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ABSTRACT

Vascular endothelial growth factor (VEGF) plays a
pivotal role in angiogenesis. Previous studies fo-
cused on transcriptional regulation modulated by
proximal upstream cis-regulatory elements (CREs)
of the human vegfa promoter. However, we hypothe-
sized that distal upstream CREs may also be involved
in controlling vegfa transcription. In this study, we
found that the catalytic domain of Seryl-tRNA syn-
thetase (SerRS) interacted with transcription factor
Yin Yang 1 (YY1) to form a SerRS/YY1 complex that
negatively controls vegfa promoter activity through
binding distal CREs at −4654 to −4623 of vegfa. Par-
ticularly, we demonstrated that the −4654 to −4623
segment, which predominantly controls vegfa pro-
moter activity, is involved in competitive binding be-
tween SerRS/YY1 complex and NFKB1. We further
showed that VEGFA protein and blood vessel devel-
opment were reduced by overexpression of either
SerRS or YY1, but enhanced by the knockdown of
either SerRS or yy1. In contrast, these same param-
eters were enhanced by overexpression of NFKB1,
but reduced by knockdown of nfkb1. Therefore, we
suggested that SerRS does not bind DNA directly
but form a SerRS/YY1 complex, which functions as
a negative effector to regulate vegfa transcription
through binding at the distal CREs; while NFKB1
serves as a positive effector through competing with
SerRS/YY1 binding at the overlapping CREs.

INTRODUCTION

Human vascular endothelial growth factor (VEGF) is an
endothelial cell-specific mitogen and represents a larger

family of growth factors, including VEGFA, VEGFB,
VEGFC, VEGFD and placental growth factor, all of which
differ in terms of expression pattern, receptor specificity
and biological functions (1). In particular, VEGFA has
been extensively studied because it is a multifunctional cy-
tokine that localizes in many organs and plays a pivotal
role in angiogenesis (2). Human vegfa, located on Chro-
mosome 6 at 6p21.3 (3), is composed of eight exons sep-
arated by seven introns (4). Yet, it has several distinct
variants, such as VEGFA121, VEGFA145, VEGFA148,
VEGFA165, VEGFA183, VEGFA189 and VEGFA206,
which occur as a consequence of alternative splicing (1).
Many reports demonstrated that each isoform is differen-
tially regulated, depending on its physiological situation (5–
7).

The promoter of vegfa has been studied in many species,
including mouse, rat, and human. The upstream 1.2 kb re-
gion has been studied in the mouse and rat vegfa (8), while
the upstream 2.362 kb was investigated in the human vegfa
(9). Surprisingly, the human vegfa promoter does not con-
tain a consensus TATA box, but it does share considerable
homology, including consensus sites for Sp1/Sp3, AP-2,
Egr-1, STAT-3 and HIF-1 at the proximal region of promot-
ers from various species (10). Some studies have reported
the interaction of specific trans-acting factors bound at the
proximal cis-regulatory elements (CREs) of vegfa. Other
studies demonstrated Seryl-tRNA synthetase (SerRS) to
be a noncanonical key regulator of angiogenesis based
on a report showing that aminoacylation-defective SerRS
(SerRS(T429A)) mRNA could restore the vasculature phe-
notype (11). SerRS contains a nuclear localization signal
that directs cellular SerRS into the nucleus (12), suggesting
that the effect of SerRS on vasculature development is inde-
pendent of aminoacylation. Recently, Shi et al. (13) found
that SerRS is an antagonist of c-Myc for regulation of vegfa
expression through direct competition between SerRS and
c-Myc in the proximal CREs of human vegfa.
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Thus, most previous studies have focused on the proxi-
mal upstream CREs around 2 kb of the human vegfa pro-
moter. Only a few studies have reported on the distal CREs
of vegfa, e.g. Ford and D’Amore (14) who demonstrated
that microphthalmia-associated transcription factor regu-
lates vegfa promoter activity at −5 to −9 kb of vegfa in
ARPE-19, a human retinal pigment epithelium cell line.
This evidence supports the hypothesis that the distal up-
stream CREs of vegfa may also play a role in regulating the
vegfa transcription.

Therefore, this study aimed to determine if SerRS and its
interacting factors binding at distal upstream CREs such
as at -2∼6kb lead to the control vegfa promoter activity. In-
deed, we found that Yin Yang 1 (YY1), a transcriptional
repressor, interacts with SerRS to form a SerRS/YY1 com-
plex which functions as a negative effector to regulate vegfa
transcription through binding distal CREs at −4654 to
−4623, while NFKB1 serves as a positive effector through
outcompeting SerRS/YY1 for binding at the same distal
CREs.

MATERIALS AND METHODS

Gene cloning

Human HEK293T cells were homogenized with TRIzol
Reagent (Bio-Rad) to extract total RNAs according to the
manufacturer’s instructions. First strand of cDNA was syn-
thesized from 2 ng of total RNAs using SuperScript III (In-
vitrogen). RT-PCR was then performed to clone the coding
regions of human SerRS, YY1, NFKB1, GATAD2A and
HOXB9.

Plasmid constructs

The coding region of SerRS cDNA was inserted into
pCMV-Flag to generate pCMV-Flag-SerRS. The mutated
SerRS, SerRS(T429A), was obtained by PCR and inserted
into pGEX-5X-1, pCMV-Flag and pCS2+ to generate
pGEX-5X-1-SerRS(T429A), pCMV-Flag-SerRS(T429A)
and pCS2-SerRS(T429A), respectively. SerRS cDNA with-
out containing a unique domain, UNE-S, was obtained
by PCR (SerRS-TBD-CD) and pGEX-5X-1-SerRS-
TBD-CD was generated. Similarly, several plasmids were
also generated, including pGEX-5X-1-YY1, pCS2-YY1,
pCMV-Myc-YY1, pCMV-Flag-YY1, pGEX-5X-1-
NFKB1, pCS2-NFKB1, pCMV-Myc-GATAD2A and
pCMV-Myc-HOXB9. Plasmid pGL3-vegfa6k, in which the
luciferase (luc) reporter was driven by −5868 to +55 of
vegfa (15), was provided by the Imaizumi Lab. The −4654
to −4623 and −62 to −36 fragments were deleted from
−5868 to +55 to generate pGL3-vegfa6k(−4654 to −4623),
pGL3-vegfa6k(−62 to −36), and pGL3-vegfa6k(−4654 to
−4623)(−62 to −36). For luc assay of DNA constructs
driven by vegfa(−4654 to −4623) segment, we cloned
−4654 to −4623 from pGL3-vegfa6k by PCR and gener-
ated three mutated sequences (Supplementary Table S2): (i)
vegfa(−4654 to −4623)-mt1, mutation at the binding site
for both YY1 and NFKB1, (ii) vegfa(−4654 to −4623)-mt2,
mutation at YY1-specific binding site and (iii) vegfa(−4654
to −4623)-mt3, mutation at NFKB1-specific binding site.
These fragments were then inserted into pGL3-SV40

to generate their derivative plasmids. Additionally, five
copies of vegfa(−4654 to −4623) were synthesized and
pGL3-SV-5X-vegfa(−4654 to −4623) was generated. The
−4423 to −4392 segment was cloned from pGL3-vegfa6k
by PCR and generated pGL3-SV-vegfa(−4423 to −4392)
to serve as a negative control (Supplementary Table S2).

