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Abstract Germ-free piglets were orally infected with vir-

ulent rotavirus to collect jejunal mucosal scrapings at 12 and

18 hours post infection (two piglets per time point). IFN-

gamma mRNA expression was stimulated in the mucosa of

all four infected piglets, indicating that they all responded to

the rotavirus infection. RNA pools prepared from two

infected piglets were used to compare whole mucosal gene

expression at 12 and 18 hpi to expression in uninfected

germ-free piglets (n = 3) using a porcine intestinal cDNA

microarray. Microarray analysis identified 13 down-regu-

lated and 17 up-regulated genes. Northern blot analysis of a

selected group of genes confirmed the data of the microarray.

Genes were functionally clustered in interferon-regulated

genes, proliferation/differentiation genes, apoptosis genes,

cytoskeleton genes, signal transduction genes, and entero-

cyte digestive, absorptive, and transport genes. Down-

regulation of the transport gene cluster reflected in part the

loss of rotavirus-infected enterocytes from the villous tips.

Data mining suggested that several genes were regulated in

lower- or mid-villus immature enterocytes and goblet cells,

probably to support repair of the damaged epithelial cell

layer at the villous tips. Furthermore, up-regulation was

observed for IFN-c induced guanylate binding protein 2, a

protein that effectively inhibited VSV and EMCV replica-

tion in vitro (Arch Virol 150:1213–1220, 2005). This protein

may play a role in the small intestine’s innate defense against

enteric viruses like rotavirus.

Introduction

With an estimated death rate of more than 400,000 per

year, mainly affecting children less than 5 years of age in

developing countries, rotavirus is recognized as one of the

major infectious diseases of the gastrointestinal tract [38].

Rotaviruses are members of the family Reoviridae, viruses

with segmented double-stranded RNA genomes [17].

In the small intestine, mature enterocytes near the top of

the villi are the primary target cells for virus replication

[29]. Replication in these cells provokes numerous intra-

and extracellular pathological changes that inevitably lead

to disruption of the absorptive and digestive functions of

the small intestine, and consequently, to malabsorption and

diarrhea. These changes include destruction of enterocyte

brush borders, enterocyte vacuolization, loss and destruc-

tion of enterocytes, villus blunting and atrophy, thinning of

the intestinal wall, and crypt hyperplasia (for comprehen-

sive reviews, see [29, 39]). However, the nature and

severity of histopathological alterations in vivo can be

quite different depending on the species and virulence of

the rotavirus strain. There is no clear correlation between

these alterations and manifestation of clinical symptoms. A

systemic inflammatory response can be absent, and rota-

virus infections can be asymptomatic [29, 39]. This

suggests that the interplay between host and viral factors is

important for determining the course of this disease. For
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instance, rotavirus NSP4 acts as an enterotoxin that induces

diarrhea in mice in the absence of rotavirus replication

[5]. NSP4 affects Ca2+ and electrolyte homeostasis in an

auto- and paracrine fashion in both rotavirus-infected and

uninfected intestinal cells [41]. NSP4 increases Ca2+

permeability of the ER and plasma membrane, resulting in

an increased Ca2+ concentration in the cytosol ([Ca2+]cyt),

causing derailment of numerous Ca2+-dependent cellular

processes [40]. In uninfected enterocytes and crypt cells

this rise in [Ca2+]cyt is induced by binding of exogenous

NSP4 to an apical receptor that modulates the PLC-IP3

pathway [16]. The higher [Ca2+]cyt triggers laminal

secretion of peptides and amines by uninfected enterocytes,

and luminal Cl- and H2O secretion by crypt cells [28, 39].

In infected enterocytes, the rise in [Ca2+]cyt is believed to

be independent of PLC modulation [41], and this rise

perturbs cytoskeleton and tight junction integrity, which

ultimately leads to cell lysis [9, 10, 26, 37].

In vitro studies with cell lines, mainly derived from

colon, have contributed significantly toward understanding

the pathogenesis of rotavirus on a molecular level. How-

ever, the intestinal mucosa consists of a diversity of

specialized cell types in different states of differentiation.

Presumably, all these different types of cells respond dif-

ferently to environmental changes, and accordingly to

changes in their neighboring cells. Therefore, the regula-

tion of genes responsible for these complex phenotypic

responses in vivo may not be detected by challenging

single types of cultured cells with rotavirus. To address this

issue, we studied the early transcriptional response in

jejunal mucosa of 3-week-old, just-weaned piglets after

oral infection with virulent group A rotavirus. To assign

measured responses exclusively to rotavirus, we performed

these experiments in germ-free piglets. Differential

expression patterns of uninfected versus infected jejunum

were recorded 12 and 6 h before severe diarrhea was

expected, using a homemade pig intestinal cDNA micro-

array [34]. The biological significance of elevated or

reduced expression of these genes for rotavirus pathogen-

esis is discussed.

Materials and methods

Animal experiment

Seven germ-free piglets (Groot Yorkshire 9 [Cof-

ok 9 Large White]) were obtained by caesarean section

and housed in isolators, fed with sterilized condensed milk

till the age of 14 days and thereafter with pelleted feed

(sterilized by X-ray radiation) and water ad lib. On day

21, three of the seven piglets were transported to the

necropsy room and served as uninfected control piglets.

