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Abstract  

Enhancer demethylation in leukemia and lymphoma was shown to lead to overexpression of 

genes which promote cancer characteristics. The vascular endothelial growth factor A 

(VEGFA) enhancer, located 157 Kb downstream of its promoter, is demethylated in chronic 

myeloid leukemia (CML). VEGFA has several alternative splicing isoforms with different 

roles in vascularization and cancer progression. Since transcription and splicing are coupled 

in space and time, we hypothesized that the VEGFA enhancer can also regulate the gene’s 

alternative splicing to contribute to the pathology of CML. Our results show that mutating 

the VEGFA +157 enhancer promotes exclusion of exons 6b and 7 and activating the enhancer 

by tethering a chromatin activator has the opposite effect.  In line with these results, CML 

patients display high enhancer activity and inclusion of VEGFA exons 6b and 7. To search for 

a key protein connecting transcription with alternative splicing, we analyzed 161 chromatin 

immunoprecipitation (ChIP)-seq experiments for DNA binding proteins and found that PML 

and CCNT2 bind VEGFA’s promoter and enhancer. CCNT2 is a positive regulator of RNA 

polymerase II (RNAPII) transcription elongation and indeed its silencing promotes exclusion 

of exons 6b and 7. Slowing down RNAPII elongation promotes exclusion of exons 6b and 7. 

Thus our results suggest that VEGFA’s +157 enhancer regulates its alternative splicing by 

increasing RNAPII elongation rate via CCNT2. Our work demonstrates the importance of the 

interplay between transcription and alternative splicing.  
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Introduction 

Transcriptional enhancers are major regulators of tissue-specific gene expression. During 

cellular differentiation, enhancers that control the expression of genes involved in lineage 

specification become active, while others are deactivated. Thus, the maintenance of cell-type-

specific enhancer activation is critical to prevent disease. The disruption of enhancer activity, 

through genetic or epigenetic alterations, can impact cell-type-specific functions, and promote 

tumorigenesis of various cancers [1].  

Enhancer DNA methylation was shown to play an important part in maintaining and 

modifying enhancer activity during differentiation. Vascular endothelial growth factor A 

(VEGFA) enhancer, located 157 Kb downstream to the gene’s promoter (+157), is active in 

embryonic stem cells, but during hematopoiesis it becomes methylated and inactive [2]. In 

chronic myeloid leukemia (CML), the enhancer is demethylated and VEGFA is overexpressed 

[2]. VEGFA over-expression has been shown to be correlated with a range of tumor types [3-

5] and to promote growth and survival of vascular endothelial cells. While vascularization is 

critical in solid tumors to allow for oxygen and nutrient flux [6], it has been shown to be 

present in hematological malignancies as well [7, 8]. Interestingly, VEGFA alternative splicing 

changes in many types of cancer and alternative splicing in general is known to be affected by 

expression levels.   

CML is triggered by a Philadelphia chromosome encoding the BCR-ABL oncogenic fusion 

protein with constitutive and aberrant tyrosine kinase activity [9]. The introduction of tyrosine 

kinase inhibitors (TKIs) revolutionized the management of CML and patients’ life expectancy 

is now approaching normality [10]. Regardless, some CML patients do not respond to TKIs 

and progress to acute leukemia [11]. BCR-ABL was shown to induce the expression of 

hypoxia-inducible factor-1 (HIF-1), a transcription factor binding to the VEGFA promoter and 

enhancer regions [12, 13]. In addition, drugs targeting BCR-ABL reduce VEGFA expression 

[14, 15]. In turn VEGFA overexpression is associated with the clinical characteristics of CML 

[16]. High levels of VEGFA were recorded in the blood as well as the bone marrow of CML 

patients and were correlated with high vascularization and proliferation leading to the 

pathology of CML [17]. VEGFA alternative splicing isoforms have different roles in 

vascularization and cancer progression, but their expression in CML has not been studied.  

Alternative splicing produces proteins with different functions and therefore is tightly 

regulated. Changes to alternative splicing are common in many diseases, including cancer; 

alternative splicing misregulation in cancer cells promotes the formation of cancer- driving 

isoforms [18]. These isoforms have been shown to be involved in each of the hallmarks of 
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cancer [reviewed in 19]; and splicing inhibitors can serve as a therapy for many types of 

cancers [20, 21].  

A strong connection between transcription and splicing has been known for 30 years [22]. 

Manipulating a gene’s promoter or positioning a synthetic enhancer next to a gene can alter 

alternative splicing [22-24]. In addition, slow kinetics of RNAPII elongation promotes exon 

inclusion; the included exon is the first to transcribe and consequently the first to splice [25]. 

