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Hantaviruses infect human endothelial cells (ECs) and cause two diseases marked by vascular permeability
defects, hemorrhagic fever with renal syndrome (HFRS) and hantavirus pulmonary syndrome (HPS). Vascular
permeability occurs in the absence of EC lysis, suggesting that hantaviruses alter normal EC fluid barrier
functions. ECs infected by pathogenic hantaviruses are hyperresponsive to vascular endothelial growth factor
(VEGF), and this alters the fluid barrier function of EC adherens junctions, resulting in enhanced paracellular
permeability. Vascular permeability and VEGF-directed responses are determined by EC-specific microRNAs
(miRNAs), which regulate cellular mRNA transcriptional responses. miRNAs mature within cytoplasmic
processing bodies (P bodies), and the hantavirus nucleocapsid (N) protein binds RNA and localizes to P bodies,
suggesting that hantaviruses may modify miRNA functions within infected ECs. Here we assessed changes in
EC miRNAs following infection by the HPS-causing Andes hantavirus (ANDV). We analyzed 352 human
miRNAs within ANDV-infected ECs using quantitative real-time (RT)-PCR arrays. Fourteen miRNAs, includ-
ing six miRNAs that are associated with regulating vascular integrity, were upregulated >4-fold following
infection by ANDV. Nine miRNAs were downregulated 3- to 3,400-fold following ANDV infection; these
included miR-410, involved in regulating secretion, and miR-218, which is linked to the regulation of EC
migration and vascular permeability. We further analyzed changes in miR-126, an EC-specific miRNA that
regulates vascular integrity by suppressing SPRED1 and PIK3R2 mRNAs. While miR-126 levels were only
slightly altered, we found that SPRED1 and PIK3R2 mRNA levels were increased 10- and 7-fold, respectively,
in ANDV-infected ECs but were unaltered in ECs infected by the nonpathogenic Tula hantavirus (TULV).
Consistent with increased SPRED1 expression, we found that the level of phospho-cofilin was decreased within
ANDV-infected ECs. Moreover, small interfering RNA (siRNA) knockdown of SPRED1 dramatically decreased
the permeability of ANDV-infected ECs in response to VEGF, suggesting that increased SPRED1 contributes
to EC permeability following ANDV infection. These findings suggest that interference with normal miRNA
functions contributes to the enhanced paracellular permeability of ANDV-infected ECs and that hantavirus
regulation of miRNA functions is an additional determinant of hantavirus pathogenesis.

Pathogenic hantaviruses are transmitted to humans from
small-mammal hosts and predominantly infect endothelial
cells (ECs) (58). Hantaviruses cause one of two vascular per-
meability-based diseases: hemorrhagic fever with renal syn-
drome (HFRS) and hantavirus pulmonary syndrome (HPS)
(58). Both diseases are characterized by acute thrombocytope-
nia, edema, and the loss of vascular integrity following EC
infection (5, 10, 11, 50, 57, 58, 70). However, hantaviruses are
not lytic, indicating that hantaviruses alter normal EC func-
tions which maintain vascular integrity (50, 57, 70).

Hantaviruses are enveloped viruses containing a triseg-
mented, negative-sense RNA genome encoding four viral pro-
teins (58). Hantaviruses replicate in the cytoplasm and mature
by budding into the lumen of the cis-Golgi complex, where
their surface glycoproteins are trafficked, and exiting cells by
an aberrant secretory process (58). Pathogenic hantaviruses
attach to cells by binding inactive conformations of �3 integrin

receptors present on platelets and ECs (18, 19, 22, 45, 52). At
late times postinfection (p.i.), hantaviruses remain cell associ-
ated through interactions with �v�3, and bound virus directs
the adherence of quiescent platelets to the EC surface (18, 19,
22). �3 integrins on platelets and ECs play a central role in the
regulation of vascular integrity (2, 4, 9, 31, 33, 53, 54). On ECs,
�3 integrins normally regulate the permeabilizing effects of
vascular endothelial growth factor (VEGF) by forming a com-
plex with VEGF receptor 2 (VEGFR2) (4, 60). In fact, �3

integrin knockouts are hyperresponsive to the permeabilizing
effects of VEGF (31, 53, 54). Consistent with this, pathogenic
hantaviruses block �v�3-directed EC migration and enhance
EC permeability in response to VEGF at 3 days after infection
(20, 21, 26, 52). These findings suggest that pathogenic hanta-
viruses alter VEGFR2-directed signaling responses at late
times after EC infection, although the mechanism by which
hantaviruses enhance VEGFR2 responses remains to be de-
fined (20, 26).

