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A B S T R A C T   

Due to the enhanced glycolytic rate, cancer cells generate lactate copiously, subsequently promoting the lacty
lation of histones. While previous studies have explored the impact of histone lactylation in modulating gene 
expression, the precise role of this epigenetic modification in regulating oncogenes is largely unchartered. In this 
study, using breast cancer cell lines and their mutants exhibiting lactate-deficient metabolome, we have iden
tified that an enhanced rate of aerobic glycolysis supports c-Myc expression via promoter-level histone lacty
lation. Interestingly, c-Myc further transcriptionally upregulates serine/arginine splicing factor 10 (SRSF10) to 
drive alternative splicing of MDM4 and Bcl-x in breast cancer cells. Moreover, our results reveal that restricting 
the activity of critical glycolytic enzymes affects the c-Myc-SRSF10 axis to subside the proliferation of breast 
cancer cells. Our findings provide novel insights into the mechanisms by which aerobic glycolysis influences 
alternative splicing processes that collectively contribute to breast tumorigenesis. Furthermore, we also envisage 
that chemotherapeutic interventions attenuating glycolytic rate can restrict breast cancer progression by 
impeding the c-Myc-SRSF10 axis.   

Introduction 

Cancer is a malady characterized by the uncontrolled proliferation of 
neoplastic cells beyond the realm of normal tissue development. During 
the evolution of this transformation, cells accumulate various genetic 
and epigenetic mutations to adapt cellular metabolism that supports the 
requirements of autonomous rapid growth. Therefore, altered meta
bolism is one of the critical hallmarks of cancer, as the metabolic re
quirements of cancer cells differ substantially from their normal 
counterparts. Interestingly, mounting evidence suggests that approxi
mately every identified oncogene regulates the targets directly linked 
with metabolic adaptations [1–3]. Moreover, the aberrant profile of 
metabolites, in turn, supports the expression of oncogenes to initiate a 
vicious cycle that forms the cornerstone of carcinogenesis [4–6]. 
Therefore, a precise assessment of the interplay between metabolism 
and oncogenic factors is of paramount importance. 

Seminal work by Otto Warburg in the 1950s laid the foundation for 
numerous studies initiated to decipher the altered tumor metabolism 
[7]. It is observed that many cancer types exhibit an elevated glycolytic 
rate which is associated with high lactate production [8,9]. Being 

identified as the most commonly diagnosed type of cancer, breast cancer 
accounted for 11.7% of the new cancer cases in 2020, affecting over 2.3 
million people worldwide [10]. Moreover, it is demonstrated that higher 
grades of breast cancers are associated with enhanced lactate concen
tration, making studying the implications of lactate in breast cancer 
physiology indispensable [11]. Lactate, considered merely an unwanted 
by-product of aerobic glycolysis for decades, is increasingly being 
investigated for its function as an oncometabolite [12–15]. Since the 
discovery of the ‘lactate shuttle theory’ in the mid 1980s, a plethora of 
emerging studies have verified that lactate acts as a signal to alter the 
metabolic landscape of neoplastic and non-neoplastic cells within the 
tumor microenvironment (TME) to promote cancer progression 
[16–20]. 

Interestingly, recent eminent work by Zhang and co-workers led to 
the striking discovery of a previously unreported histone modification, 
lactylation, derived from cellular lactate [21]. Histone lysine lactylation 
(Kla), observed to be enriched in a dose-dependent manner in response 
to exogenous and endogenous lactate, has been demonstrated to serve as 
an epigenetic modification that stimulates gene transcription in human 
and mouse cells. Although only a few reports have shown the 
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cancer-promotive role exhibited by histone lactylation [14,21-24], and 
to date, there is a lack of cancer cell line-derived epigenomic and tran
scriptomic data which would demonstrate the global distribution of 
histone lactylation marks and the genes regulated by this epigenetic 
modification. Therefore, the functional contributions of histone lacty
lation in cancer onset and progression strongly warrant further in
vestigations. Undertaking such studies will aid in implementing new 
strategies to subside the expression of oncogenes responsive to cellular 
metabolic state. Considering the increasing efforts and novel strategies 
employed to target various subtypes of breast cancer [25–29], we 
explored the gene regulations mediated by histone lactylation by per
forming our experiments using cell lines that represent two of the 
commonly detected and widely studied types of breast cancer- luminal A 
(MCF7) and basal subtype (HCC1806). 

By comparing the transcriptome of MCF7 (exhibiting lactate-rich 
metabolome) and its PKM2 knockout mutant cells (resembling a 
lactate-deficient metabolome), we identified that the oncogenic tran
scription factor c-Myc expression is sensitive to intracellular lactate. 
Experimental investigations uncovered that elevated lactate production 
resulted in histone H3 lysine 18 lactylation (H3K18la)-mediated c-Myc 
upregulation. Furthermore, by transcriptionally inducing serine/ 
arginine-rich splicing factor 10 (SRSF10) expression, c-Myc influenced 
the alternative splicing outcomes of MDM4 and Bcl-x, thus acting as a 
switch connecting altered metabolism and alternative splicing 
reprogramming. 

