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Abstract

Overwhelming inflammation in the setting of acute critical illness induces capillary leak resulting
in hypovolemia, edema, tissue dysoxia, organ failure and even death. The tight junction (TJ)-
dependent capillary barrier is regulated by small GTPases, but the specific regulatory molecules
most active in this vascular segment under such circumstances are not well described. We set

out to identify GTPase regulatory molecules specific to endothelial cells (EC) that form TJs.
Transcriptional profiling of confluent monolayers of TJ-forming human dermal microvascular
ECs (HDMECs) and adherens junction only forming-human umbilical vein EC (HUVECS)
demonstrate ARHGEF12is basally expressed at higher levels and is only downregulated in
HDMECSs by junction-disrupting tumor necrosis factor (TNF). HDMECs depleted of ArhGEF12
by siRNA demonstrate a significantly exacerbated TNF-induced decrease in trans-endothelial
electrical resistance and disruption of TJ continuous staining. ArhGEF12 is established as a RhoA-
GEF in HUVECs and its knock down would be expected to reduce RhoA activity and barrier
disruption. Pulldown of active GEFs from HDMECs depleted of ArhGEF12 and treated with TNF
show decreased GTP-bound RaplA after four hours but increased GTP-bound RhoA after 12
hours. In cell-free assays, ArhGEF12 immunoprecipitated from HDMEC:s is able to activate both
RaplA and RhoA, but not act on Rap2A-C, RhoB-C or even Rap1B which shares 95% sequence
identity with Rap1A. We conclude that in TJ-forming HDMECs, ArhGEF12 selectively activates
RaplA to limit capillary barrier disruption in a mechanism independent of cAMP-mediated Epacl
activation.
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INTRODUCTION

Endothelial cell (EC) monolayers line the lumen of continuous capillaries and create

a permselective barrier between blood and tissues(1). These ECs actively maintain this
barrier by forming intercellular tight junctions (TJs), characterized by claudin-5 and zona-
occludins-1 (ZO1)(2). In the setting of localized inflammation, post-capillary venular ECs,
which lack TJs found in capillaries, phosphorylate and internalize adherens junction (AJs)
proteins to retract cell borders to allow physiologic paracellular leak(3). This flux of fluid
and cells produces two of the cardinal signs of inflammation; tumorand dolor, but results

in minimal systemic symptoms(4). Because capillary barrier integrity is contingent on TJs,
it is normally preserved in the setting of localized inflammation. Persistent or overwhelming
systemic inflammation however, as seen in clinical entities such as sepsis or after cardiac
arrest, induces breakdown of TJ-dependent capillary barriers allowing unregulated flux of
fluid and cells across the microcirculatory networks, a clinical phenomenon called capillary
leak(5). Due to its massive cumulative surface area, leak across capillary segments is
pathologic and results in distributive shock, tissue swelling and dysoxia, multi-organ failure
and even death(6). There are no treatments for capillary leak, due in large part to our lack

of understanding of the complex regulation of capillary TJ disassembly and recovery. A
better understanding of how the TJ-dependent capillary barrier is regulated may provide new
insights and treatments for human diseases.

The capillary barrier, and the organization of the TJ molecules that form it, is regulated

in large part by the activity of GTPases. GTPases are a family of hydrolase enzymes that
function as molecular switches and cycle between an active, GTP-bound conformation

and an inactive, GDP-bound conformation. GTPase activity state cycling is controlled

by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPS).
GEFs catalyze the exchange of GDP for GTP, thereby activating effector GTPases whereas
GAPs accelerate the intrinsically slow GTP hydrolysis of GTPases, leading to functional
inactivation(7, 8). When active with bound GTP, different GTPases activate effector kinases
that ultimately act to promote or diminish EC junctional integrity. The best studied of these
are in the RhoGTPase family and include Racl and Cdc42, both of which are essential to
form and maintain EC barriers(9), as well as RhoA and RhoB, which act to disrupt the
vascular barrier(10). RhoA has been primarily characterized in human umbilical vein ECs
(HUVECSs) while RhoB is a potent negative regulator of capillary permeability(11, 12).

Other GTPases in the Ras superfamily, namely Ras-related proteins (Raps), also regulate
EC barrier function. Humans express five Rap proteins: Rap1lA and -B and Rap2A, -B
and -C which share roughly 60% sequence identity(13, 14). Rap1 consists of two very
similar proteins, Rap1A and Rap1B(14), which share 95% sequence identity. Generally,
Rapl and -2 family members act antagonistically, with active Rapl proteins promoting
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and Rap?2 proteins destabilizing the EC barrier(15). Rap1A null mice have altered myeloid
cell function and are generally viable(16), whereas vascular-targeted dual removal of
RaplA and -B is lethal by E10.5 suggesting overlapping effects essential for vasculature
development(17). In human umbilical vein ECs (HUVECSs), RaplA plays a significant role
in AJ stability(18) while Rap1B exacerbates vascular endothelial growth factor induced
leak(19), suggesting unique functions. Identification of the primary or partial contributions
of specific isoforms to capillary barrier function is significant as these pathways may

be uniquely targeted pharmacologically(20). Rap1A and -B have several known GEFs,
including the cyclic adenosine monophosphate regulated EPAC (RAPGEFS3), a well-studied
pathway in HUVECs(21).

The regulatory GAPs, GEFs and GTPases that regulate the capillary EC barrier and TJs
have not been clearly defined, a significant knowledge gap in our understanding of capillary
leak. Importantly, the majority of investigations of Rap functions have been carried out

in HUVECs which do not form TJs under standard culture conditions(2). In this study,

we utilize cultured human dermal microvascular endothelial cells (HDMECs) because
monolayers of these cells form morphological and functional TJs and therefore can serve as
an in vitro model of continuous capillaries(2). We report that ARHGEF1Z2is differentially
expressed in HDMECs compared to HUVECSs under basal conditions and after stimulation
tumor necrosis factor (TNF). We demonstrate that ArhGEF12 serves to limit disruption of
barrier function and tight junction organization in HDMECs after TNF stimulation and that
it does so through highly specific activation of Rap1A but not RhoA. Finally, using cell-free
assays, we detail the unique specificity of ArhGEF12 for Rap1A and RhoA but not Rap1B,
which cannot be explained by structure alone. These findings shed new light on GAP, GEF
and GTPase regulation of the capillary barrier.

