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Abstract

Avian infectious bronchitis virus (IBV) infection is one of the major viral respiratory diseases of chickens. Better understanding of the
molecular basis of viral pathogenesis should contribute significantly towards the development of improved prophylactic, therapeutic and
diagnostic reagents to control infections. In the present investigation, transcriptional profiles were analyzed by using RNA recovered from the
lung tissue of IBV infected 18-day-old chicken embryos at 6, 24, 48 and 72 h post IBV infection. This microarray analysis was completed using
avian cDNA arrays comprised of fragments of 1191 unique chicken and turkey gene transcripts. These arrays were generated from normalized
cDNA subtraction libraries that were derived from avian pneumovirus (APV) infected chicken embryo fibroblast (CEF) cultures and tissues
obtained from APV infected turkeys subtracted with their respective uninfected cultures and tissues. Of the 1191 unique genes represented
on the array, the expression of a total of 327 genes (27% of total) were altered by two-fold or more from 6 through 72 h post-infection. A
comparative analysis of IBV regulated genes with genes previously reported to change in expression following infection with other avian
respiratory viruses revealed both conserved and unique changes. Real-time gRT-PCR was used to confirm the regulated expression of gene
related to several functional classes including kinases, interferon induced genes, chemokines and adhesion molecules, vesicular trafficking anc
fusion protein genes, extracellular matrix protein genes, cell cycle, metabolism, cell physiology and development, translation, RNA binding,
lysosomal, protein degradation and ubiquitination related genes. Microarray analysis served as an efficient tool in facilitating a comparative
analysis of avian respiratory viral infections and provided insight into host transcriptional changes that were conserved as well as those which
were unique to individual pathogens.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Infectious bronchitis virus; Avian pneumovirus; Newcastle disease virus; Host genes expression analysis

1. Introduction chicken producing countrie€Cavanagh, 2003 causing an
acute and highly contagious upper respiratory tract infection.
Avian viral respiratory infections caused by avian The economic impact of the disease is primarily due to
influenza virus, avian infectious bronchitis virus (IBV), poor weight gain, reduced feed efficiency, a drop in egg
avian pneumovirus (APV) and Newcastle disease virus production and quality and mortalityKapczynski et al.,
(NDV) result in considerable economic losses to the poultry 2002. Clinically the infection is characterized by coughing,
industry worldwide Cavanagh, 2003 IBV is one of the rales, sneezing, nasal discharge and mortality (up to 10%)
major respiratory viruses of chickens that is endemic in all in young birds (<4 weeks). The virus has been recovered
from trachea, bronchus, lungs, esophagus, proventriculus,
* Corresponding author. Tel.: +1 306 966 1532; fax: +1 306 966 7478.  duodenum, jejunum, caecal tonsils, kidney and cloaca
E-mail addressDar@sask.usask.ca (A. Dar). of experimentally infected birds with the most persistent
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infection in kidney and caecal tonsils. The endemic nature showed mild catarrhal exudates and mildly hyperemic areas
of infection, lack of effective vaccines due to the absence of in trachea. Histopathological examination of tissues showed
inter-strain cross protection and circulation of various IBV loss of cilia, sloughing of epithelial cells, mucosal congestion,
strains and genotypes in poultry flocks makes the control edema with mild hemorrhage and infiltration of heterophils
of IBV infection a challenging taskHarsang et al., 2002 and lymphocytes and severe cuboidal metaplasia in trachea.
It is well recognized that characterization of in vivo survival No significant changes were seen in lung, heart, spleen, and
mechanisms of the invading organism and identification of kidney tissues. The virus was isolated from tracheal tissues,
the components of host response leading to the elimination ofidentified by electron microscopy and propagated in embry-
the invading pathogen may provide the basis of pathogenesisonated chicken eggs at the virology laboratory of PDS. The
and immunity and may lead to improvements in control phylogenetic analysis of the S1 gene of IBV B8358 showed
strategiesQureshi et al., 1999 The recent introduction of  80.3% sequence homology to the IBV serotype California
microarray technology has facilitated the large scale analysis(CA/633/85) (PDS unpublished data). Further, intra-tracheal
of the molecular events occurring during avian respiratory inoculation of IBV (B8358) in 4 weeks old layers at
viral infections Munir and Kapur, 2003; Munir et al., VIDO showed similar disease symptoms and pathology as
2009. In order to understand the host cellular determinants described above. Two hundred microliters of choroallontoic
involved in the pathogenesis and immunity to IBV, we ini- fluid containing IBV was inoculated into 18-day-old chick
tiated experiments involving the study of post-IBV infection embryos via the chorioallontoic route [175 embryo lethal
gene transcriptional responses. Microarray analyses weredose 50 (ELI3p)]. This dose was selected as it was known
performed with RNA isolated from lung tissue at various to be sufficient to produce moderate clinical symptoms
times following IBV infection of 18-day-old chick embryos. in 4-week-old chicks. IBV genes were not present on the
We selected 18-day-old embryos for this study becausearray but to verify the presence of productive infection of
they proved an excellent model to investigate the molecular embryonic lung tissue we quantified IBV N gene transcripts
elements governing host responses to a single pathogen whilén RNA used for microarray analysis and gene expression.
excluding the potential for co-infection by other pathogens. The virus present in IBV infected lung tissue collected at 6 h
Furthermore, chicken embryos are immunologically compe- Pl was not detectable by real-time PCR. However 416°
tent at this age and support IBV replication with pathological and 5.3x 10f-fold increase in N gene transcript was detected
lesions in epithelial cells of various tissues including lungs, in RNA samples derived from IBV infected embryonic lung
trachea, kidney and bursa of fabricius following IBV inoc- tissue collected at 24 and 72 h PI, respectively. Moreover,
ulation Kapczynski et al., 2002; Lee et al., 2Q0Recently, pathological lesions including curling of toes, and congestion
even younger chicken embryos (8 and 14 days old) haveof embryos and embryonic lung tissue was observed at 24 h
successfully been used as models to study the tissue tropisn®l. Furthermore, at 72 h Pl there was substantial difference in
and kinetics of other avian viral infection®greshi et al., growth and development of virus infected and non-infected
1999; Worthington et al., 2003 Thus, chicken embryos embryos. These data confirm a progressive increase in
provide a physiologically relevant model system for studying IBV viral gene expression within infected embryonic lung
host responses to virus infection. In the current study, we tissue.
identified several unique genes and pathways that may be in- In each set of experimentn€2), the lung tissues
volved in IBV infection. Further characterization of the role from virus infected 1=3) and sham inoculatedn € 3)
of these host factors in IBV pathogenesis will help reveal the (sham inoculum was 2Q@l of sterile chorioallontoic fluid)
commonalities and unique differences in the host responseembryos were pooled and collected in ice cold TRIZOL
to avian viral pathogens and will offer better strategies for (Invitrogen, Life technologies, Carlsbad, CA) at 6, 24, 48
disease control. and 72 h post infection (PI). Within 30 min of collection,
the tissues were homogenized (Polytron, PT MR 3100,
Kinematica, AG, Switzerland) and stored -aB0°C until
2. Materials and methods used.

2.1. Virus and host systems
3. cDNA array

The clinical IBV isolate (B8358) used in these studies was
kindly provided by Dr. Keith West of the Prairie Diagnostic The chicken-turkey array used for hybridization in these
Services (PDS), University of Saskatchewan, Canada. Thestudies was an extended version of the avian array used by
IBV isolate B8358 was isolated from 28-week-old layers Munir and Kapur (2003)In brief, the array was generated
during an IBV infection outbreak at a local poultry farm. The from normalized cDNA subtraction libraries derived from
clinical signs associated with virus infection include sub- avian pneumovirus (APV, sub type C) infected chicken
dued activity, hoarse sounding noises and squeak and mouttembryo fibroblast (CEF) cultures and bursa and thymus
breathing of birds in barn. Sick birds submitted for examina- tissues obtained from APV infected turkeys subtracted with
tion and diagnosis 24 h after the appearance of clinical signs,uninfected cultures and tissues, respectively. The chicken-
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turkey cDNA array is composed of 1247 chicken and turkey 6. Data validation

genes (with 3741 spots on array, i.e. each transcript was

spotted in triplicate). After subtracting the redundancy of  Genes with known critical functions in host pathogen in-

cDNAs derived from 56 genes, these arrays represent 1191teraction and genes previously characterized in similar stud-

unique chicken and turkey genes. As per a recent publicies (Munir and Kapur, 200Bwere selected for further valida-

database blast search of the 1191 unique expressed sequentien. Differential expression of selected genes was validated

tags (ESTs) spotted onto the array there are 753 genedor all four time points PI by real-time quantitative RT-PCR

with no known orthologs in public DNA databases (Munir, (gqRT-PCR) using the SYBR Green based detection system.

unpublished data). The specificity of the amplified products was determined by
visualizing on 2% agarose gel.

