
 

 

The Identification of Differentially Expressed Genes in 

Nasal Swabs from Chronic Wasting Disease-Infected 

White-tailed Deer  
 

 

 

A THESIS SUBMITTED TO 

THE FACULTY OF THE GRADUATE SCHOOL 

OF THE UNIVERSITY OF MINNESOTA 

BY 

 

 

Peizhi Zou 
 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR THE DEGREE OF 

MASTER OF SCIENCE 

 

 

 

2023



i 

Acknowledgments 
 

I would like to express my gratitude to everyone who helped me to complete this 

project. Dr. Justin Greenlee and Dr. Eric Cassmann kindly collected and provided me 

with these precious nasal swab samples from white-tailed deer. Great thanks to Dr. 

Elyse Froehling, all experts and resources from the University of Minnesota Genomics 

Center (UMGC), who performed the next-generation total RNA sequencing and RNA 

quantification. This work was completed and supported by resources provided by 

UMGC. I acknowledge the staff and resources at the Minnesota Supercomputing 

Institute (MSI) at the University of Minnesota for contributing to the research results 

reported within this thesis. Dr. Natalia Calixto Mancipe from MSI and Dr. Juan E 

Abrahante Lloréns from the University of Minnesota Informatics Institute (UMII) helped 

me to analyze the sequencing data from UMGC; it is impossible for me to finish this 

project without their support and help. I also deeply appreciate the help from Ms. 

Madeline Ellefson, who performed PCR experiments with me. Many thanks to Dr. Emily 

Sevcik, Dr. Mary Pampusch, and Dr. Pongthorn Pumtang-on; they provide invaluable 

support in drafting, graphing, and experiment design. Thanks to Negin Goodarzi, who 

trained me and completed the RNA extraction with me. I appreciate the funding support 

from the State of MN LCCMR grant, the State of MN MAES RARF grant, and the UMN 

small seed grant for this project. Last but not least, I want to thank my supervisor, Dr. 

Pamela Skinner, who provided help and support from all perspectives and guided me to 

fulfill this study. 

 

 

 

 

 

 



 

ii 

Abstract 
 

Chronic wasting disease (CWD) is a transmissible spongiform encephalopathy (TSE) or 

prion disease, which is spreading in cervid populations, including mule deer (Odocoileus 

hemionus), white-tailed deer (Odocoileus virginianus), and Rocky Mountain elk (Cervus 

elaphus nelsoni). The pathogen of CWD is the abnormally misfolded prion protein 

(PrPsc) which is converted from normal function cellular prion protein (PrPc). PrPc is 

coded by the PRNP gene which is highly expressed in the central nervous system 

(CNS) and also expressed in the peripheral nervous system. The specific biological 

function of PrPc in CNS still remains unclear and the pathogenesis of the PrPsc also 

needs a better understanding. CWD is spreading fast in many places around the world, 

and CWD is fatal to all infected animals with no treatment or vaccine for it. Our final goal 

of this research is to develop a diagnosis and treatment approach for CWD. I 

hypothesize that there are differentially expressed genes (DEGs) caused by CWD in the 

nasal brush samples, and the identified DEGs could be used for CWD diagnosis.  

This study used next-generation total RNA sequencing to identify potential biomarkers 

in nasal swab samples from CWD white-tailed deer and increase understanding of 

CWD pathogenesis. We annotated and filtered genes from the reference genome and 

identified DEGs consistently altered in late-stage post-infection samples. Additionally, 

we performed Gene Set Enrichment Analysis for these identified genes at each time 

point, and we found cell proliferation pathways were suppressed, and immune response 

pathways were activated post-CWD infection. These biomarkers and pathways could 

provide some new insights into CWD diagnosis and CWD treatment for future research.  
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Abstract 
 
Prion diseases or transmissible spongiform encephalopathies (TSEs) are a group of 

contagious, fatal, incurable neurodegenerative diseases caused by the misfolded prion 

protein (PrPsc, which has a β-sheet-rich structure), which was converted from normal 

prion protein (PrPc, which has an α-helical-rich structure) in neuronal tissue. Prion 

diseases affect both animals and humans which brings severe public concerns in the 

food and health industry. Currently, there is no treatment for any of the prion diseases 

and all infected individuals generally die within observed clinical signs or symptoms 

within several years. Prion diseases typical clinical symptoms are rapidly developing 

dementia, behavior changes, difficulty walking and changes in gait, hallucinations, and 

muscle stiffness. Prion-infected brain histological analysis usually shows spongiform 

degeneration, neuronal loss, and amyloid plaque accumulation with astrocytosis. 
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Brief Prion Diseases History and Introduction 
 

Human prion diseases 
 
Creutzfeldt-Jakob disease (CJD) 
 
Creutzfeldt-Jakob disease (CJD) is the most common form of human prion disease or 

transmissible spongiform encephalopathies (TSE)1,2. Currently, four types of CJD have 

been identified based on their different etiology: sporadic (sCJD), familial or genetic 

(gCJD); iatrogenic (iCJD), and variant CJD (vCJD).3,4 Hans Gerhardt Creutzfeldt and 

Alfons Maria Jakob were considered the first two people to describe this disease`s 

syndrome in 1920 and the term “CJD” case was first introduced by Spielmeyer in 1922 

to describe the neurodegenerative conditions5–7. The major clinical features of CJD 

include fatigue, insomnia, depression, weight loss, headaches, and malaise. Variant 

CJD (vCJD) is caused by the consumption of BSE-contaminated food8. Sporadic CJD is 

thought to result from the abnormal conversion of normal cellular prion protein PrPc into 

its misfolded PrPsc and was reported at a rate of 1-2 cases per million worldwide9,10. 

Familial or genetic CJD accounts for approximately 10-15% of CJD and is caused by 

inherited mutations in the PRNP gene11. Iatrogenic CJD is extremely rare and arises 

due to medical or surgical procedures, accounting for only 1% of CJD cases12. 

 

Kuru 
 
Kuru was first discovered in Papua New Guinea among cannibalistic tribes around 1900 

and was recognized as a disease around 1940-195013. Kuru is caused by prions in 

contaminated human brain tissue, resulting from a funeral ritual practiced by the Fore 

people of New Guinea, in which they consumed the brains of deceased individuals. 

https://paperpile.com/c/lwRNAk/LCQw+G8MV
https://paperpile.com/c/lwRNAk/RNzj+jba6
https://paperpile.com/c/lwRNAk/JGxX+VKOr+AKvO
https://paperpile.com/c/lwRNAk/t1lV
https://paperpile.com/c/lwRNAk/cMwg+e7IX
https://paperpile.com/c/lwRNAk/iaCt
https://paperpile.com/c/lwRNAk/PNNc
https://paperpile.com/c/lwRNAk/vn5E
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After the Fore people stopped this ritual in the early 1960s, the transmission of Kuru 

gradually declined. The last reported Kuru case was in 2005 or 2009, and the disease is 

now considered extinct14. 

 

Fatal Familial Insomnia (FFI) 
 
Fatal familial insomnia (FFI) is an inherited prion disease caused by a mutation at codon 

178 of the PRNP prion gene15. It is characterized by the inability to sleep and 

dysautonomia. FFI was first described in 198616. 

 

Gerstmann–Straüssler–Scheinker disease (GSS)  
 
Gerstmann–Straüssler–Scheinker disease (GSS) is an extremely rare, slowly 

progressive, hereditary neurodegenerative disease. It was described by Dimitz in 1913 

and Gerstmann in 192817. GSS is caused by an autosomal dominant disorder18, and 

specific mutations at codons 102, 105, 117, 145, 198, and 217 of the open reading 

frame of the prion protein gene are associated with GSS disease. GSS typically occurs 

at an earlier age around 40, and the average duration of illness is five years. 

 

Animal prion diseases 
 

Bovine spongiform encephalopathy (BSE) 
 
Bovine spongiform encephalopathy (BSE), also known as “mad cow disease,” is a TSE 

affecting cattle. It was first recognized in the United Kingdom in 1986. The BES 

epidemic was likely caused by the recycling of infected bovine tissues and the feeding 

of ruminant-derived protein to other ruminants prior to the recognition of BSE.19–21 

 

 

https://paperpile.com/c/lwRNAk/7TWT
https://paperpile.com/c/lwRNAk/bSzo
https://paperpile.com/c/lwRNAk/0ytl
https://paperpile.com/c/lwRNAk/53WO
https://paperpile.com/c/lwRNAk/xHSB
https://paperpile.com/c/lwRNAk/bUAr+0Pia+Ekqu
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Scrapie  
 
Scrapie is a naturally occurring prion disease affecting sheep and goats and has been 

known in Europe for over 250 years22. Clinical signs of scrapie include behavior 

changes and increased aggressiveness23. The name “scrapie” is derived from one 

clinical sign that the infected animal will compulsively scrape off their fleeces due to the 

itchiness caused by scrapie infection24. 

