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ABSTRACT 

 

The endoplasmic reticulum (ER) is a vital cell organelle with diverse function, however 

the primary function is protein production. This process is highly important and tightly regulated 

but, under different forms of environmental stimuli or disease, can become dysregulated. When 

proteins are produced improperly, they can accumulate to cause deleterious stress to the cell, 

termed ER stress. To mitigate this, cells initiate a process called the unfolded protein response 

(UPR). The three arms of the UPR are controlled by the proteins ATF-6, PERK, and IRE1. 

This thesis will investigate the role of IRE1 in responding to acute and chronic UVB exposure.  

IRE1 is an ER membrane-spanning protein with two main effector functions in 

response to ER stress. First, upon UPR activation, IRE1 splices the transcription factor XBP-1 

into the active form so it can translocate to the nucleus and regulate gene expression of many 

different proteins. Second, IRE1 will begin to degrade mRNA transcripts to decrease the 

protein levels to prevent more improper protein folding. These processes can significantly 

influence a cell’s response to environmental or disease induced stress.  

One important environmental stress Humans face every day is ultra-violet (UV) light 

from the sun. UV is a known inducer of ER stress and is the primary cause of skin cancer. Here, 

we worked to characterize how epidermal IRE1 plays a role in responding to acute and chronic 

UV-B exposure, using a congenital epidermal IRE1 knock-out mouse model.  
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Chapter 1  
 

Introduction 

1.1 Overview 

This introduction will serve to provide background information on the Endoplasmic 

Reticulum and associated stress responses. A particular emphasis will be on the role of IRE1 in 

this pathway, as it is a focal point of this thesis. Additionally, the role of ER stress in various 

forms of pathogenesis will be discussed, with an emphasis on disease induced by Ultraviolet-B 

(UVB) radiation. Overall, this thesis will serve to characterize important cellular processes 

related to ER stress, mediated by IRE1, in the context of acute and chronic UVB exposure. 

Figure 1 below outlines the mechanisms that I will be investigating in this thesis.  

 

Figure 1: Schematic of IRE1 UPR pathway following ER stress 
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1.2 Endoplasmic Reticulum and ER Stress 

The endoplasmic reticulum (ER) is the largest organelle in a cell and is dynamic, 

multifunctional, and intricate (1). In addition to functions like lipid synthesis and calcium 

storage, the ER is the primary site of protein folding (1). Once a polypeptide sequence has been 

completely synthesized and designated for the secretory pathway by a signal sequence, it will 

enter the lumen of the ER and begin a complex process called protein folding. As a vital site of 

protein folding, the majority of ER resident proteins are dedicated to proper protein folding, 

much like quality control on an assembly line (2).  In the ER, protein folding related proteins 

called chaperones function to aid unfolded proteins into their correct conformations necessary for 

completing their physiological function (3). If proteins are not guided to reach their proper native 

conformations, various pathologies can result. Improper protein folding can result in diseases 

like metabolic disorders, inflammatory disease, and even cancer (4).  

As a dynamic organelle, the ER must respond to environmental or internal cell stress. These 

stressors can perturb normal protein folding and modification, termed ER stress. In response to 

ER stress, cells have evolved a mechanism called the Unfolded Protein Response (UPR) to 

mitigate issues that arise from the presence of misfolded proteins (5). The first function of the 

UPR is to upregulate aforementioned molecular chaperones to promote proper protein folding or 

to fix misfolded proteins (6). Second, the UPR transiently slows protein translation to reduce the 

work burden of the ER (6). Finally, the UPR promotes the degradation of misfolded proteins, 

again to reduce the burden on the organelle (6). In order to execute these functions of the UPR, 

the ER needs to have proteins capable of detecting stress. The three main ER stress sensors are 

Activating Transcription Factor-6 (ATF-6), Protein Kinase RNA (PKR)-like ER Kinase (PERK), 
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and Inositol Requiring Enzyme-1 (IRE1) (7). For the purposes of this thesis, IRE1 will serve as 

the focal ER stress sensor.  

1.3 IRE1 

IRE1 exists in two isoforms, IRE1 and IRE1. IRE1 is present in virtually all tissue types 

while IRE1 is restricted to express only in intestinal epithelial cells (8). This thesis will focus 

on the IRE1 isoform. IRE1 exists as a transmembrane protein, having an N-terminal domain 

within the ER lumen, a transmembrane domain, and a C-terminal cytosolic domain with kinase 

and endoribonuclease activity (9). The N-terminal domain is crucial for sensing ER stress 

through a buildup of misfolded proteins. This occurs when binding immunoglobulin protien 

(BiP), a key molecular chaperone, detaches from the IRE1 N-terminal domain and preferentially 

binds misfolded proteins (8). Without BiP association, the N-terminal domain of IRE1 will self-

associate with other IRE1 N-terminal domains, leading to polymerization and subsequent 

autophosphorylation of the C-terminal cytoplasmic domain (8).  Once the conformational change 

occurs, indicating a buildup of misfolded proteins, the endoribonuclease domain will splice X-

Box Binding Protein-1 (XBP-1) mRNA, creating XBP-1s (10). XBP-1s is the active form of the 

transcription factor that can proceed to enter the nucleus and upregulate the transcription of 

molecular chaperones and other proteins to promote proper protein folding (10). Furthermore, 

the endoribonuclease domain can also direct Regulated IRE1-Dependent Decay (RIDD) (11). 

RIDD functions to degrade specific mRNAs in an attempt to lessen the protein processing load 

of the cell. IRE1 is a complex protein and often exhibits context dependent effects, particularly 

in various forms of pathogenesis.  
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1.4 Role of IRE1 in Disease Pathogenesis 

While IRE1 plays a vital role in maintaining normal physiological functions, it has been 

implicated in a variety of diseases such as Alzheimer’s, cardiovascular disease, and cancer (12-

15). In Alzheimer’s disease, protein aggregates form to progressively impede neurological 

function resulting in neurodegeneration. It may stand to reason that upregulating the UPR 

through IRE1 activation may mitigate the deleterious buildup of protein aggregates, however 

that does not appear to be the case. Interestingly, researchers have observed a counterintuitive 

result that increased IRE1 activation corresponds to a higher degree of Alzheimer’s disease 

pathology, measured by the amount of protein aggregates in the brains of Alzheimer’s patients 

(12). Furthermore, the researchers found that genetic deletion of IRE1 in a mouse model, 

specifically of the endoribonuclease domain, significantly reduced beta-amyloid protein 

aggregates (12).  