4. cDNA synthesis, probe labeling, and array
hybridization 7. Results and discussion

Total cellular RNA was extracted from tissue ho- Of the 1191 genes on the array, a total of 327 genes
mogenized in TRIZOL according to the manufacturer's (27%) were altered by two-fold or more at one or more
instruction. The RNA was quantified and checked for time points between 6 and 72h PI. Of 200 transcripts that
quality, using an Agilent RNA 6000 nano kit 5065-4476 belonged to the category of unknown genes, 177 (88%) and
(Agilent Technologies, 7637 Waldbronn, Germany). Five to 23 (12%) were up and down-regulated by two-fold or more,
ten micrograms of good quality total RNA (with 28s/18s respectively. In contrast, of the 127 annotated genes (39%
ratio>1.7) was used to synthesize cDNA probes for hy- of differentially expressed genes), 111 (87%) and 16 (13%)
bridization onto a chicken array. The cDNA was prepared were two-fold or more up and down-regulation, respectively.
by using oligo dT primers and superscript Il (Invitrogen, The analysis of altered genes revealed expression changes in
Life technologies, Carlsbad, CA) reverse transcriptase. Themany vital functional classes including kinase signaling, in-
cDNA from infected and control samples were labeled terferon stimulated genes (ISGs), chemokines and adhesion
with the monofunctional dyes Cy3 and Cy5 (Amersham, molecules, vesicular protein trafficking and fusion proteins
Piscataway, NJ). Probes were hybridized onto arraysdf65 genes, host genes involved in viral RNA synthesis, extracel-
for 8 h. The buffers and the protocols for hybridization and lular matrix protein genes, and genes belonging to cell cycle,
the post-hybridization processing were reported previously metabolism, physiology and development, RNA binding,
(http://www.agac.umn.edu/microarray/protocols/protocols, httnanscription and translation regulation, and ubiquitination.
Munir and Kapur, 2008 All hybridizations were performed A partial list of differentially expressed genes and a graphical
under optimized and uniform conditions. The complete representation of kinase gene expression is showalte 1
experiment including embryo infection and RNA isolation andFig. 1, respectively. Acomparison of the gene expression
was performed twice. Probe synthesis and microarray profile for IBV infection in ovo Table 2 and APV infection
hybridization was repeated at least three to four times per of chicken embryo fibroblast (CEF) cells in vitr®l(nir and
time point within each replicate experiment. Kapur, 2003 revealed a list of 14 genes (with >2-fold change
in expression) that were common to both viral infections
(Table 3. This comparison was completed for genes differ-

5. Data analysis entially expressed at 24 and 48 h P1. Gene expression changes
at 6 and 72h PI in IBV infection were not compared with

