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Rap1 is a Ras-like GTPase that has been studied with respect to its role in cadherin-based cell adhesion. Rap1 exists as two
separate isoforms, Rap1A and Rap1B, which are 95% identical and yet the phenotype of the isoform-specific knockout
mice is different. We and others have previously identified a role for Rap1 in regulating endothelial adhesion, junctional
integrity and barrier function; however, these early studies did not distinguish a relative role for each isoform. To dissect
the individual contribution of each isoform in regulating the endothelial barrier, we utilized an engineered microRNA-
based approach to silence Rap1A, Rap1B or both, then analyzed barrier properties of the endothelium. Electrical
impedance sensing experiments show that Rap1A is the predominant isoform involved in endothelial cell junction
formation. Quantification of monolayer integrity by VE-cadherin staining revealed that knockdown of Rap1A, but not
Rap1B, increased the number of gaps in the confluent monolayer. This loss of monolayer integrity could be rescued
by re-expression of exogenous Rap1A protein. Expression of GFP-tagged Rap1A or 1B revealed quantifiable differences
in localization of each isoform, with the junctional pool of Rap1A being greater. The junctional protein AF-6 also co-
immunoprecipitates more strongly with expressed GFP-Rap1A. Our results show that Rap1A is the more critical isoform
in the context of endothelial barrier function, indicating that some cellular processes differentially utilize Rap1A and 1B
isoforms. Studying how Rap1 isoforms differentially regulate EC junctions may thus reveal new targets for developing
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therapeutic strategies during pathological situations where endothelial barrier disruption leads to disease.

Introduction

Endothelial cells (ECs) lining blood vessels and the cell-cell junc-
tions which link them act as the primary barrier of the vascu-
lature. Strict regulation of the passage of fluids, immune cells
and macromolecules across this barrier is required during normal
physiological processes such as immune surveillance, antigen rec-
ognition and acute inflammation. Misregulation of the vascular
barrier occurs in the context of many pathological situations,
including acute and chronic inflammatory diseases, ischemia-
reperfusion injury and atherosclerosis. Adjacent endothelial cells
are physically connected by transmembrane proteins present at
both adherens and tight junctions. Vascular endothelial cadherin
(VE-cadherin) is one of the most studied transmembrane EC
junctional proteins with respect to regulating permeability of
ECs, but others such as occludin, claudins, nectin and the JAM
family are also highly relevant. At the cytoplasmic face of cell
junctions, a collection of proteins including ZO-1/Z0-2/Z0-3
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and a-catenin bind to and potentially link the transmembrane
proteins to the actin cytoskeleton." The association of junc-
tional proteins with F-actin is required for the dynamic opening
and resealing of EC junctions during permeability fluctuations.
Because of the relationship between the cytoskeleton and junc-
tional proteins, cellular signaling pathways that control cytoskel-
etal dynamics have been the focus of many studies. In ECs, the
association of junctions with cortical actin bundles correlates
with stable, mature junctions.”®
that cell-cell junctions can associate with stress fibers that insert
from neighboring cells, this type of interaction is promoted by
certain inflammatory signals and is thought to contribute to ten-
sion-driven opening of cell-cell junctions.”

Of the signaling molecules recruited to EC junctions, Rho

Recent studies have also shown

family GTPases are known to be key regulators of cytoskeletal
dynamics; they participate in signaling pathways that affect cell
migration, adhesion, actin cytoskeleton remodeling,® and cell-cell
junctions.” RhoA is activated downstream of several EC adhesion
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molecules,!*1?

and the resulting actomyosin contractility and
formation of stress fibers is thought to be a primary mechanism
for weakening EC junctions (reviewed in ref. 13). On the other
hand, active Racl GTPase has been shown to be both barrier
protective and barrier disruptive, depending on the cell type and

stimulus.'41¢

In general, the presence of cortical actin bundles in
the cell periphery promotes junctional stability and function.”
However, under conditions of increased permeability and junc-
tional instability, induction of cytoplasmic stress fibers occurs.
Insertion of these stress fibers into junctional sites” and the result-
ing generation of tension are proposed to be major mechanisms of
junctional breakdown and induction of permeability.’

Although Rho family GTPases have received the majority of
attention with regard to regulation of the vascular barrier, we have
had a long-standing interest in a different GTPase, Rapl, which
is a member of the Ras superfamily of small GTPases. Rapl has
previously been shown by our lab and others, to be involved in
regulating the assembly and permeability of EC junctions.>'*%
Rapl activation and subsequent EC junctional strengthening
have also been implicated as mechanisms for inhibiting mono-
cyte transendothelial migration.”® The junctional strengthening
effect of Rapl activation has been correlated with rearrange-
ment of the actin cytoskeleton into prominent perijunctional
ring structures and loss of actin stress fibers.®'®*2 As mentioned
above, switching between these actin phenotypes (perijunctional
vs. stress fibers), may provide a mechanism for regulating junc-
tional dynamics.

Several guanine nucleotide exchange factors (GEFs) for Rapl
have been identified including Epacl, PDZGEF-1/2 and C3G;
some have been specifically implicated in Rapl activation dur-
ing EC junctional regulation.”**** GTPase activating proteins
(GAPs) which inactivate Rapl include Spa-1 and RapIGAP.»2¢
There are only a few known effectors for Rapl. Some of these
effectors, including afadin/AF6,” KRIT-1/CCM1,*® and
MAGI-1,* are localized to EC junctions. Of these, afadin/AF6
has recently been implicated together with Rapl in promoting
various VEGF and S-1-P mediated angiogenic responses such as
migration, tube formation and PI3K signaling.?’