IRE1 has also been shown to play a crucial role in the development and progression of 

cardiovascular disease. Cardiovascular diseases are among the leading public health threats faced 

today. IRE1 activation due to ER stress plays a key role in cardiovascular disease such as 

atherosclerosis (13). During the development of atherosclerosis, lipid plaques deposit on the 

walls of blood vessels and induce a dangerous inflammatory state. The inflammatory state is in 

part driven through IRE1 mediated production of key proinflammatory cytokines. Researchers 

found that when they targeted IRE1 through small-molecular inhibitors, they were able to 

reduce plaque size and levels of hyperlipidemia-associated cytokines in atherosclerotic mice 

(14). Although it may seem that IRE1 and ER stress only perpetuate diseased states, this is not 

always the case. In patients with lung adenocarcinoma, higher levels of IRE1 actually predicted 
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lower disease stage, less invasion, and higher recurrence-free survival (15). There is no clear 

answer whether or not expression is harmful or beneficial in the development and maintenance 

of disease, and it appears to be highly context dependent. This thesis will help characterize the 

role of IRE1 in the response to another concerning and dangerous public health threat, 

Ultraviolet-B radiation (UVB).  

1.5 UVB 

Ultraviolet (UV) radiation is the major cause of the most common type of cancer worldwide, 

skin cancer (16). UV radiation can be further classified based on its wavelength, with each 

classification effecting the skin in different capacities. UVA (320-400nm) causes oxidative 

effects, UVB (290-320nm) is regarded as the most important because it is implicated as the cause 

of most UV radiation responses, and finally UVC (200-290nm) rarely ever reaches earth’s 

surface, so it is of little concern (17). This thesis utilizes UVB during experimentation, so it will 

be the focus in this introduction.  

Although often taken for granted, the skin is the largest and arguably one of the most 

important organs in the body. It serves key functions in defense and homeostasis. Disruptions to 

the skin can come from any number of environmental factors, but UVB remains the primary 

threat. UV radiation is classified as a “complete carcinogen” because it acts as a mutagen and a 

non-specific damaging agent (18). It also has been shown to act as both a tumor initiator and a 

tumor promoter (18). UVB induces a multitude of cellular responses within the resident cells of 

the skin, including apoptosis, DNA damage, ER stress, and cytokine release (18-24).  
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Apoptosis induced by UVB occurs through a few different routes. When UVB radiation 

reaches the epidermis and penetrates keratinocytes, it causes rapid free radical production 

resulting in an immediate type apoptosis (18). Researchers have also shown the Fas ligand 

(FasL) to play an important role in UV induced apoptosis (19). Finally, UVB also induces a more 

traditional type of apoptosis, caused by DNA damage (18).    

DNA damage comes in a multitude of different forms such as DNA lesions, and strand 

breaks. With different damage induction methods, comes different biological systems to deal 

with said damage. While some DNA damage results in apoptosis, other damage engages systems 

like base excision repair (BER), and mismatch repair (MMR) (20). By engaging these systems, 

the cell attempts to control the damage and promote cell survival to a normal state. However, in 

the case of UVB exposure, a particular type of DNA lesion called a cyclobutene pyrimidine 

dimer (CPD) predominates (21). A CPD will form between neighboring pyrimidine bases upon 

irradiation with UVB. They can be particularly damaging because it has been experimentally 

shown that induction of CPDs can activate mutations in a crucial tumor suppressor gene, tumor 

protein 53 (P53) (21). In one study, researchers found that P53 mutations were found in 58% of 

invasive squamous cell carcinomas, one of the three primary forms of skin cancer (22).  This 

suggest UVB induced CPD forming DNA damage could represent a pathway leading to skin 

carcinogenesis. In short, UVB represents a dangerous environmental stimulus that perturbs 

normal physiological homeostasis. As such, UVB has also been shown to induce the ER stress 

response (23). 

Considering the ER stress pathway, and IRE1 in particular is a focal point of this thesis. It 

is important to inform about current knowledge of the relationship between UVB and ER stress. 

Relatively recently, researchers provided evidence that UVB radiation is capable of inducing the 
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ER stress response UPR pathway (23). Particularly interesting is the finding that XBP-1 

expression, the transcription factor regulated by IRE1 activity, was upregulated upon UVB 

exposure (23). Other arms of the UPR were either downregulated or unaltered suggesting a 

crucial role for IRE1 within the context of UVB induced ER stress.  

Another ER-related cellular process altered by UVB exposure is cytokine production (24). 

Cytokines are the primary cell signaling molecules of the body. They have countless different 

functions and allow for communication between cells near and far. They often have complex and 

context dependent effects. Under UVB exposure however, it appears that cytokine production is 

altered in a manner that gives rise to an inflammatory state (24).  

1.6 Inflammation 

Inflammation in a simple sense is the body’s response to harmful stimuli. Stimuli can be any 

number of environmental or internal factors that the body recognizes as harmful. If the stimulus 

is transient, the inflammatory response is termed an acute response. If the stimulus persists, a 

state of chronic inflammation ensues. Inflammation has been linked to the development of skin 

cancer thus it is crucial to understand the initiation and maintenance mechanisms of 

inflammation (25). In this case, UVB is a principal example of a harmful stimuli that induces an 

inflammatory state through cytokine and chemokines signaling from keratinocytes. Two 

cytokines, shown to be induced by UVB radiation, are the pro-inflammatory cytokines 

Interleukin-6 (IL-6) and Tumor Necrosis Factor- (TNF) (26).  
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IL-6 

 Interleukin-6 is a soluble inflammatory mediator with diverse functions within organisms. 