On the contrary, RNAPII fast kinetics promotes exon exclusion as it exposes additional splice 

sites [25]. The opposite effect can also be observed whereby slow RNAPII kinetics promotes 

exon exclusion. This effect was attributed to an inhibitory splicing factor that gains a binding 

opportunity when RNAPII is slow to transcribe [26]. This connection between transcription 

and alternative splicing suggests that a change in transcription in cancer cells can lead to a 

change in gene expression as well as alternative splicing. 

Our results demonstrate that alternative splicing of VEGFA is co-regulated with its expression 

by its +157 enhancer. VEGFA’s major splicing isoforms are VEGFA121, VEGFA165 and 

VEGFA189; their relative abundance in cancer is correlated with pathogenesis but their 

functional roles are poorly characterized [27-30] (Fig. 1A). To learn about the connection of 

the VEGFA enhancer to its alternative splicing, we used the CML cell line, K562, mutated at 

the VEGFA enhancer using the CRISPR/Cas9 genome-editing system. It has previously been 

shown that mutations at this site reduce the total mRNA amount of VEGFA [2]  and we further 

found that it regulates its alternative splicing to promote exclusion of VEGFA exons 6b and 7, 

which translates to VEGFA121. Activating the enhancer using CRISPR/dCas9 to tether p300 

gave the opposite result. In line with this result, CML patients show high expression of +157 

eRNA and inclusion of VEGFA exons 6b and 7 which translates to VEGFA189. To study the 

mechanism of enhancer regulation of alternative splicing, we altered RNAPII transcription 

elongation kinetics and monitored alternative splicing. We found that similar to mutations at 

the +157 enhancer, slowing down RNAPII elongation promotes exclusion of VEGFA exons 6b 

and 7. Finally we identified PML and CCNT2 as chromatin factors binding to VEGFA 

promoter and +157 enhancer and as regulators of its alternative splicing. Since CCNT2 is a 

known positive regulator of RNAPII, our results suggest that CCNT2 mediates the RNAPII 

elongation kinetics caused by the +157 enhancer, which regulates VEGFA alternative splicing. 

Ultimately our work identifies for the first time a connection between an endogenous 

enhancer and alternative splicing regulation of its target gene.   

Results 
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VEGFA +157 enhancer is marked by H3K4me1, H3K27ac and DNase-seq and loops to its 

promoter 

Enhancers are marked with specific histone modifications, including monomethylation of 

histone H3 on Lys 4 (H3K4me1) and acetylation of histone H3 on Lys 27 (H3K27ac). They are 

also associated with regions of nucleosome depletion, exhibiting high sensitivity to DNA 

nucleases such as the DNase I, forming DNase hypersensitivity sites (DHS). We analyzed 

histone modification and DHS data in K562 cells (ENCODE Project Consortium [31]) and 

found that indeed the VEGFA +157 enhancer is marked by H3K4me1 and H3K27ac and 

exhibits multiple DHS sites. Moreover, we analyzed K562 Hi-C chromosome conformation 

capture data [31] and identified a stripe architecture [32] at the VEGFA promoter, with 

marked interaction between the promoter and the VEGFA +157 enhancer, suggesting they 

frequently interact (Fig. 1B and Supplementary Fig. S1). In addition, we identified five 

additional putative VEGFA enhancers with similar characteristics (Fig. 1B). 

Mutations in VEGFA +157 enhancer promote exclusion of VEGFA exons 6b & 7  

To check whether VEGFA’s enhancer regulates its alternative splicing, we used the CML cell 

line, K562, with mutations in VEGFA + 157 enhancer [2]. We used two clones, 9 and 26, 

generated using the CRISPR/Cas9 genome-editing system. Clone 9 has a single nucleotide 

insertion at the three chromosome 6 copies in this cell line, while clone 26 has various deletions 

(Supplementary Fig. S1). We began by measuring VEGFA total mRNA in the parental K562 

cell line and in clones 9 and 26. As was described before [2], we detected a 20-30% reduction 

in VEGFA total mRNA following the impairment of the +157 enhancer (Fig. 2A). To check the 

transcription level of VEGFA in these cells, we used primers spanning the exon-intron 

junction to measure nascent pre-mRNA. The level of transcription had similar trend to 

VEGFA total mRNA amount indicating lower transcription rate and not a change in mature 

mRNA half-life (Supplementary Fig. S2A). Furthermore, we detected exclusion of VEGFA 

exons 6b and 7 in mutated +157 enhancer cells (Fig. 2B). Our results suggest that VEGFA +157 

enhancer promotes inclusion of exons 6b and 7 giving rise to VEGFA121 and a reduction in 

VEGFA189.  