Importantly, what is often referred to in the literature as “Rap1”
is actually two separate isoforms, RaplA3**" and Rap1B.*** The
isoforms share 95% amino acid sequence identity, are both post-
translationally modified by geranylgeranylation, and are ubiqui-
tously expressed in many tissues. In fact, until relatively recently,
lictle distinction has been explicitly made between them. For
example, two commonly employed means to experimentally
target Rapl GTPase are the drug 8-pCPT-O-Me-cAMP which
activates Rap GTPases via the GEF Epac and ectopic expression
of RaplGAP which inhibits Rap GTPase activity. Neither of
these approaches specifically targets RaplA or 1B isoforms, or
even distinguishes between Rapl and Rap2.%%

Knockout mice specific for each isoform exist, although
the double knockout is lethal.***” Surviving RaplA-null mice
develop normally, with no gross abnormalities.’”*® However,
upon backcrossing for 6 generations into a C57BL/6] mouse
strain, the Mendelian inheritance ratio of RaplA” pups from
heterozygous crosses was found to be very slightly reduced (from
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25% to ~15%),” indicating that there is some strain dependence
with respect to severity of phenotype. RaplA-null T and B cells
exhibit defects in adhesion in vitro, but this did not translate into
hematopoietic or cell homing deficiencies in vivo.”” More recently,
using a hind-limb ischemia model, it has been demonstrated that
RaplA-null mice have reduced neovascularization responses,®
but overall the phenotype can be considered mild. By contrast,
Rap1B-null mice have a more severe phenotype, exhibiting up to
85% late embryonic and perinatal lethality, due to complications
arising from embryonic hemorrhage.”” Surviving RaplB-null
mice are smaller, and exhibit a bleeding defect due to decreased
integrin-mediated cell adhesion and reduced platelet aggregation.
Further analysis of Rap1B~" mice also revealed defective in vivo
angiogenesis in response to VEGF and FGF2.%¢ Thus, the close
homology of RaplA and RaplB isoforms at the amino acid level
is at odds with the observed phenotypic differences of the mouse
knockouts.

Recently, more attention has been paid to identifying Rapl
isoform-specific functions, although the results have often been
conflicting. For example, it has been reported that EC prolif-
eration, EC permeability, and/or cell migration require RaplA
only,”* RaplB,* or both RaplA and 1B.** The results have
varied depending on cell type (epithelial vs. endothelial), subtype
(microvascular endothelial vs. HUVEC) or method of knock-
down (genetic knockout vs. various siRNA methods). In addition,
not all of these studies looked at both isoforms, focusing instead
on one or the other. Thus, determining the relative importance of
RaplA vs. 1B with respect to EC junctional regulation remains a
key question. Given our interest in Rapl biology and EC barrier
function, we set out to establish whether RaplA and 1B isoforms
differentially regulate junctional barrier properties.

Results

As discussed in the Introduction, isoform-specific Rapl null ani-
mals exhibit unique phenotypes despite the striking similarity
between RaplA and RaplB at the amino acid level. Amino acid
alignment reveals there are only 9 differences in a protein con-
taining a total of 184 residues, representing an identity of 95%
(Fig. 1). Even more intriguing is the fact that of these mismatches,
6 are clustered within the last 13 amino acids of the protein,
in a region known as the C-terminal hypervariable region.*>%
Previous studies have shown that the localization and membrane
targeting of various GTPases is, in part, dictated by the proper-
ties of this domain (reviewed in ref. 45). To explore this, the first
property we examined was cellular localization of RaplA versus
RaplB. Adenoviruses encoding expression vectors for each iso-
form, GFP-tagged at the N-terminus, were used to infect conflu-
ent HUVEC grown on coverslips. GFP-fluorescence imaging of
a wide area of monolayer reveals that GFP-RaplA is found local-
ized to EC junctions throughout the field of view. GFP-RaplB
exhibits less junctional staining and a more cytoplasmic, peri-
nuclear staining pattern (Fig. 2A). Costaining these monolayers
with a VE-cadherin antibody confirms that GFP-RaplA is pres-
ent at cell-cell junctions; RaplA colocalizes strongly with this
adherens junction marker (Fig. 2B). By contrast, GFP-RaplB
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Figure 1. Rap1A and Rap1B isoforms differ in only 9 amino acid residues. Protein sequence alignment of human Rap1A and Rap1B; amino acids that are
different are highlighted in red and indicated by asterisk. Alignment is based on NCBI RefSeq: Rap1A (NM_001010935.1) and Rap1B (NM_001010942.1).

is found mainly concentrated in a perinuclear distribution and
displays weaker colocalization with VE-cadherin. The enlarged
color merge images serve to highlight these differences in local-
ization (Fig. 2B and lower panels). For a more quantitative analy-
sis of the localization differences between isoforms, we performed
image analysis to determine the relative junctional intensity of
RaplA compared with RaplB. As quantified in Figure 2C, the
pool of RaplA at cell-cell junctions is significantly greater than
the junctional pool of Rap1B.

We next looked at the interaction between Rapl isoforms and
the junctional scaffold protein AF-6, which is a known Rapl
effector.?® We observed that GFP-tagged constitutively active
(CA) RaplA co-immunoprecipitates more afadin/AF6 than does
GFP-CA-RaplB (Fig. 2D). Longer exposure of the western blot
reveals a weak band of AF-6 coimmunoprecipitating with GFP-
RaplB (data not shown). Confirmation that AF-6 is localized to
EC junctions under these conditions is shown as supplemental
data. Also apparent from these images (Sup. Fig. 1) is that expres-
sion of CA-RaplA, but not CA-RaplB, promotes a more linear
and less jagged junctional morphology, and that CA-RaplA is
more localized to cell-cell contacts. Taken together, these data are
consistent with AF-6 being a cell junction-enriched Rapl effector

protein?®27:4¢

and provides corroborating evidence of our observa-
tion that RaplA is enriched at cell-cell junctions, as this isoform
more efficiently co-immunoprecipitates with AF-6.

