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Hypoxia-induced loss of SRSF2-dependent DNA
methylation promotes CTCF-mediated
alternative splicing of VEGFA in breast cancer
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and Sanjeev Shukla1,5,*

SUMMARY

Alternative splicing of vascular endothelial growth factor A (VEGFA) generates
numerous isoforms with unique roles in tumor angiogenesis, and investigating
the underlying mechanism during hypoxia necessitates diligent pursuance.
Our research systematically demonstrated that the splicing factor SRSF2 causes
the inclusion of exon-8b, leading to the formation of the anti-angiogenic
VEGFA-165b isoform under normoxic conditions. Additionally, SRSF2 interacts
with DNMT3A and maintains methylation on exon-8a, inhibiting CCCTC-binding
factor (CTCF) recruitment and RNA polymerase II (pol II) occupancy, causing
exon-8a exclusion and decreased expression of pro-angiogenic VEGFA-165a.
Conversely, SRSF2 is downregulated by HIF1a-induced miR-222-3p under hyp-
oxic conditions, which prevents exon-8b inclusion and reduces VEGFA-165b
expression. Furthermore, reduced SRSF2 under hypoxia promotes hydroxyme-
thylation on exon-8a, increasing CTCF recruitment, pol II occupancy, exon-8a in-
clusion, and VEGFA-165a expression. Overall, our findings unveil a specialized
dual mechanism of VEGFA-165 alternative splicing, instrumented by the cross-
talk between SRSF2 and CTCF, which promotes angiogenesis under hypoxic
conditions.

INTRODUCTION

Breast cancer, a solid tumor, is the leading cause of cancer-related death in females.1 Hypoxia, a commonly

recognized feature of solid tumors, is a negative prognostic factor responsible for poor response to treat-

ment and survival in cancer patients.2 The regions of breast tumors that experience hypoxic stress due to

the unavailability of proper vasculature significantly alter several pathways, such as epithelial to mesen-

chymal transition (EMT), angiogenesis, autophagy, and metabolism, for their survival.3–5 Angiogenesis,

which is crucial for tumor growth and metastasis, requires a balance between pro-angiogenic and anti-

angiogenic factors.6 Therefore, deciphering the mechanism behind angiogenesis regulation in hypoxic

tumors is necessary to comprehend the molecular pathways involved in the production of both pro-angio-

genic and anti-angiogenic factors. While prior research has explored the impact of hypoxia on angiogen-

esis,7 this study represents, to the best of our knowledge, the initial investigation into the intricate mech-

anism of hypoxia-mediated regulation of vascular endothelial growth factor A (VEGFA) alternative splicing,

leading to the differential production of pro-angiogenic and anti-angiogenic isoforms.

VEGFA is a crucial growth factor essential for the development of new blood vessels through angiogen-

esis. It is secreted along with other growth factors and cytokines, such as fibroblast growth factor (FGF),

tumor necrosis factor-alpha (TNF-a), and transforming growth factor-b (TGF-b), during angiogenesis.8,9

The production of VEGFA is regulated by hypoxia inducible factor a (HIF1a), a protein that plays a vital

role in the regulation of angiogenesis in both pathological and physiological contexts. These isoforms

are classified as either pro-angiogenic or anti-angiogenic based on the selection of proximal or distal

splice sites at exon-8, respectively.10 Despite existing knowledge about VEGFA’s alternative splicing,

its mechanism of action under hypoxia remains to be fully understood. As such, further investigation

is necessary to gain insights into the regulation of angiogenesis in various physiological and pathological

conditions.
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Our study has disclosed themechanism of regulation for the alternative splicing of VEGFA in breast cancer cells

under hypoxic conditions. Our findings indicate that the expression of the pro-angiogenic VEGFA-165a

isoform, which includes exons 1–5, 7, and 8a, is elevated under hypoxia, while the expression of the anti-angio-

genic VEGFA-165b isoform, which includes exons 1–5, 7, and 8b, is reduced.

Through our research, we discovered that a splicing factor called serine and arginine rich splicing factor 2

(SRSF2) plays a key role in the inclusion of exon-8b, leading to the formation of the anti-angiogenic VEGFA-

165b isoform under normal oxygen levels. Specifically, we found that SRSF2 under normal oxygen levels

facilitates DNA methyltransferase 3A (DNMT3A)-mediated DNA methylation of exon-8a, decreasing

CCCTC-binding factor (CTCF) recruitment and polymerase II (pol II) occupancy and consequently leading

to the exclusion of exon-8a and the formation of the anti-angiogenic VEGFA-165b isoform. Mechanistically,

we also observed that under hypoxia, there is an increase in the expression of a microRNA calledmiR-222-

3p, which targets SRSF2, leading to its decreased expression. This decrease in SRSF2 expression results in

the exclusion of exon-8b and correlates with an increase in 5-hydroxymethylation at exon-8a. This increased

hydroxymethylation aids in the recruitment of CTCF and causes increased pol II occupancy, ultimately lead-

ing to the inclusion of exon-8a and the formation of the pro-angiogenic VEGFA-165a isoform.

In summary, our research has uncovered a previously unknown regulatory mechanism that governs the

alternative splicing of VEGFA during hypoxia. The study demonstrated that miR-222-3p targeting SRSF2

leads to changes in the inclusion or exclusion of exons 8a and 8b, resulting in the formation of either

pro-angiogenic or anti-angiogenic isoforms. Additionally, our findings suggest that SRSF2 plays a crucial

role in this process through its interaction with CTCF, underscoring the complexity of VEGFA regulation

under hypoxia and the importance of further investigating the underlying mechanisms. Collectively, our

findings unmask hypoxia-driven regulation of SRSF2 by miR-222-3p and uncover a unique mechanism of

VEGFA-165 alternative splicing regulation, involving the interplay between SRSF2 and CTCF.

RESULTS

Hypoxia-induced preferential inclusion of exon-8a over exon-8b leads to the accumulation of

VEGFA-165a isoform

Tumor cells under hypoxic stress increase angiogenesis to promote their survival and progression in a chal-

lenging microenvironment. The expression of various isoforms of VEGFA, a key regulator of angiogenesis,

generated through alternative splicing, is not well understood under hypoxic conditions.11,12 To investi-

gate this, we analyzed existing human transcriptome array 2.0 (HTA 2.0) microarray data of the breast

cancer cell line MCF7 under both normoxic and hypoxic conditions (GSE147516).13 Our splicing index anal-

ysis against exon-specific junctions (exon-6b/7a, VEGFA-206; exon-5/6a, VEGFA-189; exon-5/7a, VEGFA-

165) revealed significant inclusion of exon-5/7a under hypoxia, corresponding to the VEGFA-165 isoform,

while no other isoform-specific junctions showed significant upregulation or change under normoxic versus

hypoxic conditions (Figure S1A). Similar results were found when splicing index analysis was performed for

VEGFA-specific isoforms in triple-negative breast cancer patients classified as normoxic or hypoxic

(GSE76250)14 (Figure S1B). Additionally, splicing index analysis from the same datasets GSE147516 and

GSE76250 of the VEGFA exon-7b/8a junction showed significant inclusion (p = 0.0057 and p = 0.0005,

respectively), indicating increased expression of the VEGFA-165a isoform in hypoxic compared to nor-

moxic conditions (Figure S1C). The alternative splicing of VEGFA-165 is shown in Figure 1A. Semi-quanti-

tative PCR was performed for VEGFA-165a and VEGFA-165b transcripts; the fragments were then gel

extracted and sequence confirmed by Sanger sequencing. The chromatograms for VEGFA-165a and

VEGFA-165b are provided in Figure 1B.

We next utilized the RJunBase software to analyze RNA sequencing data and identify the presence of

VEGFA exon-7/8a and exon-7/8b junctions, which correspond to the VEGFA-165a and VEGFA-165b tran-

scripts, respectively.15 Our findings indicated that the VEGFA exon-7/8a junction was upregulated, while

the exon-7/8b junction was downregulated in tumor breast cancer samples compared to normal samples

(Figure S1D). These results were consistent with changes in protein expression of VEGFA-165a and VEGFA-

165b observed in MCF7 and HCC1806 cells treated under normoxic and hypoxic conditions (Figures 1C

and 1D). To further confirm these results, we employed a dual chromatic VEGFA minigene strategy that in-

volves cloning exon-7, intron-7, exon-8a, and exon-8b of the VEGFA gene into a mCherry-N1 vector. The

minigene was constructed so that enhanced green fluorescence protein (eGFP) is expressed when exon-8a

is included and mCherry is expressed when exon-8b is included. We utilized the VEGFA dual chromatic
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minigene construct and detected an upsurge in eGFP expression, indicating an increased incorporation of

exon-8a and the production of the pro-angiogenic VEGFA-165a isoform in hypoxic conditions compared to

normoxic conditions. Furthermore, a 4’,6-diamidino-2-phenylindole (DAPI) image of untransfected cell

nuclei is presented to establish that the extracellular DAPI staining is resulted from transfected DNA

and is not mycoplasma contamination (Figures 1E and 1F).

