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Abstract

Despite a regain of interest recently in ERK3 kinase signaling, the molecular regulations of both

ERK3 gene expression and protein kinase activity are still largely unknown. While it is shown that

disruption of ERK3 gene causes neonatal lethality, cell type-specific functions of ERK3 signaling

remain to be explored. In this study, we report that ERK3 gene expression is upregulated by

cytokines through c-Jun in endothelial cells; c-Jun binds to the ERK3 gene and regulates its

transcription. We further reveal a new role for ERK3 in regulating endothelial cell migration,

proliferation and tube formation by upregulating SRC-3/SP-1-mediated VEGFR2 expression. The

underlying molecular mechanism involves ERK3-stimulated formation of a transcriptional

complex involving coactivator SRC-3, transcription factor SP-1 and the secondary coactivator

CBP. Taken together, our study identified a molecular regulatory mechanism of ERK3 gene

expression and revealed a previously unknown role of ERK3 in regulating endothelial cell

functions.
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Introduction

Angiogenesis is a fundamental process in physiology and pathology, through which new

blood vessels form from pre-existing vessels (Risau, 1997). Vascular endothelial growth

factors (VEGFs) and their receptors (VEGFRs) play essential roles in angiogenesis (Lohela
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et al., 2009). There are three VEGFRs, including VEGFR1, VEGFR2, and VEGFR3, and

multiple VEGFs, such as VEGFs-A, -B, -C, and –D. VEGFR2 is the primary transducer of

VEGF signals in endothelial cells during angiogenesis (Olsson et al., 2006). VEGF/VEGFR

signals activate multiple downstream protein kinases such as MAPKs and Akt, subsequently

leading to the activation of transcriptional factors (e.g. AP-1 and SP-1) and the expression of

target genes including VEGFR2 itself, and eventually promoting endothelial cell

proliferation, migration and permeability (Shibuya and Claesson-Welsh, 2006).

Steroid receptor coactivator 3 (SRC-3) is a transcriptional coactivator for nuclear receptors

and other types of transcriptional factors including AP-1 and SP-1 (Liao et al., 2002). The

transcriptional activity of SRC-3 is regulated by a variety of signals such as hormones,

growth factors, and cytokines (Xu et al., 2009). SRC-3 integrates multiple signaling

pathways to regulate cell proliferation, migration and invasion (Long et al., 2010; Zhou et

al., 2005), and has been characterized as a bona fide oncogene with amplification and/or

overexpression in multiple human cancers (Anzick et al., 1997; Tien and Xu, 2012; Torres-

Arzayus et al., 2004). In addition to its functions in epithelial cells, SRC-3 was also shown

to be important for the functions of endothelial cells including in vivo angiogenesis (Al-

Otaiby et al., 2012; Fereshteh et al., 2008; Ying et al., 2008). The molecular mechanisms

underlying SRC-3's function in endothelial cells, however, are largely unknown.

ERK3 belongs to the atypical MAPK subfamily (Coulombe and Meloche, 2007). While the

signaling pathways of the conventional MAPKs (such as ERK1 and ERK2) are well

characterized, little is known about the constitution and regulation of ERK3 signaling

cascade (Cargnello and Roux, 2011). As to the downstream targets, ERK3 was shown to

phosphorylate MAPK-activated protein kinase 5 (MK5) (Schumacher et al., 2004; Seternes

et al., 2004) and SRC-3 (Long et al., 2012), both of which are important downstream

mediators of ERK3 signaling in regulating cell migration and invasion (Gerits et al., 2007;

Long et al., 2012; Tak et al., 2007). In addition, several studies have demonstrated ERK3's

function in cellular differentiation (Coulombe et al., 2003; Hansen et al., 2008; Julien et al.,

2003). While these in vitro studies suggest a role for ERK3 in suppressing cell cycle

progression, ERK3-deficient mice display intrauterine growth restriction and neonatal

lethality mainly due to pulmonary immaturity (Klinger et al., 2009) with loss of

differentiation of Type II pneumocytes. The role of ERK3 signaling in angiogenesis,

however, remains to be explored. Importantly, both of the two known EKR3 substrates,

SRC-3 and MK5, are known to positively regulate angiogenesis (Al-Otaiby et al., 2012;

Yoshizuka et al., 2012), suggesting that ERK3 may play a similar role in this process. The

functional activity of a protein kinase is regulated by both its gene expression level and its

protein enzymatic activation. Similar to the lack of knowledge regarding the molecular

regulation of ERK3 kinase activation, it is virtually unknown how ERK3 gene expression is

regulated.