MATERIALS AND METHODS

Isolation culture of human dermal microvascular endothelial cells

Cultures of human dermal microvascular ECs (HDMECs), isolated from de-identified

and discarded normal adult human skin provided through tissue collection service of the
Yale University Department of Pathology, and serially passaged as previously described.?!
The Yale University Institutional Review Board has classified this as not human subject
research. Serially passaged cultured HDMECs express both the lymphatic EC markers
Prox-1 and podoplanin but also uniformly respond to TNF by expressing blood vascular
EC markers E-selectin and VCAM-1, which are not expressed by lymphatic ECs in situ(22)
suggesting a phenotypic transformation in culture to novel phenotype displaying a mixture
of lymphatic, postcapillary, capillary and venous EC properties. Critical for the present
study, cultured HDMECs spontaneously and uniformly express TJ molecules claudin 5

and zona occludins 1 (ZO1) and localize these to cell junctions, forming morphologically
detectable TJs by confocal immunofluorescence (IF) microscopy and transmission electron
microscopy (TEM). These junctions are functional, allowing HDMEC monolayers cultured
in commercially available and standardized microvascular media (EGM2-MV, Lonza) to
spontaneously form high resistance barriers to electric current assessed by ECIS that resist
disruption by calcium chelation(2).
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Human umbilical vein endothelial cells (HUVECS) were purchased from Yale University
Vascular Biology and Therapeutics Program (https://medicine.yale.edu/vbt/order/) and are
uniformly CD31 positive and CD45 negative, form calcium chelation-sensitive VE-cadherin-
positive AJs at confluence and uniformly express E-selectin in response to TNF. Although
HUVECs express ZO1 and claudin-5 at confluence and these molecules may localize to the
cell periphery(23, 24), their distribution does not result in the morphological appearance of
TJs by confocal IF or TEM and HUVECSs do not form functional TJs across monolayers, i.e.
their maximal resistance to electric current is substantially lower than that of HDMECs and
they remain susceptible to disruption by calcium chelation even when cultured in EGM2-
MV(2). HUVECs may be induced to form TJ under specific culture conditions, such as

with compounds to increase CAMP-Epacl-Rapl activity(25, 26), oxidized phospholipids(27)
or co-culture with astrocytes or astrocyte conditioned media(28). Our strategy is to exploit
the differences between HDMEC and HUVEC confluent monolayers under EGM2-MV
standard culture conditions to identify processes associated with spontaneous formation and
TNF-mediated disruption of functional TJs.

Analysis of mRNA expression levels

HDMECs and HUVECs were serially cultured in EGM2-MV and used at passage levels 3
to 6 at 2 to 3 days post-confluence in a 12 well plate (Falcon) and stimulated with 1 ng/mL
TNF (Invitrogen) for 6 hours. Cell monolayers were washed with sterile phosphate buffered
saline (PBS, Invitrogen) and total RNA was purified using the RNAeasy Mini Kit (Qiagen)
with an on-column DNase treatment. For purified total RNA collected from HDMECs
samples, strand-specific sequencing libraries were produced following the Illumina TruSeq
stranded protocol. According to Illumina protocol, the libraries underwent 76-bp paired-end
sequencing using an Illumina HiSeq 2500, generating an average of 32 million paired-end
reads per library. For each read, the first 6 and the last nucleotides were trimmed to the point
where the Phred score of an examined base fell below 20 using in-house scripts. If, after
trimming, the read was shorter than 45 bp, the whole read was discarded. Trimmed reads
were mapped to the human reference genome (hg38) with HISAT2 v2.1.0(29) indicating that
reads correspond to the reverse complement of the transcripts. Alignments with quality score
below 20 were excluded from further analysis. Gene counts were produced with StringTie
v1.3.3b(30) and the Python script “prepDE.py” provided in the package. StringTie was
limited to reads matching the reference annotation GENCODE v27(31). After obtaining

the matrix of read counts, differential expression analysis was conducted, and normalized
counts were produced using DESeq2(32). p-values were adjusted for multiple testing using
the Benjamini-Hochberg procedure(33). Sequencing data for the HDMECs have been
previously deposited in NCBI’s Gene Expression Omnibus (GSE161021). New HUVEC
sequencing results for this study are deposited in under accession number GSE190181.

Trans-endothelial electrical resistance measurements

Trans-endothelial electrical resistance (TEER) of HDMEC monolayers was assessed

by electrical cell-substrate impedance sensing (ECIS; Applied Biophysics)(34). Serially
passaged HDMECs were plated on gelatin-coated 96-well gold electrode arrays (Applied
Bio-Physics, 96W20idfPET). Media (EGM2-MV, Lonza) was changed and TEER
measurements recoded daily until HDMECs monolayers reached a plateau that coincided
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with maturation of TJ morphology, defined as quiescence(2). To initiate cytokine-induced
changes in TEER, TNF was introduced in real time to the media at post-transfection
between 48-72 hour. HDMEC monolayer resistances were measured once every 60 seconds
by application of a 1pA constant AC current at 4000 Hz between a large and gold electrode
embedded in the culture ware. Data was recorded by an ECIS Z-theta instrument controlled
by a Dell computer ECIS equipped with ECIS software version 1.2.252 OPC (Applied
Biophysics). TEER is reported as the absolute electrical resistance where measured Ohms
are divided by the electrode surface area (3.985 mm? for 96W20idf PET arrays).

Antibodies and Reagents

Validated TagMan probes for detecting relative expression of mRNA species: ARHGEF12
(Thermo Fisher, HS00209661-m1), GAPDH (Thermo Fisher, Hs02786624-g1) and SELE
(Thermo Fisher, Hs00174057-m1) were used. For cell treatments, recombinant human
tumor necrosis factor (TNF; Invitrogen, PHC3015), interleukin-1 (IL-1, Invitrogen,
A42508) and lipopolysaccharide (LPS, Millipore/Sigma, L4391) were used. For

siRNA knockdown of ARHGEF12, two composite silencer select sSiRNAs from

Thermo Fischer Scientific (Cat # S-2360 and S-23661), for Rap1A knockdown two
composite siRNA from Dharmacon (Sequence: 5’-UGAAGUCGAUUGCCAACAG-3’