Materials and methods 

Cell culture 

Human breast cancer cell lines MCF7 and HCC1806 were procured 
from American Type Culture Collection (ATCC). MCF7 and HEK293T 
were cultured at 37 ◦C, 5% CO2 in DMEM (Invitrogen, 12800017). 
RPMI-1640 (Invitrogen, 23400021) was used to culture HCC1806. The 
culture media for all the cell lines was supplemented with 10% fetal 
bovine serum (FBS; Sigma, F7524), 100 units/ml of penicillin and 
streptomycin (Invitrogen, 15140122), and 2 mM/ L-glutamine (Invi
trogen, 25030081). The Boris Binding Site mutant (BBS Mut) MCF7 and 
HCC1806 cell lines were generated as previously stated [30,31]. The 
media and cell culture conditions for CRISPR/Cas9 mutants were iden
tical to the wild-type cells. 

Molecular cloning 

The PKM2 and PFKFB3 overexpression constructs were generated as 
previously mentioned [30,31]. Briefly, PKM2 was amplified using MCF7 
cDNA as a template and cloned between NotI and SalI sites of the 
plasmid pCMV-3tag-1a. Similarly, PFKFB3 was amplified using MCF7 
cDNA as a template and cloned between NotI and EcoRI sites of 
pCMV-3tag-1a plasmid. c-Myc was also amplified from MCF7 cDNA and 
cloned between BamHI and EcoRI sites in pCMV-3tag-1a. The sequence 
of the obtained construct was verified using Sanger sequencing. The 
details of the primers used are provided in Table S2. 

Luciferase reporter assay 

The c-Myc and SRSF10 promoter fragments were amplified using 
MCF7 genomic DNA as a template and individually subcloned between 
the KpnI and HindIII sites of the pGL3 basic vector (Promega, E1751). 
The sequence of the obtained constructs was verified using Sanger 
sequencing. The details of the primers used for generating luciferase 
constructs are enlisted in Table S2. Cells were seeded in a 24-well plate 
and allowed to attach overnight. The wells were co-transfected with 
different c-Myc or SRSF10 promoter constructs along with pRL-TK 
renilla luciferase plasmid. 24 h post-transfection, the cells were lysed, 
and luciferase activity was determined. The relative luciferase activity 

was calculated by dividing the firefly luciferase activity by the renilla 
luciferase activity. 

Site-directed mutagenesis 

The site-directed mutant construct of the SRSF10 promoter was 
generated using oligonucleotides harboring desired mutations in the c- 
Myc binding site located from − 160 bp to − 168 bp relative to the 
transcription start site (TSS). The wild-type SRSF10 promoter construct 
was used as a template to generate the mutant construct. The sequence 
of the site-directed mutagenesis (SDM) construct was verified by Sanger 
sequencing. The primers used for obtaining the SDM construct are 
enlisted in Table S2. A similar protocol, as mentioned for the luciferase 
assay, was followed for transfecting and obtaining readings of the SDM 
construct. 

Immunoblotting 

The cells were lysed in urea lysis buffer (8 M urea, 2 M thiourea, 2% 
CHAPS, 1% DTT) supplemented with 1 × protease inhibitor cocktail 
(PIC; leupeptin 10–100 M, pepstatin 1 M, EDTA 1–10 mM, AEBSF 1 mM) 
at 4 ◦C for 30 min and centrifuged for 2 h at maximum speed (16,900 g). 
The supernatant was separated, quantified, and an equal concentration 
of protein samples was loaded. After separation, proteins were electro- 
transferred on an active PVDF membrane. Following the transfer, the 
blots were incubated overnight at 4 ◦C with suggested dilutions of pri
mary antibodies, followed by 1 h incubation with secondary antibody. 
The Odyssey membrane Scanning equipment was used to scan the blots. 
The bands were quantified using GelQuant software (version 1.8.2). The 
details of the antibodies used are provided in Table S1. 

Quantitative RT-PCR 

Total RNA was extracted according to the manufacturer’s in
structions using TRIZol reagent (Ambion, 15596018). The concentration 
was measured using an Eppendorf BioSpectrometer, and 2 µg of total 
RNA was reverse transcribed using the Invitrogen SuperScript® III First- 
Strand Synthesis System (18080–051). Amplifications were carried out 
in duplicates using the GO taq QPCR master mix (Promega, A6002) and 
the Roche light cycler 480 II according to the manufacturer’s in
structions. Primers were designed using IDT PrimerQuest tool (htt 
ps://www.idtdna.com) and are listed in Table S3. Using the formula 
2^(Ct_control-Ct_target), the average cycle thresholds from three independent 
biological replicates were computed and normalised to the house
keeping control gene RPS16. Student’s t-test was performed to compare 
gene/exon expression levels between two groups. P< 0.05 was consid
ered statistically significant. 

Chromatin immunoprecipitation (ChIP) assay 

The ChIP assay was performed as previously mentioned [31]. 
Approximately 10 million cells were crosslinked, scaped in PBS, lysed, 
and sonicated. 25 μg of sheared chromatin was immunoprecipitated 
with an antibody of interest following overnight incubation at 4 ◦C. The 
immunoprecipitated protein-DNA complexes and 5% input were puri
fied to eliminate proteins and the eluted DNA was analysed by qRT-PCR 
using GO taq QPCR master mix (Promega, A6002) in triplicate using 
primers specific for c-Myc or SRSF10 promoter. Each experiment was 
performed at least thrice, and normalizations were performed using the 
formula 2^ (Ct input – Ct immunoprecipitation). The obtained values were 
normalized to relative rabbit IgG and control IP values. The primers 
were designed using IDT PrimerQuest tool (https://www.idtdna.com) 
and are listed in Table S3. Significance between the two groups was 
calculated using Student’s t-test, with a value of <0.05 considered sta
tistically significant. 
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RNA interference 

3 × 105 cells were seeded per well of a six-well culture plate and 
allowed to attach for 24 h. The lentivirus containing small hairpin RNA 
(shRNA) (Sigma, Mission Human Genome shRNA Library) against the 
target gene was inoculated in the presence of 8 μg/ml polybrene (Sigma, 
H9268) containing media. Cells were selected for 72 h using 1 μg/ml 
puromycin (Sigma, P9620) and subsequently used for various experi
ments. The sequence of shRNAs used in this study is listed in Table S4. 