Silencing SRSF2 reduced VEGFA-165b expression under normoxic condition

Having demonstrated alterations in VEGFA-165 splice isoforms’ expression under hypoxic conditions in the

previous section, we proceeded to investigate the underlying mechanism by exploring the role of splicing

factors in regulating VEGFA-165 splicing.We used SFmap, a web-based tool for predicting splicing factors,

and identified various splicing factors that bind nearby to VEGFA exon-8.10,16 We then examined the

expression of the identified splicing factors in MCF7 and HCC1806 cells under hypoxic and normoxic con-

ditions using HTA 2.0 microarray data. Our analysis revealed a significant decrease in SRSF2 expression un-

der hypoxic condition (Figure S2A); the binding site for SRSF2 was identified in the untranslated region

Figure 1. Hypoxia promotes VEGFA exon-8a inclusion and exon-8b exclusion in breast cancer cells

(A) Schematic of VEGFA-165 splicing demonstrating the mutually exclusive event with inclusion of either exon-8b or exon-8a giving rise to VEGFA-165b and

VEGFA-165a, respectively.

(B) Semi-quantitative RT-PCR for VEGFA-165a and 165b in MCF7 cells treated under normoxia and hypoxia and the results of Sanger sequencing of the

VEGFA-165a and VEGFA-165b isoforms purified from corresponding gels.

(C) Immunoblot for VEGFA-165a and VEGFA-165b with CD63 as loading control in conditioned medium of normoxia- and hypoxia-treated MCF7 cells.

(D) Immunoblot for HIF1a, VEGFA-165a, VEGFA-165b, and a-Tubulin (loading control) under normoxic and hypoxic conditions in MCF7 and HCC1806 cells.

(E) Schematic of VEGFAminigene reporter used, which accommodates exon-7, intron-7, exon-8a, and exon-8b without stop codon. The reporter is designed

so that eGFP will be synthesized on exon-8a inclusion and mCherry will be synthesized on exon-8b inclusion.

(F) Confocal microscopy and quantification of VEGFA minigene transfected cells in normoxic and hypoxic conditions. Images are quantified using ImageJ

software for mean corrected total cell fluorescence. Scale bar = 20 mm. Statistical significance was determined using unpaired Student’s t test (*p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001, while a lack of significance is represented by ‘‘ns’’ for p > 0.05). Error bars show mean values GSD (n = 3 unless

otherwise specified).
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between VEGFA exon-8a and exon-8b. We further confirmed this finding by observing a decrease in SRSF2

expression at both the mRNA and protein levels in MCF7 and HCC1806 cell lines after exposure to hypoxia

(Figures 2A, 2B, S2B, and S2C). To investigate the involvement of SRSF2 in VEGFA-165 splicing, we per-

formed short hairpin RNA (shRNA)-mediated knockdown of SRSF2 under normoxic conditions. We

observed that SRSF2 depletion resulted in an increase in the expression of the pro-angiogenic VEGFA-

165a isoform and a decrease in the expression of the anti-angiogenic VEGFA-165b isoform in both

MCF7 and HCC1806 cells (Figures 2C, 2D, S2D, and S2E). Furthermore, we also confirmed these findings

by ectopically expressing SRSF2 under hypoxia and observing a decrease in VEGFA-165a and an increase

in VEGFA-165b expression in both the cell lines (Figures 2E, 2F, S2F, and S2G).

To further verify the involvement of SRSF2 in VEGFA-165 splicing, we conducted the VEGFAminigene assay

in SRSF2 knockdown and control MCF7 cells. Our findings demonstrated that the downregulation of SRSF2

resulted in the inclusion of exon-8a, which was evident by increased eGFP expression (Figure 2G). Taken

together, these outcomes suggest that the decrease in SRSF2 expression under hypoxia is critical for

the inclusion of exon-8a in the VEGFA-165a transcript and the exclusion of exon-8b in VEGFA-165b tran-

script, thereby promoting angiogenesis.

Figure 2. Decrease in VEGFA-165b isoform in the absence of SRSF2 under hypoxic condition in breast cancer cells

(A) qRT-PCR of SRSF2 under hypoxic versus normoxic conditions in MCF7 cells.

(B) Immunoblot of SRSF2 under hypoxic versus normoxic conditions in MCF7 cells.

(C) qRT-PCR of VEGFA-165a and VEGFA-165b isoforms after SRSF2 knockdown under normoxic condition in MCF7 cells.

(D) Immunoblot of SRSF2, VEGFA-165a, and VEGFA-165b isoforms after SRSF2 knockdown under normoxic condition in MCF7 cells.

(E) Immunoblot of flag (SRSF2), VEGFA-165a, and VEGFA-165b isoforms after SRSF2 overexpression under hypoxic condition in MCF7 cells.

(F) qRT-PCR of VEGFA-165a and VEGFA-165b isoforms after SRSF2 overexpression under hypoxic condition in MCF7 cells.

(G) Confocal microscopy and quantification of VEGFA minigene transfected cells in SRSF2 knockdown and control condition under normoxic condition.

Scale bar = 20 mm. Statistical significance was determined using unpaired Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, while a lack

of significance is represented by ‘‘ns’’ for p > 0.05). Error bars show mean values GSD (n = 3 unless otherwise specified).
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miR-222-3p inhibits SRSF2 expression post-transcriptionally under hypoxia via direct

interaction with SRSF2 30UTR

To comprehend the mechanism underlying the inhibition of SRSF2 under hypoxia, we analyzed the tran-

scriptional regulation of the SRSF2 promoter using a dual-luciferase reporter assay. Our findings revealed

no significant alteration in luciferase activity in normoxic versus hypoxic conditions, implying that the down-

regulation of SRSF2 under hypoxia is not regulated transcriptionally (Figures 3A and S3A). To corroborate

this outcome, we also employed a luciferase construct containing four copies of the suppressor of mothers

against decapentaplegic (SMAD) binding element upstream of the luciferase reporter gene as a positive

control (Figure S3B).

After noting the absence of transcriptional regulation, our focus shifted to investigating alternative regu-

latory mechanisms involved in the downregulation of SRSF2 during hypoxia. Recent findings suggest that

microRNAs (miRNAs) play an important role in post-transcriptional regulation of alternative splicing by

silencing splicing regulators.17 Furthermore, miRNAs may be differentially expressed under hypoxia due

to the direct or indirect regulation by HIF1a or other transcription factors.18,19

To understand the impact of miRNAs on the regulation of SRSF2 expression and its effect on VEGFA-165

splicing, we performed further investigation. Bioinformatics analysis using TargetScan 7.2 revealed several

miRNAs (miR-193-3p, miR-200bc-3p, miR-429, miR-133a-3p, miR-183-5p, miR-338-3p, miR-130-3p, miR-

301-3p, miR-454-3p, and miR-222-3p) that bind to the SRSF2 30UTR region. However, only miR-222-3p

showed an increase in expression among the other miRNAs targeting SRSF2, under hypoxia treatment

Figure 3. miR-222–3p downregulates SRSF2 expression post-transcriptionally under hypoxic condition

(A) Dual-luciferase assay with SRSF2 promoter under normoxic versus hypoxic conditions in MCF7 cells. The relative luciferase values are shown as mean G

SD.

(B) qRT-PCR of miR-222–3p under normoxic versus hypoxic conditions in MCF7 cells.

(C) qRT-PCR of SRSF2 on miR-222-3pmimic and inhibitor transfection under normoxic and hypoxic conditions, respectively, in MCF7 cells with their negative

controls.

(D) Immunoblot of SRSF2, VEGFA-165a, and VEGFA-165b after miR-222–3p mimic and inhibitor transfection under normoxic and hypoxic condition,

respectively, in MCF7 cells with their negative controls.