The four remaining pigs were orally infected with virus

suspension diluted in a total volume of 5 ml PBS and

containing 2 9 107 rotavirus particles (as determined by

negative-stain semi-quantitative electron microscopy) of

strain RV277 [45]. The virus suspension was prepared

from the contents of the small and large intestine of a

rotavirus-infected gnotobiotic piglet [32]. The above

applied oral dose caused severe diarrhea from 24 hpi

(hours post infection) in 3-week-old gnotobiotic piglets

[32]. Infected piglets were housed in their isolators under

the same conditions as described above for another period

of 12 (two piglets) or 18 h (two piglets) before they were

transported to the necropsy room. Immediately after

arrival in the necropsy room, 10 ml of EDTA blood for

hematological analysis was collected from the jugular

vein. Subsequently, animals were killed by barbiturate

overdose and their intestines were taken out. The jejunum

was opened and rinsed with cold saline, and 10 cm of

mucosa in the middle of the jejunum was scraped off with

a glass slide, frozen in liquid nitrogen, and kept at -70�C

until RNA and DNA extraction. An adjacent part of the

collected jejunum was fixed in 4% formaldehyde and used

to determine the villus height and crypt depth. Villus and

crypt dimensions were determined on hematoxylin-eosin-

stained 5-lm tissue sections [34]. During the experiment,

fecal samples were collected at 0, 12 and 18 hpi from the

rectum for determination of the percent dry matter [18].

Fecal samples were tested for the presence or absence of

rotavirus by ELISA [33]. The germ-free status of each

piglet was confirmed by analyzing throat saliva and feces

samples, collected on days 6, 12 and 19, and on the day of

slaughter, for the presence of microorganisms.

Isolation of RNA and DNA

From 1 g of frozen mucosal scrapings, total RNA (DNase-

free) was isolated using TRIzol� reagent (Invitrogen) as

described recently [34]. The yield per gram of tissue and

the purity of the RNA were calculated from measurement

of the extinction at 260 and 280 nm. The integrity of all

RNA samples was checked by analyzing 5 lg of RNA on a

denaturizing 1% (w/v) agarose gel. After ethidium bromide

staining, the gel was scanned to calculate the 28S/18S peak

ratio (volume 28S over volume 18S) for each preparation.

RNA with a ratio[2 was considered of adequate quality to

be used for real-time PCR and microarray analysis. A part

of the isolated RNA was used to prepare RNA pools for

microarray analysis. A control pool was prepared by mix-

ing equal amounts of RNA isolated from the jejunum of the

three uninfected piglets (n = 3). The same was done for

the two infected piglets slaughtered at 12 h and for the two

piglets slaughtered at 18 h. After gentle homogenization in

lysis buffer, DNA was extracted from 0.5 g of frozen
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mucosal scrapings, and 4 lg of purified DNA was analyzed

on a 0.9% agarose gel [22].

Real-time PCR

The relative concentrations of interferon-gamma (IFN-c)

and ornithine decarboxylase antizyme 1 (OAZ1) mRNA in

all RNA samples was determined by real-time PCR. Two

hundred ng of total RNA was reverse transcribed in a

standard RT reaction using Superscript II reverse trans-

criptase (Invitrogen) and pd(N)6 primers. IFN-c cDNA in

these RT reactions was quantified using labeled Light-

Cycler probes (Roche Diagnostics) as described [15] and

expressed as pg/ll control plasmid. A 20-mer forward

primer (50-GACCCGACGCTTGCTTCATG-30) and a 19-

mer reverse primer (50-GAGTGAGCGTTTATTTGCAC-

30), generating a cDNA fragment homolog to nucleotide

702–895 of the human OAZ1 mRNA reference sequence

(gi:34486089), were used to quantify OAZ1 cDNA using

Cybergreen as label in a standard LightCycler reaction.

The relative concentration of OAZ1 mRNA was calculated

by extrapolation on a standard curve prepared from dilu-

tions of an RT reaction prepared from a reference RNA

sample [34]. The quantity of 18S rRNA in each RNA

sample was determined using the above described RT

reactions by real-time PCR [15] and used to normalize the

IFN-c and OAZ1 concentrations. The quantity of 18S

rRNA showed no essential differences among all individ-

ual RNA samples (average concentration ± SD; 4.95 ±

0.82 lg/ll of control plasmid).

Microarray analysis

The same collection of pig probes (ESTs) used in earlier

studies [34, 35] were spotted in triplicate on Corning Ul-

traGAPS slides. Briefly, this collection consisted of 2,928

probes prepared from jejunal mucosal scrapings collected

from 4-week- (672) and 12-week- (2,256) old pigs, probes

coding for porcine cytokines (IFN-c, TNF-a, GMCSF, IL-

2, 4, 6, 8, and 10) and lung surfactant proteins SFTPA and

SFTPD, and 110 Marc1 and Marc2 probes (porcine ESTs)

homolog to trefoils, collectins, defensins, and glycosyl-

transferases [34]. A list of the probes already sequenced/

annotated is accessible on the website of Arch Virol (gene

list Hulst et al. pdf).

Dual-color (Cy3–Cy5) hybridization of slides was per-

formed using the RNA MICROMAX TSA labeling and

detection kit (PerkinElmer) as described earlier [34].

Messenger RNA levels in both infected pools (12 and

18 hpi) were independently compared to the expression

levels in the control (uninfected) pool. For each compari-

son, a dye swap was performed. In addition, a control

hybridization experiment was performed in which a

microarray slide was simultaneously hybridized with Cy3-

labeled control RNA and Cy5-labeled control RNA.

Scanning of slides, processing of raw images, creation

of data reports, data-normalization and statistical analysis

were performed as described by Niewold et al. [34] with

minor modifications. Briefly, probes were considered to be

differentially expressed when at least four of the six data

points (spots) on both dye swap slides hybridized with a

ratio of 3.6-fold (M = [log2(Cy3/Cy5)] \ -1.85 or[1.85)

or more (3.6 is considered significant according to the

manufacturer of the TSA kit) and were identified by sig-

nificant analysis of microarrays (SAM) [43] with a median

false discovery rate (FDR or q value) of \5%.