Protein expression and purification

Plasmids pGEX-5X-1, pGEX-5X-1- SerRS(T429A),
pGEX-5X-1-YY1, pGEX-5X-1-NFKB1, pGEX-6P-
1, pGEX-6P-1- SerRS-FL, pGEX-6P-1-SerRS-TBD,
pGEX-6P-1-SerRS-CD-UNE-S, pGEX-6P-1-SerRS-CD
and pGEX-5X-1-SerRS-TBD-CD were used to express
recombinant proteins using 0.1 mM Isopropyl �-D-1-
thiogalactopyranoside induction for 1 h at 37◦C in an
Escherichia coli BL21 expression system and purified by
Glutathione resin (Clontech).

GST pull-down assay

Recombinant protein GST-SerRS(T429A) was purified by
Glutathione resin (Clontech). GST pull-down assay of GST
and GST-SerRS(T429A) with nuclear protein extracts iso-
lated from HEK293T followed the protocol described in
the NE-PER™ Nuclear Cytoplasmic Extraction Reagents
Kit and Pierce™ Crosslink IP Kit (Thermo Fisher Scien-
tific; TFS). The resultant GST pull-down products were an-
alyzed by SDS-PAGE, followed by silver staining and in-gel
digestion. For domain mapping of SerRS, equal amounts of
GST and each GST-SerRS recombinant protein were sepa-
rately incubated with recombinant Flag-YY1 overnight and
then pulled down by Glutathione resin (Clontech).

Co-immunoprecipitation (Co-IP)

Plasmids pCMV-Flag-SerRS, pCMV-Flag-SerRS(T429A),
pCMV-Myc-YY1, pCMV-Myc-GATAD2A and pCMV-
Myc-HOXB9 were used for Co-IP, following the protocols
described in the Pierce™ Crosslink IP Kit. The resultant
immunoprecipitates were analyzed using antiserum against
Flag (Abcam; 1 mg/ml; 1:30000) and Myc (Sigma-Aldrich
(SA); 0.5 mg/ml; 1:1000).

In-gel digestion and LC–MS/MS analysis

The procedures were described by Chiang et al. (16) and
used Mascot Distiller (Matrix Science). The resultant MGF
file was searched using the Mascot search engine (v2.2,
Matrix Science) with the following conditions: (i) protein
database set as Swiss-Prot; (ii) taxonomy set as Homo sapi-
ens; (iii) one trypsin missed cleavage allowed; (iv) peptide
mass tolerance set at ±0.5 Da and fragment mass toler-
ance set at ±0.5 Da; (v) Carbamidomethyl (Cys) chosen as
a fixed modification and (vi) oxidation (Met) and deamida-
tion (Asn and Gln) chosen as variable modifications.

Dual luc assay

The protocol described by Promega was followed. In
HEK293T, we co-transfected 50 ng of phRG-TK (an inter-
nal control), and 200 ng of each examined plasmid in the
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control group. In the experimental group, we co-transfected
50 ng of phRG-TK, 200 ng of each examined plasmid plus
2 �g of plasmid pCS2-SerRS(T429A), 1.5 �g of plasmid
pCS2-YY1 or 1.5 �g of plasmid pCS2-NFKB1. In C2C12,
we co-transfected 50 ng of pRL-SV40 (an internal control)
and 500 ng of each examined plasmid in the control group.
In the experimental group, we co-transfected 50 ng of pRL-
SV40, 500 ng of each examined plasmid plus 1 �g of plas-
mid pCS2-SerRS(T429A), 1.5 �g of plasmid pCS2-YY1,
1.5 �g of plasmid pCS2-NFKB1.

Chromatin immunoprecipitation (ChIP) assayf

For analysis of the upstream 6k of vegfa, we used Search-
ing Transcription Factor Binding Sites v 1.3 (TFSEARCH).
ChIP assays were performed according to the manufac-
turer’s protocol (EZ-Magna ChIP™ A/G ChIP Kits; Milli-
pore). Nuclear DNAs were sonicated after cells were fixed.
IP was performed with 10 �g DNA using one of the follow-
ing antisera against IgG (Millipore; 1 mg/ml): SerRS (Ab-
nova; 25 mg/ml), YY1 (Santa Cruz (SC); 0.2 mg/ml) and
NFKB1 (SC; 2 mg/ml). Elutes were pooled and heated at
62◦C with proteinase K (Millipore; 10 mg/ml) at least 2 h
to reverse crosslinking. DNA fragments were purified with
DNA Spin column (Millipore). The immunoprecipitated
DNA was analyzed by PCR and qPCR, which used SYBR
Green detection. Starting quantities were determined based
on a common standard curve generated using HEK293T
genomic DNA. Relative amounts of each chromatin frag-
ment were then extrapolated on the basis of their thresh-
old cycle values and determined by the percentage of the
total input DNA. All qPCRs were carried out in triplicate.
Primers used for ChIP assay were listed in Supplementary
Table S3.

Electrophoretic mobility shift assay (EMSA)

The purified SerRS, YY1 and NFKB1 fusion proteins
were used and single-stranded complementary oligonu-
cleotide (co) corresponding to the −4654 to −4623 of vegfa
were biotinylated using the Biotin 3′-end DNA labeling kit
(TFS). Biotinylated co pairs were annealed to make double-
stranded and biotin-labeled probes (1 �M) by mixing in
water, boiling for 5 min, and cooling overnight. Unlabeled
co pairs were also annealed to make double-stranded com-
petitor probes (1 �M). EMSA reaction solution was pre-
pared by following the manufacturer’s protocol (TFS) ex-
cept of using 6% polyacrylamide native gel. The biotin-
labeled probes were detected using horseradish peroxidase-
conjugated streptavidin that binds to biotin and chemilu-
minescent substrate. For the Super Shift assays, antibodies
against YY1 and NFKB1 were added and incubated for 20
min before performing the EMSA.

Western blot analysis

After HEK293T cells were lysed by whole-cell extract
buffer (17) containing proteinase inhibitor cocktail (Roche),
lysates were separated on SDS-PAGE and then blotted
with corresponding antibodies. Antibodies against SerRS
(1:1000), YY1 (1:1000), NFKB1 (1:5000), �-tubulin (SA; 1

mg/ml; 1:1000), VEGFA (SC; 0.2 mg/ml; 1:1500), mouse-
HRP (SC; 400 mg/ml; 1:5000) and rabbit-HRP (SC; 400
mg/ml; 1:5000), we dechorionized, deyolked and lysed em-
bryos in whole-cell extract buffer containing a proteinase in-
hibitor cocktail. The total extracted proteins in lysates were
separated on SDS-PAGE and blotted with correspond-
ing antibodies. Antibodies against SerRS, YY1 (1:2000),
NFKB1 (1:2000), and �-tubulin were used.

qRT-PCR

After HEK293T cells were transfected with plasmid DNA
or siRNA, total RNAs were isolated from cells by TRIzol
Reagent. 2 �g of total RNA from each sample was tran-
scribed to cDNA by SuperScript ? Reverse Transcriptase.
All qPCR were performed using the Single Tube TaqMan®

Gene Expression Assay (TFS).

Knockdown by small interfering RNA (siRNA) in cell lines

All siRNAs were designed and synthesized by Qiagen. All
siRNAs sequences were listed in Supplementary Table S4.
AllStars Negative Control siRNA (Qiagen), a validated
non-silencing siRNA, was used as a negative control.

Zebrafish husbandry and microscopy observation

Wild-type and transgenic line Tg(fli1:EGFP)y1 (18) of ze-
brafish (Danio rerio) was used and their fluorescent sig-
nals were visualized by a fluorescent stereomicroscope
(MZFLIII, Leica).