VEGFR2 responses are regulated by redundant receptor
responses and signaling pathways that rapidly alter the barrier
function of EC adherens junctions in order to maintain vascu-
lar integrity (12, 13, 17, 43). Recently, EC-specific microRNAs
(miRNAs) have also been shown to regulate VEGF-induced
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responses and serve as key determinants of vascular perme-
ability (16, 41, 65, 67, 68). As a result, changes in miRNA
regulation could contribute to enhanced EC permeability fol-
lowing pathogenic hantavirus infection. miRNAs are short,
noncoding RNAs, �21 nucleotides in length, which are highly
conserved (3, 6, 14, 28, 39, 69) and selectively expressed in
specific cells and tissues (38, 41, 67). miRNAs regulate protein
expression of specific mRNAs at a posttranscriptional level,
either by directing the degradation of target mRNAs or by
repressing mRNA translation (51). miR-126 is an EC-specific
miRNA that is responsible for maintaining vascular integrity,
and knocking out miR-126 results in increased capillary per-
meability and edema in mice (15, 42). miR-126 functions by
repressing the expression of SPRED1 (sprouty-related EVH1
domain containing protein 1) and PIK3R2 (phosphoinositide-
3-kinase, regulatory subunit 2), which are tied to downstream
signaling responses directed by VEGFR2 activation (15, 36, 42,
67). Similar to knocking out miR-126, overexpressing SPRED1
alone increases VEGF-induced EC permeability, and as a re-
sult miR-126 normally enhances EC barrier functions by re-
pressing SPRED1 activity (15, 42, 67, 68).

miR-126 and SPRED1 regulate capillary integrity by deter-
mining the phosphorylation state of cofilin (15, 36). SPRED1 is
a negative regulator of the LIM family kinase TESK1 (testic-
ular protein kinase 1), and SPRED1 binding to TESK1 inhibits
cofilin phosphorylation (15, 36). Unphosphorylated cofilin sev-
ers actin filaments and disrupts adherens junctions by dissoci-
ating VE-cadherin from its cytoskeletal anchor (61). In con-
trast, TESK1 phosphorylation of cofilin inactivates cofilin,
stabilizing actin filaments and inter-EC adherens junctions (40,
64). Since adherens junctions form the primary fluid barrier of
the endothelium (12, 17), the state of cofilin phosphorylation
contributes to the regulation of EC permeability.

The hantavirus nucleocapsid protein reportedly binds
mRNA caps and facilitates translation of viral proteins (46,
47). Interestingly, the nucleocapsid protein was also reported
to localize to cytoplasmic processing bodies (P bodies) (46),
where miRNAs mature and regulate mRNA expression (3, 6,
14, 28, 39, 69). The ability of the nucleocapsid protein to bind
cellular RNAs and localize to miRNA containing P bodies
provides a strong rationale for hantaviruses to alter miRNA
regulation within infected ECs and thereby EC permeability in
response to VEGF (20).

Here we report that Andes hantavirus (ANDV) infection
of human ECs results in changes in the level of specific EC
miRNAs. We found that 23 miRNAs were either up- or down-
regulated 3- to 3,400-fold following ANDV infection. More-
over, the levels of six miRNAs which regulate angiogenesis and
vascular integrity were increased �4-fold following infection,
while one miRNA associated with the regulation of Robo1, a
receptor that counters Robo4 regulation of VEGF responses,
was downregulated 129-fold. Although there was little change
in the level of miR-126 following ANDV infection, we found
that its mRNA targets, SPRED1 and PIK3R2, were induced
10- and 7-fold, respectively. Increased SPRED1 mRNA levels
occurred concomitantly with a decrease in phosphorylated co-
filin (phospho-cofilin) in ANDV-infected ECs, and this finding
correlates with increased EC permeability (20). Additionally,
small interfering RNA (siRNA) knockdown of SPRED1
blocked ANDV-induced EC permeability in response to

VEGF, suggesting that SPRED1 is a target for regulating han-
tavirus-induced EC permeability. These findings suggest that
ANDV infection interferes with key miRNA-regulated EC re-
sponses that are involved in maintaining vascular integrity.