Northern blot analysis

Equal amounts of total RNA (5 lg) were separated on a

denaturizing 1% (w/v) agarose gel. After several washes

with RNase-free water, the gel was blotted on Hybond-N

membranes (Amersham), and blots were hybridized with
32P-labeled DNA fragments homolog to the mRNA in

question, in the same manner as was described in an earlier

study [34]. After post-hybridization washes, the blots were

scanned using a Storm phosphor-imager (Molecular

Dynamics, Sunnyvale, California, USA).

Results

Infection of germ-free piglets with rotavirus

Four 3-week-old germ-free piglets were orally infected with

a dose of rotavirus that caused severe diarrhea from 24 hpi in

3-week-old gnotobiotic piglets [32]. For practical reasons,

three uninfected germ-free piglets were slaughtered at the

zero time point (mock, see Table 1). In order to isolate high-

quality RNA from jejunal mucosal scrapings, infected pig-

lets were slaughtered 12 and 18 hpi. Thus, 12 and 6 h before

severe diarrhea would have been induced. In three of the four

infected animals, rotavirus was detected in their feces.

Determination of the percent dry matter showed that only the

fecal samples collected 18 hpi (piglets 65 and 67) had a

significantly lower (pasty) consistency [18]. This indicated

that not all of the piglets developed diarrhea before 12 hpi,

and that the two piglets slaughtered 18 hpi did not develop

the severe form of diarrhea normally observed at 24 hpi

[32]. In jejunal tissue sections prepared from these two 18-h

piglets, villus length was decreased to two-thirds of the

average length measured in corresponding sections prepared

from the three control piglets. No significant differences in

crypt depths were observed between infected and control

animals. For both piglets that were slaughtered at 18 h, these

results indicated that the orally applied rotavirus reached the
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jejunum and induced the desired limited (not severe) path-

ological symptoms. In addition, the lower concentration of

lymphocytes in the blood indicated that the animals were

effectively infected with rotavirus [47].

In the feces of piglet 63, slaughtered at 12 h, no

rotavirus could be detected. Moreover, only a small

decrease in villus length (20%) was observed for this

piglet and its 12-h replicate. To find additional evidence

whether the jejunum of piglet 63 was effectively chal-

lenged with rotavirus, the level of IFN-c mRNA in jejunal

mucosal scrapings was measured by real-time PCR

(Fig. 1). In RNA samples isolated from the three unin-

fected pigs, hardly any IFN-c mRNA could be detected.

In contrast, the IFN-c mRNA levels in scrapings of all

infected piglets were up to 50-fold higher than in

uninfected piglets, whereas OAZ1 mRNA levels were

nearly equal for all RNA samples. This indicated that the

jejunum of all piglets, including piglet 63, responded to

the orally applied rotavirus challenge.

Despite the loss of cells from the tip of the villi, the

amount of RNA (Table 1) isolated from all infected piglets

was comparable to that of uninfected piglets. On an ethi-

dium-bromide-stained agarose gel, no degradation of RNA

was visible for any of the extracted RNA samples (see also

Fig. 2a). In addition, 28S/18S peak ratios were [2 for all

these samples (Table 1). These results showed that scrap-

ings collected from all piglets yielded high-quality RNA

suitable for real-time PCR and microarray analysis. No

random (necrotic) and/or fragmentized (apoptotic) DNA

was visible after gel electrophoreses of DNA samples

extracted from any of the piglets, indicating that the

majority of cells imbedded in the epithelial layers of all the

piglets were not apoptotic or necrotic (results not shown).

Microarray analysis

Mid-jejunal mucosal gene expression analysis was per-

formed using a homemade pig cDNA small intestinal

microarray [34]. In two separate hybridization experi-

ments, mRNA expression levels in an uninfected RNA

pool (n = 3) were compared to expression levels in RNA

pools prepared from 12- and 18-h infected piglets (both

n = 2). For both comparisons, dye swaps were per-

formed. Probes that hybridized differentially with a ratio

(FC; infected over uninfected) of \0.28 or [3.6 in both

slides of the dye-swap and that were identified with the

Table 1 Infection of piglets with rotavirus

Piglet Slaugther

hpi.

Facesa WBCb Jejunumc

% Dry matter/rota

virus ELISA

(109 per l) % Lympho/mon. and gran. Villus lm

heigth

Crypt lm

dept

V/C

ratio

RNA

0 hpi 12 hpi 18 hpi 0 hpi 12 hpi 18 hpi Yield

(mg/g)

28S/18S

Ratio

62 Mock 0 20.4/- NA NA (4.8) 71/29 NA NA 654 85 7.7 0.78 5.1

78 Mock 0 19.2/- NA NA (3.1) 71/29 NA NA 485 75 6.5 0.84 4.0

85 Mock 0 21.4/- NA NA (3.9) 56/44 NA NA 531 79 6.7 0.84 4.4

63 Rota 12 17.3/- 17.9/- NA (8.5) 75/25 (2.8) 61/39 NA 416 77 5.4 0.67 3.9

64 Rota 12 21.6/- 20.4/+ NA (5.5) 67/33 (3.1) 58/42 NA 482 88 5.5 0.65 4.1

65 Rota 18 18.9/- 20.6/- 16.5/+ (9.1) 64/36 (8.3) 70/30 (3.1) 23/77 355 78 4.6 0.90 4.2

67 Rota 18 18.8/- 19.8/- 12.4/+ (7.5) 65/35 (5.8) 62/38 (1.8) 11/89 354 78 4.5 1.09 3.7

a The consistency of the feces was classified [18] as normal, unformed or loose, pasty, or fluid, by determining the percent dry matter (% dm).

