced tumor growth (~50% reduction) in skin and oral SCC. However, the combination 

of the DAC and RAC1i reduced tumour volume by ~75-80% in skin and oral SCC, suggesting that 

targeting global hypermethylation and non-canonical Wnt signalling would be a better therapeutic 

approach for the treatment of skin and oral SCC.  

In conclusion, we uncovered the mode of action of DAC and RAC1i by targeting the c-

Jun/Sox2/Hif1α axis, which attenuates cancer stemness, tumor growth, and metastasis, leading to 

a reduction in glycolytic pathway in human skin and oral SCC.  

Altogether, our study revealed crosstalk between epigenetic regulation that drives non-canonical 

Wnt signaling, followed by the regulation of metabolism. These findings have profound clinical 

implications, suggesting that targeting these pathways could support personalized treatment 

strategies for patients with loss of SFRP1 expression that may potentially improve patient 

outcomes. 
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4. Methods: 

➢ Animal ethical regulations: 

Our study protocol was approved by the ACTREC-TMC, Institutional Animal Ethics (IAEC), 

project #12/2021 (April 2021). Our IAEC adhered to the CPSEA criteria set by the Indian Ministry 

of Environment and Forests for conducting all animal research. In addition, we adhered to the 

Arrive criteria and the requirements for care and animal welfare set by the National Research 

Council in Washington, DC. We monitored the mice daily and euthanized them if the tumor reached 

the specified endpoint size of 20 mm in diameter or if the tumor became ulcerated, regardless of 

size. We euthanized the animal if a mouse lost more than 20% of its initial body weight or exhibited 

signs of distress based on overall health and spontaneous activity levels. The studies conducted in 

this research did not exceed the maximum tumor size limit (20mm diameter). Our animal house 

facility is fully compliant with ethical standards. The ambient temperature was maintained at 25°C, 

with humidity around 55% (±15%) in the mouse cage. Each animal cage contained sustenance, 

hydration, and two types of nesting materials. A 12:12 semi-natural light cycle was used. 

➢ Mouse strains: 

Sfrp1 knockout mice were provided as a kind gift by Dr. Akihiko Shimono12. To generate mice 

with a heterozygous deletion of the Sfrp1 gene (Sfrp1+/-), we crossed homozygous knockout mice 

(Sfrp1-/-) with wild-type C57BL/6 mice. We then bred the resulting Sfrp1+/- heterozygous mice to 

Sfrp1-/- homozygous mice to obtain three genotypes: wild-type (WT) (Sfrp1+/+), heterozygous 

(Sfrp1+/-), and homozygous knockout (Sfrp1-/-). We used mice from the same litter for all the 

experiments. Additionally, we have obtained all NOD/SCID mice from the ACTREC animal 

facility for in vivo tumorigenesis, serial transplantation, and metastasis experiments. 

➢ Chemical-induced DMBA/TPA carcinogenesis model: 

We have used a two-stage chemical-induced skin carcinogenesis in wild-type (WT), Sfrp1 

heterozygous (+/-), and Sfrp1 homozygous knockout (-/-) individual mice as described 

previously19,64. We shaved the mice on postnatal day 22 (PD22) and treated them with 195nmol of 

DMBA (9,10-dimethyl-1,2-benzanthracene) per animal on three days: PD23, PD25, and PD27. 

DMBA induces the mutations (Hras1 & Tp53) in the mice. Furthermore, we administered 4nmol 

of TPA (12-O-tetradecanoyl phorbol-13-acetate; Cat no: P8139, Sigma) per animal twice a week 

until they were euthanized. We tracked tumor initiation, number of tumors per mouse, and tumor 

size throughout the experiment. We assessed tumor volumes on the day of onset and at weekly 
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intervals until the tumors reached 20mm in diameter. We assessed the tumor volume using a vernier 

caliper. We calculated tumor volumes using the formula: V = 0.5 × (L × W²), where L represents 

the minor tumor axis and W represents the major tumor axis. 

➢ Tumor harvesting and single-cell suspension culture: 

We have harvested tumors from murine skin and performed single-cell suspension culture as 

described previously19. Tumors were collected in cold 1X PBS for tumor digestion. The tumor 

specimens were minced in 1X PBS and subsequently immersed in a solution of 0.25% trypsin-

EDTA (Cat no: T4799, Sigma). Furthermore, the tumor samples were incubated at 4°C overnight 

in the 0.25% trypsin-EDTA. The following day, minced tumor samples were kept at 37˚C for 15 

minutes. The activity of trypsin-EDTA was inhibited using complete DMEM media. The single-

cell suspension was collected using a 70μm strainer and then filtered through a 40μm strainer. The 

cells were collected by spinning them in a centrifuge at 200g for 5 minutes. Furthermore, the pellet 

was resuspended in Fluorescence-activated cell sorting (FACS) buffer containing 1X PBS and 5% 

chelated fetal bovine serum. 

➢ Isolation of CSCs from murine skin SCC tumors: 

We isolated CSCs using specific markers, such as Lin- (FITC)/Epcam+(PE-Cy7)/α6 integrin 

(PE)/CD34 (APC), from murine skin SCC tumors65. To remove cells from different blood lineages, 

we used antibodies, including CD45 (excludes all hematopoietic cells except mature erythrocytes 

and platelets), CD31 (endothelial cells), and CD140a (fibroblasts). Furthermore, we stained the 

cells using specific antibodies after preparing the single-cell suspension. These included anti-CD45-

FITC (Cat no: 103108, Biolegend), anti-CD31-FITC (Cat no: 102406, Biolegend), anti-CD140a-

FITC (Cat no: 11-1401-82, eBioscience), and anti-Epcam-PE-Cy7 (Cat no: 118216; BioLegend), 

anti-mouse CD34 biotin (Cat no: 13-0341-85; bioscience), and anti-α6 integrin-PE (Cat no: 555736; 

BD Pharmingen). The secondary antibody staining was done using streptavidin-APC (Cat no: 

554067; BD Pharmingen). The viable cells were selected based on propidium iodide (PI) staining 

(Cat no: P4170; Sigma). We removed all cells from different blood lineages using FITC gating, as 

all the antibodies for each lineage were labeled with FITC. Additionally, we sorted the cells using 

PE-Cy7 to select EpCAM-positive cells. Furthermore, we sorted the cells using a PE-Mouse IgG2a 

k isotype control (Cat no: 555574; BD Pharmingen) to identify cells expressing anti-α6-integrin 

conjugated to PE. Additionally, we used streptavidin-APC to exclude cells exhibiting non-specific 

binding of the secondary antibody. We have also provided the staining strategy in Supplementary 
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Table 2. FACS was performed on the FACSAria-III and analysed with FACS FlowJo (BD 

Bioscience). We collected the FACS-sorted cells in the media and used them for 

immunofluorescence (IFA). The gating strategy is provided in Supplementary Fig. 16b. 

➢ Human sample collection: 

We collected snap-frozen tumour biopsies from advanced-stage, treatment-naïve oral SCC from the 

tumour tissue repository of Tata Memorial Centre (TMC)-ACTREC and Tata Memorial Hospital 

(TMH). We performed IHC of different markers (SFRP1, EZH2, WNT7B, c-JUN) using the 

retrospectively collected cohort (n=59). Our study protocol was approved by the ACTREC-TMC 

Institutional Ethics Committee (IECIII) for the collection and use of oral SCC tissue samples (Study 

Protocol #900188). It was conducted in accordance with the Declaration of Helsinki. We have also 

collected normal oral mucosa tissues (adjacent margin) (n=12) as controls under the study protocol 

#900188. Additionally, we collected paraffin-embedded blocks (Retrospective samples, n=28) 

from advanced-stage treatment-naïve and prior-treated skin SCC patients at TMH. Furthermore, we 

have also collected normal skin tissue as a control under study protocol #900939, which was 

performed in accordance with the Declaration of Helsinki. Moreover, we collected prospective 

samples (n=6) of advanced-stage, treatment-naïve and prior-treated skin SCC from TMH and 

ACTREC-TMC. Informed consent was obtained from all the patients. The fresh tumor biopsies 

were directly collected in a tissue storage solution (Cat no: 130-100-008; Miltenyi Biotec) from the 

surgery room. We have also collected normal skin tissues (adjacent margin) (n=10) as a control 

under the study protocol #900939. Furthermore, we have performed FACS to sort the CSCs 

population from fresh tumour biopsies of advanced-stage skin SCC patients. Our study protocol 

was approved by the ACTREC-TMC Institutional Ethics Committee (IECIII) for the collection and 

use of the skin SCC tissue samples (Study Protocol #900939). We assigned a unique code to the 

tumor samples collected from patients, which was used for all subsequent experiments. 

