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Introduction

Small RNAs (sRNA) targeting promoters and subsequently 
regulating gene expression were observed in plants1 and 
subsequently in mammalian cells.2 Although originally, inhibi-
tion of gene expression by the promoter-targeted sRNA was 
observed, soon after gene activation by these sRNA was 
demonstrated.3 Importantly, these sRNA have since then 
been shown to be active not only in vitro,3–11 but also in vivo in 
mouse models of hind-limb ischemia10 and myocardial infarc-
tion.12 In addition, a functional outcome of promoter-targeted 
regulation of tumor-related genes has been demonstrated in 
cancer models.13–15

The sequence requirements4,5,16 of activating RNAs have 
been characterized and their mechanisms of action have 
been determined to some extent,17 but these still need to be 
clearly defined. To date, downstream modifications of epigen-
etic marks have been observed, in particular histone modi-
fications characteristic of the active marks.3,4,10,18 However, 
although DNA methylation of the targeted promoters was 
observed with silencing sRNA,7,19,20 changes in DNA meth-
ylation were not observed for activating sRNA.3 These sRNA 
have demonstrated some dependence on RNAi factors. In 
particular, they have been associated with a requirement for 
Argonaut (Ago), especially Ago23,5,6,10,21 and GW182.22 Fur-
thermore, in some cases they have induced enrichment of 
RNA pol II at the activated promoters23,24 or have been asso-
ciated with specific heterogeneous nuclear ribonucleopro-
teins.25 In other instances binding to an antisense transcript 

overlapping the activated promoter has been observed6,23,24 
and proposed as a putative regulatory mechanism.

Although the mechanisms of promoter-targeted sRNA still 
need to be elucidated, the potential of these as therapeu-
tic agents is obvious. Of particular interest is the activating 
sRNA, since only a few systems exist that can upregulate 
endogenous gene expression, in contrast to gene silenc-
ing which can be efficiently achieved by traditional RNAi 
and antisense technologies. Importantly, promoter-targeted 
sRNA can simultaneously regulate the expression of multiple 
isoforms generated from the targeted gene12 and thereby 
can maintain a better physiological balance of the isoforms. 
One of the genetic targets to which this type of regulation 
would be very useful is the vascular endothelial growth factor 
(VEGF) family of proteins.

The VEGF family consists of proteins which are critical 
for vascular growth and homeostasis. In particular,  VEGF-A 
mediates angiogenesis and vasculogenesis,26 whereas 
VEGF-C regulates lymphangiogenesis.27 The biological 
effects of these factors are mediated via their receptors 
VEGF-R1, 2, and 3.28 Because of their important roles in vas-
culature, VEGFs are putative therapeutic targets for many 
different pathologies, such as ischemic diseases and vulner-
able atherosclerotic plaques29 as well as cancer.30 However, 
the therapeutic requirements are different depending on the 
targeted disease, i.e., there is a need for both pro- and anti-
angiogenic therapies.31 The dichotomy of required therapies 
subsequently makes promoter-targeted sRNA an appealing 
strategy. In this study the authors’ intention was to test the 
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Vascular endothelial growth factors (VEGFs) and their receptors (VEGF-R) are central regulators of vasculogenesis, angiogenesis, 
and lymphangiogenesis. They contribute to many vascular-related pathologies, and hence VEGF-targeted therapies have been 
widely sought after. In this study, the authors investigated the ability of promoter-targeted small hairpin RNAs (shRNAs) to 
regulate VEGF-A, VEGF-C and VEGF-R1 in different cell lines. The authors identified shRNAs that can upregulate hVEGF-C 
at both the mRNA and protein levels, and differentially regulate hVEGF-A depending on the cell type. Likewise, the authors 
identified shRNA that downregulated VEGF-R1 gene expression. Hence, promoter-targeted shRNAs can affect endogenous 
gene expression not only bimodally, but also differentially in a cell-type specific manner. Importantly, all three genes tested 
were regulated by at least one shRNA, supporting the idea that nuclear RNA interference is a widespread phenomenon. The 
level of regulation across the panel of shRNAs varied maximally from a 2.2-fold increase to a 4-fold decrease. This level of 
change should be useful in fine-tuning and modulating target gene expression, which for potent molecules, such as VEGF-A 
and VEGF-C, can be very beneficial. These promoter-targeted shRNAs may facilitate the design and development of targeted, 
context-dependent strategies for both pro- and antiangiogenic therapies for the treatment of vascular-related pathologies.
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effectiveness of promoter-targeted short hairpin (sh)RNAs 
in the regulation of endogenous genes of the VEGF family, 
including VEGF-A, VEGF-C, and VEGF-R1. The authors’ 
second intention was to test these shRNAs in a variety of cell 
types to address potential issues of cell specificity.3,10