The spot intensities of the hybridized images were ob- APV since similar time points were not available for APV
tained by using an Affymetrix scanner (428 Array scanner) infection.
and the Jaguar software version 2.0. Before importing the
gene identifiers and the gene description, the scanned data
files were analyzed for their quality by observing individual 8. Real-time RT-PCR analysis
image spot quality and by subtracting the local background
fluorescence from fluorescent intensity of each spot for both  To confirm results obtained in array experiment by an-
the Cy3 and Cy5 channels. Spots with background intensity other independent method, 14 genes were selected for real-
higher than either dye were flagged as absent and discardedime RT-PCR assay at all time points PI. The results obtained
The replicate spots that had infected/control intensity ratios are shown ifTable 3 The genes selected for real-time PCR
of 2 or more standard deviations higher than the mean in- belonged to several important functional groups including
tensity ratio were also discarded. For quantitative analysis interferon induced genes, antigen presentation, chemokine
and further normalization, the data sets were analyzed byand adhesion molecules and transcription factors protein
GeneSpring (Silicon Genetics, Redwood city, CA) software genes. Moreover, the expression of these genes was either
version 6.1. The entire data set was normalized by intensity up-regulated, down-regulated or unchanged from 6 to 72 h
dependent (Lowess) normalization. Pl. RT-PCR data show 85-90% agreement (except at 72h
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Table 1
Cellular transcripts showing over two fold alterations following IBV infection in ovo
Accession number Gene name Fold change in transcription (standard deviation) Pl
6h 24h 48h 72h
Kinases and phosphatases genes
SWP:143ZHUMAN kcip-1, factor activating exoenzyme s, fas .86 (41.6) 2643 (18.1) 2011 (13.7) 2202 (11.0)
Gb AA23736.1 Protein kinase [homo sapiens] 6.13 (3.05) 253 (0.76) 108 (0.42) 101 (0.34)
>gi|7513329pir
Ref NP.O67085.1 Acid phosphatase 1, soluble [rattus 1.28 (0.38) 458 (0.42) 126 (0.30) 104 (0.17)
norvegicus]
EMB:CAA83657 Protein-tyrosine-phosphatase alpha 10.61 (1.62) 1176 (0.19) 408 (0.59) 096 (0.18)
[gallus gallu]
Inteferon induced genes
SWP:INI2ZPANTR Interferon-induced protein 6-16 0.85 (0.02) 386 (0.55) 116 (0.01) 112 (0.53)
precursor
EMB:Q9QXH3 Alpha-interferon inducible protein 0.86 (0.02) 322 (1.51) 148 (1.32) 152 (0.66)
(fragment) p27-h
EMB:AAH02704 Similar to signal transducer and activator ~ 1.77 (1.09) 111 (0.28) 064(0.23) 116 (0.27)
of transcription 1
WP:STALHUMAN Signal transducer and activator of 3.03(0.2) 145 (0.14) 301 (1.07) 096 (0.31)
transcription 1-alpha/beta
SWP:IFTLHUMAN Interferon-induced protein with 21.94 (7.2) 3527 (2.28) 1308 (2.18) 099 (0.14)
tetratricopep
Gb AAH44176.1 Similar to G protein beta subunit-like 17.43 (3.34) 112 (0.59) 107 (0.72) 130 (0.32)
[danio rerio]
Chemoatttractant and adhesion molecules
SWP:EMF1CHICK Embryo fibroblast protein 1 precursor 1.21 (0.56) 487 (2.95) 103 (0.20) 119 (0.31)
(emf-1, 9e3, cef4, human il-8 homolog)
SWP:LSPIMOUSE Lymphocyte specific protein-1 Q1 (29.35) 2284 (13.7) 443 (1.7) 125 (0.64)
Signal transduction
Gb AAH05446.1 Adenylyl cyclase-associated cap protein 1.04 (0.09) 100 (0.05) 046 (0.03) 091 (0.03)
homolog 1
Transcription regulation
SWP:TYY1LHUMN Transcriptional repressor protein yyl .89 (1.2) 721 (1.9) 083 (0.6) 107 (0.3)
Gb AAH19668.1 tafl2 rna polymerase ii, tata box binding 0.78 (0.2) 790 (0.86) 103 (0.06) 132 (0.82)
protein. ..
SWP:PTBPIG 029099 polypyrimidine tract-binding 0.82 (0.12) 878 (3.82) 126 (0.28) 103 (0.21)
protein (ptb) (hnrnpl)
Ref XP.128452.2 Similar to enhancer factor i chain a-d-rat ~ 1.86 (0.75) 063 (0.3) 303 (1.3) 133 (0.74)
[m] ...
EMB:CAB62917.1 Ela binding protein p360match: 222 (1.3) 051 (0.2) 135 (0.72) 127 (0.21)
proteins: sw:g09. .
Gb AAD04629.1 Pcaf-associated factor 400 [homo 0.43 (0.16) 087 (0.34) 2429 (11.2) 093 (0.11)
sapiens]
Atigen presentation
EMB:042404 cd80-like protein precursor. .7@ (0.23) 277 (0.40) 096 (0.09) 097 (0.33)
Vesicular protein trafficking and ubigutin proteasome
Ref NP.O58040.1 Clathrin, light polypeptide (Ica) [mus 3.24 (0.21) 636 (0.44) 292 (1.8) 104 (0.4)
musculus. .
SWP:SR54HUMAN Signal recognition particle 54 kda protein 1.32 (0.46) 607 (2.24) 122 (0.65) 101 (0.32)
(s)
SWP:TERAHUMAN p55072 transitional endoplasmic 2.20 (0.15) 110 (0.66) 168 (0.86) 108 (0.25)
reticulum atpase
EMB:Q9Y4Z6 Vacuolar protein sorting. .43 (0.50) 200 (0.56) 047 (0.31) 101 (0.43)
Ref NP.003560.1 Syntaxin 7 [homo sapiens] 1.42 (0.08) 046 (0.39) 068 (0.59) 106 (0.19)
>gi|233792(gbjaac518 ..
Gb AAH38447.1 Similar to coatomer protein complex, 1.01 (0.08) 093 (0.13) 102 (0.12) 847 (4.23)
subunit alph ..
SWP:RTCQHUMAN GTP-binding protein tc10. a6 (0.07) - 24 (0.4) 100 (0.20)
Ref XP.214136.1 Similar to 26s proteasome non-atpase 2.11 (0.75) 112 (0.78) 1987 (2.78) 096 (0.19)
regulatory. . .
SWP:UBPIHUMAN Ubiquitin carboxyl terminal hydrolase 18  34.74 (10.8) 2170 (3.52) 0929 (0.14) 0890 (0.23)
(Ubp)
SWP:FUCQHUMAN Tissue alpha-1-fucosidase precursor .011.(0.56) 463 (0.77) 246 (0.72) 072 (0.30)
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Table 1(Continued)
Accession number Gene name Fold change in transcription (standard deviation) PI
6h 24h 48h 72h
Translation
SWP:EF1ACHICK Elongation factor 1-alpha-1 .24 (0.26) 109 (0.27) 203 (0.76) 094 (0.13)
Gb AAO40745.1 Eukaryotic elongation factor 1-alpha 0.79 (0.31) 153 (0.42) 414 (2.1) 104 (0.01)
[canis family.]
Gb AAD16874.1 Peptide elongation factor-1 beta [gallus 1.11 (0.58) 093 (0.50) 033 (0.07) 094 (0.18)
gallus]
SWP:IF42HUMAN Eukaryotic initiation factor 4a-ii 0.83(0.28) 718 (1.24) 105 (0.30) 113 (0.64)
(eif-4a-ii)
SWP:RL3BOVIN 60s ribosomal protein 13. .90 (0.7) 048 (0.65) 109 (0.33) 113 (0.46)
Ref XP-110140.2 Eukaryotic translation initiation factor 3, 0.34 (0.21) 064 (0.10) 115 (0.17) 126 (0.27)
suh..
EMB:CAA57493.1 Ribosomal protein s6 [gallus gallus] 5.04 (1.6) 061 (0.14) 404 (1.6) 075 (0.45)
>0i|1085253.
EMB:CAA44568.1 Ribosomal protein homologous to yeast 0.33 (0.10) 360 (1.66) 163 (0.2) 115 (0.47)
s24 [homo...
Ref NP.001347.2 Dead/h (asp-glu-ala-asp/his) box 0.80 (0.3) 330 (0.88) 100 (0.15) 093 (0.5)
polypeptide 3;(DDX3)..
Mitochondrial protein
Dbj BAC57503 Cytochrome oxidase subunit ii .6@ (0.28) 297 (1.2) 069 (0.40) 096 (0.40)
Dbj BAC57502.1 Cytochrome oxidase subunit | [coturnix 2.07 (0.60) 115 (0.40) 114 (0.1) 275 (0.96)
chinensis]
Ref NP.620316.1 Cytochrome oxidase subunit | .29(0.10) 189 (1.2) 011 (0.08) 097 (0.27)
Cell cycle
Ref XP-220119.1 Similar to G2/mitotic specific cyclin b .83 (0.28) 109 (0.5) 329 (1.02) 106 (0.17)
SWP:CGA2CHICK Cyclin a2 084 (0.22) 031 (0.29) 410 (0.95) 096 (0.60)
SWP:CCT2HUMAN 060583 cyclin t2 125 (0.94) 099 (0.20) 094 (0.20) 488 (1.02)
Cell physiology and development
SWP:FKBBHUMAN 12.6 kDa fk 506 binding protein .25 (0.57) 091 (0.76) 029 (0.19) 099 (0.13)
Gb AAN28379.1 ABl-interactor 1 [homo sapiens] .66 (7.2) 091 (0.21) 108 (0.11) 142 (0.42)
Cytoskeleton and motor proteins
SWP:ACT2HALRO p27130 actin, muscle 2/4/4a. .12 (0.07) 152 (1.17) 180 (1.7) 119 (0.73)
PIR:S06117 S06117 myosin heavy chain, nonmuscle .23 (0.19) 310 (1.63) 061 (0.22) 079 (0.23)
Ref NP.003184.1 B-Tubulin cofactor e [homo sapiens] 4.81(1.73) 139 (0.52) 103 (0.19) 216 (1.03)
>Qi|1425..
Gb AAK27259.1 B-Actin [ambystoma mexicanum] .89 (0.58) 571 (2.19) 096 (0.22) 095 (0.06)
EMB:Q23882 Slime mold (d.discoideum) actin mrna 0.81 (0.37) 096 (0.13) 103 (0.15) 222 (0.77)
it-1, 3
Extracellular matrix proteins
SWP:CA11CHICK Collagen alpha 1(i) chain precursor. .86 (0.28) 120 (0.33) 217 (0.49) 088 (0.16)
SWP:HAS2CHICK Hyaluronan synthase 2 .a7 (0.12) 259 (0.07) 051 (0.03) 098 (0.18)
EMB:000199 Integral membrane serine protease 10.23 (2.6) 083 (0.49) 077 (0.30) 096 (0.13)
seprase
EMB:Q91002 Thrombospondin-4 (fragment) .79 (0.47) 688 (3.50) 162 (0.90) 068 (0.06)
SWP:PEDEMOUSE Pigment epithelium-derived factor 1.81 (0.52) 257 (0.94) 238 (0.74) 121 (0.27)
precursor
SWP:ITBLCHICK Integrin beta-1 precursor (csat antigen) 0.08 (0.11) 099 (0.02) 015 (0.10) 549 (1.47)
(i92)
SWP:PEDEBOVIN Pigment epithelium-derived factor 0.90 (0.3) 081 (0.22) 256 (1.03) 132 (0.7)
precursor
Tumor associated proteins
EMB:Q9JLLO Cysteine-rich repeat-containing protein 0.74 821 (2.30) 1933 (9.57) 133 (0.84)
criml
Hypothetical proteins
EMB:Q9HOP6 Hypothetical 38.9 kDa protein. .02 (2.53) 151 (0.38) 132 (0.13) 082 (0.26)
EMB:Q9Y3V7 Hypothetical 63.3 kDa protein (fragment) .67 (0.01) 246 (0.94) 0925 (0.66) 0985 (0.07)
EMB:Q9HO0I1 Hypothetical 83.8 kDa protein. 45 (1.12) 121 (0.20) 1318 (0.28) 1101 (0.23)
EMB:CAD38974.1 Hypothetical protein [homo sapiens] .2D(0.09) 130 (0.04) 10977 (4.15) 0801 (0.12)
Gb AAA27977.1 Hypothetical protein c50c¢3.6 1.25(0.61) 099 (0.96) 8675 (2.53) 1037 (0.23)
[caenorhabditis eleg .]
Ref XP.043624.2 Similar to hypothetical protein 1.76 (0.26) 211 (1.09) 1067 (0.59) 1056 (0.42)

