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Background 

Transmissible spongiform encephalopathies (TSEs) are an unusual class of fatal neurological 
diseases that include scrapie in sheep and goats, bovine spongiform encephalopathy (BSE, also 
known as mad cow disease), transmissible mink encephalopathy, feline spongiform encephalopathy 
and CWD in deer and elk. The human diseases include Kuru maintained by ritualistic cannibalism, 
CJD that has sporadic, acquired and familial manifestations and two familial forms, Gerstmann-
Straussler-Scheinker syndrome (GSS) and fatal familial insomnia. All TSEs have been experimentally 
transmitted to a number of species from non-human primates to rodents. Each of these diseases 
has its unique set of characteristics including range of species that can be infected. These 
characteristics differ between species and there are varying degrees of host restriction.   

Chronic Wasting Disease: CWD is an emerging TSE in wild deer and elk in the U.S. and Canada. Since 
the first case of CWD was identified in a Colorado research facility in 1967 (Williams and Young, 
1980), CWD has been identified in captive cervid populations in Wyoming, Wisconsin, 
Saskatchewan, South Dakota, Oklahoma, Nebraska, Montana, Minnesota and Alberta. In the free-
ranging cervid population, CWD has been found in Wyoming, Wisconsin, Utah, South Dakota, 
Saskatchewan, New Mexico, Nebraska, Illinois, and Colorado. The detection of CWD in free-ranging 
and captive cervids from these ranges may be due in part to increased surveillance, but 
epidemiological data from expanding affected regions suggest that lateral transmission is the 
primary mode of disease spread (Miller et al., 2000). While scrapie in sheep transmits laterally, CWD 
is the first identified laterally transmitting TSE of free-ranging animals. In Wisconsin, the disease was 
identified in the southeastern portion of the state. Initially, the Wisconsin Department of Natural 
Resources established a 361-square-mile disease eradication zone. This zone has expanded to 
maintain a 4-mile buffer around all known CWD-positive animals. To date, 250 deer have tested 
positive in Wisconsin. 

Prion Protein Gene & Genetic Susceptibility: It has been established for decades that genetic factors 
affect TSE infections. Traditional genetic studies combined with infectivity assays identified a gene 
whose expression influenced the incubation period of prion diseases. In mice, this gene was referred 
to as the scrapie incubation gene (Sinc) and, in sheep, as the scrapie incubation period gene (Sip). 
The identification of the prion protein gene (Prnp) and the subsequent sequencing of the gene in 
mice with differing Sinc alleles (Westaway et al., 1987) and sheep with differing Sip alleles 
determined that Prnp was the scrapie incubation allele. Further evidence supporting the role of the 
PrP genotype on TSE infections includes the susceptibility of humans homozygous for methionine at 
amino acid 129 to variant CJD. Human familial TSEs (familial CJD and GSS syndrome) are genetic 
disorders caused by mutations in the human Prnp. The requirement of PrPC for successful 
TSE infection has been conclusively demonstrated by Prnp ablation experiments in mice 
(Bueler et al., 1993). In those experiments, removal of Prnp followed by experimental 
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infection of mouse-adapted TSE agent results in no infection occurring. Inserting a PrP transgene 
into these null mice results in infection by the appropriate TSE agent. 

Deer and Elk Prion Protein Gene: PrP genes from elk, mule deer and white-tailed deer have been 
sequenced. Three allelic variants have been identified in white-tailed deer (Raymond et al., 2000) 
with the genetic variability occurring at amino acid residues 96 and 138. Since the frequency of 
these alleles in the wild deer population is not known, a goal of this project is to obtain a complete 
picture of PrP allelic variability and frequency in wild deer populations.  Comparison of the PrP allelic 
frequency between infected and uninfected deer will indicate whether deer with specific PrP alleles 
differ in their susceptibility to CWD. Although the relationship between elk PrP genotype and CWD 
has been previously described (O’Rourke et al., 1999), there has not been a thorough analysis of the 
white-tailed deer PrP genotype in wild populations. In Wisconsin, the availability of a large number of 
animals as well as the large number of predicted positive animals will facilitate a complete analysis 
of the relationship between white-tailed deer PrP sequence and susceptibility to infection.  We have 
sequenced the entire PrP coding region from both uninfected and CWD-positive deer.   

