1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Vasc Res. Author manuscript; available in PMC 2022 May 05.

-, HHS Public Access
«

Published in final edited form as:
J Vasc Res. 2021 ; 58(5): 277-285. doi:10.1159/000516044.

Adaptor protein RapGEF1 is required for ERK1/2 signaling in
response to elevated phosphate in vascular smooth muscle cells

Nicholas W. Chavkinl, Elizabeth M. Leaf!, Kadin E. Brooks?, Mary C. Wallingford?, Susan
M. Lund?, Cecilia M. Giachelli!
1Department of Bioengineering, University of Washington, Seattle WA USA

Abstract

The sodium-dependent phosphate transporter, SLC20A1, is required for elevated inorganic
phosphate (Pi) induced vascular smooth muscle cell (VSMC) matrix mineralization and phenotype
transdifferentiation. Recently, elevated Pi was shown to induce ERK1/2 phosphorylation through
SLC20A1 by Pi-uptake independent functions in VSMCs, suggesting a cell signaling response

to elevated Pi. Previous studies identified Rap1 guanine nucleotide exchange factor (RapGEF1)
as a SLC20AL1 interacting protein, and RapGEF1 promotes ERK1/2 phosphorylation through
Rapl activation. In this study, we tested the hypothesis that RapGEF1 is a critical component

of the SLC20A1-mediated Pi-induced ERK1/2 phosphorylation pathway. Co-localization of
SLC20AL1 and RapGEF1, knockdown of RapGEF1 with siRNA, and small molecule inhibitors

of Rapl, B-Raf, and Mek1/2 were investigated. SLC20A1 and RapGEF1 were co-localized in
peri-membranous structures in vascular smooth muscle cells. Knock-down of RapGEF1 and
small molecule inhibitors against Rap1, B-Raf, and Mek1/2 eliminated elevated Pi-induced
ERKZ1/2 phosphorylation. Knock-down of RapGEF1 inhibited SM22a. mRNA expression and
blocked elevated Pi-induced down-regulation of SM22a. mRNA. Together, these data suggest that
RapGEF1 is required for SLC20al-mediated elevated Pi signaling through a Rap1/B-Raf/Mek1/2
cell signaling pathway thereby promoting ERK1/2 phosphorylation and inhibiting SM22a gene
expression in VSMCs.
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Introduction

Inorganic phosphate (Pi) is an essential molecule required for almost every cellular function,
including membrane stability, nucleic acid polymerization, and enzyme activation. Pi is
also a main component of hydroxyapatite crystal in bone mineral [1]. A homeostatic
balance of Pi intake through the intestines and Pi excretion through the kidneys maintains
Pi homeostasis around 1.0 mM, including hormonal regulation of Pi transporters by
FGF-23, Vitamin D, PTH, and Klotho [2, 3]. Dysregulation of Pi homeostasis can

lead to severe vascular disease phenotypes including vascular calcification, which is the
deposition of hydroxyapatite mineral in vascular soft tissue. Patients with late-stage chronic
kidney disease have reduced kidney filtration function that leads to hyperphosphatemia
(concentrations greater than 1.46mM Pi) [4-6]. Hyperphosphatemia has been correlated

to increased prevalence of arterial medial calcification and a greatly increased risk of
cardiovascular morbidity and mortality [4-6]. Arterial medial calcification is due in part

to elevated serum Pi, which promotes active mineral deposition by vascular smooth muscle
cells (VSMCs), leading to matrix mineralization in the medial layer of arteries [2]. This
process is initiated by elevated Pi-induced ERK1/2 phosphorylation that leads to down-
regulation of VSMC genes such as smooth muscle 22 alpha (SM22a.), consistent with
VSMC phenotype change [7, 8]. However, the mechanism by which elevated Pi promotes
VSMC phenotype change is unclear.