Lactate assay 

Following treatment, an equal number of WT BBS and BBS Mut 
MCF7 and HCC1806 cells were lysed using ice-cold assay buffer pro
vided in the lactate assay kit (Sigma, MAK064–1). Lactate quantification 
was carried out using the deproteinized lysates according to the manu
facturer’s instructions. The readings were taken at room temperature 
with a microplate reader set to 450 nm optical density. 

Extracellular flux assays 

Oxygen consumption rate (OCR) and extracellular acidification rate 
(ECAR) were determined using Seahorse XF HS mini analyzer. 5 × 103 

cells per well were seeded and allowed to attach overnight in an 8-well 
Seahorse XFp mini cell culture plate. Cells were then washed and 
incubated with XF assay medium supplemented with 1 mM pyruvate 
(Sigma, S8636), 2 mM L-glutamine (Invitrogen, 25030081), 10 mM 
glucose (Gibco, A24940–01) and incubated for 1 h at 37 ◦C in CO2-free 
incubator. OCR and ECAR estimation was performed as per the manu
facturer’s instructions. OCR was assessed in response to oligomycin (1.5 
μM), FCCP (0.5 μM), and rotenone/antimycin A (0.5 μM), and ECAR was 
assessed in response to rotenone/antimycin A (0.5 μM), and 2-deoxy-D- 
glucose (2-DG; 50 mM). Finally, the readings were normalized to the 
respective protein concentrations. 

Clonogenic assay 

5 × 103 cells were seeded in each well of a 6-well cell culture plate 
and were cultured for 10 days. The media was replaced every 72 h. The 
cells were washed thrice with 1X PBS and then fixed using 4% formal
dehyde for 15 min at RT. The cells were then stained with 0.05% crystal 
violet solution prepared in 10% ethanol. The cells were then gently 
washed thrice with 1X PBS, and the plates were air-dried for 15 min and 
imaged. 

Wound healing assay 

3 × 105 cells were seeded in a 6-well plate. A 200 µl sterile pipette tip 
was used to create a wound upon reaching confluency. The plate was 
then washed twice with 1X PBS to remove debris. The images of the 
same region were captured at 0, 24, and 48 h with an inverted 
microscope. 

Generation of spheroid cultures 

The spheroids were generated as previously described [31]. Briefly, 
50μL of Growth Factor Reduced (GFR) Basement Membrane Matrix 
(Corning, 356230) was spread in a well of 96-well cell culture plate and 
allowed to solidify at 37 ◦C for 1 h. 7 × 103 cells were resuspended in 
100μL of cell-culture media supplemented with 1 μg/mL hydrocortisone 
(Sigma, H0888) and 5 μg/mL insulin (Sigma, I1882) and added over the 
solidified matrix. Media containing 10% GFR matrigel was then subse
quently overlayed as the topmost layer and incubated at 37 ◦C in the 
presence of 5% CO2. The media containing hormones was replaced 
every 72 h, and images were captured using Thermo Scientific EVOS FL 
Auto 2 imaging system. 

Breast cancer sample collection 

Tumor and adjacent normal tissue pairs were collected from patients 
undergoing surgery for breast cancer at Bansal Hospital, Bhopal, India. 
For the study, approval was granted by the Institute Ethics Committee of 
Indian Institute of Science Education and Research Bhopal. Informed 
consent was obtained from all the patients. The tissue samples were snap 
frozen immediately after surgery and stored at − 80 ◦C until use. Clinical 
characteristics of patients used in the study are provided in Table S7. 

Human transcriptome array 2.0 data analysis 

The CEL files (GSE190401) were analyzed using Transcriptome 
Array Console 4.0 (Invitrogen, version 4.0.2.15) using the gene
+exon–SST-RMA method of summarization. Genes with thresholds of 
absolute fold-change >2, P<0.05, and false discovery rates (FDR) <0.05 
were selected as differentially expressed genes (DEGs). The volcano plot 
for DEGs and violin plot for differentially expressed epigenetic factors 
and transcription factors were generated using GraphPad Prism 8 soft
ware. A heat map for differentially expressed epigenetic factors and 
transcription factors was generated using the online tool Morpheus 
(https://software.broadinstitute.org/morpheus), and the over- 
representation analysis (ORA) for the GO biological processes was 
generated using ShinyGo 0.76.2 [32]. FDR <0.05 was considered sig
nificant while obtaining enriched GO terms. 

Survival data analysis 

Recurrence-free survival of c-Myc was analyzed in cohort GSE9195 
using the online tool Kaplan–Meier Plotter (www.kmplot.com). The best 
possible cut-off was used as the upper and lower quartile. Samples were 
divided into high- and low-expression groups and compared for 
recurrence-free survival. 