➢ Isolation of CSCs from the skin SCC patient tumor and normal skin (adjacent margin): 

We collected the tumor biopsies and normal skin (adjacent margin) in a tissue storage solution. The 

tumors were then sterilized with a 10% iodine solution for 5-10 minutes, followed by three washes 

with 1X PBS. The tumor was minced, chopped into small pieces, and digested in 0.25% Trypsin-

EDTA overnight at 4°C. The following day, tumor samples were incubated at 37°C for 15 minutes, 

and a single-cell suspension culture was prepared by passing the mixture through 70µm and 40µm 

filters. Furthermore, the single-cell suspension was washed with 1X PBS, centrifuged at 1000g for 
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5 minutes, and resuspended in 500μl FACS buffer (5% FCS in 1X PBS). Next, the single-cell 

suspension was stained with the antibody mixture of different blood lineage markers anti-CD2-PE 

(Cat no: 555327; BD Bioscience), anti-CD3-PE (Cat no: 555340; BD Bioscience), anti-CD10-PE 

(Cat no: 555375; BD Bioscience), anti-CD18-PE (Cat no: 555924; BD Bioscience), anti-CD16-PE 

(Cat no: 555407; BD Bioscience), anti-CD31-PE (Cat no: 555446; BD Bioscience), anti-CD64-PE 

(Cat no: 558592; BD Bioscience), anti-CD140b-PE (Cat no: 558821; BD Bioscience) and CSCs 

marker anti-human-CD133-APC (Cat no: 566597; BD Pharmingen). After the antibody incubation, 

cells were washed with 1X PBS, centrifuged at 1000g for 5 minutes, and resuspended in 500μl 

FACS buffer containing propidium iodide (PI). Live cells were gated using PI staining. The isotype 

controls, anti-human PE IgG2κ (Cat no: 555574; BD Bioscience) and anti-human APC IgG1κ (Cat 

no: 555749; BD Bioscience), were used to exclude non-specific binding. We FACS-sorted Lin- 

CD133+ cells as CSCs and Lin- CD133- cells as non-CSCs from both tumor biopsies and normal 

skin (adjacent margin). We have also provided the detailed staining strategy in Supplementary 

Table 1. We performed FACS sorting using the FACS Aria I or III and analyzed the data with 

FACS FlowJo software. We FACS-sorted the cells directly into RNA lysis buffer (Cat no: 400791-

13, Agilent Technologies) for RNA isolation. The gating strategy is provided in Supplementary 

Fig. 16a. 

➢ Murine primary cell culture: 

We FACS-isolated Lin-/EpCAM+/CD34+/α-6 integrin+ (murine skin CSCs) from the WT SCC, 

Sfrp1+/- SCC, and Sfrp1-/- SCC tumors. We seeded the FACS-sorted cells onto coverslips and 

cultured them for six hours in E-media supplemented with 15% FBS (Cat no: SH30037.3, Hyclone), 

5mg/ml Insulin (Cat no: IPP00, Sigma), Transferrin (Cat no: T2252, Sigma), 4mg/ml 

hydrocortisone (Cat no: # 386698, Calbiochem), 10^-6 M cholera toxin (Cat No: # 150005, MP 

Biochemicals), and 1% antibiotic-antimycotic (Cat no: 15240062, Gibco). The cells were incubated 

at 37°C, 5% CO2. Furthermore, we used sorted cells to perform IFA for different markers, such as 

KERATIN-14 and VIMENTIN. 

➢ Human cell line culture: 

We have used the HEKa (Cat no: C0055C, Invitrogen), HOK (Cat no: #2610, Science Cell) as skin 

and oral control cell lines respectively, and the A3886 skin SCC cell line, a generous gift from Dr. 

Colin Jamora (Shiv Nadar University, Delhi)66. These cell lines were cultured in the DMEM (Cat 

no: 12800017; Gibco) containing 10% FBS (Cat no: RM10409, Hi-media) and 1% antibiotic 
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solution. We have also used the advanced-stage patient-derived skin SCC cell line ACSCC167. 

Furthermore, we have also used the patient-derived treatment-naïve advanced-stage oral SCC cell 

lines ACOSC3, ACOSC4, and ACOSC16 established in our laboratory68. We cultured all the oral 

SCC cell lines in MEM (Cat no: 61100061, Gibco) containing 10% FBS (Cat no: 1082147, Gibco), 

10% horse serum (Cat no: 26050088, Gibco), and 1% antibiotic solution. We used 0.25% Trypsin-

EDTA to passage all the cell lines. The cell lines and primary keratinocytes were maintained in the 

incubator at 37°C, 5% CO2. 

➢ Generation of shRNA-mediated knockdown and overexpression cell lines: 

We have obtained Institutional Biosafety Committee (IBSC) approval to conduct lentiviral work. 

(Study Protocol number: 04/2019). We have generated the shRNA-mediated knockdown of JNK 

in the A3886 skin SCC cell line. We have used the 3rd generation lentiviral vector Tet-pLKo-puro 

(Gift from Dr. Neelam Shirshat; Addgene plasmid Cat no: #21915). The shRNA was designed using 

the Broad Institute platform (https://portals.broadinstitute.org/gpp/public/seq/search). The 

generation of the stable knockdown cell line, lentivirus, was produced by Lipofectamine LTX 

(Invitrogen) transfection in the HEK293FT cells with the shRNA cloned vector and the helper 

plasmids psPAX2 (Addgene plasmid Cat no: #12260), pMD2.G (Addgene plasmid Cat no: 

#12259), and pAdvantage vector (Promega). We maintained HEK293FT cells in DMEM with 10% 

FBS and 1% antibiotic solution. We collected the viral supernatant and filtered it through a 0.45µm 

filter after 72 hours of transfection. Furthermore, A3886 cells were transfected with the virus and 

polybrene (4 µg/µl) for 24 hrs. We changed the media and selected the transfected cells using 

puromycin (1 µg/ml) (Cat. no. P8833, Sigma). After 15 days of selection, doxycycline (1µg/ml) 

(Cat no: D9891, Sigma) was added to the media for 48 hours to induce the shRNA expression. We 

used a 1 µg/ml doxycycline concentration (up to 48 hours) for all in vitro experiments. Furthermore, 

we have fed the doxycycline-containing food (Cat. no. S3888, Bioserv) to NOD/SCID mice to 

induce shRNA expression for the in vivo tumorigenesis assay. 

We have purchased the Sfrp1-mGFP (Cat no: RC207328L4, Origene) cDNA clone in the Lenti 

vector for the overexpression of the Sfrp1 protein in the A3886 skin SCC cell line, ACOSC3, 

ACOSC4, and ACOSC16 oral SCC cell lines. Stable Sfrp1 overexpression cell lines were generated 

by lentivirus production abovementioned in the protocol. Furthermore, all cells were transfected 

with the virus and polybrene (4 µg/µl) for 24 hours. We selected the transfected cells based on GFP 
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fluorescence and plated them in a 24-well plate. As soon as the single colony was visible, the clone 

was amplified, and protein was extracted to assess Sfrp1 overexpression. 

➢ FACS analysis of skin SCC cell line and primary keratinocytes (HEKa): 

We have used skin SCC cell lines (A3886 and ACSCC1) to sort the CSCs population using the 

CD133 marker. We have also taken the HEKa cells as a control. We allowed the cells to grow until 

they reached 80% confluency. We harvested the cells using 0.25% Trypsin-EDTA, washed them 

with 1X PBS, centrifuged at 1000g for 5 minutes, and resuspended them in 500μl FACS buffer (5% 

FCS in 1X PBS). We stained the cells with anti-human CD133-PE (Cat no: 566594, BD Bioscience) 

and incubated them on ice for 30 minutes. Furthermore, we washed the stained cells with 1X PBS, 

centrifuged at 1000g for 5 minutes, and resuspended them in 500μl FACS buffer containing PI. We 

selected the viable cells based on PI staining. The isotype control IgG1κ was used for the 

experiment. We FACS-sorted CD133+ cells as CSCs and CD133- cells as non-CSCs from the skin 

SCC cell line. We have also sorted the CD133- cells (non-CSCs) from the HEKa. FACS analysis 

and processing were performed on the FACS Aria I or III using FACS FlowJo software. We FACS-

sorted the cells into media and RNA lysis buffer. The FACS-sorted cells were used for spheroid 

formation, serial transplantation, RNA isolation, and western blot analysis. The gating strategy is 

provided in Supplementary Fig. 17a. 

➢ FACS analysis of oral SCC cell lines: 

We have used oral SCC cell lines ACOSC3, ACOSC4, and ACOSC16 to sort the CSCs population. 