Feces samples were tested for the presence of rotavirus by ELISA [33]. NA not available
b White blood cells were counted (109 per l) and the percent lymphocytes and the percent monocytes plus granulocytes were determined
c Villus height (lm) and crypt dept (lm) were determined on hematoxylin-eosin-stained 5-lm tissue sections. V/C ratio villus height over crypt

depth. Ratios of 28S/18S ribosomal RNA peak volumes were established by scanning of an ethidium-bromide-stained denaturizing 1% (w/v)

agarose gel

0.00

0.50

1.00

1.50

62 (control)

78 (control)

85 (control)

63 (12 h)

64 (12 h)

65 (18 h)

67 (18 h)

pg
/m

ic
ro

lit
er

IFN-γ (pg/µl)

OAZ1 ( x 0.01)

Fig. 1 Quantification of IFN-c and OAZ-1 mRNA in individual RNA

samples by real-time PCR. IFN-c levels are expressed in pg/ll of

control PCR plasmid. The Y-axis values for OAZ-1 mRNA are given

in arbitrary units and divided by 100 to match values of the Y-axis
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lowest possible false-discovery rate (FDR; based on

SAM, [43]), i.e., 0.35% for the 18-h comparison and 4.6%

for the 12-h comparison, were selected for further anal-

ysis. Raising of the FDR to a maximum of 10% did not

identify additional probes with a FC \ 0.28 or [3.6 in

either comparison. Selected probes were sequenced and

annotated after blastn or blastx analysis (when not yet

annotated). For each differential expressed probe, the

mean FC calculated from the two dye-swap slides is

presented in Table 2. When Cy3- and Cy5-labeled cDNA

was prepared from the same uninfected RNA pool and

simultaneously hybridized on the array, none of the

probes that hybridized differentially in the 12- and 18-h

comparisons hybridized differentially (results not shown).

Six out of the nine probes that hybridized with a FC of

3.6-fold or more in the 12-h comparison (panel ‘‘higher in

infected’’) also hybridized significantly more strongly in

the 18-h comparison. For three of these probes (R14–

R16), the ratio of differential expression further increased

with time. In contrast, only one probe (R1) hybridized

significantly less strongly at both time points. Based on

literature search and data mining, a tentative function was

assigned for the genes identified by blast analysis (see

Table 2). In addition, the FC (infected over uninfected) of

genes which were also found to be regulated in a previous

study by Cuadras et al. [13], i.e., 16 h after infection of

human intestinal epithelial Caco-2 cells with rotavirus

live virus vaccine RVV, is provided in parentheses in

Table 2 after the annotations.

Probes coding for IFN-c, TNF-a, GM-CSF, and IL-2, 4,

6, 8, and 10 were spotted on the array. However, the

fluorescence intensity was not higher than the background

threshold for any of these probes, indicating that mRNA

concentrations of these cytokines (including IFN-c) in

infected and uninfected mucosal scrapings were too low to

detect by microarray analysis, probably due to the rela-

tively low percentage of cytokine-producing (immune)

cells present in intestinal mucosa [6].

2.5  / 2.3 (gi:10938019)I-FABP 2

1.8 / 1.7 (gi:40354204)AldolaseB

0.6 / 0.44 (gi:55742800)CalbindinD-9k

1.1 / 0.95  (gi:47523831)Glutathion-S-transferase

2.8 / 2.6  (gi:14790118)Caspase-3

6.8 / 6.5  (gi:17648143)Maltase glycoamylase

1 > 3.6 / 3.5 * (gi:47523773) 
2 > 1.6  / 1.3 * (gi:47523773) 

Spermidine/spermine- N1-
acetyltranferse

1.8 / 1.8  (gi:27894336)Keratin 20

3.7 / 3.7 (gi:30268253)GuanylateBinding Prot. 2

Length (kb)
NB / genbank (acc.no.)

mRNA

2.5  / 2.3 (gi:10938019)I-FABP2

1.8 / 1.7 (gi:40354204)AldolaseB

0.6 / 0.44 (gi:55742800)CalbindinD-9k

1.1 / 0.95  (gi:47523831)Glutathion-S-transferase

2.8 / 2.6  (gi:14790118)Caspase-3

6.8 / 6.5  (gi:17648143)Maltase glycoamylase

1 > 3.6 / 3.5 * (gi:47523773) 
2 > 1.6  / 1.3 * (gi:47523773) 

Spermidine / spermine -N1-
acetyltranferse

1.8 / 1.8  (gi:27894336)Keratin 20

3.7 / 3.7 (gi:30268253)GuanylateBinding Prot. 2

Length (kb)
NB / genbank (acc.no.)

mRNA

28S  >

18S  >
85

M M M 18h 18h 12h 12h

78 62 67 65 64 63

1  >

2  >

Fig. 2 Quantitative and qualitative validation of differential expres-

sion by Northern blot analysis. Left panel images of hybridized blots.

M; uninfected piglets. Twelve hours and 18 h; infected piglets. An

ethidium bromide staining of one of the gels before blotting, showing

porcine 28S and 18S ribosomal RNA bands, is shown at the bottom.

Piglet numbers are listed beneath the images. Right panel the length

(kb) of mRNA transcripts was calculated by extrapolation of their

mobility on a standard curve prepared using 28S, 18S and 5S

ribosomal RNA as length markers and compared to the length of

human or porcine mRNAs posted in the NCBI RNA reference

sequence genbank (acc. no.) or observed in the literature (*) [19]
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Northern blot analysis

Northern blots (NB) loaded with equal amounts of RNA

from each of the piglets were hybridized with P32-labeled

cDNA probes homologous to six differentially expressed

mRNAs and to three mRNAs that were not identified as

differentially expressed. For all nine mRNAs, the length of

the transcript(s) detected on blots were comparable to the

length of porcine or human mRNA reference sequences

posted in the NCBI databank or reported in the literature.

