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Intestinal Epithelial Barrier Disruption through Altered Mucosal
MicroRNA Expression in Human Immunodeficiency Virus and Simian
Immunodeficiency Virus Infections

Christopher A. Gaulke,® Matthew Porter,® Yan-Hong Han,® Sumathi Sankaran-Walters,? Irina Grishina,® Michael D. George,?
Angeline T. Dang,®* Shou-Wei Ding,® Guochun Jiang,? lan Korf,” Satya Dandekar®

Department of Medical Microbiology and Immunology, University of California, Davis, California, USA% Genome Center, University of California, Davis, California, USA®;
Department of Plant Pathology and Microbiology and Institute for Integrative Genome Biology, University of California, Riverside, California, USA®

ABSTRACT

Epithelial barrier dysfunction during human immunodeficiency virus (HIV) infection has largely been attributed to the rapid
and severe depletion of CD4" T cells in the gastrointestinal (GI) tract. Although it is known that changes in mucosal gene expres-
sion contribute to intestinal enteropathy, the role of small noncoding RNAs, specifically microRNA (miRNA), has not been in-
vestigated. Using the simian immunodeficiency virus (SIV)-infected nonhuman primate model of HIV pathogenesis, we investi-
gated the effect of viral infection on miRNA expression in intestinal mucosa. SIV infection led to a striking decrease in the
expression of mucosal miRNA compared to that in uninfected controls. This decrease coincided with an increase in 5'-3'-exori-
bonuclease 2 protein and alterations in DICER1 and Argonaute 2 expression. Targets of depleted miRNA belonged to molecular
pathways involved in epithelial proliferation, differentiation, and immune response. Decreased expression of several miRNA
involved in maintaining epithelial homeostasis in the gut was localized to the proliferative crypt region of the intestinal epithe-
lium. Our findings suggest that SIV-induced decreased expression of miRNA involved in epithelial homeostasis, disrupted ex-
pression of miRNA biogenesis machinery, and increased expression of XRN2 are involved in the development of epithelial bar-
rier dysfunction and gastroenteropathy.

IMPORTANCE

MicroRNA (miRNA) regulate the development and function of intestinal epithelial cells, and many viruses disrupt normal host
miRNA expression. In this study, we demonstrate that SIV and HIV disrupt expression of miRNA in the small intestine during
infection. The depletion of several key miRNA is localized to the proliferative crypt region of the gut epithelium. These miRNA
are known to control expression of genes involved in inflammation, cell death, and epithelial maturation. Our data indicate that
this disruption might be caused by altered expression of miRNA biogenesis machinery during infection. These findings suggest
that the disruption of miRNA in the small intestine likely plays a role in intestinal enteropathy during HIV infection.

H uman immunodeficiency virus (HIV) infection leads to pro-  cell death (10). Alterations in miRNA expression are a well-char-
gressive loss of CD4™ T-helper cells in the peripheral blood.  acterized arm of the host immune response to pathogens, and
However, the onset of CD4 " T cell loss is more rapid and severein  several studies have suggested that miRNA play a role in HIV
the gastrointestinal tract during the early stages of HIV infection,  pathogenesis (11-14). Nevertheless, most of these studies have
which contributes to the persistence of immune activation and  utilized transformed cell lines or peripheral blood mononuclear
viral reservoirs (1, 2). In the simian immunodeficiency virus cells (PBMCs) in vitro, while alterations in miRNA expression at
(SIV)-infected nonhuman primate model of AIDS, early loss of  mucosal sites during viral infections are underinvestigated.
CD4" T cells and disruption of the gut epithelial barrier havebeen  MicroRNA regulate homeostasis and innate immune response in
well characterized and have enabled investigations of the mecha-  the gastrointestinal (GI) tract, and defects in the GI epithelial bar-
nisms of HIV-associated enteropathy (3). Rapid changes in the  rjer integrity and nutrient malabsorption have been linked to dis-

gut T cell homeostasis and disruption of the intestinal epithelial rupted miRNA expression (15, 16). However, the impact of HIV
barriers early during HIV and SIV infections involve multiple

complex signaling pathways and gene networks (4, 5) which man-

ifest as nutrient malabsorption, diarrhea, and increased suscepti- Received 13 January 2014 Accepted 14 March 2014

bility to opportunistic enteric infections (6-8). Although changes T e e e e

in the gene expression associated with metabolism, cell cycle con- Editor: G. Silvestri

tI'Ol, and cell gI'OWth in the gut mucosa during HIV and SIV infec- Address correspondence to Satya Dandekar, sdandekar@ucdavis.edu.

tions have been described, the molecular mechanisms responsible * Present address: Angeline T. Dang, Department of Microbiology, Immunology,

for rapid alteration of gene expression and the onset of gastroin- and Molecular Genetics, University of California, Los Angeles, California, USA.

testinal dysfunction have not been fully elucidated (4, 5). Supplemental material for this article may be found at http://dx.doi.org/10.1128
MicroRNA (miRNA) are small noncoding RNA that regulate /IVI.00097-14.

gene expression by inducing degradation or preventing transla- Copyright © 2014, American Society for Microbiology. All Rights Reserved.

tion of their mRNA targets (9). Many miRNA regulate essential doi:10.1128/JV1.00097-14

cellular processes such as cell proliferation, differentiation, and
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TABLE 1 Animal infections and immunological data“

