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Introduction

Chronic wasting disease (CWD) is a transmissible spongiform 
encephalopathy (TSE) affecting all members of the Cervidae 
family. Like other prion diseases, CWD is characterized by 
progressive dementia and/or ataxia.1,2 CWD has a long incuba-
tion period usually lasting from two to four years followed by 
the appearance of clinical symptoms including weight loss and 
behavioral changes lasting a few weeks to months.3 Despite some 
similarities, CWD differs from ovine scrapie and bovine spon-
giform encephalopathy (BSE) in that it occurs in two different 
non-domestic deer and elk, and epidemiologic observations sug-
gest its horizontal transmission within species.4,5 Although no 
definitive evidence has been found for higher levels of human 
TSE disease occurrence in CWD endemic areas where hunting 
and venison consumption are common,6 research to define the 
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potential of CWD to infect humans is ongoing.7 A recent study 
has shown that cynomolgus macaques, which are evolutionarily 
close to humans, when exposed either orally or intracerebrally to 
CWD, did not develop any symptoms after 6 years of observa-
tion, although the direct relevance to humans is not definitive.8 
As the prevalence and distribution of CWD increases, there is 
also the risk that the disease may be transmitted to other species 
such as cattle, and this may result in increased risks to human 
health. Given these uncertainties and increasing CWD preva-
lence in North America, it is crucial to improve our understand-
ing of the pathogenesis mechanisms of CWD disease.

Pathogenesis studies have revealed that disease associated 
prion proteins (PrPcwd or PrPd) are present in saliva, blood, urine 
and feces.9-11 These prions are especially widespread in the ton-
sil and gut-associated lymphoid tissues, such as the spleen and 
lymph nodes, well before neuroinvasion, and they can occur 
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the spleen, RPLN and tonsil tissues (Table 2) were associated 
with a function based on Gene Ontology (GO) analysis. The 
results showing categorization of DE genes from the GO analyses 
(modified Fisher’s exact p value < 0.05) include cellular process, 
biological regulation, metabolic process, regulation of biological 
process, multicellular organismal process and development pro-
cess (Fig. 1 and Table S1). According to the GO database, many 
DE genes fall into more than one category; however, for simplis-
tic presentation, these genes have been presented under a single 
functional heading.

Table 3 provides a comprehensive list of DE genes for the dif-
ferent brain tissues and the spleen, RPLN and tonsil tissues in 
CWD-infected elk. While some of these genes have been identi-
fied in previous studies of other TSE models (Table 3), a number 
of these genes are being reported for the first time (Table S4). 
Nonetheless, 86 DE genes identified in this study in response to 
CWD in elk have been identified in previously published studies 
of various TSE diseases (Table 3).

We also used the Ingenuity Pathways Analysis (IPA) to anno-
tate genes according to their functional relationships and to 
determine potential regulatory networks and pathways. Table 4 
provides the number of DE genes in the different brain tissues 
and in the spleen, RPLN and tonsil as identified by Genesifter 
analysis, and the Mapped IDs, network eligible genes and func-
tion eligible genes identified by IPA. The representative catego-
ries of biological functions/diseases of all of the DE genes in the 
different tissues using IPA are provided in Table 5. While neu-
rological disease, genetic disorder, psychological disorder, skel-
etal disorders and cancer were the top five categories in both the 
brain and thalamus under “Diseases and disorders” in brain tis-
sues, endocrine system disorder, metabolic disease, inflammatory 
response, genetic disease and inflammatory disease were the top 
functions in midbrain (Table 5). Among the DE genes in the 
brain tissues, cell morphology, cellular assembly and organiza-
tion, cellular function and maintenance, free radical scavenging, 
cell signaling and molecular transport were the top molecular 
and cellular functions; the top physiological system development 
and function classifications were nervous system, skeletal and 
muscular system, connective tissue, behavior, tissue development 
and tissue morphology (Table 5).

The top functional categories for the DE genes were as fol-
lows: cancer, skeletal and muscular disorders, hematological 
disease, genetic disorder and reproductive system disease for 
the spleen tissues; genetic disorder, neurological disease, skeletal 
and muscular disorders, inflammatory response and renal and 
urological disease functional categories for RPLN tissues; and 
inflammatory response, reproductive system disease, infection 
mechanism, hypersensitivity response and connective tissue dis-
orders for tonsil tissues under diseases and disorders (Table 5). 
Cellular movement, cellular compromise, cellular assembly and 
organization, cellular function and maintenance, cell cycle and 
cell death were the top molecular and cellular functions among 
DE genes for spleen, RPLN and tonsil tissues; the top physiologi-
cal system development and function categories were immune 
cell trafficking and endocrine and hematological system develop-
ment and function (Table 5).

in the absence of spongiform lesions or clinical signs, spread-
ing to the central nervous system and spinal cord with concur-
rent distribution in peripheral lymphoid tissues from the early 
incubation phase until death.12-14 While physiological changes 
associated with TSE disease in the brain are well documented, 
the underlying molecular events involved in neurodegeneration 
are poorly defined. A number of studies using microarrays have 
identified global gene expression changes in TSE diseases such 
as scrapie in mouse and hamster models with identical genetic 
backgrounds15-20 and BSE in natural hosts, such as cattle.21-23 
These studies have been useful for providing information about 
the involvement of multiple genes and identifying novel genes 
related to neurodegenerative pathway and pathogenesis mecha-
nism including altered synapse function, regulation of apopto-
sis, stress response and calcium ion homeostasis.14 However, no 
report has analyzed gene expression changes associated with 
CWD, and more gene expression profiling studies are needed in 
TSE-infected animals with different genetic backgrounds.

Based upon established homology between domestic cow (Bos 
taurus) and white-tailed deer chromosomes,24 a recent study by 
massively parallel pyrosequencing of a reduced representation 
library and a random shotgun library from white-tailed deer and 
using comparative contig overlay method showed a substantial 
number of high quality contigs (> 92%) were unambiguously 
aligned to the bovine genome assembly.25 In this study, we used 
microarray analysis to profile gene expression changes occurring 
in CWD-infected tissues from orally inoculated elk. Because 
cervine microarray platform is not available due to insufficient 
cervid sequence data and genomic information, we used cross-
species microarray analysis (i.e., elk samples hybridized to a 
bovine DNA microarray) to identify differentially expressed 
(DE) genes in different brain (brain, midbrain and thalamus), 
spleen, tonsil and RPLN tissues of CWD-diseased elk. The DE 
genes identified in response to CWD infection are important to 
understand the molecular mechanisms involved in neuropathol-
ogy and prion replication.

Results

Differentially expressed genes in brain, spleen, RPLN and 
tonsil tissues from CWD-infected elk. Global gene expression 
variations were determined in tissues from the brain, midbrain, 
thalamus, spleen, RPLN and tonsil from control and CWD-
infected elk using a bovine microarray representing 16,846 
unique gene loci and 5,943 ESTs from the bovine genome. 
Microarray analysis identified 329 genes (132 upregulated and 
197 downregulated) that were DE at least 2.0-fold in the differ-
ent brain tissues comparing the CWD-negative and the CWD-
positive animals (Table 1). Among these, 152, 65 and 112 genes 
were DE in the brainstem, midbrain and thalamus, respectively. 
Table 2 shows there were 249 DE genes (168 upregulated and 81 
downregulated) in the spleen, 30 DE genes (18 upregulated and 
12 downregulated) in the RPLN, and 55 DE genes (21 upregu-
lated and 34 downregulated) in the tonsil.

Functional classification of DE genes. Overall, 122 DE 
genes from the brain tissues (Table 1) and 110 DE genes from 
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five canonical pathways for all of the brain tissues and the spleen, 
RPLN and tonsil tissues have been provided in Table S3. Most 
of these pathways were related to signaling ncluding endothelin-
signaling, androgen signaling, synaptic long-term depression and 
CXCR4 signaling for the brain tissues; B cell development, anti-
gen presentation pathway, disease signaling and oxidative stress 
response for midbrain; and Parkinson signaling, OX40 signaling 
pathway, acute phase response signaling, IL-6 signaling for thala-
mus tissues. For the spleen, RPLN and tonsil tissues (Table S3), 
the most prominent pathways included the protein ubiquitina-
tion pathway, actin cytoskeleton signaling, aldosterone signaling 
and IGF-1 signaling.