The most abundant phosphate transporters in VSMCs are SLC20A1 (PiT-1) and SLC20A2
(PiT-2) [9]. SLC20A1 and SLC20A2 are type 111 sodium-dependent phosphate co-
transporters that use the inward sodium gradient across the cell membrane to transport two
sodium ions for every one inorganic phosphate ion into the cell [10]. These transporters are
thought to play a role in intracellular Pi homeostasis as part of a balance between Pi influx
and efflux [11], however, recent findings have suggested tissue-specific roles for SLC20A1
and SLC20A2 independent of their Pi uptake function [10]. SLC20A1 and SLC20A2 are
now recognized as mammalian Pi sensors [12]. In VSMCs, SLC20AL1 has been shown to

be required for elevated Pi-induced matrix mineralization and VSMC phenotype change [9].
However, SLC20AL is a high-affinity low-capacity transporter, and the concentration of Pi
required to induce matrix mineralization is well above the concentration with maximal Pi
uptake [13, 14]. In a previous study, we had shown that a Pi uptake-independent function

of SLC20A1 was required for elevated Pi-induced ERK1/2 phosphorylation that leads to
VSMC phenotype change [14]. These results suggested that SLC20A1-mediated Pi sensing
induces a signal transduction between SLC20A1 and ERK1/2 that results in down-regulation
of smooth muscle genes, but required cofactors remained unknown.

A potential adaptor protein that interacts with SLC20A1 is Rapl guanine nucleotide
exchange factor (RapGEF1). A previous study investigated protein interactions in human
liver lysates by a high-throughput yeast-two-hybrid assay and identified three potential
interacting partners of SLC20A1: MEK®6, BCL10, and RapGEF1 [15]. Of these three
proteins, RapGEF1 has been shown to have the most direct signaling connection to
ERKZ1/2 signaling. RapGEF1 is an activator of the small GTPase Rapl [16]. RapGEF1
is required for ERK1/2 phosphorylation in specific pathways involving Rap1 activation
and down-stream B-Raf and MEK1/2 phosphorylation [16, 17]. That same cell pathway
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resulted in phosphorylation of Elk-1 [17], which is a transcription factor that inhibits the
smooth muscle cell promoting transcription factor, myocardin, from binding to smooth
muscle-specific promoter regions and therefore inhibiting smooth muscle genes [18, 19].
Together, these data suggest that RapGEF1 may play a role in SLC20A1-mediated ERK1/2
phosphorylation and VSMC phenotype change. The research presented here tests the
hypothesis that RapGEF1 is required for elevated Pi-induced ERK1/2 phosphorylation and
down-regulation of smooth muscle genes.

Materials and Methods

Cell culture and maintenance

Human new-born VSMCs (HNBSMCs) used in experiments were previously published [9].
HNBSMCs were passaged and maintained in Dulbecco’s Modified Eagle Medium (DMEM,
Gibco Life Technologies, Cat#11995) supplemented with 15% Fetal Bovine Serum (FBS,
HyClone), 1% penicillin/1% streptomycin (Life Technologies). Primary medial VSMCs
were isolated from aortas of C57BL/6 mice (MVSMC) as previously described [14]. Briefly,
aortas were removed from 4 -5 week-old mice, the medial layer was isolated and digested in
collagen and elastin, and the primary (P0) VSMCs were incubated in DMEM supplemented
with 20% FBS, 1% antibiotic/antimycotic, 1% glutamine, and 1% non-essential amino acids
(Life Technologies). VSMCs were passaged and maintained in DMEM supplemented with
10% FBS and 1% antibiotic/antimycotic. Experiments used primary VSMCs between P5
and P9.

Fluorescent immunocytochemistry

Immunocytochemistry was performed by culturing either HNBSMCs or MVSMCs in
normal growth media on glass slides coated with poly-D-lysine. HNBSMCs were used