Results

To study the regulation of promoter-targeted shRNAs on 
VEGF-A, VEGF-C or VEGF-R1 cells were transduced with 
viral-like particles encapsulating lentiviral vectors (LVs) encod-
ing for specific shRNAs under the hU6 promoter and coex-
pressing enhanced green fluorescent protein (eGFP) under 
the human phosphoglycerate kinase-1 promoter. The trans-
duction efficiency of the cells as indicated by eGFP expres-
sion was monitored by flow cytometry. The authors used MOI 
of 10–20 to achieve transduction efficiencies of ≥80%. There 

were no significant differences in the transduction efficiencies 
of different viral-like particles as compared with the control 
transductions in any of the cell types tested (data not shown).

Regulation of the VEGF-C gene
The regulation of the VEGF-C gene by promoter-targeted shR-
NAs was investigated and the authors identified one shRNA 
that upregulated VEGF-C (Figure 1). Specifically, shRNA516 
upregulated hVEGF-C mRNA and protein levels in PC3 fol-
lowing 4 days of transduction and the secreted protein further 
accumulated up to day 7 (Figure 1a). Likewise, shRNA516, 
which has 100% homology with both the mouse and the 
human VEGF-C promoters, significantly increased VEGF-C 
mRNA expression in the human primary cells, human umbili-
cal vein endothelial cells, and in the mouse endothelial cell 
line, C166 (Figure 1b). In addition, a mouse VEGF-C pro-
moter sequence specific shRNA, shRNA348, significantly 
increased VEGF-C mRNA in C166 cells. Of note, expression of 

Figure 1  Promoter-targeted shRNA regulation of vascular endothelial growth factor (VEGF)-C. (a) Human PC3 were transduced 
with LV coding for shRNA targeting the VEGF-C promoter (LV-sh516, LV-sh914), or scrambled shRNA (LV-shCTRL) or LV not expressing a 
shRNA (LV-GFP). Cells and media were harvested following 4 and 7 days of transduction. The VEGF-C mRNA expression was determined by 
RT-qPCR (dotted diagrams) and the secreted VEGF-C protein was quantified by ELISA (bar diagrams). (b) Human umbilical vein endothelial 
cells (HUVECs) and mouse C166 were transduced with LV-shCTRL, LV-348, LV-sh516, or LV-sh914, and VEGF-C mRNA expression was 
determined by RT-qPCR following 7 days of transduction. Data in bar diagrams are presented as the mean ± SEM (n = 5–7) and were analyzed 
by analysis of variance (ANOVA) and Tukey’s multiple comparison tests. Nonhomogenous data (mRNA) were analyzed by Kruskal–Wallis 
and Dunn’s multiple comparison tests. Statistical significance (P < 0.05) between groups is indicated by (*). LV, lentiviral vector; shRNA, small 
hairpin RNA; VEGF, vascular endothelial growth factor.
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a scrambled shRNA (shCTRL) did not affect  hVEGF-C mRNA 
and protein levels, as there were no differences between LV-
GFP and LV-shCTRL (Figure 1a). In addition, hVEGF-A was 
measured in the 7-day media of PC3 samples, and no change 
in hVEGF-A was observed following  hVEGF-C promoter-tar-
geted shRNA treatment (data not shown), suggesting that the 
changes are specific for hVEGF-C.