Quantitative real-time PCR validation of DE genes. 
Quantitative RT-PCR analyses were performed to validate the 
differential expression of several genes from different pathways 
including the following: neuronal signaling and synapse func-
tion in neurological disease [α-Synuclein (SNCA), neuropep-
tide Y (NPY), cocaine and amphetamine responsive transcript 
(CART), synaptosomal associated protein 25 kDa (SNAP25) 
and tachykinin 1 (TAC1)]; calcium ion regulation [parvalbu-
min B (PVALB), visinin-like 1 (VSNL1), angiotensin II receptor 

Identification of biologically relevant networks. To investi-
gate the global expression response to CWD and to define the 
interaction of individual regulated genes in specific pathways, 
potential networks of interacting DE genes were identified using 
IPA. All of the potential networks with a score > 9 (a score of 
3 or greater is considered significant with p < 0.001) from dif-
ferent tissues have been provided in Table S2, with information 
on the network genes, score, the focus genes and top functions 
associated with the focus genes in each network. For all of the 
brain tissues, the highest ranked network (Fig. 2) identified by 
IPA was associated with neurological disease, cell morphology, 
cellular assembly and organization. This network contained 
genes (Table S2) that are primarily involved in apoptosis and cell 
death (26S proteasome, CDKN1C, MAPK3, MT1F, POLR2A, 
PRPH, NR4A2, RDX, SCIN, GNCA, SOD1, TAC1, TAX1BP1 
and tubulin), signaling (actin, calmodulin, GNAS, SNAP25, 
SOD1, TAC1 and TAX1BP1), and cell movement, disassem-
bly and differentiation (CAPZA2, ERMN, GDI, NEFH and 
GPNMB). The highest ranking networks were cancer, cell death 
and immune cell trafficking for the spleen and infection mecha-
nism for both the RPLN and tonsil tissues (Table S2). The top 

Table 1. Gene ontology (GO) analysis of differentially expressed genes with ≥ 2.0-fold change, associated with CWD disease in brain tissues  
of elk

GO function (biological and 
molecular processes)

Gene ID Gene name BR MB TH

Apoptosis Bt.49637

Bt.17392

Bt.49336

Bt.49674

Bt.5427

Bt.87330

Superoxide dismutase 1

Tax1 binding protein 1

Ras homolog gene family

Voltage-dependent anion channel 1

Secretogranin II

Scinderin

-3.96

-2.26

-3.44

2.46

-2.28 -2.01

-2.21

-2.70

Calcium binding and regulation Bt.61440

Bt.61911

Bt.65801

Bt.49702

Parvalbumin

Multiple coagulation factor deficiency 2

Neurocalcin delta

Visinin-like

-2.07

3.24

-2.31

-3.77

-2.79

Nervous system function and  
synaptic transmission

Bt.12770

Bt.12930

Bt.20015

Bt.22135

Bt.30532

Bt.35938

Bt.40062

Bt.5457

Bt.67878

Bt.89014

Bt.42529

Synuclein, α

Tachykinin, precursor 1

Cocaine and amphetamine responsive transcript

Neurensin 1

Cholecystokinin

Calcyon neuron-specific vesicular protein

Amyloid β (A4) precursor protein

Growth associated protein 43

Neuron specific gene family member 1

Neurofilament, medium polypeptide

Synaptosomal-associated protein, 25 kDa

-2.32

-2.27

-2.40

-3.74

-2.16

-2.49

-3.36

-3.30

-3.05

-2.01

-3.69

-2.22

-2.01

-2.88

-2.78

-2.50

-4.17

Cytoskeleton organization Bt.49700

Bt.13391

Bt.49547

Bt.53255

Bt.6630

Allograft inflammatory factor 1

Capping protein muscle Z-line

Lymphocyte cytosolic protein 1

Thy-1 cell surface antigen

Calponin 1, basic, smooth muscle

2.03

-2.19

2.29

2.16 -2.36

BR, brainstem; MB, midbrain; TH, thalamus.
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disease category showed reduced expression in both of the posi-
tive animals as compared with the control animals (Fig. 3A), 
validating our microarray data. The extent of differential expres-
sion varied in the brain, midbrain and thalamus tissues from 
the two animals; however, the trend remained similar in both 
animals. Both of the genes associated with apoptosis and cell 

(AGTRL1)]; apoptosis and cell death [Tax 1 binding protein 
1 (Tax1BP1) and superoxide dismutase (SOD1)]; and immune 
cell trafficking and inflammatory response [(chemokine 20 
(CCL20), Serum amyloid A-like (SAA)].

All five genes, i.e., SNCA, NPY, CART, SNAP25 and TAC1, 
from the neuronal signaling and synapse function in neurological 

Table 1. Gene ontology (GO) analysis of differentially expressed genes with ≥ 2.0-fold change, associated with CWD disease in brain tissues  
of elk

Binding Bt.13833

Bt.20597

Bt.22187

Bt.24896

Bt.34711

Bt.35816

Bt.37226

Bt.42457

Bt.42866

Bt.43398

Bt.49619

Bt.49713

Bt.5448

Bt.60794

Bt.62630

Bt.64032

Bt.6645

Bt.6830

Bt.74143

Bt.76429

Bt.76948

Bt.87082

Bt.91195

Bt.207

Bt.34807

RING1 and YY1 binding protein

Tetratricopeptide repeat domain 35

Regulator of chromosome condensation (RCC1) and BTB 
(POZ) domain

Kinesin-associated protein 3

Leucine rich repeat transmembrane neuronal 1

Neurotrimin

Fibroblast growth factor 12

Hypothetical protein LOC506058

Metallothionein 1E

TRIM6-TRIM34

Spastic paraplegia 3A

Creatine kinase, mitochondrial 1

Chromogranin B

Alpha2-macroglobulin

Mal, T-cell differentiation protein 2

Lymphocyte antigen 75

RNA-binding region (RNP1, RRM) containing 3

Septin 7

Ermin, ERM-like protein

Ceruloplasmin (ferroxidase)

FK506 binding protein 1B, 12.6 kDa

GTP-binding protein 8 (putative)

Succinate-CoA ligase, ADP-forming,

Transthyretin (prealbumin, amyloidosis)

Neurofilament, heavy polypeptide 200 kDa

-2.37

-2.40

-2.12

-2.22

2.19

7.86

2.01

-2.17

-2.88

-2.41

4.14

-4.36

-2.24

-2.07

3.97

2.23

-2.91

-2.26

2.42

-2.02

-2.00

-2.48

-2.65

-2.63

4.89

-2.27

-2.81

-2.22

2.93

2.04

-2.44

-2.19

-2.28

-4.52

Immune and inflammatory 
response

Bt.1035

Bt.5356

Bt.611

Bt.64791

Bt.73288

Bt.8552

Bt.88538

Fc fragment of IgG, receptor

Similar to MHC class II antigen

Chemokine (C-X-C motif) ligand 2

Acyloxyacyl hydrolase (neutrophil)

Complement component 4A

Major histocompatibility II, DR α

Major histocompatibility II, DRB3

3.22

2.31

2.54

2.01 2.02

2.96

-2.03

2.15

2.56

Post-translational protein  
modification and protein folding

Bt.26656

Bt.36328

Bt.39123

Bt.73670

Bt.22615

Bt.53009

Mitogen-activated protein kinase 10

P21 (CDKN1A)-activated kinase 3

Protein tyrosine phosphatase

Carboxypeptidase E

Protein-L-isoaspartate O-methyltransferase

Chaperonin containing TCP1

-2.57 -2.69

-2.52

-2.32

-2.04

-2.43

-2.12

Proteolysis Bt.12553

Bt.52393

Bt.58848

Haptoglobin

Cathepsin H

Ubiquitin carboxyl-terminal esterase L1

2.14 2.33

-3.05

BR, brainstem; MB, midbrain; TH, thalamus.