IL-6 was originally termed B-Cell Stimulating Factor-2 (BSF-2) due to its ability to induce 

immunoglobulin production upon bacterial or viral stimulation (27). However, BSF-2 was 

subsequently found to be the same protein as hepatocyte-stimulating factor, Interferon-2, and the 

hybridoma growth factor so it was renamed IL-6. The cytokine is capable of inducing B-cell 

differentiation, cytotoxic T-cell differentiation, acute phase protein production, platelet 

production, and nerve cell differentiation (28). Given these functions, IL-6 has long been 

considered a hallmark cytokine of an inflammatory response. IL-6’s expression will be analyzed 

in this thesis, in response to UVB.  

TNF 

Another key cytokine in an inflammatory response is Tumor Necrosis Factor- or TNF. 

TNF, like IL-6, is a multifunctional cytokine that has been studied for decades to understand 

the innumerous roles in normal physiology, and various diseases. In humans, he cytokine is 

synthesized as a 27-kDa monomer that undergoes cleavage to yield the 17-kDa soluble signaling 

molecule (29). Upon binding to the TNF receptor-1 (TNFR1), TNF transduces a signal to two 

cascades, mitogen-activated protein kinase (MAPK) and nuclear factor kappa-light-chain-

enhancer of activated B-cells (NFB) (29). These signals are translocated to the nucleus where 

they upregulate genes associated with anti-apoptosis, proliferation, and inflammation. TNF’s 

expression will also be analyzed in this thesis in a similar manner to IL-6’s. The TNF and IL-6 

induced inflammatory state is characterized by an infiltration of leukocytes, which can be 

identified by a transmembrane glycoprotein called common leukocyte antigen, or CD45 (30). 



9 

 CD45 

CD45 is a receptor-linked protein phosphatase that is expressed on the nucleated cells of 

hematopoietic origin (31). Although CD45 is expressed ubiquitously on leukocytes, the protein 

plays a key role in lymphocytes. In T-cells, CD45 expression is required for activation via the T-

cell receptor (TCR) (32). Additionally, B-cells deficient in CD45 were shown to be unable to 

properly activate downstream signaling cascades (33). For the purposes of this thesis, CD45 will 

only serve as a marker for leukocytes within the skin.  

 

Ki67 

 As previously mentioned, inflammation and the down-stream signal transduction can 

induce cellular proliferation. To investigate IRE1-controlled, UVB induced cellular 

proliferation in this thesis, we used the nuclear marker Ki67. Ki67 is conveniently expressed 

only during all active stages of the cell cycle (G1, S, G2, and mitosis), yet it is not expressed 

during the resting phase (G0)(34). This makes the protein ideal for looking at proliferation in 

response to various stimuli. Because of how reliably Ki67 levels reflect cell proliferation, it is 

often used as a prognostic marker in clinical pathology related to various cancers where greater 

levels of Ki67 correlate with a less favorable prognosis (34). Particularly in skin cancer, it has 

been shown that squamous cell carcinomas, primarily caused by UVB, show high levels of Ki67 

positive cells (35). 
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1.7 Angiogenesis 

Although inflammation and cell proliferation are part of the body’s response to UVB, they 

are certainly not the only response. Another key physiological process that can be induced by 

UVB and other stimuli is Angiogenesis. Angiogenesis is another normal physiological process 

that can become dysregulated with environmental stimuli or through disease development. 

Angiogenesis is the creation of new blood vessels, sometimes referred to as neovascularization. 

The process is important for proper growth and development of organisms however it can 

contribute to diseases such as cancer, various forms of blindness, and arthritis (36). As 

angiogenesis is such an important process, it requires tight regulation by both pro-angiogenic and 

anti-angiogenic factors.  Exposure to UVB in keratinocytes has been shown to induce production 

of a highly potent pro-angiogenic factor, vascular endothelial growth factor-A (VEGF-A) (37).  

VEGF 

The VEGF family of secreted proteins is an evolutionarily conserved set of four VEGF 

subtypes VEGF-A, VEGF-B, VEGF-C, and VEGF-D (37). For the purposes of this thesis, 

VEGF-A will be the focus, as it is most relevant and usually the most prominent in both normal 

physiology and diseases (38). VEGF-A was originally discovered as a signal for increasing 

vascular permeability but was subsequently shown to be a stimulator of angiogenesis (38). The 

presence of potent pro-angiogenic factors like VEGF-A necessitates a counterbalance of anti-

angiogenic factors to keep the process in check.  
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SPARC 

One anti-angiogenic factor that will be investigated in this thesis is secreted protein acidic 

and rich in cysteine (SPARC). SPARC is a glycoprotein with diverse, and often tissue specific 

functionality (39). Overall however, SPARC is well characterized for the ability to inhibit the 

activity of pro-angiogenic factors, such as VEGF (40). Additionally, the protein has been shown 

to enhance cellular proliferation (40). SPARC has been shown to exhibit variable effects on the 

development and progression of different forms of cancer development, depending on the 

context (40). In melanoma for instance, high SPARC expression correlated with increased 

invasiveness and poor prognosis (41). However, SPARC has also been shown to inhibit the 

progression of neuroblastoma (40). Even though the correlative relationship of SPARC to 

different cancers varies, it is classically regarded as anti-angiogenic based on it molecular 

mechanism.  