Regulation of the VEGF-A gene
The regulation of VEGF-A gene by promoter-targeted shR-
NAs was investigated and in both PC3 and EAhy.926 cells 
activity of shRNAs targeting the VEGF-A promoter was 
observed. In EA.hy926 cells, hVEGF-A mRNA was signifi-
cantly increased by shRNA1212 (Figure 2). In addition, there 
was a corresponding increase in the frequency and median 
of detectable secreted hVEGF-A protein in  EA.hy926-con-
ditioned media with shRNA1212. In PC3 cells, shRNA674 
resulted in significantly reduced expression of hVEGF-A 
mRNA and protein (Figure 2).

Regulation of the VEGF-R1 gene
The regulation of VEGF-R1 expression was investigated, 
and the authors observed that shRNA223 downregulated 

VEGF-R1 mRNA expression in C166 (Figure 3). The 
 VEGF-R1 mRNA was reduced by shRNA223 as early as 
4 days after transduction and was maintained for at least 7 
days in C166. The reduced VEGF-R1 mRNA corresponded 
to significantly lower cellular VEGF-R1 protein expression 
(Figure 3). In addition, shRNA223 downregulated  hVEGF-R1 
mRNA expression (0.6785 ± 0.044-fold change, n = 5) in 
EAhy.926 cells.

Effect of combined treatment of activating and repressing 
shRNAs
To address the effects of coexpression of both activating and 
repressing shRNAs in the same cells, the authors tested 
previously published LV-shRNAs targeting mouse VEGF-A 
promoters, LV-451 and LV-856, which upregulate and down-
regulate, respectively, mouse VEGF-A mRNA in mouse C166 
cells.10 C166 cells were cotransduced with both LV-451 and 
LV-856 (MOI 10), and mouse VEGF-A mRNA was measured 
after 4 days. Combined expression of both shRNA-451 and 
-856 resulted overall in an unchanged expression of mouse 
VEGF-A (fold change 1.22 ± 0.094, n = 3, P = 0.25) as com-
pared to LV-shCTRL transduced cells. These data dem-
onstrate that coexpression of activating and suppressing 

Figure 2 Promoter-targeted shRNA regulation of hVEGF-A. EA.hy926 and PC3 cells were transduced with LV coding for shRNA targeting 
the VEGF-A promoter (LV-sh674, LV-sh1212, and LV-sh1657), or scrambled shRNA (LV-shCTRL). Cells and media were harvested following 7 
days of transduction. The hVEGF-A mRNA expression was determined by RT-qPCR (dotted diagrams) and the secreted hVEGF-A protein was 
quantified by ELISA (diagrams in the right panel). The dotted line across the graph for secreted hVEGF-A protein from EA.hy926 data indicates 
the sensitivity of the assay, points below this line indicate samples with undetectable hVEGF-A. In the bar diagram, the data are presented 
as the mean ± SEM (n = 6–8) and were analyzed by analysis of variance (ANOVA) and Tukey’s multiple comparison tests. Nonhomogenous 
data (mRNA) were analyzed by Kruskal–Wallis and Dunn’s multiple comparison tests. Statistical significance (P < 0.05) between groups is 
indicated by (*). LV, lentiviral vector; shRNA, small hairpin RNA; VEGF, vascular endothelial growth factor.

2.5 50

40

30

20

10

0

*

*

*
**

2.0

1.5

1.0

0.5

0.0

hV
E

G
F

-A
 m

R
N

A
/h

A
ct

B
(f

ol
d 

ch
an

ge
)

hV
E

G
F

-A
 (

pg
/m

l)

E
A

.hy926
P

C
3

2.5

2.0

1.5

1.0

0.5

0.0

hV
E

G
F

-A
 m

R
N

A
/h

A
ct

B
(f

ol
d 

ch
an

ge
)

LV
-s

hC
TRL

LV
-s

h1
21

2

LV
-s

h6
74

LV
-s

hC
TRL

LV
-s

h1
21

2

LV
-s

h6
74

LV
-s

hC
TRL

LV
-s

h1
21

2

LV
-s

h1
65

7

LV
-s

h6
74

25

20

15

10

5

0

hV
E

G
F

-A
/to

ta
l p

ro
te

in
(n

g/
m

g)

LV
-s

hC
TRL

LV
-s

h1
21

2

LV
-s

h1
65

7

LV
-s

h6
74



Molecular Therapy—Nucleic Acids

Promoter-targeted shRNAs Differentially Regulate VEGFs
Laham-Karam et al

4

shRNAs can balance each other’s effects on gene expres-
sion and suggest that shared cellular factors are not limiting, 
as both shRNAs were functional.