The stated objectives for this work were: The goals of this proposal are to better understand the role 
of white-tailed deer prion protein (PrP) gene (Prnp) heterogeneity in susceptibility to chronic wasting 
disease (CWD) and to elucidate the role of PrPC in lateral transmission of this disease.   

Methodology 

Tissue collection 

All tissue samples were provided by the Wisconsin Department of Natural Resources and were 
obtained from deer harvested in Wisconsin. Deer were harvested between March 2002 and 
September 2002 except two CWD-positive deer that were harvested in the fall of 2001. Blood and 
ear tissues were collected from deer heads previously sampled for CWD by the Wisconsin DNR. Ear 
tissues were obtained from deer harvested from 21 counties throughout northern and central 
Wisconsin during the fall 2002 hunting season.   

Obex and retropharyngeal lymph nodes were tested for the presence of PrPCWD using 
immunohistochemistry (IHC) at the National Veterinary Services Laboratories in Ames, Iowa or the 
Wisconsin Veterinary Diagnostic Lab in Madison, Wisconsin. Deer defined as CWD-positive stained 
positive for PrPCWD in either the obex and/or retropharyngeal lymph nodes. Deer defined as CWD-
negative were animals that were obex and lymph node IHC-negative for PK-resistant PrP (Julia 
Langenberg, personal communication). 

Isolation of genomic DNA  

Genomic white-tailed deer DNA was isolated from blood and/or ear tissue from 396 deer (193 CWD-
positive and 336 CWD-negative). DNA was isolated from blood using the DNA IQ System (Promega, 
Madison, WI) as per the manufacturer’s instruction with an additional lysis buffer wash. Genomic 
DNA was isolated from ear tissue by incubating 10-25 mg tissue in 100 μl digestion solution (1 ml 
digestion solution contains 800 μl digestion buffer (10 mM EDTA, 0.1% SDS and 1 mM Tris pH 9.0), 
100 μl 1 M DTT, and 100 μl 18 mg/ml PK) for 1-2 hours at 56oC, vortexing every 15 min. Samples 
were then centrifuged at 8,200 x g for 5 min. The resulting supernatant was added to 50 μl 
DNA IQ lysis buffer and 7 μl magnetic beads (Promega, Madison, WI) and incubated for five 
minutes at room temperature. Samples were rinsed once with lysis buffer and three times 
with the wash buffer using the magnetic stand between each wash to separate the beads 
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from supernatant. Genomic DNA was then eluted from the beads as per the manufacturer’s 
instructions. 

Amplification and sequencing of the white-tailed deer Prnp 

Primers for amplification of the entire open reading frame of white-tailed deer Prnp were designed 
based on the published sequence (Genbank accession # AF156185) using Lasergene software. For 
amplification of the PrP coding region, primer CWD-21  
[5’–ATAAGTCATCA TGGTGAAAAGCCAC–3’ (forward)] and CWD-801  
[5’–CTATCCTACTATGAGAAAAATG AGGAAAGA–3’ (reverse)], or primers CWD-13  
[5’–TTTTGCAGATAAGTCATCATGGTG AAA–3’ (forward)] and CWD-LA  
[5’–AGAAGATAATGAAAACAGGAAGGTTGC–3’ (reverse)] were used. PCR amplification conditions 
included sample denaturation (95oC for 5 min) followed by amplification with PlatinumTaq 
(Invitrogen, Carlsbad, CA) for 10 cycles at 95oC (45 sec), 58oC (45 sec) and 72oC (1.5 min) and 25 
cycles at 95oC (45 sec), 57oC (45 sec) and 72oC (1.5 min), and a final extension at 72oC (5 min). 
Amplified product was gel purified using QIAquick (Qiagen, Valencia, CA) and sequenced at the 
University of Wisconsin-Madison Biotechnology Center using dideoxy terminator sequencing. Primer 
pairs CWD-21, -801, -161 [5’–AGGGAAGTCCTGGAGGCAACCGCTATCC–3’ (forward)], and -418 [5’–
CACCAAGG CCCCCTACCACTGCTCCA GC–3’ (reverse)], or CDW-13, -LA, -161 and -418 were used for 
sequencing. Sequence was analyzed using Editview and MacVector 6.5 software. 