SIV Infection Dampens Mucosal MicroRNA Expression

Length of Gut viral load Plasma viral load % of CD4™ Blood CD4™*
Group ID infection (wks) (copies/pg RNA) (copies/ml plasma) T cells (gut) T cell count (cells/pl)
SIV negative 33675 NA NA NA 46.8 886
33832 NA NA NA 53.4 2,736
34186 NA NA NA 42.6 816
34249 NA NA NA 51.1 695
35049 NA NA NA ND ND
36782 NA NA NA 54.3 716
37361 NA NA NA 40.7 ND
37467 NA NA NA 59.0 407
37753 NA NA NA 21.1 ND
38498 NA NA NA 28.0 1,031
39114 NA NA NA 67.1 1,099
Chronic 34967 10 1,373 3,103 11.6 361
35375 10 274,789 2,812 2.6 776
35470 10 347,559 1,076 6.1 960
35804 10 553 2,779 2.3 584
34030 23 165,234 4,080 8.0 2,706
30085 26 1,477,824 270 0.7 353
34084 27 603 18,553 2.8 238
34686 27 125 1,844 1.6 209
34785 27 2,261 10,272 1.0 87
34829 27 20,649 170,703 19.4 509
35075 27 250 37,682 1.9 694
35088 27 249 5,687 4.9 160
31353 28 164,544 849,000 14.0 714
Primary 23930 2 134,149 ND 51.1 ND
25605 2 97,670 ND 7.5 ND

“NA, not applicable; ND, no data.

infection on mucosal miRNA expression and the downstream ef-
fects on gut epithelial barrier integrity, GI physiology, and func-
tion are unknown.

In the present study, we investigated the effects of HIV infec-
tion on miRNA expression in the GI tract using the STV model of
HIV pathogenesis and analyzed changes in miRNA expression pat-
terns in the context of viral pathogenesis. We found that mucosal
miRNA expression was nearly globally decreased in SIV-infected rhe-
sus macaques. Decreased miRNA expression was associated with in-
creased protein expression of 5'-3’-exoribonuclease 2 (XRN2) and
disrupted expression of enzymes, such as DICER1 and Argonaute
2 (AGQO2), involved in miRNA biogenesis. Interestingly, the de-
creased expression of miRNA was localized to the basal crypt re-
gion of the intestinal epithelium and was associated with pathways
involved in epithelial differentiation, defense, and proliferation.
Our findings indicate that the loss of miRNA might be involved in
the onset of the virus-associated enteropathy.

MATERIALS AND METHODS

Animals, infections, and sample collection. Adult male rhesus macaques
(n = 26) were bred and housed at the California National Primate Re-
search Center (CNRPC). Animals (# = 15) were intravenously inoculated
with 1,000 50% tissue culture infective doses (TCID5,) of SIV, . »5;. None
of the SIV-infected animals used for these studies received antiretroviral
therapy. Eleven animals were used as SIV-negative controls (Table 1).
Animals were necropsied during the primary (2 weeks postinfection) or
chronic (10 to 26 weeks postinfection) stage of SIV infection, and periph-
eral blood and intestinal tissue samples were collected. Part of the intesti-
nal tissue was used for isolating lamina propria lymphocytes (LPL) for
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flow cytometric analysis, and the remaining tissue samples were flash
frozen and stored at —80°C (17). Peripheral blood samples were pro-
cessed immediately, and plasma viral load was determined (see below).
The distribution of the T cell subsets in isolated PBMCs and LPL was
determined by flow cytometry as previously described (17). Animal stud-
ies were performed under Institutional Animal Care and Use Committee
(IACUCQ)-approved protocols (12227 and 13049).

Human subjects, sample collection, and clinical parameters. Periph-
eral blood samples and small intestinal biopsy specimens were obtained
from HIV-infected antiretroviral therapy-naive individuals (n = 5) and
from HIV-negative healthy individuals (n = 4). Participants were Cauca-
sian males 28 to 57 years of age. HIV-infected individuals were enrolled in
the study using the following criteria: depletion of CD4™ T cells in the
gastrointestinal mucosa (percentage of CD4™ T cells of <10%), viral load
of >10,000 HIV-1 RNA copies/ml of plasma, antiretroviral therapy naive,
and length of infection of >1 year with no current opportunistic or other
infections. Small intestinal biopsy samples were collected by upper endos-
copy and immediately cryopreserved for transcriptional analysis. A por-
tion of gut biopsy specimen was collected in RPMI 1640 medium (Invit-
rogen) for cell isolation and flow cytometric analysis. Peripheral blood
samples were also collected at the time of the endoscopy. Cell isolations,
immunostaining, and flow cytometric analysis were performed as previ-
ously described (18). Participants were enrolled using written informed
consent as approved by the University of California, Davis, Institutional
Review Board.

Viral load measurements. STV RNA levels in the intestinal tissue and
plasma samples were determined using real-time PCR (RT-PCR). Briefly,
RNA was isolated from tissues (Qiagen RNeasy kit) and plasma samples
(Qiagen viral RNA kit) and reverse transcribed using the superscript ITI kit
(Invitrogen) according to the manufacturer’s protocol for tissue samples.
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Primers and probes specific for SIV (19) or HIV (5) were used to deter-
mine viral RNA levels in both the tissue and plasma using RT-PCR. Flu-
orescent signal was detected using an Applied Biosystems Prism 7900
sequence detector system, and the data were analyzed with the Sequence
Detector Software (SDS). The copy numbers of viral RNA were deter-
mined by plotting sample threshold cycle (C;) values against a regression
curve of known viral RNA values in the plasma. In the tissue, copies/.g of
RNA was determined by first normalizing the C; values to an internal
control, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and then
comparing the C; values against a regression curve of known values.

Gene expression analysis using DNA microarrays. RNA was isolated
using the RNeasy RNA isolation kit (Qiagen, Valencia, CA) from frozen
jejunum tissue samples. Amplification of mRNA, labeling, hybridization
of samples to rhesus macaque whole-genome GeneChips (Affymetrix,
Santa Clara, CA), staining, and scanning were performed (according to
the Affymetrix GeneChip Expression Analysis Technical Manual) at the
Host-Microbe System Biology Core at the University of California, School
of Medicine, as described previously (20). Statistical analysis of microar-
ray data was performed using the Partek Genomic Suite software, version
6.6. A cutoff of =1.5-fold change in gene expression was used to identify
genes for analysis of hierarchical clustering patterns and for downstream
biofunctional assessment using Ingenuity Pathway Analysis (IPA) soft-
ware. From our previous experience and based on the published litera-
ture, we used a 1.5-fold change cutoff for the analysis of the gene expres-
sion data because it gives sufficient information and generates a large data
set to be used for downstream pathway analysis. Moreover, changes in
gene expression at this level have been demonstrated to be biologically
significant (21, 22).