Effects of active shRNAs on histone methylation and 
acetylation of targeted promoters
Previously, promoter-targeted shRNA have been shown to 
affect histone modifications at the target site, and hence to 
delineate the mechanisms of regulation by promoter-targeted 
shRNA, the authors investigated the histone methylation 
and acetylation status of the genomic DNA at the targeted 
promoters. Figure 4 represents the chromatin immunopre-
cipitation (ChIP) analysis of these cells at the specific site 
of the targeting shRNA as well as an additional promoter 
site. Antibodies recognizing both active (H3K27ac, H4K5ac) 
and inactive (H3K27me3) histone markers were used in the 
ChIP analysis. The authors observed a consistent trend for 
a higher association of the activating markers in C166 and 

PC3 with activating shRNA at the shRNA target site but not 
at other promoter areas (Figure 4). In contrast, shRNA674 
which suppressed hVEGF-A expression in PC3 cells  
(Figure 2) resulted in a reduced association of active his-
tone mark H4K5ac at the targeted promoter site when com-
pared with cells expressing control shRNA (Figure 4.). In 
addition, shRNA674 resulted in an increased association of 
H3K27me3 suppressing mark both at the targeted site and at 
other sites within the  hVEGF-A promoter (Figure 4).

Discussion

This study demonstrates differential regulation of multiple 
genes of the VEGF family by promoter-targeted shRNAs in 
various cell types. The authors demonstrated novel upregula-
tion of VEGF-C and downregulation of VEGF-R1, in addition 
to dual regulation of hVEGF-A. Importantly, all three genes 
tested were regulated by at least one shRNA that had been 
designed to target their promoters. This supports the idea 
that nuclear RNA interference, as defined by promoter tar-
geting, is a more general phenomenon associated with both 
upregulation and downregulation of the target genes and 
may be a more widespread concept than classical RNAi in 
the cytoplasm. Evidence is accumulating that factors involved 
in RNAi can be found in the nucleus,21,32,33 and hence nuclear 
generated shRNAs may be processed in the nucleus.

Importantly, in this study the authors demonstrated upreg-
ulation of gene expression from their endogenous promot-
ers by the shRNAs. These promoter-targeted shRNAs may 
become useful tools for cell-type specific gene regulation in 
multicellular organisms. Although the mechanisms underly-
ing the cell specificity of the shRNA activity remain to be elu-
cidated, these may be multifactorial and may include variation 
in promoter methylation status, differential expression of non-
coding RNAs or promoter miRNAs, or modulation of transcrip-
tional regulatory complexes. In particular, DNA methylation 
has been observed to play a role in the activity of promoter-
targeted sRNA.2,3 However, this effect was limited to shRNA 
inducing transcriptional gene silencing and not activation.12 
In addition, differential expression of an antisense RNA or 
promoter RNA of the gene of interest may affect the shRNAs 
activity. Earlier, promoter-targeted sRNA modulation of Pro-
gesterone receptor,6,34 low-density lipoprotein,24 and cycloox-
egenase-222 were linked to promoter-targeted sRNA binding 
of an antisense transcript or long noncoding RNA overlapping 
the promoters of these genes. These interactions were pro-
posed as a putative mechanism of transcriptional regulation 
either by degradation of the promoter RNA or by interference 
with a putative scaffolding function.22 Alternatively, differential 
expression of promoter-targeting miRNAs may affect pro-
moter-targeted shRNA activity.23 Recently,  Ago-bound sRNA 
from proximal promoters (named TSS-miRNA) were found 
globally.35,36 Thus, promoter-targeted shRNAs may inter-
fere with these promoter-specific miRNA targets to induce 
regulation.22,23 Furthermore, it was also shown that sRNA 
targeting cyclooxygenase-2 promoter could upregulate not 
only cyclooxygenase-2, but also phospholipase A2 poten-
tially because of interrupted looping of chromosomal DNA 
by which these two genes are coregulated.22 This raises a 