(E) Schematic showing wild-type and mutant miR-222–3p binding site utilized for dual-luciferase assay. Dual-luciferase assay with wild-type and mutant miR-

222–3p binding site on SRSF2 30UTR under normoxic versus hypoxic conditions represented as N and H, respectively, in MCF7 cells. 30UTR- 30 untranslated
region, miR-microRNA, and mimic negative control and inhibitor negative control are both labeled Control. Statistical significance was determined using

unpaired Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, while a lack of significance is represented by ‘‘ns’’ for p > 0.05). Error bars

show mean values GSD (n = 3 unless otherwise specified).
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in HTA 2.0 microarray data (GSE147516). To confirm these results, we quantified the expression ofmiR-222-

3p using TaqManmiRNA assays and found elevated expression ofmiR-222-3p in both MCF7 and HCC1806

under hypoxia (Figures 3B and S3C).

In order to confirm the involvement ofmiR-222-3p in the downregulation of SRSF2 during hypoxia, we con-

ducted an experimental validation by transfecting MCF7 and HCC1806 cells with miR-222-3p mimic and

inhibitor, along with controls. The results obtained through qRT-PCR and immunoblotting indicated that

the transfection with the miR-222-3p mimic caused a reduction in SRSF2 expression compared to the con-

trol under normoxia, while transfection with the miR-222-3p inhibitor led to an elevation in SRSF2 expres-

sion compared to the control under hypoxia (Figures 3C, 3D, S3D, and S3F).

We conducted a dual reporter luciferase assay in MCF7 and HCC1806 cells to confirm the direct regulation

of SRSF2 expression by miR-222-3p. To achieve this, we cloned miR-222-3p seed pairing sites (wild-type

and mutated) and the immediate surrounding sequences in the SRSF2 30UTR downstream of the luciferase

open reading frame of the pMIR-REPORT vector. The results indicated a decrease in luciferase activity

when transfection was performed with the construct containing wild-type binding site in normoxic versus

hypoxic conditions, while no change in luciferase activity was observed when transfection was performed

with a construct containing the mutatedmiR-222-3p binding site on the SRSF2 30UTR (Figures 3E and S3E).

The expression of VEGFA-165 isoforms was affected by transfecting miR-222-3p mimic and inhibitor into

MCF7 and HCC1806 cells. The results, as shown in Figures 3D, S3F, S3G, and S3H, revealed that the

miR-222-3p mimic caused an increase in VEGFA-165a expression, while the miR-222-3p inhibitor sup-

pressed VEGFA-165a expression. Conversely, themiR-222-3pmimic suppressed VEGFA-165b expression,

while themiR-222-3p inhibitor increased its expression, at bothmRNA and protein levels in both MCF7 and

HCC1806 cells. These findings suggest that hypoxia-induced miR-222-3p has a unique role in promoting

angiogenesis by suppressing SRSF2, which results in reduced expression of the VEGFA-165b isoform.

HIF1a-mediated miR-222-3p upregulation modulates VEGFA alternative splicing

Up to this point, we have demonstrated that hypoxia-induced miR-222-3p expression modulation plays a

role in regulating VEGFA-165 alternative splicing. In order to gain a deeper understanding of this regula-

tion, we investigated the involvement of HIF1a, a transcription factor known to upregulate hypoxia-induc-

ible genes in cancer cells. Our analysis of publicly available HIF1a chromatin immunoprecipitation

sequencing (ChIP-seq) data from ChIP-Atlas (https://chip-atlas.org) revealed the presence of HIF1a bind-

ing on themiR-222 promoter (Figure 4A). Consistent with this, our ChIP-qPCR results demonstrated signif-

icant enrichment of HIF1a on the miR-222 promoter compared to the normoxic control (Figures 4B and

S4A). Additionally, we conducted shRNA-mediated HIF1a knockdown experiments to investigate the ef-

fect of HIF1a on miR-222-3p expression, which resulted in a significant decrease in miR-222-3p expression

under hypoxia (Figures 4C and S4B). We also observed that HIF1a depletion caused an increase in VEGFA-

165b isoform and a decrease in VEGFA-165a, both at the mRNA and protein levels (Figures 4D, 4E, S4C,

and S4D). These results substantiated the role of the HIF1a-miR-222-3p axis in regulating VEGFA-165

alternative splicing by suppressing SRSF2 expression. In addition, using a VEGFA minigene system, we

demonstrated that HIF1a is necessary for the inclusion of VEGF 165 exon-8a (Figure 4F). Overall, our find-

ings indicate that HIF1a plays a crucial role in promoting angiogenesis under hypoxic condition by directly

inducing miR-222-3p expression.

Increased hydroxymethylation at the exon-8a region contributes to CTCF recruitment under

hypoxic condition

Our research has provided insights into the regulation of VEGFA-165 alternative splicing under hypoxic

condition. We have discovered that the HIF1a-miR-222-3p-SRSF2 axis mediates the exclusion of exon-

8b and generation of VEGFA-165a isoform by reducing the expression of SRSF2 under hypoxia. However,

we still needed to understand the mechanism behind VEGFA-165 exon-8a inclusion under hypoxic condi-

tions in the absence of SRSF2.

Recent studies have shown that epigenetic mechanisms, particularly DNA methylation, contribute to the

alternative splicing.20–22 Importantly, the binding of a DNA-binding protein CTCF depends on the pres-

ence or absence of 5-methylcytosine (5-mC) marks on the target exon.23,24 Moreover, hydroxymethylation

of cytosine has been demonstrated to facilitate the recruitment of CTCF.23 Additionally, there is ample
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amount of evidence suggesting that the CTCF binding promotes the inclusion of weak upstream exons by

mediating local RNA pol II pausing.22,25,26

Based on these findings, we hypothesized that CTCF might regulate VEGFA-165 alternative splicing in the

absence of SRSF2 under hypoxic condition. Bioinformatics analysis using CIS-BP (http://cisbp.ccbr.

utoronto.ca) revealed a putative CTCF binding site on VEGFA exon-8a. To investigate the involvement

of DNA methylation and CTCF in VEGFA alternative splicing, we performed Methylated DNA immunopre-

cipitation (MeDIP) and hydroxymethylated DNA immunoprecipitation (hMeDIP)-qPCR using antibodies

against 5-methylcytosine (5-mC) and 5-hydroxymethylcytosine (5-hmC), respectively. We observed a signif-

icant decrease in 5-mC and a concomitant increase in 5-hmC levels under hypoxic as compared to nor-

moxic conditions at exon-8a, but no change was observed in methylation status at exon-8b in MCF7 and

HCC1806 cells (Figures 5A, 5B, S5A, and S5B).

Next, we performed CTCF and pol II ChIP under normoxic and hypoxic conditions. In line with the reduced

methylation and enhanced hydroxymethylation at exon-8a (Figures 5C and S5C), we observed an increased

binding of CTCF at exon-8a, which correlated with increased enrichment of pol II at exon-8a in hypoxic

Figure 4. HIF1a regulates VEGFA alternative splicing directly by upregulating miR-222-3p

(A) HIF1a binding site is present on MIR222 promoter.

(B) ChIP qRT-PCR on MIR222 promoter using HIF1a antibody in normoxic versus hypoxic conditions in MCF7 cells. Fold enrichment (HIF1a/IgG) was

normalized to input.

(C) qRT-PCR of miR-222-3p after HIF1a knockdown under hypoxic condition in MCF7 cells.

(D) Immunoblot of HIF1a, SRSF2, VEGFA-165a, and VEGFA-165b isoforms after HIF1a knockdown under hypoxic condition in MCF7 cells.

(E) qRT-PCR of VEGFA-165a and VEGFA-165b isoforms after HIF1a knockdown under hypoxic condition in MCF7 cells.

(F) Confocal microscopy and quantification of VEGFA minigene transfected cells in HIF1a knockdown and control condition under hypoxia. Scale bar =

20 mm. Statistical significance was determined using unpaired Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, while a lack of

significance is represented by ‘‘ns’’ for p > 0.05). Error bars show mean values GSD (n = 3 unless otherwise specified).
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compared to normoxic MCF7 cells. To further validate our findings, we performed shRNA-mediated deple-

tion of CTCF in MCF7 and HCC1806 cells under hypoxic conditions. Notably, CTCF knockdown resulted in

a decrease in VEGFA-165a and increased VEGFA-165b expression at both RNA and protein levels

(Figures 5D, 5E, S5D, and S5E).