We used CSCs markers such as CD44 and ALDH (aldehyde dehydrogenase). We have allowed all 

the cells to grow till 80% confluency. We harvested the cells using 0.25% Trypsin-EDTA, washed 

them with 1X PBS, centrifuged at 1000g for 5 minutes, and resuspended them in 500μl FACS buffer 

(5% FCS in 1X PBS). Viability staining was performed on the residual suspension employing the 

Zombie Aqua Fixable Viability kit (Cat no: 423101, Biolegend). In brief, the dye stock was diluted 

1:500 in 1X PBS, and the cell suspension was stained with this dilution for 15 minutes at ambient 

temperature. Subsequently, the cells underwent washing with FACS buffer to terminate the staining 

process. The cells were incubated on ice for 30 minutes, with gentle tapping to prevent them from 

pelleting. A wash was given with FACS buffer to tubes, followed by a centrifuge at 1000g for 5 

min. The supernatant was discarded, and the pellet was resuspended in 200µl FACS buffer. The 

pellet was resuspended in 500µl AldeRed buffer. 2µl DEAB reagent was added to the tube. 2µl 

AldeRed reagent (Cat no: SCR150, Merck) was added to the test tube and given a quick mix by 
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gentle tapping. At the end of the incubation, the cells were washed with FACS buffer, then 

centrifuged at 1000g for 5 minutes. Furthermore, we resuspended the cells in 200μl FACS buffer 

and added the CD44-APC antibody. The tubes were kept on ice for 30 minutes with gentle tapping 

every 10 minutes. At the end of the incubation, the cells were washed with FACS buffer, then 

centrifuged at 1000g for 5 minutes. Furthermore, we have resuspended the cells in 500μl FACS-

buffer. We FACS-sorted CD44+/ALDHbright as CSCs and CD44-/ALDHdim as the non-CSCs 

population. We have also provided the staining strategy in Supplementary Table 3. FACS analysis 

and processing were performed on the FACS Aria I or III using FACS FlowJo software. Gating 

strategy is provided in the Supplementary Fig. 17b 

➢ In vivo tumorigenesis assay of skin SCC and oral SCC cell lines: 

To determine the tumorigenic potential of skin SCC cell line (A3886 VC, A3886 Sfrp1 OE) and 

oral SCC cell lines (ACOSC4 VC, ACOSC4 Sfrp1 OE, ACOSC3 VC, ACOSC3 Sfrp1 OE, and 

ACOSC16 VC, ACOSC16 Sfrp1 OE), We mixed one million cells from each cell line in 100μl 

media: matrigel (3:1). We subcutaneously injected the mixture of cells and matrigel into the flank 

of NOD/SCID mice. The tumor volumes were assessed using vernier calipers every week. 

Furthermore, we plotted the tumor with respect to time using GraphPad Prism 8. 

➢ In vitro spheroid formation assay: 

We FACS-sorted 10,000 CSCs and non-CSCs from the skin SCC cell line (A3886, ACSCC1), 

collected them in media, and centrifuged them at 400g for 15 minutes at 4°C. The cells were 

resuspended in 1ml serum-free media (Cat no: #05620, Stem Cell Technologies), seeded in ultra-

low attachment plates, and incubated at 37°C for 8-10 days. Additionally, we have performed 

spheroid formation with A3886 VC CSCs and A3886 Sfrp1OE CSCs. We have collected 10,000 

FACS-sorted A3886 VC CSCs and A3886 Sfrp1 OE CSCs, resuspended them in 1ml serum-free 

medium, seeded them in an ultra-low attachment plate, and incubated them at 37°C for 8-10 days. 

The spheroids were counted manually to compare A3886 VC CSCs and A3886 Sfrp1 OE CSCs. 

We acquired the images of the spheroid using the Nikon Ti Eclipse microscope. The number of 

spheroids were plotted in GraphPad Prism 8. 
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➢ In vivo tumorigenesis assay of skin CSCs: 

To understand the role of Sfrp1 in regulating CSCs, we have isolated 20,000 CSCs from the A3886 

VC and A3886 Sfrp1 OE cells using FACS. We mixed the FACS-sorted cells with 75μl DMEM 

and 25μl Matrigel in a 3:1 ratio and injected the mixture subcutaneously into the flank of 

NOD/SCID mice. We monitored tumor progression weekly and assessed tumor volumes using a 

vernier caliper. The mice were sacrificed when tumor volumes reached 20mm in diameter. The 

tumor volumes were plotted with respect to time using GraphPad Prism 8. 

➢ Serial transplantation assay of skin CSCs: 

To understand the self-renewal capacity of CSCs in vivo, we have serially transplanted the CSCs 

subcutaneously in the flank of NOD/SCID mice. We have isolated the 20,000 CSCs from the A3886 

skin SCC cell line by FACS. CSCs were 1st transplanted subcutaneously in the flank of NOD/SCID 

mice after being mixed with the 75μl DMEM and 25μl Matrigel (3:1). Tumors were monitored 

weekly, tumor volumes were assessed using a vernier caliper, and mice were sacrificed when tumor 

volumes reached 20mm in diameter. Tumours were harvested, and FACS was performed to isolate 

CSCs from the tumours and to transplant them into NOD/SCID mice. Similarly, we have performed 

three consecutive serial transplantations of 20,000 CSCs to show the self-renewal capacity. The 

tumor volumes were plotted with respect to time using GraphPad Prism 8. 

➢ In vivo metastasis assay: 

We FACS-isolated CSCs from the A3886 VC and A3886 Sfrp1 OE and collected them in ice-cold 

DMEM media. The FACS-sorted CSCs were centrifuged at 400g for 15 minutes at 4°C and then 

resuspended in 100µl of incomplete DMEM medium. We injected the 20,000 CSCs from the A3886 

VC and A3886 Sfrp1 OE through the tail vein of NOD/SCID mice. We monitored the injected mice 

for 30 days. Furthermore, the mice were sacrificed, and we harvested their lungs for analysis to 

identify metastasis. The number of metastatic colonies was counted and plotted in GraphPad Prism 

8 to represent the number of metastases per lung. 

➢ PET/CT analysis: 

We investigated the metastasis of A3886 VC, A3886 Sfrp1 OE, ACOSC4 VC, ACOSC4 Sfrp1 OE, 

ACOSC3 VC, ACOSC3 Sfrp1 OE, ACOSC16, and ACOSC16 Sfrp1 OE cell lines in NOD/SCID 

mice using PET and CT analysis. We intravenously injected 50-60 μCi (75-100 μl) of 18F FDG via 

the tail vein and sacrificed the mice 1-hour post-injection. We positioned the mice on the PET 

scanner bed and conducted a 5-minute scan, with each frame lasting 30 seconds. We analyzed the 
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reconstructed images using Visual Eye software (Bioemtech) and delineated the region of interest 

(ROI) around the tumor to quantify PET activity. Additionally, we performed CT scans on the mice 

to assess lung metastasis, using a Quantum GX2 scanner (Perkin Elmer) for a 4-minute scan. We 

analyzed the CT images with Analyze Direct (Analyze 14.0 Software). 

➢ Clonogenic assay: 

We seeded 3,000 A3886 VC and A3886 Sfrp1 OE cells to assess colony-forming capacity. The 

colony-forming capacity was observed for 7-10 days. Furthermore, colonies were fixed using the 

4% PFA for 15 minutes. The colonies were washed with 1X PBS twice and stained with 0.05% 

crystal violet for 45 minutes at room temperature. The crystal violet solution was discarded, 

followed by two washes of 1X PBS. Colonies were counted and plotted in GraphPad Prism 8. 

➢ BrdU cell proliferation assay: 

To study cell proliferation in A3886 VC and A3886 Sfrp1 OE, we serum-starved the cells for 36 

hours to synchronise the cell cycle. Furthermore, the complete DMEM medium containing BrdU 

(10µM) was added and incubated for 10 hours. The cells were fixed with 4% PFA for 20 minutes, 

followed by 0.3% Triton X treatment for 20 minutes for cell permeabilization. Next, 2N HCl 

treatment was given for 45 minutes at 37°C. The BrdU +ve cells were stained with anti-BrdU 

antibodies and detected by an IFA assay. The 50 fields were counted and plotted as % of BrdU +ve 

cells. The images were acquired using the Zeiss LSM780 confocal microscope. BrdU +ve cells 

were plotted in GraphPad Prism 8. 

➢ Cell cycle analysis: 

We serum-starved A3886 VC and A3886 Sfrp1 OE cells for 36 hours to synchronize the cell cycle, 

followed by adding a complete medium for 48 hours. The cells were harvested using a 0.25% 

Trypsin-EDTA solution. The cells were washed with 1X PBS, centrifuged at 1000g for 5 minutes, 

resuspended in 200 200µl 1X PBS, and fixed with 70% ethanol. The cells were centrifuged at 1000g 

for 10 minutes and resuspended in the 500µl 1X PBS. PI (1mg/ml) and RNase A (1mg/ml) (Cat no: 

556746, Sigma) were added and incubated at 37°C for 20 minutes. The cells were acquired for cell 

cycle on the Attune Nxt (Thermofisher) machine and analyzed using ModFit software. The 

percentages of cells in the different phases of the cell cycle were plotted using GraphPad Prism 8. 
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➢ TOP/FOP Flash assay: 

The transcriptional activity of β-CATENIN in A3886 VC and A3886 shJNK (JNK knockdown) 

cells was assessed using the TOP/FOP reporter system. We used the M50 Super 8× TOPflash 

reporter plasmid, which contains TCF/LEF binding sites attached to the luciferase reporter (Gift 

from Dr. Neelam Shirshat, Addgene plasmid Cat no:#12456). The plasmid pCS-CG, which contains 

the gene for enhanced green fluorescent protein (EGFP) (Addgene plasmid Cat. no. #12154), was 

used to evaluate transfection efficiency. A3886 VC and A3886 shJNK cells were transfected with 

a vector expressing Renilla luciferase (Promega) and a firefly luciferase reporter plasmid TOP 

Flash, where β-CATENIN binds, or the negative control FOP Flash. We performed the transfection 

using Lipofectamine LTX in 1 x 10^5 cells. After 24 hours of incubation, we collected the cells and 

analyzed them to determine the levels of firefly and Renilla luciferase activity. The luciferase 

activity was measured in the total protein lysate of the transfected cells and adjusted based on the 

Renilla luciferase fluorescence using the Cytation 5 Hybrid Multimode Reader (Agilent 

Technologies) as per the manufacturer’s recommendation. 