(continued)
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(Fig. 3A). A higher CCL20 expression was observed in the elk-
infected spleen, RPLN and tonsil tissues (Fig. 3B). We observed 
some inconsistency in SAA expression, which was increased in 

death, Tax1BP1 and SOD1, and three of the genes involved in 
calcium ion regulation, PVALB, VSNL1 and AGTRL1, showed 
decreased expression in all brain tissues from both animals 

Table 1. Gene ontology (GO) analysis of differentially expressed genes with ≥ 2.0-fold change, associated with CWD disease in brain tissues  
of elk

Regulation of biological process Bt.49566

Bt.35977

Bt.4804

Bt.67202

Bt.63542

Bt.25016

Bt.25332

Bt.64131

Bt.52808

Bt.64620

Bt.4832

Bt.49563

Bt.4185

Bt.48705

Bt.48894

SH3 domain binding glutamic acid-rich protein like 3

Radixin

Cyclin-dependent kinase inhibitor 1C

Protein tyrosine phosphatase-like A

Similar to Chain D, Crystal Structure Of The Adenylyl 
Cyclase Domain Of Anthrax Edema Factor In Complex 

With Calmodulin

Similar to EBF1 protein

Nuclear receptor subfamily 4

RAB2A, member RAS oncogene family

TAF9 RNA polymerase II

Polymerase (RNA) II polypeptide A

Ribosomal protein S15

RNA binding motif protein 3

NHP2 non-histone chromosome protein 2-like 1

GINS complex subunit 4

Protein S (α)

2.12

-2.00

-2.52

-2.31

-2.50

-2.15

-2.31

2.22

-2.08

-2.03

2.53

-2.42

-2.17

2.10

Signal transduction Bt.3704

Bt.53744

Bt.53955

Bt.5546

Bt.62010

Bt.64619

Stathmin-like 2

Membrane-spanning 4-domains

Chimerin (chimaerin) 1

Guanine nucleotide binding protein

Syndecan binding protein

GNAS complex locus

-2.50

-2.13

-2.14

-4.00

-2.46

-2.09

-2.77

-2.44

Transport Bt.2235

Bt.26950

Bt.4482

Bt.46431

Bt.46903

Bt.48572

Bt.49570

Bt.52307

Bt.61189

Bt.62049

Bt.87586

Bt.88575

Bt.14573

GDP dissociation inhibitor 1

Solute carrier family 39

Macrophage scavenger receptor 1

Kv channel interacting protein 4

Potassium inwardly-rectifying channel

Guanine nucleotide binding protein

ATPase, Na+/K+ transporting

ATPase, H+ transporting, lysosomal 42 kDa

ATP synthase, H+ transporting, mitochondrial F0 complex

Sodium channel, voltage-gated

Similar to Kinesin-like protein KIF3A

Tubulin, β 2B

ELMO/CED-12 domain containing 1

2.60

2.01

-2.35

-2.16

3.40

2.26

-2.05

5.16

-2.40

-2.30

-2.79

-2.09

-2.03

-2.61

-3.24

Metabolic process Bt.97115

Bt.20383

Bt.60921

Bt.87389

Stearoyl-CoA desaturase

Microsomal glutathione S-transferase 1

Citrate synthase

Glyceraldehyde-3-phosphate dehydrogenase

-2.69

-2.41

-2.11 -2.15

Glycolysis Bt.15319

Bt.5345

Phosphoglycerate mutase 1 (brain)

Malate dehydrogenase 1, NAD

-2.36 -2.15

-2.48

Cell adhesion Bt.9656

Bt.9807

Collagen, type XI, α1

Glycoprotein (transmembrane) nmb

-2.36

2.71

Hydrolase activity Bt.49237 Transmembrane protein 55ª -2.04

BR, brainstem; MB, midbrain; TH, thalamus.

(continued)
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molecular level. This study is the first comprehensive analysis 
of DE genes and pathways associated with CWD in elk includ-
ing qRT-PCR validation of the differential expression of a set 
of key genes from different pathways from multiple organs of 
CWD infected elk. Eighty-six DE genes identified in this study 
in response to CWD in elk have also been identified in studies of 
other TSE diseases, suggesting the involvement of similar mecha-
nisms, while 92 genes identified only in elk suggesting a host 
species specific mechanism may also be part of the pathogenesis 
mechanism.

spleen, RPLN and tonsil tissues from one of the infected elk and 
only in RPLN in tissue from the other animal. A reduced expres-
sion was observed for AGTRL1 in the spleen, RPLN and tonsil 
tissues (Fig. 3B).

Discussion

Due to the increasing prevalence of CWD and the potential risk 
of its transmission to domestic livestock or humans, it is impor-
tant to gain an understanding of CWD neurodegeneration at the 

Table 2. Gene ontology (GO) analysis of differentially expressed genes with ≥ 2.0-fold change, associated with CWD disease in spleen (SP), 
retropharyngeal lymph nodes (RPLN) and tonsil (TO) tissues of elk

GO function (biological and 
molecular processes)

Gene ID Gene name SP RPLN TO

Apoptosis and cell cycle Bt.64777

Bt.64827

Bt.2408

Bt.13573

Bt.15980

Baculoviral IAP repeat-containing 3

Cadherin 1, E-cadherin (epithelial)

Chemokine (C-C motif) ligand 2

CDC28 protein kinase regulatory subunit 2

Cyclin B1

2.03

2.72

2.10

2.38

-2.02

Bt.4539

Bt.34390

Bt.4922

Bt.6324

Bt.357

Bt.76113

Bt.87249

Angiotensin II receptor, type 1

Cysteine and glycine-rich protein

Myosin, light chain 1, alkali

Myosin, light chain 9, regulatory

S100 calcium binding protein A12 (calgranulin C)

S100 calcium binding protein A14

S100 calcium binding protein A9

-2.34

2.46

2.11

-3.79

2.69

-4.86

-2.12

-5.63

Calcium binding and regulation Bt.66812

Bt.59155

Bt.15705

Bt.97

Bt.4057

Bt.120

Sarcoglycan, β

Cytokeratin 19

Destrin (actin depolymerizing factor)

Fatty acid binding protein 4, adipocyte

Myosin, heavy chain 10, non-muscle

Rho-associated, coiled-coil containing protein kinase 2

-2.28

2.21

-3.47

-5.11

-2.15

-2.67

Cytoskeleton organization and 
cytokinesis

Bt.59726

Bt.16055

Bt.9714

Bt.575

Bt.6141

Bt.45294

Bt.89332

Bt.45158

Bt.62630

Bt.4703

Bt.33253

Bt.64757

Bt.8880

Bt.49324

Bt.74664

Bt.53077

Bt.97350

Bt.8897

Bt.41406

Caldesmon 1

Transgelin

Actin, gamma2, smooth muscle, enteric

Common salivary protein BSP30 form a

Desmin

Elongation factor RNA polymerase II

Fibroblast growth factor-binding protein

Filamin A, α

Mal, T-cell differentiation protein 2

Myocilin

Myotilin

Neurotrophic tyrosine kinase, receptor

SPARC-like 1 (mast9, hevin)

Stress-induced-phosphoprotein 1 (Hsp70/Hsp90-organizing protein)

Tensin 3

Tropomyosin 2 (β)

Troponin C type 2 (fast)

Von Ebner minor salivary gland protein

Zinc finger protein 618

-5.00

-3.00

-3.81

-3.91

2.02

-2.17

2.77

2.50

-2.25

-3.45

2.53

-2.84

-3.37

2.02

2.75

-5.83

-2.57

-2.76
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CART and SNAP25 expression20,27 and increased neuropeptide 
Y (NPY) and α-synuclein gene expression, are associated with 
prion infection in mice.28,29 The presynaptic protein α-synuclein 
has been reported to be involved in Creutzfield-Jacob disease 
(CJD) and in scrapie-infected hamsters through its role in prion 
protein accumulation and neurodegeneration in prion diseases.29 
Abnormalities in synaptic plasticity are believed to overlap with 
the deposition of PrPSc, which is one of the earliest features of 
prion disease.30 Additionally, prion responsive genes in mice have 
been found to be associated with a number of signaling pathways 

Neuronal signaling and synapse function in neurological 
disease in elk brain tissues. Synapse loss has been identified as an 
early and critical pathophysiological event in neurodegenerative 
diseases.26 The altered levels of a number of other compounds 
and neuropeptides that are important for normal neuronal 
function have also been noted for prion diseases. All DE genes 
related to the nervous system function and synaptic transmis-
sion identified in this study (11 DE genes listed in Table 6) 
showed a reduced expression in infected animals as compared 
with control animals. Previous studies have shown that decreased 