 

Transmissible mink encephalopathy (TME) 
 
Transmissible mink encephalopathy (TME) is a rare and progressive TSE that affects 

ranch-raised mink (Mustela) 25. TME has two strains of PrPsc that can be converted 

from the same PrPc: the hyper (HY) and the drowsy (DY)26,27. These two strains exhibit 

stable variations due to conformational differences, the HY PrPsc showed higher 

proteinase K resistance compared to the DY PrPsc26,28. 

 
Chronic wasting disease (CWD) 
 
In 1967, the first chronic wasting disease case was reported among captive mule deer 

(Odocoileus hemionus) as a clinical syndrome with unknown etiology in a wildlife 

research facility in Colorado and another wildlife research facility in Wyoming29,30. In 

1978, CWD was first diagnosed as a spongiform encephalopathy. In 1981, the CWD 

was found in a free-ranging elk in Colorado. CWD was also found in free-ranging mule 

deer and white-tailed deer (Odocoileus virginianus) in these two states in 1986 and 

1990. Chronic wasting disease has been spreading fast in many states and nations 

around the world. Since 2000, at least 29 states in the USA have reported the 

occurrence of CWD in free-ranging deer and localized infection rates of more than 25 

percent31.  

https://paperpile.com/c/lwRNAk/F8r0
https://paperpile.com/c/lwRNAk/yyrH
https://paperpile.com/c/lwRNAk/WsoH
https://paperpile.com/c/lwRNAk/4XUO
https://paperpile.com/c/lwRNAk/kaxd+z8nn
https://paperpile.com/c/lwRNAk/A8Xq+kaxd
https://paperpile.com/c/lwRNAk/p7qk+Dw0D
https://paperpile.com/c/lwRNAk/Oucc
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Prion Diseases Pathogenesis 
 
Prion disease pathogenesis is attributed to the abnormal misfolding of the prion protein 

(PrPsc) from its normal cellular form (PrPc). The PrPc is expressed widely on the cell 

membrane via its glycosylphosphatidylinositol (GPI) anchor in both neural and 

nonneural tissues, with expression at the highest level in neurons in the central nervous 

system (CNS)32,33. Though the pathological relevance of PrP is now established, the 

specific functions of PrPc still remain unclear. Three hypothesized functions have been 

indicated: 1) PrPc is a metal ion-binding protein as it binds to copper and zinc with low 

micromolar affinity34,35; 2) PrPc may play a major role in cell survival and differentiation 
36,37; 3) PrPc acts as a role in the recycling of the vesicles or a more direct role in 

synaptic activity38–40. A well-characterized property of the physiological PrPc is its native 

structure, which is composed of a disordered N-terminal flexible tail (residues 23–124) 

and a structured C-terminal region (125–230) composed of three α-helix structures and 

a short antiparallel β-sheet41. 

 

PrPc is coded in the PRNP gene which is highly conserved among many species42,43. In 

a scrapie study, PRNP gene knock-out mice showed resistance to scrapie and indicated 

PrPc is the prerequisite of prion infection and development44,45. Mutations in the PRNP 

gene influence susceptibility to prion diseases46,47. In a scrapie-sheep study, a set of 

allele variants in positions 136, 154, and 171 of the PrP sequence are recognized to 

affect scrapie susceptibility. Genotype A136-R154-R171 was scrapie resistant, whereas 

V136-R154-Q171 showed high scrapie susceptibility. A136-R154-Q171 and A136-

H154-Q171 variants are medium and low scrapie susceptibility. 

 

PRNP is a single-copy gene that spans 16 kb, is comprised of 2 exons48, and encodes a 

253 amino acid protein in the larger second exon49,50. The N-terminal region of the 

protein contains an octapeptide copper-binding repeat domain51. Various mutations 

https://paperpile.com/c/lwRNAk/dXjf+OvAM
https://paperpile.com/c/lwRNAk/5GPf+4U8O
https://paperpile.com/c/lwRNAk/R1iw+2hXg
https://paperpile.com/c/lwRNAk/PWNU+dBtp+2Ajx
https://paperpile.com/c/lwRNAk/9zEZ
https://paperpile.com/c/lwRNAk/qYaA+vr4R
https://paperpile.com/c/lwRNAk/mbLL+ncwW
https://paperpile.com/c/lwRNAk/Zyhz+qT05
https://paperpile.com/c/lwRNAk/kpDf
https://paperpile.com/c/lwRNAk/CV6g+olJX
https://paperpile.com/c/lwRNAk/qPby
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within the Cu2+-binding region might be involved in prion pathogenesis52. The C-

terminal domain of PrP is N-glycosylated and GPI-anchored to the cell's outer-

membrane53,54. 

 

The structure of PrPsc and PrPc are shown in Figure 1. The PrPsc serves as a self-

template and catalyst for the conversion (Figure 2) of the normal PrPc into its misfolded 

form PrPsc and then aggregates into prion amyloid55. The conversion is not yet fully 

understood but is considered to be spontaneous and triggered by PrPsc56–58. PrPsc is 

partially resistant to proteinase digestion59,60. 

 
 
Figure 1. Page 6. Illustration of prion protein structures. The PrPc (left) is rich in α-

helical structures (coils). Conformational change into PrPsc (right) results in 

replacement by amyloidogenic β-pleated strands (arrows). Made by Biorender. 

 

https://paperpile.com/c/lwRNAk/PAHg
https://paperpile.com/c/lwRNAk/XfZC+xqAw
https://paperpile.com/c/lwRNAk/i59E
https://paperpile.com/c/lwRNAk/dCFa+2qW0+FaUy
https://paperpile.com/c/lwRNAk/iDUL+6A2J
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Figure 2. Page 7. Illustration of PrPsc self-template conversion. PrPsc initiates and 

catalyzes this self-template conversion, and converts PrPc into a PrPsc dimer. Prion 

amyloid will form due to PrPsc accumulation and aggregation. Made by Biorender. 

 

PrPsc accumulates in lymphoid tissue and the CNS, leading to the spongiform changes 

observed in late-stage brain tissues of prion-infected individuals. The influence of PrPsc 

on neuron tissue and its role in cell apoptosis and autophagy are still areas of debate in 

the scientific community61. 

 

 

Prion Protein Transmission  
 

The potential transmission routes of animal prion diseases are shown in Figure 3. The 

transmitted route might depend on factors like the host development stage and 

cultivation conditions 62–64. Prion diseases such as scrapie in sheep, CWD in cervid 

species, and BSE in cattle are considered to be infected via the oral route 20,65–67. 
 

https://paperpile.com/c/lwRNAk/ccqF
https://paperpile.com/c/lwRNAk/tJFe+B4mv+hpHD
https://paperpile.com/c/lwRNAk/Y0Ix+krzz+jLGJ+0Pia


 

8 

 
Figure 3. Page 8. Potential routes of prion exposure and dissemination. Red 

arrows: routes of prion exposure; blue arrows: routes of prion secretion. Made by 

Biorender. 

 
The spreading of orally infected prion disease is shown in Figure 4, the prions must first 

cross the gut epithelium via M cells and be delivered by conventional dendritic cells 

(DC)68, then PrPsc first accumulated in the secondary lymphoid organs69. Mouse 

studies have shown that prions accumulate upon the surface of follicular dendritic cells 

(FDC) within the B cell follicles of secondary lymphoid organs (SLO) within days of 

peripheral infection70,71. When the prions on the FDC surface are amplified to above the 

required threshold to achieve neuroinvasion, prions subsequently infect local 

sympathetic and parasympathetic neurons in the SLO and spread along them to the 

CNS70,72,73. However, the mechanism by which the prions are propagated between FDC 

and the peripheral nervous system is undetermined74. 

https://paperpile.com/c/lwRNAk/QSii
https://paperpile.com/c/lwRNAk/gbtV
https://paperpile.com/c/lwRNAk/drtY+wbHE
https://paperpile.com/c/lwRNAk/drtY+g6MA+wJhl
https://paperpile.com/c/lwRNAk/AHKA
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Figure 4. Page 9. Illustration of the spread of prions from the intestine to the 
central nervous system. Prions must cross the gut epithelium via M cells and are 

delivered to FDC by conventional DC. After oral exposure of prions, PrPsc accumulates 

first in the SLO, and the replication of PrPsc happens upon FDC within the B cell follicle, 

then PrPsc spreads to CNS or other lymphoid tissues.  
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Diagnosis Approaches        
 
Conventional diagnostic assays for prion diseases include immunohistochemistry (IHC), 

enzyme-linked immunoassays (ELISA), and Western blot (WB), which are considered 

the “gold standard” diagnostic approaches for CWD and are popularly applied in clinical 

CWD diagnosis30,75. Novel methods like protein misfolding cyclic amplification (PMCA) 

and real-time quaking-induced conversion (RT-QuIC) are being developed as potential 

new diagnostic methods. These methods detect misfolded prion proteins by seeding 

and the amplification of prion protein in the PrPc-rich medium, allowing the early 

detection of PrPsc in the disease process76.  