for PiT-1/RapGEF1 co-localization experiments and MV SMCs were used for RapGEF1
knockdown confirmation experiments. Cells were fixed with 4% paraformaldehyde and
permeabilized with PBS containing 0.25% Triton-X100. Fixed cells were blocked with
PBS-T containing 0.25% bovine serum albumin (BSA, Sigma-Aldrich) and 4% donkey
serum (Jackson ImmunoResearch). Primary antibodies against RapGEF1 (Rabbit polyclonal
IgG anti-Rapgefl C-19, Santa Cruz Biotechnologies) or SLC20A1 (Chicken anti-SLC20A1,
gift from Dr. Moshe Levi, UC Boulder) and fluorescent secondary antibodies against Rabbit
IgG (Alexa 488-conjugated Donkey anti-Rabbit 1gG, Jackson ImmunoResearch) or Chicken
IgY (TRITC-conjugated Rabbit anti-Chicken IgY Novex, Life Technologies) were diluted in
PBS-T containing 0.25% BSA and 2% donkey serum. The Chicken anti-SCL20A1 antibody
has been successfully generated, validated, and used previously [13]. Antibodies were
incubated in succession to avoid cross signals. Slides were mounted with Prolong Gold
Anti-fade Mountant (Prolong Thermo Fisher Scientific). Imaging was performed with either
a Nikon E800 Upright Microscope or a Leica SP8X Confocal Microscope at the University
of Washington Keck Microscopy Facility. Image processing was performed with ImageJ
Colocalization Finder and JACoP plug-ins.
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RapGEF1 RNA silencing

MVSMCs were seeded at 2.5x104 cells per well in 6-well plates. 24 hours after seeding,
siRNA directed towards RapGEF1 (Silencer Select s98950, Thermo Fisher Scientific) or
non-targeting Negative control (Silencer Select 4390843, Thermo Fisher Scientific) was
administered as described in the Lipofectamine RNAIMAX protocol (Life Technologies).
Briefly, 5 uL of 1mM siRNA was added to 250 puL Opti-MEM (Gibco Life Technologies,
Cat#31985), 1.5 pL of RNAIMAX was added to another 250 L Opti-MEM, these dilutions
were mixed and incubated for 5 minutes, VSMCs were refed with 10% FBS DMEM
containing no antibiotics, and the 500 puL Opti-MEM dilution of siRNA and RNAIMAX was
added to the VSMCs.

Quantitative PCR

RNA was quantified by Q-PCR. Specific genes were quantified using

primers and probes directed towards RapGEF1 (TagMan Cat#4331182, Thermo

Fisher Scientific) or SM22a (forward: 5’-GACTGACATGTTCCAGACTGTTGAC-3’,
reverse: 5’-CAAACTGCCCAAAGCCATTAG-3’, probe: FAM-5’-
TGAAGGTAAGGATATGGCAGC-3’-MGB). Relative gene values were normalized to 18s
ribosomal control values in each sample (Applied Biosystems), then normalized to control
values using the AA18s method.

Elevated Pi-induced ERK1/2 phosphorylation assay

ERKZ1/2 phosphorylation assay was performed as previously described [14]. Briefly, VSMCs
were incubated in Pi-free DMEM (Gibco Life Technologies Cat#11971) supplemented with
1% FBS for 16 hours, then refed with Pi-free DMEM containing different concentrations

of sodium phosphate (available Pi in a buffered NaH,PO4 and Na,HPQO4 solution to

pH 7.4), FBS, or NaSOg4 (Sigma-Aldrich). Inhibitors were either added during the first
Pi-free DMEM with 1% FBS refeed at 16 hours before incubation with different Pi
conditions or in Pi-free DMEM with 1% FBS at 1 hour before induction with different

Pi concentrations. Rapl phosphorylation was inhibited with GGTI-298 (Sigma Aldrich),
B-Raf phosphorylation was inhibited with GDC-0897 (Fisher Scientific), and Mek1/2
phosphorylation was inhibited with U0126 (Sigma Aldrich). Cells were lysed after 15
minutes in Lysate Buffer (0.1 M Tris pH = 6.8, 2% SDS) with Protease Inhibitor

Cocktail (Roche), PMSF (Sigma-Aldrich), and Halt Phosphatase Inhibitor Cocktail (Thermo
Scientific). Lysates were run on a western blot with antibodies against phosphorylated
ERKZ1/2 or total ERK1/2 (Cell Signaling Technologies). Protein bands were quantified by
ImageJ densitometry analysis, and phosphorylated ERK1/2 was normalized to total ERK1/2
for each sample. ERK1/2 phosphorylation was also quantified by the Thermo Scientific
Pierce ERK1/2 Colorimetric In-Cell ELISA Kit (Thermo Fisher). VSMCs were seeded in
96-well plates in growth media, refed with Pi-free DMEM with 1% FBS and incubated for
16 hours, refed with Pi-free DMEM with 1% FBS with added inhibitor and incubated for 1
hour, then refed with Pi-free DMEM containing added inhibitor and different concentrations
of Pi, FBS, or NaSOy,. Cells were fixed with 4% paraformaldehyde at various times after
incubation, and the In-Cell ELISA Kit protocol was followed to obtain absorbance readings
corresponding to amount of phosphorylated ERK1/2.
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Statistical Analysis