In the current study, we have found that ERK3 expression is upregulated by cytokine signals

via c-Jun-mediated transcription in primary human umbilical vein endothelial cell

(HUVEC); ERK3 stimulates the interactions of SRC-3 and CBP coactivators with SP-1

transcriptional factor, upregulates SRC-3/SP-1-mediated VEGFR2 gene expression, and

promotes HUVEC migration, proliferation and tuber formation.
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Materials and Methods

Cell culture, transfection and cytokine or growth factor stimulation

Primary human umbilical vein endothelial cells (HUVECs) at passage 2 were purchased

from Lonza Inc., USA and were cultured in EGM-2 medium (Lonza) containing 2% FBS

along with growth supplements. HeLa cells from ATCC (American Type Culture

Collection) were maintained in DMEM (Dulbecco's modified Eagle medium, Invitrogen)

supplemented with 10% FBS. Plasmids and siRNAs were transfected into cells using

Fugene HD reagent (Roche) and TransIT-TKO Transfection Reagent (Mirus Bio

Corporation), respectively, following the manufacturer's instructions. The silencer select

siRNAs targeting human ERK3, c-Jun, c-Fos, p65, or p50, and the silencer negative control

#1 were purchased from Ambion. SRC-3 siRNA on-target plus SMART pool and non-

targeting siRNA pool were purchased from Dharmacon.

For cytokine or growth factor stimulation, cells were starved in EGM-2 basic medium

overnight, and then treated with 10 ng/ml of TNF-α, IL1-beta, EGF, bFGF, or vehicle for 6

hours. Cells were then harvested for either RNA or protein extraction.

Real time quantitative reverse transcriptase-PCR (RT-qPCR)

Total RNA was extracted using Trizol (Invitrogen) according to the manufacturer's

instruction. cDNA was synthesized from total RNA using SuperScript® III First-Strand

Synthesis System (Invitrogen). Real time PCR was performed using TaqMan Probe system

(Roche Diagnostics) on the ABI Prism 7700 sequence detector (Applied Biosystems, CA).

GAPDH was used as the internal control.

ChIP assay

Chromatin-immunoprecipitation (ChIP) assay was performed using the EZ-Magna ChIP Kit

(Upstate/Millipore) following the manufacturer's protocol. The antibodies used for ChIP

assay were anti–c-Jun (Cell Signaling), anti-phospho-c-Jun (Cell Signaling), or the normal

rabbit IgG (Santa Cruz Biotechnology). The occupancy of c-Jun on ERK3 gene promoter

was analyzed by quantitative real-time PCR using SYBR Green technology (Roche Applied

Science) with the following primers: the forward primer (5′-

TACTTTGCTGAAGGGGATGG-3′) and the reverse primer (5′-

AAAAAGCCACGTAGCAGTCC-3′). Primers for non-relevant binding site were as

follows: the forward primer (5′-CAAAATAATGCAACGCAGGA-3′) and the reverse

primer (5′-TCAAGGCAAGGTTTGTTTC-3′). Results were presented as the percentage of

sheared chromatin input.

Luciferase reporter assay

To determine the regulation of ERK3 gene promoter activity by c-Jun, an ERK3 gene

fragment (500 bp in length) containing a canonic c-Jun binding site was amplified by PCR

using the forward primer [5′-GGCGCTAGCGATCACCTAGGTATTACTGTTGAG-3′] and

the reverse primer [5′-GGCGCTAGCGAGAGAGAATTTCAATGTGGACAG-3′] and

subcloned into pGL3-promoter luciferase vector (pGL3-promoter-Luc, Promega) via Nhe I

site. pGL3-promoter-Luc construct contains a SV40 promoter driving luciferase gene
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expression. The resulted construct is designated as pGL3-promoter-Luc-BS. pGL3-

promoter-Luc or pGL3-promoter-Luc-BS was transfected together with pcDNA3-c-Jun or

pcDNA3 empty vector into HUVECs using Fugene 6 Reagent (Promega). Luciferase

activity was determined using the Promega luciferase assay kit. Similarly, VEGFR2 gene

promoter-driven luciferase reporter assays were performed by expressing pGL3-

VEGFR2-225-Luc (Addgene plasmid # 21306) and pEGFP-SP1 (Addgene, plasmid

#39325), pSG5ERK3, or pSG5SRC3 construct in HUVECs.