MATERIALS AND METHODS

Cells and virus. Vero E6 cells (ATCC CRL-1586) were grown in Dulbecco’s
modified Eagle medium (DMEM) containing 10% fetal calf serum (FCS;
Sigma), penicillin (100 mg/ml), streptomycin sulfate (100 mg/ml), and ampho-
tericin B (50 �g/ml) (GIBCO). Human umbilical vein ECs (HUVECs) were
purchased from Clonetics (Walkersville, MD) and grown in EC basal medium-2
(EBM-2; Clonetics) supplemented with gentamicin (50 �g/ml), amphotericin B
(50 �g/ml), and 10% FCS (Sigma). Andes virus (CHI-7913; ANDV) (45) was
kindly provided by B. Hjelle (University of New Mexico). ANDV and Tula virus
(TULV; Tula/Moravia/MA5302V/94) (20) were cultivated as previously de-
scribed (20) in a biosafety level 3 facility and determined to be mycoplasma free
(Roche). Briefly, virus was adsorbed onto Vero E6 monolayers for 1 h at 37°C,
and cells were maintained in DMEM containing 2% FCS. Viral titers were
determined as previously described (18, 22). HUVEC monolayers in 6-well
plates were mock infected or infected with ANDV or TULV as described above
at a multiplicity of infection of 1. Cells were �90% infected with ANDV or
TULV as determined by immunoperoxidase staining.

Immunoperoxidase staining of hantavirus-infected cells. In order to monitor
hantavirus infections, rabbit polyclonal antinucleocapsid serum directed against
the NY-1V nucleocapsid protein was used to detect ANDV- and TULV-infected
cells as previously described (18, 22). Briefly, infected EC monolayers were fixed
with 100% methanol and incubated with antinucleocapsid serum (1:5,000). Cells
were washed with phosphate-buffered saline (PBS) and incubated with goat
anti-rabbit–horseradish peroxidase (HRP) secondary antibody (1:5,000; Amer-
sham Biosciences). Monolayers were washed with PBS, and the number of
infected cells was quantitated following staining with 3-amino-9-ethylcarbazole
(0.026%) in 0.1 M sodium acetate, pH 5.2, and 0.03% H2O2 for 5 to 20 min at
37°C (22).

MicroRNA and total RNA purification. Seventy-two hours p.i., cells were lysed
in Trizol (Invitrogen) for microRNA array analysis and in buffer RLT (RNeasy
mini kit; Qiagen) for total RNA extraction. miRNAs were purified from mock-
infected and ANDV-infected HUVECs using the RT2 qPCR-grade miRNA
isolation kit according to the manufacturer’s protocol (SA Biosciences). Briefly,
the aqueous phase from chloroform-extracted lysates was diluted in 100% eth-
anol and applied to spin columns to remove large RNA. Eluates were diluted
with 100% ethanol, applied to a second column, and centrifuged. Columns were
washed, centrifuged, and rinsed with ethanol (70%), and small RNAs were
eluted in RNase-free water.

Total cellular RNA was extracted from mock-infected, ANDV-infected, or
TULV-infected HUVECs using the RNeasy mini kit (Qiagen) according to the
manufacturer’s protocol. Briefly, lysates were passed through a 20-gauge needle
and diluted in 70% ethanol. Samples were applied to spin columns, and RNA
bound to the column was successively washed and eluted with RNase-free water.

cDNA synthesis. Purified miRNA (100 ng) was reverse transcribed using the
RT2 miRNA first-strand kit according to the manufacturer’s protocol (SA Bio-
sciences). Briefly, small RNA, a proprietary mix of miRNA reverse transcription
primer plus External RNA control, miRNA buffer, miRNA enzyme mix, dithio-
threitol (10 mM), and RNase-free water were combined and incubated at 37°C
for 2 h and 95°C for 5 min. Total RNA (1 �g) was reverse transcribed using the
Transcriptor first-strand cDNA synthesis kit (Roche) using oligo(dT)18 primer
(25°C for 10 min, 55°C for 30 min, 85°C for 5 min).

miRNA array real-time PCR. miRNA-specific cDNAs were used as templates
for real-time PCR using the Human Genome miRNA PCR array according to
the manufacturer’s protocol (SA Biosciences). cDNA and RT2 SYBR green
PCR master mix were diluted and aliquoted into each well of a PCR array
consisting of four 96-well plates specific for the Applied Biosystems 7300 RT-
PCR machine. Each well contains a proprietary universal primer and a primer
specific for one of 352 individual human miRNAs. Real-time PCR was per-
formed using the following thermocycling parameters: 1 cycle of 95°C for 10 min
and then 95°C for 15 s, 60°C for 40 s, and 72°C for 30 s for a total of 40 cycles.