Figure 3 Promoter-targeted shRNA regulation of VEGF-R1. 
Mouse C166 cells were transduced with LV coding for shRNA 
targeting the VEGF-R1 promoter (LV-sh223), or scrambled shRNA 
(LV-shCTRL). Cells and media were harvested following 4 and/
or 7 days of transduction. The VEGF-R1 mRNA expression was 
determined by RT-qPCR (dotted diagrams) and the secreted 
or cellular VEGF-R1 protein (day 7) was quantified by ELISA 
(bar diagrams). Data in bar diagrams are presented as the 
mean ± SEM (n = 5–6) and were analyzed by analysis of variance 
(ANOVA) and Tukey’s multiple comparison tests. Nonhomogenous 
data (mRNA) were analyzed by Kruskal–Wallis and Dunn’s 
multiple comparison tests. Statistical significance (P < 0.05) 
between groups is indicated by (*).
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possibility whether shRNA can in a similar fashion interfere 
with or augment enhancer activity by affecting its looping to 
the gene promoter(s).22,37,38

Overall, our study demonstrates regulation of members of 
the VEGF family by promoter-targeted shRNAs. The level of 
regulation was often moderate which in the case of hVEGF-A 
can be beneficial, because earlier hVEGF-A therapies tested 
in the clinics have been associated with unwanted edema 
because of the strong potency of this molecule.29 Hence, 
these promoter-targeted shRNAs can be used for fine-tuning 
or modulating target gene expression. Careful assessment 
of any particular promoter-targeted shRNA has to take place 

to define their cell specificity. However, they have a clear 
potential for cell-type specific, context-dependent therapeutic 
applications.

Materials and methods

Vectors and lentiviral production. The promoter targeted 
shRNA sequences were designed using the Dharma-
con siDESIGN Center algorithm  (http://www.dharmacon.
gelifesciences.com/design-center/). Specifically, of the 
 algorithm-derived siRNA sequences, the authors chose 
those ones that did not overlap GC rich areas or known 

Figure 4 ChIP analysis of VEGF-C and hVEGF-A promoters following activating shRNA treatment. Cells were transduced with 
LV-shRNAs either scrambled shRNA (shCTRL) or active shRNA (LVsh348, LVsh516, LVsh674, or LVsh1212) for 4 days, after which the 
chromatin was extracted, sheared by sonication, and immunoprecipitated using rabbit antibodies against H3K27me3, H3K27ac, and H4K5ac, 
or rabbit IgG. Quantitative PCR was performed using promoter site specific Taqman-based assays. The results were normalized with respect 
to input (% input). The data is presented as the mean ± SEM (n = 4–10). ChIP, chromatin immunoprecipitation; LV, lentiviral vector; shRNA, 
small hairpin RNA; VEGF, vascular endothelial growth factor.
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Table 1 List of promoter-targeted small hairpin RNA (shRNAs) specified with their gene promoters, distance from TSS and sequence

Name Targeted gene promoter Distance from TSS (human) Distance from TSS (mouse) Targeted sequence 5′-
sh674 hVEGF-A –1,689 — CCACCAAACCACAGCAACA

