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ABSTRACT

Sickle cell anemia (SCA) is an autosomal-recessive hemoglobinopathy with a highly variable phenotype. Multiple
clinical complications are characteristic of SCA including inflammatory and oxidant damage to both small and large
blood vessels, hemolysis, vasoocclusion, and premature mortality. The overall severity of SCA is affected by multiple
genetic modifier loci, including ARFGEF2, a gene known to modify TNF-a receptor release from human endothelial
cells. In this report, we examine the effect of siRNA mediated knockdown of ARFGEF2 in human pulmonary artery
endothelial cells and report that TNF-a induced expression of /CAM1 and VCAM]1, both important mediators of endo-
thelial-leukocyte adhesion, is significantly enhanced after ARFGEF?2 knockdown. Levels of ICAM-1 protein are also
increased in TNF-a treated endothelial cells after ARFGEF?2 knockdown; the increased ICAM-1 appears to be localized
in the cytoplasm. IL-1/ stimulation of endothelial cells without ARFGEF?2 produced enhanced /CAM1 expression only.
Additionally, ARFGEF?2 knockdown distinctly altered endothelial cell morphology. Large-vessel pathology in SCA is
believed to begin with endothelial activation by inflammatory cytokines and adhesion of sickle erythrocytes and leuko-
cytes, leading to a progressive vasculopathy characterized by smooth muscle cell migration and proliferation. Under-
standing how variability in the function of ARFGEF?2 alters the response of pulmonary vasculature to TNF-a might
suggest new targets for SCA treatment.
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1. Introduction ease severity. [5,6] Recently, we reported genetic asso-
ciations between SCA severity and single nucleotide
polymorphisms (SNPs) in the ADP-ribosylation guanine
nucleotide exchange factor-2 (ARFGEF2), a gene in-
volved in release of tumor necrosis factor-a (TNF-a)
receptor-1 (TNF-R1) from endothelial cells, and reported

elevated plasma levels of both soluble TNF-R1 and solu-

Sickle cell anemia (SCA, HBB glu6val) is an autosomal-
recessive hemoglobinopathy characterized by the mutant
hemoglobin, HbS. Polymers of HbS form in hypoxic
conditions and deform the red blood cell (RBC) altering
its theology, blood viscosity and reducing the RBC life-
span [1,2]. Multiple clinical complications are character-

istic of SCA; the specific pattern of disease in individuals
is variable and likely, in part, determined by environ-
mental factors and genetic modifier loci [3,4]. Pulmonary
vascular disease, particularly the acute chest syndrome
and pulmonary hypertension, are among the most com-
mon causes of morbidity and mortality in SCA and pul-
monary hypertension, in particular, is reflective of dis-
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ble vascular cell adhesion molecule-1 (FCAM1, VCAM-
1) in subjects with more severe SCA [3,7].

The TNF-a signaling pathway plays key roles in im-
munity, inflammation, and apoptosis [8] and, in response
to stimulation by pro-inflammatory cytokines such as
TNF-a and interleukin-15 (IL-15), endothelial cells (ECs)
are activated and up-regulate cell-surface molecules in-
volved in leukocyte-endothelial attachment and leuko-
cyte extravasation, including VCAM-1 and intercellular
adhesion molecule-1 (/CAM1, ICAM-1) [8,9]. Appro-
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priate leukocyte-endothelial interactions are necessary
for normal immune function [10,11], however, excessive
expression of these adhesion molecules can induce va-
soocclusive episodes in SCA [12].

ARFGEFs regulate spatiotemporal activation of ADP-
ribosylation factors (ARFs) through their GTP exchange
activity [13-15]. ARFs alter membrane biophysics and
affect intracellular vesicle formation, the trans-Golgi net-
work, and the recycling endosome system [16]. In this
study, we found that ARFGEF2 knockdown alters the
release of TNFR1-containing exosome vesicles from hu-
man pulmonary artery endothelial cells (HPAEC), simi-
lar to what was previously reported in human umbilical
vein endothelial cells [17]. We also report that significant
alterations in the expression of cell surface adhesion
molecules important in endothelial cell activation occurs
and that these effects may be independent of the role of
ARFGEF? in release of TNFR1 containing exosomes.

2. Methods
2.1. Cell Culture

HPAECs and primary human microvascular endothelial
cells of lung origin (HMVEC-Ls) were purchased from
Lonza (Hopkinton, MA) and grown as previously de-
scribed [18,19]. HPAECs were cultured in Clonetics
EBM-2 media (Lonza) supplemented with EGM-2 Bul-
letKits. HMVECs were cultured in identical media sup-
plemented with EGM-2-MV BulletKits (Lonza).