 

In conventional prion diagnosis, retropharyngeal lymph nodes and obex from the brains 

of cervids are collected and analyzed. In wild animals, it is difficult to know when they 

contracted CWD77. There is a previous study in which cattle were orally infected with 

BSE brain tissue and then analyzed at different time points78. Study results showed that 

histopathological features including spongiform change, neuronal loss, astrogliosis, and 

microgliosis were observed only shortly before the appearance of clinical symptoms (38 

months), while immunohistochemical detection of accumulations of PrPsc gave a 

positive result about six months earlier (32 months). The major limitation of both 

conventional prion diagnosis and novel methods is not able to perform easily in the field.  

 

 

 
 

 

 

 

https://paperpile.com/c/lwRNAk/Dw0D+QuKD
https://paperpile.com/c/lwRNAk/glJO
https://paperpile.com/c/lwRNAk/U6oI
https://paperpile.com/c/lwRNAk/ZfDG
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The identification of biomarkers of CWD in white-tailed 

deer from nasal swabs. 
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Abstract 
 
Chronic wasting disease (CWD) is a fatal prion disease in the cervid population, and 

there is no treatment or vaccine for it. CWD has been spreading fast in North America 

since the 1960s, and it has been reported in 29 states and other countries. Currently, 

ELISA and Western blot are major methods for CWD diagnosis, whereas these invasive 

tests can`t be applied in the field and performed post-mortem. So an on-site 

noninvasive test is urgently needed for CWD susceptible animals. Though the CWD 

pathogenesis is still elusive, many CWD biomarkers in blood, brain, and lymphoid node 

tissue have been found and reported. We hypothesized there are biomarkers including 

differentially expressed genes (DEGs) in the nasal mucosa that can be informative to 

CWD processes and be useful to diagnose CWD in its early stages. To identify 

biomarkers of CWD and gain a better understanding of this prion disease`s 

pathogenesis, we used next-generation total RNA sequencing to identify DEGs from 

nasal swabs in CWD-infected white-tailed deer compared to control deer. These 

biomarkers may be further developed as a diagnostic test to identify Chronic wasting 

disease-infected animals in the preclinical stages. 
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Introduction 
 
Chronic wasting disease (CWD) is a kind of cervid prion disease or transmissible 

spongiform encephalopathy (TSE) disease, CWD can infect many species including: 

mule deer (Odocoileus hemionus), white-tailed deer (Odocoileus virginianus) Reindeer 

(Rangifer tarandus), Sika deer (Cervus nippon), Moose (Alces alces) and Rocky 

Mountain elk (Cervus elaphus nelsoni) are the susceptible target. Animals including 

beavers (Genus Castor)79, hamsters and meadow voles (Microtus pennsylvanicus) 80, 

and raccoons are also susceptible to CWD due to habitat overlapping. CWD is the only 

prion disease spreading in free-range animals. The increasing spread of CWD has 

raised concerns about the potential for increasing human exposure to the CWD agent. 

The foodborne transmission of bovine spongiform encephalopathy to humans indicates 

that the species barrier does not completely protect humans from animal prion 

diseases81–84. Currently, CWD has been found in some areas of North America, 

including Canada and the United States, Norway, and South Korea. In the US, at least 

29 states have reported the occurrence of CWD in free-ranging deer and localized 

infection rates of more than 25 percent since 200030. The spreading of CWD keeps 

raising public and scientific concerns for the wild animal industry and health industry. To 

combat the trend from the CWD epidemic to the CWD pandemic, a quick onsite and 

preclinical diagnosis method is urgently needed to be developed. 

 

Like other prion diseases, CWD is a slowly progressive prion disease, and it usually 

takes over a year to develop neurological signs. In previous CWD research, CWD 

diagnosis cannot rely on CWD clinical signs, for some CWD-infected animals (deer and 

elk) did not show any clinical signs for months or years even after they had been 

confirmed CWD-positive with tests85. As CWD progresses, the infected animals may 

have a variety of changes in behavior and appearance including drastic weight loss, 

stumbling, lack of coordination, listlessness, drooling, excessive thirst or urination, 

drooping ears, and lack of fear of people84. It is often difficult to diagnose a deer, elk, or 

https://paperpile.com/c/lwRNAk/xGEE
https://paperpile.com/c/lwRNAk/fVzz
https://paperpile.com/c/lwRNAk/XVdQ+JimU+pc8X
https://paperpile.com/c/lwRNAk/XVdQ+JimU+pc8X
https://paperpile.com/c/lwRNAk/Dw0D
https://paperpile.com/c/lwRNAk/JhuZ
https://paperpile.com/c/lwRNAk/OsEm
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moose with CWD only based on these symptoms alone because many CWD symptoms 

also occur with other diseases and malnutrition. Conventional CWD diagnosis methods 

are immunohistochemistry (IHC), enzyme-linked immunoassays (ELISA), and Western 

blot (WB). They are all invasive diagnostic tests (taking infected tissue from animal post-

mortem) and are not suitable for onsite preclinical CWD diagnosis.  

In the previous research, nasal brushes from the CWD white-tailed deer tested earliest 

positive at 15 MPI by RT-QuIC, but the accuracy was only 56% 86, and for the elk nasal 

brushings the sensitivity of RT-QuIC was low (34%)87. PrPsc was accumulated and 

detected in lymphoid tissues in the early CWD stage; in the advanced CWD stage, 

PrPsc was confirmed in the brain tissue88,89. However, there was no report of PrPsc 

existing in the nasal tissue of CWD, PrPsc or PrPsc shred was detected in the olfactory 

system (OS) in other prion diseases (scrapie, CJD, and BSE)90–94. This provides the 

rationale and the possibility of using nasal swabs as an onsite diagnostic approach for 

CWD. 

In this study outlined in Figure 5, we used next-generation total RNA sequencing to 

identify differentially expressed genes (DEGs) from nasal swabs collected from white-

tailed deer. We identified 438 genes differentially expressed in 9 MPI, 12 MPI, and 15 

MPI. The identified DEGs may be useful biomarkers to develop an antemortem CWD 

diagnostic method using nasal swabs.  

 
 
 
 
 
 
 
 
 

 

https://paperpile.com/c/lwRNAk/vGJp
https://paperpile.com/c/lwRNAk/FNTa
https://paperpile.com/c/lwRNAk/1vCn+LCRm
https://paperpile.com/c/lwRNAk/zvvY
https://paperpile.com/c/lwRNAk/zvvY
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Figure 5. Page 14. Identification of DEGs in nasal swab samples from CWD-
infected white-tailed deer. First, nasal swab samples were collected from inoculated 

and non-inoculated deer. Then total RNA was extracted from nasal swab samples by 

RNA extraction kits. Bioinformatics analysis was performed with total RNA sequencing 

results of selected samples to identify DEGs (fold change over 2). In the last, the fold 

changes of DEGs were further confirmed by RT-PCR. 
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Materials and Methods 
 
Animal CWD infections 

Animal infections were done by Dr. Greenlee`s lab at the Virus and Prion Research Unit 

at the USDA, National Animal Disease Center in Ames Iowa. White-tailed deer were 

used for CWD infection. One animal in each room was inoculated by the oronasal route 

with 1 ml of 10% brain homogenate (0.1g of brain tissue). Each inoculated animal is of 

the wild-type PRPc genotype (QQ95 GG96 QQ226). The IDs of those animals were 

1905, 1944, 0-39, 1904, B-167, B-166, 1945, 1942, 1941, and 1901. Two non-

inoculated sentinel deer were placed in each room with a single inoculated deer. 

 

Nasal Swab samples collection  

Each sample was collected with a brush (SnapTip Cervical brush (SPH500-CDI, Cancer 

Diagnostics, Inc). The brush was gently inserted into the nasal vestibule directed 

dorsocaudally through the dorsal nasal meatus and advanced 6-7 inches until located 

rostral to the ethmoid turbinate. The brush was swirled gently to collect tissues and 

mucus. To preserve the sample, the brush was swirled in a prefilled RNAShield brush 

tube (ZymoResearch, R1109).  

 

RNA purification, library preparation, and sequencing 

Total RNA was isolated from the RNAShield nasal brush samples using a commercial 

kit, following the manufacturer’s instructions (Zymo Quick Miniprep Plus kit (R1057, 

R1058)). RNA quality was assessed via spectrophotometry (NanoDrop Technologies, 

Inc.) and gel electrophoresis (Bioanalyzer 2100, Agilent Technologies) by the University 

of Minnesota Genomics Center (UMGC). The UMGC experts performed QC, library 

construction, and sequencing. Total eukaryotic RNA isolates are quantified using a 
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fluorimetric RiboGreen assay. Total RNA integrity is assessed using capillary 

electrophoresis (Agilent BioAnalyzer 2100), generating an RNA Integrity Number (RIN).  