Next, we conducted minigene analysis and found that the knockdown ofCTCF in MCF7 cells under hypoxic

conditions led to a decrease in eGFP and an increase in mCherry expression. This result indicates a loss of

VEGFA-165a isoform compared to control, as shown in Figures 5F and 5G. We also found that under hyp-

oxic conditions, CTCF depletion caused a reduction in both CTCF and pol II binding on VEGFA-165 exon-

8a but no change at the exon-8b (Figures 5H and S5F–S5H). These results indicate that hypoxia triggers

changes in the epigenetic landscape, leading to the recruitment of CTCF at VEGFA-165 exon-8a, causing

pol II pause, and facilitating exon-8a inclusion, resulting in the generation of a pro-angiogenic isoform of

VEGFA-165a.

Figure 5. Increased hydroxymethylation under hypoxic conditions contributes to the involvement of CTCF in VEGFA AS

(A and B) qRT-PCR analysis of MeDIP and hMeDIP performed in normoxia versus hypoxia treatment represented as N and H, respectively, in MCF7 cells’

genomic DNA using 5-methylcytosine and 5-hydroxymethylcytosine antibody and VEGFA exon-8a and VEGFA exon-8b primers.

(C) ChIP qRT-PCR on VEGFA using CTCF and pol II antibodies in normoxic versus hypoxic conditions in MCF7 cells.

(D) Immunoblot and qRT-PCR analysis of CTCF, VEGFA-165a, and VEGFA-165b isoforms after CTCF knockdown under hypoxic condition in MCF7 cells.

(E) qRT-PCR of VEGFA-165a and VEGFA-165b isoforms after CTCF knockdown under hypoxic condition in MCF7 cells.

(F andG) Confocal microscopy and quantification of VEGFAminigene transfected cells in CTCF knockdown and control condition under hypoxia. Scale bar =

20mm.

(H) ChIP qRT-PCR on VEGFA using CTCF and pol II antibody in control versus CTCF knockdown under hypoxic condition in MCF7 cells. Fold enrichment

(CTCF/IgG) and (pol II/IgG) was normalized to input. Statistical significance was determined using unpaired Student’s t test (*p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001, while a lack of significance is represented by ‘‘ns’’ for p > 0.05). Error bars show mean values GSD (n = 3 unless otherwise

specified).
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The interplay between SRSF2 and CTCF tunes the alternative splicing of VEGFA-165

The findings so far indicate that hypoxia increases the expression of VEGFA-165a by reducing SRSF2 levels

and decreasing methylation on exon-8a. This results in the recruitment of CTCF and the pause of pol II.

However, changes in expression of VEGFA-165a isoform expression were also observed in SRSF2 knock-

down cells under normal oxygen levels. This prompts further investigation into the role of SRSF2 in

VEGFA-165 splicing. According to previous reports, splicing factors can modify epigenetic marks by inter-

acting with epigenetic modifiers.27–30 Moreover, SRSF2 can modulate H3K27ac levels by associating with

the p300/cyclic AMP response element-binding protein (CBP) acyl-transferase complex, acting as an

anti-tumor modulator.

To determine the role of SRSF2 in regulating DNAmethylation on exon-8 of VEGFA-165, MeDIP-qPCR and

hMeDIP-qPCR were performed in SRSF2 knockdown cells. The results indicated that SRSF2 knockdown

causes a decrease in methylation and an increase in hydroxymethylation at exon-8a, indicating its role in

regulating methylation and CTCF recruitment at exon-8a (Figures 6A and S6A–S6C). CTCF and pol II

ChIP-qPCR were also performed in SRSF2 knockdown cells, revealing enriched binding of both CTCF

and pol II at exon-8a under normal oxygen levels in SRSF2 knockdown cells compared to control

(Figures 6B, S6D, S6E, and S6F). These findings suggest that SRSF2 plays a dual role in VEGFA-165 splicing,

not only as a splicing factor involved in the inclusion of exon-8b but also in regulating methylation status at

exon-8a and altering CTCF recruitment.

To enhance the comprehension of the alternative splicing of VEGFA-165 under hypoxic conditions, we

aimed to investigate the role of ten-eleven translocases (TETs) proteins, which are accountable for

the transformation of 5-mC to 5-hmC, following the observed rise in 5-hmC marks at the exon-8a site

of VEGFA. We performed CTCF ChIP-qPCR analysis while inhibiting TETs using TET inhibitor (TET-i)

Bobcat and discovered that CTCF enrichment and hydroxymethylation at exon-8a decreased upon

TET inhibition (Figures 6C, S6G, and S6H). This observation implies that, under hypoxia, TETs are vital

for transforming 5-mC to 5-hmC, subsequently allowing the binding of CTCF at exon-8a and thereby

causing its inclusion.

Our findings thus far suggest that SRSF2 and DNMT3A play crucial roles in regulating VEGFA alternative

splicing under normoxic condition by maintaining the methylation status at exon-8a and promoting

exon-8b inclusion. Therefore, we hypothesized that SRSF2might interact with DNMTs under normoxic con-

ditions. Through STRING analysis, we found evidence of direct interaction between SRSF2 and DNMT3A,

which we verified throughMeDIP and hMeDIP assays and co-immunoprecipitation (coIP) experiments (Fig-

ure S6I). To confirm the involvement of DNMT3A in VEGFA alternative splicing, we performed immunoblot

analysis of VEGFA isoforms and observed a decrease in VEGFA-165b and an increase in VEGFA-165a in

DNMT3A knockdown cells under normoxia (Figures 6D and S6J). Our results also demonstrated a decrease

in methylation and an increase in hydroxymethylation at exon-8a on DNMT3A knockdown, indicating its

role in maintaining VEGFA-165b expression under normoxic conditions (Figure 6E). Moreover, our coIP re-

sults revealed a direct interaction between DNMT3A and SRSF2 under normoxic conditions, providing

additional evidence that this interaction is responsible for exon-8b inclusion under normoxic conditions

(Figure 6F).

Clinical validation of hypoxia-induced VEGFA-165 alternative splicing

Our investigation has thoroughly uncovered the mechanism underlying VEGFA-165 alternative splicing in

breast cancer cells. The identification of the molecular players involved in VEGFA alternative splicing

could have significant clinical implications. To gain a better understanding of the status of these molec-

ular players, we conducted an immunohistochemistry (IHC) analysis on tumor sections obtained from

breast cancer patients. The sections were stained with antibodies against VEGFA-165a, VEGFA-165b,

and SRSF2, and we used carbonic anhydrase 9 (CAIX) as a marker for hypoxia.31 Our results revealed

that regions of high hypoxia, as indicated by positive CAIX staining, exhibited intense staining for

VEGFA-165a and weak staining for SRSF2 and VEGFA-165b. Conversely, regions with low hypoxia, as

indicated by negative CAIX staining, showed strong staining for SRSF2 and VEGFA-165b and weak stain-

ing for VEGFA-165a. Taken together, our in vivo observations corroborate with our in vitro results,

demonstrating that, under hypoxic conditions, there is a reduction in the level of SRSF2 levels, leading

to epigenetic-mediated alternative splicing of the VEGFA gene, which promotes the production of the
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pro-angiogenic VEGFA-165a isoform over the anti-angiogenic VEGFA-165b isoform, thus inducing

angiogenesis (Figures 7, S7, and S8).

DISCUSSION

Despite recent advancements in breast cancer treatment, it continues to be a leading cause of cancer-related

deaths in women.32 Hypoxia is a significant contributor to breast cancer progression,33,34 causing alterations

in the expression of various genes through alternative splicing, which helps cancer cells survive and evade

treatment.13,35–38 Angiogenesis, the development of new blood vessels, is also a critical aspect of breast can-

cer progression and is heavily influenced by the expression and alternative splicing of angiogenic genes.6,39,40

Figure 6. Cross-talk between epigenetic and splicing mechanism for VEGFA splicing

(A) qRT-PCR analysis of MeDIP and hMeDIP performed in control versus SRSF2 knockdown under normoxia in MCF7 cells DNA using 5-methylcytosine and

5-hydroxymethylcytosine antibody and VEGFA exon-8a primers.

(B) ChIP qRT-PCR on VEGFA exon-8a using CTCF and pol II antibody in control versus SRSF2 knockdown MCF7 cells under hypoxic condition.