Small RNA sequencing and bioinformatic analysis. RNA was iso-
lated from intestinal tissue samples using the mirVana (Ambion) miRNA
isolation kit according to the manufacturer’s protocol for isolation of
enriched small RNA (<200 nucleotides [nt]). The quantity of RNA in the
small RNA fraction was quantified using the Bioanalyzer 2100 (Agilent).
Small RNA, approximately ~15 to 30 nt, were isolated by PAGE, and
Solexa adaptors were ligated to the 3" and 5’ ends of the molecules. The
small RNA molecules were amplified using the adaptor primers for 17
cycles, and fragments of approximately 90 bp (small RNA plus adaptors)
were isolated by agarose gel electrophoresis. The purified DNA was then
used for cluster generation and sequence analysis using the Illumina Ge-
nome Analyzer (Illumina, San Diego, CA, USA) according to the manu-
facturer’s instructions.

Reads present in the sequenced libraries were filtered for quality and
trimmed to remove adaptor and linker sequences (23). Trimmed reads
were aligned to mature macaque miRNA records present in miRBase (24—
27) using BLAST (28). The percentage of reads that mapped elsewhere in
the macaque genome was determined by aligning the reads that did not
map to the miRNA signatures in miRBase to the macaque genome.

Real-time PCR. Total RNA was isolated from intestinal tissue using
the mirVana (Ambion) total RNA isolation kit. Ten nanograms of total
RNA was used to generate cDNA with the TagMan microRNA reverse
transcription kit (Applied Biosystems). TagMan miRNA primer probes
(Applied Biosystems) specific for mature miRNA were used for RT-PCR
ona Viia7 PCR and detection instrument. Samples were normalized using
the endogenous U6 control gene. Unpaired two-tailed Student’s ¢ tests
were performed to determine statistically significant differences in
miRNA expression between groups.

Human miRNA TLDA. Total RNA was extracted from human jeju-
num biopsy specimens as described above using the mirVana total RNA
extraction protocol. Eight hundred nanograms of total RNA was reverse
transcribed using the TagMan microRNA reverse transcription kit and
human Megaplex pool A miRNA primers according to the manufacturer’s
protocol (Applied Biosystems). Reverse transcribed samples were com-
bined with TagMan universal master mix (Applied Biosystems), loaded
onto the human microRNA A v2.0 TagMan low-density array (TLDA)
cards, and run on the Applied Biosystems Prism 7900 sequence detec-
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tion system according to the manufacturer’s protocol. Data were ana-
lyzed using the SDS suite and heatmaps, and clustering was performed
using R (29).

miRNA target pathway analysis and network generation. Selected
miRNA were imported in the Cytoscape 2.8 (30), and the CyTargetLinker
2.0 plugin was used to display predicted miRNA targets for these miRNA
using two regulatory interaction networks (RINs), TargetScan (31) and
MicroCosm. Predicted miRNA target lists generated in this manner were
then imported into DAVID pathway analysis software (32, 33) for path-
way and GO enrichment analysis. The CyTargetLinker 2.0 plugin was
used to import validated miRNA targets of selected miRNA using two
RINs, Tarbase (34) and mirRecords (35), and pathway analysis was per-
formed as described above.

Laser capture microdissection. Sections of optimal cutting tempera-
ture (OCT) compound-embedded unfixed 5-pwM-thick rhesus macaque
intestinal tissue sections were placed on polyethylene naphthalate (PEN)
membrane slides and hematoxylin and eosin (H&E) stained as previously
described (36). Stained slides were subjected to microdissection using the
ArctutusXT laser microdissection system. Epithelial cells were captured
from the differentiated villus epithelium compartment and proliferative
crypt epithelial compartment. Villus epithelial cells were collected by dis-
section of cells from the villus tip to approximately halfway down the
length of the villus. Epithelial cells were also collected at the base of the
crypts. Total RNA was isolated from captured cells using the RNAqueous
microkit according to the manufacturer’s protocol. Real-time PCR was
performed as described above to measure microRNA levels for each ex-
perimental group using U6 as the endogenous control and fold change
calculated using the AC; method. Statistically significant differences be-
tween groups were determined using unpaired two-tailed Student’s ¢ tests.

Protein expression analysis. Whole jejunum tissue was homogenized
in RIPA buffer (Sigma catalog no. R0278) containing proteinase inhibitor
(Calbiochem catalog no. 539134; 1:100) using the MagNalyser instrument
(Roche). Protein concentration was assessed using the Coomassie Plus
protein assay (Thermo), and 90 g of protein was loaded onto 10% TGX
protein gels (Bio-Rad). Gels were run with constant voltage at 100 V for
1.5 h and then transferred overnight to polyvinylidene difluoride (PVDF)
membranes (Bio-Rad). The membranes were blocked with 5% dry nonfat
milk and probed with anti-DICER1 (Abcam; ab5818), AGO2 (Abcam;
ab32381), XRN2 (Abcam; ab72181), or GAPDH (Cell Signaling Technol-
ogy; 2118). Blots were washed and then probed with goat anti-rabbit IgG
conjugate horseradish peroxidase (HRP) (Abcam; ab97051), developed
with Western Lightning Plus enhanced chemiluminescence reagent
(PerkinElmer), and visualized using a BioSpectrum AC imaging system
(UVP) and Labworks software (UVP; v4.6.0). Densitometric analysis was
performed for each protein using Image J and is expressed as a ratio of
protein to GAPDH (protein/GAPDH) (37).