Knockdown by antisense morpholino oligonucleotides (MOs)

MOs were purchased from Gene Tools (USA). Their se-
quences were listed in Supplementary Table S5.

VEGF inhibitor treatment

Dechorionated embryos from 10 to 30 hpf were immersed in
E3 medium containing either dimethylsulfoxide (served as
control group) or 2.5 �M SU5416 (SA) (served as VEGF-
inhibitor-treated group).

Statistical analysis

Data were obtained by the average value from three inde-
pendent experiments and presented as mean ± SD. Differ-
ence levels were analyzed using Student’s t-test.

RESULTS

YY1 protein preferentially binds SerRS protein

To search for proteins that participate in noncanonical
functions of SerRS, we first generated recombinant pro-
tein SerRS(T429A) fused with GST. GST-SerRS(T429A)
was then used for GST pull-down with nuclear proteins ex-
tracted from HEK293T cells. GST proteins pulled down
were then separated by SDS-PAGE (Figure 1A). LC–
MS/MS was used to analyze the nuclear proteins bound
by GST-SerRS(T429A) (Supplementary Table S1). Finally,
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Figure 1. Screening and identification the putative proteins interacting with SerRS. (A) The GST pull-down assay. Nuclear proteins extracted from
HEK293T were pulled down with the recombinant GST-SerRS(T429A). Lane 1, protein markers; lane 2, protein profiles of GST pull-down; lane 3, protein
profiles of GST-SerRS(T429A) pull-down. Protein bands marked with brackets on lane 3 were excised for LC–MS/MS. GST and GST-SerRS(T429A) were
marked with � and , respectively. (B) Screening of three putative proteins interacting with SerRS(T429A) by Co-IP. HEK293T cells were co-transfected
with a plasmid expressing Flag-tagged SerRS(T429A) and a plasmid expressing Myc-tagged GATAD2A, HOXB9 or YY1. Cell lysate was immunopre-
cipitated with anti-Flag (IP: Flag), followed by Western blot (IB) using either anti-Flag to detect Flag-SerRS(T429A) (IB: Flag) or anti-Myc to detect
Myc-GATAD2A, Myc-HOXB9 and Myc-YY1 (IB: Myc). A positive band was detected only when co-transfecting Flag-SerRS(T429A) and Myc-YY1
(marked with �). Input represents 10% of the total cell extract used for each immunoprecipitation. (C) Co-IP demonstrated the direct interaction between
SerRS(T429A) and YY1. HEK293T cells were co-transfected with Myc-YY1 and SerRS(T429A). Afterwards, cell lysate was immunoprecipitated with
either anti-Flag (IP: Flag) or anti-Myc (IP: Myc), followed by Western blot using anti-Flag to detect Flag-SerRS(T429A) (IB:Flag) and anti-Myc to detect
Myc-YY1 (IB:Myc). Myc-YY1 fusion protein was immunoprecipitated with Flag-SerRS(T429A). Input represents 10% of the total cell extract used for
each immunoprecipitation. (D) Quantification of the intensities of Flag and Myc, as shown on Co-IP, when the IP intensities of Flag-SerRS(T429A) and
Myc-YY1 were individually normalized as 1. Data are calculated from three independent experiments and presented as mean ± SD (n = 3). Student’s
t-test was used to determine significant differences between each group (*P < 0.05, **P < 0.01 and ***P < 0.005).

according to LC–MS/MS scores and numbers of peptides
detected per candidate protein, three putative proteins in-
teracting with SerRS(T429A) were selected: GATAD2A,
HOXB9 and YY1. Next, using Co-IP, we found that
YY1, but not GATAD2A or HOXB9, interacted with
SerRS(T429A) (Figure 1B), a result which strongly suggests
that YY1 might be a protein bound by SerRS(T429A).

Following up this experiment, we also employed Co-IP
to demonstrate that YY1 is able to interact with mutated
SerRS(T429A) (Figure 1C). Quantification data of SerRS
and YY1 interaction revealed the following results. (i) When
the intensity ratio of Myc level relative to Flag level for
the Flag-SerRS(T429A) group was normalized as 1, that of

the Flag-SerRS(T429A) plus Myc-YY1 group was 12.8. (ii)
When the intensity ratio of Flag level relative to Myc level
for the Myc-YY1 group was normalized as 1, that of the
Myc-YY1 plus Flag-SerRS(T429A) group was 6.9 (Figure
1D). We then employed Co-IP to demonstrate that YY1 is
also able to interact with wild-type SerRS (Supplementary
Figure S1A). Quantification of SerRS and YY1 interaction
revealed the following results. (i) When the intensity ratio
of Myc level relative to Flag level for Flag-SerRS was nor-
malized as 1, that of the Flag-SerRS plus Myc-YY1 was
18.9. (ii) When the intensity ratio of Flag level relative to
Myc level for the Myc-YY1 was normalized as 1, that of the
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Myc-YY1 plus Flag-SerRS was 12.8 (Supplementary Fig-
ure S1B), also suggesting that YY1 interacts with SerRS.

The catalytic domain of SerRS interacts with YY1

We performed SerRS domain mapping to elucidate the
domain involved in SerRS-YY1 interaction. Plasmids
pGEX-6P-1, pGEX-6P-1-SerRS-FL, pGEX-6P-1-SerRS-
TBD, pGEX-6P-1-SerRS-CD-UNE-S and pGEX-6P-1-
SerRS-CD were used to generate full-length (FL) recombi-
nant SerRS (rSerRS) and rSerRS with various deleted do-
mains fused with GST, including (i) tRNA-binding domain
(TBD), (ii) catalytic domain (CD) combined with UNE-S
and (iii) CD only (Figure 2A). After GST pull-down assay,
GST-FL could pull down Flag-YY1, suggesting that SerRS
and YY1 interact directly (Figure 2B). Domain mapping
analysis revealed that the catalytic domain of SerRS is the
key domain that interacts with YY1 (Figure 2B). Further-
more, SerRS-YY1 interaction revealed the following quan-
titative results. When the intensity ratio of Flag level relative
to GST level for the GST plus Flag-YY1 was normalized
as 1, that of the GST-FL plus Flag-YY1 was 1.32, GST-
TBD plus Flag-YY1 was 1.01, GST-CD-UNE-S plus Flag-
YY1 was 1.37, and GST-CD plus Flag-YY1 was 1.32 (Fig-
ure 2C), indicating that the catalytic domain of SerRS is the
motif interacting with YY1.

To clarify whether the UNE-S domain of SerRS is also
responsible for the formation of SerRS/YY1 complex, we
performed SerRS domain mapping to elucidate this ques-
tion. Plasmids pGEX-6P-1, pGEX-6P-1-SerRS-FL, and
pGEX-5X-1-SerRS-TBD-CD were used to generate the
full-length (FL) of recombinant SerRS (rSerRS) and the
UNE-S-deleted rSerRS fused with GST (Supplementary
Figure S2A). After GST pull-down assay, GST-FL could
pull down Flag-YY1 (Supplementary Figure S2B). Domain
mapping analysis revealed that the UNE-S-deleted SerRS
still interacted with YY1 (Supplementary Figure S2B). Fur-
thermore, the interaction between SerRS and YY1 was
quantified. As shown in Supplementary Figure S2C, when
the intensity ratio of Flag level versus GST level in the GST
plus Flag-YY1 group was normalized as 1, the intensity ra-
tio of Flag level versus GST level in the GST-FL plus Flag-
YY1 group was 1.45, while that of the GST-TBD-CD plus
Flag-YY1 group was 1.41, indicating that the UNE-S do-
main of SerRS is not required for SerRS/YY1complex for-
mation.