(C) ChIP and hMeDIP qRT-PCR on VEGFA exon-8a using CTCF and 5-hydroxymethylcytosine antibody respectively in DMSO versus TET inhibitor Bobcat

(TET-i) in control and SRSF2 knockdown MCF7 cells under normoxic condition. Fold enrichment (CTCF/IgG) and (5-hydroxymethylcytosine/IgG) was

normalized to input.

(D) Immunoblot of DNMT3A, VEGFA-165a, and VEGFA-165b isoforms after DNMT3A knockdown under normoxic condition in MCF7 cells.

(E) qRT-PCR analysis of MeDIP and hMeDIP performed in control versus DNMT3A knockdown under normoxia in MCF7 cells’ DNA using 5-methylcytosine

and 5-hydroxymethylcytosine antibody and VEGFA exon-8a primers.

(F) DNMT3A and SRSF2 interact endogenously. CoIP was performed with DNMT3A antibody under normoxic condition with IgG as control. The

immunoprecipitated samples were analyzed using SRSF2 and DNMT3A antibody by immunoblotting. Statistical significance was determined using unpaired

Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, while a lack of significance is represented by ‘‘ns’’ for p > 0.05). Error bars show mean

values GSD (n = 3 unless otherwise specified).
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The objective of this study is to gain a better understanding of how hypoxia, via the transcription factor HIF1a,

controls the alternative splicing of the angiogenic gene VEGFA in breast cancer cells.

Due to the presence of the hypoxia responsive element (HRE), VEGFA upregulation is widely discussed in

the context of different cancers under hypoxic stress.41 Despite several reports demonstrating alternative

splicing of VEGFA, the mechanism behind its alternative splicing under hypoxic condition remains

elusive.10,42,43 VEGFA alternative splicing generates multiple isoforms, with VEGFA-165 being one of the

most frequently expressed isoforms.44 The splicing switch at the C terminus of VEGFA transcripts deter-

mines the production of two classes of transcripts having opposite functions. Our study discovered that,

under hypoxic stress, the VEGFA-165 transcript undergoes alternative splicing, leading to the inclusion

of exon-8a and exclusion of exon-8b, resulting in the production of the pro-angiogenic VEGFA-165a iso-

form over the anti-angiogenic VEGFA-165b isoform. Several splicing factors, such as SRSF1, SRSF2, and

SRSF6, have been identified to be involved in VEGFA splicing; however, the splicing factor regulating

VEGFA alternative splicing under hypoxia was unknown.10,45–47 We observed a significant reduction in

SRSF2 expression in breast cancer cells exposed to hypoxic stress. Additionally, SRSF2 expression alter-

ation caused a switch in the expression of VEGFA-165 isoforms at both mRNA and protein levels, establish-

ing it as the splicing factor responsible for VEGFA-165 alternative splicing under hypoxic stress.

MicroRNAs play a crucial role in oncogenesis as regulators of various processes acting either as oncogenes

or tumor suppressors.48 They negatively regulate target gene expression through sequence-specific RNA-

RNA interactions with the 30-UTRs, and their dysregulation is frequently observed under hypoxia.49 The role

of miRNAs in regulating alternative splicing has been previously reported.50 In this study, we discovered

miR-222-3p as a previously unknown regulator of VEGFA alternative splicing and angiogenesis, functioning

at the interface between VEGFA alternative splicing and SRSF2. Our findings suggested that miR-222-3p

Figure 7. Clinical validation of hypoxia-induced VEGFA alternative splicing

(A) Hypoxic regions of patient 1 and 2. Hypoxic region showed strong immunostaining of CAIX and VEGFA-165a and weak immunostaining of SRSF2 and

VEGFA-165b.

(B) Normoxic regions of patient 1 and 2. Normoxic regions showed weak immunostaining of CAIX and VEGFA-165a and strong immunostaining of SRSF2 and

VEGFA-165b.

(C) Quantification for CAIX, SRSF2, VEGFA-165a, and VEGFA-165b staining represented as optical density for hypoxic versus normoxic regions of 12 breast

cancer patient’s samples. Statistical significance was determined using unpaired Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001,

while a lack of significance is represented by ‘‘ns’’ for p > 0.05). Scale bar = 100 mm, Magnification is 403.
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acts as a negative regulator, responsible for the decrease in SRSF2 expression under hypoxic conditions.

These findings are consistent with the previous work of Liu et al., who have also investigated the role ofmiR-

222-3p/SRSF2 in regulating cancer progression under hypoxic conditions. Liu et al. have shown that

hypoxia-induced miR-222-3p inhibits the expression of SRSF2, resulting in the alternative splicing of

methyl-CpG binding domain 2 (MBD2), which activates frizzled class receptor (FZD1) and promotes epithe-

lial to mesenchymal transition and metastasis.37 Experiments usingmiR-222-3pmimic and inhibitor further

demonstrated the involvement of miR-222-3p in mediating VEGFA-165 exon-8b exclusion under hypoxic

conditions. However, the mechanism behind VEGFA-165 exon-8a inclusion under hypoxia remains unclear.

Although miRNAs’ involvement in regulating VEGFA expression is extensively documented, this study re-

veals their impact on VEGFA-165 alternative splicing and its effect on angiogenesis, which has not been

previously reported.51,52 HIF1a, the master regulator of the hypoxic response, activates a significant num-

ber of genes that promote tumor growth and malignant progression.53 We hypothesized that HIF1amight

also be involved in orchestrating the VEGFA alternative splicing event. Our bioinformatics analysis revealed

the presence of an HRE element in the promoter region of the miR222 gene, which was also confirmed by

HIF1aChIP-qPCR, indicating that HIF1a transcriptionally regulatesmiR-222-3p. Therefore, this study’s find-

ings on the splicing of VEGFA exon-8a/b, which is mediated bymiR-222-3p/SRSF2 during hypoxia, confirm

and build upon the previous report by Liu et al.37 While the reigning paradigm suggests that HIF1a upre-

gulates the expression of its target genes under hypoxia, our findings show that its control of miR-222-3p

expression also determines its role in regulating alternative splicing.

Alternative splicing and epigenetics are closely connected in regulating gene expression.54 Several studies

have indicated a bidirectional relationship between epigenetics and RNAprocessing, particularly the involve-

ment of chromatin in splicing regulation.55–57 For instance, ALKBH5, a demethyltransferase, has been found

to impact the localization of splicing factors such as SRSF2, SRPK1, and ASF/SF2.58 Tumors use these mech-

anisms to generate new proteins from pre-mRNA that help them survive under stress conditions. In our

research, we observed a reduction in methylation and increase in hydroxymethylation in the region proximal

to exon-8a under hypoxic conditions. This led us to investigate the role of epigenetic regulators in the alter-

native splicing of VEGFA. Our motif analysis identified the binding site of the epigenetic regulator CTCF on

exon-8a. We validated CTCF binding through CTCF ChIP-qPCR and observed decrease in VEGFA-165a iso-

form when CTCF was depleted under hypoxic conditions. The results of our mechanistic studies provide ev-

idence that CTCF mediates the inclusion of VEGFA-165 exon-8a under hypoxic condition.

In addition to performing their canonical function of monitoring splicing, splicing factors are capable of in-

teracting with DNA-binding proteins such as transcription factors and epigenetic modifiers or can directly

bind on DNA to regulate gene expression.30,59 With this in mind, we hypothesized whether SRSF2 could be

involved in regulating VEGFA-165 exon-8a inclusion by altering the methylation status under hypoxic con-

ditions. To test this hypothesis, we conducted hMeDIP-qPCR following SRSF2 knockdown and observed

increased hydroxymethylation at VEGFA-165 exon-8a under normoxic conditions, which validated the

involvement of SRSF2 in CTCF binding and inclusion of VEGFA-165 exon-8a. Additionally, our ChIP-

qPCR results demonstrated a connection between SRSF2 and CTCF, as evidenced by increased CTCF

and pol II enrichment in SRSF2 knockdown cells relative to control cells. Our findings revealed the involve-

ment of both SRSF2 and CTCF in orchestrating VEGFA-165 splicing. This study has identified the involve-

ment of SRSF2 in regulation of the methylation status of the VEGFA-165 gene under hypoxic conditions,

thus contributing to the existing understanding of the molecular mechanism involved in this biological

process.