Microarray data accession number. The microarray data set has been
deposited in the Gene Expression Omnibus (GEO) under accession no.
GSE55359.

RESULTS

Decrease in miRNA expression and repertoire diversity in the
gut mucosa during SIV infection. To determine the impact of STV
infection on the expression of intestinal miRNA, we sequenced
small RNA libraries from jejunum tissues of rhesus macaques in
the chronic stages of SIV infection. The miRNA reads were filtered
for quality and aligned against known macaque miRNA sequences
present in miRBase using BLAST (24). An average of 9.7 million
reads per library mapped to the miRNA signatures present in
miRBase (range, 7.6 to 12.0 million reads). We found a total of 523
miRNA sequences represented by one or more reads in at least one
library. Consistent with previous studies, several miRNA and
miRNA families such as the miRNA 143, 200, and let-7 families
were highly expressed in the small intestine (15, 38). Despite the
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FIG 1 Decline in microRNA expression and diversity in the gut mucosa during chronic SIV infection. (A) MicroRNAs were isolated from intestinal tissue of
chronically SIV-infected rhesus macaques (n = 3; red bars) and a SIV-negative healthy control (n = 1; green bars), sequenced, quantitated, and aligned to
macaque miRNA records in miRBase using BLAST. (B) Bar graphs depict the number of miRNA sequences mapping to the macaque genome in each sample. (C)
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large number of miRNA expressed in the jejunum tissue of rhesus
macaques, five miRNA, miR-143, -194, -21, -145, and let-7f, ac-
counted for over 60% of the reads that aligned to the reference
database in the negative-control animal. In contrast, the miRNA
composition in the gut mucosa of SIV-infected animals was less
diverse, with only one miRNA, miR-143, comprising >75% of
aligned reads (Fig. 1B).

To determine how SIV influenced miRNA expression in the GI
tract during infection, we identified all miRNA expressed above a
cutoff of 100 reads per million reads aligned to the reference (RPM).
The cutoff of 100 RPM was used, as a recent study reported that
miRNA expressed below this threshold are unlikely to be functionally
relevant (39). In total, 131 miRNA were expressed above the selected
cutoffin the SIV-negative control, while only an average of 88 (range,
79 to 97) miRNA passed the criteria in samples from animals with
chronic SIV infection. The decrease in the number of miRNA meet-
ing the expression cutoff provides further evidence that SIV infection
results in a decrease in the miRNA repertoire in the gut. Of the 20
most highly expressed miRNA, miRNA expression was decreased for
all but two during chronic infection. This trend of decreased expres-
sion was mirrored for nearly all of the miRNA expressed above cutoffs
during the chronic stages of SIV infection (Fig. 1A and C). Similar
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5-fold during chronic SIV infection is shown.

trends were observed in the primary stage of infection, but miRNA
decreases at this time point were more variable (see Fig. S1 in the
supplemental material).

To validate the sequencing findings and further investigate SIV-
induced miRNA depletion during infection, we measured the levels
of several miRNA using real-time PCR (RT-PCR). We selected
miRNA for validation based on their medium to high baseline ex-
pression and potential role in maintenance of epithelial homeostasis.
Real-time PCR demonstrated reduced expression of miRNA 26a,
29a, 199a, 429, 16, 194, and 200c during SIV infection, which was
consistent with the miRNA sequencing data (Fig. 2A to G).

To determine if miRNA depletion was a feature shared be-
tween SIV and HIV infection in the GI tract, we examined miRNA
expression in the jejunal biopsy specimens from HIV-infected pa-
tients and HIV-negative controls. Gut biopsy specimens were col-
lected by upper endoscopy. Total RNA was extracted from jejunal
biopsy specimens from HIV-infected (n = 2) and HIV-negative
(n = 2) individuals, and miRNA profiling was performed using
TagMan low-density array (TLDA) cards (Table 2). TagMan low-
density arrays multiplex hundreds of TagMan assays on a single
plate, allowing the user to interrogate the expression of a large
number of miRNA simultaneously. The data generated from this
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FIG 2 Validation of decreased expression for selected miRNA during chronic SIV infection by quantitative PCR. Reductions in the levels of seven miRNA that
showed high to medium expression by sequencing were analyzed and validated in a larger group of chronically SIV-infected macaques (n = 5) and healthy
uninfected controls (n = 5) using quantitative real-time PCR. P values of =0.05 are denoted by * and <0.01 by **. Error bars indicate the standard errors of the

means.

assay were analyzed using the SDS suite and R. After the removal
of low-expressing miRNA, the data were clustered using R. Al-
though there was increased variability in the HIV-infected human
patients compared with that of SIV-infected macaques, there was
still a clear trend of decreased mature miRNA expression in the
jejunum during HIV infection (Fig. 3A). As in macaques, the
TLDA cards showed a clear decrease in miR-16, -194, and -200c
during infection. The analysis was extended to an expanded pa-
tient cohort, including the original four samples, to validate the
decrease in miRNA expression in the HIV-positive patients (Table
2). Using real-time PCR, we confirmed decreased expression of
miRNA 16, 194, and 200c¢ in jejunal biopsy specimens from HIV-
infected patients, although only miRNA 194 and 200c reached
statistical significance (Fig. 3B to D). Collectively, our findings
show SIV/HIV infection results in widespread decreases in

TABLE 2 Patient data and clinical parameters”

miRNA expression and repertoire diversity in gut mucosa, and
these changes might begin within the first several weeks of infec-
tion.