Tube formation/in vitro angiogenesis assay

HUVECs were transfected with the silencer negative control siRNA, c-Jun siRNA, or ERK3

siRNA. 48 hours post-transfection, 1 × 105 cells were plated in each well of the 24-well

plate coated with Matrigel (BD Biosciences). 16 hours later, endothelial tube structures were

stained with Calcein AM fluorescent dye (BD Biosiences) and tube formation was analyzed

using a Nikon inverted microscope at 20X magnification. Tube area was quantified using

Image J software.

Two-chamber transwell cell migration assay

Cell migration was analyzed using a modified two-chamber transwell system (BD

Biosciences) following the manufacturer's instructions. HUVECs were detached by trypsin-

EDTA, washed once with 1X PBS, and then resuspended in serum-free medium. 0.5 ml of

complete culture media was added to each bottom well. 1 × 105 cells were added in each

transwell insert and allowed to migrate for 12 hrs in a 37°C cell incubator. Cells in the upper

surface of the transwell were removed using cotton swabs. Migrated cells attached on the

undersurface were fixed with 4% paraformaldehyde for 10 min and stained with crystal

violet solution (0.5% in water) for 10 min. Cells were photographed and counted under

microscopy at 100 x magnification.

Cell proliferation assay

Cell proliferation was determined using CellTiter 96® AQueous one solution cell

proliferation assay kit (Promega) by following the manufacturer's instructions.

Immunoprecipitation and Western blotting

HeLa cells were co-transfected with pSG5SRC-3Flag and pSG5ERK3 or its corresponding

empty vector, or together with ERK3 siRNA or the silencer negative control siRNA. 48

hours post-transfection, cells were lysed with EBC lysis buffer (50 mM Tris, pH 7.5, 150

mM NaCl, 0.5% NP-40, 1 mM PMSF, 1 mM Complete protease inhibitors (Roche

Diagnostics), 10 mM NaF, 1 mM sodium orthovanadate, and 1 mM Phosphatase Inhibitor

Cocktail III (Sigma)). 1mg of total protein lysate was used for each IP using a Flag antibody

or a mouse IgG control. The supernatant was precleared with 40 μl protein A/G agarose

beads for 1 hr at 4°C with constant rotation. The samples were then incubated with desired

antibody for 2 hrs, followed by the addition of 40 μl protein A/G agarose beads for

additional 1 hr. The beads were washed three times (5 min/wash) with lysis buffer. Proteins

were boiled off the beads in 2× Laemmili sample buffer and resolved on 4–15% SDS-PAGE

gels (BioRad). 2% of the amount of protein supernatant for IP was loaded as the input
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control. Western blotting was performed by first blocking nitrocellulose membranes with

5% nonfat milk in PBS-T buffer for 30min, followed by overnight incubation with primary

antibody at 4°C and 1 hr incubation with appropriate secondary antibody at room

temperature. The Western blot was visualized by chemiluminescence (Amersham) and

quantified by Image J software (NIH, US). Primary antibodies used in western blotting

were: anti-Flag (Sigma), anti-ERK3 (Epitomics), anti-CBP (Cell Signaling), anti-SP1 (Cell

Signaling), anti–β-actin (Millipore), anti-ERK1/2 (Cell Signaling), anti-phospho-ERK1/2

(Santa Cruz), and anti-VEGFR2 (Cell Signaling).

Statistics

Results are expressed as mean ± s.e. of three separate experiments unless otherwise

indicated. Statistical significance was determined by a 2-sided Student's t test. A P-value

less than 0.05 is considered statistically significant. * indicates P <0.05, ** P <0.01, and ***

P <0.001.