In accordance with array data, NB analysis showed that

expression levels of GBP-2, KRT20, SAT, MGAM, and

CASP3 mRNAs were significantly higher in both 18-h-

infected piglets than in uninfected piglets. For all of these

mRNAs, hybridization intensities for piglet 65 were nearly

equal to that of piglet 67. GBP-2, KRT20, SAT, and

MGAM mRNA expression was also up-regulated in

infected piglet 63, slaughtered at 12 hpi. This indicated that

the response to rotavirus infection in this 12-h piglet was

comparable to the response observed in both 18-h piglets.

However, no significant up-regulation of these mRNAs was

observed in the other piglet slaughtered at 12 h (64),

indicating that this piglet responded differently to the

rotavirus infection than its 12-h replicate and the two

piglets slaughtered at 18 h.

In accordance with array data, NB analysis showed that

the expression level of IFABp2 mRNA was significantly

lower in 18-h-infected piglets than in uninfected piglets.

For mRNAs that showed no significant differential

expression on the arrays (glutathione-S-transferase,

calbindin-D, and aldolase-B), no large differences in

hybridization intensities were observed between uninfected

piglets and the two piglets slaughtered 12 hpi and one of

the piglets slaughtered 18 hpi (65). However, significantly

lower hybridization intensities were observed for calbin-

din-D and aldolase-B mRNAs for piglet 67 than for its 18-h

replicate.

Discussion

Using microarray analysis, we detected a set of genes that

are differently expressed in rotavirus-infected jejunal

mucosa compared to uninfected mucosa. For nine mRNAs,

expression levels in individual piglets were analyzed by

NB. These analysis confirmed the array data. In addition,

NB analysis showed that one piglet slaughtered at 12 hpi

responded quite similarly to rotavirus infection as both 18-

h piglets did, whereas its 12-h replicate did not, despite the

fact that this latter piglet also showed an IFN-c mRNA

response. In addition, 7 out of the 12 genes differentially

expressed at 12 hpi also reacted at 18 hpi. These results

indicated that three out of four infected piglets respondedT
a

b
le

2
co

n
ti

n
u

ed

E
S

T
n

r.
F

C
a

F
D

R
(%

)b
B

la
st

n
o

r
b

la
st

x
c

T
en

ta
ti

v
e

fu
n

ct
io

n

1
2

h
1

8
h

1
2

h
/1

8
h

G
en

e
n

am
e

o
r

te
n

ta
ti

v
e

an
n

o
ta

ti
o

n
(T

[H
]C

)
A

cc
.

n
u

m
b

er
E

v
al

u
e

(n
t)

R
2

6
–

5
.6

-
/0

.3
5

H
y

p
o

th
.

p
ro

t
sm

al
l

in
te

st
in

e
(C

D
2

0
/I

g
E

F
c

re
ce

p
to

r
su

b
u

n
it

b
d

o
m

ai
n

/M
S

4
A

2
)

g
i:

4
1

8
6

1
4

4
0

(3
5

4
)

S
ig

n
al

tr
an

sd
u

ct
io

n
/C

a2
+

h
o

m
eo

st
as

is

R
2

7
–

5
.3

-
/0

.3
5

H
o

m
o

sa
p

ie
n

s
cD

N
A

:
F

L
J2

1
6

4
3

fi
s,

cl
o

n
e

C
O

L
0

8
3

8
2

(R
N

A
-

b
in

d
in

g
p

ro
te

in
)

g
i:

1
0

4
3

7
7

8
3

2
E

-5
5

(6
1

7
)

R
N

A
b

in
d

in
g

/t
ra

n
sl

at
io

n

R
2

8
–

5
.2

-
/0

.3
5

S
u

s
sc

ro
fa

ca
sp

as
e-

3
(C

A
S

P
3

),
m

R
N

A
g

i:
4

7
5

2
3

0
6

5
0

(6
1

7
)

E
ff

ec
to

r
p

ro
te

in
ap

o
p

to
si

s

R
2

9
–

5
.2

-
/0

.3
0

S
im

il
ar

to
p

y
ro

p
h

o
sp

h
at

as
e

1
(P

P
A

1
)

m
R

N
A

,
(L

O
C

7
1

6
7

2
0

)
[2

,3
]

g
i:

1
0

9
0

8
9

5
3

2
5

E
-2

8
(1

4
6

)
P

h
o

sp
h

at
e

m
et

ab
o

li
sm

R
3

0
–

4
.3

-
/0

.3
5

p
ro

te
as

o
m

e
(p

ro
so

m
e,

m
ac

ro
p

ai
n

)
su

b
u

n
it

al
p

h
a

ty
p

e,
6

(P
sm

a6
)

m
R

N
A

g
i:

2
3

1
1

0
9

4
3

0
(6

5
8

)
U

b
iq

u
it

in
m

ed
ia

te
d

p
ro

te
o

ly
si

s

a
F

o
ld

ch
an

g
e

(F
C

),
ra

ti
o

o
f

d
if

fe
re

n
ti

al
ex

p
re

ss
io

n
(r

o
ta

v
ir

u
s-

in
fe

ct
ed

o
v

er
u

n
in

fe
ct

ed
)

b
F

D
R

,
S

A
M

s
m

ed
ia

n
fa

ls
e

d
is

co
v

er
y

ra
te

(%
)

c
D

N
A

se
q

u
en

ce
s

o
f

li
b

ra
ry

cl
o

n
es

(E
S

T
n

r.
)

w
er

e
co

m
p

ar
ed

w
it

h
th

e
N

C
B

I
n

o
n

-r
ed

u
n

d
an

t
(n

r)
an

d
R

N
A

re
fe

re
n

ce
se

q
u

en
ce

d
at

ab
as

es
an

d
w

it
h

th
e

D
F

C
I

E
S

T
d

at
ab

as
e

u
si

n
g

b
la

st
n

(o
r

b
la

st
x

w
h

en
in

d
ic

at
ed

)
an

d
W

U
-B

L
A

S
T

2
.0

b
la

st
(n

).
G

en
e

n
am

es
o

r
an

n
o

ta
ti

o
n

s
o

f
te

n
ta

ti
v

e
co

n
se

n
su

s
se

q
u

en
ce

s
(T

[H
]C

)
th

at
sc

o
re

d
th

e
h

ig
h

es
t

d
eg

re
e

o
f

h
o

m
o
lo

g
y

,
i.

e.
,

lo
w

es
t

E
v

al
u

e,
ar

e
li

st
ed

w
it

h
th

ei
r

ac
ce

ss
io

n
o

r
T

[H
]C

n
u

m
b

er
s

(a
cc

.
n

u
m

b
er

).
T

h
e

le
n

g
th

o
f

th
e

E
S

T
se

q
u

en
ce

(n
t)

th
at

w
as

co
m

p
ar

ed
is

g
iv

en
in

p
ar

en
th

es
es

af
te

r
th

e
E

v
al

u
e.

T
h

e
F

C
o

f
g

en
es

th
at

w
er

e
fo

u
n

d
to

b
e

re
g

u
la

te
d

in
an

p
re

v
io

u
s

st
u

d
y

[1
3

],
i.

e.
,

1
6

h
p

i
o

f
h

u
m

an
in

te
st

in
al

ep
it

h
el

ia
l

C
ac

o
-2

ce
ll

s
w

it
h

ro
ta

v
ir

u
s

li
v

e-
v

ir
u

s
v

ac
ci

n
e

R
V

V
,

ar
e

li
st

ed
in

p
ar

en
th

es
es

af
te

r
th

e
g

en
e

n
am

es
.

A
te

n
ta

ti
v

e

fu
n

ct
io

n
w

as
as

si
g

n
ed

b
as

ed
o

n
d

at
a

m
in

in
g

in
th

e
N

C
B

I
(P

u
b

M
ed

,
G

en
e,

O
M

IM
,

U
n

ig
en

e,
co

n
se

rv
ed

d
o

m
ai

n
),

H
R

P
D

,
K

E
G

G
,

R
ea

ct
o

m
e,

an
d

B
io

C
ar

ta
(p

at
h

w
ay

)
d

at
ab

as
es

Transcriptional response to rotavirus 1317

123



quite analogously. Because we used a limited number of

germ-free piglets per time point and measured responses in

a mixed population of cells, we imposed stringent criteria

for selection of genes ([3.6-fold up- or down-regulation

and a false-discovery ratio of less than 5%). Using this

approach, we minimized the chance of selecting genes

hybridizing differentially solely due to inter-animal varia-

tion in gene expression and/or cell composition. However,

such stringent selection criteria could have excluded the

detection of more rotavirus-regulated genes, especially of

genes regulated exclusively in specific types of cells that

are present in low quantities in the jejunal mucosa. The

different responsiveness of one of the 12-h piglets, how-

ever, obliged us to interpret our overall results carefully,

especially, concerning the five genes that reacted solely at

12 hpi (TXN, FRK, DppC-2, IF144, and ACTB; see

Table 2). Nevertheless, data mining revealed relevant

relationships between these five genes, 18 h response

genes, and processes known to be important for rotavirus

pathogenesis.

Cuardras et al. [13] measured the transcriptional

response in the human enterocyte cell line Caco-2, 1, 6,

12 and 16 hpi with Rhesus rotavirus live vaccine. Four

genes up-regulated in our experiments (GBP-2, SAT,

MGAM, PPA1) were also up-regulated 16 hpi in Caco-2

cells. Recently, Aich et al. [1] profiled the transcriptional

response in surgically prepared jejunal loops from 1-day-

old colostrum-deprived calves after 18 h of perfusion with

bovine rotavirus (BRV). Several genes for which we

detected more than 3.6-fold up- or down-regulation

(TXN, NADH5, SGLT1, ACTB, SAT, CASP3, and

PPA1) were also present on the cDNA array they used

(NCBI GEO acc. number GPL325). None of these genes

showed a differential expression of twofold or more in

their study. The different route of administration and

virulence of the strain used, the digestive differences

between the jejunum of omnivores and herbivores, and, in

the case of the study of Cuardras et al., the various spe-

cialized cell-types present in the jejunum of living

animals versus cultured colon-derived Caco-2 cells are

probably responsible for the poor correspondence between

these three studies.

Based on relevant literature and functional information

in databanks, we assigned a function and a possible

type(s) of cell(s) responsible for expression for most of

the genes on our list (Fig. 3). In this hypothetical model,

information from existing models dealing with the path-

ogenesis of rotavirus infection [29, 39, 40] and the

development and maintenance of the small intestinal

epithelium [20] were used to fit in our data. Possible

functions of these genes in relation to processes and

pathways known to be important for rotavirus pathogen-

esis are discussed below.