and 5’-GAACAGAUUUUACGGGUUA-3"), for Rap1B knockdown two composite

siRNA from Dharmacon (sequences: 5’-CAGCUGCUUUAAUAUACUA-3’ and 5’-
AAAAUACGAUCCUACGAUA-3) and for control non-targeting siRNA from Dharmacon
(sequence: 5’-UGGUUUACAUGUCGACUAA-3’, D-001910-01-05), were used. For
siRNA transfection, Lipofectamine RNAIMAX (Applied Biosciences, 13778-150) was
used. For immunoblotting, mouse anti-Rap1A monoclonal antibody (Thermo Fisher, MA1-
013), rabbit anti-Rap1B polyclonal antibody (Thermo Fisher, PA5-27580), rabbit anti-
Rap2A polyclonal antibody (Thermo Fisher, PA5-28905), rabbit anti-Rap2B polyclonal
antibody (Thermo Fisher, PA5-30144), rabbit anti-Rap2C polyclonal antibody, rabbit
anti-RhoA polyclonal antibody (Abcam, 187027), rabbit anti-RhoB polyclonal antibody
(Invitrogen, 711274) rabbit anti-RhoC polyclonal antibody (Abcam, 180785) and mouse
anti-beta actin (Sigma, A2228) were used. For single staining immunocytochemistry,
polyclonal mouse anti-claudin-5 (Thermo Fisher Scientific, 35-2500), and rabbit anti-ZO-1
(Santa Cruz, SC-33725) and mouse/rabbit 1gGs (Invitrogen, Isotype controls) were used.
For confocal microscopy, donkey anti-rabbit IgG Alexa Fluor 488 (Thermo Fisher, 21206),
donkey anti-mouse 1gG Alexa Fluor 546 (Thermo Fisher, A-10036), along with DAPI
(Invitrogen) were used to detect primary antibodies. For immunoprecipitation, rabbit anti-
ArhGEF12 Polyclonal Antibody (Thermo Fisher, PA5-39418) was used. For Rho A/B/C
pulldown, Rho GTPase Activation Assay kits (Cytoskeleton, RT02-A), for Rap isoforms
pulldown, active Rap1 pulldown detection kit (Thermo Fisher Scientific, 16120 Y) and

for Rac1/Cdc42 pulldown, Rac1/Cdc42 activation assay kit (Cytoskeleton, STA-401-1)
were used. For assessing /n vitro GTP exchange, recombinant human RaplA protein
(Abcam, ab97904), recombinant human Rap1B protein (Abcam ab103049), and Guanosine
5’-Triphosphate, 100 mM solution (Sigma Aldrich, GE27-2076-01) were used.
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Confocal Immunofluorescence microscopy

HDMEC monolayers grown on gelatin-coated glass coverslips were washed with phosphate
buffered saline (PBS) containing calcium (100 mg/L) and magnesium (100 mg/L) and
fixed in 95% ethanol for 30 min at 4°C. For single-color immunofluorescence imaging,
monolayers were incubated overnight in either mouse anti—caludin-5 (Thermo Fisher,
4C3C2), or rabbit anti-ZO1 (Santa Cruz, sc-33725) antibodies. Donkey anti-mouse
Alexa488 and Donkey anti-rabbit Alexa546 secondary antibodies were used to detect
primary antibodies. Glass coverslips were mounted for confocal immunofluorescence
analysis in ProLong mounting media with 4”,6-diamidino-2-phenylindole (DAPI,
Invitrogen). Randomly selected (minimum of five images per experimental condition)
confocal photomicrographs were collected by using a Leica fluorescence microscope (SP5)
63x oil objective (Zeiss) and a digital camera.

Short interfering (si)RNA knockdown of protein expression

HDMEC:s plated on gelatin-coated (Sigma) 6-well plates (Flacon, Corning) at 50%
confluence were transfected with Lipofectamine RNAIMAX (Invitrogen) complexed to two
different composite siRNA sequences for each gene deletion that specifically targeted to
ARHGEF12, RAP1A and RAPIB. Cell treatment was done according to the manufacturers
protocol. In brief, SiRNA complexes of Lipofectamine (Invitrogen) at 50 pg/ml and siRNA
at 100 nM were prepared in Opti-MEM reduced serum medium (Invitrogen) and then
diluted fivefold in Opti-MEM to yield a final sSiIRNA concentration of 20 nM. The siRNA-
Lipofectamine was then added to HDMECSs cultures and incubated for 24 hours at 37°C.
Fresh medium (EGM-2MV, Lonza) was then added next day, and cells were re-transfected
12 hours later. After resting for 24h, some wells of transfected HDMECs were harvested
with trypsin and seeded into gelatin-coated ECIS 96-chamber arrays (Applied Biophysics,
96W20idf PET) at 100,000 cells per well while replicate cultures were used for protein
analyses.

Western blotting

HDMECs were lysed in 2x Laemmli buffer (65.8 mM Tris-HCI, pH 6.8, 26.3% (w/v)
glycerol, 2.1% SDS, 0.01% bromophenol blue) containing 5% 2-mercaptoethanol. Cell
lysates were loaded into each well of SDS gel (Bio Rad) and separated by electrophoresis.
For immunoblot analyses, gel was transferred onto Polyvinylidene fluoride (PVDF)
membranes (Bio Rad) and blocked with 5% PBS. PVDF membrane was incubated with
primary antibodies overnight at 4°C. Secondary antibodies conjugated with HRP or Alexa
Fluor 680 were detected with either Super-Signal West Femto ultra-sensitive enhanced
chemiluminescent (ECL) substrate (Thermo Scientific) on HyBlot CL autoradiography film
(Thermo Fisher) or on LICOR Odyssey CLX, respectively. Immunoblot images display
bands of interest and controls from the same contiguous immunoblots with background
levels minimized by adjusting all pixels equally with ImageJ 1.52a software (National
Institutes of Health). Protein quantification by densitometry was analyzed by using
ImageJ(35). The density of the proteins in each control (NT-PBS) group was used as a
standard (1 arbitrary unit) to compare the relative density of the other groups.
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Pull-down assays of GTP-bound GTPases

Rapl, Rho and Rac1/Cdc42 pulldown assays were performed by using Rapl activation
assay kits (Thermo Fischer, 16120), Rho activation assay kit (Cytoskeleton, RT02-A)

and Rac1/Cdc42 activation assay kits (Cytoskeleton, BK034/BK035), respectively, per the
manufacturer’s protocols. Briefly, HDMECs cultured in C6 plastic wells (Flacon, Corning)
were lysed with the buffer contained in the activation assay Kits and either frozen in liquid
nitrogen or processed immediately. For affinity precipitation of activated Rap1, 500 pL of
cell lysates were incubated with 50 pL of glutathione resin slurry in the presence of 10 pg of
RalGDS-RBD protein for 1 hour at 4°C. For Rac1/Cdc42 pulldown, 500 uL cell lysates were
incubated with PAK-PBD agarose beads with agitation for 1 h at 4°C. For Rho pulldown,
500 uL of cell lysates were incubated with Rhotekin RBD Agarose beads for 1 hour on
agitation at 4°C. For RhoA and Rap1A pulldown assay and TNF time course, HDMECs
were treated with TNF for 0-12 hours and active RhoA and Rap1A were pulldown with
Rhotekin-RBD agarose beads and RalGDS-RBD protein with agitation for 1 hour at 4°C.
The beads were pelleted by centrifugation and washed with the kit washing buffer three
times. Samples were either frozen at —80°C or processed immediately by mixing with 30
pL of standard SDS-PAGE-reducing Laemmli buffer (Bio-Rad) and placed on a dry bath
incubator (Fisher Scientific) for 5 min at 95C and run on protein gel electrophoresis.