Results

ERK3 expression is upregulated in HUVECs by TNF-α through c-Jun

To explore the role of ERK3 in endothelial cells, we first investigated the regulation of

ERK3 gene expression in endothelial cells using primary HUVECs. We treated primary

HUVECs with a variety of growth factors or cytokines and analyzed the changes of ERK3

gene expression. Both TNF-α and IL-1β cytokines greatly stimulated ERK3 expression

(over two-fold, Fig. 1A), whereas bFGF had a modest effect and EGF had little effect (Fig.

1B). TNF-α/IL-1β cytokine signals activate two major families of transcriptional factors

(Baud and Karin, 2001; Dunne and O'Neill, 2003): nuclear factor-kappa B (NF-κB) family,

including p65, p50 and p52, and the activation protein-1 (AP-1) family consisting of

primarily c-Jun and c-Fos. To identify which transcription factor (s) mediates the

upregulation of ERK3 in response to the cytokine signal, we compared ERK3 gene

expression in HUVECs with or without TNF-α stimulation following transient knockdown

of each essential component of these two transcription factor families. Knockdown of either

p65 (Fig. 2A) or p50 (Fig. 2B) had no significant effect on TNF-α-stimulated upregulation

of ERK3 (Fig. 2C), indicating that the NF-κB pathway is not involved in this regulation.

Importantly, knockdown of c-Jun (Fig.3A) nearly abolished the stimulatory effect of TNF-α

on ERK3 gene expression both at mRNA and at protein levels (Fig. 3C), whereas

knockdown of c-Fos (Fig. 3B) had little effect (Fig. 3C). These results suggest that TNF-α -

induced ERK3 gene expression is regulated by c-Jun.

c-Jun binds to ERK3 gene and regulates its transcriptional activity

c-Jun is activated by phosphorylation upon the stimulation of TNF-α (Karin et al., 1997).

Phosphorylated c-Jun then binds to the promoters of its target genes and regulates

transcription. To investigate whether ERK3 gene transcription is regulated directly by c-Jun,

we scanned for c-Jun binding site (s) within the ERK3 gene promoter region (from −3 kb to

+3 kb of the transcription start site; TSS). A canonic c-Jun binding site (Halazonetis et al.,

1988) was found within the fragment spanning +2112 bp to +2125 bp downstream of the

TSS (Fig. 4A) and would function as a transcription enhancer as it resides in intron 1 of
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ERK3 gene. As demonstrated by the chromatin-IP (ChIP) assays using either a c-Jun

antibody (Fig. 4B) or a phospho-c-Jun antibody (Fig. 4C), c-Jun binds to the region of

ERK3 gene containing this canonic c-Jun binding element. Importantly, TNF-α significantly

stimulated the binding of phosphorylated c-Jun to the ERK3 gene (Fig. 4C). To further

demonstrate the regulation of ERK3 gene transcription by c-Jun, we cloned a fragment (500

bp in length) containing the c-Jun binding site from ERK3 gene into the pGL3-promoter

luciferase vector that contains a SV40 promoter driving luciferase gene expression.

Presumably, this ERK3 gene fragment would function as a transcriptional enhancer in this

luciferase reporter system. Indeed, expression of c-Jun greatly increased the luciferase

activity of pGL3-promoter luciferase plasmid incorporated with the c-Jun binding site from

ERK3 gene promoter (Luc-BS, Fig. 4D), but only had a modest effect on the activity of the

control reporter vector (Luc-Ctrl, Fig. 4D). Taken together, these results suggest that c-Jun

binds to ERK3 gene and regulates its transcriptional activity.

ERK3 regulates in vitro angiogenesis of HUVECs by promoting cell migration and
proliferation

c-Jun functions as a critical factor for angiogenesis (Fahmy et al., 2006). Having identified

ERK3 as a target gene of c-Jun, we went further to determine the cellular functions of ERK3

in HUVECs by knocking down either ERK3 or c-Jun (Fig. 5A). As expected, knockdown of

c-Jun (c-Junsi) inhibited tube formation (in vitro angiogenesis) of HUVECs in matrigel (Fig.