Electrolyte homeostasis and malabsorption

Measurements of villus length indicated that considerable

numbers of epithelial cells were lost from the tip of the

villi, including (infected) mature enterocytes. In part,

down-regulation of genes involved in transport of ions and

nutrients over the membranes of mature enterocytes, like

meprin A, SGLT1, and IFABp2, may be a direct result of

this loss. In another part, replication of rotavirus in en-

terocytes imbedded in the epithelial layer could have

down-regulated transcription of these genes. This may also

be the case for other down-regulated genes from our list,

especially for genes detected only at 18 hpi (R4–R13,

Table 2). In addition to down-regulation of SGLT1,

IFABp2, and meprin A, we observed up-regulation of two

other genes that may affect the absorptive and digestive

function of the intestine: a gene coding for a protein car-

rying a Ca2+-permeable cation channel CD20/IgE Fc

receptor subunit b domain (MS4A2) and a gene homolog

to a bacterial oligo/dipeptide permease (DppC-2). It is

tempting to link up-regulation of MS4A2 directly to NSP4-

induced enhancement of Ca2+ permeability of the plasma

and ER membranes in intestinal epithelial cells [29, 40].

Likewise, up-regulation of the DppC-2 homolog may be

related to enhanced laminal secretion of peptides and

amines by uninfected epithelial cells, a process believed to

be triggered by raised [Ca2+]cyt [40]. Characterization of

these porcine transcripts/proteins is needed to provide

further insight in the role of these genes in rotavirus

pathogenesis. The same applies for the TMEM106B gene.

This gene showed the highest level of up-regulation. So far,

only a DUF1356 protein domain with unknown function

has been predicted in TMEM106B.

Cell fate and repair of damaged epithelium

Recently, it was reported that rotavirus infection in infant

mice induced apoptosis in vivo [7]. Although DNA anal-

ysis showed that the majority of cells present in infected

mucosal scrapings were not apoptotic, we observed up-

regulation of the apoptosis effector protein CASP3. This

suggests that programmed cell death in the epithelial layer

was stimulated by rotavirus infection. NB analysis detected

a considerable level of CASP3 mRNA expression in

uninfected mucosal scrapings. This constitutive expression

of CASP3 is, most likely, related to the process of main-

tenance of the absorptive status of the intestinal epithelial

layer. A process in which mature enterocytes continually

die due to apoptosis and are replaced by differentiating

cells migrating from surrounding crypts to the tip of the

villi [20]. In contrast to mature enterocytes, an in vivo

study in mice showed that goblet cells are largely spared

from apoptosis in rotavirus-infected mice [8]. Moreover,
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migration of goblet cells from the crypt to the tips of the

villi was stimulated in these mice. We found up-regulation

of the goblet cell marker gene KRT20 [51] and the lower

and mid-villus immature enterocyte marker gene MGAM

[42]. This could indicate that transcriptional activity in

both of these cell types was promoted. Stimulation of

apoptosis in rotavirus-infected enterocytes and higher

proliferation/differentiating activity in goblet cells and

immature enterocytes could be a coordinated response of

the jejunum to remove infected enterocytes and overlay

villus tips with fresh enterocytes, goblet cells, and mucus

layer. We did not detect genes on our array that were

directly associated with cell-cycle progression/arrest.

However, down-regulation of the nuclear kinase FRK (an

antagonist of cell proliferation) and TMS4F20 may be

associated indirectly with this process. In humans,

TMS4F20 is strongly homologous to TM4SF4, a protein

that reduced the ability of the crypt cell line HT29 to

proliferate [48].

Several other genes that may play a role in cell death

and repair were regulated. SAT was up-regulated, and TXN

and PRR13 were down-regulated. For this later protein,

reduced expression in cells was correlated with increased

sensitivity to taxane-induced cell death, a caspase-inde-

pendent process characterized by the polymerization of

tubulins to extraordinarily stable microtubules [27, 30].

TXN is the major carrier of redox potential in cells, and it

is crucial for the defence of cells against oxidative-stress-

mediated apoptosis. TXN also regulates gene expression by

increasing binding of redox-sensitive transcription factors

like p53 [44], NF-jB [25], and the Nrf-2/polyamine-

modulated factor-1 (PMF-1) transcription factor complex

to DNA. Overexpression of TXN in human breast cells

decreased DNA binding of the Nrf-2/PMF-1 complex and

DppC- homologue;
laminal secretion

of peptides
(NSP4 induced ?)

EV

EP

GP

Villus tip 
(epithelium stripped)

IE

UP/S
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enterocyte loss and arrest host-
transcription

IFABp2 / meprin A / SGLT1

lower-mid villus
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[see reference 24] 
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induction of apoptosis
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Fig. 3 Hypothetical model for up- and down-regulation of genes in

the jejunum of rotavirus-infected germ-free piglets. Filled triangle or

inverted filled triangle: up- or down-regulation. IFN filled triangle;

IFN-induced. IC immune cells (neutrophils, macrophages, T lympho-

cytes, dendritic cells, etc.), IE rotavirus-infected enterocyte, EV
mature enterocyte villus, EE enteroendocrine cell, EP enterocyte

progenitor (immature), EC enterocyte crypt, G (granular) goblet

cell, GP goblet cell progenitor, SP secretory progenitor, P paneth cell,

UP/S uncommitted progenitor/potential stem cell, MF microtubule

filament. Abbreviations for genes are provided in Table 2. Informa-

tion about the Paneth cell marker THOC4 is provided in reference

[24]
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inhibited SAT expression [23]. Therefore, up-regulation of

SAT gene expression at 18 hpi may be directly related to

down-regulation of TXN at 12 hpi. SAT is a rate-limiting

enzyme in spermine/spermidine metabolism. Acetylation

of these polyamines by SAT promoted their degradation

and excretion [46]. Recently, it was reported that depletion

of polyamines suppresses apoptosis in normal intestinal

epithelial cells by AKT-kinase-mediated inhibition of

CASP3 activity [50]. NB analysis showed that the increase

in SAT mRNA expression coincided with the goblet cell

marker KRT20. Therefore, it would be interesting to

determine whether SAT expression in goblet cells can be

stimulated by rotavirus infection and whether it plays a role

in protecting these cells from apoptosis [8]. Interestingly, it

was recently demonstrated that RNA viruses can directly

modulate polyamine metabolism by regulation of SAT

transcription and splicing [36].