➢ Immunofluorescence (IFA) assay of tumor and cultured cell lines:  

We embedded the tumor tissues in OCT (Cat no: 14020108926, Leica) and cut 5-7µm sections on 

slides. The sections were fixed using 4% paraformaldehyde (4% PFA) or chilled acetone for 20 

minutes, then rinsed with 1X PBS three times, each for 5 minutes. In the case of the cultured or 

FACS-sorted cells, the cells were seeded on the coverslips and fixed with 4% PFA for 15 minutes. 

We treated the tissue sections with 0.1% or 0.3% Triton-X for 15 minutes at room temperature for 

permeabilization. Furthermore, blocking was performed using 5% normal goat serum (NGS) for 1 

hour at room temperature. Primary antibodies were incubated overnight at 4°C. The following day, 

sections were rinsed with the 1X PBS wash three times for 5 minutes each to remove the primary 

antibody, and the secondary antibody was incubated for 1 hour at room temperature. Hoechst 

(1mM) was used for nuclear staining for 5 minutes, and slides were mounted using Vectashield 

antifade (Cat no: H-1000; Vector Lab). The images were acquired using the Zeiss LSM780 confocal 

microscope.  

➢ Immunohistochemistry (IHC) assay: 

We performed IHC on paraffin-embedded tumour sections from advanced-stage skin and oral SCC 

patient samples. The tumor sections were heated, deparaffinized at 65°C, and rehydrated. Antigen 

unmasking was carried out with Tris-EDTA buffer (600mg Tris and 180mg EDTA for 500ml and 
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250μl Tween-20) (pH 9.0) for cytoplasmic and nuclear proteins (EZH2, c-JUN, and SFRP1) sodium 

citrate buffer (2.57g Sodium citrate for 500 ml and 250μl Tween-20) (pH 6.0) for membrane protein 

(WNT7B) in the microwave at 50%-70% power for 10-12 minutes. Furthermore, we blocked 

endogenous peroxidase activity at room temperature using 5% H2O2 in methanol for 10 minutes. 

We performed blocking with 5% normal horse serum (NHS) at room temperature for 1 hour. We 

added the primary antibody, prepared in the 5% blocking buffer, to the sections and incubated them 

at 4°C overnight. The following day, sections were washed at room temperature with 0.2% PBST 

(PBS with Triton-X) 3 times for 5 minutes. The universal biotinylated secondary antibody was 

added to the sections for 1 hour, followed by the treatment of freshly prepared avidin-biotin reagent 

(ABC reagent) (Cat no: PK6200, Vector lab) for 1 hour at room temperature. Diaminobenzidine 

(DAB) was used as a substrate to detect HRP activity. The counterstaining was performed with 

hematoxylin for 30 seconds, and Dibutylphthalate Polystyrene Xylene (DPX) mountant (Cat no: 

100579, Merck) was used to mount the slides. The IHC images were acquired using the Leica 

Microsystems CMS fluorescence microscope (Leica). IHC slides were scored by molecular 

pathologists. IHC score was represented by the H-Score (0-300), based on the intensity of staining. 

For more details, refer to the section Image acquisition and Statistical analysis. 

➢ RNA isolation and Real-Time PCR: 

We cultured the cell lines in 60mm plates until 80% confluency for RNA extraction. The complete 

medium was removed, and the cells were washed three times with chilled 1X PBS. Next, cells were 

lysed using 1ml TRIZOL (Cat no:T3934, Merck) and the lysate was collected into a 1.5ml 

centrifuge tube. In the case of the tumor tissue, we have minced the tissue using liquid nitrogen 

(LN2). The fine powder of tumor tissue was collected in the 1.5ml centrifuge tube, and 1ml 

TRIZOL was added. Furthermore, the samples were frozen at -80⁰C for future use. The samples 

were thawed on ice, and 250μl of chloroform was added to the tube. Tubes were shaken vigorously 

and kept undisturbed for 10 minutes at RT. The samples were centrifuged at 12000g for 15 minutes 

at 4°C, and the aqueous upper layer (40%) was carefully pipetted out without disturbing the 

interphase and transferred into a fresh 1.5ml tube. We have added 500μl of isopropanol and mixed 

gently by inverting the tubes several times. Tubes were then left undisturbed for 10 minutes at RT. 

Furthermore, the samples were centrifuged at 12000g for 10 minutes at 4°C. The supernatant was 

discarded, and the pellet was resuspended in 1ml 75% ethanol. Samples were then centrifuged at 

7600g for 10min. The supernatant was discarded, and the pellet was air-dried. RNA was dissolved 
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in the 20μl nuclease-free water. The quality and concentration of RNA were analyzed using the 

Nano-Drop Spectrophotometer (Thermo Scientific). 

RNA isolation from the FACS-sorted CSCs was performed using the picopure RNA isolation kit 

as per the manufacturer’s recommendation (Cat no: KIT0204, Applied Biosystems). The RNA 

quality and integrity were assessed using the high-sensitivity RNA ScreenTape on the 4200 

Tapestation system (Agilent Technologies). 

The first strand of cDNA was synthesized using the Primescript RT reagent kit (Cat no: RR037A, 

Takara) in 20µl of the final volume. A total of 1μg of RNA was converted into cDNA. We have 

used a 10ng/μl final concentration of cDNA for Real-Time PCR analysis. Real-Time PCR assay 

was performed using 5 ng of cDNA as a template with TB Green Premix (Cat. no. RR820A, Takara) 

on the QuantStudio V (Applied Biosystems). β-Actin, GAPDH, and RPS13 genes were used as 

internal controls for normalization. Each gene's fold change was calculated using the standard 2^-

ΔΔCt method. Real- PCR primer details are in the Supplementary Table 4. 

➢ Protein isolation from cultured cell lines, SCC tumor, and FACS-sorted CSCs: 

We cultured the primary keratinocytes until they reached 80-85% confluency in 100mm Petri 

plates. We washed the cells twice with ice-cold 1X PBS for 5 minutes. We added 400µl of RIPA 

buffer (Cat no: R2078, Sigma) and 1X of protease/phosphatase inhibitors (Roche) and kept the 

mixture on ice for 15 minutes. We scraped the cells using a cell scraper and centrifuged the lysate 

at 12,000g for 15 minutes at 4°C. The supernatant was transferred to fresh tubes and stored at -

80°C. The protein estimation was performed using the Bradford assay as per the manufacturer’s 

recommendation (Cat no: ML106, Himedia).  

Furthermore, a small tumor was minced in liquid nitrogen to isolate protein from the SCC tumors. 

The resulting fine powder was collected, and 350µl of RIPA buffer containing the inhibitor 

(Phosphatase & Protease) cocktail was added. The sample was snap-frozen and stored at -80°C. 

The following day, the sample was allowed to thaw on ice and vortexed vigorously at 10-minute 

intervals. Once the sample was thawed completely, the lysate was centrifuged at 12,000g for 30 

minutes at 4°C. The supernatant was transferred to fresh tubes and stored at -80°C. The protein 

estimation was performed using the Bradford assay as per the manufacturer’s recommendation (Cat 

no: ML106, Himedia). Furthermore, FACS-sorted CSCs and non-CSCs were collected in complete 

DMEM to isolate the protein from the FACS-sorted CSCs. The cells were centrifuged at 1000g for 

15 minutes at 4°C. The cell pellet was washed with 1X PBS for 5 minutes, resuspended in 150μl of 
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RIPA buffer containing the inhibitor cocktail, and kept on ice for 30 minutes. The lysate was 

centrifuged at 12,000g for 30 minutes at 4°C. The supernatant was collected and stored at -80°C. 

The protein estimation was performed using the Bradford assay as per the manufacturer’s 

recommendation (Cat no: ML106, Himedia).  

➢ ChIP-qPCR assays: 

A3886 VC, A3886 Sfrp1 OE, ACOSC4 VC, ACOSC4 Sfrp1 OE, ACOSC3 VC, ACOSC3 Sfrp1 

OE, ACOSC16, ACOSC16 Sfrp1 OE cell lines were used to assess the binding of c-JUN on the 

SOX2 promoter region. A3886 VC, A3886 + DAC, ACOSC4 VC, ACOSC4 + DAC, ACOSC3, 

and ACOSC3 + DAC cells were used to assess the binding of H3K27me3 on the SFRP1promoter 

region, H3K27ac on the SFRP1 promoter region, 5 methyl Cytosine (5-mc) on the SFRP1promoter 

region, SOX2 binding on the HIF1α promoter region, and HIF1α binding on the SLC2A2, HK2, and 

LDHA promoter region.  

One million cells were cross-linked by adding 0.75% formaldehyde into the media and gently 

spinning the mixture at room temperature for 10 minutes. 125mM Glycine was used to quench the 

cross-linking of the cells, which were scraped and centrifuged at 1000g for 5 minutes at 4°C. 