Studying the unique functions of RaplA and RaplB in pri-
mary ECs requires a method to efficiently knockdown expression
of each isoform in a specific and effective manner. To this end,
we utilized an adenovirally-encoded “engineered” microRNA-
based approach. We generated adenoviruses for knockdown of
RaplA (utilizing 2 different targeting sequences), RaplB or a
non-targeting negative control shRNA sequence. For knockdown
of total Rapl, both RaplA and 1B shRNA virus was added to
cells. In our hands, adenoviral infection efficiency of HUVEC
approaches 100% as determined by the co-cistronic expres-
sion of a GFP marker (data not shown). Lack of commercially
available isoform-specific antibodies makes it difficult to ana-
lyze knockdown by traditional western blot methods. However,
it has previously been shown that in ECs, RaplB accounts for
>90% of total cellular Rapl.*® With this in mind, the western
blot in Figure 3A confirms that knockdown of each isoform does
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occur. The remaining Rapl signal in the 1A knockdown lane
likely represents the more abundant RaplB isoform, confirming
previous observations that Rap1B is the major isoform in ECs.*
In order to conclusively determine specificity of knockdown, we
additionally analyzed mRNA levels using RT-PCR with isoform-
specific primers. As shown in Figure 3B, each shRNA efficiently
reduced mRNA levels of the appropriate isoform. Furthermore,
we characterized two separate RaplA shRNA viruses (RaplA#1
and #2), that targeted unique sites within the RaplA sequence,
and both were found to successfully knockdown RaplA mRNA
levels. Importantly, treatment with RaplA shRNA had no effect
on RaplB mRNA levels and vice versa, indicating isoform speci-
ficity of the knockdown virus.

With these tools now at our disposal, we could begin to study
the relative contribution of RaplA versus 1B, with respect to EC
junctional regulation. Continuous localization of EC junctional
proteins along cell-cell contacts is an important indicator of
junctional integrity (reviewed in ref. 47-49). Thus, HUVECs
treated with the adenovirus for knockdown of RaplA, RaplB or
negative control, were plated at confluent density and analyzed
post-fixation by immunofluorescent staining of VE-cadherin
(Fig. 4A). Knockdown of RaplA with two separate shRNA
sequences disrupted the junctional localization of VE-cadherin
compared with control, as indicated by discontinuous staining
with a jagged appearance. The RaplB knockdown cell monolayer
lacked this obvious disruption in VE-cadherin. Zoomed in areas
(lower row) show that the RaplA knockdown monolayers have
major discontinuities (arrowheads) compared with negative con-
trol, while the Rap1B knockdown has more subtle differences in
VE-cadherin localization that were more difficult to characterize.
In addition to VE-cadherin, we also analyzed the localization of
other junctional proteins (Sup. Fig. 2A-C) such as B-catenin,
CD31 (PECAM-1) and ZO-1. Similarly, knockdown of RaplA,
but not Rapl1B, disrupts the junctional localization of these pro-
teins. Importantly, knockdown did not reduce the overall expres-
sion level of VE-cadherin or B-catenin in these cell monolayers
(Sup. Fig. 2E).

We also looked at changes in organization of the F-actin
cytoskeleton, and observed that loss of RaplA correlated with
an increase in the amount of stress fibers and gaps, along with
decreased perijunctional actin (Sup. Fig. 2D). The increased
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GFP-Rap1A GFP-Rap1B Figure 2. Rap1A and Rap1B exhibit

differences in subcellular localization;
Rap1A is more prominent at cell junc-
tions, co-localizing with VE-cadherin
and co-immunoprecipitating with AF6.
(A) GFP-tagged Rap1A or Rap1B were
exogenously expressed in HUVEC and
localization was visualized by fluo-
rescence microscopy. Rap1A isoform

is concentrated at cell-cell junctions;
Rap1B has both perinuclear and weaker
junctional fluorescence. Scale bar = 100

pm. (B) Localization of GFP-Rap1A (left
column) or GFP-Rap1B (right column)
and co-staining for VE-cadherin. Boxed
areas in each VE-cadherin image have
been enlarged in the merged parts,
identifying Rap1 isoform localization
in green and VE-cadherin localization
in red. Rap1A more strongly colocalizes
with VE-cadherin in areas of cell-cell
contact, as indicated by yellow/orange
coloring in the merged part (left).
Scale bar = 50 um. (C) Quantification of
GFP-Rap1A vs. Rap1B junctional pixel
intensity relative to total cellular GFP
fluorescence. VE-cadherin was used as
a marker for cell-cell junctions. Images
were analyzed using ImageJ as de-
scribed in Methods. The junctional pro-
portion of Rap1A is significantly higher
than Rap1B. Graph represents average
junctional intensity of >10 cells per
field (n = 9 fields) from 3 independent
experiments *p < 0.01. (D) GFP-tagged
proteins (GFP-CA-Rap1A, CA-1B or

GFP alone) were expressed in HUVEC,
followed by immunoprecipitation with
anti-GFP antibodies. Lysates and IP
samples were blotted with indicated
antibodies. The junctional protein AF-6
more strongly co-immunoprecipitates
with GFP-Rap1A. Equivalent expres-
sion level of GFP-Rap1A and 1B, was
confirmed; endogenous Rap and AF-6

Lysates anti-GFP IP

protein present in total cell lysates
indicate equal loading.
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(arrowheads). Thus, the localized
disruption of VE-cadherin at gaps
may be the result of stress fiber-
induced tension, as described previ-
ously in reference 7.