Results

GraphPad Prism 8 software (San Diego, CA) was used to perform statistical tests (two-
way ANOVA followed by Sidak’s multiple comparison test, one-way ANOVA followed
by Tukey’s multiple comparison test, or unpaired t-test). A p-value of less than 0.05

was considered statistically significant. Statistical significance of fluorescence overlap was
determined by ImageJ software analysis using Manders Overlap Coefficient determination.

RapGEF1 and SLC20AL1 proteins co-localize in VSMCs

A previously published study identified SLC20A1 and RapGEF1 as potential binding
partners in a yeast-two-hybrid assay [15], suggesting that these proteins might associate in a
signaling complex, but confirmation in mammalian cells was not performed. To investigate
whether SLC20A1 and RapGEF1 might be part of a signaling complex in VSMCs,
fluorescent immunocytochemistry was performed and imaged by confocal microscopy to
determine colocalization. Immortalized human VSMCs (HNBSMCs) were used in this
experiment because the available antibodies were raised against human peptide segments.
Both SLC20A1 and RapGEF1 were expressed in cultured HNBSMCs with similar peri-
membranous and cytosolic localization patterns (Fig. 1A-B). An overlay of SLC20A1,
RapGEF1, and DAPI staining showed co-localization throughout the cell (Fig. 1C). Co-
localization of SLC20A1 and RapGEF1 staining was processed and visualized (Fig. 1D).
Manders Overlap Coefficients (similar to R values in linear regression analysis) were
determined to be 0.788 for SLC20A1 co-staining with RapGEF1 and 0.612 for RapGEF1
co-staining with SLC20A1, showing that SLC20A1 and RapGEF1 protein have a large
degree of co-localization.

RNA silencing of RapGEF1 eliminates elevated Pi-induced ERK1/2 phosphorylation

Pi uptake-independent function of SLC20AL1 is required for elevated Pi-induced ERK1/2
phosphorylation in VSMCs [14]. To investigate the role of RapGEF1 in elevated Pi -induced
ERKZ1/2 phosphorylation, small interfering RNA was used to silence RapGEF1 mRNA
(siRapGEF1), and the effect of elevated Pi on phosphorylated ERK1/2 was assessed.
Primary murine VSMCs (MVSMCs) were used in these experiments instead of the
immortalized HNBSMC lines because primary cells have more physiologically-relevant
cell signaling responses. MVVSMCs transfected with siRapGEF1 showed a greater than

95% reduction in RapGEF1 mRNA compared to negative control SiRNA (siNegative)

at 2, 3, and 4 days after siRNA transfection (Fig. 2A). Protein reduction was also

visible through fluorescent immunocytochemistry of RapGEF1 protein in siNegative and
siRapGEF1 MVSMC:s (Fig. 2B-C), and fluorescent intensity was decreased by 67% (Fig.
2D). ERK1/2 phosphorylation was visualized by western blot in siNegative and siRapGEF1
MVSMC:s after induction with either 0.5mM, 1.0mM, or 3.0mM Pi (Fig. 2E). Densitometry
quantification showed that ERK1/2 phosphorylation in siNegative MVSMCs was increased
1.5-fold in 3.0mM Pi media over 1.0mM Pi media, but RapGEF1 siRNA eliminated this
effect (Fig. 2F). Together, these data show that silencing RapGEF1 mRNA and protein
eliminates the elevated Pi-induced increase in ERK1/2 phosphorylation in VSMCs.
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Inhibition of Rapl, B-Raf, or Mek1/2 eliminates elevated Pi-induced ERK1/2
phosphorylation