Table 2. Gene ontology (GO) analysis of differentially expressed genes with ≥ 2.0-fold change, associated with CWD disease in spleen (SP), 
retropharyngeal lymph nodes (RPLN) and tonsil (TO) tissues of elk

Immune and inflammatory 
response

Bt.91780

Bt.4259

Bt.88495

Bt.9560

Bt.26536

Bt.13542

Bt.68530

Bt.49740

Bt.89770

Bt.29871

Bt.62645

Bt.88760

Cathelicidin 1

Cathelicidin 2

Cathelicidin 6

Chemokine (C-C motif) ligand 20

Chemokine (C-C motif) ligand 21

Complement factor B

Complement factor H

Interleukin 8

Lysozyme (renal amyloidosis)

Major histocompatibility complex, class II, DY α

MHC class I heavy chain

Serum amyloid A-like

-6.61

-9.89

-2.98

3.29

2.51

-2.78

3.82

2.05

4.51

-2.09 2.70

-3.03

Protein folding Bt.88837

Bt.21932

DnaJ (Hsp40) homolog, subfamily A, member 1

F-box protein 7

2.53

2.24

2.14

Proteolysis Bt.77495

Bt.12553

Bt.13092

ADAM-like, decysin 1

Haptoglobin

Matrix metallopeptidase 7

3.07

4.78

3.32

Regulation of transcription Bt.22888

Bt.87332

Bt.45673

Nuclear receptor subfamily 3, group C

Similar to HMGB2 protein

Spi-C transcription factor

-3.05

2.38

-7.14

Signal transduction Bt.44951

Bt.53744

Bt.3081

Bt.21143

Bt.20059

Bt.3704

Bt.6915

Bt.9632

Bt.61075

Intersectin 1 (SH3 domain protein)

IQ motif containing GTPase activating protein 1

Membrane-spanning 4-domains

Rho GTPase activating protein 29

Ribosomal protein S6 kinase, 70 kDa

Stathmin-like 2

CD163 molecule

Deleted in malignant brain tumors 1

Similar to macrophage receptor MARCO

-2.19

-2.38

-2.57

-5.46

-2.36

-2.28

-2.01 2.48

2.01

Transport Bt.49731

Bt.79147

Bt.10591

Bt.45049

Bt.4482

Bt.43781

Bt.14388

Bt.47454

Bt.52764

Bt.22651

Carbonic anhydrase II

Growth hormone receptor

Hemoglobin α chain

Hemoglobin, β

Macrophage scavenger receptor 1

NECAP endocytosis associated 2

Potassium channel tetramerisation domain containing 15

Potassium voltage-gated channel

Proliferating cell nuclear antigen

Solute carrier family 39 (zinc transporter)

-2.22

-2.14

-7.54

-19.6

-3.81

-3.51

2.05

-2.00

2.11 -2.69

(continued)
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animals. However, TAC1 differential expression has not been 
reported in previous mouse studies.16,19,20,35 All of the DE genes 
associated with neuronal signaling may play a role in the loss of 
function of neurons, and disruption of this system may be impor-
tant for CWD-induced neurodegeneration in elk, leading to the 
irreversible pathogenesis.

Apoptosis and cell death in elk brain tissues. There has 
been strong evidence, based on several studies, that the apop-
totic death of neurons is an underlying cause of the spongiform 
degeneration of the central nervous system in prion diseases.26 
However, whether this programmed cell death is occurring as an 
effect of PrPSc accumulation, a loss of functional PrPC or due to 
effects of the immune response remains unclear. Identification 
of six DE genes associated with apoptosis in CWD-infected elk, 
and further validation of a reduced expression of Tax1BP1 and 
SOD1 indicates the role of these genes in CWD disease in elk. 
The Tax1BP1 protein has the ability to deregulate the expression 
of a vast array of cellular genes,36 and its DE was not reported 
in previous TSE studies. Among the pathological mechanisms 
of prion disease, neuroprotective and anti-apoptotic functions 

particularly related to synaptic long-term potentiation and cal-
cium signaling.20 NPY is a neurotransmitter that is known to be 
associated with a number of physiological processes in the brain 
and has been shown to be overexpressed in a number of TSE 
experimental models, including mouse, and in Alzheimer dis-
ease.28,31,32 Another neurotransmitter, CART, which is a peptide 
that has been implicated in a variety of brain functions including 
the protection offered by estradiol against ischemic brain injury 
in stroke and other neurodegenerative diseases,33 showed differ-
ential expression between infected and control brain samples, 
and its reduced expression was validated by qRT-PCR. Sorensen 
et al.20 detected a lower expression of CART in mice with prion 
infection in microarray studies, which is consistent with our 
studies.

SNAP25 is a protein that is involved in neurotransmitter ves-
icle trafficking,34 and a reduction in SNAP25 and a number of 
other crucial synaptic proteins have been observed in sporadic 
CJD,26 and a lower expression of SNAP25 was found in all elk 
tissues. The reduced expression of TAC1, another neurotrans-
mitter, was also observed in all brain tissues of CWD-infected 

Table 2. Gene ontology (GO) analysis of differentially expressed genes with ≥ 2.0-fold change, associated with CWD disease in spleen (SP), 
retropharyngeal lymph nodes (RPLN) and tonsil (TO) tissues of elk

Cellular process Bt.48705

Bt.37052

Bt.28966

Bt.67194

Bt.30108

Bt.37111

Bt.57571

Bt.4844

Bt.42764

Bt.61915

Bt.20277

Bt.58848

Bt.49598

GINS complex subunit 4

Hemicentin 1

Hypothetical protein LOC100125947

Lysozyme 1

Meiotic nuclear divisions 1 homolog

Microtubule-associated protein 1B

PDZ and LIM domain 3

Pleiotrophin

Prosaposin

Similar to 90-kDa heat shock protein α

Topoisomerase (DNA) II α 170 kDa

Ubiquitin carboxyl-terminal esterase L1

Cysteine-rich, angiogenic inducer, 61

2.02

-2.90

4.22

2.68

2.18

-2.55

-2.15

-3.45

-2.14

2.12

2.22

-2.15

2.28

2.49

Cell adhesion Bt.63411

Bt.44183

Bt.9807

Bt.20373

Bt.121

Cadherin 18, type 2

Fibulin 5

Glycoprotein (transmembrane) nmb

Neuropilin 1

Frizzled-related protein

-2.03

-2.69

-2.92

-2.08

-2.21

Structure Organization Bt.6630

Bt.13391

Calponin 1, basic, smooth muscle

Capping protein (actin filament) muscle Z-line, α 2

-4.60 -2.03

Response to stimulus Bt.4001

Bt.51574

Bt.8738

Bt.12309

Bt.96882

Heme oxygenase (decycling) 1

Caveolin 1, caveolae protein, 22 kDa

Heat shock 105 kDa/110 kDa protein 1

Heat shock 70 kDa protein 8

Similar to RIKEN cDNA 1110064P04 gene

-3.81

-2.02

2.10

2.44

3.14

Angiogenese and axonogenesis Bt.91353

Bt.5240

Bt.40062

Bt.3137

Angiopoietin 1

Connective tissue growth factor

Amyloid β (A4) precursor protein (peptidase nexin-II, Alzheimer disease)

Stathmin 1/oncoprotein 18

-2.52

-2.12

2.62

2.10

Phosphatase activity Bt.20846 CTD (C-terminal domain, RNA polymerase II, polypeptide A) -2.00

(continued)
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copper uptake and are involved in the protection against oxida-
tive stress.38 Other studies have reported a significant upregula-
tion of the SOD1 gene in the brain stem of H-type BSE.39

of PrPC are the most significant due to the anti-oxidant activity 
of PrPC.37 Several experiments have shown the synergistic activ-
ity of PrPC and the SOD1 enzyme, and both are dependent on 

Figure 1. Functional classification of the differentially expressed genes in elk brain (brain, midbrain and thalamus), spleen, RPLN and tonsil tissues 
based on the Gene ontology (GO) analysis.
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Table 3. Differentially expressed genes identified by previous studies of prion infected animals

Gene name Previous studies Organism Tissue Prion

Actin, gamma2, smooth muscle, enteric Booth et al. 2004; Skinner et al. 2006; 
Sorensen et al. 2008