1.8 Aim of Paper 

This thesis aims to understand how IRE1 mediates the stress response to acute and chronic 

UVB exposure by altering gene expression and subsequent inflammation. To date, there is still a 

lack of understanding in how IRE1 and ER stress play a role in the response to UVB. Using an 

in-vivo, epidermally targeted IRE1 genetic ablation, we are able to examine the functionalities 

of the protein in keratinocyte signaling. This research can guide future mechanistic investigation 

of how IRE1 exhibits these effects. This research can also hopefully be used in the future to 

guide therapeutic strategies to negate the carcinogenic or otherwise dangerous effects of UVB 

exposure.   
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Chapter 2  
 

Materials and Methods 

2.1 K14Cre IRE1 Flox/Flox model 

In order to study the effects of IRE1 in keratinocyte signaling, upon UVB irradiation, 

our lab uses a transgenic mouse model that selectively ablates IRE1 expression in the 

epidermis. The transgenic IRE1 Flox/Flox models features loxP sites flanking crucial exon 2 of 

IRE1. The transgenic K14Cre mouse model features Cre recombinase protein, driven by the 

keratin 14 promoter, selectively expressed in the epidermis. When these two genotypes are 

successfully crossed, the resultant K14Cre x IRE1 Flox/Flox (IRE1 -/-) has Cre recombinase 

expression in the epidermis that induces intramolecular recombination of the DNA between loxP 

sites flanking exon 2. This creates a functional null IRE1 within the epidermis, allowing our lab 

to study how IRE1 signaling in keratinocytes effects different forms of pathogenesis, in this 

case UVB exposure. IRE1 Flox/Flox genotype by itself will serve as the wild type (IRE1 +/+) 

control. 

Figure 2: Conditional deletion of IRE1 in epidermal keratinocytes 
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2.2 DNA isolation and PCR Genotyping of mice 

Polymerase-chain reaction (PCR) was used to determine the genotypes of potential 

experimental mice. IRE1 Flox/Flox mice are bred in a homozygous manner, so all offspring 

will necessarily have the IRE1 Flox/Flox genotype. However, K14Cre offspring must be 

genotyped to determine whether or not they have the K14Cre transgene. DNA isolation is carried 

out by taking a 0.25 inch tail snip from mice of interest at 21 days old. The small tail snip is then 

lysed with a buffer made from 100mM Tris-HCL pH 8, 5mM EDTA, 0.2% SDS, and 200mM 

NaCl in combination with Proteinase-K. The tail snip, along with 50 uL lysis buffer and 10 uL 

proteinase-K is placed in a thermomixer for 1 hour and 30 minutes at 61°C and 1300 rpm. The 

proteinase-k is then inactivated with a 5-minute incubation at 99°C. 400 ul of Low TE is then 

added to each sample and the sample is centrifuged for 2 minutes at 14000 rpm. Once DNA 

isolation is complete, PCR genotyping is done. DNA, K14Cre primers, and a PCR mastermix are 

combined, and amplified. The amplified DNA is then electrophoresed on an agarose gel and 

visualized under UV light. When a positive result is seen, as indicated by a strong single band, 

the mouse corresponding to the sample is determined to be K14Cre x IRE1 Flox/Flox and 

therefore have a functional null IRE1 (IRE1 -/-) within the epidermis. Mice that did not 

amplify K14Cre were only IRE1 Flox/Flox and served as wild-type (IRE1 +/+) control for the 

experiments.  
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2.3 UVB exposure  

To induce UVB mediated inflammation, mouse backs were shaved and exposed to a 302 

nm wavelength UV light at 240 mJ/cm2. The exposure was done to 8 week old males and 

females from IRE1 +/+ and IRE1 -/- groups. UVB exposure done during the experiments was 

delivered either acutely or chronically. Acute UVB exposure mice had a one-time exposure to 

UVB and were harvested at 24, 48, and 72 hours afterwards. Chronic UVB exposure mice had a 

total of 12 UVB exposures over the course of 6 weeks (2x exposure/week) and were harvested 

24 hours following their last exposure.  

2.4 Protein isolation and western blot analysis 

Epidermal keratinocyte protein lysates were obtained using RIPA lysis buffer (50mM 

Tris-HCl pH 7.6, 150mM NaCl, 1% NP-40, 0.5% Sodium deoxycholate, 0.1% SDS, 1mM 

EDTA, 2mM Beta-glycerophosphate, 5mM NaF, 1mM PMSF, 1ug/ml Aprotinin, 5ug/ml 

Leupeptin, 1ug/ml Pepstatin, 2mM Sodium Orthovanadate). Epidermal scraping was combined 

with RIPA buffer and left rotating at 4°C for 1 hour. Next, the mixture was centrifuged at 14000 

rpm for 15 minutes, and the supernatant was transferred to a new centrifuge tube. 

To determine protein concentrations of each sample, a Pierce BCA protein assay 

(Thermo Fisher). A set of standards were prepared using BSA (2mg/ml) of concentrations 

500μg/ml, 250 μg/ml, 150 μg/ml, 100 μg/ml, 50 μg/ml, and a blank sample. 2 μL of experimental 

samples were added, in duplicate, to a 96 well BD falcon plate, and had 48 μL of dye prepared 

from kit reagents added. The plate was allowed to incubate at 37°C for 30 minutes and then read 

in a Promega Glomax Multi-Detection plate reader at 570 nm wavelength. 
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To conduct the western blot, 20 μg protein samples were brought to equal volume using 

Laemmli protein loading dye and Nano-pure water. Samples were heated at 100°C for 10 

minutes and then loaded into a 10% SDS-PAGE gel, along with a molecular ladder, and ran to 

completion at 100V. Upon completion, gels were transferred onto a nitrocellulose membrane 

using a Bio-Rad trans-blot TURBO transfer system. Separate strips of the membrane were cut to 

allow concurrent analysis of proteins of interest. Next, the membrane strips were incubated in a 

5% blocking solution (5g blotto in 100mL TBS-Tween) for 1 hour at room temperature. The 

membrane strips were then washed with TBS-Tween before being incubated in 1:1000 dilutions 

of their respective anti-mouse primary antibody solutions overnight at 4°C. After the overnight 

primary antibody incubation, membrane strips were again washed with TBS-Tween before 

incubating in 1:1000 dilutions of respective secondary antibodies for 1 hour at room temperature. 

Finally, to develop, strips were washed with TBS-Tween and then had either ECL (Pierce) or 

Dura (Pierce) added for chemiluminescence visualization. Multiple exposure pictures were taken 

in succession using KwikQuant software. Primary antibodies for the blot included β-actin (Cell 

Signaling #3700), XBP-1s (Cell Signaling #12782), and IRE1 (Cell Signaling #3294). 