As a more quantitative gauge of
EC junctional integrity, we deter-
mined the number of cells with gaps

appearance of stress fibers in Rapl knockdown cells was
explored in more detail by co-immunofluorescence imaging with
VE-cadherin (Fig. 4B). High magnification images of RaplA
knockdown cells shows that the discontinuous VE-cadherin stain-
ing at cell gaps is also where F-actin stress fibers appear to insert

or discontinuities in VE-cadherin
staining within a given monolayer
following knockdown of each Rapl isoform singly, and com-
bined (“both”). To simplify the quantification, knockdown cells
were cocultured with uninfected cells at a ratio (~1:4) to ensure
that a given knockdown cell would be relatively isolated from
others. This allowed for a more accurate scoring of individual

68 Small GTPases Volume 2 Issue 2



cells with gaps. An example image showing the criteria used
to make this assessment is shown in Figure 5A, where gaps in
VE-cadherin staining around a knockdown cell (GFP-positive)
are indicated by arrows. Percent of knockdown cells with gaps
combined from 3 independent experiments (500 cells for each
condition) is quantified in Figure 5B. The graph shows that loss
of RaplA induced a significantly greater percentage of cells that
exhibit junctional gaps or discontinuities (54.7% + 6.1) com-
pared with control (13.2% + 8.9) or RaplB knockdown (30.8%
+5.9). While knockdown of Rap1B had a modest effect on junc-
tional disruption, importantly, the combined knockdown of both
isoforms together was not additive.

To confirm the specific requirement for RaplA in the reg-
ulation of EC junctional integrity, and to rule-out off-target
effects, knockdown/rescue experiments were also performed.
HUVEC in which both RaplA and RaplB were knocked
down (i.e., total Rapl), were treated with adenovirus to re-
express either nothing, GFP alone, wildtype RaplA or wild-
type RaplB, and then monolayer gaps were quantified (Fig.
5C). Significant reduction of gaps (i.e., rescue) was seen only
when RaplA was re-expressed. Re-expression of RaplB or GFP
alone had no significant difference compared to knockdown
only. Together, these results suggest that RaplA is the more
important isoform when it comes to EC junctional protein
localization.

To determine which isoform is required for maintenance of
junctional barrier function, we used an electrical impedance assay
to quantify monolayer integrity’®' The RTCA (Real-Time Cell
Analysis) system is an automated real-time method to monitor
the impedance generated by a monolayer of cells grown on micro-
electrode sensors. ECs were preinfected with indicated shRNAs,
trypsinized and replated at confluent cell density onto micro-
electrode coated dishes and analyzed for 24 hrs. A representative
impedance trace (represented as Cell Index) is shown in Figure
6A. Single knockdown of RaplA, but not RaplB reduced the
steadystate, plateau level of impedance after 24 hrs compared with
negative control knockdown monolayers. Combined knockdown
of both isoforms reduced the level of impedance similar to RaplA
knockdown alone. The relative Cell Index at the 24 hr time point
(i.e., steady state) combined from 3 individual RTCA experi-
ments is shown graphically in Figure 6B. At 24 hours, knock-
down of RaplA but not Rapl1B results in a significant decrease in
impedance relative to negative control cells (RaplA knockdown,
73.6% + 13.8 of control levels; Rap1B knockdown, 94.7% =+ 5.2
of control). To confirm these results, a second shRNA designed
to target a different region of RaplA sequence was also used in
separate experiments. Supplemental Figure 3 graph shows the
relative Cell Index (impedance) after 24 hrs from 3 additional
RTCA experiments. Both RaplA#1 and RaplA#2 shRNA treat-
ment significantly decreased monolayer impedance compared to
control. These results point to a more critical need for RaplA,
rather than Rapl1B for acquisition of a strong EC monolayer bar-
rier at steady state conditions. Interestingly, we found that not
all cellular events differentially utilized Rapl isoforms. In agree-
ment with previously published work,***? we observed that loss of
either isoform inhibited directed chemotactic migration of ECs
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Figure 3. Characterization of isoform-specific knockdown approach.
Knockdown was achieved by using adenovirus-delivered shRNAs,
designed to specifically target only one isoform. Negative control
shRNA (Neg) uses a sequence identified as non-targeting for any
known mammalian gene. (A) western blot of HUVEC lysates 72 hr after
induction of shRNA expression. Blotting with a pan-Rap1 antibody
reveals knockdown of both isoforms, with combined knockdown (1A +
1B), being most effective at reducing total Rap1 (A + B) protein levels.
B-actin serves as a loading control; GFP is co-cistronically expressed
with the shRNA sequence and thus serves as a marker for equivalent
delivery and expression. (B) Reverse transcriptase-PCR analysis of mRNA
levels using isoform-specific PCR primers. Two different Rap1A shRNA
targeting sequences were tested. Human B2-microglobulin serves as
loading control.

1A+1B

Rap1
(total)

B-actin

GFP

2 microglobulin

(Sup. Fig. 4). Thus, it seems that some, but not all, physiological
events are differentially impacted by RaplA and Rap1B isoforms.

Discussion

In this study, our aim was to identify unique and/or comple-
mentary roles of the closely related Rapl isoforms, RaplA and
RaplB, in endothelial cells. Our previous research identified a
role for Rap GTPases during EC junctional regulation, in par-
ticular during leukocyte transendothelial migration.” However,
the relative contribution of each isoform was not identified in
this earlier work and isoform-specific functional information is
either lacking or contradictory. The significant differences in
phenotypes of the isoform-specific knockout mice support the
idea that RaplA and Rap1B may serve non-redundant functions.
To examine the individual contributions of each isoform we used
an engineered microRNA-knockdown approach to selectively
reduce expression of one or both isoforms. Surprisingly, given
the extremely high amino acid sequence identity (95%) between
the two isoforms, we found that the RaplA isoform is preferen-
tially required for ECs to acquire steady-state monolayer barrier
function.
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VE-cadherin