Sawiris et al. 2007

Mice

Mice

Brain

Brain

Scrapie

BSE

ADAM-like, decysin 1 Sorensen et al. 2008 Mice Brain Scrapie

Amyloid β (A4) precursor protein Sorensen et al. 2008

Sawiris et al. 2007

Mice

Mice

Brain

Brain

Scrapie

BSE

ATP synthase, H+ transporting, mitochondrial Sawiris et al. 2007 Mice Brain BSE

ATPase, Na+/K+ transporting Booth et al. 2004; Skinner et al. 2006; 
Sorensen et al. 2008

Sawiris et al. 2007

Mice

Mice

Brain

Brain

Scrapie

BSE

Calponin 1 Almeida et al. 2011 Cow Medulla BSE

Carbonic anhydrase II Skinner et al. 2006 Mice Brain Scrapie

Cadherin E Khanyia et al. 2009

Almeida et al. 2011

Cow

Cow

Peyer’s Patch

Medulla

BSE

BSE

Cathepsin H Xiang et al. 2004; Riemer et al. 2004; 
Sorensen et al. 2008

Mice Brain Scrapie

Chemokine (C-C motif) ligand 2, 20, 21, Xiang et al. 2004; Sawiris et al. 2007 Mice Brain Scrapie

Citrate synthase Sawiris et al. 2007 Mice Brain BSE

Cocaine and amphetamine responsive transcript Sorensen et al. 2008; Almeida et al. 
2011

Mice

Cow

Brain

Medulla

Scrapie

BSE

Creatine kinase, mitochondrial 1 Greenwood et al. 2005 Mice Neuroblastoma cells Scrapie

Desmin Almeida et al. 2011 Cow Medulla BSE

DnaJ (Hsp40) homolog, subfamily A, member 1 Sorensen et al. 2008 Mice Brain Scrapie

ELMO/CED-12 domain containing 1 Almeida et al. 2011 Cow Medulla BSE

Filamin A, α Sorensen et al. 2008

Almeida et al. 2011

Mice

Cow

Brain

Medulla

Scrapie

BSE

Fibulin 5 Sawiris et al. 2007 Mice Brain BSE

FK506 binding protein 1B, 12.6 kDa Sorensen et al. 2008 Mice Brain Scrapie

Growth associated protein 43 Greenwood et al. 2005 Mice Neuroblastoma cells Scrapie

Guanine nucleotide binding protein Sorensen et al. 2008 Mice Brain Scrapie

Heat shock 70 kDa protein Sorensen et al. 2008 Mice Brain Scrapie

Interleukin 8 Booth et al. 2004; Skinner et al. 2006;

Sorensen et al. 2008

Mice

Mice

Brain

Brain

Scrapie

BSE

Kinesin-associated protein 3 Skinner et al. 2006; Sawiris et al. 2007 Mice

Mice

Brain

Brain

Scrapie

BSE

Leucine rich repeat transmembrane neuronal 1 Sorensen et al. 2008 Mice Brain Scrapie

Lymphocyte antigen 75 Skinner et al. 2006; Sorensen et al. 
2008

Mice Brain Scrapie

Lymphocyte cytosolic protein 1 Xiang et al. 2004 Mice Brain Scrapie

Lysozyme 1 Riemer et al. 2004 Mice Brain Scrapie

Macrophage scavenger receptor 1 Xiang et al. 2004 Mice Brain Scrapie

Major histocompatibility complex, class II Riemer et al. 2004

Basu et al. 2011

Mice

Cow

Brain

Medulla

Scrapie

BSE

Matrix metallopeptidase 7 Sorensen et al. 2008 Mice Brain Scrapie

MHC class I heavy chain Riemer et al. 2004 Mice Brain Scrapie

Malate dehydrogenase 1, NAD Sawiris et al. 2007

Skinner et al. 2006

Mice

Mice

Brain

Brain

BSE

Scrapie

Genes identified in elk brain, midbrain and thalamus (bold text) and in elk spleen, RPLN and tonsil tissues.
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Table 3. Differentially expressed genes identified by previous studies of prion infected animals

Membrane-spanning 4-domains Sawiris et al. 2007 Mice Brain BSE

Metallothionein 1E Greenwood et al. 2005 Mice Neuroblastoma cells Scrapie

Mitogen-activated protein kinase 10 Riemer et al. 2004 Mice Brain Scrapie

Multiple coagulation factor deficiency 2 Martínez and Pascual, 2007 Human Neuroblastoma cells Peptide 
106–126

Myosin, heavy chain 10, non-muscle Martínez and Pascual, 2007 Human Neuroblastoma cells Peptide 
106–126

Myosin, light chain 1; Myosin, light chain 9 Sorensen et al. 2008 Mice Brain Scrapie

Neurofilament, medium polypeptide Skinner et al. 2006; Sorensen et al. 
2008

Mice Brain Scrapie

Neurotrophic tyrosine kinase, receptor Skinner et al. 2006 Mice Brain Scrapie

Neuropeptide Y Diez et al. 2007 Mice Brain RML or ME7

PDZ and LIM domain 3 Sawiris et al. 2007 Mice Brain BSE

P21 (CDKN1A)-activated kinase 3 Sawiris et al. 2007 Mice Brain BSE

Parvalbumin Voigtländer et al. 2008

Almeida et al. 2011

Mice

Cow

Brain

Medulla

Scrapie

BSE

Phosphoglycerate mutase 1 (brain) Sawiris et al. 2007 Mice Brain BSE

Pleiotrophin Sorensen et al. 2008 Mice Brain Scrapie

Potassium voltage-gated channel Sawiris et al. 2007 Mice Brain BSE

Potassium channel tetramerisation domain containing 
15

Sorensen et al. 2008

Sawiris et al. 2007

Mice

Mice

Brain

Brain

Scrapie

BSE

Potassium inwardly-rectifying channel Skinner et al. 2006 Mice Brain Scrapie

Proliferating cell nuclear antigen Sorensen et al. 2008 Mice Brain Scrapie

Protein S (α) Xiang et al. 2004 Mice Brain Scrapie

Protein tyrosine phosphatase Xiang et al. 2004; Sorensen et al. 2008

Martínez and Pascual, 2007

Mice

Human

Brain

Neuroblastoma cells

Scrapie

Peptide 
106–126

Ras homolog gene family Sorensen et al. 2008 Mice Brain Scrapie

Regulator of chromosome condensation (RCC1) Sorensen et al. 2008 Mice Brain Scrapie

Ribosomal protein S6 kinase, 70 kDa Martínez and Pascual, 2007 Human Neuroblastoma cells Peptide 
106–126

Ribosomal protein S15 Sorensen et al. 2008

Sawiris et al. 2007

Greenwood et al. 2005

Mice

Mice

Mice

Brain

Brain

Neuroblastoma cells

Scrapie

BSE

Scrapie

S100 calcium binding protein A9 Xiang et al. 2004 Mice Brain Scrapie

Sarcoglycan, β Sorensen et al. 2008 Mice Brain Scrapie

Secretogranin II Skinner et al. 2006

Greenwood et al. 2005

Mice

Mice

Brain

Neuroblastoma cells

Scrapie

Scrapie

Septin 7 Booth et al. 2004; Skinner et al. 2004; 
Sorensen et al. 2008

Mice Brain Scrapie

Solute carrier family 39 Martínez and Pascual, 2007 Human Neuroblastoma cells Peptide 
106–126

SPARC-like 1 Skinner et al. 2006 Mice Brain Scapie

Spastic paraplegia 3A Sorensen et al. 2008 Mice Brain Scrapie

Stathmin-like 2 Greenwood et al. 2005 Mice Neuroblastoma cells Scrapie

Stearoyl-CoA desaturase Booth et al. 2004; Sorensen et al. 2008 Mice Brain Scrapie

Succinate-CoA ligase, ADP-forming Martínez and Pascual, 2007 Human Neuroblastoma cells Peptide 
106–126

Genes identified in elk brain, midbrain and thalamus (bold text) and in elk spleen, RPLN and tonsil tissues.
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binding proteins in neurologic disorders35 through a possible cal-
cium trafficking role of functional PrPC;40 thus, calcium deregu-
lation may be important in the events leading to the characteristic 
pathology observed in TSE diseases.