ArhGEF12 immuno-isolation and cell-free functional assays

Statistics

Immunoprecipitation of ArhGEF12 protein was performed with protein A/G Sepharose
bead immunoprecipitation kit (Abcam, ab206996) per the manufacturers protocol. HDMECs
cultured in T75 were PBS washed twice and lysed with cold non-denaturing lysis buffer.
Scrapped cell lysate was gently transferred into a chilled microcentrifuge tube followed by
mixing on rotary for 30 minutes at 4°C. Anti-ArhGEF12 or anti-lgG isotype control (6
ug/mg) was added to the cell lysate sample (500 ug/mL) and mixed overnight on rotary

at 4°C. After antibody binding, 25-40 pL of protein A/G Sepharose beads were added to
each tube and incubated for 1 hour at 4°C. Protein A/G Sepharose beads were collected

by low centrifugation (200 x g for 2 minutes) and washed three times. To detect effective
pulldown of ArhGEF12, SDS-PAGE-reducing Laemmli buffer (Bio-Rad) was added to

a small separate 20 L aliquot of beads and boiled for 5 minutes and then frozen or
immediately processed for Western blot analysis as described above. To assess function,
protein A/G Sepharose beads binding ArhGEF12 were suspended in 50 pL of buffer (125
mM HEPES, 750 mM NaCl, 50 mM MgCl,, 5 mM EDTA, 10 5 glycerol, and 5% NP-40) in
the presence of GTP (1mM) and recombinant Rap1A/B proteins (Abcam) and incubated for
30 minutes at 37°C. GTP loaded active Rapl proteins were pulled-down with RalGDS-RBD
pull-down assays as described above. Samples were either frozen at —80°C or processed
immediately by mixing with 30 uL of standard SDS-PAGE-reducing Laemmli buffer (Bio-
Rad) and placed on a dry bath incubator (Fisher Scientific) for 5 min at 95-100°C and then
subjected to protein gel electrophoresis.

Results are expressed as means with standard deviations. Statistical analyses were performed
by using GraphPad Prism software (VV9.2.0 GraphPad). Ordinary one-way analysis of
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variance (ANOVA) tests were performed to compare two groups, two-way ANOVA tests
were performed to compare multiples groups, paired t-tests and non-parametric Mann-
Whitney tests were used for multiple comparisons with two or more groups (n=3). A p
< 0.05 was considered statistically significant.

ARHGEF12 is differentially regulated in cultured tight junction forming human dermal
microvascular endothelial cells (HDMECs) compared to human umbilical vein endothelial
cells (HUVECS)

We hypothesized that GEFs which antagonize TNF effects on ECs might be downregulated
by TNF treatment and that a GEF relevant for regulating TJ-dependent capillary barrier
function could be differentially regulated in HDMECs compared to HUVECs. To identify
genes that are specifically downregulated in HDMECs during inflammation, we carried out
whole transcriptome analysis of cultured ECs, with and without TNF treatment. Of the

73 known GEFs, 57 were significantly differentially expressed between TNF and saline
conditions with 25 GEFs were significantly downregulated by TNF stimulation (false
discovery rate, g<0.05). Using comparative analysis of whole transcriptome analysis of
HDMECs (GSE161021) and HUVECs (GSE190181) under the same culture conditions,
we identified only ARHGEF12 as being more highly expressed in HDMECs compared

to HUVECSs in unstimulated culture conditions (Table 1, g=0.000163). Additionally,
ARHGEF12is significantly downregulated in TNF-treated HDMECs but unchanged in
HUVECs under the same conditions (Table 1, g=0.000163 and 0.678816 respectively).
HDMECs and HUVECs may also predominately express different isoforms of ArhGEF12
(202 vs. 201, respectively). Concordant with a decline in ARHGEF12 mRNA expression,
ArhGEF12 protein is decreased in HDMECs by 6 hours after TNF treatment (Figure

1A). Although IL-1 and LPS produce similar disruption of TJs in HDMEC monolayers,
ARHGEF12expression is unchanged in HDMECs six hours after treatment with IL-1 and
is somewhat increased after treatment with LPS (Supplemental Figure 1A). Disruption

of TJs involves the activation of NF-xB signaling. However, the TNF-mediated decrease
in ARHGEF12 expression was only partly mitigated by inhibition of NF-xB activation

by Bay11-7085 (Bay11, Supplemental Figure 1A). In the same cultures, Bay11 strongly
inhibited induction of SELE, which encodes for E-selectin, a TNF-induced transcript
dependent on NF-xB (Supplemental Figure 1B) indicating successful inhibition.

ArhGEF12 depletion significantly exacerbates TNF induced decrease in trans-endothelial
electrical resistance (TEER).

To determine if and how ArhGEF12 affects TNF-induced endothelial permeability, we
reduced its expression in HDMECs by siRNA knock down and analyzed its effects on
trans-endothelial electrical resistance (TEER). Both mRNA (Figure 1B) and protein levels
(Figure 1C) were reduced by more than 90% with siRNA treatment. HDMECs depleted of
ArhGEF12 remain capable of forming normal barriers as indicated by similar levels TEER
prior to addition of TNF (Figure 1D, 0-hour timepoint). Strikingly, depletion of ArhGEF12
produced more rapid and significantly increased disruption of barrier function after low dose
TNF stimulation (1 ng/mL, Figure 1D).
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Depletion of ArhGEF12 disrupt TJ architecture in TNF stimulated HDMECs

Changes in paracellular permeability in HDMECs are associated with characteristic
disruption of TJ proteins such as claundin-5 and zona occludens-1 (ZO-1)(36, 37).
Immunofluorescence confocal microscopy of non-targeting (NT) and ARHGEF12targeting
SiRNA transfected HDMECs treated with PBS display smooth and continuous junctional
staining for claudin-5 (Green) and ZO-1 (Red) (Fig 2A, top panels #2 and #4, white
arrows), indicative of normal TJ architecture. In contrast, HDMECs stimulated with TNF
for 6 hours demonstrate disruption of TJ protein organization (Fig 2A, quantification