SIV infection disrupts the expression of miRNA biogenesis
and degradation machinery. Consistent with our observations,
previous studies have shown that depletion of miRNA processing
enzymes or increased expression of miRNA exonucleases results
in widespread decreases in miRNA expression (40-43). To deter-
mine whether SIV infection altered expression of miRNA process-
ing or degrading enzymes, we investigated the expression of three
key proteins, AGO2, DICERI, and XRN2, using Western blot
analysis. DICER1 is an essential miRNA processing enzyme which
cleaves pre-miRNA structures into mature miRNA and helps load
them into the RNA-induced silencing complex; hence, DICER1
depletion results in decreased mature miRNA expression (15).

HIV Blood CD4™ T cell Viral load % of CD4 T Age Length of infection
ID status count (cells/pl) (copies/ml plasma) cells (gut) Gender (yrs) Ethnicity (yrs postdiagnosis)
1° HIV— ND NA ND M 39 White NA
65" HIV— 634 NA 58.0 M 38 White NA
177 HIV— 789 NA 39.9 M 39 White NA
215 HIV— 380 NA 39.4 M 57 White NA
207 HIV+ 294 246,000 5.0 M 45 White 1
29° HIV+ 34 5,000 1.0 M 33 White 3
154 HIV+ 581 187,000 6.9 M 33 White 1
173 HIV+ 57 >750,000 2.1 M 29 White 4
193 HIV+ 274 370,453 1.6 M 28 White 3

“ND, no data; NA, not applicable; M, male.
b Used for both TLDA cards and RT-PCR.
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FIG 3 Intestinal miRNA expression is reduced in chronically HIV-infected patients. (A) Hierarchical clustering of miRNA expression as detected by quantitative
PCRin HIV-infected (n = 2) and HIV-negative (n = 2) patients. (B to D) As observed in SIV infection, the expression of miR-16, -194, and -200c is significantly
reduced in the gut mucosa of HIV-infected patients (n = 5) compared to that of HIV-negative controls (n = 4). Statistical significance was determined using
Student’s ¢ test. P values of =0.05 are denoted by *, and error bars indicate standard errors of the means.

Surprisingly, the expression of full-length Dicer protein (flDicer)
increased during chronic infection (Fig. 4A). However, in addi-
tion to the ~250-kDa DICERI band, we also observed a smaller
~95-kDa immunoreactive band (sDicer) which was significantly
increased during SIV infection. Previous studies have linked a
band of this size to a truncated form of DICER1 which inhibits
normal processing of miRNA (44). Although the exact identity of
this band is unknown, it is tempting to speculate that, as in previ-
ous studies, this band represents a truncated form of DICER1 that
inhibits miRNA processing, leading to decreased accumulation of
mature miRNA.

We investigated the expression of AGO2, which binds mature
miRNA and facilitates silencing of gene expression. Depletion of
Argonaute proteins results in decreased accumulation of mature
miRNA and disruption of RNA silencing (40). We observed a
slight decrease in AGO2 protein expression, in the jejunum during
chronic infection (Fig. 4B). However, it is unclear what effect a
slight decrease in AGO2 would have on miRNA expression.

In addition to alterations in miRNA biogenesis machinery, the
observed decreases in miRNA expression could be due to in-
creased mature miRNA turnover. MicroRNA turnover is facili-
tated by a class of exoribonucleases, one of which, XRN2, is asso-
ciated with the dislodging of miRNA from AGO2 and degradation
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of mature miRNA (41). The expression of XRN2 was strongly
increased in the jejunum during chronic SIV infection (Fig. 4C).
An increase in XRN2 would be predicted to increase miRNA turn-
over and decrease mature miRNA expression. Taken together,
these data suggest that SIV infection results in disruption of
miRNA expression machinery and that the widespread miRNA
depletion during infection is likely to be multifactorial.

SIV infection causes changes in gut mucosal gene expression.
To characterize the impact of SIV on the regulatory gene networks
responsible for the intestinal mucosal epithelium integrity and
immune response, DNA microarray analysis was performed on
gut tissue samples from SIV-infected rhesus macaques and SIV-
negative healthy controls. Pathway analysis of the data set identi-
fied several molecular pathways that were enriched for genes al-
tered during viral infection, many of which were associated with
mucosal immune response and inflammation (Fig. 5A and B). In
addition, several pathways associated with epithelial cell homeo-
stasis, differentiation, and innate immune response were also en-
riched for differentially regulated genes in SIV-infected animals
(Fig. 5B). These data demonstrate that SIV infection alters the
expression of genes that are critical to the maintenance of the gut
epithelial compartment as well as for generating inflammatory
immune responses.
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Loss of miRNA expression in SIV infection is localized to the
proliferative crypts of the intestinal epithelium. Previous re-
ports have uncovered an essential role for miRNA in the regula-
tion of epithelial cell function, proliferation, and differentiation in
the gut (15, 45). Thus, we reasoned that decreased expression of
miRNA might play a role in the impaired gut epithelial cell growth
and development during SIV infection. To identify the epithelial
compartment most affected by the miRNA suppression during
SIV infection, we utilized laser capture microdissection to capture
intestinal epithelial cells from the differentiated epithelium in the
ascending villus region (Fig. 6A) and the proliferative epithelium
in the crypt region (Fig. 6C). We selected three miRNA, miR-16,
-200c, and -194, for miRNA expression analysis. These three
miRNA were selected because they were all highly expressed in the
miRNA libraries and all had previously been associated with reg-
ulation of epithelial cell processes (46-48). Expression of miRNA
16, 194, and 200c was measured in isolated epithelial cells from the
villus and crypt regions using real-time PCR. Interestingly, ex-
pression of all three miRNA was significantly decreased in the
crypt region, while the expression level was highly variable in the
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villus epithelial cells during SIV infection (Fig. 6B and D). There-
fore, our data showed that SIV infection caused decreased miRNA
expression in the crypt epithelium, which might contribute to the
dysfunction in the epithelial barrier integrity and function. Our
findings highlight potentially an important role of the crypt epi-
thelium in the gut mucosal response to the viral infections.
Targets of gut mucosal miRNA regulate intestinal homeosta-
sis, proliferation, and development. To investigate the potential
effects of depletion of miRNA in crypt epithelial cells, we deter-
mined potential targets of highly expressed intestinal miRNA. As
we observed the decrease in miRNA 16, 194, and 200c in crypt
epithelial cells, and many miRNA have thousands of potential
predicted targets, we focused our search to only these three
miRNA. Selected miRNA and validated targets of these miRNA
were imported into Cytoscape using the CyTargetLinker plugin
(30). The CyTargetLinker plugin allows for the import of several
miRNA targets and generates interaction networks based on these
predicted and validated miRNA targets. The targets of these
miRNA were then exported to DAVID for pathway analysis. Path-
way analysis revealed that the validated targets of these miRNA