Lipid metabolism and membrane integrity

A most interesting gene that we found more than tenfold

up-regulated codes for an as yet not-well-characterized

hypothetical human protein (LOC646627) carrying a

phospholipase A2 inhibitor domain (PLA2-inh). The

magnitude and kinetics of up-regulation of this gene

corresponded exactly with GCNT3, suggesting that this

gene was expressed in the same types of cells as GCNT3,

most likely mucus-producing goblet cells and/or differ-

entiating (immature) enterocytes. The amino acid

sequence translated from our PLA2-inh EST showed an

overall amino acid identity of 56%, and all cysteines

aligned perfectly with cysteines of the human LOC646627

protein and of other proteins that bear a typical PLA2-inh

domain. PLA2s comprise a diverse family of cytosolic and

secreted enzymes that hydrolyze membrane phospholipids

to free fatty acids. They play an important role in many

exogenous and intracellular processes, ranging from fatty

acid metabolism and lysis of membranes to the synthesis

of arachidonic acid (A-acid), an essential precursor for the

production of inflammatory mediators such as eicosanoids.

Secreted PLA2s are calcium-dependent enzymes. Cyto-

solic PLA2s (cPLA2) can also be calcium-independent. A

moderate increase in [Ca2+]cyt mediated translocation of

calcium-dependent cPLA2 to intracellular membranes

where it hydrolyses phospholipids to A-acid [12]. A

similar effect was observed after activation of the MS4A2

calcium-permeable cation channel (up-regulated here at

18 hpi, see above) on the surface of mast cells [14].

Perhaps, enhanced expression of a PLA2-inh in our study

may be a countermeasure of specific intestinal epithelial

cells to normalize and/or inhibit PLA2 enzyme activity in

response to extra- and intracellular changes in [Ca2+]

evoked by rotavirus replication, either to protect specific

cells from extra- and intracellular membrane-damage or to

negatively regulate A-acid production. With respect to

the latter process, we observed down-regulation of the

enzymes CYP2C39 and ACSL3, which both utilize A-acid

acid as substrate. Interestingly, the capsid protein of

parvovirus possesses PLA2 activity [49], and HMCV

particles carry a cell-derived PLA2 activity [2]. For both

viruses, PLA2 activity appeared to be essential for

infectivity.

IFN response and innate defense

Our results showed that IFN-c mRNA expression in the

jejunum of infected piglets peaked around 12 hpi and

tended to decline beyond this time point (see Fig. 1). This

suggests that IFN-c was produced for a short period.

Recently, Aich et al. [1] measured the mRNA expression

levels of several cytokines in jejunal loops perfused for

18 h with BRV. However, they observed no IFN-c mRNA

response. Because our orally administered rotavirus needed

time to reach the jejunum, our 18 h infection period rep-

resents a shorter period than 18 h of perfusion. After 18 h

of perfusion, expression of IFN-c mRNA may have drop-

ped to normal levels. Interestingly, they did detect a

rotavirus-induced IL-6 (alias IFN-b 2) mRNA response at

18 hpi [1]. Recent studies showed that the interplay

between IFN-gamma and IL-6 controls the influx and

clearance of neutrophils and, subsequently, the transition to

a more sustainable influx of mononuclear cells during acute

inflammation [21, 31]. Therefore, it would be interesting to

study which immune cells produce IFN-c and IL-6 and

whether an orchestrated action of these cells regulates an

influx of vital immune cells in the jejunum after rotavirus

infection.

The IFN-c-inducible GBP-2 gene was up-regulated

18 hpi. Overexpression of GBP-1 and GBP-2 in HeLa cells

and NIH 3T3 cells abrogated the cytopathogenic effect

mediated by VSV and EMCV, respectively, by an

unknown mechanism [3, 11]. Furthermore, it was shown

that expression of murine GBP-2 in NIH 3T3 cells neu-

tralized the cytotoxic effect of the taxane drug Paclitaxel

[4]. This drug specifically stimulates polymerization of

tubulins to extraordinarily stable microtubules. These sta-

ble microtubules interfere with the function of normal

microtubule filaments and inevitably induce cell death [4].

The reduced expression of PRR13 we observed (discussed

above) may be an indication that the formation of

extraordinarily stable microtubules in intestinal epithelial

cells actually takes place in response to rotavirus infection.

In fact, several studies have shown that rotavirus infection

induces disorganization of the cytoskeleton network

and microtubule filaments in enterocytes [9, 10, 26].

Moreover, we also observed the up-regulation of the
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IFN-a/b-inducible gene IFI44, a cytosolic protein associ-

ated with microtubular structures, and the cytoskeleton

gene ACTB. Therefore, enhanced expression of GBP-2 in

specific intestinal epithelial cells could contribute to a

cellular mechanism(s) that impairs and/or prevents disor-

ganization of the microtubule filaments.

Concluding remark

Further in vivo studies are needed to determine whether the

genes identified in this study are representative for an

intestine with a normal microflora. If so, more focussed

studies involving in situ hybridization and immuno-his-

tology may specify where along the crypt-villus axis and in

which type of epithelial (or immune) cells elevated or

reduced expression of these genes is induced.
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