Cloning of Prnp heterozygotes 

Prnp alleles were amplified from white-tailed deer genomic DNA, gel-purified using QIAquick (Qiagen, 
Valencia, CA), ligated into a pGEM T-easy vector and transformed into JM109 cells (Promega, 
Madison, WI). Plasmid DNA was isolated using a Wizard® Plus SV miniprep DNA purification system 
(Promega, Madison, WI) and sequenced as described above. 

Immunohistochemistry for staging PrPCWD in the obex region 

Obex regions from deer that were IHC-positive for PrPCWD in the retropharyngeal lymph nodes, was 
analyzed to define the level of PrPCWD present in the obex using IHC methods described previously 
(Hamir et al., 2001). Briefly, tissues were fixed in 10% neutral buffered formalin, decloaked in formic 
acid, dehydrated and imbedded in paraffin. Tissue sections (6 μm) were mounted on positively 
charged slides, deparaffinized and exposed to hydrated autoclaving in antigen retrieval buffer. 
Endogenous peroxidases were blocked with 3% H2O2. The sections were exposed to primary 
antibody, anti-PrP Mab F99/97.6.1 that recognizes the conserved QYQRES peptide (Spraker et al., 
2002), using an automated immunostainer (Ventana Medical Systems). Tissues were labeled with 
biotinylated secondary antibody followed by horseradish-  streptavidin conjugate and the substrate, 
chromagen. Obex tissue was rated for the relative stage of disease progression. No staining in the 
obex received a score of (0), low level staining in the DMNV was given a score of (1), positive staining 
in the entire DMNV was scored (2), staining beyond the DMNV received a score of (3), and high 
levels of staining throughout the obex was rated (4). Scoring of the obex was performed by Dr. 
Delwyne Keene (Wisconsin Veterinary Diagnostic Laboratory). Mean staging level and standard error 
of the mean was calculated for each allele combination. 

Isolation of total RNA and cDNA synthesis 

Tissues of interest were harvested from deer and flash-frozen in liquid nitrogen. Deer of Prnp 
genotype Q(95)G(96)S(138)/QGN were used. Total RNA was isolated from 30 mg of obex 
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tissue (from a 4 year-old doe) or 30 mg of testicular tissue (from a 6 month-old buck) using an 
RNAeasy Mini Kit (Qiagen). To obtain full-length transcripts, GeneRacer™ methodology was utilized 
(Invitrogen). Briefly, 2μg of total RNA were treated with calf intestinal phosphatase (CIP) and 5' mRNA 
cap structures removed. Subsequently, a GeneRacer™ RNA oligo was ligated to the 5' end of mRNAs. 
cDNA was generated using SuperScript™ RT and the GeneRacer™ oligo dT primer. To obtain 5' or 3' 
ends, a PrP gene-specific primer and the GeneRacer 5' or 3' primer, respectively, were used in PCR. 

Statistical analysis 
Statistical analyses were performed by Dr. Murray Clayton (Professor, Statistics Dept, UW-Madison). 
To estimate the proportion of the white-tailed deer population in the CWD-affected region that are 
genetically susceptible to CWD, we constructed a 95% confidence interval based on a large-sample 
approximation to the binomial distribution using the frequency of allelic combinations in the CWD-
negative population. 

Chi-squared analysis was used to determine whether differences in allelic combination percentages 
between CWD-positive and CWD-negative deer populations were significant. 

To determine whether differences in mean progression of PrPCWD staging in the obex region was 
significant, data were analyzed using the GLM procedure of SAS. A one-way analysis of variance was 
used to compare mean obex staging for deer with different alleles. Individual means were compared 
using Fisher’s least significant difference (P<0.05). 

Findings 

The effect of white-tailed deer PrP polymorphisms on susceptibility to CWD  

To determine if there is a link between specific Prnp alleles and susceptibility to CWD, Prnp was 
sequenced from 193 CWD-positive and 153 CWD-negative white-tailed deer from the CWD-affected 
region of south-central Wisconsin. Approximately 98% of the PrP genes in CWD-negative white-tailed 
deer population are comprised of three major alleles, QGS (62.7%), QSS (25.8%) and QGN (9.2%).  