Of note, the findings of this study suggest a solid foundation for targeting the HIF1a-miR222-DNA hydrox-

ymethylation-CTCF axis as a potential strategy to inhibit angiogenesis and combat breast cancer progres-

sion. Our research builds upon existing knowledge of VEGFA alternative splicing. Notably, our research

demonstrates involvement of an miRNA in the mediation of VEGFA-165 alternative splicing and highlights

an association between SRSF2 and CTCF in the regulation of VEGFA-165 splicing under hypoxic conditions

in breast cancer.

Limitations of the study

One very obvious limitation of this study is its restriction to in vitro cell experiments. Also, there is lack of

whole transcriptome data, presence of which could have strengthened the role of molecular players of this

study in breast cancer progression. Another limitation is that this study only focused on two VEGFA
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transcripts, whereas further research could explore the expression patterns and alternative splicing of other

VEGFA transcripts under hypoxic condition. Future research must also elucidate the detailed mechanism

behind SRSF2 regulating methylation status on VEGFA via DNMT3A. Moreover, it is important to note that

miR-222-3p has multiple targets other than SRSF2, which could potentially play a role in regulating other

cancer-related processes. This avenue of research warrants further exploration.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

SRSF2 Abcam Cat# Ab28428; Lot No. GR154517-43;

RRID:AB_777854

VEGFA-165a Sigma Cat# SAB4200815; Lot No. 059M5885V

VEGFA-165b Merck Cat# MABC595; Lot No. 3723491

CAIX Abcam Cat# ab184006; Lot No. GR173128-25

CTCF CST Cat# 3418S; Lot No. 4; RRID:AB_2086791

HIF1a CST Cat# 14179S; Lot No. 3; RRID:AB_2622225

a-CTD CST Cat# 2629S; Lot No. 3,

a-Tubulin Abcam Cat# Ab7291; RRID:AB_2241126

DNMT3A CST Cat# 32578S; Lot No.10; RRID:AB_2799025

Anti-Flag Novus Biologicals Cat# NBP1-06712SS; RRID:AB_1625981

5-Methylcytosine (5-mC) CST Cat# 28692S; Lot No. 2; RRID:AB_2798962

5-Hydroxymethylcytosine (5-hmC) CST Cat# 51660S; Lot No. 2; RRID:AB_2799398

Alexa-Fluor 680 anti-rat IgG Invitrogen Cat# A21096; Lot No. B-6

Alexa-Fluor 800 anti-mouse IgG Invitrogen Cat# A32730; Lot No. SC243837

Alexa-Fluor 680 anti-rabbit IgG Invitrogen Cat# A32734; Lot No. RJ243414

Normal Rabbit IgG CST Cat# 2729S; Lot No. 2010149; RRID:AB_1031062

Normal Mouse IgG CST Cat# 5415S; Lot No. 8; RRID:AB_10829607

Bacterial and virus strains

E.coli stbl3 cells ThermoFisher Scientific Cat# C737303

Biological samples

Breast cancer patients tissue sections; See Table S1 Bansal Hospital N/A

Chemicals, peptides, and recombinant proteins

Lipofectamine 2000 ThermoFisher Scientific Cat# 11668019

SYBR Green Master Mix Promega Cat# A6101

PrimeScript cDNA synthesis kit TaKaRa Cat# 6110A

Protein G Dynabeads Thermo Fisher Scientific Cat# 10004D, Lot No. 0078227

TaqManTM Fast Advanced Master Mix Thermo Fischer Scientific Cat# 4444557

TaqMan� miRNA Reverse Transcription kit Thermo Fischer Scientific Cat# 4366596

RNase A Thermo Fischer Scientific Cat# 12091021

DMEM medium Invitrogen Cat# 12800017, Lot No. 2248833

RPMI medium Invitrogen Cat# 23400021, Lot No. 2144859

Fetal Bovine Serum Sigma Cat# F7524, Lot No. BCBX8466

Penicillin and Streptomycin Invitrogen Cat# 15140122, Lot No. 2321120

Polybrene Sigma Cat# H9268, Lot No. SLBH5907V

Puromycin Sigma Cat# P9620, Lot No. 034M4008V

TRIzol Invitrogen Cat# 15596018, Lot No. 260712

Fluoroshield Sigma Cat# F6182

Dream Taq polymerase Thermo Fisher Scientific Cat# EP0702

Phusion DNA polymerase Thermo Fisher Scientific Cat# M0530S

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Sanjeev Shukla (sanjeevs@iiserb.ac.in).

Materials availability

This Study did not generate new unique reagents.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

L-Glutamine Invitrogen Cat# 25030081, Lot No. 1917006

Bobcat339 Sigma Cat# SML2611

Proteinase K Thermo Fischer Scientific Cat# 25530049

Critical commercial assays

QIAquick Gel extraction Kit Qiagen Cat# 28706

QIAquick PCR purification Kit Qiagen Cat# 28106

Dual-Luciferase Reporter Assay System Promega Cat# E1910

Plasmid mini kit Qiagen Cat# 27106

TaqMan� miRNA assays (miRNA-222-3p) Applied Biosystems Assay ID 002276, Cat# 4427975

TaqMan� miRNA assays (U6) Applied Biosystems Assay ID 001973, Cat# 4427975

Experimental models: Cell lines

HEK293T ATCC Cat# CRL-3216

MCF7 ATCC Cat# HTB -22

HCC1806 ATCC Cat# CRL-2335

Oligonucleotides

Primers for RT-PCR and qRT-PCR, See Table S2 This paper N/A

Primers for Cloning, See Table S3 This paper N/A

miRNA inhibitor negative control Thermo Fisher Scientific Cat# 4464076

miRNA mimic negative control Thermo Fisher Scientific Cat# 4464058

miRNA-222-3p Inhibitor Thermo Fisher Scientific Cat# 4464084

miRNA-222-3p mimic Thermo Fisher Scientific Cat# 4464066

shRNA sequences, See Table S4 Sigma shRNA library N/A

Deposited data

HTA 2.0 microarray (MCF7 cells) PMID: 33089214 13 GEO: GSE147516

HTA 2.0 microarray (Breast cancer patients) PMID: 26813360.14 GEO: GSE76250

Software and algorithms

Image J NIH https://imagej.nih.gov/ij/

SFmap BioTools https://bio.tools/sfmap

Prism Graphpad https://www.graphpad.com/scientificsoftware/prism/

STRING PMID: 25352553 https://string-db.org/

PrimerQuest Tool IDT https://www.idtdna.com

Target Scan PMID: 17612493 https://www.targetscan.org/

CIS-BP PMID: 25215497 http://cisbp.ccbr.utoronto.ca

Eukaryotic Promoter Database Swiss Institute of Bioinformatics https://epd.vital-it.ch/

ChIP-Atlas PMID: 35325188 https://chip-atlas.org

RJunBase software (Li et al., 2021)15 http://www.rjunbase.org/
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Data and code availability

d This paper analyses existing, publicly available data. These accession numbers for the datasets are listed

in the key resources table. All data reported in this paper will be shared by the lead contact upon request

d This paper does not report original code

d Any additional information required to reanalyse the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL DETAILS

Cell culture

The MCF7 and HCC1806 human breast cancer cell and HEK293T cells were obtained from the American

Type Culture Collection (ATCC). These cell lines were grown in media recommended by ATCC, which

included DMEM for MCF7 and HEK293T and RPMI for HCC1806. Both media were supplemented with

10% fetal bovine serum (Sigma, F7524), 100 units/ml of penicillin and streptomycin (Invitrogen,

15140122), and 2 mmol/l L-glutamine (Invitrogen, 25030081) All cell lines were maintained in a humidified

atmosphere at 37�C and 5% CO2 incubator. To stimulate hypoxic conditions, cells were placed in a Ruskinn

INVIVO2 400 hypoxia chamber and exposed to a gas mixture containing 1% O2 and 5% CO2 for 24 hours.

Bobcat339 dissolved in DMSO (90 mM) (Sigma, SIML2611) was added to the media to inhibit TET activity.

The cell lines used in the study were authenticated from a national cell repository facility by short tandem

repeats (STR) profiling and were routinely tested for mycoplasma contamination using PCR based method.

Breast cancer sample collection

The study utilized breast tumor paraffin-embedded tissue samples obtained from Bansal hospital in Bho-

pal, India. These samples were placed on poly-L-lysine coated slides. Patient samples details are provided

in Table S1. The use of these tissue samples was approved by the Institute Ethics Committee of the Indian

Institute of Science Education and Research in Bhopal, India.