dkfzp434e1822.1. .
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Accession number Gene name Fold change in transcription (standard deviation) PI
6h 24h 48h 72h
EMB:CAB43259.1 Hypothetical protein [homo sapiens] .121(2.01) 072 (0.36) 0956 (0.87) 0971 (0.16)
Metabolism
EMB:AAB34334 Protein phosphatase 1 gamma 1 1.56 (0.77) 049 (0.34) 0744 Q939 (0.56)
(fragment)
EMB:AAD02474 Glyceraldehyde-3-phosphate 0.99 (0.51) 185 (0.85) 467 (2.24) 086 (0.60)
dehydrogenas
SWP:SYLHUMAN Isoleucyl-trna synthetase, cytoplasmic (ec 0.94 (0.15) 088 (0.10) 038 (0.14) 169 (0.28)
6)
SWP:ATPGCHICK Atp synthase a chain (ec 3.6.1.34) (protein ~ 1.58 (0.38) 229 (0.86) 095 (0.07) 113 (0.21)
6)
Gb AAB24816.1 Farnesyltransferase alpha subunit [human, 2.24 (0.85) 108 (0.92) 101 (0.28) 095 (0.30)
peptide. . .]
SWP:ENOACHICK Alpha enolase (ec 4.2.1.11) 7.71 (2.44) 068 (0.33) 127 (0.52) 067 (0.17)
(2-phospho-d-glycerate hydro-lyase)
SWP:PNADPIG Protein n-terminal asparagine 3.83(1.61) 079 (0.3) 092 (0.06) 106 (0.41)
amidohydrolase
SWP:PWP2HUMAN Periodic tryptophan protein 2 homolog 0.39 (0.18) 140 (1.03) 067 (0.33) 446 (1.73)
(pwp2)
Gb AAC98906.1 Chaperonin-containing tcp-1 beta subunit ~ 0.72 (0.24) 054 (0.33) 073 (0.43) 096 (0.30)
homolog. . .
Pdb 1AK6 Destrin, nmr, minimized average structure  1.20 (0.39) 081 (0.18) 234 (0.50) 107 (0.52)
>Qi|2624765.. .
Ref NP.067085.1 Acid phosphatase 1, soluble [rattus 1.28 (0.38) 458 (1.42) 126 (0.30) 104 (0.17)
norvegicusj . .
Gb AAA40873.1 Carboxypeptidase e (ec 3.4.17.10) .5970.62) 118 (0.58) 111 (0.53) 093 (0.28)
Gb AAA66286.1 Ornithine decarboxylase .29 (0.57) 150 (0.81) 1062 (3.44) 085 (0.46)
Nucleic acid binding
SWP:N6M1HUMAN Putative n6-dna-methyltransferase .50 (0.25) 073 (0.26) 032 120 (0.34)
Unknown function
EMB:AAH06414 Similar to kiaa0952 protein (fragment) .02 (0.03) 121 (0.45) 993 (2.58) 102 (0.47)
EMB:Q9D0OE4 2610021k23rik protein. .59 (0.96) 135 (0.48) 093 (0.58) 092 (0.30)
EMB:Q9H7T5 cdna flj14273 fis, clone place1004913 3.54 (1.03) 149 (0.46) 134 (0.47) 105 (0.45)
(fragme
EMB:Q9NUM1 cdna flj11277 fis, clone place1009404 .40.(0.59) 258 (0.70) 100 (0.65) 184 (0.86)
EMB:Q9ULD7 kiaal283 protein (fragment). .24 (0.08) 299 (0.83) - 103 (0.27)
EMB:AAH02380 Inknown (protein for image:2961244) (fr) .20 (0.56) 101 (0.44) 278 (0.41) 108 (0.46)
EMB:Q9H3FO0 mstp034 21(1.03) 143 (0.32) 11076 (4.56) 111 0.30)
EMB:Q9D0OV1 1110067112rik protein .10 (0.45) 228 (1.06) 066 (0.37) 116 (0.41)
GEN:CAC22485 Unnamed protein product [homo sapiens] .43%1.26) 111 (1.04) 037 096 (0.11)
EMB:Q9D9D0 1700101g24rik protein .98 (0.36) 236 (1.11) 073 (0.15) 122 (0.23)
Dbj BAB30848.1 Unnamed protein product [mus musculus] .9300.43) 083 (0.43) 492 (1.94) 109 (0.15)
Dbj BAB28442.1 Unnamed protein product [mus musculus] 14.17 (6.30) 605 (2.10) 1001 (3.63) 088 (0.35)
>gi|23396. ..
EMB:Q9D8V0 12000060009rik protein .98 (0.54) 1724 (5.62) 073 (0.44) 102 (0.44)
EMB:Q9H8I2 CDNA FLJ14005 fis, clone 1.72 (0.69) 119 (0.78) - 048 (0.05)
Y79AA1002361
Dbj BAC29089.1 Unnamed protein product [mus musculus] .8862.38) 130 (0.90) 108 (0.48) 096 (0.25)
Ref XP.032996.1 Similar to kiaa0819 protein [homo 1.00 (0.75) 047 (0.30) 137 (1.06) 120 (0.48)
sapiens]
Dbj BAAQ7556.1 kiaa0074the hal438 gene product is 16.52 (4.38) 131 (0.77) 070 (0.39) 106 (0.12)
relatedtoa..
Dbj BAA05837.1 kiaa0045 [homo sapiens] 1.75 (0.38) 166 (0.22) 422 (2.04) 115 (0.26)
>gi|1086390Fefinp.0042. . .
Ref NP.058040.1 Clathrin, light polypeptide (Ica) [mus 2.64 (0.21) 120 (0.21) 160 (0.23) 104 (0.41)
musculus . ]
Ref XP.216872.1 Similar to riken cdna 2410003122 [mus 36.14 (8.97) 131 (0.77) 2883 (6.00) 100 (0.28)
musculus] . .
Ref XP.214380.1 Similar to riken cdna 4933405k01 [mus 4.05(1.31) 092 (0.30) 110 (0.42) 103 (0.30)
musculus]. . .
Dbj BAB28379.1 Unnamed protein product [mus musculus] .2420.33) 113 (0.43) 065 (0.48) 138 (0.58)
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Table 1(Continued)

Accession number Gene name Fold change in transcription (standard deviation) PI
6h 24h 48h 72h
Ref NP.056371.1 kiaa0440 protein [homo sapiens]|4#561330gb 1.20 (1.03) 167 (0.60) 1095 (3.08) 111 (0.40)
Dbj BAA91948.1 Unnamed protein product [homo sapiens]82#228 21.66 (8.86) 108 (0.85) 100 (0.43) 090 (0.20)
Dbj BAB14688.1 Unnamed protein product [homo sapiens] .6720.83) 102 (0.59) 093 (0.13)
Dbj BAB26968.1 Unnamed protein product [mus musculus] 0.70 (0.46) 091 (0.51) 1377 (6.58) 0900 (0.17)
>gi|21312...
Dbj BAB15047.1 Unnamed protein product [homo sapiens] .0910.43) 448 (2.06) 087 (0.32) 111 (0.21)
Ref XP.225174.1 Similar to riken cdna 4833439I19; expressed seq 2.11 (0.26) 116 (0.35) 094 (0.25) 091 (0.39)
Dbj BAC11615.1 Unnamed protein product [homo sapiens] .3@49.28) 122 (1.27) 140 (0.94) 095 (0.23)
Dbj BAC36160.1 Unnamed protein product [mus musculus] .2340.13) 130 (0.29) 548 (2.42) 124 (0.34)
Dbj BAC36765.1 Unnamed protein product [mus musculus] .01X0.46) 118 (0.22) 110 (0.45) 501 (2.41)
Dbj BAC29089.1 Unnamed protein product [mus musculus] .8863.38) 130 (0.90) 108 (0.49) 096 (0.25)
Transport protein
SWP:NTCHRAT, P28570  Sodium-dependent choline transporter (chotl). .75 (D.70) 232 (1.00) 111 (0.82) 106 (0.21)
SWP:ABF2HUMAN Iron inhibited abc transporter 2; abcf2 48 (20.75) 2279 (8.78) 1594 (6.32) 1982 (8.47)
RNA regulation
SWP:RSFRCHICK p30374 ribonuclease homolog precursor (rsfr) .541(0.13) 587 (1.75) 596 (1.66) 193 (1.13)