2.2. siRNA Knockdown

Cells were transfected for 72 hours according to the
Dharmafect-1 lipofection protocol (Dharmacon, Lafay-
ette, CO). The transfection mix was diluted in Opti-
MEM I media (Invitrogen, Carlsbad, CA), and contained
either media only (“control”’), media and vehicle (“mock™),
or media, vehicle and siRNA against non-targeting con-
trols (“non-targeting”, Dharmacon siGENOME controls)
or against a particular gene (“knock-down”, Dharmacon
siGENOME SMART pools).

2.3. Measurement of TNF-R1 Export by ELISA

Media was frozen at —20°C until use and prior to ELISA
measurement, centrifuged sequentially at 200 g (10 min-
utes), 500 g (10 minutes), 1200 g (20 minutes), and then
10,000 g (30 minutes). Assays were performed in dupli-
cate with a TNF-R1 specific ELISA kit (R & D Biosys-
tems, Minneapolis, MN).

2.4. RNA Isolation and Reverse Transcription

RNA was isolated using an RNAeasy kit with Qiashred-
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der homogenizers (Qiagen, Valencia, CA). RNA concen-
trations were measured using a NanoDrop spectropho-
tometer (Fisher Scientific, Pittsburg, PA). cDNA was
generated by reverse transcription PCR using TagMan
reverse transcription kits (Applied Biosystems).

2.5. qRT-PCR

Relative expression levels of individual genes were
measured in duplicate using quantitative real-time PCR
(qRT-PCR) with TagMan Gene Expression Assays and
TagMan Universal PCR Master Mix, without AmpErase
UNG (Applied Biosystems), using 40 cycles of amplifi-
cation. Expression levels were averaged and referenced
to the expression of the housekeeping gene GAPDH
from the same sample using the AACt method [20].

2.6. Morphological Analysis

Cells were photographed at 10x magnification using a
Nikon Digital Sight Ds Ril Camera running NIS Ele-
ments D 3.0 software attached to a Nikon Eclipse TS100
microscope (Nikon Instruments Inc. Melville, NY). Cel-
lular aspect ratio was measured using ImageJ, and a
paired t-test was used for analysis.

2.7. Immunofluorescence

HPAECs were grown on Lab-Tek II two chamber slides
(Nalge-Nunc International, Rochester NY) fixed, frozen,
and stained with mouse monoclonal ICAM-1 primary
antibodies (sc-71294, Santa Cruz Biotechnology, Santa
Cruz, CA) followed by Alexa-Fluor-594-conjugated goat
anti-mouse secondary antibodies (Invitrogen, Carlsbad,
CA). For each chamber, three fields of view were pho-
tographed at 20x or 100x magnification with a 750 ms
exposure using a Photometric CoolSnap HQ2 camera
(Photometrics, Tuscon, AZ) running NIS Elements AR
software (Nikon), attached to a Nikon Eclipse TE2000-
E microscope (Nikon). Backgroundcorrected mean cel-
lular fluorescent signal intensity was measured for
seven cells chosen at random from each field using the
NIS Elements software, and compared with a paired
t-test.

2.8. Statistical Analyses

Univariate analyses comparing expression of an individ-
ual gene under different biological conditions within a
single experiment were performed using Mann-Whitney
U tests or Student’s t-tests, as appropriate. More complex
analyses considering potential interactions were carried
out using generalized linear models (GLMs) fit with a
top-down search approach. All statistical analyses were
performed using R software [21].
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3. Results