B, C). Both HDMEC:s transfected with ARHGEF12siRNA display significantly more
disorganized claudin-5 and ZO-1 staining in a characteristic “saw-tooth” pattern when
treated with TNF for 6 hours, suggesting TJ protein disruption (Fig 2A lower panels #2
and #4, yellow arrows). However, HDMECs transfected with non-targeting (NT) siRNA and
TNF display less disrupted junctions, with preserved junctional segments of smooth and
continuous staining of claudin-5 and ZO-1 (Fig. 2A, lower panel #1 and #3), quantified

by measuring the proportion of the circumferential smooth, confluent staining around
individual cells to the total cellular circumference. In the PBS-treated cells, there is greater
than 80% continuity of circumferential staining in all groups (Fig 2 B, C, PBS groups).
HDMEC:s treated with ARHGEF12siRNA and TNF show more significant disruption

of confluent staining (Fig 2 B, C, TNF groups), the effect of TNF appears greater

than that observed in HDMECs transfected with NT siRNA (Fig 2 B, C, TNF groups).
These results demonstrate depletion of ArhGEF12 exacerbates disruption of claudin-5

and ZO-1 junctional organization after 6 hours of TNF stimulation, consistent with ECIS
measurements indicating a more pronounced paracellular leak at that timepoint.

Rap1lA is activated by TNF in HDMECs and ArhGEF12 depletion selectively reduces levels
of active Rap1A.

To determine a mechanism by which ArhGEF12 could stabilize TJs, we sought to identify
its effector GTPase target. Racl and Cdc42 are the best described GTPases that act to
promote barrier function and improve junctional stability in ECs(38). We utilized pull-down
assays to selectively detect levels of active GTP-bound Rac1/Cdc42 in HDMEC lysates.
ArhGEF12 depletion does not change the amount of active Racl or Cdc42 after TNF
stimulation (Supplemental Figures 2A, B quantification C-F), suggesting that ArhGEF12
does not activate either of these GTPases.

ArhGEF12 has previously been identified as a GEF for RhoA, first in leukemia cells(39)
and subsequently in HUVECS(40-42), predominantly activated in response to mechanical
stimulation. Active RhoA functions to decrease endothelial barrier function(43), which
would predict the opposite of the effect we observed upon knock down of ArhGEF12.

To determine if and when RhoA is activated by TNF in HDMECs, we performed serial
pull-down assays after stimulation demonstrating significantly increased GTP loading by

8 hours (Figure 3A, quantification B, C). ArhGEF12 depletion paradoxically results in
significantly sustained activation of RhoA by 12 hours after TNF. ArhGEF12 depletion does
not alter activity of RhoB or RhoC after TNF stimulation (Supplementary Figure 3A, B,
quantification C-F).
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The apparent role played by ArhGEF12 in antagonizing TNF-induced TJ disruption led
us to consider other potential targets of this GEF that might stabilize the barrier. Rap1 is
established to promote barrier function but the specific effects of Rap1A and Rap1B in
TJ-forming ECs are not defined(44). Serial activity assays demonstrate Rap1A is maximally
GTP-loaded by eight hours after TNF treatment. Active Rap1A levels are significantly
decreased by ArhGEF12 depletion as early as four hours after TNF treatment relative

to total Rap1A and B-actin (Figure 3D, quantification E, F). Conversely, levels of active
RaplB are not significantly different before or eight hours after TNF treatment in either
NT-treated or ArhGEF12 depleted HDMECs (Fig. 4A, B). The proportional decrease in
active RaplA compared to no change in active Rap1B suggests that ArhGEF12 could be a
GEF that specifically activates only Rap1A in intact HDMECs (Fig. 4A, B quantification
C-F). Depletion of ArhGEF12 does not alter the GTP loading of Rap2A-C proteins eight
hours after TNF stimulation (Supplemental Figure 4A-C, quantification D-1).

ArhGEF12 isolated from HDMECs acts as a GEF for both recombinant Rap1A and RhoA in

vitro.

To determine the specificity of ArhGEF12 for Rap1A, Rap1B and RhoA, we tested the
interactions of ArhGEF12 with different recombinant GTPases in cell free assays. We
immuno-isolated ArhGEF12 from HDMEC cell lysates and incubated with individual
recombinant RaplA, RhoA and Rap1B in the presence of exogenous GTP (Fig.5 A,

C, E, quantification G-I). After incubation, we carried out pulldown activity assays and
immunoblotting and determined the extent of GTP loading. Rap1A GTP loading is
dramatically increased by ArhGEF12 (Fig.5 B, quantification J) showing that ArhGEF12
is a functional GEF for RaplA. As expected from the literature, ArhGEF12 is also able to
load GTP on to RhoA (Fig. 5F, quantification L). Notably, ArhGEF12 does not catalyze
GTP loading onto Rap1B (Fig 5D, quantification K) nor onto RhoB or RhoC (Supplemental
Figure 5).

DISCUSSION

Capillary leak due to acute and overwhelming inflammation is a core pathophysiologic
feature of clinical entities such as septic shock or post-cardiac arrest multi-organ failure.
Care for these patients is challenging, and therapies are limited to intensive supportive
care, due in large part to our lack of understanding of how the TJ-dependent capillary
barrier is restored. A focus on the capillary segment is essential; while venular leak may
be physiologic, capillary leak is always pathologic and resultant organ edema produces
tissue dysoxia, worsening organ failure. In this study, we have used cultured HDMEC
rather than the more widely used HUVEC cultures to study TNF-induced disruption of
TJs in ECs. Our HDMEC cultures include several different types of skin ECs derived
from different microvascular segments of both the blood and lymphatic microvasculature.
However, once in culture, they acquire a new phenotype, behaving uniformly. For example,
despite expression of lymphatic markers Prox1 and podoplanin, 100% of our cultured
HDMECs express E-selectin upon treatment with TNF, something that is seen primarily in
blood post-capillary venules and not typically observed in skin lymphatic ECs in situ(45).
Moreover, our cultured HDMECs produce basement membrane proteins such as collagen
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IV, characteristic of blood rather than lymphatic ECs. We have previously described that
human arterial and venous ECs also converge to a common cell EC phenotype after less than
72 h in culture(46).Our rationale for investigating specific GEFs in HDMECs compared to
HUVEG:s is that, unlike HUVECs, HDMECs spontaneously form ZO-1/claudin 5-organized
TJs under standard culture conditions, detected morphologically and functionally, that are
not dependent upon calcium or VE-cadherin for their integrity and that this spontaneous
process may depend of the action of specific GEFs. As we have reported previously,
HUVEC:s at confluence do synthesize ZO-1 and claudin 5, but under the same standard
culture conditions, HUVECs do not assemble these proteins into morphological TJs and
their intercellular junctions remain as low resistance barriers formed by calcium-dependent
VE-cadherin-based AJs(2). While it is possible to induce HUVECs to form TJs by means
of pharmacological agents that raise CAMP levels combined with astrocyte-conditioned
medium, this creates an increasingly non-physiological setting for studying TJ disruption in
peripheral tissues(2). We use ECIS to allow continuous monitoring of HDMEC junctional
integrity that has been found to correlate with assays of macromolecular flux, with the
advantage of permitting time resolved changes in barrier function(12). TNF stimulation
reliably disrupts TJ function and architecture in HDMECs. Utilizing this culture model and
methods of analyses, our major finding is that ArhGEF12 acts as a highly selective activator
of RaplA, and not RhoA or Rap1B, serving to counter TJ disruption in the setting of
TNF-induced paracellular leak.