Furthermore, the pellets were resuspended in the ChIP lysis buffer (50mM HEPES-KOH, pH 7.5, 

140mM NaCl, 1mM EDTA, pH 8 1% Triton X-100, 0.1% Sodium Deoxycholate, 0.1% SDS) and 

sonicated using a bioruptor (Diagenode) to produce chromatin fragments of 200-1000 bp in size. 

To understand the enrichment of histone marks and DNA methylation pattern on the Sfrp1 

promoter, we have also performed the Mono-nucleosomal ChIP using the MNase (Cat no: M0247S, 

NEB) treatment on the chromatin. 

4µg of c-JUN (Cat no: #9165, CST), 5µg of H3K27me3 (Cat no: #9733, CST), 4µg of H3K27ac 

(Cat no: #8173, CST), 5µg of 5-methylcytosine (5-mc),  4µg of Sox2 (Cat no: ab92494, abcam), 

4µg of HIF1α (Cat no: SAB2702132, Sigma) were incubated with 10-15µg of chromatin overnight 

at 4°C, followed by incubation with Sepharose protein G beads (Cytiva) for 4 hours at 4°C. 

Furthermore, after multiple washing steps (Low salt buffer) (0.1% SDS 1% Triton X-100, 2mM 

EDTA, 20mM Tris-HCl, pH 8.0, 150mM NaCl), DNA was eluted by reverse crosslinking overnight 

at 65 °C. DNA was purified using by PCR purification kit. Furthermore, for Real-Time PCR, 2µl 

of enriched DNA and 1µM of primers and TB green premix were subjected to 40 cycles of PCR 

using Quant Studio V (Applied Biosystems). The percentage input method was used to calculate 

the enrichment of the genomic region. 1% chromatin was used as input. We have used bead control 
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and IgG control to show the background binding of chromatin. ChIP-qPCR primer details are in 

Supplementary Table 5. 

➢ Western blot analysis: 

The SDS-PAGE gel was prepared using 30% bis-acrylamide. We have used an 8-15% resolving 

gel based on protein molecular weight. Furthermore, samples were mixed with 6X loading dye and 

incubated at 95⁰C for 5 minutes to denature. The 40-60 µg range of protein was loaded in each lane 

and resolved by electrophoresis. The gel was run at 60V for stacking and 80V for resolving at RT. 

Furthermore, the protein was transferred to the 0.45µm PVDF membrane at 180mA for 3 hours at 

4°C (Cat no: IPVH00010, Millipore). The membrane was blocked using the 5% BSA or 5% non-

fat milk powder in 1X TBST (6.2g Tris, 8.76g NaCl, and 1ml Tween-20 for 1 liter) for 1 hour at 

room temperature. The membrane was kept in the primary antibody overnight at 4°C. The following 

day, the membrane was washed with 1X TBST three times for 15 minutes each to remove the 

residual primary antibody. It was incubated at room temperature with HRP-conjugated anti-rabbit 

or anti-mouse secondary antibody for 1 hour. The ECL prime (Cat no: RPN2232, Cytiva) substrate 

was used to develop the membrane on the Chemidoc (Bio-Rad). We have used H3 as an internal 

control for epigenetic modifiers and β-Tubulin as an internal control for the rest of the proteins. The 

densitometric analysis of the western blot was performed with respect to the internal control on the 

Image Lab 6.0 software (Bio-Rad). Antibody details are provided in the Supplementary Table 6. 

➢ Treatment with the pharmacological drug DAC and RAC1i (NSC23766): 

DAC is 5-aza-2-deoxycytidine, a cytosine analog, which inhibits methyltransferase activity. We 

have dissolved the DAC in autoclaved Milli-Q water and used it for cell culture and the in vivo 

tumorigenesis experiment. To impede hypermethylation of the Sfrp1 promoter, we treated the 

A3886, ACOSC4, and ACOSC3 cell lines with 4.2µM DAC for 72 hours. The cells were used for 

the ChIP-qPCR experiment. We have injected one million cells of A3886, A3886 Sfrp1 OE, 

ACOSC4, ACOSC4 Sfrp1 OE, ACOSC3, and ACOSC3 Sfrp1 OE subcutaneously into the flank of 

NOD/SCID mice. Furthermore, the tumor development was monitored weekly, and tumor volume 

was assessed using a vernier caliper. The DAC (0.8mg/kg body weight) was injected 

intraperitoneally twice a week into mice, while the RAC1i/NSC23766 (Rac1 inhibitor) (Cat no: 

HY-15723A, MedChemExpress) (0.5mg/kg body weight) was injected intraperitoneally.69,70. Mice 

were sacrificed when the tumor in the control group reached 20mm. Tumors were harvested from 

the mice and used for the Real-time PCR and western blot. 
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➢ Enzyme/substrate assay: 

We have checked the Pyruvate (Cat no: MAK332, Sigma), Lactate (Cat no: MAK570, Sigma), 

Acetyl Co-A levels (Cat no: MAK039, Sigma), and Lactate dehydrogenase (LDH) activity was 

measured as per the manufacturer’s recommendation (Cat no: MAK066, Sigma). We FACS-sorted 

0.1million skin SCC CSCs and non-CSCs in the LDH assay buffer and centrifuged them at 10,000g 

for 15 minutes at 4°C. NADH was the standard, and five different standard concentrations were 

used for the standard curve (0 to 12.5nmol/well). Furthermore, the substrate was added to the test 

samples, and absorbance was taken at 450nm every 5 minutes till 30 minutes (till the final 

concentration fell within the range of the standard). LDH activity was reported as µmole/min/ml. 

A3886 VC, A3886 Sfrp1 OE, ACOSC4 VC, ACOSC4 Sfrp1 OE, ACOSC3 VC, ACOSC3 Sfrp1 

OE, ACOSC16, ACOSC16 Sfrp1 OE, A3886 + DAC, ACOSC4 + DAC, and ACOSC3 + DAC 

cells were used to identify the substrate levels of Pyruvate, Lactate, and Acetyl Co-A. We used five 

different concentrations for the standard curve (0 to 12.5nmol/well). The enzymes were added and 

incubated at 37°C for 30 minutes. The absorbance was taken at 570nm. Substrate concentration was 

reported in ng/µl, and the graph was plotted using GraphPad Prism 8. 

➢ Glycolytic rate assay by Seahorse experiment: 

We have seeded the skin SCC cell lines (A3886, ACSCC1), HEKa, oral SCC cell lines (ACOSC3, 

ACOSC4, ACOSC16), and HOK in the Agilent Seahorse XF 24-well Cell Culture Microplate (Cat 

no: 103723-100, Agilent) prior day before the experiment. We have also hydrated the sensor 

cartridge in Seahorse XF Calibrant solution at 37 °C in a non-CO2 incubator overnight, a day before 

the experiment. On the day of the experiment, we washed the cells twice with Seahorse assay 

medium (Seahorse XF DMEM) (Cat no: 103575-100, Agilent) adjusted to pH 7.4 (1 mM pyruvate, 

2 mM glutamine, and 10 mM glucose). We kept the cells in the non-CO2 incubator for 2 hours. We 

have changed the medium of the cells and added fresh medium before the measurement of the 

glycolytic rate of the cells. For glycolytic rate measurement, we have injected the 

Rotenone/Antimycin mixture (0.5μM) (Rotenone Cat no: R8875, Sigma) (Antimycin Cat no: 

A8674, Sigma) in Port A and 2-deoxy glucose (2DG) (50mM) (Cat no: D8375, Sigma) in Port B. 

The glycolytic rate was measured on the Seahorse XFe24 Analyzer (Agilent Technologies). 

Furthermore, we have lysed the cells in each well by adding 100μl of RIPA buffer. We have isolated 

the protein from each well and calculated to normalize the Seahorse measurements.  
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➢ TCGA analysis: 

Xena is a web-based database available at https://xenabrowser.net/heatmap/. It is a useful tool for 

viewing and evaluating functional genomic data in the context of clinical research. This platform is 

built in JavaScript. For this study, we used UCSC Xena to generate a correlation heatmap of mRNA 

expression for the EZH2, SFRP1, WNT7B, and c-JUN genes. The analysis was performed on 

patients from the TCGA HNSCC datasets. We evaluated the expression of EZH2, SFRP1, WNT7B, 

and c-JUN and the prognosis of patients with HNSCC, using OS as the endpoint. OS analysis was 

represented by using the Kaplan-Meier plot, and a Cox-regression p-value of less than 0.05 was 

considered. 