ChIP-seq data analyses 

The available ChIP-seq data for H3K18la (GSE115354) and c-Myc 
(GSM2501566) were downloaded from Gene Expression Omnibus 
database. The raw fastQ files were downloaded and trimmed by Trim
momatic (v0.39) with default parameters. STAR (v2.7.3a) aligner was 
used to uniquely align the reads to GRCh38. Peak calling was done using 
MACS2 v2.1.2. 

Statistical analysis 

GraphPad Prism 8 was used for all statistical analyses. Unless 
otherwise specified, all data are presented as mean ±SD and were 
analysed using Student’s t-test. The statistical methods for each analysis 
are provided in the figure legends or the materials and methods sections. 
P-values less than 0.05 were deemed significant. ns = not significant, *P 
≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. 

Results 

Oncometabolite lactate influences breast cancer transcriptome 

The rate of glycolysis- the principal producer of lactate, is essentially 
determined by the activity of its rate-limiting enzyme pyruvate kinase 
(PKM). Known to undergo alternative splicing, the M2 isoform of PKM 
(PKM2; overexpressed in various cancers) favours aerobic glycolysis. 
Hence, enhanced expression of PKM2 is strongly associated with higher 
lactate production [33]. Therefore, to identify genes that are regulated 
in a lactate-dependent manner, we employed our previously reported 
model system generated in the breast cancer cells lines, where we 
knocked out the expression of PKM2 by mutating the BORIS-binding site 
(BBS) present in the exon 10 of PKM to establish stable lactate-deficient 
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Fig. 1. Cancer-associated metabolic affects transcriptome. (A) Schematic representation of CRISPR/Cas9 strategy employed to generate PKM2 knockout breast 
cancer cell lines. (B) Real-time OCR in WT BBS and BBS Mut MCF7 cell lines. (C) Quantification of ΔOCR in the WT BBS and BBS Mut MCF7 cell lines. (D) 
Intracellular lactate production in WT BBS and BBS Mut MCF7 cell lines estimated by lactate assay. (E) Real-time ECAR analysis in WT BBS and BBS Mut MCF7 cell 
lines. (F) Quantification of ΔECAR in the WT BBS and BBS Mut MCF7 cell lines. (G) Volcano plot depicting DEGs in BBS Mut vs. WT BBS MCF7. (H) The top 20 
enriched terms for biological processes for the DEGs obtained from the microarray data. (I) Violin plot depicting the differentially expressed epigenetic factors (blue 
points) and transcription factors (red points) in BBS Mut MCF7 cells. (J) Heat map representation of top differentially expressed transcription and epigenetic factors 
in the BBS Mut MCF7 cells. Data are represented as mean ± SD. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, ns= not significant. 
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cell lines [30,31] (Fig. 1A). 
To verify if PKM2 knockout (BBS Mut) cell lines of MCF7 and 

HCC1806 exhibited elevated oxidative phosphorylation (OXPHOS), we 
measured the oxygen consumption rate (OCR) using a Seahorse XFp 
analyzer. Our results demonstrated that the BBS Mut cells clearly 
exhibited higher OCR (Fig. 1B, S1.A). Moreover, the significant basal 
OCR difference (ΔOCR) denoted that due to a complete lack of PKM2 
expression, BBS Mut cell lines displayed enhanced reliance on OXPHOS 
(Fig. 1C, S1.B). Notably, upon performing lactate assay, we observed 
that the WT BBS cell lines had substantially higher intracellular lactate, 
which resulted in an enhanced extracellular acidification rate (ECAR) 
compared to their respective BBS Mut cell lines (Fig. 1D, 1E, S1.C, S1.D). 
Furthermore, the basal ECAR difference (ΔECAR) confirmed that the WT 
BBS cells exhibit lactate-rich metabolome (Fig. 1F, S1.E). Our data 
demonstrate that knocking out PKM2 expression significantly decreases 
lactate production, thereby making this model system ideal for studying 
the global transcriptomic alterations possibly induced by oncometabo
lite lactate. 

Interestingly, the analysis of Human Transcriptome Array 2.0 (HTA 
2.0) data (GSE190401) of the WT BBS and BBS Mut MCF7 cells revealed 
that a total of 1962 genes (coding and non-coding) were differentially 
expressed in BBS Mut MCF7 cells from which, 1146 and 816 genes were 
downregulated and upregulated, respectively (Fig. S1.F). The significant 
events (P < 0.05) corresponding to the coding genes with fold change >
2 (highlighted with red points) and < − 2 (highlighted with green points) 
are marked in Fig. 1G. Moreover, GO terms for biological processes 
enrichment analysis of differentially expressed genes (DEGs) revealed 
that the transcription of genes related to processes such as metabolic and 
cancer-related pathways, cell cycle, and spliceosome was extensively 
affected, underscoring the probable contributions of metabolic lactate in 
regulating the expression of a plethora of genes involved in diverse 
cancer-associated pathways (Fig. 1H). As epigenetic alterations and 
differential transcription are the two fundamental processes that pre
dominantly define cellular transcriptome, we further analysed the DEGs 
to investigate if the metabolic landscape modulated the expression of 
epigenetic and transcription factors. Interestingly, 64 transcription 