2.5 RNA isolation, cDNA synthesis, and RT-qPCR 

Keratinocyte RNA was isolated by first, collecting an epidermal scraping during mouse 

harvest. Then, RNA was extracted from keratinocytes using the Qiagen RNeasy® Mini Kit 

(#74104). After RNA extraction, a cDNA library was synthesized using master mix composed of 

M-MLV RT enzyme (Promega # M1705, 50,000U), 5X RT buffer (Promega# M5313), Random 

Primers (Promega# C1181, 20ug), and dNTPs(Denville Scientific # CB4421-4, 100mM). To 
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achieve a 100 ng/uL concentration, 2.5 ug total RNA was used per 25 uL reaction. 12.5 ul of 

master mix was combined with 12.5 ul of RNA + water, yielding 25 uL total. The samples were 

added to a thermocycler and ran for 10 minutes at 25°C, then 2 hours at 42°C, and finally 5 

minutes, at 85°C. The cDNA product was then stored at -20°C until it was needed. 

 Once it was time to run real-time quantitative PCR (RT-qPCR), the cDNA was 

diluted by adding 2 uL of cDNA to 98 uL of water. 5 uL of each sample was added in duplicate 

to the corresponding wells of a standard 96 well PCR plate (Denville Scientific #1158U13), 

along with a 5-fold dilution series of random undiluted cDNA that would later be used as to 

generate a standard curve. 15 uL of RT-qPCR master mix was then added to each well, bringing 

each reaction volume to 20 uL. To normalize levels of mRNA, ß-actin served as a reference  

gene. Reactions were then ran using a MyiQ iCycler (BioRad). Primers for genes analyzed using  

qPCR are listed below. 

Gene Forward Sequence (5’-3’) Reverse Sequence (5’-3’) 

ß-actin ACCAACTGGGACGATATGGAGAAGA TACGACCAGAGGCATACAGGGACAA 

TNF GATTATGGCTCAGGGTCCAA  GAGACAGAGGCAACCTGACC 

IL-6 AACCGCTATGAAGTTCCTCTCTGC  TAAGCCTCCGACTTGTGAAGTGGT 

VEGF CTACCAGCGCATCCTCTCTC GAGCCTTTAACAGGTGGGCT 

SPARC TGCCCAGAGCTCCAAGAGGCT  TCCCGGCCAGGCAAAGGAGAA  

Figure 3: qPCR primers for selected genes 



17 

 

2.6 Immunohistochemistry and Immunofluorescence  

Back skin tissue from UVB exposed area was collected during necropsy and either frozen 

in Tissue-Tek® O.C.T. Compound (Sakura) or fixed in formaldehyde and paraffinized at Penn 

State Huck Institute of the Life Sciences Microscopy Core Facility. Paraffinized samples were 

sectioned and placed on standard glass microscope slides for use in immunohistochemical 

staining.  

Immunohistochemical staining for CD45, found on all leukocytes, began with 

deparaffinization and rehydration. Tissues were deparaffinized and rehydrated by incubating the 

tissues in Xylene (3x), 100% ethanol (1x), 90% ethanol (1x), 70% ethanol (1x), and 

1XPhosphate Buffered Saline (PBS) (2x) for 5 minutes per incubation. In order to properly stain 

the tissues, we then used a heated citrate antigen retrieval buffer (10mM sodium citrate, 0.05% 

Tween 20 in ddH2O, pH 6). After antigen retrieval, tissues were washed in 1XPBS for 5 

minutes. To quench endogenous peroxidase activity, tissues were incubated for 15 minutes in a 

3% H2O2 solution. Samples were again washed in PBS for 5 minutes. Then, tissue samples were 

blocked to avoid non-specific antibody binding using a 10% Normal Goat Serum (Vector #1000) 

diluted in 3% Bovine Serum Albumin (BSA)(Fisher Scientific #BP1600-100/PBS at room 

temperature for 20 minutes. Samples were then incubated overnight at 4°C with a 1:250 dilution 

of purified rat anti-mouse CD45 (BDbiosciences #550539). Samples were washed the next 

morning for 5 minutes in PBS and then incubated with 1:500 dilution of biotinylated goat anti-rat 

IgG (Vector #BA-9401) at room temperature for 30 minutes. Samples were then washed twice 

for 5 minutes in PBS and then incubated for 30 minutes at room temperature with Strep-HRP. 
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Samples were washed twice for 5 minutes each in PBS. ImmPACT™ DAB (Vector #SK-4105) 

solution was prepared and placed on the tissue for 2 minutes and 30 seconds in the absence of 

direct light. Samples were placed directly into water to halt the reaction, then counterstained with 

Hematoxylin QS (Vector #H-3404) for 5 minutes. Finally, samples were rinsed in tap water for 3 

minutes and then dehydrated by incubating 5 minutes each in 70% ethanol (1x), 90% ethanol 

(1x), 100% ethanol (1x), and then Xylene (3x). Slides were then cover slipped with 

HistoChoice® Mounting-Media (Amresco #H157-120ML). Tissues were visualized on an 

Olympus SC100 microscope at 200X magnification from 3 random fields. CD45+ cells were 

counted and averaged for IRE1 +/+ and IRE1 -/- groups.  

For quantitative Ki67 immunohistochemistry, the same Immunohistochemical procedure 

was used with the exception of primary antibody incubation, secondary antibody, and 

quantitation. The rabbit anti-mouse Ki67 primary antibody (Cell Signaling Technologies #9129) 

was used in a 1:500 dilution. The secondary antibody used was a 1:250 dilution of biotinylated 

goat anti-rabbit IgG (Vector Labs #BA-1000). Finally, 5 fields were taken on an Olympus SC100 

microscope at 200X magnification and Ki67 positive cells of the epidermis were quantified using 

QuPath version 0.1.2.  