5B and 5C). Importantly, knockdown of ERK3 (ERK3si) also greatly impaired tube

formation of HUVECs (Fig. 5B and 5C). Tube formation is a process involving both cell

migration and proliferation (Beck and D'Amore, 1997). Notably, knockdown of either c-Jun

or ERK3 significantly inhibited both cell migration (Fig. 5D and 5E) and proliferation (Fig.

5F) of HUVECs, suggesting that ERK3 may regulate tube formation by promoting

endothelial cell migration and proliferation.

The action of TNFα in endothelial cell functions is complex. Both pro-angiogenic and anti-

angiogenic roles of TNFα have been shown (Balkwill, 2009; Leek et al., 1994).

Interestingly, a study by (Sainson et al., 2008) elegantly revealed that short-term TNFα

treatment (“priming”) stimulated cell migration and angiogenesis, whereas long-term TNFα

treatment triggered endothelial cell death and inhibited angiogenesis. Consistent with this

report, we found that short-term (3 hours) TNFα treatment significantly stimulated capillary

tube formation of HUVECs (Ctrlsi-TNFα versus Ctrlsi-Veh, Fig. 6). Importantly, knock-

down of ERK3 greatly inhibited the stimulatory effect of TNFα (Fig. 6), suggesting ERK3

is important for TNFα to stimulate endothelial cell functions.

ERK3 regulates VEGFR2 expression and its signaling

VEGF/VEGFR2 signaling plays a dominant role in endothelial cell function (Olsson et al.,

2006). To elucidate the molecular mechanism of ERK3-regulated endothelial cell functions,

we determined the role of ERK3 on the expression of VEGFA and VEGFR2. While

knockdown of ERK3 (Fig. 7A) had no significant effect on VEGFA expression (Fig. 7B), it

caused a significant decrease in VEGFR2 expression at both mRNA level (Fig. 7C) and

protein level (Fig. 7D). Accordingly, VEGFR signaling was reduced by the depletion of

ERK3 (Fig. 7E), which was demonstrated by the remarkable inhibition of VEGFA-
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stimulated ERK1/2 phosphorylation (PERK1/2 IB, Fig. 7E) in the cells treated with ERK3

siRNA (ERK3si) in comparison with that in the cells treated with non-targeting control

siRNA (Ctrlsi). In conclusion, ERK3 regulates VEGFR2 expression and signaling, which

attributes to ERK3's function in regulating endothelial cell proliferation, migration and tube

formation.

ERK3 and SRC3 synergistically regulate SP-1- mediated VEGFR2 gene promoter activity

SP1 is a major transcription factor for the regulation of VEGFR2 expression (Meissner et

al., 2008; Meissner et al., 2004). SRC-3 plays an important role in regulating endothelial cell

functions and was shown to be a coactivator of SP1 (Mussi et al., 2006). It is not known,

however, whether SRC-3's function in endothelial cells is through SP1 and whether SRC-3

regulates VEGFR2 expression. Given that ERK3 was shown to phosphorylate SRC-3 and

regulate its transcriptional activity (Long et al., 2012), we postulated that the ERK3/SRC-3

signaling axis might regulate SP1-mediated VEGFR2 gene expression. Indeed, depletion of

SRC-3 greatly reduced VEGFR2 expression (Fig. 8A). We then performed a VEGFR2

promoter-driven luciferase reporter assay (Fig. 8B) to test whether ERK3 can synergistically

work with SRC-3 and/or SP1 to regulate VEGFR2 gene transcription. The VEGFR2

promoter fragment in pGL3-VEGFR2-Luc construct was shown to contain a functional SP1

binding site (Meissner et al., 2004). As shown in Fig. 8C and Fig. 8D, overexpression of

ERK3, SRC-3, or SP1 alone greatly increased VEGFR2 gene promoter-driven luciferase

activity. More importantly, cooverexpression of ERK3 with either SRC-3 (Fig. 8C) or SP1

(Fig. 8D) further significantly increased luciferase activity. Knockdown of SRC-3

significantly diminished the stimulatory effect of ERK3 and SP1 on VEGFR2 gene

promoter-driven luciferase activity (Fig. 8E). Taken together, these results demonstrate that

ERK3 and SRC3 synergistically regulate SP1-mediated VEGFR2 gene promoter activity.