SerRS and YY1 are bound at the distal upstream sequences
of vegfa

We performed a ChIP PCR with three primer-pairs de-
signed to scan the distal upstream sequences of vegfa. The
site of the three amplicons is located at the distal upstream
sequences of vegfa (Figure 3A). The three amplicons im-
munoprecipitated by anti-SerRS, anti-YY1 and IgG (as a
control) from HEK293T cell lysates were amplified by PCR.
Results showed that only amplicon 2 had positive bands for
SerRS and YY1 ChIPs (Figure 3B). We performed ChIP-
qPCR to quantify the total input of chromatin DNA at
SerRS and YY1 binding sites. The amounts of DNA im-
munoprecipitated by anti-SerRS, anti-YY1 and IgG from

Figure 2. Characterization of the biochemical properties of SerRS/YY1
interaction. (A) Schematic illustration of SerRS domains and different
deletions. FL: full length; TBD: tRNA-binding domain; CD: catalytic do-
main; UNE-S: C-terminal appended domain. (B) GST pull-down assay.
SerRS/YY1 interaction is direct and mediated by the catalytic domain
of SerRS. Different of SerRS domains fused with GST at N-termini were
pulled down with purified Flag-YY1. GST-SerRS and Flag-YY1 were de-
tected by Western blot using anti-GST and anti-Flag antibody, respectively.
(C) Quantification of GST pull-down assay. GST immunoprecipitation in-
tensities of GST-SerRS were quantified based on Flag-YY1 intensity nor-
malized 1. Data are calculated from three independent experiments and
presented as mean ± SD (n = 3). Student’s t-test was used to determine
significant differences between each group (*P < 0.05, **P < 0.01 and
***P < 0.005). NS: non-significant.

HEK293T cell lysates were quantified at amplicons 1, 2 and
3. The result showed that the highest expression level was lo-
cated at amplicon site 2 (Figure 3C), suggesting that SerRS
and YY1 might be involved in the activity of vegfa promoter
through binding at the distal upstream CREs.
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Figure 3. Identification of the binding sites for SerRS and YY1 located at the upstream distal region of human vegfa. (A) Schematic illustrating the binding
sites for SerRS and YY1 from −5868 to +55. The arbitrary amplicon sites were indicated on the bottom. (B) ChIP assay combined with PCR to analyze
SerRS and YY1 binding sites. Immunoprecipitated DNA by anti-SerRS, anti-YY1 or control IgG from HEK293T cell lysates was amplified by PCR. A
positive band was revealed for both SerRS ChIP and YY1 ChIP shown on amplicon 2. Input represents genomic DNA extract from HEK293T used for
PCR analysis with 3 amplicon site primers. (C) ChIP-qPCR was used to quantify the total input of chromatin DNA at SerRS and binding sites. The amount
of DNA immunoprecipitated by anti-SerRS, anti-YY1 antibodies and control IgG from HEK293T cell lysates was measured by qPCR on amplicons 1, 2
and 3. The amplicon 2 site located at the distal region of vegfa exhibited the highest expression. Results represent the percentages of total input of chromatin
DNA. Data represent mean ± SD (n = 3).

SerRS regulation of vegfa promoter activity depends on fac-
tors bound at -4654∼-4623

Using TFSEARCH, we revealed that YY1, NFKB and
C/EBP were potentially bound at −4654 to −4623 (Fig-
ure 4A). To determine if SerRS was also involved in con-
trolling vegfa promoter activity through binding at distal
upstream sequences, we designed several constructs (Fig-
ure 4B), including (i) pGL3-vegfa6k, in which the luc re-
porter was driven by −5868 to +55 (6k) of vegfa; (ii) pGL3-
vegfa6k(−4654 to −4623), in which −4654 to −4623 was
deleted from −5868 to +55; (iii) pGL3-vegfa6k(−62 to
−36), in which the −62 to −36 was deleted; (iv) pGL3-
vegfa6k(−4654 to −4623)(−62 to −36), in which −4654 to
−4623 and −62 to −36 were simultaneously deleted and (v)
pCMV-SerRS(T429A), which was used to perform luc as-
say. Compared to the luc activity of HEK293T cells trans-
fected with pGL3-vegfa6k, which was normalized as 100%,
the luc activity of cells transfected with pGL3-vegfa6k plus
pCMV-SerRS(T429A) was reduced to 63% (Figure 4C),
suggesting that the addition of SerRS caused the decrease of
vegfa promoter activity. In contrast, compared to the 100%
normalized luc activity of pGL3-vegfa6k(−4654 to −4623)-
transfected cells, the luc of pGL3-vegfa6k(−4654 to −4623)
plus pCMV-SerRS(T429A)-transfected cells showed no dif-

ference (Figure 4C), suggesting that the distal CREs of
−4654 to −4623 was a critical segment for SerRS to regu-
late the vegfa promoter activity driven by the −5868 to +55.
Interestingly, compared to the 100% normalized luc activ-
ity of pGL3-vegfa6k(−62 to −36)-transfected cells, the luc
of pGL3-vegfa6k(−62 to −36) plus pCMV-SerRS(T429A)-
transfected cells decreased to 63% (Figure 4C), indicat-
ing that SerRS-induced reduction of vegfa promoter activ-
ity could not be driven by the −62 to −36 segment alone
since promoter activity remained reduced, even when −62
to −36 was deleted. In the case of the 100% normalized luc
activity of pGL3-vegfa6k(−4654 to −4623)(−62 to −36)-
transfected cells, the luc of pGL3-vegfa 6k(−4654 to −4623)
(−62 to −36) plus pCMV-SerRS(T429A)-transfected cells
was only decreased to 90% (Figure 4C), indicating that
SerRS primarily affects vegfa promoter activity at the distal
region, i.e. the −4654 to −4623 segment. Next, we used the
above constructs to perform the luc assay in non-oncogenic
cell line C2C12. As shown in Supplementary Figure S3, the
results obtained from C2C12 cells were similar to those of
HEK293T cells. Thus, we concluded that a distal upstream
CREs of −4654 to −4623 predominantly regulates the pro-
moter activity of vegfa.
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Figure 4. The distal −4654 to −4623 is a crucial motif bound by SerRS to control the transcriptional activity of human vegfa. (A) The nucleotide sequences
of −4654 to −4623 of vegfa and the putative binding sites for transcription factors YY1, NFKB and C/EBP on −4654 to −4623. (B) Schematic drawing
of constructs used for luc assay. The luc activity driven by vegfa -6k (−5868 to +55) (pGL3-vegfa6k), pGL3-vegfa6k with a deletion of −4654 to −4623
from −6k (pGL3-vegfa6k(−4654 to −4623)), a deletion of −62 to −35 (pGL3-vegfa6k(−62 to −35)), and a deletion of both −4654 to −4623 and −62 to
−35 (pGL3-vegfa6k(−4654 to −4623)(−62 to −35)). (C) The luc activity assay. The luc reporter plasmid and pCMV-SerRS(T429A) were co-transfected
with each above construct into HEK293T cells. Luc activity was measured in three independent experiments. Data were presented as the mean ± SD (n =
3). *** indicates a significant difference at P < 0.005.