Tethering p300 to the enhancer and promoter 

To strengthen the link between enhancer activity and alternative splicing, we sought to 

activate the VEGFA +157 enhancer. We used the nuclease-deficient Cas9 (dCas9) conjugated 

to the p300 enzymatic core [33]. The CRISPR/dCas9 system allows us to tether a chromatin 

protein core domain to specific chromosome locations using a pool of four gRNAs. A pool of 
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gRNAs was shown empirically to perform better than a single gRNA [33]. We co-transfected 

K562 cells with dCas9-p300 core (mut) or dCas9-p300 core (WT) and four gRNA plasmids 

targeting either the VEGFA promoter, or the +157 enhancer. Our results demonstrate that 

tethering p300’s enzymatic core to either the VEGFA promoter or the enhancer region up-

regulates VEGFA total mRNA by 20-30% (Fig. 2C). This moderate change in expression may 

be due to a low dynamic range in K562 cells where the expression of VEGFA is very high and 

the chromatin at the promoter and enhancer is highly accessible. Accessibility of the 

chromatin can be demonstrated by acetylation of H3K27 and DHS sites at these regions (Fig. 

1B). In addition to total mRNA amount, we measured the amount of the enhancer RNA 

(eRNA) generated by the +157 enhancer. We designed primers to the 3188 nt long eRNA 

(GH06J043925) (Supplementary Fig. S1) predicted in the +157 region and found similar levels 

of eRNA and also of VEGFA nascent mRNA (Supplementary Fig. S2B&C). Monitoring 

VEGFA alternative splicing following tethering of p300 to the promoter or enhancer showed 

inclusion of VEGFA exons 6b and 7 (Fig. 2D). These results are in line with our previous 

results, with the mutated +157 enhancer, suggesting that VEGFA promoter and +157 enhancer 

promote inclusion of exons 6b and 7 giving rise to VEGFA189 and a reduction in VEGFA121. 

We have previously showed that VEGFA189 induces endothelial cell migration [34], and thus 

our results might point to the VEGFA +157 enhancer as promoter of expression and pro-

angiogenic isoforms. 

High expression of +157 eRNA and inclusion of exons 6b and 7 in CML patients 

VEGFA protein is secreted from CML cells, which leads to high levels of VEGFA in the plasma 

of patients [14, 35]. We asked if overexpression of VEGFA in CML patients is accompanied by 

a change in alternative splicing. We extracted RNA from peripheral blood of twelve patients 

at different stages of their disease, represented by BCR-ABL fusion gene quantification 

(Supplementary Table S1). Although we could not detect significantly higher expression 

levels of VEGFA total mRNA at diagnosis, we identified significant overexpression of the 

+157 enhancer eRNA in a subset of patients, suggesting activation of the enhancer (Fig. 3A). 

Specifically, our results show that both enhancer activation and inclusion of exons 6b and 7 

are reduced when patients are in remission, suggesting that in CML patients, activity of the 

+157 enhancer goes hand in hand with a change in alternative splicing (Fig. 3A and 

Supplementary Fig. S3). 

+157 enhancer is important for cell proliferation  

We have previously shown that hypoxia and induction of VEGFA expression result in 

inclusion of exons 6b and 7 [34]. This suggests that the VEGFA189 isoform is important for 
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physiological function and that its reduction following enhancer mutation could have an 

effect on cell proliferation. To demonstrate the physiological relevance of the enhancer-

mediated alternative splicing of VEGFA, we monitored the proliferation rate of the parental 

K562 cells and the enhancer mutated clones 9 and 26. Our results demonstrate that mutations 

at VEGFA +157 enhancer in clones 9 and 26 resulted in slower proliferation rate (Fig. 3B). This 

suggests that the level of VEGFA expression as well as its alternative splicing is important for 

cell proliferation in a CML cell line.  

Slow RNAPII elongation rate promotes VEGFA exclusion of exons 6b and 7  

Reduced expression of VEGFA as a result of enhancer +157 mutation could be due to less 

transcription initiation and/or slow RNAPII elongation kinetics along the gene. To examine 

the role of RNAPII elongation rate in the alternative splicing of VEGFA, we slowed RNAPII 

using a low concentration of CPT (6 µM) in K562 cells. Our results show that total VEGFA 

mRNA and eRNA were lower but no change in nascent mRNA was detected (Fig. 4A and 

Supplementary Fig. S4A&B). In addition, we found that slowing RNAPII elongation rate 

promotes exclusion of VEGFA exons 6b and 7 (Fig. 4B). Furthermore, we co-transfected 

HEK293T cells with plasmids expressing α-amanitin-resistant polymerases, a mutant “slow” 

RNAPII (mutant C4) or WT RNAPII [36]. α-amanitin blocks only endogenous RNAPII 

transcription as the WT and “slow” plasmids are resistant to it. We assessed the alternative 

splicing pattern of VEGFA generated by transcription with the recombinant polymerases. Our 

results show that total VEGFA mRNA and VEGFA nascent RNA were lower with no change 

in eRNA, and in addition we observed exclusion of VEGFA exons 6b and 7 (Supplementary 

Fig. S4C-F). These findings are similar to our findings with VEGFA +157 mutated enhancer 

(Fig. 2B). This suggests that the VEGFA enhancer promotes reduced RNAPII elongation rate 

to affect both gene expression and alternative splicing of the VEGFA gene. 