Fold changes in miRNA expression levels were calculated using the RT2

miRNA PCR array data analysis web-based software (SA Biosciences, Frederick,
MD). Briefly, the threshold cycle (CT) of each miRNA from ANDV-infected and
mock-infected samples was normalized to that of U6 RNA levels (�CT). Expres-
sion levels of normalized miRNA CT values were calculated using the 2��CT

method (41). The fold change in expression levels of each miRNA was deter-
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mined by comparing the expression levels of miRNAs within ANDV- and mock-
infected HUVECs. Graphs were plotted using GraphPad Prism 5 software.
Microarray data were validated by analysis of individual miRNAs using RT-PCR
in triplicate.

qRT-PCR of cellular mRNAs. TaqMan primers for human SPRED1, PIK3R2,
and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were purchased
from Applied Biosystems. Quantitative real-time PCR (qRT-PCR) was per-
formed in duplicate using an Applied Biosystems 7300 RT-PCR machine and the
following thermocycling parameters: 50°C for 2 min, 95°C for 10 min, 95°C for
15 s, and 60°C for 1 min for 40 cycles. SPRED1 and PIK3R2 mRNA levels were
normalized to GAPDH mRNA levels, and the fold change in mRNA levels were
compared between ANDV- or TULV-infected and mock-infected cells (25). The
fold change in SPRED1 and PIK3R2 mRNA levels was determined using the
2��CT method and plotted (mean � standard error of the mean [SEM]) using
GraphPad Prism 5 software.

siRNA transfection. SPRED1 and PIK3R2 knockdown experiments were per-
formed using SureSilencing small interfering RNAs (siRNAs) against SPRED1,
PIK3R2, or negative-control siRNA (si-NEG2) purchased from SA Biosciences.
Briefly, SureFECT reagent siRNA complexes were formed for 20 min at room
temperature and applied to HUVECs. For RT-PCR analysis, total RNA was
purified as described above and analyzed by qRT-PCR (25).

EC permeability assay. The permeability of ECs in response to ANDV infec-
tion was determined as previously described (20). HUVECs were plated on
Costar Transwell plates (3-�m pores; Corning), and confluent monolayers were
infected with pathogenic ANDV at an MOI of 0.5 or were mock infected. Three
days p.i., monolayer permeability was assayed by adding 0.5 mg/ml of fluorescein
isothiocyanate (FITC)-dextran and VEGF (100 ng/ml) to the upper chamber,
and medium was taken from the lower chamber (100 �l) at the indicated times
and assayed for the presence of FITC-dextran using a BioTek FLx800 fluorim-
eter. The fold change in FITC-dextran fluorescence intensity over that of mock-
infected controls was used as a measure of the paracellular permeability of EC
monolayers. Hantavirus infections were monitored by immunoperoxidase stain-
ing as described above (18, 22).

Western blot analysis. Western blot analysis was performed as previously
described (23, 24). Briefly, HUVECs were infected with ANDV or TULV and
treated with VEGF at 3 days p.i. as described above. Cells were lysed at various
times after VEGF addition using 0.1% sodium dodecyl sulfate (SDS)–0.1%
NP-40 lysis buffer (150 mM NaCl, 40 mM Tris-Cl, 2 mM EDTA, 10% glycerol,
5 nM sodium fluoride, 1 mM sodium pyrophosphate, 1 mM sodium orthovana-
date) containing 1	 protease inhibitor cocktail (Sigma). Total protein levels
were determined by a bicinchoninic acid assay (Pierce), and 20 �g of protein was
resolved by SDS-polyacrylamide (15%) gel electrophoresis. Proteins were trans-
ferred to nitrocellulose, blocked in 5% bovine serum albumin, and Western
blotted for cofilin using polyclonal anti-cofilin antibody (3312; Cell Signaling)
followed by anti-rabbit HRP-conjugated antibody (1:2,000; Amersham). To as-
sess the level of phospho-cofilin, cofilin Western blots were stripped (2% sodium
dodecyl sulfate, 62.5 mM Tris-Cl, 100 mM beta-mercaptoethanol) and reprobed
using polyclonal anti-phospho-cofilin antibody (3311; Cell Signaling). Western
blots were developed using enhanced chemiluminescence reagent (Amersham)
and exposed to HyBlot CL autoradiography film (Denville Scientific). Results
are representative of two separate experiments. Densitometric analysis was per-
formed using ImageJ (NIH) software, and cofilin and phospho-cofilin data were
plotted as means � SEM using GraphPad Prism 5 software.