We identified ARHGEF12 using transcriptional screening of uniquely regulated GEFs in
HDMECs compared to HUVECSs. Our results demonstrate transcriptional control of GAPs
and GEFs are significant to cellular function and adaptation to stimulation. Identifying

the mechanisms underlying TNF downregulation of ArhGEF12 are critically important.
Prior work demonstrated that TNF-mediated disruption of TJs in cultured HDMECs was
dependent upon activation of NF-kB signaling. We demonstrate that other proinflammatory
agents that similarly act through NF-xB signaling (IL-1 and LPS) to disrupt TJ barriers do
not significantly decrease ARHGEF12expression. In fact, treatment with LPS significantly
increases ARHGEF12 expression, with and without NF-kB inhibition (Supplemental Figure
1A). The TNF-induced fall in ARHGEF12expression level is minimally reduced by NF-xB
inhibition, suggesting ARHGEF12is downregulated independent of NF-kB activation. This
may be due to other TNF receptor 1 (TNFR1) signaling pathways or signaling through
TNFR2(47, 48). The observed differential expression of ARHGEF12between HDMECs
and HUVECs may involve expression of different isoforms (HUVECs mainly express

201 while HDMECs express 202). However, both of these isoforms are believed to be
produced from mRNAs initiated from the same transcriptional start site, suggesting that
inhibition of transcription is unlikely to be the explanation for the TNF effect. Another
possible mechanism of TNF mediated reduction in expression in HDMECs may be

post transcriptional, e.g. by microRNA (miR) expression(49) or long non-coding RNAs
(IncRNA)(50). Established in pulmonary artery smooth muscle cells, miR-214 is known to
regulate ARHGEF12expression. We do not detect miR-214 in our bulk RNAseq analysis,
although mature miRs may not be captured due to their small size. Longer miRs, and
IncRNA such as miR-22, are differentially expressed and are predicted to interact with
ARHGEF12(GSE190181)(51). In fact, a comparison of our bulk RNAseq HDMECSs vs.
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HUVECs both stimulated with TNF we identify many significantly differentially regulated
longer miRs and IncRNAs (Supplemental Table 1). This analysis may lack sensitivity for
smaller miRs. Targeted miR analysis and identification of the genetic and/or epigenetic
regulation of ARHGEF12hetween HDMECs and HUVECs is an important focus of future
research that may have relevance to how other GAPs and GEFs are regulated in the setting
of endothelial cellular stress such as acute critical illness.

Here we focus on how changes in ArhGEF12 expression in HDMECs functionally impact
the TJ-dependent barrier. ECIS assays on genetically modified EC provides an efficient way
to rapidly untangle the functional effects of the complicated and many times overlapping
GAP/GEF/GTPase signaling cascades. These results are supported by examining the
organization of the TJ proteins, claudin-5 and ZO-1 and ultimately activity of specific
GTPases in intact HDMEC and in cell-free assays. This combined approach can identify and
assign new functional specificity to GAPs and GEFs.

Multiple GTPases are known to increase endothelial barrier function. Perhaps the best
studied are Racl and Cdc42, which have known GEFs of promiscuous specificity such

as Trio and Tiam1(52), GEF-H1(53), Vav2(54), Tuba(55) and others(56). We demonstrate
that ArhGEF12 does not activate either Racl or Cdc42 in HDMECs stimulated with

TNF. ArhGEF12 has been described to activate RhoA in a variety of non-capillary cell
types(57-59) as well as in HUVECs, predominately in the setting of a response to cell shear
stress(40-42). ArhGEF12/RhoA interactions have not been investigated in endothelial cells
in the setting of inflammatory stimulation. RhoA is thought to decrease endothelial barrier
function(60), inconsistent with our observed phenotype in ArhGEF12 depleted HDMEC.
None of these functions have been investigated in TJ-forming ECs.

Precise cellular regulation of GEF activity is essential due to the wide range of downstream
cellular effects and ability to amplify signal transduction(61). We demonstrate unique
cellular specificity of ArhGEF12 for Rap1A and not RhoA in HDMECs (Figure 3) with
promiscuous RhoA activation in cell free assays (Figure 5), suggesting ArhGEF12 has

the ability, but not opportunity, to activate RhoA in HDMECs. Indeed, loss of ArhGEF12
paradoxically results in increased RhoA activity in HDMEC:s. In intact cells, such specificity
may be accomplished by restricted subcellular location(62), post-translational protein
stability or competition with higher affinity binding partners. The former is well established
for Rho-GTPases by post-translational fatty acid modification(63), association with guanine
dissociation inhibitors(64) and sequestration in specific intracellular compartments(65).
Many GAPs and GEFs are predicted to have promiscuous substrate specificity(66), and
depletion of ArhGEF12 may allow more efficient binding of a different GEF to RhoA

but not Rap1A. We also demonstrate ArhGEF12 does not have activity on any Rap2
isoforms, which is consistent with our observed TEER results. Rap2 depletion in HUVECs
increases TEER with no specifically identified effects of individual isoforms, suggesting
redundant, barrier-destabilizing effects for Rap2A-C(15). Such effects may be mediated
through MAP4K4 signaling and actin disruption by Ste20 kinases(67),. PDZ-GEF1 and

2, encoded by RAPGEGF2and RAPGEF6 respectively, act as GEFs to activate Rap2
isoforms(68, 69), however these also act as GEFs for Rap1, suggesting overlapping and
antagonistic signaling(70). Similar to RhoA, ArhGEF12 activating Rap2 isoforms would not
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match our observed TEER phenotype, and no activity was observed in our analysis of cell
lysates.