METHOD DETAILS

Protein isolation from conditioned media

For protein precipitation from conditioned media, 1 ml of 20% Trichloroacetic acid was added to 1 ml of

conditioned media. The solution was incubated on ice for 15 minutes. Microcentrifugation was performed

at 14,000 rpm for 5minutes at 4�C. Supernatant was removed and pellet was washed twice with 500 ml of ice-

cold acetone, with subsequent centrifugation at 14,000 rpm for 5 minutes at 4�C. The pellet was air dried

and dissolved in 1X laemmli buffer. Protein samples were heated at 95�C before proceeding for western

blotting.

Western blotting

The breast cancer cells were lysed using a urea-based buffer containing 8 M urea, 2 M thiourea, 2% CHAPS,

and 1% DTT, as well as 13 PIC (leupeptin 10–100 mM, pepstatin 1 mM, 1–10 mM EDTA, <1 mM AEBSF). The

cell debris was removed by centrifuging the lysate at 16,000 3g at 4�C, and the protein concentration was

determined using the Bradford assay. Equal amounts of total protein were separated by 12-15% SDS-PAGE

and transferred to a PVDF membrane from Millipore. Following this, the membrane was blocked with 10%

skimmed milk in TBST for 1 hour at room temperature, and the primary antibodies were incubated over-

night at 4�C. The membrane was then washed twice with TBST containing 0.05% Tween 20 and incubated

with the secondary antibody for 1 hour at room temperature. The bands were quantified using GelQuant

software. The antibodies used were Anti-SRSF2 (Abcam, ab28428, 1:1000), HIF1a (CST, 14179S, 1:1000),

CTCF (CST, 3418S, 1:1000), GAPDH (CST, 5174S, 1:1000), Anti-VEGF 165b (Merck, MABC595, 1:500),

Anti-VEGF 165a (Abcam, Ab69479, 1:500), and DNMT3A (CST, 32578S, 1:1000). Additional information

regarding the antibodies can be found in key resources table.

qRT-PCR

The total RNA was extracted from breast cancer cells using TRIzol reagent (Invitrogen, Cat# 15596018, Lot

No. 260712), according to the manufacturer’s protocol. The concentration of the extracted RNA was

measured using a Biospectrophotometer (Eppendorf). Two micrograms of the total RNA was reverse-tran-

scribed using the PrimeScript RT reagent kit (Takara, Cat# 6110A) with Oligo dT primers. Twenty
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nanograms of the cDNA was used as the template for PCR amplification using SYBR Green (Promega) in a

Light Cycler 480 II (Roche). The expression of miR-222-3p was evaluated using the TaqMan Universal PCR

master mix (Thermo Fischer Scientific) and the TaqMan miRNA Assay Kit (Thermo Fischer Scientific). The

average cycle threshold values were obtained from biological triplicates. The samples’ mRNA and miRNA

expression was normalized to RPS16 and U6, respectively using the formula 2^ (Ct control - Ct target).

Additional information regarding the reagents can be found in key resources table. The significance be-

tween the two different groups was determined using a Student’s t-test, with a p value of less than 0.05

considered statistically significant. The primers used in the experiment are listed in Table S2.

Semi-quantitative PCR

The TRIzol reagent was used to lyse the cells, RNA extraction was performed according to the manufac-

turer’s instructions. The resulting RNA was resuspended in 30 ml nuclease free water and concentration

was determined using Biospectrophotometer (Eppendorf). To generate cDNA, 2 mg total RNA was reverse

transcribed using PrimeScipt 1st strand synthesis kit (TaKaRa, 6110A), according to the manufacturer’s in-

structions. The resulting cDNA was subjected to PCR using Dream Taq polymerase (Thermo Fisher Scien-

tific, EP0702) and flanking primers for VEGFA-165a, VEGFA-165b and 18s rRNA. After 35 cycles of amplifi-

cation, PCR products were separated on 2% agarose gel. Gel extraction was used to isolate fragments

specific for VEGFA-165a and VEGFA-165b, which were then sent for Sanger sequencing to confirm their

sequences. The primers used in the experiment are listed in Table S2.

Molecular cloning

The SRSF2 gene was cloned using the pCMV-3Tag-1a overexpression plasmid from Agilent (240195) and

MCF7 cDNA. The amplification was carried out using Phusion DNApolymerase, and the SRSF2 overexpres-

sion fragment was inserted between the EcoRI forward and BamHI reverse sites. To investigate the role of

transcription factors in regulating SRSF2 expression, a deletion construct of the SRSF2 promoter was

created by retrieving the promoter sequence from �2000bp to +100bp of the transcription start site

from the Eukaryotic Promoter Database (https://epd.vital-it.ch/) and amplified using PCR and Phusion

DNA polymerase. The amplified fragment was cloned into the pGL3-Basic expression vector (Promega,

E1751) between the Kpn1 forward and XhoI reverse sites.

To clone the SRSF2 30UTR containing miR-222-3p binding sites (wild type and mutant), approximately

100 bp long 30UTR forward and reverse strands were commercially synthesized. The oligonucleotides

were annealed by incubation for 4 minutes at 95�C. The microtube was allowed to cool gradually at

room temperature, and the resulting duplex oligonucleotide was cloned in a pMIR reporter plasmid. All

plasmids were verified by Sanger sequencing. The primers used for the cloning are listed in Table S3.

Minigene construct cloning

Phusion DNA polymerase was used to amplify fragments consisting of VEGFA exon-7, intron-7, and exon-8

region in a PCR reaction of 35 cycles, for the purpose of creating aminigene construct. Three different frag-

ments were amplified and ligated by overlapping PCR. First fragment was amplified using VEGFA exon-7

forward and exon-8a reverse primers. Second fragment was amplified using VEGFA exon-8a forward and

exon-8b reverse primers. Third fragment was amplified using VEGFA exon-8b/eGFP overhangs forward

and eGFP reverse using eGFP-N1 plasmid as template. The fragments were joined using an overlapping

extension PCR technique, where the first 15 cycles were performed without primers and the remaining

20 cycles with flanking primers. PCR products were taken in equimolar amounts for overlapping PCR

with calculation performed using NEBiocalculator. The resulting amplified fragment was then verified by

gel electrophoresis on a 1.5% gel and digested using EcoR1 and BamH1 enzymes (Takara Bio-USA Inc.)

in a total 30 ml reaction volume, which was kept for 2 hours in a water bath at 37�C. The digested products

were then PCR purified. Ligation of the mCherry-N1 vector and insert was performed at a ratio of 1:3 using

T4 endonuclease ligase in a total 20 ml reaction and kept for 1 hour at 16�C. The transformation was per-

formed using E. coli Stbl3 competent cells, with the pmCherry-N1 vector used as the positive control. Pos-

itive clones were confirmed using specific primers in a colony PCR consisting of 35 cycles. Restriction diges-

tion with EcoR1 and BamH1 enzymes and sequencing were also used to verify positive clones. Transfection

with the minigene construct was done in MCF7 cells using lipofectamine 2000 transfection reagent. Imag-

ing was done after 24 hours of transfection. To prepare the cells for confocal imaging, they were washed

twice with ice-cold PBS and then treated with 4% formaldehyde solution prepared in PBS. The cells were

incubated at room temperature for 10 minutes, followed by two more PBS washes. Next, DAPI was added
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to the cell and they were incubated for 5 minutes at room temperature. The cells were then given two PBS

washes and finally, mounted on coverslip using Fluoroshieldmountingmedia (Sigma). Slides were analyzed

using an Olympus FV3000 confocal laser scanning microscope with a 603 Plan Apo N objective (oil, 1.42

NA). Details for primers used in minigene cloning are given in Table S3.

RNA interference

Small hairpin RNAs (shRNA) targeting genes SRSF2, CTCF, DNMT3A, and HIF1a were obtained from

Sigma’s Mission Human Genome shRNA Library. Lentivirus containing shRNA plasmid were generated

by transfecting HEK293T cells with D8.9 and VSVG plasmid along with the required shRNA containing

plasmid in 1:0.5:2 ratio using polyethylenimine (PEI). The MCF7 and HCC1806 cell lines were seeded in

six-well culture plates, and transduced with a lentivirus solution containing the specific shRNA and poly-

brene. The cells were then spun at 2200 rpm for 90 minutes, and selected using 1 mg/ml puromycin for

3 days. The cells were then maintained in a humidified incubator at 37�C with 5% CO2. The knockdown

of the targeted genes was confirmed by western blotting, and the cells were then used for downstream ex-

periments. Additional information regarding the reagents used are added in key resources table. The

shRNA sequences used are provided in Table S4.