Chromatin factors role in VEGFA alternative splicing 

Transcription factors are present in the spliceosome and are predicted to have a role in 

alternative splicing [37, 38]. To search for factors mediating the enhancer’s effect on alternative 

splicing, we analyzed 161 chromatin immunoprecipitation (ChIP)-seq experiments for DNA 

binding factors in K562 cells [39]. We set the cutoff of the signal binding normalized scores (in 

the range of 0-1000) to 350 and identified promyelocytic leukemia (PML), cyclin T2 (CCNT2) 

and MYC-associated zinc finger protein (MAZ) as binding to both the +157 enhancer and the 

promoter of the VEGFA gene (Supplementary Table S2 and Supplementary Fig. S4G&H). 

PML co-localizes to PML nuclear bodies where it functions as a transcription factor and tumor 

suppressor [40]. CCNT2 is a cyclin that acts with its kinase partner CDK9 to regulate RNAPII 
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transcription elongation [41, 42]. MAZ is a transcription factor with a known DNA binding 

motif and targets [43]. To check whether those proteins have a role in VEGFA alternative 

splicing, we silenced each of the factors in K562 cells with a pool of four siRNA oligos 

(Supplementary Fig. S4I). Our results show that no significant change was detected in 

VEGFA total mRNA amount but that PML and MAZ silencing caused a mild reduction in 

eRNA levels (Supplementary Fig. S4J&K). In addition, we detected exclusion of VEGFA 

exons 6b and 7 when silencing PML and CCNT2 but not when silencing MAZ (Fig. 4C). Our 

results point to PML and CCNT2 as regulators of VEGFA alternative splicing, and their effect 

of exclusion of VEGFA exons 6b and 7, when silenced, is similar to that of mutating the +157 

VEGFA enhancer (Fig. 2B). This similar effect on alternative splicing could suggest that the 

mutations in clones 9 and 26 are at the same location as PML and CCNT2 binding sites. 

Indeed, the mutation and the protein binding sites are found in the same DHS region (150 nt 

long) in close proximity (Supplementary Fig. S4L). CCNT2 is a positive regulator of RNAPII 

elongation kinetics [41, 42], and its silencing did yield a mild reduction in VEGFA nascent 

mRNA (Fig. 4D). Therefore silencing of CCNT2 leads to exclusion of VEGFA exons 6b and 7 

likely by slowing down RNAPII elongation rate. Thus, our results suggest that the VEGFA 

enhancer regulate VEGFA splicing by regulating RNAPII elongation rate. 

Material and methods 

Cell lines and plasmids 

HEK293T (ATCC Number: CRL-3216) and K562 (ATCC Number: CCL-243) cells were grown 

in Dulbecco’s modified Eagle’s medium (DMEM) and RPMI-1640, respectively, 

supplemented with 10% fetal bovine serum. Cell lines were maintained at 37°C and 5% CO2 

atmosphere. Cells were transfected with TransIT-X2 Transfection Reagent (Roche) following 

the manufacturer’s instructions. After 30 h in culture, plasmid-transfected cells were used for 

experimentation. 

pcDNA-dCas9-p300 core plasmids (D1399Y; plasmid #61358 and plasmid #61357) were 

purchased from Addgene. pSPgRNA (Addgene, plasmid #47108) was used as the gRNA 

plasmid. The oligonucleotides containing the target sequences were hybridized, 

phosphorylated and cloned into the plasmid using BbsI sites. The target sequences are 

provided in Supplementary Table S3. 

RNAi 

OnTarget Plus SMART pool of four siRNA oligomers per gene against PML, CCNT2 and 

MAZ were purchased from Sigma. Cells were grown to 20-50% confluence and transfected 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted January 10, 2021. ; https://doi.org/10.1101/2021.01.09.426072doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.09.426072


with siRNA using nucleofection (Amaxa). After 72 h in culture, siRNA transfected cells were 

used for experimentation.  

qRT-PCR  

RNA was isolated from cells using the GENEzol TriRNA Pure Kit (GeneAid). cDNA synthesis 

was carried out with the Quanta cDNA Reverse Transcription Kit (QuantaBio). qPCR was 

performed with the iTaq Supermix (BioRad) on the BioRad iCycler. The collection of patient 

samples was approved by the institutional ethics committee of the Hadassah Medical 

Center. For BCR-ABL quantification, mononuclear cells derived from peripheral blood of 

CML patients were isolated on Ficoll-Hypaque gradient and total RNA was isolated. Real-

time for BCR-ABL quantification was performed using ipsogen® BCR-ABL1 Mbcr IS-MMR 

(Qiagen). The comparative Ct method was employed to quantify transcripts, and delta Ct was 

measured in triplicate. Primers used in this study are provided in Supplementary Table S3.  