Perhaps most striking, utilizing cell free assays, we demonstrate that immuno-isolated
ArhGEF12 is highly selective for Rap1A and not Rap1B (Figure 5). Despite human Rap1lA
and Rap1B differing by only nine amino acids, ArhGEF12 does not catalyze GTP loading
to Rap1B but does onto RhoA, with which Rap1A shares 30% sequence identity (Figure 6)
(71). Although extensively investigated, the regulation of Rapl1 remains somewhat indistinct
due to the paucity of studies focusing specifically on Rap1A. Initial studies collectively
suggested Rap1A and -B to be activated by the cAMP-responsive GEF Epacl (encoded

by RAPGEF3(21)) and PDZ-GEF (RAPGEF2)(72). Subsequent seminal studies focused
specifically on Rap1A without parallel investigations of Rap1B, and established activation
by cAMP-GEFI and cAMP-GEFII (RAPGEFZ2 and RAPGEF4) in neurons(73) or RAS
Guanyl Releasing Protein 2 (RASGRP2) in platelets(74). In total, six major classes of GEFs
have been implicated in Rapl activation: C3G (RAPGEFI), PDZ-GEFs (RAPGER2,-6),
Epac proteins (RAPGEF3,-4,-5), RasGRP isoforms (RASGRFPZ,-3), a GEF domain in
phospholipase C epsilon (PLCEZ) and dedicator of cytokinesis 4 (DOCK4)(75). Given the
high sequence identity between Rapl1A and -B, it’s not surprising that, when tested, these
GEFs activate both Rap1A and Rap1B. No prior reports have implicated a GEF specific for
RaplA but not Rap1B nor has any RhoGEF been previously known to activate Rap1A. The
majority of these investigations were performed in other cell types and, to our knowledge,
ArhGEF12 is the first identified Rho-GEF able to activate Rap1A but not Rap1B and that it
does so in capillary ECs.

An unexpected finding was that depletion of ArhGEF12 paradoxically resulted in increased
RhoA activity, predominately at later timepoints (Figure 3B,C). The reasons for increased
RhoA activity in the ArhGEF12 depleted HDMECs are not obvious. One possible
explanation is that the absence of ArhGEF12 allows other GEFs to physically access

to RhoA. Proximity interaction analysis predicts multiple potential RhoA-GEFs, many

of which have been previously experimentally verified in different culture systems(76).
Many of these promiscuous RhoA-GEFs, namely the above-mentioned Trio and Vav2, are
expressed in HDMECs and significantly upregulated after TNF stimulation (Supplemental
Table 2).

The downstream effects of Rap1 activation have been extensively studied in ECs, notably
via Epacl activity, with most of these studies not focused on the functional contributions

of specific isoforms. Collectively, Rap1l activation is known to enhance barrier function
through FGD5-mediated activation of Cdc42 and separate Radil/Rasipl and KRIT1
mediated inhibition of Rho Associated Coiled-Coil Containing Protein Kinase 1 (ROCK1)
activity(77). A single study suggested Rap1A may differentially promote adherens junctions
formation in HUVECs(18), but this study did not focus on TJs nor barrier restoration

in the setting of inflammation. ROCK?1 activity is established to increase cellular tension
and breakdown TJ-dependent EC barriers(78). We demonstrate differential isoform activity
where RaplA is critical for TJ-dependent barrier restoration after inflammation induced leak
while Rap1B is not. A potential mechanism for this effect could be that Rap1A functions

to activate Racl through binding to Vav2 and Tiam1(79), both known GEFs for Rac1(80).
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Another potential mechanism would be reduction of ROCK1 activity in HDMEC. Finally,
modulation of AJs by Rap1A may be a critical intermediary step as the formation of

TJs depends on the presence of AJs. Epacl-RaplA activity is noted to increase cortical
actin(81), promote microtubule growth(82) and increase the number and stability of AJs

in cultured endothelial cells(83). These processes may establish more AJs available to
promote TJ formation specifically after disruption with pro-inflammatory cytokines. These
hypotheses require testing in future work with a focus on the /n vivo ramifications of RaplA
activation.

In conclusion, we demonstrate that differential transcriptional profiling of TJ-forming ECs
reveals distinct transcriptional regulation of ArhGEF12. Functional studies of this protein in
HDMECs show it to be a specific GEF for RaplA, and not Rap1B or RhoA, that functions
to limit disruption of TJ- dependent barriers induced by TNF.
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AJ Adherens junctions
ARHGEF12 Rho guanine nucleotide exchange factor 12
EC Endothelial cell
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ECIS Electrical cell-substrate impedance sensing

EGM-2 MV Microvascular endothelial cell growth medium-2

GAP GTPase activating protein, also known as GTPase-
accelerating proteins

GEF Guanine nucleotide exchange factor

HDMEC Human dermal microvascular endothelial cells

HUVECs Human umbilical vascular endothelial cells

IP Immunoprecipitation

NF-xB Nuclear factor kappa-light-chain-enhancer of activated B
cells

NT Non-targeting

PBS Phosphate buffered saline

RalGDS-RBD Ral guanine nucleotide dissociation stimulator for Rap-
binding domain

ROCK Rho-Associated Coiled-Coil Kinase

TEER Trans-endothelial electrical resistance

TJ Tight junction

TNF Tumor necrosis factor

Z01 Zona occludens-1
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Figure. 1. TNF reduces TEER by disrupting barrier function in ArhGEF12 depleted human
dermal microvascular endothelial cell (HDMEC).

A, Human dermal microvascular endothelial cells (HDMECs) treated with TNF (1 ng/mL,
6 hours) shows reduced level of ArhGEF12 compared to those treated with saline (PBS).