For samples to pass the initial QC step, they need to quantify higher than 200 

nanograms and have a RIN of 7 or greater, then they are converted to Illumina 

sequencing libraries. Total RNA samples are converted to Illumina sequencing libraries 

using Illumina Stranded Total RNA Prep Ligation with Ribo-Zero Plus kit (cat#: 

20040525). A normalized input mass of total RNA is enzymatically depleted of rRNA 

using sequence-specific Ribozero capture probes. The reduced RNA is then 

fragmented and reverse transcribed (via random hexamers) into cDNA and then 

undergoes second-strand synthesis. The resulting cDNA fragments are blunt-ended, 

adenylated, and ligated to universal pre-index anchors. A final PCR amplification 

enriches the anchor-ligated DNA fragments and incorporates primer sequences for 

cluster generation and unique barcodes for each library. The final library size 

distribution is validated using capillary electrophoresis and quantified using fluorimetry 

(PicoGreen). Indexed libraries are then normalized, pooled, and size selected to 320 bp 

(tight) using the PippinHT instrument to generate libraries with average inserts of 200 

bp. Pooled libraries are denatured and diluted to the appropriate clustering 

concentration. The libraries are then loaded onto the NovaSeq paired end flow cell and 

clustering occurs on board the instrument. Once the clustering is complete, the 

sequencing reaction begins using Illumina’s 2-color SBS chemistry. Upon completion of 

read 1, 2 separate eight-base pair index reads are performed. Finally, the clustered 

library fragments are re-synthesized in the reverse direction thus producing the template 

for paired end read 2. Base call (.bcl) files for each cycle of sequencing are generated 

by Illumina Real Time Analysis (RTA) software. The base call files and run folders are 

streamed to servers maintained at the Minnesota Supercomputing Institute. Primary 

analysis and de-multiplexing are performed using Illumina’s bcl2fastq v2.20. The end 

result of the bcl2fastq workflow is de-multiplexed FASTQ files that are released to 

Skinner lab`s account for subsequent analysis by following mapping software and 

aligner. 
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Sequence read alignment to reference genomes 

Following sequencing and raw reads were inspected for quality using FastQC and 

MultiQC by UMGC in UMN. Reads were aligned to the Ovir.te_1.0 genome and raw 

counts were calculated using the CHURP-PURR pipeline by Dr. Natalia Calixto 

Mancipe. From the 31,579 annotated genes in the reference genome, 28,057 genes 

were identified. Genes with less than 300 bp or less than ten counts per million in at 

least one treatment group were excluded from the downstream analysis. The filtered 

dataset contained data from fourteen adult deer (five males and nine females) over six 

different time points (0, 3, 6, 9, 12, and 15 months post-inoculation, MPI) and 18,383 

genes. 

 

Data exploration and differential gene expression 

To estimate the effect of time post-inoculation with CWD-inducing prions, gene 

expression was modeled by Dr. Natalia Calixto Mancipe with a generalized linear model 

using the edgeR package. Deer, batch, and month were used as explanatory variables. 

Differential expression was assessed using a quasi-likelihood test on the model and the 

FDR < 0.05 threshold. I produced a list of genes that were consistently differentially 

expressed between 9, 12, and 15 MPI and the baseline timepoint (0 MPI). Samples 

were clustered using the log2-transformed counts per million (CPM) with a pseudocount 

of 1 for these biomarkers using an unsupervised hierarchical approach.  

 

Quantitative real-time PCR validation 

Total RNA samples were used for quantitative real-time PCR. Total RNA extracted from 

five animals (five pre-inoculated nasal swab samples and five 12 MPI nasal swab 

samples) were reverse transcribed to cDNA using the SuperScript IV kit (Cat# 

18090050). A CFX96 Real-Time instrument (Bio-Rad) and iTaq Universal SYBR Green 
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Supermix (Bio-Rad) were used following the manufacturer’s instructions. PCR primers 

were designed using NCBI primer designing tools and the Primer Bank website. PCR 

Primers either spanned introns or included an exon junction. The annealing temperature 

was 58 °C for all reactions. cDNA prepared from white-tailed deer brain, lymphoid node, 

and tongue samples was used to optimize primers and to produce standard curves. 

Brain tissue was obtained from hunter-harvested white-tailed deer (Wisconsin, CWD 

test negative); tongue tissue and lymphoid nodes were obtained from white-tailed deer 

hunted by Negin Goodarzi in Oxbow Park and Zollman Zoo. Each target had two 

reactions without a template gene as negative controls. 25ng cDNA for each sample 

was added in each PCR well, and β-actin was used as the reference gene.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

19 

Results and Discussion   
 
In order to acquire nasal swab samples from CWD-infected and the control group of 

white-tailed deer, we collaborated with Dr. Justin Greenlee at the Virus and Prion 

Research Unit at the USDA National Animal Disease Center. Dr. Greenlee’s team 

infected animals and collected samples for our studies. All the deer were born from 

5/15/2019 through 7/15/2019 and thus were of similar age. Each inoculated deer was 

put in one individual room and was inoculated by the oronasal route with 1 ml of 10% 

brain homogenate (0.1g of brain tissue). Two non-inoculated “sentinel” deer were 

cohoused with one inoculated deer in the room. Table 1 shows the cohort of animals 

included in this study and indicates the time at which animals tested positive for PrPsc 

via rectal biopsies and when they developed clinical symptoms. All inoculated deer had 

positive rectal biopsies and developed clinical signs except for 1941 and 1901. 1941 

developed clinical signs without ever showing detectable PrPsc in rectal biopsies PrPsc 

in 1901 is currently non-detectable. Detected clinical signs included loss of condition, 

head tremor, muscle fasciculations, uncoordinated stumbling, difficulty rising, teeth 

grinding, hypersalivation, and polydipsia. A few deer were observed to have 

regurgitated rumen contents. For this study, we extracted RNA and sequenced 51 nasal 

swab samples in total; the details of these animal samples are listed in Table 1. 
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Table. 1 Page 20. Animal cohort information. PRNC genotype is indicated. Check 

marks indicate samples used and sequenced for this study. Subtract marks indicated 

that they were not used for the following analysis. The time PrPsc was first detected via 

rectal biopsies and the time of onset of clinical symptoms are listed.   

 

According to Dr. Greenlee`s analysis of PrPsc in rectal biopsies, the first CWD clinical 

signs were observed at 13 MPI (on average 22.5 MPI).  

To identify differentially expressed genes (DEGs) in CWD nasal swab samples, we 

extracted RNA and sequenced each sample (Table 1). We compared results from the 

CWD samples and control samples. We sequenced nasal swab samples in two 

batches: with the non-infected sentinel group, 0 MPI and 12 MPI in the first batch; and 3 

MPI, 6 MPI, 9 MPI, and 15 MPI in the second batch. Nine pre-inoculation samples from 
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the first batch were added and re-sequenced with the second batch to help reduce the 

batch effect. 

All RNA used for sequencing library prep was of high quality (RIN score > 7). RNA 

sequencing generated 136,186,543 mean read-pairs per sample for the first batch and 

an average of 80,032,453 read-pairs per sample for the second batch.  

B204, B206, O37, Y15, Y16, and Y18 were not used in the differential gene expression 

analysis, because there were many others with the same attributes (female, non-

inoculated) and with more than one sequencing result which could control individual 

variation for the following analysis. Non-inoculated samples 1943, 1946 B120, and B119 

were used in the differentially expressed gene analysis. All inoculated samples were 

used in the differentially expressed gene analysis. 

As an exploratory experiment, principal component analysis (PCA) analysis was done 

first based on sequencing results in order to visualize the massive gene data. According 

to the PCA graph, PC1 seems to correlate with time, which indicates gene expression 

was different at each time point. Of interest, one pre-inoculated animal (1905-pre) did 

not cluster closely with other CWD-deer samples in the PCA plot (Figure 6). But there 

were objective reasons such as the sample`s RIN score being higher than seven and it 

passed the sequencing QC check to justify removing this animal as an outlier. Given 

this, 1905-pre was maintained in the analysis. 
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Figure 6. Page 22. Principal component analysis (PCA). Gene expression data from 

each sample was transformed by projecting each expression measure onto two 

principal components. 

 

To identify CWD biomarkers, we performed differential gene expression analysis using 

the edgeR package and compared the day 0 inoculated and non-inoculated animals to 

each time point collected post-infection. We identified 160 suppressed genes and 159 

upregulated genes at three-month post-infection (MPI), 70 suppressed genes and 53 

upregulated at 6 MPI, 641 suppressed genes and 1109 upregulated at 9 MPI, 431 

suppressed genes and 485 upregulated at 12 MPI, 1454 suppressed genes and 855 

upregulated at 15 MPI (Figure 7A). There was no gene identified to be significantly 

differentially expressed (FDR p-value < 0.05) at all the time points post-infection. 