CPT treatment 

To impede the dynamics of transcribing RNAPII, cells were treated with camptothecin (CPT, 

Sigma) to a final concentration of 6 µM for 6 h. 

Cell proliferation 

Cell suspensions at a cell density of 2×104/ml of K562 cells in logarithmic growth were seeded 

in 96-well cell culture plates. Cell cultures were divided into three groups with three 

triplicates for each group. The study group was incubated with sense and antisense 

nucleotides respectively, whereas the control group was incubated with RPMI-1640 at a final 

concentration of oligonucleotide of 4 µm. Cells were harvested at 24 h and 48 h after 

incubation. Cell viability was assessed using 0.4% trypan blue staining. The calculation was 

repeated for three times for each well to obtain a mean value.  

Discussion 

Pre-mRNA splicing occurs co-transcriptionally [45], with the processes being coupled via 

kinetic and physical interaction of the RNA splicing machinery with RNAPII [38, 46]. Here 

we show that manipulating the VEGFA enhancer leads to regulation of its alternative splicing. 

We identify PML and CCNT2 as possible players mediating the connection of the enhancer’s 

activity with alternative splicing regulation. CCNT2 release pausing of RNAPII [41, 42] and 

indeed silencing it in K562 cells led to a mild reduction in VEGFA nascent RNA (Fig. 4D). Our 

results suggest that binding of CCNT2 to both VEGFA enhancer and promoter allow for fast 

elongation rate that promote high gene expression and inclusion of exons 6b and 7 (Fig. 4B & 
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C and Supplementary Fig. S4D). Our results suggest that CCNT2 and PML is needed for 

VEGFA overexpression and thus might be upregulated in CML. While there is no data on 

CCNT2 in CML, it was shown to be overexpressed in acute myeloid leukemia and to promote 

proliferation in this cancer [47]. PML, while downregulated in many types of cancer, was 

found to be upregulated in CML and to be a positive regulator of self-renewal in CML-

initiating cells [48]. Our work adds a level of complexity to alternative splicing regulation and 

deepens the interplay between transcription and alternative splicing.  

VEGFA enhancer is demethylated in various hematopoietic cancers, resulting in higher gene 

expression [2]. Our work suggests that enhancer activation alters VEGFA alternative splicing 

to produce isoforms that promote angiogenesis. The idea of enhancers making a connection 

between gene expression and isoform abundance seems highly intuitive on the physiological 

level. This connection is strengthened by our observation that in CML patients we observed 

inclusion of exons 6b and 7 (Fig. 3A), which promotes VEGFA189 that we have previously 

shown to induce endothelial cell migration [34]. Finally, VEGFA +157 enhancer promotes 

VEGFA isoforms that have been shown to promote endothelial cell migration and thus cancer.   

Our previous work connected promoter activity to alternative splicing by the 

acetyltransferase p300. Binding of p300 at the promoter region acetylates not only histones at 

this region, but also splicing factors so regulating alternative splicing of the specific gene [49]. 

Acetylation of splicing factors can either weaken or strengthen the splicing factor’s RNA 

binding properties that in turn regulate alternative splicing. Our results tethering p300 to the 

promoter and +157 enhancer of VEGFA in K562 cells show inclusion of exons 6b and 7 (Fig. 

2D). This result attests to the activation of the enhancer and its effect on splicing also suggests 

that acetylating the histones at the promoter and enhancer regions allows stronger binding of 

transcription factors that then regulate alternative splicing, as we show for PML and CCNT2. 

Furthermore, this result could also indicate that p300 binding to the enhancer loops it to the 

promoter to allow for acetylation of splicing factors. Additional work is needed to connect 

these multiple layers of alternative splicing regulation.  