SerRS affects the binding affinity of YY1 and NFKB1 on
vegfa at −4654 to −4623

To understand whether SerRS, YY1 and NFKB1 are com-
petitively bound at −4654 to −4623 of vegfa, we employed
EMSA and showed that the −4654 to −4623 of vegfa specif-
ically interacted with YY1 (Supplementary Figure S4A)
and NFKB1 (Supplementary Figure S4B). The Super-shift
assay indicated that the shifted bands were specific (Figure
5A and B). The NFKB1 band-shift competed with that of
YY1 (Figure 5C). Unexpectedly, we found that SerRS did
not bind to −4654 to −4623 (Supplementary Figure S4C),
indicating that SerRS is involved in regulating vegfa pro-
moter activity at −4654 to −4623 in an indirect manner. To
understand the impact of SerRS on YY1 binding, we added
SerRS as a competitor within the YY1 band-shift experi-
ment. The result showed that SerRS interacted with YY1
to form a SerRS/YY1 complex. This SerRS/YY1 complex

bound at the −4654 to −4623 segment at higher affinity
than YY1 alone (Figure 5D).

Based on the above evidence, we proposed that SerRS af-
fects the binding affinity of YY1, which, in turn, competes
with NFKB1 binding at −4654 to −4623. To further con-
firm this hypothesis, we quantified the total input of chro-
matin DNA based on YY1-ChIP in SerRS-overexpression
(pCMV-SerRS(T429A)) and SerRS-knockdown (SerRS
siRNA) constructs at −4654 to −4623 by qPCR. Re-
sults revealed that SerRS-overexpression increased the
chromatin occupancy of YY1 at −4654 to −4623, while
SerRS-knockdown decreased it (Figure 5E). In contrast,
SerRS-overexpression decreased the chromatin occupancy
of NFKB1 at −4654 to −4623, while SerRS-knockdown in-
creased it (Figure 5F). Therefore, we concluded that SerRS
affects the binding affinity of both YY1 and NFKB1 on
vegfa at −4654 to −4623.
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Figure 5. The presence of SerRS affects the binding affinity of YY1 and NFKB1 on human vegfa at −4654 to −4623. (A) EMSA of DNA fragment −4654
to −4623 with YY1 protein. Anti-YY1 was used to perform the Super-shift assay. (B) EMSA of −4654 to −4623 with NFKB1. Anti-NFKB1 was used
to perform the Super-shift assay. (C) EMSA of −4654 to −4623 that was bound competitively between YY1 and NFKB1. (D) The binding preference
between −4654 and −4623 with SerRS/YY1 complex and −4654 and −4623 with YY1 alone. (E) ChIP-qPCR to quantify the total input of chromatin
DNA bound by YY1 in SerRS-overexpressing (pCMV-SerRS(T429A)) and SerRS-knockdown (SerRS siRNA) cells. The relative percentage of chromatin
DNA input of each group was measured when the pCMV-transfected group was set as 100%. Data represented mean ± SD (n = 3). (F) ChIP-qPCR to
quantify the total amounts of chromatin DNA bound by NFKB1 in the SerRS-overexpressing (pCMV-SerRS(T429A)) and SerRS-knockdown (SerRS
siRNA) cells. The relative percentage of chromatin DNA input of each group was measured when the pCMV-transfected group was set as 100%. Data
represented mean ± SD (n = 3). ** and *** indicate the significant differences of values at P < 0.01 and P < 0.005 levels, respectively.
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The promoter activity driven by −4654 to −4623 is also de-
pendent on the binding of SerRS/YY1 complex or NFKB1

To know whether the promoter activity driven by a 32-
nt (−4654 to −4623) upstream sequences of vegfa with-
out including the complete upstream 6k sequences is also
negatively regulated by SerRS/YY1 complex, but posi-
tively regulated by NFKB1, we constructed pGL3-SV-
vegfa(−4654 to −4623), in which the SV40 promoter com-
bined with −4654 to −4623 (Figure 6A), pGL3-SV-5X-
vegfa(−4654 to −4623), in which the SV40 promoter com-
bined with five copies of −4654 to −4623 (Supplemen-
tary Figure S5A) and plasmid pGL3-SV-vegfa(−4423 to
−4392), in which the SV40 promoter combined with −4423
to −4392, served as a negative control (Supplementary Fig-
ure S6A). Compared to the 100% normalized luc activity
of pGL3-SV-vegfa(−4654 to −4623)-transfected cells, the
luc activity of pGL3-SV-vegfa(−4654 to −4623) plus pCS2-
SerRS(T429A)- and pGL3-SV-vegfa(−4654 to −4623) plus
pCS2-YY1-transfected cells was, in both cases, reduced to
74% (Figure 6C). In contrast, the luc activity of pGL3-
SV-vegfa(−4654 to −4623) plus pCS2-NFKB1-transfected
cells was increased to 140% (Figure 6C). Furthermore, as
shown in Supplementary Figure S5C, when pGL3-SV-5X-
vegfa(−4654 to −4623) containing five copies of −4654 to
−4623 plus pCS2-YY1 were employed, a conclusion sim-
ilar to that obtained from one copy of −4654 to −4623
could be drawn, except that the impact of promoter activity
is more effective. In contrast to the results from pGL3-SV-
5X-vegfa(−4654 to −4623), when pGL3-SV-vegfa(−4423
to −4392) was employed, its luc activity was not affected
by SerRS(T429A), YY1 or NFKB1 (Supplementary Figure
S6C). This line of evidence strongly suggested that the luc
activity driven by the −4654 to −4623 segment is also nega-
tively regulated by SerRS/YY1, but positively regulated by
NFKB1.

Next, we designed three mutant plasmids, includ-
ing pGL3-SV-vegfa(−4654 to −4623)-mt1, pGL3-SV-
vegfa(−4654 to −4623)-mt2 and pGL3-SV-vegfa(−4654 to
−4623)-mt3, which respectively reflect mutations at the
binding site for both YY1 and NFKB1 (mt1), YY1-specific
binding site (mt2), and NFKB1-specific binding site (mt3)
(Figure 6A). EMSA results showed that the YY1 band-shift
was neither observed in vegfa(−4654 to −4623)-mt1 nor in
vegfa (−4654 to −4623)-mt2, whereas the NFKB1 band-
shift was neither observed in vegfa(−4654 to −4623)-mt1
nor vegfa(−4654 to −4623)-mt3 (Figure 6B), indicating that
these mutated sequences were specific and functional. Com-
pared to the 100% normalized luc of pGL3-SV-vegfa(−4654
to −4623)-mt1-transfected cells, the luc of pGL3-SV-
vegfa(−4654 to −4623)-mt1 plus pCS2-SerRS(T429A)-,
pGL3-SV-vegfa(−4654 to −4623)-mt1 plus pCS2-YY1-
and pGL3-SV-vegfa(−4654 to −4623)-mt1 plus pCS2-
NFKB1-transfected cells showed no significant difference
(Figure 6C). The 100% normalized 100% activity of pGL3-
SV-vegfa(−4654 to −4623)-mt2-transfected cells was com-
pared to the luc activities of cells transfected with pGL3-
SV-vegfa(−4654 to −4623)-mt2 plus pCS2-SerRS(T429A)
and pGL3-SV-vegfa (−4654 to −4623)-mt2 plus pCS2-
YY1, and we also found no significant difference (Figure
6C). However, the luc of pGL3-SV-vegfa(−4654 to −4623)-

mt2 plus pCS2-NFKB1-transfected cells increased to 147%
(Figure 6C). Finally, compared to the 100% normal-
ized luc activity of pGL3-SV-vegfa(−4654 to −4623)-mt3-
transfected cells, the luc activity of pGL3-SV-vegfa(−4654
to −4623)-mt3 plus pCS2-SerRS(T429A)- and pGL3-SV-
vegfa(−4654 to −4623)-mt3 plus pCS2-YY1-transfected
cells were reduced to 77% and 70%, respectively (Figure
6C). In contrast, the luc activity of pGL3-SV-vegfa(−4654
to −4623)-mt3 plus pCS2-NFKB1-transfected cells was no
different from that of pGL3-SV-vegfa(−4654 to −4623)-
mt3-transfected cells (Figure 6C).