Expression of kinases genes in chicken embryonic lung
following IBV infection

128 B kcip-1, SWP:143Z_HUMAN
™ cde42-bpk-b, EMB:QYY552
64 I ca/calmodium-ser PK,
EMEB:QINYB3
% 3 PKC-Delta, EMB:CAB75578.1
) [ Phosphorylase k-a, GBJAAA31446
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16
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Fig. 1. Transcriptional alterations in kinase genes detected by microarray analysis at 6, 24, 48 and 72 h post IBV infection. RNA used in theatsexagrime
derived from lung tissues of IBV infected and sham inoculated 18 days old chick embryo. Procedures for probe synthesis and array hybridizagion have be
described in methods. Fold change in expression of genes represents the mean value derived from two independent experiments with hybffidizegtbns per
three to four times with RNA isolated from each experiment.
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Table 2
Genes showing over two fold change in expression and common in IBV and APV infection

Accession number Gene name 24h Pl 48h PI Functional group

IBV (inovo) APV (invitro) IBV (inovo) APV (in vitro)

SWP:INI2ZPANTR Interferon-induced protein 6-16 3.86 1739 NC 1387 Ifn-induced
precursor
SWP:IFTLHUMAN Interferon-induced protein with 3527 3228 1398 197 IFN-induced
tetratricopep (IFI56K)
SWP:STAIHUMAN  signal transducer and activator of NC 1636 301 3377 IFN-induced
transcription 1-alpha/beta
SWP:EMF1CHICK embryo fibroblast protein 1 precursor 4.871 73 NC 3932 Chemokine
(emf-1, 9e3
SWP:UBPIHUMAN  hubp43” 217 1194 NC 623 Ubiquitin and proteasome
EMB:Q9Y4Z6 Vacuolar protein sorting .@o0 NC Q47 518 Vesicular protein trafficking
EMB:042404 cd80-like protein precursor 72 NC NC 268 Antigen presentation
SWP:PTBPIG? Polypyrimidine tract-binding protein 8.78 NC NC NC Trancrip regulation
(ptb) (hnrnpl)
SWP:RSFRCHICK?  RNase homologue precursor (RSFR) .85 NC 596 NC RNA regulation
SWP:EF1ACHICK Elongation factor 1-alpha 1 NC NC 203 040 Translation
(ef-1-alpha-1)
SWP:CGA2CHICK  Cyclin a2 (cyclin a) ®1 NC 410 291 Cell cycle
SWP:FKBBHUMAN 12.6 kDa fk506-binding protein NC NC 029 050 Cell physiology and deve
(fkbp-12.6)
SWP:ABF2HUMAN? Ironinhibited abc transporter 2; abcf2 .8@ NC 1594 NC Transporter protein
SWP:FUCQHUMAN Tissue alpha-I-fucosidase precursor .63 NC 246 040 Protein degradation

a8 APV infection in-vitro showed 2.48, 2.54, and 3.29-fold change in hnrnpl, RSFR and abcf2 genes, respectively at 96 h PI.
b NC: no change or <2-fold change in the level of expression.

PI) with the expression patterns seen with microarray anal- in the sensitivity and the functional kinetics of both assay
ysis. Thus, confirmation rate is similar to previous reports systems.

(Munir and Kapur, 2008 Though the trends of increase and

decrease in gene expression at different time points for all

genes are consistent for both the assay systems. We noticed. Kinases and phosphatases

a wide gap in fold changes expression of interferon induced

protein 6—16 precursor and alpha interferon induciable pro-  The set of kinases and phosphatase genes showing sig-
tein (fragnment) p27-h genes in microarray and RT-PCR as- nificant and stable changes in expression during IBV infec-
say. We assume that variation in expression levels detectedion of embryonic lungs, include 14-3-3 protein zeta/delta,
by microarray and RT-PCR may be attributed to differences the protein kinase C inhibitor protein-1 (KCIP-1) or fac-

Table 3
Validation of gene regulation by real-time RT-PCR
Gene name Fold change in expression at PI time points

6h 24h 48h 72h

Array qRT Array gqRT Array gRT Array qRT
Transcriptional repressor protein yy1 .28 0.87 6.84 214 1.26 1.62 1.24 1.86
Signal transducer and activator of transcription 1-alpha/beta .03 3 2.54 1.45 0.53 2.80 2.82 0.96 0.31
Elongation factor 1-alpha 1 (ef-1-alpha-1) .08 1.74 1.34 1.23 3.05 2.63 0.94
AAHO01874 similar to sequestosome 1 .02 2.07 152 2.73 1.08 1.86 0.95 0.00
Cd80-like protein precursor ™ 0.90 2.77 4.43 0.96 0.32 0.97 0.90
Ornithokinin receptor ®9 0.40 1.05 0.65 0.99 0.70 121 1
Interferon-induced protein with tetratricopeptide repeat .921 1.8 35.2 57.6 139 25 0.99 32
Embryo fibroblast protein 1 precursor 12 3.63 111 151 1.20 2.46 0.46 0.19
Lumican precursor (lum) (keratan sulfate proteoglycan .101 1.10 114 131 0.85 2.29 111 214
Complement c3f [fragment] 87 2.22 1.29 1.46 113 2.22 0.99 3.03
Interferon-induced protein 6-16 precursor .89 386 218 1.16 5.66 112 222
Thrombospondin 2 precursor. Ap 0.87 0.84 0.51 0.85 5.85 0.79 11.3
Tata element modulatory factor 959 0.93 0.927 1.27 0.930 8 0.963 0.34