The allelic combinations present in the CWD-positive and the CWD-negative deer populations in the 
CWD-affected region of Wisconsin are significantly different from each other (P<0.001) (Figure 1). Of 
the CWD-positive population, 62% of the deer were QGS/QGS while only 42% of CWD-negative 
population was homozygous for this allele, a significant over-representation in the affected deer 
population (P<0.05). The QGS/QGN allelic combination was also over-represented in the CWD-
positive population with 18% of the positive and 9% of the negative deer having this combination 
(P<0.05). Conversely, 10.8% of the CWD-positive deer had at least one copy of the QSS, compared to 
46.4% of the CWD-negative deer. There were significantly fewer (P<0.001) QGS/QSS (13%) and 
QSS/QSS (0.5%) deer in the CWD-positive population than in the negative deer (31% and 5%, 
respectively). A single CWD-positive deer was identified with the QSS/QSS genotype. The PrPCWD 
staining pattern in the lymph node of this animal was, however, atypical with only one or two cells in 
a couple of the follicles having aggregated staining around them. There was no significant difference 
in distribution of the QGN/QSS genotype between CWD-positive (4%) and CWD-negative (8%) 
populations. 

We had previously estimated that approximately 91% of the CWD-negative deer had allelic 
combinations found in CWD-positive deer suggesting that there was no complete barrier to 
transmission (Johnson et al., 2003). By increasing the number of animals genotyped, we 
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determined that 96+/-3 % of the white-tailed deer would not be genetically resistant to CWD 
(Johnson et al., in preparation). 

QSS: A CWD resistance allele? 

Two independent observations strengthen the likelihood that the amino acid change at codon 96 is 
linked to reduced susceptibility to CWD. The comparison of CWD-positive and –negative deer from 
the CWD-affected region of Wisconsin indicated an under-representation of QSS alleles in the CWD-
positive population. Since the deer were randomly sampled, it was possible that an uneven 
distribution of deer with the QSS genotype influenced the results. To address this possibility, we used 
the Wisconsin DNR’s deer harvest location database to identify CWD-negative animals harvested 
within one mile of an infected deer. One hundred and seven deer fit this requirement. Of those deer, 
51.4 % of the deer carry at least one copy of the QSS allele confirming the under-representation of 
the QSS allele in infected deer.  

We hypothesized that under-representation of the QSS allele in the CWD-positive population would 
be mirrored by slow progression of the disease in the host. The intensity and distribution of staining 
for PrPCWD in the obex region of the medulla oblongata was determined for all deer that were lymph 
node positive. Obex were scored from zero to stage four with four being the highest level of staining. 
Obex scoring was then combined with the Prnp genotyping results. We calculated the mean stage of 
PrPCWD staining (+/- standard error of the mean) and compared the mean stage of progression 
among CWD-positive deer (Figure 2). The mean obex PrPCWD staging in QGS/QGS deer was 2.13 +/- 
0.05 (n=86), QGS/QGN deer averaged 2.29 +/- 0.07 (n=31), while the QGS/QSS deer averaged only 
1.32 +/- 0.11 (n=22), a significant reduction in the average staining level compared to the other two 
allelic combinations (P<0.05). 

Prnp genetics similar across Wisconsin 

To determine whether the Prnp allelic distributions were specific to the CWD-affected region or 
common across the state of Wisconsin, Prnp genotypes were characterized for 183 white-tailed deer 
from the northern-half of Wisconsin. The three major Prnp alleles present in the CWD-affected region 
also comprise the majority of the alleles in the outstate deer. Allelic percentages were similar to 
those in the affected region, 62.8% QGS, 22.4% QSS and 11.7% QGN (Figure 3). 

Three new Prnp alleles in Wisconsin white-tailed deer 
A glutamine to histidine change was observed a codon 95 in approximately 2% of the CWD-negative 
deer population. This allele, HGS, was present in 9 CWD-negative deer (4 from the CWD-affected 
region and 5 from outstate regions) but has not yet been observed in CWD-positive animals. Three of 
the 529 deer tested were heterozygous for a glutamine (Glu) to lysine (Lys) change at codon 226; 
two of these deer were CWD-positive. A CWD-positive deer with a single octapeptide repeat insertion 
at codon 63 was also identified. Interestingly, this insertion was into an allele with an AA 138 Serine 
to asparagine change, making it, to our knowledge, the first PrP double mutant identified in any 
species.  