However, 438 DEGs were found consistently altered at 9 MPI, 12 MPI, and 15 MPI 
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(Figure 7B). R and package EdgeR were used to generate a heat map of the 438 

DEGs (Figure 8). This analysis plot indicated the difference in each gene expression for 

all animals. The 9-12 MPI samples clustered together and showed distinct expression 

patterns compared to the 0-6 MPI samples.  

Figure 7. Page23. DEGs at different MPIs. A) In the DEGs (FDR-P< 0.05) histogram, 

the red bar indicates upregulated genes, and the blue bar indicates the suppressed 

genes; B) 438 DEGs were consistently differentially expressed at 9 MPI, 12 MPI, and 15 

MPI. 

 

Table 2. Page 23. Details of 438 DEGs identified at 9, 12, and 15 MPI can be found 

at this link: 

https://docs.google.com/https://docs.google.com/spreadsheets/d/18J91QfMIrBP1CGZC

kApMeCK5zzTXrcElMT0B7accCLY/edit#gid=0spreadsheets/d/18J91QfMIrBP1CGZCkA

pMeCK5zzTXrcElMT0B7accCLY/edit#gid=0 

 

 

 

A 
B 

https://docs.google.com/spreadsheets/d/18J91QfMIrBP1CGZCkApMeCK5zzTXrcElMT0B7accCLY/edit#gid=0
https://docs.google.com/spreadsheets/d/18J91QfMIrBP1CGZCkApMeCK5zzTXrcElMT0B7accCLY/edit#gid=0
https://docs.google.com/spreadsheets/d/18J91QfMIrBP1CGZCkApMeCK5zzTXrcElMT0B7accCLY/edit#gid=0
https://docs.google.com/spreadsheets/d/18J91QfMIrBP1CGZCkApMeCK5zzTXrcElMT0B7accCLY/edit#gid=0
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Figure 8. Page 24. Heat map of 438 DEGs identified at 9, 12, and 15 MPI. Among 

these DEGs, 270 genes were upregulated, and 168 genes were suppressed. The color 

bar indicates the result of log2-transformed counts per million of the biomarker genes 

with bright red being highly upregulated and dark blue being highly downregulated. 

Color blocks indicated the MPI of each sample. 

 

In order to visualize the “relationship” between samples at different time points, we 

performed a DESeq2 heat map analysis. This analysis plots indicated the similarity 

between different samples; the red color means similar, and the blue color means 

different. The results of this analysis are shown in Figure 9. The 0 MPI and 3 MPI 

clustered well which means their gene expression profiles were similar. The 9-15 MPI 

clustered together and were similar to each other and distinct from 0-3 MPI samples. 
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Figure 9. Page 25. Samples` similarity map. This graph based on gene expression 

level shows the correlation among different time point samples; color indicates the 

similarity of samples. 
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Table 3. Page 26. Twenty up-regulated DEGs and twenty down-regulated DEGs for 
9 MPI, 12 MPI, and 15 MPI showed the highest fold-change. logFC: log (gene fold 

change). 
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In order to verify the sequencing results, we performed RT-PCR on a subset of the 

DEGs identified. To achieve this, we first identified the 20 DEGs with the highest fold 

change (Table 3). Next, we successfully designed primers and performed RT-PCR on 

eight of these genes. Table 4&5 shows the primer sequence designed for each gene.  

We chose five animals (1901, 1904, 1941, 1944, and B166) and compared day 0 to 12 

MPI. The 2^(-ddCt) method was used to calculate the fold change in RT-PCR. The 

results of this analysis are shown in Figure 10.  

 

Primer pairs for downregulated genes (below) 

Gene Position Sequence (5'->3') 

AATK FWD GGCATCGGGTTCAAGGAGTTTG 

  REV GAGCCCTGTGCCGAGAAGTC 

ANK2 FWD CGTGGCTTCCAAGAGGGGAA 

  REV GTGTCAACCCATCGCGAGTTT 

FLRT1 FWD GCAGCCGGAAAAAGGACGAC 

  REV TCTTTGGCGCGGTAAGGGTT 

IFI6 FWD CGCTCTTCCTGTGTTACCTGCTA 

  REV TTGAGCATCTGTTTTCGTCTTCCTC 

 Primer pairs for upregulated genes (below) 

Gene Position Sequence (5'->3') 

ATP12A FWD TCCTGTGCTGGATCGCGTATG 

  REV ACAGAGCCCAAGTACACGTTGTC 

HIGD1A FWD GTCCACCTGATCCACATGCGT 

  REV CAGGGAATAGCCCATACCAAGAGTC 



 

28 

TCHH FWD AGAATGGGGACTCCACCTCACTAT 

  REV TCTCTGGGTCATTTGGTCTCTGGA 

TCN1 FWD TGCAGCCACAATCCAGTCAAATTC 

  REV ATTCAAGGGTGCCGTCGTAGG 
 

Table 4&5. Page 27-28. Genes and primer design for RT-PCR analysis of DEGs. 
FWD: forward primer; REV: reverse primer. B-actin was used as a reference gene 

(FWD: CCATGTACCCTGGCATCGCA, REV: CAGGGGGCGCGATGATCTTTAT). 
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Figure 10. Page 28. RT-PCR results. Expression fold-change between day 0 and 12 

MPI are shown in bar height. The bar height above 1 indicates the gene was up-

regulated, and the bar below 1 means the gene was down-regulated. Samples were run 

in triplicate, for n= 3. Error bars represent +/- SD. The equation used to determine fold-

change was: ddCt = dCt - dCf; dCt = Ct12 - Ct0; dCf = Cf12-Cf0 
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fold change = 2^(-ddCt). Ct12: Ct value for 12MPI sample. Ct0: Ct value for 0 MPI 

sample. Cf12: Ct value for B-actin at 12 MPI group. Cf0: Ct value for B-actin at 0 MPI 

group. 

 

To fulfill the potential of our findings, we developed a novel readout model (Figure.11) 

based on the identification of biomarkers through total RNA sequencing, which was 

further confirmed by using RT-PCR. This versatile readout can be adapted for use in a 

wide range of protein or nucleic acid tests, including antibody tests, RNA/DNA probe 

tests, and sequencing assays95–97. The potential applications of our readout allow it to 

be deployed in diverse settings, whether it be in remote field locations or well-equipped 

laboratory facilities, promising significant reductions in testing time and increased 

efficiency for live animal testing. To ensure its robustness and reliability, we plan to 

conduct comprehensive validation studies on various animal models, including the 

CWD- animal model, CWD+ animal model, inflammation animal model, and other 

neurodegenerative disease animal models (e.g., Alzheimer's disease, Parkinson's 

disease, or Huntington's disease) in future. In one recent CWD study, a subset (57%) of 

identified microRNA-biomarkers was found in both CWD positive elk and CWD positive 

hamsters which indicated that our CWD diagnosis readout might also be able to be 

applied in different species98. 

 

https://paperpile.com/c/lwRNAk/TX4E+FCzp+ImjL
https://paperpile.com/c/lwRNAk/OUh5
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Figure 11. Page 30. Model diagnostic readout based on CWD DEGs. In the upper 

row are consistently up-regulated CWD genes that show a high fold-change from 

uninfected animals. The bottom row is consistently down-regulated genes that showed 

a high-fold change in CWD-infected animals compared to uninfected animals. Red 

means high concentration, and blue indicates low concentration. If the top row is red 

and the bottom row is blue, that means the test result is CWD positive; if the bottom row 

is red and the top row is blue, this would indicate the samples were negative for CWD. 
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Conclusions 

In this research, we identified CWD biomarkers in nasal swabs from CWD-infected 

animals. These biomarkers are differentially expressed genes detected in nasal swabs 

from CWD-infected compared to uninfected white-tailed deer. We identified 438 DEGs 

altered at 9, 12, and 15 MPI. These genes included 270 DEGs that were upregulated, 

and 168 DEGs were suppressed consistently from 9 MPI to 15 MPI. We successfully 

designed eight genes` primers and verified their fold change by RT-PCR. Among these 

eight genes, AATK, ANK2, FLRT1, and IFI6 are four down-regulated DEGs; ATP12, 

HIGD1A, TCHH, and TCN1 are four up-regulated DEGs. 

We designed a novel readout model (Figure 11) based on these eight identified DEGs 

and expected this readout will be applied in a wide range of protein or nucleic acid tests 

for CWD. We anticipate this preclinical diagnostic test based on a group of nasal swab 

biomarkers identified here might provide a more rapid, accurate, and reliable assay for 

CWD. Such assays would need to be validated with CWD-confirmed animals and 

control animals to determine the feasibility and reliability of this nasal swab biomarker-

based clinical assays. 