Alpha-interferon inducible protein (fragment) p27-h .86 14 1.86 19.02 1481 129 147 1.63
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tor activating exoenzyme S (Fas), protein kinase (similar to 10. Viral RNA synthesis genes
serine/threonine protein kinase (PKR), and protein—tyrosine-
phosphatase alphdgble 1andFig. 1). Amongst the eight RNA synthesis in positive strand RNA viruses is associ-
kinase genes spotted on the array, the gene coding for Fasited with viral replication complexes and is mediated through
showed the highest and most stable elevation in expressionviral RNA-dependent RNA polymerase (RdRP). RdRP is the
The gene was 70-fold up regulated at 6h Pl and gradu- key enzyme for coronavirus replication and its sequences
ally declined to 22-fold at 72 h PI. 14-3-3 protein represent is conserved among coronavirus isolates €t al., 2004.
a novel class of kinases that recognize phosphoserine mo-However, the formation of the replication complex and re-
tifs on their ligand and play an important role in regulat- cruitment of host cell components to complete viral repli-
ing various cellular processes including signal transduction, cation are not fully understoodBfockway et al., 2008 In
cell cycle, apoptosis, stress responses and viral and bacteriafjeneral, the specificity of RARP to select viral RNA as a tem-
pathogenesis. These cellular activities are regulated throughplate is dictated by cellular factors including tubulin, actin
an interaction of over100 cellular proteins with Fas protein and heat shock protein®©glesbee et al., 1996The analy-
(van Hemert et al., 20Q1Proteins binding to 14-3-3 protein  sis of cellular factors involved in replication of RNA viruses
are very diverse and include kinases, phophatases, receptorsuch as @ phage, brome mosaic virus (BMV) and tobacco
structural proteins and transcription factors. In general, most mosaic virus (TMV) has shown that the RARP holoenzyme
14-3-3 protein ligands require a phosphorylation step before can direct the synthesis of positive strand RNA from nega-
they can interact with their receptor and thus intracellular ki- tive strand RNA. However, the recruitment of RARP to the
nase/phosphatase signaling networks play a key role in Fagranscriptional promoters of positive strand viral RNA to syn-
ligand interactionfu et al., 200D The role of 14-3-3 protein  thesize negative RNA strand requires the interaction of cel-
in IBV infection is not known. However, recently it has been lular factors like TATA-binding protein (TBP), other general
reported that during hepatitis C virus (HCV) infection, viral transcription factors and eukaryotic translation initiation fac-
C protein directly interacts with 14-3-3 and leads to activa- tor 3 (elF3) Novak and Kirkegaard, 1994Moreover, the
tion of Raf-1 protein kinase signaling pathwaoki et al., interaction of host elongation factor EF-1 and ribosomal S1
2000. Activation of serine/threonine kinase and phosphatase protein with RARP complex to initiate transcription of polio
genes along with the Fas gene in our data set may suggesvirus RNA is also well documented.4i, 1999. Increased
their important role during IBV infection. The induction of gene expression for some of these host factors following
dsRNA dependent PKR as a mediator of antiproliferative and IBV infection suggests their involvement in IBV infection.
antiviral activity of IFN is well known. However, recently the  For instance, chicken elongation factor 1 (EF-I) and TBP
enhanced expression and increased activity of PKR in certaingenes were two- and seven-fold up-regulated, respectively,
viral infections has been associated with the activation of spe-at different time points following IBV infectionTable J).
cific viral proteins that interact with 14-3-3 proteichulze In contrast, the elF3 subunit 6 gene showed marked down
zur Wiesch et al., 2003 regulation (>3-fold) at 6 h Pl and then gradual up-regulation
Another kinase related gene that showed 61-fold up- (two-fold) at 24 h PI. However, other subunits of elF3 present
regulation at 6 h and remained up-regulated up to 48h Pl on the array (e.g. homolog of mouse elF3 subunit 7) showed
was lymphocyte specific protein 1 (LSP1) gene. Since the no change of expression during IBV infection. In accordance
regulatory activity of KCIP-1 is mediated through PKC, it with findings reported elsewher&qo et al., 200Pthe down
is interesting to note that LSP1 acts as a substrate for PKCregulation of the elF3 gene with simultaneous activation of
and MAPKAP kinase 2Carballo et al., 1996 LSP1 is an the IFI 56 K gene in our dataréble ) may possibly be a
intracellular phosphoprotein that is expressed in B-lineage part of the interferon-induced antiviral pathway. Moreover,
cells, functional T cells, thymocytes, macrophages and neu-four- and five-fold upregulation of the 60s ribosomal protein
trophils derived from fetal liver and bone marrow. LSP1 is 13 and ribosomal protein s6, respectively, at 6 h Pl in IBV
an important signaling molecule, regulating the cytoskeletal infection may also play a role in viral pathogenesis. There
architecture, cell motility, receptor-induced apoptosis and a are examples where the antiviral effect of certain plant pro-
negative regulator of neutrophil chemotaxi®iigstra-Bilen teins is mediated through inhibition of ribosomal protein I3
etal., 2000. Alterations in expression of LSP-1, and KCIP-1 (Rajamohan et al., 2001
genes in our data may suggest their involvement in IBV in- ~ Heterogeneous nuclear ribo-nucleoprotein 1 (hnnRNP1) is
fection and modulation of immune cell function. However, another cellular protein that is reported to be involved in
the precise interaction of these factors with each other or corona virus replication. Biologically, hnRNP1 is involved
with viral proteins in IBV infection needs further investi- in pre-mRNA splicing in the nucleus and translational regu-
gation perhaps by array based studies with a larger num-Ilation in the cytoplasm&hi et al., 200D The eight-fold up
ber of gene sets specifically comprising all or the majority regulation of polypyrimidine tract-binding protein (PTB) or
of genes involved in kinase and phosphatase signaling cas-heterogeneous nuclear ribo-nucleoprotein 1 (hnRNP1) gene
cades. Further studies are anticipated to provide more infor-at 24 h Pl suggests a possible role for hnRNP 1 in IBV tran-
mation regarding the role of these signaling factors in IBV scription. Several lines of evidence are consistent with this
pathogenesis hypothesis. For instance, the interaction between viral 3
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UTR and cellular hnRNP1 is a necessary requirement for the CEF cells, HCV and cytomegalovirus infectiddigger et al.,
replication of the viral genome in bovine coronavirus (BCV) 2001; Munir and Kapur, 2003The inhibition of protein syn-
and mouse hepatitis virus (MHV) transcriptiobaf, 1997; thesis by IFI-56K protein is mediated through its interaction
Shi et al., 2000; Spagnolo and Hogue, 2p00oreover, dur- with the translation initiation factor elF3 making it unavail-
ing MHV infection hnRNPA1 mediates the leader-body fu- able for protein translationJuo et al., 200p Interestingly,
sion event in synthesis of viral sub genomic RNA transcripts the up-regulation of IFI-56K gene and a simultaneous reduc-
(Shen and Masters, 20pIThe binding of hnRNP-1 to the  tion in elF3 protein gene expression during IBV infection at
internal ribosome entry site on viral RNA of poliovirus, hep- 6 h Pl may implicate strong activation of host innate immune
atitis A and hepatitis C virus is required for viral mMRNA response during the early phase of IBV infectidalgle J).
translation Chung and Kaplan, 1999However, in a non- However, subsequent up-regulation of the elF3 gene with its
segmented negative strand RNA virus infection (e.g. APV) involvement in viral RNA synthesis, may reveal that effec-
the up-regulation of hnRNP1 gene was observed at latertive viral strategies exist for escape from interferon’s antiviral
stages (96 h PI) of infectioMunir and Kapur, 2008 We effects mediated through activation of IFI-56K gene expres-
hypothesize that this difference in hnRNP1 gene expressionsion. The overall ISG expression profile in this study and
profile for IBV and APV may be due to the different tran- previous studies indicate that stable and marked activation of
scriptional strategy (synthesis of nested sets of viral MRNA) IFI-56K may be crucial for effective host protection in many

of coronavirus. viral infections including IBV, APV and HCVZhu et al.,
2003.
Other ISGs related to IFI-56K, including genes encoding
11. Interferon and interferon induced genes for IFN-induced 58 kDa protein and IFN-induced TPR4 pro-

tein, did not show changes in expression following IBV in-

The induction of chicken interferon (IFN) by differ- fection. However, these ISGs showed marked up-regulation
ent IBV strains greatly varies in different culture environ- in other avian respiratory viral infectiond1(nir and Ka-
ments Holmes and Darbyshire, 19Y.8t has been suggested pur, 2003. Interferons regulate gene expression in vari-
that IBV’s ability to induce IFN is linked to the virulence ous functional classes including signal transduction proteins,
and adaptability of IBV strain for a particular host system chemokines and adhesion molecules, antigen processing and
(Holmes and Darbyshire, 1978; Otsuki et al., 1p8i the presentation, signal transduction and protein degradation sys-
present investigation we were unable to detect the induc-tems fle Veer et al., 2001
tion of IFN genes due to the absence of IFN coding cONA  The G proteins are the class of signaling proteins that me-
on the array. Interferons mediate their effect by binding to diate many intracellular functions including cytoskeletal re-
cell surface receptors which activate members of the JAK modeling, vesicle transport and growtbvers et al., 2000;
kinase family of proteins. Activated JAK kinases phosphory- Willard and Crouch, 2000 Activation of G-protein genes
late STAT factors. The STAT proteins homo- or heterodimer- and genes related to G-protein signaling in response to IFNs
ize and form complexes with other transcription factors to treatment of host cells have been reported in other microarray
activate transcription of interferon stimulated genes (ISGs) studies (e Veer et al., 2001 However, the precise mecha-
(Haque and Williams, 1998 Amongst the STAT group of  nism of gene activation is not clear. Moreover, the activation
ISGs, IBV infection of chicken embryos induced up regula- of G proteins in response to the binding of chemokines to
tion (two- to three-fold) of STAT 1 and another similargenein transmembrane G-protein receptors and the requirement of
lung tissue at 6 h PI. However, at 48 h Pl only the STAT1 gene JAK/STAT and G-protein interaction for chemotaxis and Ca
showed three-fold up-regulation. Similar to many other viral flux responses in host cells is well characteriz8dr{ano
infections the activation of STAT1 seems to be an important et al., 2003. In our studies, the up-regulation (17-fold at 6 h
component of host innate antiviral activity in coronavirus in- PIl) of a gene similar to the G protein gene may occur as
fection. For instance, STAT-1 null mice show enhanced viral part of the IFN or chemokine induction pathways mentioned
susceptibility, greatly reduced responses to kcldnd [FN- above {able J). Further analysis of genes that were altered
v and compromised innate immunity. Moreover, inactivation over two-fold and were common in IBV and other avian viral
of the STAT-1 gene following Sendai virus infection (through respiratory infection including APV showed marked differ-
an interaction to the viral C protein) is believed to be an im- ences in the magnitude of expression in the 6—16 precursor
portant viral strategy to evade host innate immune responsegrotein gene and STAT1 gen&ble 2. Microarray analysis
(Garcin et al., 200R of ISGs in non-infected cells have shown 31- and 21-fold in-