B, HDMECs transfected with non-targeting siRNA (siNT) or ARHGEFI12targeted siRNA,
(si-ARHGEF12) demonstrate efficient knockdown of ARHGEF12transcript, mRNA levels
are expressed as the means relative to the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) with standard deviation (n=3). Results are expressed as the means
relative to control with standard deviation, n=3). C, HDMECs transfected with ARHGEF12
siRNA demonstrate depleted ArhGEF12 protein. D, TEER changes in HDMECs transfected
with si-NT or si-ARHGEF12was recorded between 48-72 hours of transfection stimulated
in the presence and absence of TNF (1 ng/mL, 6 hours) without replacing the growth
medium at 24-hour post-feeding. The y-axis shows absolute TEER relative to electrode
surface area. HDMECs depleted of ArhGEF12 demonstrate earlier and more severe TNF
induced leak. Error bars represent standard deviation (n=3). Ordinary one-way analysis of
variance (One-way ANOVA) was performed to compare the means of multiple two groups
(n=3). Significance indicated by p-value above comparison bars.
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Figure 2. ArhGEF12 knockdown disrupts TNF-induced tight junction disorganization.
A, Confocal immunofluorescence staining was performed to assess the organization of

tight junction proteins claudin-5 and ZO-1. Human dermal microvascular endothelial cells
(HDMECsS) treated with non-targeting sSiRNA (NT siRNA) or ARHGEF12 siRNA were
stimulated with TNF at 1 ng/mL or saline (PBS) for 6 hours were analyzed for claudin-5
(green) ZO-1 (red). Both groups of HDMECs treated with PBS display smooth, confluent
circumferential staining of claudin-5 or ZO-1 (A, top row of panels, white arrows).
HDMECs treated with NT siRNA and TNF display both disrupted “saw-tooth” staining
(A, bottom row of panels, yellow arrows) and smooth staining (A, bottom row of panels,
white arrow). However, HDMECs depleted of ArhGEF12 and stimulated with TNF (1
ng/mL, 6 hours) display an increase in the extent of disrupted junctional staining (A,
bottom row of panels, yellow arrows). Results are typical of 3 separate experiments (scale
bar =25 um). Quantification of confluent smooth staining of claudin-5 (B) and ZO-1 (C)
reveal dramatically disrupted staining in the ARHGEF12siRNA transfected cells with
preserved junctional staining in the NT siRNA transfected cells. Ordinary one-way analysis
of variance (One-way ANOVA) was performed to compare the means of multiple groups
(n=3). Significance indicated by p-value above comparison bars.
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Figure 3: ArhGEF12 depletion reduces the amount of active Rap1A and increases the amount of
active RhoA.

A-B, Human dermal microvascular endothelial cells (HDMECSs) transfected with
ARHGEF12 siRNA (siARHGEF12) and stimulated with TNF (1 ng/mL, 0 — 12 hours)
demonstrate significant reduction in the levels of active Rap1A but RhoA relative to the
loading control B-actin and total Rap1A (containing both inactive GDP-bound and active
GTP-bound forms). In HDMECs depleted of ArhGEF12, there is significant reduction in
the total and active Rap1A (quantification E & F) but no reduction in the total and active
RhoA (quantification B—C). Results are expressed as the means relative to non-targeting
PBS group with standard deviation, n=3. Two-way analysis of variance (Two-way ANOVA)
was performed to compare multiple groups (n=3). Significance indicated by p-value above
comparison bars.
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Figure 4. ArhGEF12 depletion reduces the total amount of active GTP-bound RAP1A.
A — B. Human dermal microvascular endothelial cells (HDMECS) transfected with

ARHGEF12siRNA (sSiARHGEF12) and stimulated with TNF (1 ng/mL, 6 hours)
demonstrate decreased levels of active Rap1A relative to the loading control B-actin and
total Rap1A (containing both inactive GDP-bound and active GTP-bound forms) versus
other Rap1B isoform. In HDMECs depleted of ArhGEF12, there is significant decrease
in the active Rapl1A (A, quantification, C & E), but no change in total and active Rap1B
isoform (B, quantification D & F). Results are expressed as the means relative to non-
targeting PBS group with standard deviation, n=3. The density of the proteins in each
control (NT-PBS) group was used as a standard (1 arbitrary unit) to compare the relative
density of the other groups. Ordinary one-way analysis of variance (One-way ANOVA) was
performed to compare the means of multiple groups (n=3). Significance indicated by p-value
above comparison bars.
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Figure 5. ArhGEF12 is a specific GTP exchange factor for RaplA and RhoA and not Rap1B.
ArhGEF12 was immuno-precipitated prior to each cell free assay (Fig5 A, C, E

quantification relative to 1gG pulldown G, H, I, n=3). Immunoprecipitated ArhGEF12 in the
presence and absence of GTP was incubated with recombinant RaplA, Rap1B and RhoA
proteins, and assessed by pulldown assay. Pulldown of active RaplA, Rap1B and RhoA
after incubation demonstrate a dramatic increase in GTP loaded Rapl1A (B, quantification
relative to GTP loading in the 1gG group, J) and RhoA (F, quantification relative to GTP
loading in IgG group, L) but no change in GTP loaded Rap1B (D, quantification relative

to GTP loading in 1gG group, K). Results are expressed as the means of three different
experiments. The density of the proteins in each control (Rb-1gG) group was used as a
standard (1 arbitrary unit) to compare the relative density of the other groups. Paired t- tests
were used to compare groups (n=3). Significance indicated by p-value above comparison
bars.
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Figure 6: Sequence alignment of Rap1A, Rap1B and RhoA.
RaplA and RaplB share 95% sequence identity. RhoA shares 30% sequence identity with

RaplA. The P-loop, in yellow text, is important for nucleotide binding. The first and second
switch regions, in blue text, are important for GEF and effector protein binding. Notably,
these regions are 100% identical between RaplA and Rap1B. The hypervariable regions,
shown in red text, is important for fatty acid modification that is important for sub-cellular
localization.

FASEB J. Author manuscript; available in PMC 2023 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Khan et al. Page 27

Table 1.

Analysis of ARHGEFI12expression in human dermal microvascular endothelial cells (HDMECs) and human
umbilical vein endothelial cells (HUVECS). Under identical culture conditions, ECs were treated with 0.5
ng/mL TNF for 6 hours before whole transcriptome analysis. ARHGEF12is significantly greater expressed
in HDMECs before TNF stimulation (row 1) and is significantly downregulated in HDMECs after TNF
treatment (row 2) but not in HUVECSs (row 3) suggesting its importance in the regulation of tight junctions,
formed in HDMECs but not HUVECs. Datasets are deposited in Gene Expression Omnibus for HDMEC;
GSE161021, and HUVEC; GSE190181.

Gene Condition 1 Condition 2 Log, Fold Change q Value Significant
ARHGEF12 | HDMEC PBS | HUVEC PBS -0.857488 | 0.000163 | Yes
ARHGEF12 | HDMEC PBS | HDMEC TNF -0.462161 | 0.000163 | Yes
ARHGEF12 | HUVECPBS | HUVEC TNF -0.0621693 | 0.678816 | No
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