Journal of Virology


http://jvi.asm.org

G/9€e
cr8ee
6vere
G800¢
€aele
0€0¥e

SIV-

SIV+
Low High

Relative
Expression

SIV Infection Dampens Mucosal MicroRNA Expression

B #Genes
0 20

Communication between Innate
and Adaptive Immune Cells

Role of PRRs in Recognition of
Bacteria and Viruses

IL-6 Signaling
Dendritic Cell Maturation

LPS/IL-1 Mediated Inhibition of
RXR Function

T Helper Cell Differentiation

Cytokine Production in
Intestinal Epithelial Cells

Chemokine Signaling
IL-17 Signaling
Interferon Signaling
Granzyme A Signaling
TGF-B Signaling

IL-3 Signaling

Whnt/B-catenin Signaling

Epithelial Adherens Junction O

Signaling
01 2 3 4 5
-log(p value)

FIG 5 Chronic SIV infection alters the expression of genes regulating gut epithelial barrier integrity and function. (A) Changes in gut mucosal gene transcription
of =1.5-fold compared to uninfected controls were determined by microarray in SIV-infected macaques and subjected to hierarchical clustering to identify
similar patterns of up- and downregulation. Relative transcription levels are displayed from highest (red color) to lowest (green color). Broad relationships
between groups of genes are further indicated by the dendrogram on the left of the heatmap. (B) Pathway analysis of the clustered genes showing that SIV
infection impacts molecular pathways that regulate epithelial maintenance, differentiation, and defense. Horizontal bars reflect the number of genes upregulated
(red color) or downregulated (green color) per each functional category/molecular network listed, and the P value is indicated for each bar by a gray circle on the

line graph.

belonged to pathways involved in cell cycle control and cancer
(Fig. 7B). Several validated targets were also found in important
innate defense pathways, such as epithelial cell signaling in Heli-
cobacter pylori infection, NOD-like receptor signaling pathway,
and mitogen-activated protein kinase (MAPK) signaling pathway
(Fig. 7A and B and Table 3). Moreover, many of the mRNA targets
of these miRNA, such as JUN, WNT3A, and NFKBI, are known to
be critically important in these pathways, and disruption of the
expression of these genes would have far-reaching impacts in the
gut mucosa.

Next, the predicted targets were exported and analyzed as de-
scribed above. Since most miRNA target programs predict hun-
dreds or thousands of individual targets for each miRNA, we con-
sidered only miRNA targets that were present in the RNA
interaction databases of both the TargetScan and microCosm al-
gorithms. This analysis yielded results similar to the pathway anal-
ysis for validated targets identifying enrichment of predicted
miRNA targets in cell cycle, immune response, epithelial develop-
ment, and differentiation pathways (Fig. 7C and Table 4). Three
pathways, enriched in predicted miRNA targets, transforming
growth factor beta (TGF-), WNT, and NOTCH signaling, are
essential for normal epithelial growth and development in the gut
(49-51). Interestingly, the TGF- and WNT signaling pathways
were also modulated during chronic SIV infection (Fig. 6B and C).
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Collectively, our data demonstrate that both predicted and vali-
dated targets of miRNA, such as miR-16, -194, and -200c, belong
to pathways involved in epithelial growth and development. Thus,
SIV infection may alter epithelial programming and growth
through the modulation of miRNA expression.

DISCUSSION

Previous studies have shown that HIV infection leads to distinct
changes in miRNA expression profiles in cell lines and PBMCs
from HIV-infected patients (14, 52-55). MicroRNA have also
been reported to disrupt viral replication and are thought to be
involved in establishing viral latency (11, 14, 56). Others have
found that miRNA are associated with HIV-induced central ner-
vous system disease (54, 57). In this study, we investigated the
impact of SIV and HIV infection on expression of miRNA in the
small intestine. We found that SIV infection results in the deple-
tion of most mucosal miRNA through dysregulation of miRNA
biogenesis machinery and that this depletion starts within the first
2 weeks of infection. In addition, this decrease in miRNA expres-
sion was not restricted to SIV-infected rhesus macaques but was
also observed in HIV-infected jejunum tissue.

Widespread depletion of miRNA has been reported in PBMCs
of HIV-infected patients and infected cell lines (53, 55). These
studies found that miRNA depletion was likely due to the inflam-
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matory environment and not direct infection of T cells (55).
Chronic inflammation and increased immune activation in the GI
tract during HIV/SIV infection has previously been reported, and
it is possible that this is a contributing factor in decreased miRNA
expression (18, 58). In the present study, we sought to correlate
viral loads, CD4* T cell depletion, and immune activation with
loss of specific miRNA expression. Although our sample size was
not optimal for detecting these relationships, we found that miR-
429 expression was negatively correlated with gut viral loads,
while miR-26a expression was negatively correlated with periph-
eral blood CD4" T cell numbers (data not shown). Further inves-
tigations are needed to determine relationships that exist between
CD4" T cell numbers, viral loads, immune activation, and
miRNA expression.