Our work here focuses on one enhancer of the VEGFA gene, but chromatin marks and Hi-C 

data collected in K562 cells suggest that VEGFA has at least five more enhancers located in 

proximity to the +157 enhancer (Fig. 1B). Hence, the expression of VEGFA is the sum of inputs 

from its multiple enhancers. This could explain the mild change in expression we observed 

when tethering p300 to the +157 enhancer (Fig. 2C). Our hypothesis is that alternative splicing 

regulation by the enhancer is also the sum of several enhancers.  
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Our results show weak changes in eRNA while manipulating the enhancer. Activating the 

enhancer by tethering p300 did not show any change in eRNA expression (Supplementary 

Fig. S2C), but silencing PML transcription factor which binds VEGFA promoter and +157 

enhancer show a mild reduction in eRNA and VEGFA exclusion of exons 6b and 7 (Fig. 4C&D 

and Supplementary Fig. S4J&K). These results do not form a strong association between the 

eRNA and alternative splicing and additional experiments are needed to further study this 

connection. 
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Fig. 1: VEGFA isoforms and +157 enhancer region. A. Schematic representation of the VEGFA

gene and two of its known isoforms. Rectangles: exons, black lines: introns. B. ChIP-seq tracks for
H3K27ac and H3K4me1 including DHS and Hi-C data at the VEGFA locus in K562 cells. VEGFA

+157 enhancer is depicted with a black arrow, and enriched for H3K27ac and H3K4me1. The Hi-C

data suggest a sub-TAD between VEGFA +157 enhancer and the promoter, marked with a black box.

Green arrows depict additional enhancers with sub-TADs to VEGFA promoter.
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Fig. 2: VEGFA +157 enhancer promotes inclusion of VEGFA exons 6b and 7. A-B. RNA was extracted

from WT K562 cells and enhancer mutated clones 9 and 26, and analyzed by real-time PCR for total mRNA

amount of VEGFA relative to CycloA and hTBP reference genes (A) and for VEGFA121 and VEGFA189
relative to VEGFA total mRNA amount. PSI was calculated by VEGFA189 relative to VEGFA121 (B). C-D.

K562 cells were transfected with either dCas9-p300 core (mut) or dCas9-p300 core (WT) with four gRNAs

targeted to the VEGFA promoter or +157 enhancer for 30 h. Total RNA was extracted and analyzed by real-

time PCR for total mRNA of VEGFA relative to CycloA and hTBP reference genes (C) and for VEGFA121
and VEGFA189 relative to VEGFA total mRNA amount. PSI was calculated by VEGFA189 relative to

VEGFA121 (D). Values are expressed as dCas9-p300 core (WT) relative to dCas9-p300 core (mut) and

horizontal broken lines indicate no change between dCas9-p300 core (WT) relative to dCas9-p300 core

(mut). Plots represents the mean of three independent experiments and ± SD (* p<0.05; ** p<0.01,

***p<0.001).
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Fig. 3: CML patients have greater inclusion of VEGFA exons 6b and 7 at diagnosis. A. RNA

samples were collected from 12 CML patients at diagnosis (BCR-ABL positive, red circles) and during

remission (BCR-ABL negative, green circles). RNA was analyzed by real time PCR for total mRNA

amount of VEGFA and VEGFA +157 eRNA relative to CycloA and hTBP reference genes and for

VEGFA121 and VEGFA189 relative to VEGFA total mRNA amount. PSI was calculated by VEGFA189

relative to VEGFA121. B. WT K562 cells and enhancer mutated C9 and C26 were seeded and counted

every other day. Plot represents the mean of three independent experiments done with three replicates

and ± SD (*p<0.05, Student’s t test).
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Fig. 4: Slowing elongation of RNAPII and silencing its positive regulator CCNT2 promote exclusion

of VEGFA exons 6b and 7. A-B. K562 cells were treated with 6 µM CPT for 6 h. Total RNA was extracted

and analyzed by real-time PCR for total mRNA amount of VEGF relative to CycloA and hTBP reference

genes (A) and for and for VEGFA121 and VEGFA189 relative to VEGFA total mRNA amount (B). PSI was

calculated by VEGFA189 relative to VEGFA121. C-D. K562 cells were transfected with siRNA against GFP as

negative control and siRNA targeting PML, CCNT2 and MAZ for 72 h. RNA was analyzed by real time PCR

for VEGFA121 and VEGFA189 relative to VEGFA total mRNA amount. PSI was calculated by VEGFA189
relative to VEGFA121 (C); and for nascent pre-mRNA VEGFA relative to VEGFA total mRNA amount (D).

Values represent mean ± SD of three independent experiments (* p<0.05; ** p<0.01, ***p<0.001).

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted January 10, 2021. ; https://doi.org/10.1101/2021.01.09.426072doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.09.426072


Figure 5
Dahan et al.

Fig. 5: Schematic representation of the proposed mechanism. The RNAPII elongation facilitator CCNT2

binds to VEGFA promoter and enhancer and drive inclusion of exons 6b and 7. Spliceosome assembly on

the nascent pre-mRNA is depicted by U1 and U2 short non-coding RNA.