Fig. 2. c-Myc undergoes promoter-level histone lactylation. Immunoblot analysis of c-Myc in (A) WT BBS and BBS Mut MCF7 cells and (B) on subjecting BBS Mut 
MCF7 cells to 15 mM L-lactate treatment for 24 h. (C) Schematic representation of c-Myc promoter. The primers used to generate deletional constructs for luciferase 
assay are represented using black arrows. The primers used for ChIP qRT-PCR have been marked using red and blue arrows. (D) Luciferase assay performed using the 
deletional constructs of the c-Myc promoter depicting a dampened activity of − 245 to +174 fragment in the BBS Mut MCF7 cells. (E) Immunoblot analysis of p300 in 
WT BBS and BBS Mut MCF7 cells. (F) H3K18la ChIP assay performed in WT BBS and BBS Mut MCF7 cells. (G) Immunoblot analysis of p300 upon subjecting BBS Mut 
MCF7 cells to 15 mM L-lactate treatment for 24 h. (H) H3K18la ChIP assay performed in BBS Mut MCF7 cells subjected to 15 mM L-lactate treatment for 12 h. Data are 
represented as mean± SD. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, ns= not significant. 
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factors and 76 epigenetic factors were identified to be differentially 
expressed in BBS Mut MCF7 cells (Fig. 1I, Tables S5 and S6). 

In conclusion, our microarray data suggest an intriguing possibility 
that intracellular lactate levels can affect the expression of a plethora of 
genes in breast cancer cells. Moreover, our data demonstrate that by 
regulating the expression of epigenetic and transcription factors, onco
metabolite lactate can exert wide-reaching effects that can promote 
breast tumorigenesis. 

Elevated c-Myc expression is maintained by promoter-level histone 
lactylation 

Interestingly, the oncogenic transcription factor c-Myc was one of the 
most downregulated genes in BBS Mut MCF7 cells (Fig. 1J). Found to be 
overexpressed in 46% of the primary breast tumors, and 30–50% of 
high-grade tumors, c-Myc acts as a signaling hub in regulating multiple 
cellular processes that drive breast cancer progression [34–40]. To 
investigate the intriguing possibility that c-Myc expression is responsive 
to metabolic lactate, we performed qRT-PCR and immunoblotting 

analysis and observed that c-Myc was significantly downregulated in the 
BBS Mut cell lines (Fig. S2.A, 2A, S2.B). Next, as a rescue experiment, we 
subjected the BBS Mut cells to 15 mM L-lactate treatment for 24 h and 
interestingly observed heightened induction of c-Myc which confirmed 
that intracellular lactate drives c-Myc expression (Fig. 2B, S2.C). 

Recently, it was demonstrated that metabolic lactate can influence 
the histone lactylation status to regulate gene expression [21]. There
fore, we analysed the chromatin immunoprecipitation sequencing 
(ChIP-seq) data available for histone H3 lysine 18 lactylation (H3K18la; 
GSE115354) and observed extensive enrichment of this epigenetic 
modification on the c-Myc promoter (Fig. S2.D). Next, we generated 
multiple deletional constructs of the c-Myc promoter for identifying the 
active segment primarily responsible for maintaining high c-Myc 
expression. Therefore, using luciferase assay, we estimated the activity 
of the approximately 1Kb sequence upstream of the transcriptional start 
site (TSS) and 174 bp sequence downstream of TSS of the c-Myc pro
moter (Fig. 2C). As depicted in Fig. 2C, a series of four deletional frag
ments were cloned in pGL3 basic vector: − 997 to +174, − 621 to +174, 
− 245 to +174 and +3 to +174. Luciferase assay outcome demonstrated 

Fig. 3. c-Myc regulates SRSF10 expression. (A) c-Myc ChIP-seq analysis demonstrating its enrichment on SRSF10 promoter. Immunoblot analysis of c-Myc and 
SRSF10 upon overexpressing (B) PKM2 and (C) PFKFB3 in BBS Mut cell lines. (D) Immunoblot analysis demonstrating the effect of c-Myc knockdown on SRSF10 
expression in WT BBS MCF7 cells. (E) Immunoblot assay performed upon overexpressing c-Myc in BBS Mut MCF7 cells. c-Myc ChIP assay performed in (F) WT BBS 
and BBS Mut MCF7 cells and (G) upon subjecting the BBS Mut MCF7 cells to 15 mM L-lactate treatment for 12 h. (H) Schematic representation of SRSF10 promoter 
luciferase construct depicting the wild-type c-Myc binding site (WTc-MycBS) and mutated c-Myc binding site (Mutc-MycBS). Luciferase assay of (I) WTc-MycBS 
SRSF10 construct performed in WT BBS and BBS Mut MCF7 cells and (J) WTc-MycBS and Mutc-MycBS SRSF10 constructs performed in WT BBS MCF7 cells. 
Data are represented as mean± SD. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, ns= not significant. 
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that the region between − 245 to +3 exhibited decreased activity in the 
BBS Mut cell lines to suggest the probable involvement of this region in 
maintaining low c-Myc expression in the BBS Mut cells (Fig. 2D, S2.E). 

Previous reports have identified acetyltransferase p300 as a potential 
histone lysine lactylation ‘writer’ enzyme [14,41]; therefore, we per
formed an immunoblotting analysis of p300. No alterations in the p300 
expression were detected across all the WT BBS and BBS Mut cell lines 
(Fig. 2E, S2.F). Further, we performed H3K18la ChIP assay to check the 
promoter-level histone lactylation status of the − 245 to +3 region using 
the primers sets indicated with red and blue arrows in Fig. 2C. Notably, 
the promoter region between − 70 to +3 exhibited drastically decreased 
H3K18la marks in the BBS Mut MCF7 cells (Fig. 2F). Furthermore, upon 
subjecting the BBS Mut MCF7 cells L-lactate treatment, we observed a 
significant enrichment in H3K18la status of − 70 to +3 fragment without 
any alterations in p300 expression (Fig. 2G, S2.G, 2H). 