In many viral infections IFI-56K, a member of the in- creased expression of MxA protein in response to F-ahd
terferon induced proteins with tetratricopeptide repeats, is IFN-a treatment, respectivel\Der et al., 1998 Moreover,
considered to be the most strongly induced gene amongstthe Mx protein gene is considered to be a predominant ISG in
the known ISGs $%en, 2001 The marked up regulation of  the majority of negative strand RNA virus infections such as
IFI-56K gene, as much as 22-fold in IBV infected chicken APV, influenza virus, vesicular stomatitis virus and measles
embryonic lung Table 1), is similar to what was observed virus infection @Atreya and Kulkarni, 1999; Munir and
in many other viral infections including APV infection of  Kapur, 2003; Pavlovic etal., 1990; Schnorr et al., %88 a
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few positive strand RNA viruses such as Toga virutesflis virus) infection. The type of facial edema, infiltration of in-
et al., 1998. However, there was no change in expression of flammatory heterophils, exudation and edema of sinuses is
the Mx protein gene in IBV infected embryos. The absence of much more severe during APV infection of turkeys than dur-
change in Mx gene expression is supported by recent findingsing IBV infection. These differences may be the outcome of
in other coronavirus studies indicating that the antiviral effect more extensive chemokine gene upregulation during APV in-
of IFNs in SARS corona virus infection in vitro is not me- fection. Moreover, unaltered expression of some ISGs, such
diated by MxA protein $piegel et al., 2004 The induction as R158, TPR-4, and Mx, and down-regulation of STAT I gene
of STAT-1 and IFI-56K gene expression supports the conclu- at 24 h post-IBV infection may be attributed to the antagonis-
sion that IFN pathway was activated. However, no change tic effect of IL-8 on IFN-« induction. Such an antagonistic
in Mx gene expression is intriguing and may possibly be an activity for IL-8 has been reported for a majority of positive
outcome of an IBV anti-IFN virulence mechanisms. stranded RNA viral infections including polio, encephlomy-
ocarditis and some DNA viruses such as herpes simplex virus
1 (HSV-I) infections. Similar inhibitory activity for IL-8 has
12. Chemokines and adhesion molecules genes not been observed in negative strand RNA viruses such as
vesicular stomatitis virus and AP\Khabar et al., 1997a,b;
IBV infection of embryonic chicken lungs resulted in a Munir and Kapur, 2008
five-fold increase in 9E3 gene expression at 24 ABb(e J). Another gene (LSP1) coding for a negative regulator of
The 9E3 and K60 genes are two of four chicken chemokines neutrophil chemotaxis also displayed marked and stable up-
knownto belongtothe CXC family. The 9E3 geneisachicken regulation during IBV infection. This gene is believed to
homolog of human interleukin 8 (IL8). The role of IL8 gene participate in the inhibition of chemokine and complement
induction in viral infections is well known. For example, cy- gene induction Jongstra-Bilen et al., 2000Interestingly,
tomegalovirus (CMV) and Epstein Bar virus (EBV) infec- chemokines other than 9E3 and complement factor genes
tions activate the transcription factors NF-kB and AP1 which (CF3) did not show any change in expression in our data.
in turn induce interleukin 8 (IL8) expression and thus en- Further studies are needed to evaluate the impact of LSP1
hance the attraction of neutrophils,which serve as the targeton cytokine production and virus replication to determine if
cell for CMV infection (Murayama et al., 1997; Penfold et LSP1 plays a critical role in IBV pathogenesis
al., 1999. In addition to the attraction of heterophils (avian
neutrophils), monocytes and lymphocytes, 9E3 is involved
in growth regulation, wound healing and angiogeneSisk 13. Ubiquitin-proteasome and vacuolar trafficking
et al., 2000. A five-fold increase in expression of the 9E3 protein genes
gene in IBV infected embryonic lungs at 24 h Arble J)
may be linked to the common patho-physiological and mi-  In contrast to many well studied enveloped RNA viruses,
crobiological states observed in IBV infection. For instance, coronaviruses have a different budding mechanism. Coron-
in many respiratory viral infections including IBV, APV and aviruses acquire their membrane envelop by budding into the
human respiratory syncytial virus, peak accumulation of het- lumen of the Golgi and pre-Golgi compartments with virus
erophils in lung lavage has been reported at 24 KBtgni release restricted to certain areas of the cBdoge et al.,
et al., 2000. Similarly, peak IBV replication in the lungs 1987. The reason for this intracellular budding and selec-
of 18-day-old chicken embryos inoculated with IBV via the tion of specific sites for budding of the virus is not known
chorioallontoic route was observed at 24 h Rapczynski (Corse and Machamer, 200%/iral genomic factors, includ-
et al., 2002. Elevated 9E3 expression at 24 h post IBV in- ing Golgi targeting signal sequences on envelop proteins of
fection in ovo may be correlated to the occurrence of peak IBV, involved in the process of virus egress have been well
IBV titers in lungs at 24 h Pl and represent a conserved hostcharacterized. However, the cellular counterparts interacting
response to viral infection. We did not detect significant al- in this process are not well knowi€C¢rse and Machamer,
terations in other chemokine genes including K60, comple- 2003. In our experiments, alterations in the expression of
ment factor C3F and ornithokinin receptor genes which were seven genes with functions in the vesicular proteins (Vps)
presentonthe array. Unaltered expression of these chemokingrafficking including clathrin light chain and transitional en-
genes may be an IBV strategy to escape possible adversaloplasmic reticulum atpase genes, showed greater than two-
effects of chemokines. For example, it is well known for fold increased expression within 6 h PI. Signal recognition
influenza virus infection, that an interaction between regu- particle 54 kDa protein gene and Vps45 showed six- and two-
latory sequences in the viral nucleoprotein gene and hostfold up regulation at 24 PI, respectively, but Vps45 gene
cell factors inhibits neutrophil chemotaxis and activation showed two-fold down-regulation at 48 h post-IBV infec-
(Cooper et al., 2001 tion (Table 1. In addition, the TC10 protein gene and the
Differencesin chemokine expression pattern between IBV COP1 gene related to the Vps pathway also showed two- and
(Table 7 and APV infection Munir and Kapur, 2008may eight-fold enhanced expression at 48 and 72h PI, respec-
contribute to differences in the patho-physiology of APV (a tively (Table 1. The Vps 45 and signal recognition particle
negative strand RNA virus) and IBV (a positive strand RNA 54 kDa proteins are thought to play important roles in vac-
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uolar protein sorting from golgi to the vacuoli(ler et al., ogous to those conferred by a transferable Ubl called UbD
1995. (Hochstrasser, 2000; Munir and Kapur, 2D0Bhe absence
The TC 10 protein is a member of the Rho family of of expression changes in other ubiquitin genes and activation
GTP binding proteins that is closely related to Cdc42. Recent of ubp18 gene and gene similar to 26s proteosome may sug-
studies have shown that these proteins function as molecu-gest the involvement of ubiquitin related proteins like Ubl
lar switches linking cell surface receptors and extracellular or UbD (that have not yet been identified in avian species)
signals to the regulation of actin dynami¢sl, 1998. The during IBV infection.
interaction between TC10 and coatmer protein COP1 causes
massive Golgi membrane actin polymerization and thus play 14. Transcription and translation regulation genes
an important role in the control of perinuclear actin dynam-
ics (Kanzaki et al., 200R The up-regulation of both of these Over two-fold alterations in six genes belonging to the
genes (TC10and COP1)inIBW4ble J infection suggestsa  regulation of cellular transcription family were observed.
possible role in the transport of coronavirus proteins through These included transcriptional repressor protein Yin Yang-1
the golgi networkiunir and Kapur, 2008 The involvement (YY1), TAF12 RNA pol Il, human nuclear ribonuclear