Immune and inflammatory response in elk spleen and 
RPLN tissues. A distinct immune/inflammatory response has 
been identified in previous TSE disease microarray studies.15,16,18 
It has been suggested that these results are due to microglial and 
astrocyte activation in response to neurodegeneration; however, 
some researchers believe that this activation is a key element in 
neurodegeneration.26 Activation of these resident immune cells 
can trigger the release of proinflammatory cytokines, reactive 
oxygen species, proteases and complement proteins, all of which 
may be cytotoxic and lead to neurodegeneration.44 Many studies 
have mentioned the involvement of the lymphoreticular cells in 
PrPSc accumulation, replication and transport from the peripheral 
lymphoid organs to the central nervous system,48 and the detec-
tion of anti-PrP antibody at the terminal stage of mouse scrapie.49 
Investigating local immunity may be important to understand 
prion disease progression in the body. In addition, the contribu-
tion of inflammation to the progression of prion disease is poorly 
understood.

Calcium signaling in examined elk tissues. The altered regu-
lation of calcium ion levels is proposed to be important in TSE-
induced cell death.40 The altered expression of calcium binding, 
transport and homeostasis genes has been observed in previous 
prion disease studies17,20,41,42 and other neurodegenerative disor-
ders, such as Down syndrome and Parkinson disease.43,44 Recent 
research has also demonstrated that neurodegeneration induced 
by a PrPSc-like prion protein peptide is the result of ER stress 
and calcium ion release, which results in cytosolic Ca2+ eleva-
tion, cytochrome c release and apoptosis.40 In this study, four DE 
genes were identified and two genes, Parvalbumin (PVALB) and 
Visinin-like 1 (VSNL1), which are related to modulation of the 
calcium ions levels, were further validated. PVALB is a calcium 
binding albumin protein present mainly in GABAergic interneu-
rons in the nervous system that have been shown to influence 
the survival or death of neurons under pathological conditions.45 
VSNL1 is a neuronal Ca2+ sensor protein that modulates Ca2+-
dependent cell signaling; however, its function in other tissues 
remains largely unknown.46 The reduced expression of VSNL1 
in CWD-infected elk provides support to a previous study that 
showed VSNL1 downregulation in brain tissues of scrapie-
infected mice.19 Research has shown the involvement of calcium 

Table 3. Differentially expressed genes identified by previous studies of prion infected animals

Superoxide dismutase 1 Greenwood et al. 2005

Larska et al. 2010

Mice

Cattle

Neuroblastoma cells

Brain

Scrapie

BSE

Synaptosomal-associated protein, 25 kDa Booth et al. 2004; Skinner et al. 2004; 
Sorensen et al. 2008

Basu et al. 2011; Almeida et al. 2011

Mice

Cow

Brain

Medulla

Scrapie

BSE

Syndecan Sorensen et al. 2008 Mice Brain Scrapie

Thy-1 cell surface antigen Sorensen et al. 2008 Mice Brain Scrapie

Tachykinin, precursor 1 Almeida et al. 2011 Cow Medulla BSE

Transgelin Sawiris et al. 2007 Mice Brain BSE

Transthyretin (prealbumin, amyloidosis) Sorensen et al. 2008 Mice Brain Scrapie

Tropomyosin 2 (β) Martínez and Pascual, 2007;  
Almeida et al. 2011

Human

Cow

Neuroblastoma cells

Medulla

Peptide 
106–126

BSE

Tubulin, β 2B Sorensen et al. 2008 Mice Brain Scrapie

Genes identified in elk brain, midbrain and thalamus (bold text) and in elk spleen, RPLN and tonsil tissues.

Table 4. Summary of the number of DE genes which were found to be network and function eligible using ingenuity pathway analysis (IPA) in  
comparison of control vs. infected of different tissues

Comparison (control vs. infected) Number of DE genes* Ingenuity pathway analysis

Mapped IDs Network eligible Functions eligible

Brain 152 82 77 77

Midbrain 66 27 22 24

Thalamus 11 73 69 66

Spleen 249 145 124 123

RPLN 30 15 14 14

Tonsil 55 29 23 22

*DE genes were determined using Genesifter analysis.
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Table 5. Summary of the highest represented functional categories (top 5) for the DE genes based on IPA analysis in brain, midbrain, thalamus, spleen, 
RPLN and tonsil tissues

Sample Top biological functions #genes p value

Brain Neurological Diseasea 38 2.1E-08-1.0E-02

Genetic Disordera 57 1.2E-06-1.0E-02

Psychological Disordersa 19 2.9E-06-1.0E-02

Skeletal and Muscular Disordersa 31 4.5E-05-1.0E-02

Cancera 34 4.8E-05-1.0E-02

Cell Morphologyb 21 5.1E-07-1.0E-02

Cellular Assembly and Organizationb 31 5.1E-07-1.0E-02

Cellular Function and Maintenanceb 19 6.3E-06-1.0E-02

Cell Signalingb 23 4.9E-05-8.0E-03

Molecular Transportb 23 4.9E-05-9.7E-03

Nervous System Development and Functionc 22 5.1E-07-1.0E-02

Skeletal and Muscular System Development and Functionc 19 2.9E-05-1.0E-02

Connective Tissue Development and Functionc 57 5.6E-05-1.0E-02

Tissue Developmentc 22 5.6E-05-1.0E-02

Tissue Morphologyc 20 8.3E-05-1.0E-02

Midbrain Endocrine System Disordersa 9 3.6E-04-3.6E-02

Metabolic Diseasea 10 3.6E-04-3.6E-02

Inflammatory Responsea 6 5.0E-04-2.8E-02

Genetic Disordera 20 7.1E-04-4.5E-02

Inflammatory Diseasea 13 7.1E-04-4.5E-02

Drug Metabolismb 3 7.1E-06-3.3E-02

Free Radical Scavengingb 3 1.4E-05-4.6E-02

Cellular Function and Maintenanceb 3 2.9E-05-3.1E-02

Small Molecule Biochemistryb 7 2.9E-05-5.0E-02

Molecular Transportb 9 3.6E-05-5.0E-02

Organ Morphologyc 5 7.7E-04-2.2E-02

Cardiovascular System Development and Functionc 3 1.6E-03-4.2E-02

Digestive System Development and Functionc 3 1.6E-03-4.7E-03

Embryonic Developmentc 4 1.6E-03-2.3E-02

Nervous System Development and Functionc 6 1.6E-03-4.69E-02

Thalamus Neurological Diseasea 49 4.0E-14-1.6E-02

Genetic Disordera 57 3.2E-10-1.2E-02

Psychological Disordersa 27 3.8E-10-8.4E-03

Skeletal and Muscular Disordersa 34 5.1E-09-1.4E-02

Cancera 29 2.1E-06-1.4E-02

Cell Signalingb 20 2.1E-06-1.3E-02

Molecular Transportb 28 2.1E-06-1.6E-02

Vitamin and Mineral Metabolismb 15 2.1E-06-1.3E-02

Cellular Assembly and Organizationb 19 6.6E-06-1.6E-02

Drug Metabolismb 9 1.6E-05-1.6E-02

Skeletal and Muscular System Development and Functionc 8 1.2E-05-1.6E-02

Tissue Morphologyc 8 1.2E-05-1.6E-02

Behaviorc 10 1.4E-05-1.2E-02

Nervous System Development and Functionc 19 3.3E-05-1.6E-02

Renal and Urological System Development and Functionc 3 1.5E-04-1.2E-02
aDiseases and disorders, bmolecular and cellular functions, cphysiological system development and function.
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Table 5. Summary of the highest represented functional categories (top 5) for the DE genes based on IPA analysis in brain, midbrain, thalamus, spleen, 
RPLN and tonsil tissues