ERK3 promotes the interactions of SRC3 with CBP and SP1

As a scaffolding transcriptional coactivator, SRC-3 binds to DNA-bound transcriptional

factors such as SP1 and recruits secondary coactivators such as CREB binding protein

(CBP, a histone acetyltransferase) to facilitate gene transcription (Liao et al., 2002). Thus, it

is likely that ERK3 regulates SP1-mediated VEGFR2 gene expression by affecting the

association of SRC-3 with SP1 and/or CBP. Indeed, overexpression of ERK3 (Fig. 9A)

enhanced the interactions of SRC-3 with CBP and SP1 (Fig. 9B). On the contrary,

knockdown of ERK3 (Fig. 9C) decreased these interactions (Fig. 9D).

Discussion

In contrast to the well-studied ERK1 and ERK2, much less is known about ERK3 in regard

to the molecular regulation of its signaling (both expression and activation). Although it has

been shown that the ERK3 knockout mice display neonatal lethality mainly due to

pulmonary immaturity (Klinger et al., 2009), the functions of ERK3 in specific tissues and

physiological processes are still largely unknown. In the current study we found that ERK3

gene expression is regulated by cytokines through c-Jun transcription factor and we revealed

a previously unknown function for ERK3 in regulating endothelial cell migration,

proliferation and angiogenesis. It is worth noting that cytokines induce ERK3 expression not
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only in endothelial cells but also in macrophages and cancer cells (data not shown),

suggesting the regulation of ERK3 by cytokines is probably a general event in mammalian

cells. While both IKKs/NFκB and MAPK/AP-1 are the major signaling pathways that are

activated by cytokine signals (Baud and Karin, 2001), the induction of ERK3 expression by

TNFα is mainly regulated by AP-1-mediated transcription. Interestingly, we found that c-

Jun, but not c-Fos, is required for this regulation, demonstrating another level of regulatory

specificity in cytokine-induced ERK3 gene expression. In line with c-Jun's function as an

angiogenesis-promoting factor (Zhang et al., 2004; Zhang et al., 2006), ERK3, as a c-Jun

target, also plays an important role in endothelial cell function including in vitro

angiogenesis. To our knowledge, our study is the first revealing a molecular regulatory

mechanism of ERK3 gene transcription in response to extracellular signals. In addition, it is

of note that while ERK1/2 signaling is highly regulated by growth factors such as EGF,

neither activation (Deleris et al., 2008) nor expression of ERK3 (Fig. 1B) is affected by this

growth factor.

SRC-3 was identified as a target of ERK3 kinase in our recent study (Long et al., 2012).

SRC-3, as a coactivator for nuclear receptors and a variety of other transcriptional factors,

plays an important role in endothelial cell function and neoangiogenesis (Al-Otaiby et al.,

2012; Fereshteh et al., 2008). The molecular mechanisms by which SRC-3 regulates

endothelial cell function, however, remain to be explored. SRC-3 acts as a scaffolding factor

by recruiting secondary factors such as CBP/p300 to DNA-bound transcriptional factors and

facilitating gene transcription. Here we found that ERK3 promotes the interactions of SRC-3

with CBP and the transcription factor SP-1 and facilitates SRC-3/SP-1-mediated

transcription of VEGFR2, a primary VEGF receptor essential for endothelial cell function.

The enhanced functional interaction of this transcriptional complex by ERK3 can be

explained by our previous findings that ERK3 phosphorylates and activates SRC-3 (Long et

al., 2012) so that SRC-3 can interact with CBP and other coregulators and transcription

factors (Wu et al., 2004).

To date, SRC-3 and MK5 are the only two identified substrates for ERK3 kinase (Long et

al., 2012; Seternes et al., 2004). As both MK5 and SRC-3 now have been shown to promote

tumor angiogenesis (Al-Otaiby et al., 2012; Yoshizuka et al., 2012), it would be interesting

to know whether ERK3 has a similar angiogenesis-promoting function during tumor

progression. ERK3 has been shown to be upregulated in multiple cancers and its

upregulation is frequently associated with tumor metastasis (Nambiar et al., 2005; Pitulescu

et al., 2010). Consistent with these clinical findings, we have recently found that ERK3

promotes cancer cell invasiveness (Long et al., 2012). Taken together, our current and

previous findings raise an intriguing possibility that ERK3 functions in multiple

compartments of the tumor microenvironment: in the tumor compartment, it promotes

cancer cell migration and invasion; and in the stromal compartment, it promotes tumor-

associated endothelial cell function and neoangiogenesis, both of which might

synergistically contribute to tumor progression and metastasis.
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Figure 1. ERK3 expression is stimulated by cytokines
Serum-starved HUVECs cells were exposed to either cytokines (A), such as TNF-α and