3.1. Effect of ARFGEF2 Knockdown on EC
Response to TNF-a

To examine the role of ARFGEF2 in the endothelial re-
sponse to TNF-a, we created models of siRNA knock-
down. In both HPAECs and HMVECs cultured without
TNF-a, ARFGEF2-specific siRNA reduced ARFGEF?2
expression to approximately 20% of basal levels as ex-
pected. There was no change in TNFSFR14 levels, the
gene for TNF-R1 (Figure 1). In HAPECs, ARFGEF2
knockdown decreased 24-hour TNF-R1 export by ap-
proximately 19% (Figure 2, 160 £ 9 pg/mL, mean + SD,
compared to 197 £ 12 pg/mL, p-value = 0.004). In con-
trast, ARFGEF?2 knockdown had no effect on TNF- R1
export from HMVECs (Figure 2, p-value > 0.05). Be-
cause of the cell-specific effect on TNF-R1 export, in the
subsequent experiments, we examined the effect of
ARFGEF? knockdown in in HPAECsS only.
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Figure 1. Effect of ARFGEF2 knockdown on expression of
ARFGEF2 and TNFRSF1A. (a) mRNA expression of ARF-
GEF2 and TNFRSF1A4 in HPAECs transfected with either
media only (“C”), media and vehicle (“M”), or media, vehi-
cle and siRNA against non-targeting controls (“N”) or
against ARFGEF2 (“X”). " p-value < 0.05 compared to
expression of ARFEGEF2 in cells transfected with siRNA
against non-targeting controls (“N”); (b) mRNA expression
of ARFGEF2 and TNFRSF1A in un-stimulated HMVECs
transfected with media, vehicle and either siRNA against
non-targeting controls (“N”) or against ARFGEF2 (“X”). "
p-value < 0.05 compared to expression of ARFGEF2 in
cells transfected with siRNA against non-targeting controls
(“N”).

Copyright © 2013 SciRes.

3.2. Effect of ARFGEF2 Knockdown on TNF-a
Induced VCAM1 and ICAM1 Expression

TNF-a treatment of HPAECsS, induced expression of both
ICAM1 and VCAM!1 significantly, as expected (Figure 3).
Treatment of cells with both ARFGEF2 siRNA and
TNF-a, however, resulted in a two-fold additional en-
hancement of /CAM1 and VCAM]1 expression above the
level of cells treated only with TNF-a. To confirm this
finding, results from 4 independent replicate experiments
were fit to GLMs involving categorical variables repre-
senting ARFGEF?2 knockdown and treatment with TNF-a,
a bivariate term modeling potential interaction, and a
multi-part categorical variable uniquely identifying each

@ TNF-R1 Export ®) TNF-R1 Export
o T O
Q '
el I
ol
2 &1 . 3
g | L . )
| — =
N * )
& B - R
=
g2 i o:- =
7z s s
C M N X N X

Figure 2. Effect of ARFGEF2 knockdown on TNF-R1 ex-
port. (a) TNF-R1 export in HPAECs transfected with either
media only (“C”), media and vehicle (“M”), or media, vehi-
cle and siRNA against non-targeting controls (“N”) or
against ARFGEF2 (“X”). *: p-value < 0.05 compared to
levels in cells transfected with siRNA against non-targe-
ting controls (“N”); (b) TNF-R1 export in un-stimulated
HMVEC:s transfected with media, vehicle and either siRNA
against non-targeting controls (“N”) or against ARFGEF2
<X”). " p-value < 0.05 compared to levels in cells trans-
fected with siRNA against non-targeting controls (“N”).
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Figure 3. Effects of ARFGEF2 knockdown and TNF-«
treatment of HPAECs. mRNA expression of VCAM1 (a)
and ICAM1 (b) in HPAEC:s transfected with non-targeting
siRNA (KD-) or siRNA against ARFGEF2 (KD+), with and
without TNF-a. Data shown is from a single experiment
with six replicates. ": p-value < 0.05 compared to un-stimu-
lated controls, ': p-value < 0.05 compared to stimulated
controls.

OJBD



28 ARFGEF?2 Knockdown Enhances TNF-a Induced Endothelial Expression
of the Cell Adhesion Molecules VCAM1 and ICAM1

experiment. A top-down approach was used to search for
the most appropriate GLM. For both ICAM1 and VCAM]1,
the best-fit models included an interaction term between
ARFGEF?2 knockdown and stimulation with TNF-a, in-
dicating that ARFGEF2 knockdown modifies the effect
of TNF-a on the expression of VCAM1 and ICAM]I.
(E(CAM)~KD +TNF+KD+*TNF, p-values = 9.6 x 107,
and 9.0 x 107", respectively). The best-fit models did not
include an experimental identifier term, confirming that
the observed effects of ARFGEF2 knockdown on TNF-a
induced expression of /CAM1 and VCAM1 were stable
across all experiments.