Collectively, our results demonstrate that the state of high intracel
lular lactate, as observed during elevated glycolytic rate, leads to 
H3K18la enrichment in − 70 to +3 promoter region to upregulate c-Myc 
expression in breast cancer cells. 

SRSF10 is a c-Myc target gene 

Next, we sought to elucidate the significance of high c-Myc expres
sion in cancers exhibiting elevated aerobic glycolysis. Mounting evi
dence suggests that c-Myc transcriptionally regulates the expression of 

numerous splicing factors [42–45]. Moreover, our microarray results 
indicated that the transcription of spliceosome-related genes was 
affected in the lactate-deficient BBS Mut MCF7 cells (Fig. 1H). There
fore, we hypothesized that in response to lactate, c-Myc might induce 
the expression of splicing factors to function as a vital link between 
metabolism and alternative splicing. To investigate this, we analyzed 
c-Myc ChIP-seq data (GSM2501566) and observed its enrichment on the 
promoter of several SRSF members, with prominent occupancy on the 
SRSF10 promoter (Fig. 3A, Table S8). Subsequently, we investigated 
SRSF10, as the immunoblotting screen of SRSFs confirmed that only 
SRSF10 was consistently downregulated in both the BBS Mut cell lines 
compared to its expression in the corresponding WT BBS cell lines, thus 
resembling the expression pattern of c-Myc (Fig. S3.A, S3.B). 

As rescue experiments, we overexpressed two critical glycolytic en
zymes to enhance lactate production in BBS Mut cells. Re-introduction 
of PKM2 and overexpression of 6-phosphofructo-2-kinase/fructose-2,6- 
biphosphatase 3 (PFKFB3)- a regulator of phosphofructokinase kinase- 
1 (PFK-1; which catalyzes the committed step of glycolysis) stimulated 
c-Myc and SRSF10 expression in BBS Mut cell lines (Fig. 3B, 3C, S3.C, S3. 
D). Next, c-Myc knockdown significantly reduced SRSF10 levels in WT 
BBS cell lines (Fig. 3D, S3.E). Moreover, enforced c-Myc expression 
increased the endogenous SRSF10 expression in BBS Mut cell lines 
(Fig. 3E, S3.F), and p300 knockdown also hampered c-Myc and SRSF10 
expression to confirm the H3K18la-driven regulation of c-Myc-SRSF10 
axis (Fig. S3.G). 

Fig 4. c-Myc-SRSF10 axis regulates alternative splicing of MDM4 and Bcl-x. (A) Predicted SRSF10 binding site on exon 9 of MDM4. (B) Predicted SRSF10 binding site 
on exon 2 of Bcl-x. (C) Schematic representation of MDM4 and Bcl-x splicing. (D) RPS16 normalized qRT-PCR analysis of MDM4-FL, Bcl-xL, and Bcl-xS in WT BBS and 
BBS Mut MCF7 cells. (E) RPS16 normalized qRT-PCR analysis of SRSF10, MDM4-FL, Bcl-xL, and Bcl-xS upon performing SRSF10 knockdown in WT BBS MCF7 cells. 
Data are represented as mean± SD. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, ns= not significant. 
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Subsequently, to identify c-Myc binding sites, we analysed the 
SRSF10 promoter using the JASPAR database, which predicted the ex
istence of two highly conserved overlapping c-Myc binding sites located 
between − 160 to − 168 bp [46]. c-Myc ChIP assay revealed its 
remarkable enrichment on SRSF10 promoter in the WT BBS MCF7 cells 
compared to the BBS Mut MCF7 cells (Fig. 3F). Moreover, as L-lactate 
treatment stimulates c-Myc expression (Fig. 2B, S2.C), we performed 
c-Myc ChIP assay upon treating the BBS Mut MCF7 cells with 15 mM 
L-lactate. Results demonstrated an augmented c-Myc occupancy at the 
SRSF10 promoter in the L-lactate treated cells (Fig. 3G). Further, a 113 
bp fragment spanning the wild-type c-Myc binding site (WTc-MycBS) 
present in the SRSF10 promoter was cloned upstream of a firefly lucif
erase (FLuc) coding sequence in pGL3 basic vector (Fig. 3H). The FLuc 
activity of WTc-MycBS was significantly decreased in the BBS Mut cell 
lines (Fig. 3I, S3.H). Next, using site-directed mutagenesis PCR, we 
generated a construct of harboring mutations in the c-Myc binding site 
(Mutc-MycBS) (Fig. 3H). When transfected to WT BBS cells, the 
Mutc-MycBS construct exhibited substantially diminished FLuc activity 
compared to the WTc-MycBS construct to indicate c-Myc regulates 
SRSF10 expression in breast cancer cells (Fig. 3J, S3.I). 