VE-cadherin

B Knockdown: Rap1A

‘ F-actin

Figure 4. VE-cadherin and F-actin localization is disrupted following knockdown of Rap1A. (A) HUVECs infected with the indicated shRNA viruses were
grown for 3 days and replated onto Matrigel-coated coverslips. Cells were fixed 24 hrs after replating on coverslips. (Top row) Adherens junctions were
visualized by anti-VE-cadherin immunofluorescent staining. Negative control shRNA-treated and Rap1B knockdown cell monolayers are visually intact;
knockdown of Rap1A using two independent shRNAs causes disruption of the endothelial cell monolayer. Scale bar = 30 pm. (Bottom row) Boxed
areas from top row images are enlarged to show the gaps and discontinuities in VE-cadherin staining in the Rap1A#1 and #2 knockdown monolayers
(several gaps highlighted by arrowheads). (B) HUVEC were treated with Rap1A shRNA knockdown virus as in (A), followed by co-staining for VE-
cadherin (red) and F-actin (blue). Boxed areas are enlarged in bottom row parts. In addition to gaps in the VE-cadherin staining pattern, the F-actin
cytoskeleton reorganizes to form prominent stress fibers after knockdown of Rap1A. Arrowheads indicate gaps where F-actin fibers are inserted.

The discontinuous localization of VE-cadherin and other
junctional proteins along cell-cell contacts which we observed
following RaplA knockdown (Fig. 4 and Sup. Fig. 2) is reminis-
cent of what has been seen in other scenarios of EC barrier disrup-
tion. Expression of constitutively active RhoA or treatment with
permeability-inducing agents such as thrombin®>> and TNFo*
induce phenotypically similar gaps in the VE-cadherin staining
pattern to what we see with loss of RaplA expression. This phe-
nomenon has also been seen in vivo; Adamson et al. observed
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that perfusion of platelet-activating factor resulted in frequent
short gaps in the otherwise continuous junctional VE-cadherin
staining pattern in mesenteric microvessels.”” Finally, several
studies have observed that depletion of certain proteins can also
cause gaps in VE-cadherin staining. For example, knockdown
of caveolinl in brain microvascular ECs causes gaps in the junc-
tional localization of VE-cadherin, ZO-1 and B-catenin.>® More
recently, knockdown of PKA-C, PDE4D and interestingly, the
Rapl GEF, Epacl, have all been shown to cause discontiguous
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Figure 5. Quantification of monolayer gaps following knockdown of either Rap1A or Rap1B singly or both together. HUVEC were infected with shRNA
virus for 3 days, trypsinized and replated in co-culture with uninfected HUVEC at a ratio of ~1:4 (infected:uninfected). (A) Representative image of scor-
ing criteria for quantification. Image is of GFP-positive cells (i.e., sShRNA-expressing), together with uninfected cells (GFP-negative). Cell junctions are
visualized using anti-VE-cadherin antibodies (red). Box (i) is enlarged to show a representative cell that has gaps in the VE-cadherin staining pattern
(indicated by arrows). Box (ii) is enlarged to show a GFP-positive cell scored as having no gaps (cells indicated by asterisks). (B) Quantification of mono-
layer disruption using the criteria shown in (A) reveals that knockdown of Rap1A results in a significantly greater percentage of cells with gaps/discon-
tinuities compared to both negative control shRNA or Rap1B knockdown. Combined knockdown of both Rap1A and Rap1B together was not additive.
Data represents percentage of cells with gaps counted from 3 independent experiments and a total of 500 cells counted for each condition. Compar-
ing knockdown of Rap1A to either Neg or 1B knockdown, **p < 0.01. Comparing 1B knockdown to the Neg control, *p = 0.046. Combined knockdown
is not significantly different (NS) from 1A knockdown alone, p = 0.47. (C) Knockdown/rescue experiment: HUVEC were infected with shRNA virus to
knockdown total Rap1 (both 1A and 1B) for 48 hrs, followed by 48 hr re-expression (“RE”) of wildtype Rap1A, Rap1B, GFP only or nothing (knockdown
only). The percentage of cells with gaps was quantified as indicated above. Re-expression of wt-Rap1A in 1A + 1B knockdown cells results in a signifi-

(NS). Data represents average + SD from 2 independent experiments.

cant reduction in the percentage of cells with gaps/discontinuities compared to both knockdown alone (*p = 0.014) or knockdown/re-expression of
wt-Rap1B (*p = 0.002). Re-expression of wt-Rap1B does not significantly reduce the number of cells with gaps compared to KD alone or KD/RE GFP

VE-cadherin staining in ECs, correlating with increased vascular
permeability.”’

The observed mis-localization of junctional proteins after spe-
cific knockdown of RaplA correlated with the increase in mono-
layer gaps in the RaplA compared to 1B knockdown cells (Fig.
5). In addition, electrical impedance measurements confirmed
that RaplA is the isoform that plays the dominant role for EC
barrier function (Fig. 6 and Sup. Fig. 3). Significantly, combined
knockdown of both isoforms was not additive for junction dis-
ruption in either of these assays, which suggests that RaplA is
uniquely regulating EC barrier function under our conditions.
Of note, the impedance trace of the combined knockdown cells
lagged compared to RaplA-only knockdown cells (Fig. 6A). Our
interpretation of this is that combined knockdown is delaying
the initial cell adhesion and spreading phase in these impedance
experiments (i.e., at the eatly time points of <4 hrs). This would
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suggest that both Rapl isoforms may play a role in mediating
the well-described process of talin-dependent integrin activa-
tion (reviewed in ref. 58). However, upon reaching plateau levels
of impedance, a readout for EC barrier properties (i.e., after 24
hrs), combined knockdown was not additive. The importance of
RaplA in EC junction formation is underscored by the knock-
down/rescue experiment (Fig. 5C). Upon combined knockdown
of both isoforms, re-expression of shRNA-resistant RaplA, but
not RaplB, significantly reduced the amount of gaps within the
monolayer, confirming specificity and ruling out the possibility
that RaplB can compensate for RaplA in the context of junc-
tional barrier formation.