Spleen Cancera 70 4.2E-15-3.6E-03

Skeletal and Muscular Disordersa 66 4.2E-13-3.1E-03

Hematological Diseasea 32 1.4E-09-3.6E-03

Genetic Disordera 93 7.5E-09-3.4E-03

Reproductive System Diseasea 45 7.5E-09-6.1E-04

Cellular Movementb 41 1.6E-10-4.1E-03

Antigen Presentationb 14 1.9E-08-4.1E-03

Cellular Growth and Proliferationb 49 3.3E-07-3.4E-03

Cell Cycleb 31 3.7E-07-3.2E-03

Cell Deathb 53 5.3E-07-4.4E-03

Hematological System Development and Functionc 31 1.9E-08-3.4E-03

Immune Cell Traffickingc 20 1.9E-08-4.1E-03

Hair and Skin Development and Functionc 6 1.6E-07-4.7E-07

Cardiovascular System Development and Functionc 15 2.9E-07-4.5E-03

Embryonic Developmentc 9 4.7E-07-1.0E-03

RPLN Genetic Disordera 12 3.9E-04-4.5E-02

Neurological Diseasea 9 3.9E-04-4.3E-02

Skeletal and Muscular Disordersa 7 3.9E-04-2.7E-02

Inflammatory Responsea 6 4.1E-04-4.5E-02

Renal and Urological Diseasea 5 7.8E-04-2.4E-02

Cellular Assembly and Organizationb 6 8.0E-06-2.4E-02

Cellular Compromiseb 9 8.3E-06-1.6E-02

Cellular Function and Maintenanceb 7 8.3E-06-2.4E-02

Drug Metabolismb 2 2.9E-05-2.9E-05

Lipid Metabolismb 4 2.9E-05-4.2E-02

Endocrine System Development and Functionc 2 2.9E-05-2.9E-05

Connective Tissue Development and Functionc 4 1.3E-04-4.3E-02

Hepatic System Development and Functionc 2 1.3E-04-2.3E-02

Tissue Developmentc 4 3.1E-04-4.4E-02

Hematological System Development and Functionc 5 4.1E-04-4.4E-02

Tonsil Inflammatory Responsea 7 6.1E-06-4.5E-02

Reproductive System Diseasea 6 2.4E-05-2.4E-05

Infection Mechanisma 4 1.7E-04-3.1E-02

Hypersensitivity Responsea 3 2.6E-04-4.5E-02

Connective Tissue Disordersa 3 3.0E-04-1.8E-02

Cellular Movementb 8 5.9E-07-4.8E-02

Cellular Compromiseb 7 3.4E-05-2.4E-02

Cellular Function and Maintenanceb 7 3.4E-05-3.8E-02

Drug Metabolismb 3 7.3E-05-2.3E-02

Lipid Metabolismb 7 7.3E-05-4.4E-02

Hematological System Development and Functionc 6 5.9E-07-4.5E-02

Immune Cell Traffickingc 5 5.9E-07-4.5E-02

Hematopoiesisc 6 4.2E-05-4.5E-02

Endocrine System Development and Functionc 3 7.3E-05-3.4E-02

Cardiovascular System Development and Functionc 4 1.3E-04-4.0E-02
aDiseases and disorders, bmolecular and cellular functions, cphysiological system development and function.

(continued)
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be considered presumptive biomarkers to distinguish CWD-
infected elk from healthy animals; however, this needs to be 
assessed in further studies with more individuals.

Methods

Animals and sampling. Rocky mountain elk (Cervus elaphus nel-
soni) were selected from two farms in central Alberta, Canada. 
All animal screening, selection, inoculation and experiments 
were approved by the Canadian Food Inspection Agency (CFIA) 
and the Lethbridge Laboratory Animal Care Committee and fol-
lowed the guidelines of the Canadian Council for Animal Care 
(CCAC). Two animals were selected for the negative inocula-
tion control group, and two animals were selected for the CWD-
infected group. All animals in the experiment were females, and 
they were inoculated at approximately 4 months of age. The ani-
mals were kept in a biosafety level 3 facility for the remaining 
duration of the experiment. After a week of adjustment to the 
new environment, the animals were orally inoculated with 10 mL 
of a 10% brain homogenate (1 g tissue equivalent). The two con-
trol animals were fed normal elk brain tissue homogenate, while 
the CWD-infected group was fed brain tissue homogenate from 
confirmed CWD-positive elk.

Tissue collection, confirmation of PrPCWD infection and 
RNA extraction. Once clinical signs had reached a predetermined 

Serum amyloid (SAA) proteins are a family of apolipoproteins 
with biological functions that are not fully defined, although 
recent reports indicate that SAA induces proinflammatory cyto-
kine expression.50 SAA is mainly secreted by hepatocytes, and its 
concentration increases in the blood up to 1,000 times during 
an inflammatory response.51 SAA expression was increased in all 
tissues from one infected elk and in the RPLN in the other ani-
mal. SAA has been associated with the top network of cancer and 
cell death in spleen tissues and with increased CCL20 expression, 
indicating its involvement in immune cell trafficking in spleen 
tissues (Table S1). A higher CCL20 expression was observed in 
elk-infected spleen tissues. The chemotactic actions of chemo-
kines are known to be critical for the recruitment and activation 
of leukocytes, and they are important for the innate immune 
responders, such as neutrophils, dendritic cells and natural killer 
(NK) cells, as well as those cells involved in the adaptive immune 
response.52 NK cells are capable of inducing enzyme-mediated 
apoptosis and may contribute to immune system-mediated apop-
tosis of CWD-infected neurons.

The angiotensin-converting enzyme (ACE) cleaves angioten-
sin I to angiotensin II.53 Variations in the ACE gene have been 
associated with Alzheimer disease,54,55 suggesting that ACE and 
ACE receptors may play a role in, or be affected by, neurode-
generative disease. Angiotensin II was downregulated in infected 
spleen, tonsil and RPLN tissues. Some of these genes could 

Figure 2. The highest scoring gene network based on classification of DE genes from elk brain tissues (brain, midbrain and thalamus) using the 
Ingenuity Pathway Analysis. The shape of the node indicates the major function of the protein and a line denotes binding of the products of the two 
genes. The genes in bold have been validated by qRT-PCR.
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and Prionics Check western (Prionics AG), and the CWD status 
was confirmed by histology and immunohistochemistry.

Total RNA extraction from the infected and control tissues 
were performed using the Trizol/Chloroform protocol found 
in the Qiagen RNeasy extraction kit (Qiagen). The RNA 
quality and quantity were measured using a Nanodrop 1000 
Spectrophotometer (Thermo Fisher Scientific), and the samples 
were stored at -80°C.

Microarray hybridization and data analysis. Global gene 
expression variations were determined by microarray analysis 
of two groups of control and CWD-infected animals (control 
animal no. 6 vs. infected animal no. 8 and control animal no. 
31 vs. infected animal no. 28). Duplicates of 24,000 bovine oli-
gonucleotide probes (www.Bovineoligo.org) representing 16,846 

level, the animals were euthanized (overdose of pentobarbital 
injected intravenously in the jugular vein), and an extensive post 
mortem examination was performed. Animals no. 8 and 28 were 
euthanized 738 d post-inoculation. Control animals no. 6 and 31 
were euthanized 752 d post-inoculation. Weights of the animals 
at euthanasia were as follows: no. 8, 450 lbs; no. 28, 485 lbs; no. 
6, 610 lbs; and no. 31, 530 lbs.

All of the tissues (i.e., the brain stem, midbrain, thalamus, 
RPLN, tonsil and spleen) were collected as quickly as possible 
and placed in RNAlater (Ambion) to preserve the integrity of 
the RNA samples. After 24 h at 4°C, the RNAlater was removed 
from the samples, and the preserved tissues were stored at -80°C 
until further processing. Tissues from each of the animals were 
tested during routine surveillance by Prionics Check Priostrip 

Figure 3. Quantitative real-time PCR analysis of DE genes in elk brain tissues (A) and elk spleen, RPLN and tonsil tissues (B) in two different animals. DE 
genes associated with neuronal signaling include: α-Synuclein A (SNCA); neuropeptide Y (NPY), cocaine amphetamine responsive transcript (CART); 
Synaptosomal-associated protein 25 KD (SNAP25), tachykinin (TAC1); calcium ion regulation: parvalbumin (PVALB), visinin-like (VNSL1) and angotensin 
II receptor (AGTRL); apoptosis: human T-cell leukemia virus type I (Tax1BP1) and superoxide dismutase (SOD1); immune and inflammatory response: 
chemokine 20 (CCL20) and serum amyloid A-like (SAA). Gene expression was compared between control and PRPCWD infected elk.
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in expression level with a p < 0.01, which was adjusted by the 
Bonferroni correction method.57 The 95% quality filter was used 
to eliminate data from probes in any group that had an intensity 
variation between the probes greater than 5%.