To determine if ARFGEF?2 knockdown altered the time
course of /ICAM1 and VCAM]1 expression, HPAECs were
treated with 20 ng/mL of TNF-a with and without
ARFGEF?2 knockdown for 1, 2, 4, 8, 16, or 32 hours (3
replicates each). VCAM1 expression rose rapidly and
peaked at 4 hours followed by a rapid decline between 4
and 8 hours. /CAM]1 expression showed a different pat-
tern of increase and levels rose steadily throughout the
experiment. These patterns of expression were qualita-
tively the same after ARFGEF2 knockdown (Figure
4(a)). Increasing doses of TNF-a in control cells yielded
marginal increases in the expression levels of both
VCAM1 and ICAM]1 and, except for absolute levels, the
same pattern was observed in the cells with ARFGEF2
knockdown (Figure 4(b)).

3.3. Effect of ARFGEF2 Knockdown on HPAEC
Response to IL-14

We next examined if ARFGEF2 knockdown would alter

~
&

HPAEC expression of /CAM1 and VCAMI after treat-
ment with IL-15, another cytokine known to activate
endothelial cells. Treatment with 20 ng/mL of IL-1p for
2-hours increased expression of VCAM1 and ICAM1 by
approximately 17-fold and 12-fold, respectively (p-val-
ues = 0.005 and 0.008). After ARFGEF2 knockdown,
expression of /CAM1 was further increased to appro-
ximately 30-fold over control levels. Expression of
VCAM1 was unchanged compared to stimulation with
IL-1p alone (p-values = 0.045 and 0.98, respectively).
Data from a representative experiment is shown in Fig-
ure 5.

3.4. Effect of ARFGEF2 Knockdown on ICAM-1
Protein Expression

To determine if ARFGEF2 knockdown alters ICAM-1
protein expression, HPAECs were immunostained with
antibodies against ICAM-1. In the absence of TNF-a, no
ICAM-1 staining was observed. There was intense
ICAM-1 staining after TNF-o treatment, and the combi-
nation of ARFGEF2 knockdown and TNF-a treatment,
resulted in an additional increase in fluorescent staining
compared with TNF-a treatment alone (Figures 6(a) and
(b)). Quantitative image analysis showed a mean
ICAM-1 staining per cell of 1859 + 113 counts for both
TNF-a and ARFGEF?2 knockdown, compared to 1422 +
63 counts (p-value = 0.0094, Figure 6(c)) for the cells
treated with TNF-a alone. The increase in ICAM-1 pro-
tein expression is consistent with increases in gene ex-
pression due to ARFGEF?2 knockdown. A large portion
of the staining in TNF-a/ARFGEF?2 knockdown cells
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Figure 4. Time course and dose-response curves of HPAEC response to TNF-a. (a) Expression levels of VCAM1 and ICAM1
were measured by qRT-PCR in HPAECs with or without ARFGEF2 knockdown (n = 3 replicates each) after stimulation
with 20 ng/mL of TNF-a for 1, 2, 4, 8, 16, or 32 hours; (b) Expression levels of V'CAM1 and ICAM1 were measured by
qRT-PCR in HPAECs with or without ARFGEF2 knockdown (n = 3 replicates each) after stimulation with 0.1, 0.5, 2.5, 10, or

50 ng/mL of TNF-a for 4 hours.
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Figure 5. Treatment of HPAECs with IL-18. ICAM1 (a) and
VCAM1 (b) levels in HPAECs transfected with non-target-
ing siRNA (KD-) or siRNA against ARFGEF2 (KD+) with
or without IL-14. Data shown is from a single experiment
with three replicates. “: p-value < 0.05 compared to un-
stimulated controls, *: p-value < 0.05 compared to stimu-
lated controls.
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Figure 6. ARFGEF2 knockdown alters intensity and pat-
tern of ICAM-1 immunofluorescence (a) and (b) HPAECs
with and without ARFGEF2 knockdown (KD=) were trea-
ted with and without TNF-a (TNF=+) and stained for ICAM-1
(red). Nuclei were counterstained with DAPI (blue). Repre-
sentative images taken at 20x, 750 ms exposure (a) or 100X,
750 ms exposure (b); (¢) Quantification of mean fluores-
cence-per-cell for total-cell ICAM-1. ": p-value < 0.05 com-
pared to total-cell ICAM-1 in stimulated control cells; (d)
Quantification of mean fluorescence-per-cell for cell-surface
ICAM-1.