Global miRNA depletion has been previously reported in the
context of tissue injury, tissue regeneration, and disease (42, 43,
59, 60). The global decrease in miRNA expression has been linked
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to a decrease in miRNA processing enzymes, such as DICERI,
DROSHA, or AGO2. Our data demonstrated that chronic viral
infections cause similar changes in the expression of miRNA pro-
cessing enzymes. We observed a slight decrease in the expression
of full-length AGO?2, possibly due to increased ubiquitination
during SIV infection. Argonaute-2 depletion by proteasomal deg-
radation has been implicated as the proximal cause of miRNA
depletion that occurs during T cell activation (40). It is unlikely
that T cell activation or T cell depletion alone could explain the
global decline in miRNA expression in the gut mucosa. We found
that decreased miRNA expression was localized to crypt epithelial
cells. Moreover, many highly expressed miRNA found in our sur-
vey are present nearly exclusively in intestinal epithelium and not
in the cells of the underlying tissue (61).

Interestingly, we found that the expression of exoribonuclease
2 was also increased during chronic SIV infection. Exoribonu-
clease 2 is known to interact with AGO2, dislodging and degrading
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miRNA (41). An increase in XRN2 would potentially result in
increased miRNA turnover and decreased accumulation of ma-
ture miRNA, similar to what we have observed in this study. XRN2
is also involved in premature termination of HIV-1 transcripts
(62). The involvement of XRN2 in termination of SIV replication
and depletion of miRNA during SIV and HIV infections is un-
clear, but it is tempting to speculate that the increased expression
of XRN2 might be playing an important role in miRNA depletion
during the viral infection.

Unexpectedly, we found an increased expression of DICER1 in
the gut mucosa during SIV infection. However, the increase in
full-length DICER1 was accompanied by an increase in a trun-
cated form of DICERI1 that migrates at ~95 kDa. This truncated
form of DICERI has previously been reported in Caenorhabditis
elegans to be inhibitory in the miRNA biogenesis pathway (44).
However, in this context, the identity and function of this protein
are unclear. Collectively, reduced levels of AGO2, increased levels
of XRN2, and an increase in a potentially inhibitory form of
DICERTI likely play an important role in the observed global de-
creases in miRNA expression.

The global decrease in miRNA expression in the intestine dur-
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ing HIV and SIV infections likely affects the expression of many
mucosal genes. MicroRNAs are known to regulate genes associ-
ated with intestinal epithelial membrane permeability, prolifera-
tion, and response to pathogens (15, 16, 43, 63). Pathway analysis
of three highly expressed miRNA, miR-16, -194, and -200c, in the
gut mucosa revealed that many of the predicted and validated
targets of these miRNA are involved in cell proliferation, differen-
tiation, and defense. Notably, the WNT signaling pathway was
enriched for both predicted and validated targets of miR-16, -194,
and -200c. WNT signaling is crucial for epithelial cell develop-
ment in the intestinal tract, and alterations in this pathway could
impact epithelial cell fate and proliferation during infection (50).
The NOTCH signaling pathway was also enriched in predicted
miRNA targets. Notch signaling also plays an important role in the
differentiation and proliferation of epithelial stem cells, and dis-
ruption of this pathway can lead to cell death and alterations in cell
proliferation (49). Indeed, global miRNA knockdown using a
conditional DICER1 knockout in mouse intestinal epithelial cells
results in alterations in epithelial cell populations and epithelial
cell dysfunction (15). MicroRNA targets were also enriched in
several cell cycle and immune response pathways. Others have also
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TABLE 3 Functional categories of genes containing validated targets of miRNA 16, 194, and 200c are altered in the gut mucosa during SIV infection

No. of % of

Term genes” genes” P value Gene products

Pathways in cancer 22 10.5 5.18E—08 EGFR, PTGS2, MSH2, WNT3A, CREBBP, TP53, ITGA2, CDKS6,
NFKB1, TPM3, CCNE1, IGFIR, HSP90B1, CCNDI, JUN, BCL2,
VEGFA, RAC1, LAMCI, FGF2, CHUK, FN1

Small cell lung cancer 11 5.2 1.00E—06 CCNE1, CCND1, PTGS2, BCL2, TP53, ITGA2, CDK6, NFKB1,
LAMCI, CHUK, EN1

Prostate cancer 10 4.7 1.42E—05 EGFR, IGFIR, CCNE1, CCND1, HSP90B1, BCL2, CREBBP, TP53,
NFKB1, CHUK

Focal adhesion 13 6.2 1.08E—04 EGFR, ITGA2, ITGA9, IGFIR, CCND1, CCND3, BCL2, JUN,
RACI, VEGFA, LAMCI, ZYX, FN1

Pancreatic cancer 8 3.8 1.74E—04 EGFR, CCND1, VEGFA, RAC1, TP53, CDK6, NFKB1, CHUK

Colorectal cancer 8 3.8 4.55E—04 EGFR, IGFIR, CCND1, MSH2, JUN, BCL2, RAC1, TP53

Cell cycle 8 3.8 4.62E—03 CCNEI1, CCND1, CCND3, PLK1, CDC14B, CREBBP, TP53, CDK6

P53 signaling pathway 6 2.8 5.29E—03 CCNEL, PPM1D, CCND1, CCND3, TP53, CDK6

Epithelial cell signaling in H. pylori infection 6 2.8 5.29E—03 EGFR, JUN, RAC1, HBEGF, NFKB1, CHUK

Melanoma 6 2.8 6.36E—03 EGFR, IGFIR, CCNDI1, TP53, CDK6, FGF2

WNT signaling pathway 8 3.8 1.26E-02  CCNDI, CCND3, JUN, WNT3A, PPP2R5C, CREBBP, RAC1, TP53