➢  RNA sequencing library preparation and data analysis:  

We have performed RNA sequencing analysis on the different combinations described in 

Supplementary Table 7. We used the 5ng of extracted RNA to prepare the 300bp cDNA libraries 

using the SMARTer Stranded Total RNA-seq kit v3- pico input mammalian from Takara Bio Inc., 

per the manufacturer’s recommendation (Cat. No. 634485, Takara Bio). We sequenced the Total 

RNA at 150bp (paired-end) using the Illumina NovaSeq 6000 platform. 60 million paired-end reads 

were generated per sample. Furthermore, QC of generated reads was carried out using FastQC 

version 0.11.9 71, Pre-processing of Raw FASTQ files was done using fastp version 0.23.472. The 

reads were aligned against the human genome assembly (GrCh38) (available on the Ensembl 

database) using HISAT2 version 2.2.173. We converted the SAM file output to a BAM format, and 

the BAM files were sorted by name using SAMtools version 1.674. The quality of the alignment 

was identified using Qualimap version 2.2.275. The counting of the mapped reads was performed 

using feature Counts version 2.0.676. Differential expression analysis was determined by the count 

data with the DESeq2 package version 1.42.077. The PCA of the DESeq2 analysis was done using 

the pca Explorer package version 2.28.078. Volcano plot of the DEGs was plotted using the 

Enhanced Volcano package version 1.20.079. The heatmaps for the DEGs with padj>0.05, top 100 

DEGs, and top 200 DEGs were generated using the Complex Heatmap package version 2.18.080. 

The customized heat maps of genes associated with epigenetic and metabolic signatures were 

generated using the pheatmap package version 1.0.1281. Gene Set Enrichment Analysis (GSEA) for 

A3886 CSCs Vs. non-CSCs and patient sample CSCs vs. non-CSCs were performed using GSEA 

v4.4.3 software hosted by the Broad Institute82. The gene sets used for the analysis were obtained 
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from the molecular signatures database (MSigDB)83. We have deposited all the RNA sequencing 

data under accession code PRJEB101821 in the EMBL-EBI European Nucleotide Archive (ENA). 

➢ Statistical analysis:  

We have performed two-tailed Student t-tests or multiple-t-test followed by Holm-Bonferroni 

correction, for densitometric analysis of Western blot, Real-Time PCR, ChIP-qPCR, 

Enzyme/substrate analysis, and identification of the number of keratin pearls in mice; two-way 

ANOVA followed by Dunnett's test were used to assess the in vivo tumorigenesis experiments, and  

Mann-Whitney test was used to assess the overlap coefficient of markers (KERATIN-14 & 

VIMENTIN) (E-CADHERIN & β-CATENIN), number of lung metastases using GraphPad Prism 

8.  

The densitometric analysis of the western blot was performed on the Image Lab 6.0 software (Bio-

Rad). IHC images were acquired using the Leica Microsystems CMS fluorescence microscope 

(Leica). Luciferase fluorescence was measured using the Cytation 5 Hybrid Multimode Reader 

(BioTek). Cell cycle was performed on the Attune Nxt (Thermofisher) machine and analyzed using 

ModFit software. FACS-sorted cells were acquired using the FACS ARIA-I or III (BD 

Biosciences). FACS data were analyzed using FlowJo software 10.0. PET/CT images were 

analyzed using Analyze Direct 14.0. The spheroid images were taken on the Nikon Eclipse Ti 

microscope. Spheroid images were analyzed using the ImageJ software 6.0. Glycolytic rate was 

measured using the Seahorse xFe24 analyzer. Glyolytic rate was analyzed by using Wave Software 

2.6.1. All the IFA images were analyzed using the Zen black software (Zen 3.0). Furthermore, we 

analyzed the colocalization and overlap coefficient between K14, VIMENTIN, E-CADHERIN, and 

β-CATENIN using Zen black software. 

The two independent pathologists (PG, SR & BR) scored the IHC of markers EZH2, SFRP1, 

WNT7B, and c-JUN. IHC was scored based on the intensity and represented by an H-score (0-300). 

The H-score was plotted using GraphPad Prism 8, and the Mann-Whitney test was performed to 

analyze the data. We used SPSS software to analyze survival analysis (Kaplan-Meier) and the 

normalization of patient data determined by the Spearman Rho test and the Pearson coefficient test. 

OS was determined by comparing the specific markers' Kaplan-Meier (KM) survival curves. These 

markers were considered by multivariate analysis using Cox regression if they were shown to be 

significant by KM analysis. We have used the Mann-Whitney U test for the quantitative comparison 

of H-Scores between skin and oral SCC. We have used biological replicates for all the experiments 
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and analyzed all the statistical data. A p-value of 0.05 or less was considered statistically significant 

for the entire study. 

Data availability statement 

We have deposited all the RNA sequencing data under accession code PRJEB101821 in the EMBL-

EBI European Nucleotide Archive (ENA) and made it publicly available. We have provided FACS 

gating strategies in Supplementary Fig.16 & 17. We have provided FACS staining strategies in the 

Supplementary information (Supplementary Table 1-3). We have provided primer and antibody 

details in the Supplementary information (Supplementary Table 4-6). We have provided the 

statistical analysis of each figure as a Source Data file. We have also provided uncropped blots in 

the Source Data file. 
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5. Figure legends: 

Figure 1: Enrichment of non-canonical Wnt signaling and glycolysis in skin and oral SCC 

patients 

a) Representative image of flow cytometry analysis between CSCs and non-CSCs isolated from 

the advanced-stage skin SCC patient biopsy and normal skin tissue (adjacent margin)  

b) Graphical representation of CSCs and non-CSCs isolated from the advanced-stage skin SCC 

patient biopsy (n=6) and normal skin tissue (adjacent margin) (n=6), mean ± SEM, two-tailed 

Mann-Whitney U test 

c) Validation of CSCs and non-CSCs isolated from the advanced-stage skin SCC patient biopsy 

and normal skin tissue (adjacent margin) by Real-Time PCR, n=3 biological replicates, mean ± 

SEM, two-tailed multiple t-test followed by Holm-Bonferroni correction 

d) Representative image of IHC analysis of SFRP1, WNT7B, and c-JUN in the retrospectively 

collected advanced-stage skin SCC patient samples and normal skin samples (adjacent margin)  

e) Representative image of IHC analysis of SFRP1, WNT7B, and c-JUN in the retrospectively 

collected advanced-stage oral SCC patient samples and normal oral mucosa samples (adjacent 

margin)  

f) Dot plot representing the H-score of SFRP1 marker based on the intensity of the staining, 

advanced-stage skin (n=28) and advanced-stage oral SCC patient samples (n=59), and normal skin 

(n=10) and oral mucosa (n=12) (adjacent margin), mean ± SEM, two-tailed Mann-Whitney U test 

g) Dot plot representing the H-score of WNT7B marker based on the intensity of the staining, 

advanced-stage skin (n=28) and advanced-stage oral SCC patient samples (n=59), and normal skin 

(n=10) and oral mucosa (n=12) (adjacent margin), mean ± SEM, two-tailed Mann-Whitney U test 

h) Dot plot representing the H-score of c-JUN marker based on the intensity of the staining, 

advanced-stage skin (n=28) and advanced-stage oral SCC patient samples (n=59), and normal skin 

(n=10) and oral mucosa (n=12) (adjacent margin), mean ± SEM, two-tailed Mann-Whitney U test 

Source data are provided as a Source Data file 
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Figure 2: Loss of SFRP1 increases non-canonical Wnt signaling and glycolytic rate in skin 

SCC cell line CSCs 

a) Representative image of flow cytometry analysis between CSCs (CD133+) and non-CSCs 

(CD133-) sorted from the A3886 and HEKa cell lines 

b) Representative image of spheroids from human skin SCC CSCs and non-CSCs population from 

A3886 cell line 

c) Graphical representation of the number of spheroid forms in CSCs and non-CSCs population 

after 7 days, n=3 biological replicates, mean ± SEM, two-tailed t-test 

d) Serial transplantation assay by subcutaneous injection of the 20,000 FACS-sorted CSCs 

population in the NOD/SCID mice, n=4 

e) Graphical representation of tumor volume in NOD/SCID mice, 20,000 FACS-sorted CSCs 

serially transplanted three consecutive times, mean ± SEM, two-way ANOVA, n=4 biological 

replicates 

f) Gene expression analysis of the CSCs and non-CSCs by Real-Time PCR, n=3 biological 

replicates, mean ± SEM, two-tailed multiple t-test followed by Holm-Bonferroni correction, 

*P =0.05, **P =0.01, ***P= 0.001 

g) Glycolytic rate measurement of A3886 skin SCC cell line by Seahorse analysis, n=3 biological 

replicates, mean ± SEM, two-tailed t-test 

h) Representative image of western blot analysis of non-canonical Wnt signaling between skin 

SCC cell line (A3886) CSCs and non-CSCs 

i) Densitometric analysis of western blot, mean ± SEM, two-tailed multiple t-test followed by 

Holm-Bonferroni correction, *P =0.05, **P =0.01, ***P= 0.001, n=3 biological replicates 

j) LDH activity assay in skin SCC cell line (A3886) CSCs and non-CSCs, mean ± SEM, two-tailed 

t-test, n=3 biological replicates 

Source data are provided as a Source Data file 
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Figure 3: Sfrp1 knockout increases non-canonical Wnt signaling in murine skin SCC tumor 

and human skin SCC cell line 

a) Representative image of IFA of K14 and VIMENTIN in DMBA/TPA-induced WT SCC, 

Sfrp1+/- SCC, and Sfrp1-/- SCC tumors 

b) Representative image of IFA of K14 and VIMENTIN in WT CSCs, Sfrp1+/- CSCs and Sfrp1-