of different COP proteins in vacuolar transport of viral pro- protein 1 (hnRNP1), similar to enhancer factor | (EF-1),
teins of different viruses has been previously reported. For Ela binding protein p300 and PCAF-associated factor 400
example, upregulation of coatamer complex gene COP9 is(Table 1. Our data indicate a greater than seven-fold up
reported in APV infectionNlunir and Kapur, 2008 The M regulation of the YY1 gene at 24h Pl. The YY1 protein
glycoprotein of coronavirus is one of the viral proteins that is a multifunctional zinc finger protein that regulates the
interacts with cellular factors and is accumulated in the golgi expression of various cellular as well as viral transcription
region and is believed to possess a signal for its retentionfactors including TBP, TFIIB, sequence specific DNA
at this location. The induction of cellular genes including binding transcriptional activator (Sp1), c-myc, ATF/CREB,
clathrin light polypeptide, COP1 and GTP binding protein transcriptional co-regulators such as E1A, CBP, p300,
TC10 genes in IBV infection may suggest the interaction of PCAF, histone deacetylase 1 (HDAC1), HDAC2, and
these cellular proteins with viral proteins (like the M glyco- HDAC3, c-Fos, p53,« actin, § and vy interferon, P5 of
protein of the coronavirus) in the process of virus assembly adeno-associated virus, E6 and E7 genes of human pa-
and exocytic pathwayJottesman and Maurizi, 1992 pillomavirus, and a number of other viral long terminal
The genes related to ubiquitin and the proteasomal degra-repeats including Moloney murine leukemia virus and
dation pathway that showed over two fold alteration in ex- human immunodeficiency virus type IA@sten et al.,
pression included deubiquitinating enzyme 18 (hubp43) and 1997; Yao et al., 2001 The role of YY1 protein in inhibition
a gene similar to the 26s proteasome non-ATPase regulatoryor propagation of virus infection is documented in various
subunit geneTable J). Both genes are over-expressed within virus infections including adeno-associated virus replication
6 h PI. Protein ubiquitinylation is a classical pathway to target where interaction of YY1 protein with E1A at promoter P5re-
proteins for degradation by the 26S proteasoKkteof et al., lieves YY1 dependent suppression of the promoter. However,
2003. The up-regulation of the ubp18 gene and its role in inthe absence of E1A, the binding of YY1 to its cis elements
viral replication and evasion of host immunity has also been represses transcriptio8liirivastava and Calame, 199%4he
reported in other viral infections including porcine repro- binding of YY1 to the upstream region of the MuLV promoter
ductive and respiratory syndrome (PRRS) virus, CMV and down-regulates MuLV promoter activityFlanagan et al.,
APV. It is believed that the induction of ubiquitin carboxyl- 1992. Moreover, it has been shown that an interaction be-
terminal hydrolase 18 (Ubpl8) gene in the early phase of tween c-myc and YY1 protein suppressess the activity of the
infection may be a viral strategy to prevent degradation of CXCR4 promoter where, CXCR4 serves as a major co-factor
its nascent proteind{unir and Kapur, 2008 However, un- for T-cell tropism of HIV-I Bleul et al., 199% However,
changed expression (during IBV infection) of genes encoding mutations in the YY1 binding site removes suppression and
the set of enzymes including E1 (Ub activating), E2 (Ub con- facilitates HIV propagation Moriuchi et al., 1999 The
jugating) and E3 (Ub substrate ligase), which are found to role of the YY1 protein in coronavirus infection remains
be regulated in certain other viral infections including APV to be investigated. On the basis of alterations in expression
(Munir and Kapur, 2008 may be consistent with the sub- of YY1 gene (>7-fold upregulation at 24 h PI) and other
strate specificity of these enzymes and may suggest the actranscription factors including p300, PCAF, TBP and hnRNP
tivity of some other ubiquition pathway during IBV infec- we hypothesize that YY1 protein interacts with different
tion. Recently, a number of ubiquitin-like modifier (Ubls) cellular and viral elements during IBV infection. In addition
proteins were discovered to have a variety of ubiquitin-like to the role of hnRNP1 protein discussed earlier the alteration
functions, including substrate conjugatidda@s and Siep- in hnRNP1 gene expression is reported to be involved
mann, 199Y. In addition, there also exists a class of ubig- in cellular immunobiology. It represses the expression of
uitin related proteins in which an ubiquitin domain is built c-fos and zif268 genes and activates transcription of Ha-ras
into a larger polypeptide and is not excised or attached to and SP6 kappa promoters that participate in host immune
other proteins. These domains may impart properties anal-responsesBemark et al., 1998; Mikheev et al., 2000
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Transcription initiation by RNA polymerase Il largely 15. Conclusion
depends on TBP and associated factors (TAFIIs). Proteins
like p300 and PCAF are transcriptional co-activators thatare  Substantial changes in expression profiles of a number
said to be involved in various cellular activities including of unique cellular pathways and genes including the activa-
cell growth, cellular transformation and differentiation, tran- tion of 14-3-3 protein kinase mediated signaling pathway,
scription initiation and developmental procesdéggiou and cellular factors like hNRNP1, TBP, elF3, and PTB that are
Stunnenberg, 20030n the basis of p300 interaction withcel-  supposed to interact with RARP enzyme gene, exclusive and
lular transcription factor TFIIB and RNA pol 11, this protein  stable alteration of IFI-56 k gene expression in interferon in-
is thought to play a direct role in transcription initiation thus duced genes, enhanced expression of 9E3 and LSP1 genes
serving as a molecular bridge between upstream transcrip-as chemoattractant regulators, up-regulation of YY1, P300,
tional activators and basal machineRe(zien et al., 1999 PCAF associated factor 400, TBP, TAFII genes as transcrip-
The CH3 region of p300 has been reported to interact with tionnal regulators, EF1a, ribosomal proteins 13, ribosomal
many viral and cellular transcription factors like adenovirus protein s6, elF4a and DDX 3 genes in translation regula-
E1A, SV40 large antigen and transcription co-activator PCAF tion suggest the pathobiological significances of these genes
(Arany et al., 1995; Bhattacharya et al., 199Bhe interac- and pathways during IBV infection process. However, the
tion between the CHI region of p300 and or CREB-binding biological involvement of these cellular factors during IBV
proteins and the carboxy terminal region of STAT2 (an ISG) infection has been based on assumptions derived from previ-
is supposed to be essential for the antiviral activity of STAT2. ously known cellular functions for these genes. Further de-
Hence, the targeting of p300 by EIA of adenovirus abolishes tailed characterization of these factors, using other molecular
this antiviral effect of STAT2 and indicates a significant role approaches will validate their role in IBV infection and will
for this protein in cellular antiviral responses. Moreover, it enhance our understanding of respiratory viral pathogenesis
was recently reported that interaction between P300 and TBPand immunity. In addition, a search of regulatory motifs (such
plays an important role in transcription and embryogenesis in as TPR and GTP binding motifs) in unknown but significantly
yeast Walker et al., 2001 In some recent studies p300 and altered genes identified in this study (data not shown here)
PCAF have been found to have intrinsic histone acetyltrans- may lead to the identification of more IFN related genes in the
ferase (HAT) activity and the ability to recruit additional HAT ~ chicken. Moreover, precise determination of the role of viral
factors (i et al., 2003; Schiltz and Nakatani, 2Q0BIATs cis acting elements (like UTR and-Boly A tail) and their
have important role in chromatin remodeling and transcrip- interaction with cellular factors such as hnRNP1 and kinase
tion (Baluchamy et al., 2003 The activation of p300, TBP  C may be helpful in identifying potential targets to interrupt
and PCAF genes at 6, 24 and 48 h PI during IBV infection the viral replication cycle.
(Table ) may play such a role in the infection process.
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