RESULTS

The ability of the hantavirus nucleocapsid protein to bind
cellular mRNA and localize to cytoplasmic P bodies (46) sug-
gests that pathogenic hantaviruses may alter the function of
cellular miRNAs and the ability of miRNAs to regulate cog-
nate mRNA targets. Here we determined whether ANDV
infection of ECs alters the synthesis of cellular miRNAs. Hu-
man ECs were infected with ANDV, and 3 days p.i., small
cellular RNAs were purified. The level of specific EC miRNAs
was analyzed using a qRT-PCR microarray and compared to
that of mock-infected controls. Analysis of 352 human miR-
NAs revealed that ANDV upregulated the expression of 14
miRNAs �4-fold (Fig. 1A). The levels of three miRNAs, miR-
let-7d, miR-423-3p, and miR-146b-5p, increased �10-fold in

ANDV- versus mock-infected ECs. In contrast, ANDV infec-
tion resulted in the downregulation of nine miRNAs (�3-fold)
(Fig. 1B), including miR-410, miR-218, and miR-503, which
were reduced approximately 3,400-, 129-, and 77-fold, respec-
tively. These findings demonstrate that ANDV infection of
ECs results in a dramatic change in the level of specific EC
miRNAs and fundamentally alters the constellation of miRNAs
present within the primary cellular target of the virus.

Several miRNAs are reported to be highly expressed in ECs
(41). Figure 2 confirms the high-level expression of 16 miRNAs
within mock-infected ECs and evaluates changes in these
miRNAs resulting from ANDV infection. The level of the
most highly expressed EC miRNA, miR-503, was decreased
approximately 77-fold following ANDV infection (Fig. 2). De-
spite this, miR-503 remains the most abundant miRNA
present within ANDV-infected ECs. The level of miR-126,
which has a known function in regulating vascular permeabil-
ity, increased approximately 2-fold following ANDV infection
(Fig. 2). In contrast, we observed a striking 3,400-fold reduc-
tion in the level of miR-410 following ANDV infection. Al-
though miR-410-specific mRNA targets have yet to be defined,
miR-410 expression was recently associated with enhancing
cellular secretion (29). These findings indicate that ANDV
substantially alters the level of EC-specific miRNAs and fur-

FIG. 1. miRNA qRT-PCR microarray analysis. EC monolayers
were mock infected or infected with ANDV at an MOI of 1, and 3 days
p.i., cells were lysed and small RNAs were purified (20). The level of
352 individual miRNAs was assessed by qRT-PCR (SA Biosciences)
on an Applied Biosystems 7300 RT-PCR machine (41). miRNA levels
from mock- and ANDV-infected cells were standardized to U6 RNA
levels present in samples. The increase (A) or decrease (B) in miRNAs
present in ANDV- versus mock-infected ECs was determined, and
�4-fold changes in miRNA expression levels are presented.

VOL. 84, 2010 miRNAs AND HANTAVIRUS-INDUCED EC PERMEABILITY 11931



ther suggests that changes in miRNA regulation may contrib-
ute to altered EC functions following infection.

miRNAs have been reported to play critical roles in the
regulation of angiogenesis and EC permeability (67, 68). Anal-
ysis of the microarray data revealed that six miRNAs involved
in angiogenesis (miR-155, -320, -27b, -222, -21, and -378) were
upregulated approximately 3- to 7-fold following ANDV infec-
tion (Fig. 3). While the mechanism by which a number of these
miRNAs regulate angiogenesis and EC functions has not been
determined, miR-155, miR-320, and miR-222 have been shown
to have important roles in the regulation of EC responses to
growth factors, including VEGF, or are linked to the mainte-
nance of capillary integrity (16, 49, 68). These findings indicate
that ANDV infection alters miRNAs which regulate EC integ-
rity, and this further suggests the importance of analyzing EC

miRNAs and miRNA targets in understanding hantavirus reg-
ulation of the endothelium.

SPRED1 and PIK3R2 mRNA levels are increased following
ANDV infection. miR-126 is an EC-specific miRNA that nor-
mally inhibits VEGF-directed vascular permeability. miR-126
functions by downregulating mRNAs encoding SPRED1 and
PIK3R2, effectively blocking SPRED1 and PIK3R2 functions
(15). Although we observed a 2-fold increase in miR-126 levels
following ANDV infection (Fig. 2), it was unclear whether this
change resulted in altered levels of cellular mRNAs. In order
to determine if hantaviruses impede miR-126 function, we
analyzed at 3 days p.i. the level of SPRED1 and PIK3R2
mRNAs within ECs infected by pathogenic ANDV and non-
pathogenic TULV. Using qRT-PCR, we found that SPRED1
and PIK3R2 mRNA levels were induced 10- and 7-fold, re-
spectively, following ANDV infection (Fig. 4). In contrast, no
changes in the levels of SPRED1 or PIK3R2 mRNAs were
observed following infection with TULV (Fig. 4). These data
indicate that ANDV infection increased SPRED1 and PIK3R2
mRNA levels without decreasing miR-126. As a result, ANDV
interferes with the normal function of miR-126 in regulating its
cognate mRNA, and this finding demonstrates that ANDV
induces cellular transcriptional responses associated with en-
hancing EC permeability.