For qualitative Ki67 immunofluorescence, frozen tissue samples were sectioned using a 

cryostat microtome, then stored at -80°C until staining. When sectioned tissues were ready to be 

stained, they were first thawed at room temperature for 3 minutes, then rehydrated in cold PBS 

twice for 5 minutes each incubation. The tissues were then fixed with a 10 minute acetone 

incubation, using about 500 uL acetone per slide. To remove acetone fixative agent, 2 more 5 

minute PBS incubations were done. To block non-specific anti-body binding, the same 10% 

normal goat serum blocking dilution used in IHC was prepared and incubated on the samples, 
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again for 20 minutes at room temperature. Following the blocking step, samples were incubated 

with 1:500 diluted rabbit anti-mouse Ki67 primary antibody (Cell Signaling Technologies 

#9129) overnight at 4°C. The samples were washed the next morning in PBS for 5 minutes. 

After washing off the primary anti-body, the samples were incubated using a 1:500 dilution of 

biotinylated goat anti-rabbit IgG (Vector #BA-1000) for 30 minutes at room temperature. The 

secondary was washed using another 2 incubations in PBS for 5 minutes each. All of the 

following steps were done in the absence of direct light. A 1:500 dilution of Streptavidin 

conjugated Alexa Fluor® 488 (JacksonImmunoResearch #016-540-084) was put on the samples 

for 30 minutes at room temperature. Following that, two more 5 minute PBS incubations were 

done to remove unbound fluorescent conjugate. Samples were then stained using one drop of 

mounting medium with Propidium Iodide (Vectashield #H-1300) and cover slipped. Samples 

were examined under a Olympus CKX41 microscope and fluorescent images were taken using 

an Olympus XC10 camera at 200X magnification. 500 ms exposure was used for Alexa Fluor® 

488 visualization (green/Ki67) while 150 ms exposure was used for propidium iodine (red/all 

nucleated cells).  
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Chapter 3  
 

Results 

3.1 IRE1 Knockout was successful, and UVB alters IRE1 protein expression and 

activation 

To determine if there was successful IRE1 knockout, and if UVB induces the ER stress 

response in our mouse models, protein harvested from the acute UVB exposure group was 

analyzed for expression of IRE1, spliced XBP-1, and ß-actin. Protein was isolated at 24, 48, 

and 72 hours after acute UVB exposure. Figure 3 indicates that UVB induces IRE1 

upregulation as well as downstream XBP-1 splicing in the IRE1 Flox/Flox mice (IRE1 +/+), 

indicating UPR activation. Figure 3 also shows that K14Cre x IRE1 Flox/Flox (IRE1 -/-) 

mice had no meaningful IRE1 or XBP-1 expression basally or following UVB treatment, 

indicating that genetic ablation of IRE1 in the epidermis was successful. Slight double bands 

can be seen in IRE1 -/- likely representing the truncated inactivated form of the protein caused 

by the congenital splicing. There is also slight XBP-1s in the IRE1 -/- group, potentially from 

IRE1 independent mechanisms 

 
Figure 4: Western blot analysis of IRE1, XBP1-s, and actin in WT and KO epidermal keratinocytes at 0, 

24, 48, and 72 hours after UVB exposure.  
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3.2 Epidermal IRE1 deletion alters proinflammatory cytokine expression in response to 

acute UVB exposure 

Once we confirmed that epidermal IRE1 knockout was successful, we next wanted to 

test whether or not expression of proinflammatory genes was altered by the presence of IRE1 

following a single exposure of UVB. To test this, IRE1 +/+ mice and IRE1 -/- mice were 

exposed to UVB and harvest at 48, and 72 hours post exposure. In addition, non-exposed mice 

from each group were also harvested. The epidermal keratinocytes were isolated, and RTq-PCR 

was done to determine gene expression. IL-6 and TNF were the proinflammatory genes of 

interest. Figure 5 shows that without IRE1, epidermal keratinocytes exhibited significantly 

suppressed levels of IL-6 expression and decreased levels of TNF expression following a single 

UVB exposure, suggesting a proinflammatory role of IRE1 after acute UVB exposure. 

Figure 5: IRE1 deletion alters expression of proinflammatory IL-6 and TNF genes after acute 

UVB exposure 

** 
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3.3 Epidermal IRE1 deletion reduces leukocyte infiltration in response to acute UVB 

exposure  

After observing that IRE1 deletion can control proinflammatory cytokine gene 

expression, we wanted to determine if deletion of IRE1 also controls leukocyte infiltration into 

the skin following acute UVB. To test this, we exposed IRE1 +/+ and IRE1 -/- mice to UVB 

and harvested groups of 3 with no-exposure and at 24, 48, and 72 hours after exposure and 

conducted CD45 immunohistochemistry on mouse skin sections. Results show that IRE1 

deletion reduced overall leukocyte infiltration, measured by CD45+ cells. Reduced leukocyte 

infiltration in IRE1 appears to continue at all time points after UVB exposure. Figure A shows 

pictures representative of the observed pattern, while figure B is the quantitation. 

 

 

* * 

Figure 6: Epidermal IRE1alpha deletion reduces inflammatory leukocyte infiltration. (A) Representative images of CD45 

immunohistochemical staining of IRE1alpha +/+ and IRE1alpha -/- mouse skin with no UVB exposure, and at 24, 48, and 72 

hours after UVB exposure. (B) Quantitation of CD45+ cells within 20x field of each group. 

A B 

*
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3.4 IRE1 mediates angiogenic gene expression in response to acute UVB exposure 

As mentioned in the introduction, an important response to UVB exposure is 

angiogenesis, or the creation of new blood vessels. During this investigation, we wanted to see if 

IRE1 controls this process. To do so, we tested the expression of proangiogenic VEGF and 

anti-angiogenic SPARC after an acute UVB exposure in IRE1 +/+ and IRE1 -/- mice. Results 

show that an epidermal IRE1 deletion caused a significant decrease in VEGF expression and a 

significant increase in SPARC expression in mouse skin at 72 hours after UVB exposure. This 

indicates that IRE1 contributes to increasing the pro-angiogenic response and suppressing the 

anti-angiogenic response after acute UVB exposure.  