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted January 10, 2021. ; https://doi.org/10.1101/2021.01.09.426072doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.09.426072


Sup. Figure S1
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Fig. S1: Sequence alignments of the VEGF +157 enhancer site showing K562 WT, C9 and C26 clones. A
black line indicate the location of the mutations at the the VEGFA locus. ChIP-seq tracks for H3K27ac and
H3K4me1 including DHS at the VEGFA locus in K562 cells. VEGFA +157 enhancer is marked by the eRNA
(GH06J043925) and is enriched for H3K27ac and H3K4me1.
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Sup. Figure S2:

C.

A. 

Fig. S2: A. RNA was extracted from WT K562 cells and enhancer mutated C9 and C26, and analyzed
by real-time PCR for nascent pre-mRNA VEGFA relative to VEGFA total mRNA amount. B-C. K562
cells were transfected with either dCas9-p300 core (mut) or dCas9-p300 core (WT) with four gRNAs
targeted to the VEGFA promoter or +157 enhancer for 30 h. Total RNA was extracted and and
analyzed by real-time PCR for total mRNA amount of for VEGFA +157 eRNA relative to CycloA and
hTBP reference genes (B); and for nascent pre-mRNA VEGFA relative to VEGFA total mRNA amount
(C); and horizontal broken lines indicate no change between dCas9-p300 core (WT) relative to dCas9-
p300 core (mut). Values are expressed as dCas9-p300 core (WT) relative to dCas9-p300 core (mut).
Plots represents the mean of three independent experiments and ±SD (* p<0.05; ** p<0.01).

B.

WT K562 C9 C26
0.0

0.5

1.0

VE
G

FA
 n

as
ce

nt
 m

RN
A 

am
ou

nt *
**

VEGFA
promoter

VEGFA
+157 enhancer

0.0

0.5

1.0

1.5

2.0

VE
G

FA
 +

15
7 

eR
NA

 a
m

ou
nt

VEGFA
promoter

VEGFA
+157 enhancer

0.0

0.5

1.0

1.5

VE
G

FA
 n

as
ce

nt
 m

RN
A 

am
ou

nt

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted January 10, 2021. ; https://doi.org/10.1101/2021.01.09.426072doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.09.426072


Sup. Figure S3:

Fig. S3: RNA samples were collected from 12 CML patients at diagnosis (BCR-ABL positive,
diagnosis) and during remission (BCR-ABL negative, remission). RNA was analyzed by real
time PCR for total mRNA amount of VEGFA relative to CycloA reference gene and for
VEGFA121 and VEGFA189 relative to VEGFA total mRNA amount. PSI was calculated by
VEGFA189 relative to VEGFA121. The results are represented as a Tukey boxplot. Analysis by
mixed effects model (REML) showed a significant difference in relative expression between
diagnosis and remission (predicted mean at diagnosis: 30.57; predicted mean in remission:
18.50; difference between predicted means: 12.07 ± 3.79, 95% CI of difference 4.21-19.93,
p=0.0043).
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Sup. Figure S4:
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Continue, Sup. Figure S4:
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Mut location

ChIP-seq PML
ChIP-seq CNTT2
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L

Fig. S4: A-D. HEK293T cells were transfected with either WT RNAPII or slow RNAPII and after 24 h
treated with α-amanitin for 24 h. Total RNA was extracted and analyzed by real-time PCR for total
mRNA amount of VEGF relative to CycloA and hTBP reference genes (A) and VEGFA121 and
VEGFA189 relative to VEGFA total mRNA amount. PSI was calculated by VEGFA189 relative to
VEGFA121 (B) and for VEGFA +157 eRNA relative to CycloA and hTBP reference genes (C) and for
nascent pre-mRNA VEGFA relative to VEGFA total mRNA amount (D). E-F. K562 cells were treated
with 6 µM CPT for 6 h. Total RNA was extracted and analyzed by real-time PCR for VEGFA +157
eRNA relative to CycloA and hTBP reference genes (E) and for nascent pre-mRNA VEGFA relative to
VEGFA total mRNA amount. G-H. ChIP-seq tracks for H3K27ac, H3K4me1, PML, CNTT2 and MAZ
including DHS and at the VEGFA promoter (G) and VEGFA +157 enhancer (H) locus in K562 cells. I-
K. K562 cells were transfected with siRNA against GFP as negative control and siRNA targeting PML,
CNTT2 and MAZ for 72 h. RNA was analyzed by real time PCR for PML, CNTT2 and MAZ (I) and for
VEGFA total mRNA amount relative to CycloA and hTBP reference genes (J) and for VEGFA +157
eRNA relative to CycloA and hTBP reference genes (K). Values represent mean ± SD of four (A-D) or
three (E-F and I-K) independent experiments (* p<0.05; ** p<0.01, ***p<0.001).