IL1-beta, or growth factors (B), such as EGF and bFGF, or the vehicles for 6 hours. ERK3

gene expression was measured by RT-qPCR.
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Figure 2. TNFα-induced ERK3 expression is not regulated by NF-κB pathway
HUVECs were transiently transfected with p65 siRNA (p65si), p50 siRNA (p50si), or the

silencer negative control siRNA (Ctrlsi), then serum-starved overnight, followed by the

treatment with TNFα or vehicle. Gene expression was determined by RT-qPCR. ns: no

significance.
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Figure 3. ERK3 expression is regulated by TNFα through c-Jun
HUVECs were transiently transfected with c-Jun siRNA (c-Junsi), c-Fos siRNA (c-Fossi),

or the silencer negative control siRNA (Ctrlsi). Cells were then treated with TNFα (10

ng/ml) or vehicle for 6 hours. Knockdown of c-Jun (A) and c-Fos (B) was verified by RT-

qPCR. ERK3 gene expression was determined by both RT-qPCR (Bar-graph) at mRNA

level and by Western blotting at protein level (C). ERK3 IB: ERK3 immunoblot.
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Figure 4. c-Jun binds to ERK3 gene promoter and regulates its transcriptional activity
(A). A canonic c-Jun binding site exists in intron 1 of ERK3 gene, which presumably

functions as a transcription enhancer. TSS: transcription start site. (B). c-Jun is bound to

ERK3 gene promoter in HUVECs. ChIP assays were performed using either a c-Jun Ab or

goat IgG. The occupancy of c-Jun protein on ERK3 gene promoter region containing the

canonic c-Jun binding site or on a non-relevant region was analyzed by quantitative real-

time PCR and presented as the percentage of sheared chromatin input. (C). TNF-α enhances

the binding of phosphorylated c-Jun to ERK3 gene promoter. HUVECs were stimulated
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with TNF-α or vehicle control. ChIP assays were performed as shown in (B) except that a

phospho-c-Jun Ab was used to analyze the occupancy of phosphorylated c-Jun on ERK3

gene promoter. (D). Luciferase assays in HUVECs transfected with either the pGL3-

promoter luciferase vector control (Luc-ctrl) or the pGL3-promoter luciferase plasmid

incorporated with the c-Jun binding site from ERK3 gene promoter (Luc-BS), together with

c-Jun plasmid or the empty vector control (Vector ctrl). Luciferase activity is represented as

relative luciferase units (RLU) on the Y-axis.
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Figure 5. Knockdown of c-Jun or ERK3 inhibits tube formation of HUVECs by diminishing cell
migration and proliferation
(A). HUVEC cells were transiently transfected with c-Jun siRNA (c-Junsi), ERK3 siRNA

(ERK3si), or the silencer negative control siRNA (Ctrlsi). Knockdown of c-Jun and ERK3

was verified by Western blotting using a c-Jun Ab and an ERK3 Ab, respectively. (B) and

(C). Knockdown of either c-Jun or ERK3 significantly inhibited tube formation of HUVECs

in matrigel. (B): representative images of tube formation of HUVECs treated with different

siRNAs. The scale bar represents 10μm. (C): Quantitation of tube formation by measuring
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the average tube area per field using Image J software. (D) and (E). Knockdown of either c-

Jun or ERK3 significantly inhibited migration of HUVECs. Representative images of

migration of HUVECs treated with different siRNAs were shown in (D) and quantitative

migration ability under each condition was presented as number of migrated cells per filed