ANDV infection decreases phosphorylation of cofilin.
SPRED1 binding to TESK1 inhibits cofilin phosphorylation
and enhances the dissociation of adherens junctions and EC
permeability (36). In order to determine if increased SPRED1
mRNA levels were functionally significant (Fig. 4), we deter-
mined whether there was an effect on cofilin phosphorylation
following pathogenic ANDV or nonpathogenic TULV infec-
tion of ECs. The level of phospho-cofilin was substantially
lower in ANDV-infected ECs than TULV-infected ECs at all
time points after VEGF addition (Fig. 5A) and quantitatively
resulted in a 30 to 50% decrease in phospho-cofilin levels in
ANDV-infected cells (Fig. 5B). These findings are consistent

FIG. 2. Relative miRNA levels following ANDV infection. miRNAs
present in ANDV- and mock-infected controls were determined by
qRT-PCR of cellular miRNAs as described in the legend to Fig. 1 and
standardized to U6 RNA levels. The relative levels of highly expressed
EC miRNAs were determined using the 2��CT method and are com-
paratively presented (41).

FIG. 3. Angiogenic miRNAs induced by ANDV infection. The rel-
ative levels of cellular miRNAs present within mock- and ANDV-
infected ECs were determined as described in the legend to Fig. 1.
Changes in miRNAs reported to play a role in angiogenesis (49, 68)
are presented as the fold increase in miRNAs present in ANDV-
infected ECs relative to that in mock-infected ECs.

FIG. 4. SPRED1 and PIK3R2 mRNA induction following ANDV
infection. HUVECs were infected with ANDV or TULV (MOI of 1)
or were mock infected. Three days p.i., SPRED1 and PIK3R2 mRNA
levels were determined by quantitative real-time PCR. SPRED1 and
PIK3R2 mRNA levels were standardized to constant GAPDH mRNA
levels. Data are presented as the fold change in mRNA levels relative
to those of mock-infected controls using the 2��CT method (41).
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with an increase in SPRED1 function within ANDV-infected
cells and suggest that SPRED1 induction may contribute to the
enhanced permeability of ANDV-infected ECs in response to
VEGF.

Knockdown of endogenous SPRED1 decreased ANDV-in-
duced EC permeability. SPRED1 overexpression results in in-
creased vascular permeability (15), and from our findings, both
SPRED1 levels and SPRED1 functions are increased in
ANDV-infected ECs. In order to determine if SPRED1 induc-
tion contributes to the enhanced permeability of hantavirus-
infected cells, we transfected ECs with SPRED1 siRNAs and
assayed ANDV-induced EC permeability. ECs transfected
with SPRED1 or PIK3R2 siRNAs specifically reduced
SPRED1 or PIK3R2 mRNAs, respectively, by 60 to 65% (Fig.
6A). Interestingly, siRNA knockdown of SPRED1 inhibited
ANDV-induced permeability in response to VEGF by 30 to
60% compared to that of ECs transfected with a control
siRNA or siRNA to PIK3R2 (Fig. 6B). These findings dem-

onstrate that the induction of SPRED1 within ANDV-infected
cells contributes to the enhanced permeability of ANDV-in-
fected ECs and further suggests a specific target for regulating
ANDV-induced permeability.

DISCUSSION

miRNAs are emerging as prominent regulatory molecules
that play important roles in cancer, angiogenesis, and cell type
specificity (7, 27, 30, 32, 38, 48, 49, 56, 65). Discrete miRNAs
are required for viral infection of specific cell types and thereby
contribute to the cell and tissue tropism of viruses and their
sequelae (15, 16, 55, 56, 67, 68). ECs contain a unique constel-
lation of miRNAs that contribute to the cell type-specific ex-
pression of cellular proteins within the endothelium and reg-
ulate EC functions which control vascular permeability (41).