Copyright © 2013 SciRes.

occurred in a peri-nuclear, punctate pattern reminiscent
of vesicular staining. To examine cell surface levels of
ICAM-1, cells were not treated with Triton and the
ICAM1 staining was similar between untreated and
ARFGEF?2 knockdown cells indicting that the increased
levels of ICAM]1 are intercellular (1621 and 1647 counts,
respectively, p-value = 0.89, Figure 6(d)). We also noted
that ARFGEF2 knockdown produced a change in un-
stimulated HPAECs morphology that was appreciable on
bright-field microscopy. The cells became elongated with
some areas of local cell-cell alignment (Figure 7). Meas-
urement of the cellular aspect ratio, defined as the ratio
of major to minor axes, confirmed that ARFGEF?2 knock-
down resulted in significantly higher aspect ratios (p-va-
lue = 0.027).

4. Discussion and Conclusions

Exposure to TNF-a activates endothelial cells leading to
up-regulation and enhanced cell-surface expression of
multiple proteins including ICAM-1 and VCAM-1. This
process is an important first step in the normal response
of the endothelium to inflammatory signals. Excessive or
persistent activation of endothelial cells is suspected to
contribute to vasoocclusive events in SCA. ARFGEF2,
also known as BIG2, was previously reported to modu-
late the extracellular release of TNF-R1 containing vesi-
cles by HUVECs [17] and we report a similar response in
HPAECs. Since these TNF-R1 containing vesicles can
sequester TNF-o and reduce TNF-a availability to EC’s,
we hypothesized that ARFGEF2 levels may alter EC
activation by TNF-a and that this pathway may be an
important modulator of disease severity in SCA.

The effect of TNF-a with ARFGEF?2 knockdown was
not previously examined in endothelial cells. In the pres-
ence of TNF-a, we found that ARFGEF2 knockdown
results in a large number of additional changes not pre-
viously suspected. Specifically, we found that ARFGEF?2
knockdown enhances expression of the cell adhesion
molecules ICAM1 and VCAMI1. In dose-response ex-
periments, the increase in VCAM1 and ICAM1 due to
ARFGEF?2 knockdown was similar across all concentra-
tions of TNF-a suggesting the altered sequestration of

Figure 7. Effect of ARFGEF2 knockdown on HPAEC mor-
phology. Bright field microscopy of HPAECs with non-
targeting siRNA (NT) or siRNA for ARFGEF2 (KD) taken
at 10x magnification.
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TNF-a by TNF-R1 containing vesicles is not an impor-
tant factor in this observation.

Recently, we reported a genetic association between
SCA disease severity and single nucleotide polymer-
phisms (SNPs) in ARFGEF2 as well as demonstrated
elevated TNF-R1 and VCAM-1 levels in the serum of
subjects with severe SCA compared to those with less
severe disease [7]. Together with the observation that
ARFGEF2 modulates VCAM1 and ICAM]1 expression,
this suggests that genetic polymorphisms in ARFGEF?2
may alter either its function or expression level in the
endothelium. This may contribute to a pro-inflammatory
response to TNF-a, which may predispose some SCA
patients to more severe disease.

The increased ICAM-1 protein expression observed in
HPAECs after ARFGEF2 knockdown and TNF-a stimu-
lation was located in a peri-nuclear punctate pattern, sug-
gestive of its presence in vesicles. Given the role of
ARFGEF?2 in intracellular vesicle transport and vesicle
formation [13], disruptions in the trans-Golgi network
and the recycling endosome would be expected. Since
ICAM-1 can undergo recycling in the cell [22], we sug-
gest that the observed increase in ICAM-1 protein may
be the result of abnormal vesicle trafficking. However,
the mechanism by which ARFGEF2 knockdown results
in an increase in ICAM-1 mRNA is unclear. Perhaps
abnormal VCAM-1/ICAM-1 trafficking activates a feed-
back mechanism to ensure proper cell-surface delivery of
ICAM-1 after TNF-a stimulation.

We hypothesize that there are multiple mechanisms by
which ARFGEF?2 can influence endothelial cell biology
and the response to inflammation, including, but not lim-
ited to, its role in altering TNF-R1 export. Since EC ac-
tivation by inflammatory cytokines, such as TNF-a and
IL-1p, and subsequent adhesion of sickle erythrocytes
and leukocytes are thought to be one of the primary
mechanisms of the vascular pathology of SCA, these
findings are clinically relevant as they identify a potential
new pathway to target pharmacologically [23,24]. Fur-
ther work needs to be done to elucidate the exact mecha-
nism by which ARFGEF2 alters VCAM-1 and ICAM-1
expression within the pulmonary vascular endothelium
and to define the contribution of this pathway to vasooc-
clusion in SCA. It is through this work that potentially
novel therapeutics for this disease may be developed.
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