c-Myc-SRSF10 axis drives alternative splicing of MDM4 and Bcl-x 

To understand the functional contributions of the c-Myc-SRSF10 

axis, we investigated the alternative splicing events regulated by 
SRSF10. Previous studies have identified BCL2-like 1 (Bcl-x) and Murine 
Double Minute 4 (MDM4) as targets of SRSF10 [47–50]. Using the 
SpliceAid database, we identified SRSF10 binding sites on the exons 9 
and 2 of MDM4 and Bcl-x pre-mRNA, respectively (Fig. 4A, 4B) [51], 
and therefore, examined the mRNA abundance of MDM4-FL isoform and 
the two Bcl-x isoforms (Bcl-xL and Bcl-xS) (Fig. 4C). We observed high 
mRNA abundance of MDM4-FL and Bcl-xL in WT BBS cells (Fig. 4D, S4). 
Furthermore, BBS Mut cell lines exhibited decreased MDM4-FL, Bcl-xL, 
and increased Bcl-xS isoform abundance (Fig. 4D, S4). Notably, SRSF10 
knockdown in WT BBS MCF7 cells led to decreased MDM4-FL and Bcl-xL 
isoforms with a concomitant enhancement in Bcl-xS isoform at mRNA 
level (Fig. 4E). Collectively, our results demonstrate that high SRSF10 
expression supported by elevated glycolytic rate causes inclusion of 
MDM4 exon 9 and favors the selection of proximal 5′ splice site of Bcl-x. 

Targeting aerobic glycolysis restricts the c-Myc-SRSF10 axis to impede the 
proliferation of breast cancer cells 

To investigate the clinical relevance of this study, we examined the 
protein abundance of H3K18la, c-Myc, and SRSF10 in 15 breast tumor 
samples. Immunoblot analysis demonstrated that H3K18la abundancy, 
as well as c-Myc and SRSF10 expression, was significantly elevated in 
the tumor tissues (Fig. 5A, 5B), highlighting the vitality of targeting the 

Fig. 5. Glycolytic inhibitors attenuate the c-Myc-SRSF10 axis. (A) Immunoblotting analysis showing H3K18la, c-Myc, and SRSF10 expression levels in 5 repre
sentative breast cancer patient samples. (B) Quantification of H3K18la, c-Myc, and SRSF10 levels in 15 breast cancer patient-derived normal and tumor samples. (C) 
Immunoblot analysis showing the effect of inobrodib (p300 inhibitor) treatment on c-Myc and SRSF10 expression in WT BBS cell lines. (D) Schematic representation 
of various metabolic inhibitors and their targets used in the study. Immunoblot analysis depicting the effect of (E) PFK-158 and (F) Shikonin treatment on c-Myc and 
SRSF10 expression in WT BBS cell lines. (G) Immunoblot analysis depicting the effect of rotenone on c-Myc and SRSF10 expression in BBS Mut cell lines. Data are 
represented as mean± SD. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, ns= not significant. 
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c-Myc-SRSF10 axis for therapeutic interventions of cancers exhibiting 
high glycolytic dependency. Upon treating the WT BBS cells with ino
brodib (a p300 inhibitor currently under clinical trial for the treatment 
of various cancer types [52–55]), we observed a substantial reduction in 
c-Myc and SRSF10 expression, underscoring the vital role of 
H3K18la-dependent epigenetic regulation of c-Myc (Fig. 5C). A plethora 
of research has highlighted targeting cancer metabolism as a desirable 
approach to restrict cancer progression [56]. Therefore, we treated the 
cell lines under study with a panel of metabolic inhibitors (Fig. 5D). 
PFK-158 and shikonin, which are potent inhibitors of PFKFB3 and 
PKM2, respectively, are known to attenuate glycolytic rate to restrict 

lactate production [57,58]. PFK-158 and shikonin treatment were 
individually observed to downregulate c-Myc and SRSF10 expression 
(Fig. 5E, 5F). Demonstrated to enhance the glycolytic rate and lactate 
pool, rotenone treatment enhanced c-Myc and SRSF10 expression in BBS 
Mut cell lines (Fig. 5G) [59]. 

Furthermore, to evaluate if lactate-mediated upregulation of the c- 
Myc-SRSF10 axis promoted breast carcinogenesis, we performed clo
nogenic assay in WT BBS, BBS Mut, and BBS Mut cells cultured in media 
supplemented with L-lactate. Restricting lactate production by knocking 
out PKM2 led to a substantial reduction in cell proliferation, while this 
phenotype was reverted upon providing L-lactate externally (Fig. 6A, S5. 

Fig. 6. c-Myc-SRSF10 axis promotes proliferation of breast cancer cells. (A) Colony formation assay performed in WT BBS, BBS Mut, and BBS Mut MCF7 cells 
subjected to 5 mM L-lactate treatment for 10 days. (B) Cell migration analysed via wound healing assay in WT BBS, BBS Mut, and BBS Mut MCF7 cells subjected to 5 
mM L-lactate treatment for 48 h. (C) Spheroid formation assay performed in WT BBS, BBS Mut, and BBS Mut MCF7 cells subjected to 5 mM L-lactate treatment for 6 
days. (D) Kaplan–Meier curve showing significant association (p-value 0.036) of Recurrence Free survival with c-Myc expression in Breast Cancer TCGA dataset 
(GSE9195). (E) Graphical illustration of the H3K18la-driven c-Myc-SRSF10 axis. 
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A). Additionally, wound healing assay demonstrated that BBS Mut cells 
exhibited remarkably reduced proliferative and migratory capacity, 
which was rescued upon subjecting to L-lactate treatment (Fig. 6B, S5.B). 
To mimic the physiological conditions in an in-vitro model, we moni
tored the growth of the spheroids derived from the WT BBS, BBS Mut, 
and BBS Mut cells treated with L-lactate. As evident from the results, the 
BBS Mut cells formed remarkably smaller spheroids than their WT BBS 
counterparts. Moreover, supplementing L-lactate drastically enhanced 
the proliferation of the BBS Mut cells (Fig. 6C, S5.C). Furthermore, 
Kaplan-Meier survival analysis with The Cancer Genome Atlas (TCGA) 
dataset (GSE9195) showed that high c-Myc expression is associated with 
unfavorable patient outcomes (Fig. 6D), thus, underscoring the vitality 
of targeting c-Myc. 