Luciferase dual reporter assays

Dual luciferase assay was performed using SRSF2 promoter Firefly luciferase construct, and SRSF2 30UTR wild-

type/mutant Firefly luciferase constructs. For the assay,HCC1806 andMCF7 cells were seeded in 24-well plates

and allowed to grow for 24 hours. Following this, Lipofectamine 2000 (Invitrogen) was used to co-transfect the

cells with 200 ng of different Firefly luciferase constructs and 50 ng of pRL-TK Renilla luciferase plasmid

(Promega, E2231). The cells were then exposed to normoxia/hypoxic treatment for an additional 24 hours

and lysed in passive lysis buffer (Promega). The activity of the luciferase was measured using the GloMax-

Multi Detection System (Promega). The results were analyzed by normalizing the firefly luciferase activity

with the Renilla luciferase activity. The data is presented as the meanG SD of biological triplicates.

miRNA mimic and inhibitor transfection

MCF7 and HCC1806 cells were seeded in 6 well culture plates 24 hours before transfection. SyntheticmiR-

222-3p mimic and inhibitor, as well as their scrambled negative controls (90 pmoles) purchased from Am-

bion, Thermo Fisher Scientific, were transfected using lipofectamine 2000 and optiMEM media according

to the manufacturer’s instructions. Following 24 hours of transfection, the media was substituted with the

fresh media and the cells were exposed to additional treatment. After another 24 hours of either normoxia

or hypoxia treatment, the cells were harvested for RNA and protein. Additional information regarding the

reagents used are added in key resources table.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation was performed to evaluate the binding of transcription factors and DNA

binding proteins on chromatin. Initially, approximately 20 million cells were lysed, and the resulting lysate

was sonicated to generate chromatin fragment with lengths ranging from 200–500 bp. 1/20 of 20% Triton

X-100 was added to the sonicated lysate and centrifugation was performed at 16,000 3 g for 10 minutes at

4�C to pellet debris. 30 ml of chromatin was de-crosslinked by incubating it with RNAse for 30 minutes at

37�C followed by the addition of Proteinase K at 65�C for 2 hours. DNA was purified using Qiagen PCR pu-

rification kit and elution was done in 30 ml elution buffer. DNA concentration was determined using Bio-

spectrophotometer (Eppendorf). To immunoprecipitated chromatin, 25 mg of sonicated chromatin was

diluted with 20% Triton X-100 containing LB3 and incubated overnight at 4�C with 2–3 mg concomitant an-

tibodies. The next day, 30 ml of magnetic beads were added per sample, and the mixture was incubated at

4�C for 2 hours. The microcentrifuge tubes were then spun down and kept on magnetic stand to separate

the beads. Consequent washes with low salt, high salt, LiCl and TE buffer were given using magnetic stand.

Elution was done with 150 ml elution buffer at 65�C overnight with shaking at 900 rpm. Centrifugation at

16,000 3 g for 1 minute was done to pellet down beads. Supernatant was transferred to new centrifuge

tube and 1 ml RNAse A (1 mg/ml) was added and incubation at 37�C for 30 minutes was performed.

Same was done with the input samples. Next, 1 ml Proteinase K (20 mg/ml) was added and incubation at

65�C was performed overnight for de-crosslinking. The immunoprecipitated protein–DNA complexes

and 5% input were analyzed by qRT-PCR with SYBR Green master mix (Promega) in triplicate using specific

primers flanking the predicted binding sites. IP values were normalized to input using the following
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formula: 2^ (Ct input � Ct immunoprecipitation). Resultant values were subsequently normalized to IgG

control IP values. All the ChIP experiments were performed at least thrice. The significance between

different groups was determined using a Student’s t-test, with a P-value less than 0.05 considered statisti-

cally significant. The following antibodies were used: anti-CTCF, anti-HIF1a, anti-CTD (CST, 2629S), normal

rabbit IgG (CST, 2729S), and normal mouse IgG (CST, 5415S).

Methylated DNA immunoprecipitation (MeDIP) and hydroxymethylated DNA

immunoprecipitation (hMeDIP)

The genomic DNA of MCF7 and HCC1806 cells was extracted using genomic DNA isolation kit from Sigma

(G1N350) according to the manufacturer’s instructions. Genomic DNA was sonicated to get DNA frag-

ments between size 250–500 bp. Sonicated DNA was denatured by incubating at 95�C for 10 minutes.

3 mg of sonicated DNA was incubated with 1 mg anti-5-Methylcytosine (CST, 28692S) or anti-5-hydroxyme-

thylcytosine (CST, 51660S) antibodies along with normal rabbit IgG or normal mouse IgG at 4�C overnight.

30 ml magnetic beads were added and incubated for 2 hours at 4�C. The beads were washed thrice with

500 ml MeDIP buffer at 4�C for 5 minutes and eluted in 150 ml elution buffer with proteinase K treatment,

overnight at 65�C at 900 rpm. PCR purification was performed usingQiagen PCR purification kit. The immu-

noprecipitated fractions and 5% input were analyzed using quantitative real-time PCR using the SYBR

Green Master Mix (Promega, A6002, lot no. 0000385100) and specific primers (listed in Table S2). The ex-

periments were performed at least in triplicate. IP values were normalized to input using the formula: 2^

(Ct_input � Ct_immunoprecipitation). The significance between the two different groups was determined

using a Student’s t-test, with a p value of less than 0.05 considered statistically significant.

Co-immunoprecipitation

The interaction between DNMT3A and SRSF2 was analysed using a co-immunoprecipitation (co-IP) assay.

MCF7 cells were harvested by trypsinization after being washed with PBS. The cells were then lysed with a

lysis buffer containing 10 mM Tris (pH 7.5), 150 mMNaCl, 0.5 mM EDTA, 0.5% NP-40, and a protease inhib-

itor cocktail. To conduct the assay,1 mg of protein lysate was incubated with 2 mg of DNMT3A-specific an-

tibodies and normal rabbit IgG for 4 hours at 4�C. Following this, 25 ml Protein-G Dynabeads were added to

the immunoprecipitated lysate and further incubated for 2 hours at 4�C. The beads were subsequently

washed thrice with 500 ml of the lysis buffer and boiled in 2X Laemmli buffer for 5 minutes at 95�C. The
eluted proteins were analyzed using immunoblotting with anti-DNMT3A and anti-SRSF2 antibodies.

Immunohistochemistry (IHC)

Human breast cancer tissue samples were obtained from Bansal Hospital in Bhopal, India, and processed

for IHC analysis using the Vectastain ABC Elite kit (Vector Laboratories, Burlingame, CA, USA). The tissues

were formalin fixed, paraffin-embedded, and sliced into thin sections for subsequent staining. To prepare

the sections for histological analysis, they were fixed on a heat block for 5 hours, deparaffinized, and rehy-

drated according to standard procedure. Antigen retrieval was performed by heating sections in 10 mM

sodium citrate buffer (pH 6) for 13minutes, the sections were kept at room temperature for gradual cooling.

The endogenous peroxidase was quenched with a 1:10 dilution of 3% hydrogen peroxidase in methanol.

3% bovine serum albumin was used to block non-specific binding, and primary antibodies were incubated

overnight at 4�C with the sections. The DAB chromogenic method (Sigma) was used for visualization, along

with Harris’ hematoxylin counterstaining (Merck). The primary antibodies used were against CAIX (1:50),

SRSF2 (1:50), VEGFA-165a (1:25) and VEGFA-165b (1:25). Images were captured using the Thermo Scien-

tific� Invitrogen� EVOS� FL Auto 2 Imaging System at 403magnification. Informed consent was obtained

from all patients, and details are provided in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were conducted using GraphPad Prism 8 software (GraphPad Software, La Jolla,

USA). Unless otherwise stated, all data are represented as mean GSD analyzed using an unpaired two-

tailed Student’s t-test. Statistical methods for each analysis are described in figure legends. Independently

performed biological replicates are indicated as dots in the bar graphs. Statistical significance is denoted

as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, while a lack of significance is represented

by ‘‘ns’’ for p > 0.05.
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