sh1212 hVEGF-A –1,151 — CCTTAGTGCTGGCGGGTAG

sh1657 hVEGF-A –689 — GCAACTCCAGTCCCAAAT

sh348 mVEGF-C — –602 CCAGCAGAGCCCAGAGAGA

sh516 m/hVEGF-C –135 –443 TCACATAAGCGCAGGCAGA

sh914 m/hVEGF-C +267 –36 TCGGATGTCCGGTTTCCTG

sh223 m/hVEGF-R1 –954 –948 TGAGGAACAACGTGGAATT

shCTRL — — — CGGGCGAATCATCGTAAGC

TSS, transcriptional start site; VEGF, vascular endothelial growth factor.
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transcription factor binding sites in the promoter. The selected 
shRNA sequences with reference to the genes TSS and 
a mismatched control sequence are listed in Table 1. The 
shRNAs were cloned under the hU6 promoter in the con-
text of the third generation HIV-1 derived LVs coexpressing 
eGFP under the human phosphoglycerate kinase-1 promoter 
 [LV-hU6shRNAXXX-hPGK-GFP].39 The viral-like particles 
encapsulating the LV-hU6shRNAXXX-hPGK-GFP vectors 
were prepared using standard calcium phosphate transfec-
tion in 293T-cells as described earlier.39

Cell culture and transductions. The following cell lines were 
used in this study: C166 (ATCC: CRL-2583), EA.hy926,39 and 
PC3. All cell lines were cultured in their specified media (RPMI 
for PC3 and DMEM for remaining cell lines; Sigma) supple-
mented with 10% fetal bovine serum, 100 units/ml penicillin 
and 100µg/ml streptomycin. Primary human umbilical vein 
endothelial cells were either isolated from umbilical cords 
obtained from the maternity ward of Kuopio University Hospi-
tal, Kuopio, Finland, with the approval of local Ethics Commit-
tee or purchased from Gibco (C-003-5C; Grand Island, NY). 
The cells were used at early passages and grown on 0.05% 
gelatine/10 µg/ml fibronectin (Sigma) coated plastic plates, in 
EBM endothelial cell basal medium supplemented with endo-
thelial growth medium SingleQuots (Lonza).

Cells were seeded onto six-well plates the day before the 
experiment to achieve ~30% confluence. The cells were 
transduced with vectors encoding for the shRNAs at an 
MOI of 10–20 to achieve ≥80% transduction efficiency. The 
transduction efficiency was determined by quantification of 
eGFP expression by flow cytometry using FACSCalibre (Bec-
ton Dickinson, Franklin Lakes, NJ) with a 488-nm laser. The 
transduced cells were washed and split 1 : 3, 1 day after the 
transduction and maintained in culture till harvested either on 
day 4 or day 7. In each independent experiment (n = 5–14), 
the transductions for each LV-shRNA were performed in 
duplicate wells.

Reverse transcription and quantitative PCR. Total cellular 
RNA was extracted from cells with Tri-reagent (Molecular 
Research Center Inc, Cincinnati, OH) according to the manu-
facturer’s instructions. First-strand cDNA synthesis, from 1 µg 

RNA, was performed using RevertAid reverse transcriptase 
(RT; 200 U; Fermentas, Vantaa, Finland) and random primers 
(0.5 µg; Promega, Madison, WI) in the presence of RevertAid 
RT buffer, RiboLock (20 U RNase inhibitor; Fermentas), and 
deoxynucleoside triphosphates (1 mM each; Fermentas). The 
RT reaction was carried out at 25°C for 10 minutes, followed 
by 42°C for 1 hour.

Real-time qPCR was used to quantify mRNA expression 
and chromosomal promoter DNA content (following immu-
noprecipiation; see ChIP) using Taqman gene expression 
assays (Table 2; Applied Biosystems, Grand Island, NY) 
and Taqman 2× PCR Master mix (Applied Biosystems). 
β-Actin mRNA levels were used as an endogenous control 
for normalization (mouse or human ACTB Endogenous Con-
trol FAM-MGB Probe, 4352933 and 4352935, respectively; 
Applied Biosystems). Real-time qPCR was carried out in an 
ABI STEP One Plus Prism 7700, and the data were analyzed 
with the corresponding software (Applied Biosystems).

Protein analysis. Fresh cells or frozen cell pellets were lysed 
as described earlier40 in the presence of 1× complete pro-
tease inhibitor (Roche Diagnostics Oy, Espoo, Finland). The 
total protein content of the precleared cell lysates were quan-
tified using the BCA Protein Assay kit (Pierce Biotechnology, 
Rockford, IL) according to the manufacturer’s instructions.