It is interesting to note that not all assays we performed dis-
played such isoform-specific differences. Another often-studied
function of Rapl GTPases is the regulation of cell migration,
which is essential for angiogenic processes (reviewed in ref. 59).
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Figure 6. Real-time Cell Impedance Assay (RTCA) shows that Rap1A but not Rap1B is required for steady-state acquisition of monolayer barrier func-
tion. HUVEC expressing indicated shRNAs were cultured on microelectrode-coated surfaces and monolayer integrity was monitored for 24 hrs using
the Roche xCELLigence system. (A) Representative trace of impedance (graphed as Cell Index) taken every 15 min; lower Cell Index values indicate
decreased monolayer barrier function. Each data point is presented as average cell index of at least triplicate wells +SD for each condition. (B) Graph
showing relative cell index (impedance) of HUVEC monolayer having Rap1A, Rap1B, or both combined knockdown compared to negative control. Data
is the average + SD combined from 3 independent experiments. *p < 0.015, comparing Rap1A and combined knockdown to Neg control.

In epithelial cells knockdown of RaplA, but not 1B, inhib-
ited cell migration in a wound healing assay, correlating with a
decrease in B1 integrin expression.”’ However, in endothelial cells
(both microvascular ECs and HUVECs), the consensus seems
to be that both isoforms are required for effective migration in
wound healing assays,****#* an observation that our migration
data confirms (Sup. Fig. 4). These differences may reflect cell
type-specific functions for RaplA and Rapl1B.

With respect to EC junctional regulation and permeability,
some studies have shown that siRNA-mediated knockdown of
either RaplA or RaplB decreased transendothelial electrical
resistance (TER),* or enhanced FITC-dextran permeability.*’
We found that only knockdown of RaplA had a significant
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effect on electrical impedance or localization of VE-cadherin to
cell-cell junctions, which are both experimental readouts for EC
barrier function. The discrepancy with our results could be due
to any one of a number of factors, such as differences in assay
type, or the use of microvascular endothelial cells compared to
HUVEC in our study, as vascular cell subtype can influence
response® (and reviewed in refs. 62 and 63). Another possibility
that cannot be ruled out given the published data is if the “smart-
pool” of siRNA used to silence RaplB in those studies also con-
tained sequences that targeted RaplA. These studies relied solely
on western blot analysis to confirm siRNA specificity; however,
many of the commercially available antibodies do not distinguish
between isoforms. Thus in our study, unlike these, in addition
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to performing western blot analysis of knockdown, we used
RT-PCR to confirm specificity of knockdown at the mRNA level
and to ensure that our shRNA target sequences did not cross react
between RaplA and RaplB (Fig. 3B). Furthermore, the conclu-
sions described in our paper are supported by multiple lines of
evidence, i.e., both the monolayer gap quantification, includ-
ing the knockdown/rescue experiment (Fig. 5) and the RTCA
impedance data (Fig. 6) support our conclusion that RaplA, and
not Rap1B is the critical isoform for EC junctional formation and
barrier function at steady state.

Differences in function of RaplA versus RaplB may be
explained by divergent downstream signaling and/or binding
to unique effectors. Although it is tempting to speculate, the
effector residues (aa 20-45) including the core effector bind-
ing domain® are identical between isoforms, making it unlikely
that this is the mechanism that accounts for their divergent roles
in ECs. Instead, differential localization may be responsible
for creating functional specificity. The subcellular localization
of RaplA/B (isoforms not distinguished) has been described
previously as perinuclear,” in late endosomes/lysosomes,*
golgi-localized,” at the plasma membrane,*® or even nuclear in
squamous cell carcinomas,® depending on cell type and culture
conditions. In epithelial cells, GFP-Rapl was found at sites of
cell-cell contact, colocalizing with E-cadherin, however, which
isoform of Rapl used was not disclosed in this paper.”” Recently,
GFP-Rapl (isoform not specified) was found to be recruited to
the leading edge during migration of Drosophila immune cells
undergoing developmental migration’”" and in endothelial cells
during wound healing,” indicating there may be a dynamic
regulation of localization during certain cellular events. Here
we explored whether the Rapl isoforms localize to different
subcellular regions, which might account for their functional
specificity. Our immunofluorescence data suggests that RaplA
is relatively more localized to EC junctions compared to RaplB
(Fig. 2A and B). Quantitative analysis of the junctional intensity
of each Rapl isoform confirmed this observation (Fig. 2C). A
potential caveat here is the use of GFP-tagged proteins for local-
ization studies. Ideally one would examine the localization of
endogenous protein using specific antibodies. As isoform-spe-
cific antibodies amenable for immunofluorescence applications
are not currently available, this remains an experiment for future
studies.

On the other hand, our observation that RaplA is more con-
centrated at EC junctions is strengthened by the AF-6 co-immu-
noprecipitation experiment (Fig. 2D). Previous studies have
shown that RaplA can bind to the junctional scaffold protein
AF-6 in vitro and is recruited to cell-cell contacts by binding to
AF-6 in mammalian cells.* Even more interesting is the observa-
tion that AF-6 specifically binds Rapl-GTP (isoform not speci-
fied),* consistent with AF-6 being a Rapl effector at junctions.
We therefore tested whether AF-6 preferentially interacted with
one isoform over the other. The co-immunoprecipitation data
indicate that AF-6 interacts preferentially with Rap1A under our
conditions (Fig. 2D). Longer exposure of the western blot shows
that there is a small amount AF-6 in the Rap1B pulldown, there-
fore we cannot say that the interaction is isoform-specific. Rather,
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it suggests that RaplA, being enriched at cell junctions, is at the
right location in the cell to interact with AF-6.