Downstream of RapGEF1, Rap1 activation has been shown to promote ERK1/2
phosphorylation through a Rap1/B-Raf/Mek1/2/Erk1/2 cell signaling cascade in other cell
types [17]. To test the importance of these intermediate proteins in RapGEF1-mediated cell
signaling to ERK1/2, phosphorylation of each intermediate protein was pharmacologically
inhibited, and elevated Pi-induced ERK1/2 phosphorylation was assessed. Specific small
molecule inhibitors have been generated that block activation of Rapl, B-Raf, and Mek1/2
individually (GGTI-298, GDC-0879, and U0126, respectively) (Fig. 3A). MVSMCs were
incubated in Pi-free DMEM with serial dilutions each inhibitor (starting at 20uM GGTI1298,
10uM GDC0879, and 20uM U0126) or 0.5% DMSO control for 16 hours before elevated
Pi induction. Western blot of P-ERK1/2 for each condition showed that 3.0mM Pi induced
ERKZ1/2 phosphorylation in the control treatment, but the highest concentrations of each
inhibitor all blocked ERK1/2 phosphorylation (Fig. 3B). As the inhibitor was diluted,
ERKZ1/2 phosphorylation increased to resemble the 3.0mM Pi control induction. Then, we
further investigated the largest concentration of each inhibitor with a 1-hour pre-incubation
before elevated Pi induction. Western blot of P-ERK1/2 and total ERK1/2 showed that
ERKZ1/2 phosphorylation was reduced in all of the inhibitor cases compared 3.0mM

Pi induction in control treated VSMCs (Fig. 3C). Additionally, induction of ERK1/2
phosphorylation was more accurately quantified by In-Cell ERK1/2 ELISA assay, which
confirmed that small molecule inhibitor treatment significantly completely blocked the
increase in ERK1/2 phosphorylation that was observed in the DMSO control samples (Fig.
3D). Together, these results show that Rapl, B-Raf, and Mek1/2 are all involved in elevated
Pi-induced ERK1/2 phosphorylation in VSMCs, suggesting that the Rap1/B-Raf/Mek1/2
signaling axis is down-stream of RapGEF1-mediated cell signaling in response to elevated
Pi.

RNA silencing of RapGEF1 transiently up-regulates SM22a. and eliminates elevated Pi-
induced down-regulation of SM22a,

Down-stream of ERK1/2 phosphorylation, SLC20A1-mediated cell signaling inhibits
SM22a expression in VSMCs consistent with VSMC phenotype change [14]. Therefore,
changes in SM22a. mRNA expression were investigated with RapGEF1 siRNA to assess
the role of RapGEF1 in VSMC phenotype change. First, SM22a. mRNA expression

was quantified in normal growth media in MVVSMCs treated with siNegative control or
siRapGEF1. SM22a mRNA expression was increased by 5-fold after 2 days of sSiRNA
treatment and by 9-fold after 3 days of siRNA treatment, but was reduced to control levels
by day 4 (Fig. 4A). This showed that sSiRNA knockdown of RapGEF1 resulted in a transient
up-regulation of SM22a mRNA expression that was normalized by 4 days post-siRNA
treatment. Next, the role of RapGEF1 in SM22a. mRNA inhibition by elevated Pi was
assessed. SM22a. mRNA expression was reduced in siNegative MVVSMCs after 4 days

of elevated Pi treatment compared to normal Pi conditions, but siRapGEF1 showed no
SM22a reduction in elevated Pi treatment (Fig. 4B). Therefore, RapGEF1 was required for
inhibition of SM22a mRNA expression both transiently in normal media and in response to
elevated Pi induction.
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Discussion

The results presented here suggest that RapGEF1 co-localizes with SLC20A1 in VSMCs,
and that ERK1/2 cell signaling and VSMC phenotype change in response to elevated Pi
requires RapGEF1. This signaling pathway goes through a Rap1/B-Raf/Mek1/2 cascade.
Overall, the data suggest that elevated Pi initiates formation of a protein complex that
may contain both SLC20A1 and RapGEF1, and requires Rap1, B-Raf, and Mek1/2 to
phosphorylate ERK1/2 and down-regulate smooth muscle-specific genes.