 

 
 
 
 
 
 
 
 



 

 
 
 
 

 
 
 

Chapter Three 
 

 

Insights to CWD Pathogenesis in White-tailed Deer  
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Abstract  
 

Research on prion diseases has been carried out for more than four decades, but much 

of prion disease's pathogenesis still remains elusive. In this study, we identified CWD-

associated differentially expressed genes (DEGs), and an abundance of genes were 

annotated at each time point from nasal swabs. In this chapter, I will describe how these 

annotated genes we identified provide insights into CWD pathogenesis. We found that 

some gene-associated pathways were consistently suppressed at different CWD 

infection time points and some biology processes were altered disparately. Thus, these 

genes identified in this study and the associated pathways that the genes are 

associated with provide new insights into CWD pathogenesis. 
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Introduction 
 

Prion diseases have been identified and under extensive research for decades, yet the 

intricacies of their pathogenesis remain elusive7,77,99. In previous research, such as 

scrapie, BSE, and Creutzfeldt-Jakob disease have been experimentally transmitted and 

adapted to species like mouse, mink, and hamster, yielding experimental animal models 

that have proved useful in the study of prion diseases27,100,101. Mouse models were used 

to identify DEGs in the scrapie102–104. Recent research about CWD circulating microRNA 

in elk serum provides more shreds of evidence about the potential of DEGs as CWD 

noninvasive diagnosis biomarkers98. Previous studies with CWD-infected elk and white-

tailed deer identified DEGs in blood, lymphoid nodes, and brain tissues 98,105,106. These 

studies suggest that prion infection and pathogenesis include DEGs and that DEGs can 

identify processes and pathways involved in pathogenesis and disease progression. 

Identification of DEGs in nasal swabs from CWD-infected animals has not been 

described. As far as we are aware, this is the first study using CWD nasal swabs to 

identify DEGs and gain an understanding of CWD pathogenesis. Advancements in 

bioinformatics analysis and genome databases have paved the way for unraveling prion 

disease pathogenesis107,108, and identified genes based on using next-generation 

sequencing (NGS) in this study provide some new insights into CWD pathogenesis109.  

 

In the previous prion`s DEGs research, while informative, exhibits certain limitations. 

Firstly, concentrating solely on DEGs disregards a significant wealth of information 

encoded in other annotated genes. Secondly, considering the pivotal role of prion 

infection timing in disease advancement, these studies typically draw comparisons 

between uninfected and infected states, potentially overlooking vital nuances in disease 

progression at different time points. In this study, we performed a sequence of 

bioinformatics assays to reveal insights into CWD pathogenesis at 3 MPI, 6 MPI, 12 

https://paperpile.com/c/lwRNAk/U6oI+JkXv+AKvO
https://paperpile.com/c/lwRNAk/z8nn+C9KA+rPU0
https://paperpile.com/c/lwRNAk/kl5v+MdcS+XlmJ
https://paperpile.com/c/lwRNAk/OUh5
https://paperpile.com/c/lwRNAk/OUh5+riVp+IGWS
https://paperpile.com/c/lwRNAk/ranq+dDAs
https://paperpile.com/c/lwRNAk/t0Qv
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MPI, and 15 MPI beyond the exclusive focus on DEGs but the entire annotated genome 

data. 

Using the datasets generated and described in Chapter 2, we performed a number of 

analyses to try to understand how the annotated genes might be contributing to the 

CWD pathogenesis and disease progression. These assays included gene set 

enrichment analysis (GSEA) using hallmark gene sets, gene ontology (GO) term 

analysis, and KEGG pathway analysis. GSEA is a computational analytical approach for 

interpreting gene expression data110,111. It can determine whether an a priori-defined set 

of genes shows statistically significant, concordant differences between two biological 

states (e.g., phenotypes or treatments)110,111. The Molecular Signatures Database 

(MSigDB) is one of the most widely used database resources for gene enrichment 

analysis. MSigDB includes more than tens of thousands of annotated gene sets that are 

used within GSEA software 110. In MSigDB, we used hallmark gene sets for our gene 

expression analysis. Hallmark gene sets were generated by a computational 

methodology based on identifying gene set overlaps and retaining genes that display 

coordinate expression 112 It reduces the redundancy and variation and provides more 

refined and precise inputs for GSEA analysis compared with other gene sets112. GO 

analysis is based on the Gene Ontology knowledge base which is a resource that 

includes current scientific knowledge about the functions of genes and gene products 

(proteins and RNAs) among different species113,114. There are three categories of GO: 

biological process (BP), molecular function (MF), and cellular component (CC). We 

used GO BP analysis to provide more insight for DEGs related pathways. The structure 

of GO analysis can be described in terms of a graph, where each GO term is a node. 

Kyoto Encyclopedia of Genes and Genomes (KEGG) is a famous database for 

systematic gene function analysis115. In this study, KEGG pathway analysis was used to 

show the DEGs connection with enriched pathways. These analyses revealed the 

association of DEGs and enriched pathways in CWD nasal mucosa and provide more 

insights into CWD pathogenesis. According to these analysis results, we found the 

DEGs identified at different time points involved variably in cell proliferation, 

reproduction, protein trafficking, and protein modification during the CWD progress.  

https://paperpile.com/c/lwRNAk/oh99+VpkA
https://paperpile.com/c/lwRNAk/oh99+VpkA
https://paperpile.com/c/lwRNAk/oh99
https://paperpile.com/c/lwRNAk/lLv8
https://paperpile.com/c/lwRNAk/lLv8
https://paperpile.com/c/lwRNAk/uLuB+WSOj
https://paperpile.com/c/lwRNAk/Z12i
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Materials and Methods 
 

Enrichment analysis of differentially expressed genes 

GSEA, GO, and KEGG analysis were performed by Dr. Natalia Calixto Mancipe at the 

MSI-RIS, UMN. She used the ranked gene list based on the differential expression test 

results for each time point. The rank metric is -log10(p-value) x sign (log (fold change)). 

The ranked gene list was compared against the Hallmark gene sets from the MsigDb, 

using Bos taurus orthologs as the background set and the clusterProfiler package. B. 

taurus was originally used to annotate Ovir_te.1.0; hence the gene symbols were 

appropriate and its orthologs were a good approximation to the deer genome. From the 

18383 genes detected in this study, 13,493 were common to both organisms (same 

symbol). KEGG and GSEA analysis was performed by using R package clusterProfile; 

R package dplyr; R package tidyverse; R package limma; R package edgeR; R 

package patchwork; R package viridis, and R package org. Bt.eg.db. The analysis 

results were visualized by using the R package ggplot. 

 

Statistical analysis approach 

The quasi-likelihood test model was performed on differential expression, and the 

threshold of FDR < 0.05 was considered significant.  
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Results and Discussion 
 

To have a better understanding of how the DEGs identified and described in Chapter 2 

may be contributing to CWD pathogenesis, we performed additional analysis. To further 

capitalize on our data set, Dr. Natalia Calixto Mancipe performed GSEA assays 

comparing each time point (3, 6, 12, and 15 MPI) with day 0 controls with all the 

annotated genes. The results of these analyses are shown in Figures 12-16.  

Figure 12 shows processes and pathways associated with DEGs identified at 3 MPI. 

Twenty-one pathways were significantly enriched at 3 MPI; the detailed data are listed 

in Table 6. In Table 6, gene sets were ranked by normalized enrichment scores (NES). 

Notably, at 3 MPI, the E2F pathway, G2M pathway, and mitotic spindle pathway had the 

top 3 NES and expression-suppressed gene sets. These cell division-related and 

enriched genes` expression pathways were suppressed, which might indicate at very 

early stages of CWD, cell division and proliferation were suppressed. Another top 

enriched suppressed pathway identified is TNF-α via NF-κB. NF-κB pathway induced by 

the TNF cytokines family is a complex pathway involved in cell survival, proliferation and 

differentiation, and immune responses. There are also five enriched inflammatory 

pathways (IF-Gamma response, IF-Alpha response, allograft rejection, complement 

pathway, and inflammatory response) that were suppressed in CWD-infected animals at 

3 MPI. This provides evidence that CWD may suppress cell proliferation and immune 

responses during the early disease stage. In comparison, the protein secretion pathway, 

DNA damage response, and hormone response were activated in 3 MPI.  
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Figure 12. Page 37. GSEA results for 3 MPI. The size of the bubbles indicates the 

number of enrichment genes in different Hallmark Gene Sets. Spots in the suppressed 

box mean these gene sets are down-regulated. 
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Table 6. Page 38. GSEA detailed results for 3 MPI. Gene sets were ranked by NES, 

positive NES indicates this gene set was activated by enriched genes within this gene 

set; negative NES indicates the gene set was suppressed by enriched genes within this 

gene set. Set size: the gene component amount for the gene set; enrichment score 

(ES): the degree to which this gene set is overrepresented at the top or bottom of the 

ranked list of genes in the expression dataset; normalized enrichment score (NES): 

ES/mean (ES for all dataset); false discovery rate (FDR) q-value: the estimated 

probability that the normalized enrichment score represents a false positive finding; 

rank: the peak position in the ranked list; tag %: the percentage of gene hits the peak; 

list %: the percentage of genes in the ranked gene list before or after the peak; N: the 

number of genes in the list; Nh: the number of genes in the gene set; 

signal%=(tags%)*(1-list%)(N/(N-Nh)). 