Altogether, our data demonstrate that therapeutical interventions 
attenuating aerobic glycolysis can restrict the adverse repercussions of 
the c-Myc-SRSF10 axis. 

Discussion 

As metabolism is central to all life processes, any metabolic abnor
mality distorts the delicate balance between various cellular pathways 
[60]. As per the findings of Otto Warburg, the arterial glucose uptake is 
about 47–70% and 2–18% in cancer cells and normal cells, respectively; 
moreover, the cancer cells converted 66% of the uptaken glucose to 
lactate [61]. Considering the vast difference in the lactate-producing 
capabilities, it is imperative to understand the role of lactate beyond 
its metabolic function. The recently proposed ‘lactagenesis hypothesis’ 
suggests that lactate not only functions as fuel that supports the 
expansion of cancer biomass but also critically exhibits signaling prop
erties, thus presenting itself as explanation and purpose of the Warburg 
effect in carcinogenesis [62]. Consequently, there has been a growing 
interest in abrogating the trafficking and exchange of lactate between 
the cancer cells and the other neoplastic and non-neoplastic cells within 
the TME to restrict cancer progression [16,17,63-66]. 

As activation of c-Myc has been widely reported, the c-Myc-driven 
pathways are substantially elevated in aggressive and higher grades of 
breast cancer. Therefore, it is imperative to identify the poorly investi
gated epigenetic mechanisms enabling the maintenance of high c-Myc 
expression. Although San-Millan and co-workers previously showed that 
endogenous and exogenous lactate exposure can alter the expression of 
oncogenic transcription factors and cell division and proliferation- 
associated genes in breast cancer cells, the underlying mechanism was 
not investigated [67]. 

Recent years have witnessed an exponential rise in studies targeted 
at identifying the genes regulated by histone lactylation. Notably, 
emerging reports strongly suggest that histone lactylation, like histone 
acetylation, promotes gene activation [14,21,68,69]. Interestingly, the 
gene expression signatures associated with histone lactylation differ 
distinctly from those of histone acetylation [70]. Therefore, exploring 
the dynamic alterations in the global distribution pattern of histone 
lactylation in normal and neoplastic tissues can provide vital informa
tion regarding the cancer-associated histone lactylation signatures that 
may assist in uncovering novel therapeautic strategies to suppress the 
expression of oncogenes. Moreover, consistent with previous reports, 
our data shows that H3K18la is elevated in the tumor tissues, under
scoring the vitality of decoding the mechanisms involved in regulating 
this histone modification [69]. Therefore, further understandings 
regarding the nature of histone lactylation-mediated alteration of tran
scriptome may provide fascinating insights into its potential applica
bility as a biomarker for predicting the stage and advancement of 
cancer. 

Multiple studies in the recent few years have identified the potent 
contribution of genes regulated in histone lactylation-dependent 
manner in affecting cancer outcome [14,22,24,69]; however, to date, 
there is a dearth of evidence investigating how does intracellular lactate 
modulate the expression of oncogenes within the cancer cells. For the 

first time, our study unveils the role of H3K18la-mediated regulation of 
oncogenes that promote breast cancer progression. We have revealed 
that oncometabolite lactate-driven epigenetic regulation of c-Myc in
fluences SRSF10 expression in breast cancer cells. Notably, our in
vestigations demonstrate that amongst various SRSF members, only 
SRSF10 exhibited an expression pattern similar to c-Myc in response to 
modulations of intracellular lactate to dictate the alternative splicing 
outcomes of MDM4 and Bcl-x. Furthermore, our results show that 
therapeautic interventions suppressing the rate of aerobic glycolysis can 
successfully inhibit the c-Myc-SRSF10 axis to serve as a potential strat
egy for impeding the advancement of glycolytic cancers. Although we 
have demonstrated the critical role of H3K18la in c-Myc regulation, 
future studies to define the differential distribution of H3K18la marks 
are necessary to better comprehend the impact of this histone modifi
cation in regulating global gene expression and its possible applicability 
as a biomarker for cancer diagnosis. Another limitation of this study is 
that lactyl-CoA, the lactate donor utilized for modifying the histone 
lysine residue, was not quantitatively measured. As the lactate produced 
by the elevated glycolytic rate has been previously positively correlated 
with histone lactylation levels [21], a quantitative estimation of the 
lactyl-CoA will perhaps provide a better understanding of the interplay 
between altered metabolism and epigenetic rewiring mediated by his
tone lactylation. 

Conclusion 

Our findings uniquely demonstrate the metabolic link bridging epi
genetics and oncogene-induced alternative splicing to emphasize the 
complexity of tumor metabolism, which warrants further studies. 
Moreover, our data underscore the wide-reaching effects of altered 
metabolism that hold paramount importance in cancer pathogenesis. 
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