RapGEF1 has several known functions and mechanisms of activation. In mice, global
deletion of RapGEF1 is embryonically lethal at E7.5 due to decreased cell adhesion

of embryonic fibroblasts and decreased embryogenesis [20]. Other studies have also
implicated RapGEF1-meditated activation of Rapl on cell adhesion function and ERK1/2
phosphorylation [17, 21, 22]. Most interesting to the results of this study, RapGEF1 was
found to be required for vascular maturation of embryos [23]. That study found that
transgenic mice hypomorphic for RapGEF1 died in embryo at age E11.5 due to vascular
integrity defects, which is a strikingly similar phenotype to the SLC20A1 global deletion
mouse that is embryonically lethal at E14.5 and had vascular defects starting at E11.5 [24].
The signaling pathway and down-stream regulation of smooth muscle cell genes presented
in the results may help explain the role of RapGEF1 in vascular maturation.

RapGEF1 localization also seems to play a large role in the activation of Rapl and
down-stream signaling proteins. A membrane localization signal attached to RapGEF1 was
sufficient to activate Rapl [16]. Furthermore, a previous study found that although Epacl
(a different Rapl activator) does not normally lead to ERK1/2 phosphorylation, adding a
membrane localization signal to Epacl does lead to down-stream ERK1/2 phosphorylation
after Rapl activation [25]. Membrane localization of RapGEF1 could be the initiation
mechanism for the cell signaling response to elevated Pi. RapGEF1 binding to SLC20A1
on the cell membrane may be enough to initiate the cell signaling response to elevated Pi
through ERK1/2 phosphorylation. This underlying mechanism could also suggest a role for
SLC20AL1 and RapGEF1 signaling in mammalian cell Pi sensing, although this hypothesis
needs to be tested /7 vivo and in many different cell types.

Whether SLC20A1 binds directly to RapGEF1 within peri-membranous complexes is not
yet known. Lack of immunoprecipitation-competent SLC20A1 or RapGEF1 antibodies
hindered our ability to use this method to confirm a direct protein-protein interaction

(data not shown). However, SLC20A1 has been recently found to form complexes with
other proteins. Bon et al. showed that SLC20A1 forms a heterodimer with the related
family member, SLC20A2. This complex has been implicated in extracellular Pi sensing
independent of Pi transport in bone [26]. The mechanism of RapGEF1 interaction with the
SLC20A1-mediated extracellular Pi response pathway may be complex, involving multiple
proteins, intracellular localization, and/or several downstream signaling responses. Future
experiments need to be performed to elucidate this complicated mechanism involving
SLC20A1 and RapGEF1 interactions.
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This signaling pathway initiated by elevated Pi, induced through SLC20A1 and RapGEF1,
and leads to inhibition of VSMC-specific genes could be important in vascular disease
phenotypes. VSMCs are plastic and have the ability to transdifferentiate into different
phenotypes depending on the extracellular stimuli [27]. VSMC phenotype change can
lead to proliferative, migratory, ECM degrading, or calcifying VSMCs that are present

in vascular diseases such as atherosclerosis, restenosis, and vascular calcification [27].
Inhibition of VSMC gene s, such as SM22a., is one of the first steps in VSMC
transdifferentiation, suggesting that this signaling pathway initiated by SLC20A1 binding
to RapGEF1 and leads to ERK1/2 phosphorylation may play an important role in VSMC
phenotype change in vascular disease [28]. Further /in vivo studies with models of specific
vascular diseases are necessary to test these hypotheses.

Other developmental and tissue maintenance processes that require SLC20A1 and proper
Pi handling may also require this signaling pathway. SLC20A1 was found to be essential
for skeletal development through promoting chondrocyte survival, and these functions
were independent of Pi uptake [29]. In osteoblasts, extracellular Pi promotes ERK1/2
phosphorylation and expression of Dmp1 through SLC20A1 [30]. Additionally, Chande
et al. found that postnatal deletion of SLC20A1 and SLC20A2 in mouse skeletal muscle
resulted in muscle atrophy with reduced ERK1/2 phosphorylation [31]. These studies
linking SLC20A1 to ERK1/2 phosphorylation in multiple cell types suggest that this
pathway may be important in other processes as well.