The VEGF-A, VEGF-C, or VEGF-R1 content in cell lysates 
or conditioned media was quantified using enzyme-linked 
immunosorbent assays (ELISA) according to the manufac-
turer’s instructions. Specifically, human VEGF-A and  VEGF-C 
were assayed using relevant Quantikine ELISA kits (R&D 
Systems), the human and mouse VEGF-R1 were measured 
using DuoSet ELISA development kits (R&D Systems), and 
Mouse VEGF-C using mVEGF-C ELISA kit (MyBioSource, 
San Diego, CA).

ChIP assay. ChIP assays were performed as described 
earlier.41 The chromatin was sheared by sonication with a 
30 second on/30 second off cycle for 15 minutes with Biorup-
tor resulting in 500–1000 bp chromatin fragments. Antibodies 
against trimethylated histone H3K27 (H3K27me3, 07-449), 
acetylated histone H3K27 (H3K27ac, 07-360) and acetylated 
histone H4K5 (H4K5ac, 07-327) as well as rabbit IgG serum 

Table 2 List of Taqman assays for gene expression and chromatin immunoprecipitation analysis

Gene assay name Assay code Forward primer 5′- Reverse primer 5′- FAM probe 5′-FAM 3′-NFQ

hVEGF-A Hs00900055_m1 — — —

mVEGF-A Mm00437304_m1 — — —

hVEGF-C Hs01099203_m1 — — —

mVEGF-C Mm00437310_m1 — — —

hVEGF-R1 Hs01052961_m1 — — —

mVEGF-R1 Mm00438980_m1 — — —

674probe HVEGFAP674 GGGCCTTAGGACACCATACC CTTACCTAGTCAGCCCCATCCT CCAAACCACAGCAACATG

983probe HVEGFP983 ATGTGGAGAGTTGGAGGAAAAGG TCAGGATCCCTTGGCTACTTCT CAGGCTCACAGCTTCT

1212probe HVEGFAP1212 GGGCAGCTGGCCTACA GCCTGCGTGATGATTCAAACCTA CAGCACTAAGGAACGTC

516probe HVEGFCP516 GCACGCTCCCTCCCT GGGCAGGGCATGACTGA CCGCTTTCTCTCACATAAG

914probe HVEGFC914 GCGGGCTCCGAATGC AGGTAAAAGCCTCACAGGAAACC ACATCCGAGCTCCCC

348probe MVEGFCPROM348 TCCCCTCCCCGACACC TCTCCTCGCTTCCCTTCTCT CCCTTCTCTCTGGGCTCT

TSSprobe MVEGFCTSS GCGCCAGCCAACGG GAGACAAGAAGCACAGCAAGTG CCCGGTCCATCCACC

FAM, 6-carboxyfluorescein; NFQ, non fluorescent quencher; VEGF, vascular endothelial growth factor.
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(12–370) and Magna ChIP Protein A Magnetic beads were 
from Merck Millipore.

ChIP DNA samples were assayed by qPCR as described 
earlier. Results were normalized with respect to inputs as 
follows: derived ΔCt, which is a subtraction of the threshold 
cycles input from the IP samples [Ct(immunoprecipitated 
DNA) – Ct(input)] and then calculated fold change using the 
formula [2–(ΔCt)] and subsequently % input.

Statistics. Statistical analysis of the data was performed using 
GraphPad Prism (5.03; GraphPad Software, San Diego, CA). 
The data are presented as mean ± SEM unless otherwise 
stated. When the data conformed to homogeneity of vari-
ance, then either one-way analysis of variance (ANOVA) or 
two-tailed Student’s t-test was performed; otherwise, non-
parametric tests were used, including Kruskal–Wallis with 
Dunns post hoc test or Wilcoxon matched-pair signed rank 
test. The specific tests used for each data set are indicated 
in the figure legends. Statistical significance was ascribed at 
P < 0.05 and is indicated by (*).
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