Functional analysis of the DE genes. The characterization 
of the DE genes was performed by GeneSifter to annotate the 
GO of each gene into their respective biological and cellular pro-
cesses and molecular function categories. The DE genes were also 
analyzed for their functions, pathways and networks using IPA 
(Ingenuity Systems, www.ingenuity.com/products/IPA/Free-
Trial-Software.html). Each gene identifier was mapped to its cor-
responding gene, called Focus genes, in the Ingenuity Pathways 
database, which was overlaid into a global molecular network. 
Networks of these Focus genes were then algorithmically gener-
ated to reveal their connectivity, and functional analysis of these 
networks identified their association with biological function 
and/or disease.

Quantitative real-time PCR analysis of DE genes. For tech-
nical validation of the microarray analysis, 12 DE genes were 
further tested using qRT-PCR. Table 6 provides information 
on the targeted genes and the primer and probe sequences for 
each targeted gene. We tested four genes for endogenous controls, 

different genes, with 5,943 ESTs from the bovine genome, were 
spotted onto ultragap slides (Corning) using Q-array2 (Genetix). 
One microgram of total RNA was reversed-transcribed, amino-
allyl coupled [Applied Biosystemsand labeled with Cy3 or Cy5 
fluorescent dyes (GE Healthcare)] according to the protocol of 
the manufacturer. For each tissue, four slides were used includ-
ing dye swaps and two technical replicates. Thus, each gene was 
represented eight times in the statistical analysis. Hybridizations 
were performed in a hybridization chamber (Genetix) at 42°C 
overnight. Hybridized slides were washed with low stringency 
buffer [2x standard sodium citrate (SSC), 0.5% sodium dodecyl 
sulfate (SDS)], high stringency buffer (0.5x SSC, 0.2% SDS) 
and 0.05x SSC. The hybridized slides were scanned at 5 micron 
resolution and their signal intensities were detected by Q-Scan 
(Genetix).

Data analysis was performed using GeneSifter (VizX Labs). 
The background-corrected signal intensity for each spot was 
normalized by the locally weighted scatter plot smoothing 
(LOWESS) method and log base 2 transformed. Differences in 
the gene expression levels between control and CWD-infected 
tissues were analyzed using the t-test statistic method. The cri-
teria for significant DE genes were a 2-fold or greater change 

Table 6. Oligonucleotides and probes used for qRT-PCR analysis of the DE genes

Gene Nucleotide sequence (5'-3') Probe Accession number

Synuclein A F: GGA GCA GGG AGC ATT GCA

R: TGC CCA TAT GAT CCT TTT TGC

CTG CCA CTG GCT TT NM_001034041

Neuropeptide Y F: CGG AGG ACT TGG CCA GAT AC

R: TGC CTG GTG ATG AGA TTG ATG

ACT CAG CGC TGC GAC NM_001014845

Cocaine and amphetamine 
responsive transcript (CART)

F: CGC GAG CCC TGG ACA TC

R: GCT TCA ATC AGC TCC TTC TCA TG

TCC GCC GTG GAG GA NM_001007820

Synaptosomal-associated protein 
(SNAP25)

F: CCG TCA TAT GGC CCT GGA T

R: TGT CGA TCT GGC GGT TCT G

TGG GCA ATG AGA TTG ATA NM_001076246

Tachykinin 1 (TAC1) F: CCG TGG CAG TGA TTT TTT TCA

R: CGT TGG CTC CGA TTT CTT CT

CTC CAC TCA ACT GTC TG NM_174193

Parvalbumin (PVALB) F: CCG GAA GAC GTG AAG AAG GTA T

R: CTC GAT GAA GCC GCT CTT G

CCA CAT CCT GGA TAA AG NM_001076114

Visinin-like 1 (VSNL1) F: ATC ACC CGA GTG GAG ATG CT

R: TCA CTG TGC CCA CCA TTT TG

AGA TCA TCG AGG CTA TC NM_174490

Tax-1 Binding protein1 (Tax-1BP1) F: TCA GGC AAC ACG GCA AGA A

R: TTA TCC CGC ACA TTT ACA GCA T

CTG TCT TTC TGG CTA AAG NM_001046409

Superoxide dismutase (SOD1) F: TGG AGA CCT GGG CAA TGT G

R: ACA ATA TCC ACG ATG GCA ACA C

CAG CTG ACA AAA AC NM_174615

Angiotensin II receptor (AGTRL1) F: CTC ATG AAC GTC TTC CCC TAC TG

R: GGG TTG AGG CAG CTG TTG A

ACG TGC GTC AGC TAC NM_001102524

Chemokine 20 (CCL20) F: CCC AGT ATT CTT GTG GGC TTC A

R: GCA TTG ATG TCA CAG GCT TCA

ACA GCA GCT GGC C NM_004591

Serum amyloid A-like (SAA) F: ACT CTG ACA TGA GAG AAG CCA ACT A

R: CGC GGG CGT GGA AGT

AAG GGT GCA GAC AAA NM_001075260

Bos taurus ribosomal protein L12 
(RPL12)

F: AGG GTC TGA GGA TTA CAG TGA AAC

R: GAT CAG GGC AGA AGC AGA AGG

ACC ATT CAG AAC AGA C NM_205797

Primers were designed using the Primers Express 3.0 software of Applied Biosystems. F, forward primer; R, reverse primer.
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Some of the DE genes identified have been previously 
reported in mice, cattle and humans suggesting that some com-
mon mechanisms associated with prion pathogenesis may exist 
among different host species. The differential expression of the 
Tax1BP1 gene, which is known to regulate the expression of a 
vast array of cellular genes, was not reported in previous TSE 
studies and needs to be confirmed in further studies with a larger 
number of animals. DE genes associated with major regulatory 
and signaling networks, including neuronal signaling, synapse 
function in neurological disease, calcium signaling, apoptosis 
and cell death, and immune cell trafficking and inflammatory 
response, from both microarray and qRT-PCR analyses provide 
further support for the utility of a bovine DNA microarray for 
gene expression profiling of elk samples. We are aware of the 
limitations of the study due to the lack of several biological rep-
licates. However, high dispersion in the results is expected even 
when the biological replicates are individuals affected by evolu-
tion and natural selection depending on the gender, breed or 
environmental factors.56 These results may also provide direc-
tion for other research focused on diagnosis, treatment and pre-
vention of TSE diseases.
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GPADH, 18S, Cyc and RPL. According to the Bestkeeper soft-
ware,58 RPL showed most stable expression and was selected as 
the endogenous control for subsequent analysis. RNA abundance 
was measured using the TaqMan Universal PCR Master Mix 
with gene specific MGB probes labeled with FAM and VIC fluo-
rescent dyes (Applied Biosystems). Due to the limited amount of 
RNA, the samples were amplified using the reverse-transcribed 
synthesis amino-allyl kit (Applied Biosystems). The expression 
levels detected between total RNA and aRNA samples have been 
shown to be consistent.59 Each reaction was performed in trip-
licate with 500 ng of aRNA using the StepOnePlus Real time 
PCR System (Applied Biosystems). The positive control (bovine 
cDNA) and the negative control (no template) control were 
always included on each plate. The thermal cycling conditions 
were as follows: 95°C for 20 sec followed by 40 cycles of 95°C 
for 1 sec and 60°C for 20 sec. The delta CT value for each gene 
was calculated by subtracting the reference gene CT from the 
targeted gene CT. Gene expression was compared between two 
control and two PrPCWD infected elk in three brain (brain, mid-
brain and thalamus) and spleen, RPLN and tonsil tissues. The 
changes in gene expression between the control and infected ani-
mals were quantitatively measured relative to the RNA from the 
control sample. Relative quantification values were determined 
using 2-ΔΔCT method and were expressed as fold change in the 
infected vs. control animals.

Conclusions

CWD infects elk, white-tailed deer and mule deer, and with no 
treatment or early diagnostic tests available, the disease is invari-
ably fatal. Gene profiling studies data in naturally oral infected 
cervid TSE are also very limited. Thus, gaining a better under-
standing about the molecular mechanisms involved in CWD 
infection will potentially shed light on the many unknowns 
that are hampering the effective control and management of 
this disease. This is the first study to perform a high-throughput 
gene expression analysis to identify changes in the brain, spleen, 
RPLN and tonsil tissues of CWD disease-infected elk, which 
may prove useful in testing the accessible lymphatic tissues, such 
as the tonsils and RPLN, in preclinical animals.
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