In conclusion, the data presented here suggest that RapGEF1 is required for the SLC20A1-
mediated elevated Pi signaling pathway through Rapl, B-Raf, and Mek1/2 to increase
ERKZ1/2 phosphorylation and inhibit smooth muscle cell gene expression in VSMCs.
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Figure 1. Visualization and quantification of SL C20A1 and RapGEF1.
Fluorescent immunocytochemistry of cultured HNBSMCs in normal Pi concentration (1.0

mM) probing for A) SLC20A1 (Red) and B) RapGEF1 (Blue) (scale bars = 20um). C)

An overlay was performed showing DAPI (Green) and co-staining between SLC20A1

and RapGEF1 (Purple). D) ImageJ analysis highlights co-localization of staining, with
Manders Overlap Coefficients calculated for SLC20A1 on RapGEF1 (S>R) and RapGEF1
on SLC20A1 (R>S) (Co-staining in White).
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Figure 2. RapGEF1 silencing eliminates elevated Pi-induced ERK 1/2 phosphorylation.
Primary murine VSMCs were transfected with either RapGEF1 siRNA (siRapGEF1) or

negative control SiRNA (siNegative). A) RapGEF1 RNA was quantified with gRT-PCR

on day 2, 3, and 4 after siRNA transfection. Immunocytochemistry probing for RapGEF1
(green) and was used to visualize RapGEF1 protein in B) siNegative and C) siRapGEF1
VSMCs (scale bar = 100pum). D) 10 cells/image were quantified for total cell fluorescence
to show RapGEF1 protein depletion in siRNA treated VSMCs. E) Both siNegative and
siRapGEF1 VSMCs were incubated in media containing either 0.5mM, 1.0mM, or 3.0mM
Pi for 15 minutes ERK1/2 phosphorylation was visualized by western blot (representative
image shown). F) Quantification of six independent samples was performed by densitometry
analysis. (two-way ANOVA post-hoc Sidak in A, student’s t-test in D, one-way ANOVA
post-hoc Tukey in F: ns=p > 0.05, * =p <0.05, ** = p <0.01, *** = p <0.001, **** =p <
0.0001)
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Figure 3. Inhibitorsagainst Rapl, B-Raf, and Mek1/2 eliminate elevated Pi-induced ERK 1/2

phosphorylation.

Elevated Pi -induced ERK1/2 phosphorylation was assessed with small molecule inhibitors
against Rapl (GGTI298), B-Raf (GDC0879), and Mek1/2 (U0126). A) Schematic represents
the effects of each small molecule inhibitor on proteins involved in the signaling pathway.
B) Primary murine VSMCs were incubated in Pi-free DMEM with varying inhibitor
concentrations for 16 hours starting at 20uM GGTI1298, 10uM GDC0879, or 20uM U0126
and diluted serially with a dilution factor of 10, then induced with 3.0mM Pi (or given
controls), and phosphorylated ERK1/2 was quantified by western blot. C) VSMCs were
incubated in Pi-free DMEM overnight, then Pi-free DMEM with varying concentrations of
inhibitors (20uM GGTI1298, 10uM GDCO0879, or 20uM U0126) for 1 hour, and induced with
either 1.0mM or 3.0mM Pi, then ERK1/2 was visualized by western blot. D) Induction of
P-ERK1/2 after pre-incubation with inhibitors and induction with 1.0mM Pi or 3.0mM Pi
was quantified by In-Cell ELISA assay. (two-way ANOVA post-hoc Sidak in D: ns=p >
0.05,*=p<0.05, **=p<0.01, *** =p < 0.001, **** =p<0.0001)
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Figure 4. RapGEF1 silencing increases SM22a mRNA and eliminates elevated Pi-induced
SM22a. mRNA inhibition.

A) SM22a mRNA expression was quantified at day 2, 3, and 4 post-transfection with either
siNegative or siRapGEF1. B) VSMCs were treated with either siNegative or siRapGEF1 and
incubated for 4 days in 1.0mM Pi or 2.6mM Pi media and SM22a mRNA was quantified.
(two-way ANOVA post-hoc Sidak in A and B: ns=p >0.05, * = p < 0.05, ** = p < 0.01,
*** = p <0.001, **** =p < 0.0001)
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