FIG. 5. Decreased cofilin phosphorylation in ANDV-infected ECs
following VEGF treatment. (A) Cofilin phosphorylation within
ANDV-infected ECs following VEGF treatment was assessed by
Western blotting. HUVECs were infected with ANDV or TULV
(MOI of 0.5), and at 3 days p.i., cells were treated with VEGF for the
indicated times. Equivalent amounts of total protein were separated by
SDS-polyacrylamide (15%) gel electrophoresis and analyzed by West-
ern blotting using anti-cofilin or anti-phospho-cofilin rabbit polyclonal
antibodies (Cell Signaling), HRP-conjugated anti-rabbit secondary an-
tibody (Amersham), and enhanced chemiluminescence (Amersham).
Ninety percent of cells were infected by ANDV and TULV, respec-
tively. (B) Densitometric analysis of cofilin and phospho-cofilin levels
was performed using ImageJ (NIH) software, and data were plotted as
the means � SEM using GraphPad Prism 5 software. �, P 
 0.005.

FIG. 6. SPRED1 knockdown inhibits ANDV-induced EC perme-
ability. (A) ECs were transfected with SPRED1, PIK3R2, or a scram-
bled siRNA, and the levels of SPRED1 and PIK3R2 mRNAs were
analyzed by qRT-PCR. mRNA levels were quantitated and standard-
ized as described in the legend to Fig. 4 and are presented as a
percentage of the levels of controls. (B) EC permeability was deter-
mined as previously described (20). One day after transfection with
SPRED1, PIK3R2, or scrambled siRNAs, ECs were infected with
ANDV or were mock infected. Three days p.i., FITC-dextran and
VEGF were added to media in the upper chamber, and the presence
of FITC-dextran in the lower chamber was quantitated after 30 or 60
min as a measure of EC permeability (20). Results are expressed as the
percent monolayer permeability relative to the basal permeability lev-
els of controls.

VOL. 84, 2010 miRNAs AND HANTAVIRUS-INDUCED EC PERMEABILITY 11933



Several EC miRNAs are associated with regulating angiogen-
esis, growth factor-activated pathways, or cell-cell interactions
that control EC fluid barrier functions (15, 16, 55, 67, 68).

Tissue edema is a hallmark of pathogenic hantavirus infec-
tions regardless of whether infection results in hemorrhagic
disease (HFRS) or acute pulmonary edema (HPS) (5, 10, 11,
50, 57, 58, 70). Pathogenic hantaviruses infect the EC lining of
capillaries and enhance the permeability of ECs in response to
VEGF at late times p.i. (20). Hantaviruses traffic the RNA
binding nucleocapsid protein to cellular P bodies (46), where
miRNAs mature (3, 6, 14), suggesting that hantaviruses might
alter EC functions by interfering with normal miRNA regula-
tory functions. In this study, we examined the effects of ANDV
on miRNA expression within infected ECs. Our results indi-
cate that ANDV infection alters the expression of a number of
EC miRNAs, including a subset which plays an important role
in EC migration, adherence, and angiogenesis.

ANDV infection increased the level of six miRNAs which
have recently been shown to play roles in regulating angiogen-
esis or vascular integrity, including miR-155, miR-320, and
miR-222 (Fig. 3) (15, 16, 55, 67, 68). These miRNAs reportedly
regulate adherens junction disassembly, cell migration, and cell
morphology, which contribute to changes in vascular perme-
ability (16, 49, 68). However, the role of these miRNAs in
hantavirus infection of ECs remains to be defined.

ANDV infection of ECs resulted in a dramatic 3,400-fold
downregulation of miR-410 (Fig. 1B). The function of miR-410
is just beginning to be disclosed, and this miRNA has not been
studied in ECs. However, knockdown of miR-410 decreases
cellular secretion, while increased miR-410 appears to increase
secretory responses (29). At this point it is unclear whether
secretion is impaired in ANDV-infected ECs or whether de-
creased or aberrant secretion might play a role in regulating
cellular activation or immune recognition of ANDV-infected
ECs. However, the dramatic reduction in miR-410 suggests
that downregulating this prominently expressed endothelial
miRNA may play an important role in the success of hantavi-
ruses within their unique EC niche. This provocative finding
may prove interesting as specific miR-410 targets are defined
and the role of miR-410 in regulating EC functions is dis-
closed.

Microarray analysis further revealed a 129-fold decrease in
miR-218 in ANDV-infected ECs (Fig. 1B). A recent paper has
determined that miR-218 specifically downregulates the ex-
pression of Robo1, a cell surface receptor that enhances an-
giogenesis by inhibiting the normal VEGF regulatory re-
sponses of another EC receptor, Robo4 (1, 59, 63). Robo4
normally stabilizes the vasculature by counteracting VEGF
signaling responses that result in EC hyperpermeability (1, 37).
In contrast, increased Robo1 expression results in the forma-
tion of heterodimeric Robo1-Robo4 complexes which decrease
cell-cell adherence and enhance EC migration (8, 34, 59, 66).
This finding suggests that in ANDV-infected ECs, decreased
miR-218 levels may enhance VEGF-directed permeability by
increasing Robo1 and thereby decreasing Robo4 regulation.
However, roles for miR-218, Robo1, and Robo4, in the en-
hanced VEGF-directed permeability of ANDV-infected ECs,
require further investigation.