Continue, Sup. Figure S4:
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patient # gender age # of samples BCR-ABL %
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neg56 4

10

11 female 55 3

12 female

1 male 42 4

female 42 3

33 2

40 3

2

3 female 44 2

4 female

male 86 2

84 2female

Supplementary Table S1: Details of patients and BCR-ABL %

9 female 16 2

6

7 male 56 3

8

5 female 31 3

male
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Transcription factor 

name

normalized scores (in the 

range 0-1000) in VEGFA 
+157 enhancer 

(hg19:chr6:43893266-

43896453)

normalized scores (in the 

range 0-1000) in VEGFA 
promoter 

(hg19:chr6:43,737,336-

43,737,845)

CCNT2 446 736

MAZ 1000 390

PML 408 503

ARID3A 789 0

ATF1 415 0

ATF3 883 0

BHLHE40 647 0

CEBPB 1000 0

CHD1 0 0

CHD2 0 0

CTCF 147 1000

CTCFL 0 236

E2F4 0 125

E2F6 154-307 195-517

EGR1 349 657

ETS1 0 242

FOS 142-280 0

FOSL1 189 0

GATA1 395 0

GATA2 281 0

GTF2B 109 0

GTF2F1 0 166

HDAC1 189 0

HDAC2 142 0

HDAC8 201 0

HMGN3 244 408

IRF1 244 325-644

JUN 153-267 0

JUNB 358 0

JUND 859-1000 265-381

KDM5B 0 679

MAX 583 - 598 173-301

MXI1 0 0

MYC 151-328 125-573

NR2F2 272 0

p300 376-1000 0

PHF8 0 409

POLR2A 217-281 179-467

RAD21 137 483-1000

RBBP5 253 0

RCOR1 200-844 354

REST 235 0

SAP30 0 0

Supplementary Table S2: List of transcription and chromatin factors binding to 

VEGFA  promoter and +157 enhancer 
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SIN3AK20 0 249

SIRT6 185 0

SMARCB1 0 156

SMC3 0 630

SP1 150 134

SPI1 0 0

SRF 0 113

STAT1 141-326 0

STAT2 216-559 0

STAT5A 333 0

TAF1 131 463

TAL1 183 0

TBL1XR1 567 166-299

TBP 219 135 - 305

TEAD4 684 0

TRIM28 385 0

UBTF 249 273-311

USF1 243 0

YY1 0 195-199

ZBTB7A 194 0

ZNF143 0 473

ZNF263 145 0
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Primer name Description Sequence
F_CyclophA GTCAACCCCACCGTGTTCTT

R_CyclophA CTGCTGTCTTTGGGACCTTGT

F_hTBP CGCCAGCTTCGGAGAGTTC

R_hTBP ACAACCAAGATTCACTGTGGATACA

F-VEGF-exon3_2 TGCAATGACGAGGGCCTGGAG

r-VEGF_4 TGTGCTGGCCTTGGTGAGGTT

F_121a_VEGF GAAAAATGTGACAAGCCGAG

R_121_VEGF CTGGATTAAGGACTGTTCTG

F_189_VEGF TCCTGGAGCGTTCCCTGTG

R_189a_VEGF CCTCGGCTTGTCACATCTG

F_VEGF_exon2 TGCACCCATGGCAGAAGGAGGA

R_VEGF_intron2 TAGGCCATCCACCCATCCCCTG

F_VEGFAenh_4 TACTGCTCAGGCCCTCATCT

R_VEGFAenh_4 GGTCATGCCACTATCCTGCT

F_CCNT2 TTGAAGAAGATTCGAAACTGGAG

R_CCNT2 GATGAACCAAGAAGTGGTGTCTC

F_PML ACACCAGTGGTTCCTCAAGCA

R_PML CTCGGCAGTAGATGCTGGTCA

F_MAZ AATGGAGTAGAGTCCCTTGG

R_MAZ TTCCTCCTTTCCTTCTGGAG

F_VEGFAp-1 CACCCCCTCCTCGCCAATGCCCCG

F_VEGFAp-2 CACCCCAGATGGCACATTGTCAGA

F_VEGFAp-3 CACCTTAAAAGTCGGCTGGTAGCG

F_VEGFAp-4 CACCGGGGGCGCTCGGCCACCACA

F_VEGFAen-1 CACCGCGCCTGAGTCAGAGAAGCC

F_VEGFen-2 CACCGTGCCTGTCTTTTGCCTCCT

F_VEGFAen-3 CACCGACCCTTTACTTCCTCCTGG

F_VEGFAen-4 CACCGAACTCAGTTCTCTCTTGAA

Supplementary Table S3 Primers used in this study

Endogenouse control for qPCR

Endogenouse control for qPCR

Total VEGFA

VEGFA isoform 121

VEGFA isoform 189

gRNA to VEGFA promoter 

region

gRNA to VEGFA +157 enhancer 

region

VEGFA nascent RNA

VEGFA eRNA

Total CCNT2

Total PML

Total MAZ
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