(E). (F). MTS cell proliferation assay of HUVECs treated with different siRNAs.
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Figure 6. Knockdown of ERK3 inhibits TNFα-stimulated tube formation of HUVECs
HUVEC cells were transiently transfected with ERK3 siRNA (ERK3si) or the silencer

negative control siRNA (Ctrlsi). Two days later, cells were trypsinized, resuspended in

medium containing either 10 ng/ml of TNF-α or vehicle (1 x PBS), then transferred into 24-

well plate coated with matrigel. Three hours later, medium was replaced with regular

EGM-2 culture medium to stop TNF-α treatment and tube formation by HUVECs resumed

in the incubator for another 13 hours. (A). Representative images of tube formation of

HUVECs with different treatments. (B). Quantitation of tube formation by measuring the

average tube area per field using Image J software.
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Figure 7. Knockdown of ERK3 downregulates VEGFR2 expression and signaling
HUVEC cells were transiently transfected with ERK3 siRNA (ERK3si) or the silencer

negative control siRNA (Ctrlsi). (A). Verification of ERK3 knockdown by RT-qPCR. (B).

RT-qPCR analysis of VEGFA mRNA expression. ns: no significance. (C). RT-qPCR

analysis of VEGFR2 mRNA expression. (D). Western blot analysis of VEGFR2 protein

expression. Actin was probed as a loading control. (E). HUVEC cells were transfected with

ERK3 siRNA (ERK3si) or the silencer negative control siRNA (Ctrlsi), starved in serum-

free medium, and then treated with or without VEGFA (25 ng/ml) for 10 min. Protein
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expression of VEGFR and ERK1/2 and phosphorylation of ERK1/2 (P- ERK1/2) were

analyzed by Western blotting.
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Figure 8. ERK3 and SRC-3 synergistically regulate SP1-mediated VEGFR2 gene promoter
activity
(A). HUVEC cells were transfected with SRC-3 siRNA (SRC-3si) or the non-targeting

negative control siRNA (Ctrlsi). Expression levels of SRC-3 and VEGFR2 were analyzed by

Western blotting. (B). A schematic illustration of a VEGFR2 gene promoter-driven

luciferase reporter construct (pGL3-VEGFR2-Luc). A SP1 binding element resides in the

VEGFR2 gene promoter. (C) and (D). ERK3, SRC-3 and SP1 synergistically promote

VEGFR2 promoter-driven luciferase activity. HUVECs were transfected with pGL3-
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VEGFR2-Luc and SRC-3, ERK3, or SP1 construct as indicated. Luciferase activity is

represented as relative luciferase units (RLU). (E). Knockdown of SRC-3 diminished the

stimulatory effect of ERK3 and SP1 on VEGFR2 gene promoter-driven luciferase activity.

HUVECs were transfected with pGL3-VEGFR2-Luc and ERK3 or SP1 construct, together

with either SRC-3 siRNA (SRC-3si) or non-targeting control siRNA (Ctrlsi) as indicated.
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Figure 9. ERK3 enhances the interactions of SRC3 with CBP and SP1
(A) and (B). Cells were co-transfected with SRC-3Flag and ERK3 or the corresponding

empty vector. The interactions of SRC-3 with CBP and SP1 were analyzed by

immunoprecipitation (IP) using a Flag Ab or a mouse IgG, followed by Western blotting.

The relative SRC-3 binding capacity with CBP or SP1 was determined by measuring the

CBP or SP1 immunoblot (IB) band intensity in the IP samples. The band intensity in control

vector group was arbitrarily set as “1.0”. Overexpression of ERK3 (A) enhanced the

interactions of SRC-3 with CBP and SP1 shown in (B). (C) and (D). Cells were transfected
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with ERK3 siRNA (ERK3si) or the silencer negative control siRNA (Ctrlsi), together with

SRC-3Flag plasmid. The interactions of SRC-3 with CBP and SP1 were analyzed by IP

using a Flag Ab, followed by Western blotting. Numbers below the immunoblots of CBP

and SP1 in Flag Ab/IP samples represent the relative SRC-3 binding capacity with these

proteins, which is determined by the ratio of the band intensity in Flag Ab/IP over that in the

corresponding input. For the purpose of comparison, the relative binding capacity (the ratio)

in Ctrlsi group was arbitrarily set as “1.0”. Knockdown of ERK3 (C) greatly decreased the

association of SRC3 with CBP and SP1 (D).
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