Figure 7: Epidermal IRE1 deletion decreases pro-angiogenic VEGF gene expression and increases 

anti-angiogenic SPARC gene expression in response to acute UVB exposure 
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3.5 Epidermal IRE1 deletion alters proinflammatory cytokine expression after chronic 

UVB exposure 

After observing that IRE1 deletion in the epidermis altered proinflammatory cytokine 

expression following acute exposure, we wanted to investigate if the response differed following 

chronic exposure to UVB. To do so, we exposed IRE1 +/+ and IRE1 -/- mice to 12 treatments 

of UVB over the course of 6 weeks. Again, we used qRT-PCR to measure gene expression of 

proinflammatory cytokines IL-6 and TNF- following the final exposure. In contrast with the 

acutely exposed groups, there were virtually no differences between IRE1 +/+ and IRE1 -/- 

groups in terms of IL-6 expression with both showing increased expression after chronic 

exposure to UVB. However, when examining TNF expression, IRE1 +/+ mice had a 

significant reduction in expression of TNF after chronic UVB exposure, suggesting an 

immunosuppressive effect of chronic treatment. In IRE1 -/- mice, this effect was opposite, and 

these mice showed some increase in epidermal keratinocyte TNF expression after chronic UVB 

exposure. This indicates IRE1 could be involved in immunosuppression, in contrast to acute 

exposure where it was seen to promote inflammation.  

Figure 8: Epidermal IRE1 deletion alters pro-inflammatory gene expression of TNF following 

chronic UVB exposure   
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3.6 Epidermal IRE1 deletion alters expression of angiogenic genes following UVB 

exposure 

To further investigate IRE1’s control of angiogenic genes, we tested VEGF and SPARC 

in the chronic exposed IRE1 +/+ and IRE1 -/- groups before and after UVB. Like the results 

in the acute exposure groups, there was a significant increase in proangiogenic VEGF gene 

expression following chronic exposure. This increase was absent in IRE1 -/- mice that showed 

no change in VEGF expression before and after UVB exposure. Anti-angiogenic SPARC gene 

expression also followed a similar pattern to the acute exposure groups, where IRE1 -/- mice 

showed increased expression of SPRAC following chronic UVB exposure. These results suggest 

that IRE1 mediates a pro-angiogenic response to UVB in both acute and chronic exposures.  

Figure 9: Following chronic UVB exposure, IRE1 +/+ mice showed significant increase in pro-

angiogenic VEGF that was absent in IRE1 -/- mice. In contrast, IRE1 -/- mice showed a significant 

increase in anti-angiogenic SPARC after chronic UVB exposure that was absent in IRE1 +/+ mice. 
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3.7 IRE1 deletion suppresses basal, and chronic UVB induced cell proliferation 

Cellular inflammation is an important response to UVB and if dysregulated can result in 

carcinogenic transformation. After observing that IRE1 controls the inflammatory and 

angiogenic responses after acute and chronic UVB exposure, we wanted to investigate if the ER 

stress sensor also controlled cell proliferation. To explore this, we examined Ki67 expression in 

the chronic exposure IRE1 +/+ and IRE1 -/- mice using Immunofluorescence and 

Immunohistochemistry. Ki67 is commonly used a molecular marker of cellular proliferation in 

basic science and as a prognostic cancer maker. First, Immunofluorescence was used to 

qualitatively examine Ki67 expression. Without UVB exposure, there is no visible Ki67 

expression in the epidermis. However, there is some epidermal Ki67 expression after chronic 

UVB exposure, that appears greater in IRE1 +/+ mice.  

Figure 10: Ki67 Immunofluorescence shows 

higher Ki67 expression in IRE1 +/+ mice 

after chronic UVB exposure compared to 

their IRE1 -/- counterparts. These results 

were not quantifiable so 

Immunohistochemistry was also done to 

confirm and quantify this observation.  
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 The results of the Ki67 immunofluorescence suggested that IRE1 deletion suppresses 

cell proliferation in response to UVB exposure. However, because immunofluorescence in this 

case was only qualitative, immunohistochemistry and the computer software QuPath were used 

to confirm and quantify this observation.  

 

 

 

 

 

 

 

 

 

 

 

C 

D 

Figure 11: Epidermal IRE1 deletion reduces cell 

proliferation, as indicated by Ki67 (C) 

Immunohistochemistry for Ki67 shows that IRE1 

+/+ mice have more Ki67+ cells without UVB 

exposure, and following 6 weeks of chronic UVB 

exposure (D) QuPath software was used to quantify 

Ki67+ cells as a percent of all epidermal cells. 

Results show that IRE1 +/+ mice had a 

significantly higher percentage of Ki67+ cells with 

no UVB. There was also a significant increase in 

percent Ki67+ cells in the IRE1 +/+ mice following 

chronic UVB exposure, whereas IRE1 -/- showed 

no significant increase.  
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Chapter 4 Discussion 

4.1 Overview 

The unfolded protein response (UPR) is a highly conserved mechanism whereby cells 

attempt to attenuate damage from misfolded or unfolded proteins induced by a number of 

different mechanism (5). These mechanisms often involve environmental insults, such as UV 

radiation, and the misfolded proteins that result contribute to various diseases, like cancer (15). 

To mitigate misfolded proteins, the UPR upregulates molecular chaperones, slows translation, 

and degrades mRNA (6). The stress caused by unfolded proteins is localized in the endoplasmic 

reticulum and it is termed ER stress. The three sensors of ER stress are ATF-6, PERK, and the 

focus of this thesis, IRE1 (7).  