Our finding that loss of RaplA has the most dramatic effect
on EC junctions is particularly interesting given the fact that as
described for other cell types, 7>’ RaplA is expressed at a far
lower level than RaplB in these ECs (Fig. 3). Put another way,
cells lacking RaplA still have a large amount of RaplB protein
present, as it accounts for ~90% of total cellular Rapl protein,
and yet EC barrier function is still compromised. This argues
strongly for divergent functions for these closely related isoforms
as the presence of Rap1B evidently does not fully compensate for
the loss of RaplA, at least in the context of EC junctional organi-
zation and barrier function. In conclusion, the data presented in
this study suggest that there are isoform-specific functional dif-
ferences for the closely related Rapl GTPases, with RaplA being
the critical isoform during the formation and maintenance of EC
junctions and barrier properties.

Materials and Methods

Cell culture. Human umbilical vein endothelial cells (HUVECs)
were obtained commercially (Lonza, CC-2519). Cells were grown
as recommended in EGM-2 media (Lonza, CC-3162) and cul-
tured in a 37°C incubator with 10% CO,. All experiments were
performed with low passage HUVEC (i.e., p6 or lower). 293A
cells (Invitrogen, R705-07) were grown in DMEM (high glu-
cose) with 10% FBS, non-essential amino acid supplement and
Pen/Strep (Gibco, 11995, 16000-044, 11140050 and 15140122).

Knockdown of RaplA and RaplB using miRNA adeno-
virus. Generation of miRNA constructs. MicroRNA (miRNA)
adenoviral constructs were engineered using the BLOCK-iT™
Pol IT miR RNAI expression vector system (Invitrogen, K4941-
00K4936-00) according to the manufacturer’s protocol. In this
system, virally encoded miRNA is processed by the endogenous
cellular machinery where it functions like an shRNA to result in
cleavage of the mRNA target. Double-stranded oligonucleotides
were designed using Invitrogen’s RNAi Designer (www.invitro-
gen.com/rnai) to form an engineered pre-miRNA sequence struc-
ture that targets unique sequences in human RaplA or RaplB.
For some experiments, two independent and unique RaplA tar-
geting sequences were used:

“RaplA#1”: 5“TGC TGT ACA CCA CTG TCT TGC TAA
ATG TTT TGG CCA CTG ACT GAC ATT TAG CAA CAG
TGG TGT A-3; “RaplA#2™: 5-TGC TGA ACC AAG GAC
CAC TAG CTT GTG TTT TGG CCA CTG ACT GAC ACA
AGC TAG GTC CTT GGT T-3'; and “RaplB miR”: 5-TGC
TGA ACT AAT GCA AAT CCTTGT CCG TTT TGG CCA
CTG ACT GAC GGA CAA GGT TGC ATT AGT T-3' (21 bp

antisense target sequences underlined).

Synthesized oligonucleotides were annealed and ligated into
pcDNA 6.2-GW/EmGFP-miR. As a negative control (“Neg
shRNA”), we used the pcDNAG6.2-GW/+ EmGFP-miR-neg con-
trol plasmid (Invitrogen, K4936-00), which contains an insert
that is processed into a mature miRNA, but is predicted not to
target any known vertebrate gene. The EmGFP-miRNA cas-
sette from these constructs was subsequently shuttled through
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pDONR221 (also from Invitrogen, 12536017) by Gateway BP
recombination and then into pAd-CMV-Dest Gateway vector by
LR recombination.

Adenovirus production. Virus was produced in 293A packag-
ing cell line with the ViraPower Adenoviral Expression System
(Invitrogen, K4930-00) using the manufacturer’s recommended
protocol. Briefly, 293A cells were transfected with Pacl-digested
pAd-CMV-Dest vector containing the desired miRNA cassette,
using Lipofectamine 2000 (Invitrogen, 11668-019). Mature
viral particles were harvested by collecting the cells/media,
and subjecting to multiple freeze thaw cycles then centrifuga-
tion. Co-cistronically expressed EmGFP serves as a marker for
knockdown cells; viral infection efficiency approaches 100% in
HUVEC (data not shown).

Infection of ECs with miRNA adenovirus and analysis of knock-
down. ECs were infected with adenovirus: negative control
shRNA, RaplA#1 and #2 shRNA, RaplB shRNA or RaplA#1
plus RaplB (in combination) for times indicated in figure leg-
ends. Typically virus was added to the culture medium, incubated
overnight, with a media change the next day. Efficient knock-
down was usually attained within 72 hrs and confirmed regularly
by either western blot using a polyclonal antibody that recognizes
total Rapl (Santa Cruz Biotechnology, SC-65) or reverse-tran-
scriptase PCR using isoform-specific primers. Total RNA was
isolated using Trizol and ¢cDNA was reverse-transcribed using
the iScript cDNA isolation kit (Bio-Rad, 170-8890) according to
the manufacturer’s protocol. RaplA and Rapl1B-specific primers
were subsequently used for PCR analysis. Human 3, microglob-
ulin primers served as control.

Microscopy. Expression of GEP-tagged Rapl proteins. GFP-wt-
RaplA was kindly provided by Lawrence Quilliam (University
of Indiana), and was subsequently subcloned into the adenovi-
ral expression vector pAdCMV-Dest. The wt-RaplB construct
(RAP1B00000) was obtained through the Missouri S&T ¢cDNA
Resource Center (www.cdna.org). To obtain efficient expres-
sion of these GFP-tagged proteins, adenoviruses encoding these
constructs were generated using the ViraPower Adenoviral
Expression System as indicated above.