/- CSCs 

c) Dot plot showing the number of keratin pearls analyzed, mean ± SEM, a two-tailed t-test was 

used for the analysis, n=3 biological replicates.  

d) Dot plot showing the overlap coefficient of K14 and VIMENTIN in SCC tumors, mean ± SEM, 

two-tailed Mann-Whitney U test, n=3 biological replicates 

e) Overlap coefficient of K14 and VIM plotted as a dot plot, n=3 biological replicates, 50 different 

cells were quantified in each group, Mean ± SEM, two-tailed Mann-Whitney U test 

f) Gene expression analysis of Wnt ligands in WT SCC, Sfrp1+/- SCC, and Sfrp1-/- SCC tumors, 

n=3 biological replicates, mean ± SEM, two-tailed multiple t-test followed by Holm-Bonferroni 

correction, *P=0.05, **P =0.01, ***P =0.001 

g) Gene expression analysis of Wnt ligands in the HEKa and A3886 cell lines, n=3 biological 

replicates, mean ± SEM, two-tailed multiple t-test followed by Holm-Bonferroni correction, 

*P=0.05, **P =0.01, ***P =0.001 

h) ChIP-qPCR of c-JUN on the promoter region of SOX2 in the skin SCC cell line (A3886), n=3 

biological replicates, mean ± SEM, two-tailed t-tests 

i) Representative image of a western blot showing the non-canonical Wnt signaling in WT SCC, 

Sfrp1+/- SCC, and Sfrp1-/- SCC tumors 

j) Densitometric analysis of western blot, n=3 biological replicates, mean ± SEM, two-tailed 

multiple t-test followed by Holm-Bonferroni correction, *P=0.05, **P= 0.01, ***P= 0.001 

k) Representative image of a western blot showing the non-canonical Wnt signaling in HEKa and 

A3886 cell lines 

l) Densitometric analysis of western blot HEKa and A3886 cell lines, n=3 biological replicates, 

mean ± SEM, two-tailed multiple t-test followed by Holm-Bonferroni correction, *P=0.05, 

**P =0.01, ***P =0.001 

Source data are provided as a Source Data file 
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Figure 4: Sfrp1 overexpression reduces EMT, tumorigenic potential, and non-canonical Wnt 

signaling in human skin SCC cell line 

a) Representative image of IFA of BrdU +ve cells in A3886 VC and A3886 Sfrp1 OE cell lines 

b) The dot plot shows the percentage of BrdU +ve cells per field in A3886 VC and A3886 Sfrp1 

OE; n=3 biological replicates, mean ± SEM, and two-tailed t-test 

c) In vivo tumorigenesis assay of one million A3886 VC and A3886 Sfrp1 OE cells by injecting 

subcutaneously in NOD/SCID mice, n=5  

d) Graphical representation of tumor volume of A3886 VC and A3886 Sfrp1 OE cell lines in 

NOD/SCID mice at various time points, mean ± SEM, two-way ANOVA, n=5 biological replicates 

e) Representative image of western blot analysis of non-canonical Wnt signaling between A3886 

VC and A3886 Sfrp1 OE cell lines 

f) Densitometric analysis of western blot, n=3 biological replicates, mean ± SEM, two-tailed 

multiple t-test followed by Holm-Bonferroni correction, *P=0.05, **P=0.01, ***P=0.001 

g) Gene expression of EMT markers in A3886 VC and A3886 Sfrp1 OE cell lines by Real Time-

PCR, n=3 biological replicates, mean ± SEM, two-tailed multiple t-test followed by Holm-

Bonferroni correction, *P=0.05, **P=0.01, ***P=0.001 

h) Representative image of IFA of EMT markers VIMENTIN, E-CADHERIN, TWIST1, 

KERATIN-8, and stemness marker SOX2 in A3886 VC and A3886 Sfrp1 OE NOD/SCID mice 

tumors 

i) ChIP-qPCR analysis of c-JUN on the VIMENTIN, TWIST1, ZEB1, CCNE1, CDK6 and SOX2 

promoter region in A3886 VC and A3886 Sfrp1 OE cell lines, n=3 biological replicates, mean ± 

SEM, two-tailed multiple t-test followed by Holm-Bonferroni correction 

Source data are provided as a Source Data file 

 

 

 

 

 

 

 

 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Figure 5: Sfrp1 overexpression reduces the hybrid EMT, tumorigenesis, and metastasis in 

human skin SCC cell line CSCs 

a) Representative image of FACS analysis of A3886 VC and A3886 Sfrp1 OE sorted CSCs 

b) Graphical representation between A3886 Sfrp1 OE CSCs and A3886 VC CSCs, n=3 biological 

replicates, mean ± SEM, two-tailed t-test 

c) In vivo tumorigenesis assay of FACS sorted 20,000 A3886 VC and A3886 Sfrp1 OE CSCs in 

the NOD SCID mice, n=6 

d) Graphical representation of tumor volume at different time points, mean ± SEM, two-way 

ANOVA, n=6 biological replicates 

e) Representative image of IFA of K14 and VIMENTIN in the A3886 VC and A3886 Sfrp1 OE 

CSCs 

f) Dot plot represented the overlap coefficient between K14 and VIMENTIN between A3886 VC 

and A3886 Sfrp1 OE CSCs, n=3 biological replicates, mean ± SEM, two-tailed t-test 

g) Representative image of PET activity of the A3886 VC and A3886 Sfrp1 OE CSCs injected in 

the NOD/SCID mouse 

h) Graphical representation of PET activity in the A3886 VC and A3886 Sfrp1 OE NOD/SCID 

mice, n=3 biological replicates, mean ± SEM, two-tailed t-test 

i) Representative image of lung metastasis by intravenous injection of 20,000 A3886 VC and 

A3886 Sfrp1 OE CSCs metastasized in the lungs of NOD/SCID mice 

j) Representative image of H&E staining of the lung metastasized colonies in the A3886 VC and 

A3886 Sfrp1 OE NOD/SCID mice 

k) Number of lung metastasized colonies arising from the 20,000 A3886 VC and A3886 Sfrp1 OE 

CSCs, mean ± SEM, two-tailed t-test, n=6 biological replicates 

l) Graphical representation of %lung metastases in the A3886 VC and A3886 Sfrp1 OE 

NOD/SCID mice, n=6 biological replicates, mean ± SEM, two-tailed t-test 

Source data are provided as a Source Data file 
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Figure 6: Sfrp1 overexpression reduces in vivo tumorigenesis and metastatic potential in oral 

SCC cell lines 

a) Representative image of western blot analysis of non-canonical Wnt signaling in ACOSC4 VC, 

ACOSC4 Sfrp1 OE, ACOSC3 VC, ACOSC3 Sfrp1 OE, ACOSC16 VC, and ACOSC16 Sfrp1 OE 

cell lines  

b) Densitometric analysis of non-canonical Wnt signaling in ACOSC4 VC, ACOSC4 Sfrp1 OE, 

ACOSC3 VC, ACOSC3 Sfrp1 OE, ACOSC16 VC, and ACOSC16 Sfrp1 OE, NOD/SCID mice, 

mean ± SEM, two-tailed multiple t-test followed by Holm-Bonferroni correction, *P =0.05, 

**P= 0.01, ***P= 0.001, n=3 biological replicates 

c) In vivo tumorigenesis assay of one million ACOSC4 VC, ACOSC4 Sfrp1 OE, ACOSC3 VC, 

ACOSC3 Sfrp1 OE, ACOSC16 VC and ACOSC16 Sfrp1 OE cell lines, n=3 

d) Graphical representation of tumor volumes of ACOSC4 VC, ACOSC4 Sfrp1 OE, ACOSC3 VC, 

ACOSC3 Sfrp1 OE, ACOSC16 VC, and ACOSC16 Sfrp1 OE, NOD/SCID mice, mean ± SEM, 

two-way ANOVA, *P =0.05, **P= 0.01, ***P= 0.001, n=3 biological replicates 

e) ChIP-qPCR analysis of c-JUN on the promoter region of SOX2 in the ACOSC4 VC, ACOSC4 

Sfrp1 OE, ACOSC3 VC, ACOSC16 Sfrp1 OE, ACOSC3 VC, and ACOSC16 Sfrp1 OE cell lines, 

n=3 biological replicates, mean ± SEM, two-tailed multiple t-test followed by Holm-Bonferroni 

correction 

f) Representative image of PET activity of ACOSC4 VC, ACOSC4 Sfrp1 OE, ACOSC3 VC, 

ACOSC3 Sfrp1 OE, ACOSC16 VC, and ACOSC16 Sfrp1 OE NOD/SCID mice 

Source data are provided as a Source Data file 

 

Figure 7: EZH2-mediated loss of SFRP1 in the skin and oral SCC cell lines 

a) GSEA showing the enrichment of PRC2-mediated DNA and histone methylation in the human 

skin SCC FACS-sorted CSCs and non-CSCs 

b) Validation of epigenetic modifiers in CSCs (CD133+) isolated from the advanced-stage skin 