Cloning of Prnp from all deer heterozygous for two coding polymorphisms (codon 95/96, 95/138, 
96/138 and the octapeptide repeat insertion/138 combinations) revealed that only the octapeptide 
repeat insertion on a QGN background occurred as a double mutant.   
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Analysis of PrP RNA expression in white-tailed deer 
The conversion of the cellular isoform of the prion protein, PrPC, to an abnormal pathogenic isoform, 
PrPSc is central to the pathogenesis of all prion diseases. Propagation of the infectious agent 
outside the central nervous system requires the presence of PrPC. Quantitation of the expression of 
PrPC in peripheral tissues will provide information critical to the understanding of the lateral 
transmission of CWD in deer.   

The identification of six different alleles of Prnp in Wisconsin white-tailed deer was unexpected and 
required the development of methods to facilitate identification and quantitation of mRNA 
transcribed from the individual alleles. Allele-specific primers for RT-PCR were developed allowing us 
to distinguish between the QGS and QGN alleles. 

5’RACE (rapid amplification of cDNA ends) was used to amplify the 5’ untranslated region (UTR) of 
mRNA from the obex of QGS/QGN deer. Sequence analysis identified at least two unique PrP wild-
type (QGS) mRNAs and a single mRNA encoding the QGN allele. The QGS transcripts included a 155 
bp 5' untranslated region, while the QGN mRNA 5'-UTR was truncated. This data suggested the 
presence of a second Prnp genetic locus. Sequence analysis of obex 3' RACE products revealed at 
least two PrP wild-type transcripts. Transcripts from the QGN allele were not identified. The 3' RACE 
products included a 720 bp or a 3.3 kb UTR indicating alternative polyadenylation. 

5’ RACE was then performed on mRNA isolated from testicular tissue (another tissue known to 
express PrP). Sequencing of the testicular 5' RACE products from a QGN/QGS deer identified at least 
two unique PrP wild-type mRNAs. Unlike the obex, no transcript from the QGN allele was identified. 
All QGS transcripts included a 155 bp 5'-UTR. Thus, it would appear that there are tissue-specific 
differences in the expression of PrP mRNA in white-tailed deer. 

Implications 

We have identified six white-tailed deer PrP alleles in the CWD-affected region of Wisconsin. Two, a 
glutamine to lysine polymorphism at codon 226 and a single octapeptide repeat insertion into the 
QGN allele, have not been previously reported. Three of these six alleles, QGS,  

7QSS and QGN, make up almost 98% of the Prnp alleles found in the Wisconsin white-tailed deer 
population. Correlative data indicates that the QSS allele is linked to a reduced susceptibility to CWD. 
This is the first evidence of a resistance factor to CWD in the white-tailed deer population. The QSS 
allele is not linked to complete resistance, due to the identification of a CWD-positive homozygous 
QSS deer. The QSS allele is also linked to slower progression of disease in CWD-positive deer, as 
evidenced by the relative progression of PrPCWD deposition in the obex. Analysis of the prion RNA 
transcripts suggests that more than one PrP locus may be present in white-tailed deer. 
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Figure 1. Comparison of Prnp allelic combinations from CWD-positive and 
-negative white-tailed deer in the CWD-affected region of south-central 
Wisconsin. Prnp sequences were determined for 193 CWD-positive and 
153 CWD-negative deer from the Wisconsin CWD-affected region. 
Illustrated are the percentages of each Prnp allelic combination resulting 
in coding changes to PrP. 
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Figure 2. Comparison of relative obex staging for deer with different 
PrP alleles. The obex region of CWD- positive deer was IHC stained for 
the presence of PrPcwd using the Ventana staining system with Mab 
F99/97.6.1. Stained sections were rated for the relative stage of 
disease progression. Stage (0) deer had no detectable PrPcwd, stage (1) 
deer had low level staining in the DMNV, stage (3) deer had staining 
outside the DMNV and stage (4) deer had high levels of staining 
throughout the obex region. 
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Figure 3. Percent Prnp allelic combinations in outstate animals. Prnp sequences were 
determined for 183 CWD-negative deer from outstate Wisconsin. Depicted are the 
percent representations of each allelic combination. 