Immunofluorescence. HUVECs cultured on Matrigel (BD
Biosciences, 354230)-coated coverslips were fixed and permea-
bilized with 3.7% formaldehyde (30 min, RT) and 0.2% Triton
X-100/TBS (5 min, RT). The following primary antibodies
were used: VE-cadherin (clone F-8, Santa Cruz Biotechnology,
SC-9989), PB-catenin (Sigma, C2206), ZO-1 (Invitrogen,
339100), CD31 (R & D systems, BBA7) and AF6/afadin (BD
Transduction Labs, 610732). F-actin was detected by Texas
Red-X-phalloidin or Alexa 350-palloidin (Molecular Probes,
T7471 and A22281). The following secondary antibodies were
also used: Alexa 594-conjugated anti-mouse and anti-rabbit
(Molecular Probes, A11005 and A11012).

Image acquisition and analysis. Fluorescence images were
obtained with a Zeiss axiovert 200M microscope equipped with
a Hamamatsu ORCA-ERAG digital camera and acquired using
Metamorph Workstation (Universal Imaging Corp., META-
40002). Adjustments of brightness/contrast and color balance
were performed using Image] software. Any adjustments made
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fairly represent the original images, following accepted guide-
lines for digital image presentation.”® Figures were prepared using
Adobe Photoshop software.

Quantification of junctional intensity of Rapl isoforms. To
quantify junctional localization of GFP-RaplA vs. GFP-RaplB,
images were analyzed using Image]. VE-cadherin co-staining
was used as a reference marker for cell-cell junctions. For each
cell quantified, the “junctional proportion” was quantified as the
ratio of junctional GFP integrated pixel intensity to the total cel-
lular GFP intensity. This normalizes for any slight cell-cell varia-
tion of GFP-Rap expression levels. The data were graphed as the
average “junctional proportion of GFP” in cells expressing either
GFP-1A or GFP-1B.

Co-immunoprecipitation experiments. To detect association
between AF6 and RaplA or 1B, GFP-tagged proteins (GFP-
constitutively active RaplA, -1B or GFP alone) were expressed
in HUVEC, followed by immunoprecipitation with an anti-GFP
antibody (Roche, 11814460001) coupled to Protein G-sepharose
beads (GE Healthcare, 17-0618-01). Total cell lysates and IP
samples were western blotted with anti-AF6 (Novus Biologicals,
ab11338) and anti-total Rapl (Santa Cruz, SC-65) antibodies.

Monolayer gap assay. Knockdown only gap quantification.
As a gauge of monolayer integrity, we quantified the amount of
“gaps” in a given monolayer, using anti-VE-cadherin antibody
(clone F-8, Santa Cruz, SC-9989) as a marker for EC junctions,
together with Alexa 594-conjugated anti-mouse IgG second-
ary (Molecular Probes, A11005). To simplify the analysis and
to more accurately compare the extent of monolayer disruption
for loss of one isoform over the other, shRNA-expressing cells
were co-cultured at a 1:4 ratio with uninfected HUVEC to
ensure single-cell distribution of knockdown cells. Knockdown
cells (GFP-positive) were scored as positive for having incom-
plete VE-cadherin junctional staining if there was at least one
gap or discontinuity per cell. One hundred cells were counted (in
a blinded manner) per condition, per experiment. Results were
expressed as percent knockdown cells having gaps, comparing
co-cultured single knockdown or combined RaplA/1B knock-
down to negative control shRNA-expressing cells.

Knockdown/Rescue experiments. For knockdown/rescue exper-
iments, total cellular Rapl (both 1A and 1B isoforms) was first
knocked down for 48 hrs, followed by addition of shRNA-resis-
tant GFP-RaplA, GFP-RaplB or GFP only re-expression virus
for an additional 24 hrs. Knockdown/re-expression cells were
then cocultured on coverslips with uninfected HUVEC, and
monolayer gaps were quantified as described in previous section.
Equal re-expression of RaplA and Rapl1B was confirmed by west-
ern blot (data not shown).

Real-time cell analysis (RTCA) experiments. Barrier func-
tion assays. The xCELLigence Real-Time Cell Analyzer (RTCA)
system (Acea Biosciences/Roche Applied Science 05-469-759-
001) was used to measure electrical impedance, as a readout of
monolayer barrier function. This method uses electrical imped-
ance signals to monitor the status of cells grown directly on
micro-electrode coated surfaces. Changes in impedance reflect
changes in barrier function and permeability’® HUVEC pre-
infected with the indicated shRNA for 48—72 hrs were counted
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with an automated cell counter (Nexcelom Bioscience), then
plated (in quadruplicate) at a confluent density directly onto a
microelectrode-surface within the wells of an E-Plate 16 (Roche
Applied Science, 05-469-813-001). Impedance readings were
taken automatically every 15 min for another 24 hrs and plotted
as Cell Index + SD. Confirmation of equal seeding density was
obtained for every experiment by plating in parallel an equivalent
number of cells into a 24 well dish and staining and counting
nuclei at the end of the experiment (data not shown).

Cell migration assays. The xCELLigence RTCA system can
also be used for quantification of EC chemotactic migration when
the CIM-Platel6 (Cellular Invasion/Migration) (Roche Applied
Science, 05-665-817-001) dishes are used. These Transwell®-like
plates have microelectrode sensors integrated onto the under-
side of an 8 wm pore-size membrane which separates an upper
chamber (where ECs are seeded) and a lower chamber (contain-
ing chemoattractant). Increasing impedance values correlate to
increasing numbers of migrated cells contacting and adhering to
these sensors. Equal number of HUVEC cells pre-infected with
indicated shRNA adenovirus were seeded into the upper cham-
ber of a CIM-Plate 16 and allowed to migrate towards 25 ng/ml

FGEF-2 (R&D Systems, 234-FSE-025) present in the lower well.
Cell Impedance was recorded automatically every 5 minutes for
at least 12 hours.

Statistical analysis. Statistical significance was determined by
Student’s t-test (one-tail, homoscedastic) using the average values
obtained from 3 independent experiments. A p-value of less than
0.05 was considered statistically significant.
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