 

Thirty-three pathways were significantly enriched at 6 MPI (Figure 13), the detailed 

genes for each pathway are listed in Table 7. Notably, according to NES, at 6 MPI, 

proliferation-related pathways were more down-regulated compared with 3 MPI. NF-κB 

pathway was more down-regulated compared with 3 MPI as well. The 6 MPI protein 

secretion pathway was highly upregulated compared with the 3 MPI enrichment result. 

DNA damage repair pathways were downregulated. The four enriched inflammatory 
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response pathways were highly suppressed in CWD-infected animals at 6 MPI. 

Activated pathways at 6 MPI included the Epithelial-mesenchymal transition and 

angiogenesis pathways. 
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Figure 13. Page 39. GSEA results for 6 MPI. The size of the bubbles indicates the 

number of enrichment genes in different Hallmark Gene Sets.  

 

 

Table 7. Page 40. GSEA detailed results for 6 MPI. Gene sets were ranked by NES; 

positive NES indicates this gene set was activated by enriched genes within this gene 

set. 

Thirty-two pathways were significantly enriched at 9 MPI (Figure 14), the detailed 

genes for each pathway are listed in Table 8. Notably, at 9 MPI, the E2F pathway, G2M 

pathway, and Mitotic spindle pathway maintained the same suppression level as 6 MPI. 

The protein secretion pathway was more upregulated in 9 MPI than in 6 MPI. As to 

immune response pathways, three enriched pathways started to be activated at 9 MPI. 

But interferon-alpha response pathway and interferon-gamma response pathway 

remain suppressed as 6 MPI. The estrogen response pathways, cholesterol 

homeostasis pathway, and adipogenesis pathway were enriched and activated at this 

time point.  
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Figure 14. Page 41. GSEA results for 9 MPI. The size of the bubbles indicates the 

number of enrichment genes in different Hallmark Gene Sets. 
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Table 8. Page 42. GSEA detailed results for 9 MPI. Gene sets were ranked by NES; 

positive NES indicates this gene set was activated by enriched genes within this gene 

set. 

 

Thirteen pathways were significantly enriched at 12 MPI (Figure 15) and the detailed 

genes for each pathway are listed in Table 9. At 12 MPI, the E2F pathway, G2M 

pathway, and Mitotic spindle pathway maintained the same suppression level as 9 MPI. 

Two immune response pathways were enriched and activated at this time point. The 

protein secretion pathway was less upregulated in 12 MPI than in 9 MPI. 
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Figure 15. Page 43. GSEA results for 12 MPI. The size of the bubbles indicates the 

number of enrichment genes in different Hallmark Gene Sets. 

 

Table 9. Page 43. GSEA detailed results or 12 MPI. Gene sets were ranked by NES; 

positive NES indicates this gene set was activated by enriched genes within this gene 

set. 
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Eleven pathways were significantly enriched at 15 MPI (Figure 16) and the detailed 

genes for each pathway are listed in Table 10. At 15 MPI, there was no immune 

response-related pathway enriched. The E2F pathway, G2M pathway, and Mitotic 

spindle pathway were less suppressed than 12 MPI but still suppressed.   

 

Figure 16. Page 44. GSEA results for 15 MPI. The size of the bubbles indicates the 

number of enrichment genes in different Hallmark Gene Sets. 
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Table 10. Page 45. GSEA detailed results for 15 MPI. Gene sets were ranked by 

NES; positive NES indicates this gene set was activated by enriched genes within this 

gene set. 

 

In addition to using hallmark gene sets, we also did GO enrichment analysis to 

understand the CWD pathogenesis. This analysis interpreted the contribution of 

annotated genes to biological processes at differential time points. In the GO graphs 

presented in Figures 17-19, the size of the plots indicates the gene amount enriched in 

this pathway and the color red indicates the enriched results are more significant 

whereas blue indicates less significant. Gene ratio shows the result of the enriched 

genes in the comparison divided by all the genes in the reference cow genome that 

composed the pathway. There was no significant enriched biological process detected 

at 6 MPI.  

GO analysis of the DEGs identified at 3 MPI (Figure 17) showed five enriched 

pathways that were cell proliferation-related. These data are supported by the GSEA 

hallmark gene sets analysis results in which cell proliferation pathways were 

consistently suppressed from 3 MPI to 15 MPI. 
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Figure 17. Page 46. GO enrichment results for annotated genes at 3 MPI. The size 

of the bubbles indicates the number of enriched genes in the GO analysis. 

 

At 9 MPI (Figure 18), fifteen pathways were enriched. Two pathways were related to 

cell proliferation and thirteen pathways are involved in protein production and secretion 

processes. Notably, these thirteen pathways were particularly related to the membrane-

vacule-endoplasmic-reticulum network which is known to be a signature feature for 

PrPsc propogation1,98,116. These findings suggest that CWD disease progression after 

nine months of infection includes alterations in protein trafficking.  

https://paperpile.com/c/lwRNAk/LCQw+OUh5+nBti
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Figure 18. Page 47. GO enrichment results for annotated genes at 9 MPI. In total, 

fifteen pathways were enriched. Two pathways are related to cell proliferation, and 

thirteen pathways are related to vesicle-membrane-trafficking. The size of the bubbles 

indicates the count of enrichment genes in the GO analysis. 
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GO analysis of the DEGs identified at 12 MPI (Figure 19) identified fourteen enriched 

pathways. Of these, ten out of fourteen were embryonic and reproductive development 

pathways. Remarkably, four enriched pathways were related to apoptosis and 

autophagy progress. Autophagy was confirmed that take place in prion diseases, yet its 

exact role remains uncertain61,117, but our finding provides evidence of the occurrence 

time of autophagy in CWD progression at 12 MPI. Apoptosis has been widely 

considered a primary form of programmed cell death implicated in neurodegeneration in 

prion diseases61,118,119. A sequence of evidence shows that PrPsc is involved in 

apoptosis which is caused by endoplasmic reticulum stress (ER stress)61,105,120,121 and 

astrogliosis in the medulla oblongata and the prefrontal cortex118,122,123, which 

correspond to the result of extrinsic apoptosis pathways identified at 12 MPI.

 

Figure 19. Page 48. GO enrichment results for annotated genes at 12 MPI. 
Fourteen pathways were enriched at this time point. The size of the bubbles indicates 

the count of enrichment genes in the GO analysis. 

 

https://paperpile.com/c/lwRNAk/Zvty+ccqF
https://paperpile.com/c/lwRNAk/NK2A+AAwJ+ccqF
https://paperpile.com/c/lwRNAk/pxqi+nSRR+riVp+ccqF
https://paperpile.com/c/lwRNAk/NK2A+RLRV+IiSM
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At 15 MPI (Figure 20), nine pathways were enriched, eight of which take part in protein 

modification processes. Notably, these eight enriched pathways suggest that protein 

modification was severely affected in tissues represented in the nasal swabs due to 

CWD infection at 15 MPI. 

 

Figure 20. Page 49. GO enrichment results for annotated genes at 15 MPI. The size 

of the bubbles indicates the count of enrichment genes in the GO analysis. 
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In order to know the connection between DEGs and enriched pathways, we also did a 

KEGG pathway analysis. The results are shown in net plots (Figures 21-23). 

At 3 MPI (Figure 21), three downregulated genes (PLK1, CDC25C, and BUB1) were 

clustered with all three enriched pathways: progesterone-mediated oocyte maturation 

pathways, oocyte meiosis pathway, and cell cycle pathway. Though these pathways 

have not been provided that they have a connection to prion diseases yet, PLK1 and 

CDC25C gene was reported to be related to the scrapie in hamster124, CDC25C was 

downregulated, and PLK1 genes were identified as upregulated in CNS tissue with 

time124. PLK1 belongs to a polo-like kinases family, which controls a number of cell 

cycle processes, and its substrate includes CDC25C125,126. In our study, we identified 

the expression of CDC25C and PLK1 both decreased. AURKA and CDC20 were 

clustered with all two enriched biological processes.  