On the other hand, luc assays were also performed by the
siRNA-knockdown approach. Compared to the 100% nor-
malized luc activity of pGL3-SV-vegfa(−4654 to −4623)-
transfected cells, the luc activity of pGL3-SV-vegfa(−4654
to −4623) plus SerRS-siRNA- and pGL3-SV-vegfa(−4654
to −4623) plus YY1-siRNA-transfected cells was increased
to135% and 133%, respectively (Supplementary Figure S7).
In contrast, the luc activity of pGL3-SV-vegfa(−4654 to
−4623) plus NFKB1-siRNA-transfected cells was reduced
to 81% (Supplementary Figure S7). Additionally, com-
pared to the 100% normalized luc activity of pGL3-SV-
vegfa(−4654 to −4623)-mt1-transfected cells, the luc activ-
ities of pGL3-SV-vegfa(−4654 to −4623)-mt1 plus SerRS-
siRNA-, pGL3-SV-vegfa(−4654 to −4623)-mt1 plus YY1-
siRNA- and pGL3-SV-vegfa(−4654 to −4623)-mt1 plus
NFKB1-siRNA-transfected cells were no different (Supple-
mentary Figure S7).

We next compared the 100% normalized luc activity
of pGL3-SV-vegfa(−4654 to −4623)-mt2-transfected cells
to the luc activities of pGL3-SV-vegfa(−4654 to −4623)-
mt2 plus SerRS-siRNA- and pGL3-SV-vegfa(−4654 to
−4623)-mt2 plus YY1-siRNA-transfected cells. We also
found no difference. However, the luc activity of pGL3-
SV-vegfa(−4654 to −4623)-mt2 plus NFKB1-siRNA-
transfected cells was reduced to 82% (Supplementary Fig-
ure S7). Finally, compared to the 100% normalized luc ac-
tivity of pGL3-SV-vegfa(−4654 to −4623)-mt3-transfected
cells, the luc activity of pGL3-SV-vegfa(−4654 to −4623)-
mt3 plus SerRS-siRNA- and pGL3-SV-vegfa(−4654 to
−4623)-mt3 plus YY1-siRNA-transfected cells was re-
duced to 135% and 142%, respectively (Supplemen-
tary Figure S7). In contrast, the luc activity of pGL3-
SV-vegfa(−4654 to −4623)-mt3 plus NFKB1-siRNA-
transfected cells was no different from that of pGL3-SV-
vegfa(−4654 to −4623)-mt3-transfected cells (Supplemen-
tary Figure S7).

Summing up the above results, we found that (a) the
promoter activity driven by a segment of −4654 to −4623
of vegfa is also negatively regulated by the binding of
SerRS/YY1 complex, but positively regulated by the bind-
ing of NFKB1 and (b) once the YY1- and NFKB1-specific
binding sequences within −4654 to −4623 segment are mu-
tated, SerRS/YY1 and NFKB1 are totally lost their ability
to influence vegfa promoter activity. Therefore, we can con-
clude that the −4654 to −4623 segment of human vegfa is
an important distal upstream CREs in regulating the pro-
moter activity of vegfa.
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Figure 6. Transcriptional activity driven by the −4654 to −4623 segment of human vegfa is regulated by overexpression of either SerRS/YY1 or NFKB1.
(A) Schematic illustration of the luc reporter driven by SV40 promoter (pGL3-SV40), SV40 combined with −4654 to −4623 of vegfa (pGL3-SV-vegfa(−4654
to −4623)) and SV40 combined with mutated −4654 to −4623 (pGL3-SV-vegfa(−4654 to −4623)-mt), as indicated. Three mutated sequences were labeled
in red, including mt1, in which the binding sites for both YY1 and NFKB1 were mutated; mt2, in which the binding site for YY1 was mutated; and mt3,
in which the binding site for NFKB1 was mutated. (B) EMSA of −4654 to −4623, mutated −4654 to −4623, and NFKB1 and YY1 proteins. (C) The luc
activity was obtained from HEK293T cells when transfected with plasmids as indicated. The pGL3-SV-vegfa(−4654 to −4623) served as a control group,
and its luc activity was set as 1. The luc activity was measured in three independent experiments. Data were presented as the mean ± SD (n = 3). Student’s
t-test was used to determine significant differences between each group (*P < 0.05, **P < 0.01 and ***P < 0.005).

The amount of VEGFA protein produced in cells is depen-
dent on competitive binding between SerRS/YY1 complex
and NFKB1 at −4654 to −4623 in vitro

To study whether the amount of VEGFA protein is af-
fected by knockdown and overexpression of SerRS, YY1
or NFKB1, we extracted total proteins from HEK293T
cells individually transfected with overexpressed DNA
fragments, including plasmids pCS2, pCS2-SerRS(T429A),
pCS2-YY1 and pCS2-NFKB1, and DNA knockdown
fragments, including control siRNA, SerRS siRNA, YY1
siRNA and NFKB1 siRNA. Total extracted proteins were

analyzed by Western blot. The ratio of VEGFA relative to
control �-tubulin for pCS2-transfected cells (control group)
was normalized as 1, while for the pCS2- SerRS(T429A)-
transfected cells, it was 0.7 (Figure 7A and D), indicating
that the amount of VEGFA in the pCS2-SerRS(T429A)-
transfected cells was reduced, compared to that of control
pCS2-transfected cells. On the other hand, VEGFA rela-
tive to control �-tubulin level for the siRNA-transfected
cells (control group) was normalized as 1, while for SerRS-
siRNA-transfected cells, it was 1.2 (Figure 7A and D), in-
dicating that the amount of VEGFA in the SerRS-siRNA-
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Figure 7. The protein level of VEGFA is affected by SerRS, YY1 and NFKB1. (A) Total proteins (20 �g) were extracted from HEK293T cells individually
transfected with pCS2, pCS2-SerRS(T429A), control siRNA and SerRS siRNA. Western blot (IB) analysis was performed using antiserum against SerRS,
VEGFA, or �-tubulin (served as an internal control). SerRS and VEGFA levels relative to �-tubulin levels are also indicated. (B) Total proteins (20 �g)
were extracted from HEK293T cells individually transfected with pCS2, pCS2-YY1, control siRNA and YY1 siRNA. Western blot analysis was performed
using a specific antibody against YY1, VEGFA or �-tubulin (served as an internal control). The YY1 and VEGFA levels relative to �-tubulin levels are
also indicated. (C) Total proteins (20 �g) were extracted from HEK293T cells individually transfected with pCS2, pCS2-NFKB1, control-siRNA and
NFKB1-siRNA. Western blot was performed using a specific antibody against NFKB1, VEGFA or �-tubulin (served as an internal control). NFKB1
and VEGFA levels relative to �-tubulin levels are also indicated. (D) Statistical analysis of the average relative intensity of VEGFA protein level from
each group was presented. Data are calculated from three independent experiments and presented as mean±S.D. (n = 3). Student’s t-test was used to
determine significant differences between each group (*P < 0.05, **P < 0.01 and ***P < 0.005). (E) The level of VEGFA mRNA was detected by qPCR in
HEK293T cells transfected with plasmids of control DNA (pCS2), pCS2-SerRS, pCS2-YY1, pCS2-NFKB1, control siRNA, SerRS-siRNA, YY1-siRNA
and NFKB1-siRNA. Data are calculated from three independent experiments and presented as mean ± SD (n = 3). Student’s t-test was used to determine
significant differences between each group (*P < 0.05, **P < 0.01 and ***P < 0.005).

transfected cells was increased, compared to that of the con-
trol siRNA-transfected cells.