Neurotrophin signaling pathway 7 3.3 1.70E—02 JUN, BCL2, NTRK2, RACI, TP53, NFKB1, ARHGDIA

NOD-like receptor signaling pathway 5 2.3 1.95E—02 CARDS, HSP90B1, ERBB2IP, NFKB1, CHUK

Glioma 5 2.3 2.05E—02 EGEFR, IGFIR, CCNDI1, TP53, CDK6

Regulation of actin cytoskeleton 9 4.3 2.63E—02 EGFR, ITGA9, CFL2, F2, RAC1, ITGA2, MSN, FGF2, EN1

Bladder cancer 4 1.9 3.24E—02 EGFR, CCND1, VEGFA, TP53

MAPK signaling pathway 10 4.7 3.31E—02 EGFR, CACNA2D1, JUN, NTRK2, RAC1, TP53, NFKB1, HSPA1B,
FGF2, CHUK

Chronic myeloid leukemia 5 2.3 3.60E—02 CCND1, TP53, CDK6, NFKB1, CHUK

Non-small-cell lung cancer 4 1.9 6.08E—02 EGFR, CCND1, TP53, CDK6

Thyroid cancer 3 1.4 8.38E—02 CCND1, TP53, TPM3

“ The total number of genes targeted by the selected miRNA.
b The percentage of genes from a term that are validated targets.

reported that global downregulation of miRNA is linked to regen-
erative proliferation in the liver (43) and innate immune responses
to pathogens (63). Although the precise effect of miRNA depletion in
the GI tract during infection is unclear, these data suggest it might

influence the derepression of the innate immune response during
infection and cellular regeneration during viral insult.

The global decrease in miRNA expression during HIV and SIV

infections raises several important questions about the role of

TABLE 4 Functional categories of genes containing predicted targets of miRNA 16, 194, and 200c are altered in the gut mucosa during SIV infection

No.of % of

Term genes®  genes”  Pvalue Gene products

Neurotrophin signaling pathway 10 2.4 3.41E—03 YWHAG, CRKL, NTF3, NTRK2, YWHAB, YWHAQ, TRAF6, IKBKB,
PRKCD, AKT2

TGF-B signaling pathway 8 1.9 5.49E—03 ACVR2A, PPP2R1A, NOG, ROCK2, CREBBP, SMURF2, THBS1, RBX1

Ubiquitin-mediated proteolysis 10 2.4 6.57E—03 RFWD2, CUL2, FBXW7, SYVNI1, UBE2], SIAH1, SMURE2, TRAF6,
TRIP12, RBX1

WNT signaling pathway 10 2.4 1.21E—-02 PPP2R1A, NKD1, CTBP2, ROCK2, CREBBP, LRP6, SIAH1, PPP2R5E,
NFATC3, RBX1

Insulin signaling pathway 9 2.1 1.82E—02 PDPK1, CRKL, PRKAR1A, PHKA1, RHEB, IKBKB, PPP1CB, LIPE, AKT2

Oocyte meiosis 8 1.9 1.87E—02 CCNE]1, PPP2R1A, YWHAG, YWHAB, YWHAQ, PPP2R5E, PPP1CB,
RBX1

Heparan sulfate biosynthesis 4 0.9 2.55E—02  NDSTI1, HS3ST3A1, HS3ST2, HS3ST1

P53 signaling pathway 6 1.4 2.59E—02 RFWD2, CCNEIl, SIAH1, CHEK1, THBS1, SESN1

NOTCH signaling pathway 5 1.2 2.82E—02 CTBP2, DLL4, CREBBP, JAG2, NCOR2

Renal cell carcinoma 6 1.4 2.90E—02  PAK7, CUL2, CRKL, CREBBP, RBX1, AKT2

Cell cycle 8 1.9 3.47E—02 CCNE1, YWHAG, CREBBP, YWHAB, YWHAQ, CHEK1, WEE1, RBX1

Axon guidance 8 1.9 4.02E—02 PAK7, NGEF, GNAI3, SEMA6D, ROCK2, EFNA1, NFATC3, EPHA1

Basal transcription factors 4 0.9 5.47E—02  GTF2EIL, TAF12, TBP, TAF7L

Small-cell lung cancer 6 1.4 5.64E—02 CCNEI1, TRAF6, IKBKB, TRAF4, FN1, AKT2

Focal adhesion 10 2.4 6.05E—02 PAK?7, PDPK1, CRKL, ROCK2, RELN, ZYX, THBS1, PPP1CB, EN1, AKT2

D-Glutamine and D-glutamate metabolism 2 0.4 9.55E—02  GLS2, GLUD1

RIG-I-like receptor signaling pathway 5 1.2 9.84E—02  RNFI25, TBK1, NLRX1, TRAF6, IKBKB

“ The total number of genes targeted by the selected miRNA.
b The percentage of genes from a term that are validated targets.
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miRNA in viral pathogenesis. Although the cause and consequences
of this downregulation remain unclear, our data suggest that this
effect might impact epithelial differentiation, development, and im-
mune responses. We also provide evidence for a potential mechanism
for miRNA downregulation during SIV and HIV infections. Impor-
tantly, our findings reflect the changes in vivo during SIV as well as
HIV infections. Several studies using epithelial tumor cell lines in vitro
have highlighted disruption of normal miRNA expression or expres-
sion of miRNA machinery in cancer cells (59, 64, 65). Indeed, we have
observed high expression of XRN2 in Caco-2 cells (data not shown).
One limitation of this study is that the majority of analysis was per-
formed on gut tissue samples and isolated epithelial cells. Future in-
vestigations of miRNA expression in other cell populations in the gut
will help interrogate the causes, consequences, and kinetics of the loss
of miRNA expression. These studies will provide better insights into
pathways that are modulated in gut immune and epithelial cells dur-
ing SIV and HIV infections that might be under the control of
miRNA.
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