 

https://paperpile.com/c/lwRNAk/0LDh
https://paperpile.com/c/lwRNAk/0LDh
https://paperpile.com/c/lwRNAk/sf6Q+sB1F
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Figure 21. Page 51. KEGG analysis results of annotated genes at 3 MPI. The size 

of the dots indicates the number of enrichment genes for one biological process. The 

color bar indicated the gene`s fold change. 

 

At 12 MPI (Figure 22), epithelium development pathways, nine reproduction 

development pathways, and four apoptosis pathways were identified. CD72, PLK4, 

E2F7, IFI6, HOPX, EDNRA, and COL2A1 genes were enriched to the reproduction 

development pathway. IFI6, COL2A1, and CD72 were enriched with apoptosis 
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pathways. TMOD1, CDK1, FST EDNRA, PLK4, COL2A1, and E2F7 were involved in 

the epithelium development pathway. Notably, COL2A1 is the only gene to have a 

connection to all three kinds of pathways enriched at 12 MPI, which indicates COL2A1 

might have a larger contribution to CWD disease progression at 12 MPI. 

 

Figure 22. Page 52. KEGG analysis results of annotated genes at 12 MPI. The size 

of the dots indicates the number of enrichment genes for one biological process. The 
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color indicated the gene`s fold change; red means a bigger fold change, and pink shows 

a lower fold change. 

 

At 15 MPI (Figure 23), eleven genes (IL10F10, TNFRSF18, IL36A, IL17RB, IL31RA, 

IL36RN, IL1B, CCL26, IL36G, CCR3, and CXCL14) were enriched to cytokine-cytokine 

receptor interactions; six genes (CLDN10, CLDN25, THY1, MYL10, CLDN17, 

andMYL7) were enriched to leukocyte transendothelial migration; four genes (GABRR3, 

GRIA3, GABRQ, and GRIN3B) were enriched to nicotine addiction. Notably, nicotine`s 

major binding target is nAChR, where PrPc is co-localized with the α4 subunit127,128. The 

significance of this finding is not clear because α4 subunit knock-out mice showed no 

difference in prion progress compared with control128–130. Leukocyte transendothelial 

migration is important for immune response, and PrPc was considered to have an effect 

on leukocyte recruitment131,132. PrPc knockout mice have a lower amount of peritoneal 

leukocytes responding to zymosan injected intraperitoneally132,133. 

https://paperpile.com/c/lwRNAk/xqYj+hDIt
https://paperpile.com/c/lwRNAk/OpWf+7KjM+hDIt
https://paperpile.com/c/lwRNAk/C70z+EEhI
https://paperpile.com/c/lwRNAk/EEhI+Sogl
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Figure 23. Page 54. KEGG analysis results of annotated genes at 15 MPI. The size 

of the dots indicates the number of enrichment genes for one biological process. The 

color indicated the gene`s fold change; red means a bigger fold change, and pink shows 

a lower fold change. 
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Conclusions 
 

In this chapter, we performed analyses of our sequencing results of nasal swabs from 

CWD infected compared to control animals using GSEA with hallmark gene sets, the 

GO database, and the KEGG database, and we found enriched results varied with time, 

which might indicate CWD progressed with time and its pathogenesis and disease 

progression was differential at different time points. 

We found that the E2F pathway, the G2M pathway, and the Mitotic spindle pathways 

were suppressed at all the time points examined (from 3 MPI to 15 MPI). These findings 

suggest that CWD may suppress cell proliferation and division progress in the nasal 

cavity. In previous studies, PrPc was shown to have a positive effect on cellular 

proliferation and differentiation of neural stem/ precursor cells in the mammalian 

subventricular zone134,135, and a lack of PrPc may cause the neural cell adhesion 

molecule to fail to promote neuronal differentiation and induce cycling neuroblast 

accumulations136. These results suggest that there might be PrPc conformational 

change happening in the nasal tissues due to PrPsc seeding, which has been reported 

in other prion diseases92,93.  

At 3 MPI to 6 MPI, all hallmark immune-related pathways (allograft rejection, 

complement pathway, inflammatory response, interferon-alpha response pathway, and 

interferon-gamma response) were all suppressed. These findings suggest no prion 

shred in the nasal in the early stages of CWD infection. Starting at 9 MPI, except for the 

interferon-alpha response pathway and interferon-gamma response pathway, all three 

other enriched immune response pathways were highly activated. Because PrPsc is 

converted from PrPc and shown in studies, there is a lack of an anti-PrPsc antibody, 

which might be due to the tolerance of the immune system to PrPc, it is not likely to 

trigger an immune response directly137–140. However, these identified activated immune 

responses might be induced by PrPsc production and shedding in the nasal tissues. It 

has been shown in scrapie-infected hamsters that prions can replicate to high levels in 

the olfactory sensory epithelium (OSE) and induce apoptosis in olfactory receptor 

https://paperpile.com/c/lwRNAk/RvNc+SgP2
https://paperpile.com/c/lwRNAk/yx3r
https://paperpile.com/c/lwRNAk/F5wt+G4Oz
https://paperpile.com/c/lwRNAk/XYVU+S7ti+tLGv+3D44
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neurons (ORNs)141. Another possible explanation of the activation of immune response 

pathways is they might be triggered by inflammation materials from cell apoptosis and 

autophagy caused by CWD infection61. At 12 MPI, all enriched immune response 

pathways mentioned above were activated, and this might suggest that with the CWD 

disease development, the immune response related to the CWD infection keeps 

progressing in the nasal tissues. The reason why 15 MPI had no enriched immune 

response pathway remains unclear and needs future research and explanation.  

Some of the 9 MPI-enriched pathways identified were unique to this time point. These 

included thirteen membrane-vacule-endoplasmic-reticulum-related pathways. PrPc is a 

membrane protein involved in the protein-trafficking processes, and protein-trafficking 

dysfunction is known to be a signature feature for prion infection and other 

neurodegenerative diseases involving protein misfolding1,98,116. At 12 MPI, remarkably, 

four enriched pathways were related to apoptosis and autophagy progress which may 

be due to cell death induced by PrPsc accumulation in olfactory neurons61,105.  

At 15 MPI nine pathways were enriched, eight of which take part in protein modification 

processes. Notably, the misfolded PrPsc is the pathogen of prion disease, so these 

eight enriched pathways might indicate protein modification was severely affected due 

to CWD infection at 15 MPI. 

Many hormone-related pathways and reproductive pathways were identified at all the 

time points which indicated CWD infection has an effect on hormone activity. In support 

of these findings, previous studies have reported alterations in hormone activity in 

scrapie-infected mice, scrapie-infected sheep, and humans with CJD103,142–147. 

It is possible that some of the DEGs detected may be related to seasonal differences 

affecting the deer. The white-tailed deer rutting season is from November to February, 

which is when the 9 MPI samples were collected (12/23/2020). Similarly, the effect of 

aging may have contributed to the DEGs identified in nasal swab samples over time.  

Additional studies are needed to rule these factors in/out with regard to the induction of 

the DEGs detected. A comparison of the 438 identified DEGs identified in this study with 

previous studies that identified DEGs associated with prion diseases showed that 

https://paperpile.com/c/lwRNAk/vs9k
https://paperpile.com/c/lwRNAk/ccqF
https://paperpile.com/c/lwRNAk/LCQw+OUh5+nBti
https://paperpile.com/c/lwRNAk/ccqF+riVp
https://paperpile.com/c/lwRNAk/MdcS+vJFJ+RjfM+HBwb+Xt2h+KzD3+fWeB
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ALOX5, FKBP5, ITGAM, SNAI2, UHRF1, CYP4F2, DDIT4, FKBP5, ITGAM, SNAI2, and 

UHRF1 genes were shown to be similarly altered in the brain tissue from scrapie-

infected rodents, serum from CWD-infected elk, brain, liver and lymphoid nodes from 

CWD-infected white-tailed deer98,106,143,148. CDC, PLK, HSP, and GRP families of genes 

identified in our study also have been reported in brain tissue from scrapie-infected 

rodents, prion-yeast model, brain tissue and lymphoid nodes from CWD-infected white-

tailed deer106,124,149–152. COL2A1 gene is a protein-coding gene associated with fibrillar 

collagen binding which is essential for cartilaginous and the normal embryonic 

development of the skeleton. The specific connection between COL2A1 and CWD 

pathogenesis has not been described before in other prion diseases.  

In summary, these studies of CWD biomarkers and enriched-gene-related pathways in 

white-tailed deer nasal swab samples provide new insights into CWD pathogenesis and 

disease progression, but the specific contribution of these genes and associated 

pathways to CWD pathogenesis still remains unclear and needs further explanation. 

 
 

 
 

 

 

 

 

 

 

 

 

https://paperpile.com/c/lwRNAk/IGWS+FP6N+RjfM+OUh5
https://paperpile.com/c/lwRNAk/3P1x+XCI3+6Eok+0LDh+GJEn+IGWS
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