We further evaluated the effect of YY1 on the amount
of VEGFA produced in cells. First, VEGFA relative to
�-tubulin for pCS2-transfected cells was normalized as 1,
while that of pCS2-YY1-transfected cells was 0.7 (Figure
7B and D), indicating that the amount of VEGFA in the
pCS2-YY1-transfected cells was reduced, compared to that
of control pCS2-transfected cells. Next, VEGFA relative to
�-tubulin for control siRNA-transfected cells was normal-
ized as 1, while that of YY1-siRNA-transfected cells was 1.2
(Figure 7B and D), indicating that the amount of VEGFA
in the YY1-siRNA-transfected cells was increased, com-
pared to that of control siRNA-transfected cells. We also
considered the effect of NFKB1 on the amount of VEGFA
produced in cells. First, VEGFA relative to �-tubulin for
pCS2-transfected cells was normalized as 1, whereas that
of pCS2-NFKB1-transfected cells was 1.6 (Figure 7C and
D), indicating that the amount of VEGFA in the pCS2-
NFKB1-transfected cells was increased, compared to that
of control pCS2-transfected cells. Second, VEGFA relative
to �-tubulin for the control siRNA- transfected cells was
normalized as 1, while that of NFKB1-siRNA- transfected
cells was 0.6 (Figure 7C and D). Here, contrasting results
showed that the amount of VEGFA in the NFKB1 siRNA-

transfected cells was decreased when compared to the con-
trol siRNA-transfected cells.

Additionally, we analyzed the transcriptional level of
vegfa by qPCR. Compared to the vegfa mRNA level of
cells transfected with pCS2, which was normalized as 100%,
the vegfa mRNA levels of cells transfected with pCS2-
SerRS(T429A), pCS2-YY1 and pCS2-NFKB1 were 69, 66
and 190%, respectively (Figure 7E). In contrast, compared
to the vegfa mRNA level of cells transfected with control
siRNA, which was normalized as 100%, the vegfa mRNA
levels of cells transfected with SerRS-siRNA, YY1-siRNA
and NFKB1-siRNA were 120, 138 and 68%, respectively
(Figure 7E). Furthermore, to exclude the possibility that
SerRS affects the binding of YY1 or NFKB1 on VEGFA
through regulating the expressions of YY1 and NFKB1,
we analyzed the protein levels of YY1 and NFKB1 when
SerRS was overexpressed or silenced. Compared to the cells
transfected with pCS2 and control siRNA, results showed
that the protein levels of YY1 and NFKB1 were not sig-
nificantly different when SerRS was either overexpressed
or silenced (Supplementary Figure S8). This line of evi-
dence indicated that the protein level of VEGFA was de-
creased by adding either SerRS or YY1, but increased by
adding NFKB1, suggesting, in turn, a negative effector role
of SerRS/YYI complex in the context of human vegfa pro-
moter activity, but a positive effector role for NFKB1.
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Change in the amount of SerRS, YY1 and NFKB1 affects
trunk angiogenesis in zebrafish embryos

To address whether the binding of either SerRS/YY1
complex or NFKB1 at distal CREs would impact on
angiogenesis, we designed MOs to silence SerRS, YY1
and NFKB1, individually. Compared to the zSerRS-
control-MO-, zyy1a-MO-control-MO-, and znfkb-control-
MO-injected zebrafish embryos, the amounts of zSerRS,
zYY1 and zNFKB1 were reduced to 20, 31 and 16% in
the zSerRS-MO-, zyy1a-MO- and znfkb-MO-injected ze-
brafish embryos, respectively (Supplementary Figure S9A–
C), indicating that knockdown of MOs is specific and effec-
tive.

As shown in Figure 8A, in the un-injected control em-
bryos during 72 hpf, we observed that i) blood vessels
crossed the transverse myoseptum to form parachordal ves-
sels and ii) most intersegmental vessels (ISVs) grew rostrally
from dorsal aorta and then extended caudally, following
the chevron-like contours of somites to reach the dorsal-
lateral surface where tubes from adjacent ISVs fuse to form
dorsal longitudinal anastomotic vessels. Compared to the
un-injected embryos and the control-MO-injected embryos,
we observed that embryos injected with zSerRS-MO and
zyy1a-MO led to 59% and 62% of embryos, respectively, ex-
hibiting abnormally branched blood vessels, i.e. hyper-ISV
phenotype, among ISVs in trunk (Figure 8B and D). On
the other hand, the znfkb-MO-injected group led to 62%
of embryos exhibiting misdirected and less developed ISVs
having the appearance of lateral asymmetrical formation,
i.e. hypo-ISV phenotype (Figure 8C and D). However, com-
pared to znfkb-MO, the percentages of hypo-ISV phenotype
of embryos injected with znfkb-MO plus zSerRS-MO and
znfkb-MO plus zyy1a-MO were reduced even more to 11%
and 10%, respectively (Figure 8D). Additionally, compared
to the percentages of hyper-ISV phenotype of embryos in-
jected with zSerRS-MO and zyy1a-MO, the percentages
of embryos injected with znfkb-MO plus zSerRS-MO and
znfkb-MO plus zyy1a-MO were reduced to 36 and 38%, re-
spectively (Figure 8D).

To exclude the possibility that SerRS/YY1 complex af-
fects blood vessel development through pathways other
than VEGF, we employed the VEGF inhibitor SU5416.
Compared to 5% of un-injected control embryos which
were hyper-ISV, there was 62% of zyy1a-MO-injected em-
bryos that were hyper-ISV (Supplementary Figure S10A–
B, E–F and I). However, the SU5416-treated embryos re-
sulted in 0% hyper-ISV and 80% hypo-ISV, while the em-
bryos injected with zyy1a-MO combined with SU5416 led
to 2% hyper-ISV and 77% hypo-ISV (Supplementary Fig-
ure S10C–D, G–H and I), indicating that injection of
zyy1a-MO cannot rescue hypo-ISV defects in embryos
treated with the VEGF inhibitor. Thus, we concluded that
SerRS/YY1 affects blood vessel development specifically
through the VEGF pathway.

DISCUSSION

Based on the luc assay, we demonstrated that SerRS could
repress vegfa activity driven by an upstream 6k with a
deleted −62 to −36 segment of vegfa. However, using the

same assay, SerRS totally lost its ability to repress vegfa ac-
tivity when driven by an upstream 6k with a deleted −4654
to −4623 segment, suggesting that SerRS requires a dis-
tal upstream CRE at −4654 to −4623 to control transcrip-
tion of human vegfa. Similarly, Ford and D’Amore (14)
found that luc activity driven by the upstream 2.1–5 kb of
vegfa was significantly decreased, indicating the presence of
a potentially important cis-element for repression of vegfa
activity within the upstream 2.1–5 kb. Therefore, this au-
thor’s work supports the above hypothesis because SerRS
can reduce vegfa promoter activity through binding the in-
tact −4654 to −4623 segment located at the upstream 2.1–5
kb of vegfa.