SCC patient biopsy and normal skin tissue (adjacent margin) by Real-Time PCR, n=3 biological 

replicates, mean ± SEM, two-tailed multiple t-test followed by Holm-Bonferroni correction 

c) Representative image of IHC of EZH2 in the retrospectively collected advanced-stage skin SCC 

patient samples and normal skin samples (adjacent margin) 
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d) Dot plot representing the H-score of EZH2 marker based on the intensity of the staining, 

advanced-stage skin (n=28) and normal skin (adjacent margin) (n=10), mean ± SEM, two-tailed 

Mann-Whitney U test 

e) Representative image of IHC of EZH2 in the retrospectively collected advanced-stage oral SCC 

patient samples and normal oral mucosa samples (adjacent margin) 

f) Dot plot representing the H-score of EZH2 marker based on the intensity of the staining, 

advanced-stage oral SCC patient samples (n=59), and oral mucosa (n=12), mean ± SEM, Mann-

Whitney U test 

g) ChIP-qPCR analysis of H3K27me3 mark on the SFRP1 promoter region of human skin SCC 

A3886 cell line, n=3 biological replicates, mean ± SEM, two-tailed t-test 

h) Representative image of western blot of EZH2, H3K27me3, and H3K27ac in CSCs and non-

CSCs 

i) Densitometric analysis of western blot, n=3 biological replicates, mean ± SEM, two-tailed 

multiple t-test followed by Holm-Bonferroni correction 

j) ChIP-qPCR analysis of H3K27me3 mark on the SFRP1 promoter region of OSCC cell lines, 

n=3 biological replicates, mean ± SEM, two-tailed t-test. 

k) Representative image of western blot analysis of EZH2, H3K27me3, and H3K27ac in OSCC 

cell lines  

l) Densitometric analysis of western blot, n=3 biological replicates, mean ± SEM, two-tailed 

multiple t-test followed by Holm-Bonferroni correction, *P=0.05, **P =0.01, ***P =0.001 

Source data are provided as a Source Data file 

 

Figure 8: DAC reduces histone methylation and glycolysis due to the increased SFRP1 levels 

in the skin and oral SCC cell lines 

a) ChIP-qPCR of the H3K27me3 on the SFRP1 promoter region after DAC treatment in A3886 

cell line, n=3 biological replicates, mean ± SEM, two-tailed t-test 

b) ChIP-qPCR of H3K27me3 on the SFRP1 promoter region after DAC treatment in OSCC cell 

lines, n=3 biological replicates, mean ± SEM, two-tailed t-test 

c) Representative image of western blot analysis of H3K27me3 and H3K27ac in DAC treatment 

in A3886 skin cell line 
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d) Densitometric analysis of western blot, n=3 biological replicates, mean ± SEM, two-tailed 

multiple t-test followed by Holm-Bonferroni correction 

e) Representative image of western blot analysis of H3K27me3 and H3K27ac after DAC treatment 

in OSCC cell lines  

f) Densitometric analysis of western blot, n=3 biological replicates, mean ± SEM, two-tailed 

multiple t-test followed by Holm-Bonferroni correction 

g) GSEA showing the enrichment of hypoxia in the human skin SCC cell line (A3886) CSCs and 

non-CSCs 

h) ChIP-qPCR of the SOX2 on the HIF1α promoter region after DAC treatment to the A3886 cell 

line, n=3 biological replicates, mean ± SEM, two-tailed t-test 

i) ChIP-qPCR of the SOX2 on the HIF1α promoter region after DAC treatment of the OSCC cell 

lines, n=3 biological replicates, mean ± SEM, two-tailed multiple t-test followed by Holm-

Bonferroni correction 

j) GSEA showed enrichment of glycolysis in the human skin SCC (A3886) CSCs and non-CSCs 

k) String analysis of HIF1α and glycolytic genes (HK2, LDHA, SLC2A2) and stemness marker 

(SOX2) 

l) ChIP-qPCR of HIF1α and HK2, LDHA and SLC2A2 in DAC treatment in skin SCC cell line 

(A3886), n=3 biological replicates, mean ± SEM, two-tailed multiple t-test followed by Holm-

Bonferroni correction 

m) ChIP-qPCR analysis of HIF1α and HK2, LDHA and SLC2A2 in DAC treatment OSCC cell 

lines, n=3 biological replicates, mean ± SEM, two-tailed multiple t-test followed by Holm-

Bonferroni correction 

Source data are provided as a Source Data file 

 

Figure 9: DAC treatment reduces hypoxia and glycolysis in skin and oral SCC cell lines 

a) Representative image of western blot analysis of HK2 and LDHA levels in the DAC-treated 

A3886 skin SCC cell line 

b) Densitometric analysis of western blot, n=3 biological replicates, mean ± SEM, two-tailed 

multiple t-test followed by Holm-Bonferroni correction 

c) Representative image of western blot analysis of HK2 and LDHA levels in the DAC treatment 

of OSCC cell lines 
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d) Densitometric analysis of western blot, n=3 biological replicates, mean ± SEM, two-tailed 

multiple t-test followed by Holm-Bonferroni correction 

e) Lactate dehydrogenase activity in the A3886 VC and A3886+DAC, n=3 biological replicates, 

mean ± SEM, two-way ANOVA 

f) Lactate levels in the A3886 VC and A3886+DAC, n=3 biological replicates, mean ± SEM, two-

way ANOVA 

g) Pyruvate levels in the A3886 VC and A3886+DAC, n=3 biological replicates, mean ± SEM, 

two-way ANOVA 

h) Acetyl Co-A levels in the A3886 VC and A3886+DAC, n=3 biological replicates, mean ± SEM, 

two-way ANOVA 

i) Lactate dehydrogenase activity in the OSCC cell lines and DAC-treated OSCC cell lines, n=3 

biological replicates, mean ± SEM, two-way ANOVA 

j) Lactate levels in the OSCC cell lines and DAC-treated OSCC cell lines, n=3 biological 

replicates, mean ± SEM, two-tailed t-test, two-way ANOVA 

k) Pyruvate levels in the OSCC cell lines and DAC-treated OSCC cell lines, n=3 biological 

replicates, mean ± SEM, two-way ANOVA 

l) Acetyl Co-A levels in the OSCC cell lines and DAC-treated OSCC cell lines, n=3 biological 

replicates, mean ± SEM, two-way ANOVA 

Source data are provided as a Source Data file 

 

Figure 10: DAC and RAC1i treatment reduces in vivo tumorigenic potential in skin and oral 

SCCs 

a) In vivo tumorigenesis assay by injecting the A3886 skin SCC cell line and administration of the 

DAC intraperitoneal in the NOD/SCID mice, n=5  

b) Representation of the tumor volume of A3886 and A3886 + DAC tumors, mean ± SEM, two-

way ANOVA, n=5 biological replicates 

c) In vivo tumorigenesis assay of OSCC cell lines and administration of the DAC intraperitoneal 

in the NOD/SCID mice, n=5 

d) Representation of the tumor volume of OSCC cell lines and after administration of the DAC in 

the NOD/SCID mice, n=5 biological replicates, mean ± SEM, two-way ANOVA 
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e) In vivo tumorigenesis assay by injecting the A3886 skin SCC cell line and administration of the 

DAC, RAC1i, and DAC & RAC1i intraperitoneal in the NOD/SCID mice, n=5  

f) Representation of the tumor volume of A3886 skin SCC cell line after treatment with DAC, 

RAC1i, and DAC & RAC1i in the NOD/SCID mice, mean ± SEM, two-way ANOVA, n=5 

biological replicates 

g) In vivo tumorigenesis assay by injecting the ACOSC4 OSCC cell line and administration of the 

DAC, RAC1i, and DAC & RAC1i intraperitoneal in the NOD/SCID mice, n=5 

h) Representation of the ACOSC4 tumor volume after treatment with DAC, RAC1i, and DAC & 

RAC1i mean ± SEM, two-way ANOVA, n=5 biological replicates 

i) In vivo tumorigenesis assay by injecting the ACOSC3 OSCC cell line and administration of the 

DAC, RAC1i, and DAC & RAC1i intraperitoneal in the NOD/SCID mice, n=5 mice/group 

j) Representation of the ACOSC3 tumor volume after treatment with DAC, RAC1i, and DAC & 

RAC1i mean ± SEM, two-way ANOVA, n=5 biological replicates 

k) Graphical model representing the histone and DNA methylation leads to loss of SFRP1, which 

in turn activates the non-canonical Wnt signaling that promotes cancer stemness, glycolysis, in 

vivo tumorigenesis, and metastatic potential. However, DAC treatment reduces histone and DNA 

methylation, restoring SFRP1 levels, which in turn reduces non-canonical Wnt signaling, 

stemness, glycolysis, in vivo tumorigenesis, and metastatic potential (Created with 

https://biorender.com/j34ubni) 

Source data are provided as a Source Data file 

 

 

 

Editor Summary: 

Squamous cell carcinomas (SCCs) show poor survival due to the presence of cancer stem cells (CSCs). 

Here, the authors delineate the molecular mechanism underlying SCC progression by identifying a 

crosstalk of epigenetic-signaling metabolism axis, which showed global hypermethylation activates non-

canonical Wnt signaling, in turn activating glycolysis in skin and oral SCC. 
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