Similarly, miR-126 is an EC-specific miRNA which regulates
VEGF-induced vascular permeability by repressing the expres-

sion of SPRED1 (15, 16, 67). SPRED1 induces actin turnover
and is tied to the increased paracellular permeability of ECs.
SPRED1 functions by binding TESK1 and blocking TESK1
phosphorylation of cofilin (15, 36). Unphosphorylated cofilin
increases the disassembly of actin filaments, resulting in the
internalization of VE-cadherin and the disassembly of adher-
ens junctions that maintain a paracellular fluid barrier (62, 67,
68). In fact, overexpressing SPRED1 or knocking out miR-126
results in EC permeability in response to VEGF (15, 36, 67).
Curiously, we observed only a small increase in miR-126 (2-
fold) within ANDV-infected ECs, but this did not result in a
decrease in SPRED1 mRNA levels. In fact, counter to in-
creased miR-126 levels, we observed a 10-fold increase in
SPRED1 mRNA following ANDV infection (Fig. 4), which is
consistent with the enhanced permeability of ANDV-infected
ECs (Fig. 2).

Decreased cofilin phosphorylation within ANDV-infected
ECs compared to TULV-infected ECs (Fig. 5) was also con-
sistent with observed increases in SPRED1 and suggested that
ANDV interfered with normal miR-126 regulation of SPRED1
following infection. In fact, the response to SPRED1 overex-
pression is similar to the enhanced permeability of ECs in-
fected by pathogenic hantaviruses (15, 20). When we analyzed
the effect of SPRED1 downregulation on the permeability of
ANDV-infected cells, we found that SPRED1 siRNAs both
reduced SPRED1 mRNA levels (Fig. 6A) and inhibited EC
permeability following ANDV infection (Fig. 6B). Increased
SPRED1 levels in ANDV-infected ECs may increase cofilin
activity and enhance adherens junction disassembly responses
(15, 16, 26, 36). These data demonstrate that increased
SPRED1 contributes to the permeability of ANDV-infected
ECs. As a result, our findings link alterations in cellular VEGF
responses to a potential mechanism for the enhanced paracel-
lular permeability of hantavirus-infected ECs.

A new paper also ties miR-503 to altered regulation of
cofilin responses, and thereby decreased adherence junction
stability, within ANDV-infected ECs (35, 44). ANDV infection
resulted in a 77-fold decrease in miR-503 within ECs (Fig. 1B
and 2), and miR-503 regulates the expression of cyclin D1 (35).
While cyclin D1 knockouts display increased cellular adher-
ence, increased cyclin D1 expression decreases cellular adher-
ence and enhances cell migration by inhibiting Rho/ROCK
signaling responses (44). LIM kinase, which phosphorylates
cofilin, is a key ROCK substrate, and, thus, a reduction in
miR-503 levels could also contribute to the enhanced cofilin
activity and enhanced EC permeability observed in ANDV-
infected ECs (44). These findings suggest that additional
miRNAs may contribute to hantavirus-induced EC perme-
ability and provide additional targets for therapeutic con-
sideration (44).

Our results indicate that ANDV interferes with both
miRNA expression and the ability of miRNAs to regulate their
cognate target mRNAs within ECs. The ability of the hanta-
virus nucleocapsid protein to bind RNA and localize to cyto-
plasmic P bodies (46) provides a potential means for the nu-
cleocapsid protein to interfere with the function of miR-126,
and other miRNAs, within ANDV-infected ECs. However, the
ability of the hantavirus nucleocapsid protein or other viral
proteins to regulate miRNA functions remains to be explored.

Collectively, these studies suggest the potential for blocking
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hantavirus-induced EC permeability at several cellular points.
miRNAs and mRNAs may be targeted for regulation and
contribute to reducing EC permeability in response to ANDV
infection (20). In addition, SPRED1, TESK1, and VE-cad-
herin responses (26), as well as other pathway specific targets
that regulate VEGF-induced signaling responses (20), may
also be considered potential therapeutic targets for reducing
hantavirus-induced permeability and restoring EC barrier
functions.
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