The primary goal of the research presented in this thesis is to characterize how the 

presence of IRE1 in epidermal cell affects cellular response to acute and chronic UVB 

exposure. UVB is the primary cause of skin cancer and represents a significant public health 

threat (16). It is also a known activator of ER stress, so IRE1 was presumed to play a role in 

UVB response (23). The specific cellular responses investigated were inflammation, 

angiogenesis, and cell proliferation, three hallmarks of cancer development. By using an 

epidermally targeted congenital deletion of IRE1, we were able to see how the presence or 

absence of the protein affected these responses using different molecular techniques and 

immunoassays. Here, we showed that after an acute UVB exposure, epidermal IRE1 signaling 

contributes to alterations in inflammatory gene expression and an increase in inflammatory 

infiltrates. We also showed that after an acute exposure, epidermal IRE1 signaling is a key for 
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regulating the angiogenic axis, specifically upregulating pro-angiogenic VEGF and down 

regulating anti-angiogenic SPARC. In the more physiologically relevant, chronic UVB exposure 

group, epidermal IRE1 signaling was also shown to have profound impact. Similar to the acute 

exposure group, epidermal IRE1 signaling appears to promote angiogenesis in response to 

chronic UVB through up-regulating pro-angiogenic VEGF and downregulation of anti-

angiogenic SPARC. However, in contrast to the acute UVB exposure group, IRE1 +/+ mice in 

the chronic UVB exposure group showed a decrease in proinflammatory TNF expression, 

suggesting a potential immunosuppressive role for IRE1 following chronic UVB exposure. 

Additionally, we found that the presence of epidermal IRE1 correlated with a significant 

increase in cellular proliferation, as measured by Ki67.  

The cellular processes induced by UVB, shown to be controlled by epidermal IRE1 in 

this thesis, are highly important in cancer development. Inflammation has previously shown to 

be directly linked to skin cancer development specifically (25). Angiogenesis is also commonly 

associated with cancer development, because tumors need blood supply to grow and proliferate. 

For the first time, we have shown IRE1 to be a key controller of angiogenesis induced by UVB, 

that could directly contribute to cancer development. The chief characteristic of cancer is excess 

cell proliferation, and skin cancer is no different. Here we have shown for the first time that 

epidermal IRE1 signaling is crucial for cell proliferation in response to carcinogenic chronic 

UVB.   

In summary, this data suggests that epidermal IRE1 contributes to pro-angiogenic, and 

proliferative phenotype in mice after UVB exposure. This phenotype is classically indicative of 

cancerous transformation, which suggests research into the topic should be continued and 
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expanded upon. It is especially vital to expand this research because IRE1 and ER stress often 

exhibit context-dependent effects that are difficult to generalize. By understanding IRE1’s role 

in the response to UVB, this thesis could help create more effective therapeutics to combat 

highly prevalent, and potentially deadly skin cancers. 

 

4.2 Future experiments 

 There are a few future experiments that could further elucidate the role of IRE1 in 

cancerous transformation. First, it is important to expand upon the results shown in this model of 

UVB exposure. In the future, other inflammatory and angiogenic genes should be investigated to 

better characterize IRE1’s role in regulating those responses. Particular genes of interest 

include pro-inflammatory genes IL-8 and IL-17 because of their notable roles in contributing to 

brisk inflammatory infiltration. Also the pro-angiogenic gene hypoxia inducible factor HIF-1-

alpha because of its ability to promote cell survival and tumorigenesis along with anti-angiogenic 

genes decorin and thrombospondin-1 because of their ability to decrease the creation of new 

blood vessels. Finally, future experiments in this model of UVB exposure should include 

analysis of factors related to DNA damage apoptosis. Unpublished data in primary mouse 

keratinocytes has shown IRE1 to regulate expression of DNA damage marker H2A histone 

family member X (H2AX), which could help explain why IRE1-/- mice have less cell 

proliferation in their epidermis. Another contributing factor could be a difference in apoptosis 

levels after UVB exposure. By analyzing the presence of pro-apoptotic factors, such as cleaved 

PARP, we could synthesize more clear picture of how IRE1 alters the cell response to stress. 
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Another important experiment is to investigate UVB-induced P53 mutations in our model. 

Differences in mutation levels of this key tumor suppressor could provide valuable insight into 

IRE1 control of carcinogenic transformation due to UV exposure.  

 It will also be important to elucidate the mechanisms of IRE1’s control over these 

various cytokines and factors. By attributing IRE1’s control over specific cytokines and factors 

to certain IRE1 effector functions, more specialized therapeutics could be created. For example, 

SPARC has been shown to be an RIDD target in a model of glioma (42). If this finding is 

confirmed in our model of UVB induced damage, we could modulate the IRE1 RIDD pathway 

specifically to alter SPARC expression to mitigate the inflammatory and carcinogenic processes. 

Alternatively, VEGF production has been shown to be controlled by XBP1, the main 

transcription factor regulated by IRE1 (43). If this mechanism is verified in our model, we 

could modulate VEGF expression through specifically targeting IRE1 splicing of XBP1. 

Beyond analyzing more processes in this model of IRE1’s regulation of carcinogenic UVB 

stress responses, it will be important to see if these results are similar across different models. 

 A vital future experiment is extending the UVB radiation in an attempt to induce tumors 

in IRE1 +/+ and IRE1 -/- mice. This is easier said than done because of the variability among 

UV-induced carcinogenesis models. Although time consuming, the experiment would be very 

valuable to test the observations seen in this thesis. We could measure the same genes and 

proteins to see if the differences we have seen correlate with any morphological differences after 

extended UVB exposure. If there are morphological differences between IRE1 +/+ and IRE1 -

/- mice in terms of tumor numbers, tumor volumes, or survival, we could further contend that 

IRE1 plays a strong role in UV-induced cancer development.  
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 Another model worth investigating these parameters in is a mouse model used by the 

Glick lab that induces Ras-driven lung cancer. It would be beneficial to investigate 

inflammation, angiogenic, and cell proliferation markers in this model to see if IRE1 deletion 

manifests similar changes in response to Ras-driven ER stress.  This information might help to 

inform on whether or not IRE1 could be a useful therapeutic target in preventing or treating 

various conditions, or if IRE1’s effects of inflammation, angiogenesis, and cell proliferation are 

context-dependent.  
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