YY1 functions as an activator, repressor, or initiator of
binding. Many reports demonstrated that YY1 can repress
transcriptional activity through competition with transcrip-
tion factors that bind at overlapping regulatory sequences.
The YY1-binding sequences overlaps with that of serum re-
sponse factor (SRF) in the upstream DNA sequences of α-
actin such that YY1 binding with SRF is mutually exclu-
sive (19–21), while YY1 acts as a repressor. Additionally,
YY1 represses the transcription of rat serum amyloid Al
gene through competing against NFKB which binds at the
same regulatory sequences (22). On the other hand, YY1 is
also reported to be a positive regulator. De Nigris et al. (23–
24) reported that YY1 forms active complex with HIF1� at
VEGF promoter to promote VEGF expression.

Moreover, YY1 can modulate transcriptional activity
through its interaction with either co-activator or co-
repressor. Wang et al. (25) reported that YY1 could increase
transcriptional activity in retinoblastoma C33A cells when
it interacted with YY1-associated protein (YY1AP), a co-
activator, indicating that YY1 plays a role as activator. On
the other hand, Yang et al. (26) reported that mRPD3, a
mouse homologue of Histone deacetylase RPD3, is able
to interact with the glycine-rich domain of YY1. When
mRPD3 is overexpressed, transcriptional repressive activ-
ity driven by YY1 is increased, indicating that YY1, in
this case, plays a repressive role. Here, we demonstrated
that YY1 plays a repressive role by its interaction with co-
repressor SerRS. Without directly binding DNA sequences,
SerRS interacts with YY1 to form a SerRS/YY1 complex,
which then binds the −4654 to −4623 of vegfa. SerRS/YY1
complex represses the gene expression of vegfa by suc-
cessfully competing against NFKB1 which binds the over-
lapped CREs. Therefore, we suggest that SerRS and YY1
are transcriptional co-repressors that form a complex that
competes with NFKB1 for binding at −4654 to −4623, re-
sulting in inhibition of vegfa expression.

We demonstrated that VEGFA was affected by either
overexpression or knockdown of NFKB1, SerRS and YY1.
Xie et al. (27) reported that suppression of NFKB activity
through a phosphorylation mutant, IkB�M, resulted in the
decrease of VEGFA protein level, in turn inhibiting angio-
genesis in human glioblastoma cells. This finding indicates
that NFKB is a positive effector of VEGFA production and
support our hypothesis. By either knockdown of vegfa (28)
or inhibition of VEGF receptor (29) in Tg(fli1:EGFP)y1 ze-
brafish embryos, defective blood vessels in somite bound-
ary during angiogenesis could be observed in vivo, indicat-
ing that the effect of VEGFA on blood vessel development
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Figure 8. The effects of SerRS, YY1 and NFKB1 on vascular development in zebrafish embryos. The percentages of Tg(fli1:EGFP)y1 embryos exhibiting
ISV phenotypes at 72 hpf were counted. Different MOs were injected to specifically knock down the expressions of zebrafish SerRS, yy1a and nfkb,
including un-injected control (n = 371), zSerRS-control-MO (4 ng; n = 99), zSerRS-MO (4 ng; n = 282), zyy1a-control-MO (3 ng; n = 111), zyy1a-MO (3
ng; n = 171), znfkb-control-MO (4 ng; n = 93), znfkb-MO (4 ng; n = 235), znfkb-MO (4 ng) plus zSerRS-MO (4 ng) (n = 182), and znfkb-MO (4 ng) plus
zyy1a-MO (3 ng) (n = 192). The ISV angiogenesis of Tg(fli1:EGFP)y1embryos was observed under fluorescence microscope at 72 hpf. Three different levels
of ISV angiogenesis in embryos were categorized: (A) wild-type-like (wt-like), (B) hypo-phenotype (hypo-ISV, white arrowheads) and (C) hyper-phenotype
(hyper-ISV, white arrows). (D) The occurrence of different ISV phenotypes in each group, as indicated, was calculated in percentage of the total number
(n) of examined embryos. DLAV: dorsal longitudinal anastomotic vessels; PAV: parachordal vessels; DA: dorsal aorta; ISV: intersegmental vessels. Scale
bar: 100 �m.

can be directly monitored. Shi et al. (13) demonstrated that
SerRS and c-Myc play opposite function on angiogenesis
in zebrafish embryos. More specifically, SerRS decreases
VEGFA, while c-Myc increases it. Here we found that blood
vessel development in zebrafish embryos proliferates in the
presence of SerRS or YY1 knockdown, while it is inhibited
by knockdown of NFKB. Importantly, the defects caused
by knockdown of either SerRS or YY1 can be rescued by
injection of NFKB1, or vice versa. Collectively, we there-
fore suggest that SerRS/YY1 complex and NFKB1 mod-
ulate angiogenesis through controlling the production of
VEGFA.

Aminoacyl tRNA synthetase (ARS) plays an essential
role in translation. However, multiple ARSs exhibit non-
canonical activity, which is manifested in such diverse
biological functions as transcription regulation, apopto-
sis, inflammation and angiogenesis (30–32). Together with
different ARS-interacting multifunctional proteins, ARSs
can control gene transcription. For example, lysyl-tRNA
synthetase associates with transcription factor USF2 and

diadenosine polyphosphate Ap4A to form a multipro-
tein complex that regulates the transcription of USF2-
responsive genes (33), which are responsible for tumorigen-
esis and glucose metabolism. Glutaminyl-tRNA synthetase
interacts with apoptosis signal-regulating kinase 1 (ASK1)
and inhibits cell death induced by ASK1 in a Glu-dependent
manner (34). Thus, these ARSs play important roles in tran-
scription regulation, supporting Park et al. (35) who con-
cluded that ARSs could be considered hub proteins with
key roles in protein networks. Additionally, some ARSs
are known to be involved in inflammation and angiogen-
esis. The N-terminus of tyrosyl-tRNA synthetase functions
as an angiogenic factor, whereas the C-terminus functions
as a cytokine that regulates inflammatory responses (36).
Tryptophanyl-tRNA synthetase is induced by interferon-
� stimulation, functioning as an angiostatic factor (37).
Glutamyl-prolyl-tRNA synthetase functions as a potent an-
giostatic factor to suppress angiogenesis through the trans-
lational silencing of VEGFA (38). Recently, it has also been
reported that SerRS regulates vegfa expression through di-
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rect competition between SerRS and c-Myc in the proximal
CREs of vegfa (13). Here, we demonstrated that SerRS as-
sociates with YY1 to form a complex that competes with
NFKB1 for binding at the distal CREs, thereby reducing
VEGFA and inhibiting blood vessel formation, thus acting
as a potent angiostatic factor in angiogenesis.

SerRS is considered one of the most ancient proteins in-
volved in in protein synthesis. Recent studies demonstrated
that a unique SerRS domain, termed UNE-S, exists only
in vertebrates and that it harbors a NLS signal directing
SerRS into the nucleus to affect vasculature development
(12). It is suggested that this noncanonical activity results
from the addition of UNE-S to the C-terminus of SerRS
through evolution. Therefore, it is plausible that SerRS
evolved this new biological function as a potent angiostatic
factor for angiogenesis of vertebrates during embryonic de-
velopment. Such domain additions as eukaryotes become
increasingly complex are, correspondingly, progressive and
accretive, and this pattern of domain additions is specific to
ARS (30–31), which supports the relevance of domain addi-
tions for understanding the noncanonical activity of ARS.
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