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ABSTRACT 

The incidence of Human Papillomavirus positive (HPV+) head and neck squamous 

cell carcinoma (HNSCC) threatens the health of thousands of people each year, with 

cases projected to rise in the coming decade. HPV is now the etiologic agent accountable 

for nearly all oropharyngeal cancers. Despite the effectiveness and relatively favorable 

prognosis of current treatments for HPV+ HNSCC, many patients do not respond and are 

left facing uncertainty about their health and future. What is sure is that there is an urgent 

need to develop novel strategies for the treatment of HPV+ HNSCC.   

Viruses have evolved a myriad of mechanisms to evade the immune system. 

Some high-risk HPV strains can elude detection by disrupting host DNA methylation 

patterns, altering genome-wide cellular transcription, and depleting key signaling 

molecules necessary for the infected cell to mount an effective immune response. 

Including those that are initiated by viruses, the epigenetic dysregulation of DNA 

methylation or chromatin structure has been observed in tumor cells across many 

cancers. This suggests that there are common mechanisms that both viruses and tumor 

cells can exploit to evade immune detection, predisposing the cell toward cancer 

progression. 

Through the application of genome-wide gene knockout screening in HPV+ 

HNSCC cells, we have revealed several factors which disrupt the normal cellular 

epigenetic landscape. Among them were the lysine acetyltransferase 2A (KAT2A) and 

members of the polycomb repressor complex 2 (PRC2). Interestingly, PRC2 is part of an 

evolutionarily conserved mechanism known to contribute to cancer immune evasion and 

resistance to immunotherapies by downregulation of the major histocompatibility complex 



 
 

I (MHC-I). We validated our screening results with additional genetic knockouts and 

identified multiple small molecule inhibitors that may help remediate the pathologic 

epigenetic changes. We have also identified novel targets within the pathway of MHC-I 

downregulation that we hope will aid in the development of future treatments for HPV+ 

HNSCC.  

Prior to this study, we identified a homeostatic signaling molecule, CXCL14, as a 

crucial antitumor factor that is epigenetically silenced in HPV+ cancer progression. 

Rescued CXCL14 expression in HPV+ tumor cell lines suppressed tumor growth and 

suggested that its restoration may help to treat some HPV+ cancers. Here we provide 

new developments in understanding CXCL14 antitumor properties, and we outline the 

development of a novel transgene therapeutic platform to further study CXCL14 antitumor  

immunity.  
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Introduction 
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1.1 Epidemiology of Human Papillomavirus Cancers  

Human Papillomavirus (HPV) is the etiologic agent linked to ~4-5% of all human 

cancers worldwide1,2. Of the known cancer-causing infectious agents, HPV is second, 

accounting for nearly one third of the infections which lead to cancer3. High-risk HPV 

subtypes are responsible for multiple cancer types including ≥95% of cervical cancers, 

≥80% of anal cancers4, and >50% of penile, vulvar, and vaginal cancers5. Coinciding with 

a gradual decrease in HPV-negative HNSCC since the last decade of the twentieth 

century, HPV+ HNSCC has steadily increased6,7. HPV+ HNSCC now is estimated to 

account for ~90% of all oropharyngeal cancers and may reach an annual incidence of 

>30,000 cases by 2030, eclipsing cervical cancer as the leading HPV associated cancer8.   

As of 2012, HPV+ HNSCC incidence increased the most in higher-income western 

countries and was lowest in Africa, the Middle East, or east Asia, with similar trends in 

the anogenital cancers9. Conversely, incidence rates of cervical cancer were highest in 

Sub-Saharan Africa and lowest in the United States or Western Europe9. Although lacking 

a definitive explanation, these observations may be attributable to differential rates of 

HPV-vaccination, screening, or possibly differences in regional variants within high-risk 

subtypes9-15. 

Demographically, HPV+ HNSCC has predominately affected males of advanced 

age. Although similar rates afflicting both sexes are documented, males are still projected 

to have an ~5-fold greater incidence of HPV+ HNSCC by 2030, when controlling for 

ethnicity and region in the United States16. It is also projected that HPV+ HNSCC 

incidence will wane among those born after 1990, but will increase in those over age 55 

by the 2030 projection16.  
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Other significant risk factors for all HNSCC includes the use of tobacco, alcohol, 

and reduced immunity2,17. DNA Damage, with the formation of DNA adducts, can result 

from tobacco consumption and alcohol (ethanol)18,19. For HPV+ HNSCC, the obvious risk 

factor for disease is HPV infection, that can further be increased with an increased 

number of sexual partners (increasing HPV infection risk)20. Infection with high-risk HPV 

subtypes are key to HPV cancer development, and they drive cancer progression through 

the expression of the oncoproteins E6 and E721, although at least one report includes E2, 

E4, and E5 expression as sufficient for carcinogeneis22. At least 13 of 200 known9 

subtypes are high-risk (carcinogenic), with HPV-16 overwhelmingly the most dangerous, 

accounting for about half of cervical cancer and up to 90% of HPV+ HNSCC12,23. Deeper 

analysis of variants within high-risk strains indicates varying levels of risk toward cancer 

progression12, and a better understanding of what pathologic effects are propagated by a 

respective virus to make a given strain truly “high-risk” compels further scrutiny.  

1.2 HPV Biology and Tumorigenesis 

Human Papillomaviruses are one of the small (~8000 base pairs in length), 

circular, double stranded DNA (dsDNA) tumor viruses24,25, and can sometimes cause 

persistent infections that contribute to cancer progression26. HPV infection occurs in basal 

keratinocyte stem cells found in cutaneous or mucosal squamous epithelium. Normally, 

undifferentiated keratinocytes in the stratum basale stop proliferating and progress 

apically as they commit to a path of differentiation, forming the layers of the epithelium 

along the way27. Following HPV infection, normal differentiation is delayed, and epithelial 

homeostasis is dysregulated to accommodate the viral life cycle26,28. Instead, viral DNA 

replication and production of viral progeny is orchestrated by the temporal expression of 

virus proteins, early (E1,2,4,5,6,7) to late (L1,2), with early genes mediating replication 



4 
 

and cell proliferation, and late genes required for virion assembly and release28. Impaired 

cellular differentiation is regulated in large part by the expression of the HPV oncoproteins 

E6 and E729-32, which also set the stage for viral genome production and cell 

proliferation28. Sometimes through this process, E6 and E7 from high-risk HPV subtypes 

can induce cellular transformation and cancer progression21,28. E7 promotes cell 

proliferation by inhibition of the retinoblastoma tumor suppressor family members pRB, 

p107, and p130, permitting the release of E2F transcription factors that promote the G1 

to S-phase cell cycle transition33,34.   

An important aside is that the family of E2Fs (1-8) have differential effects on the 

cell cycle, with some promoting it and others negating it35. Although, despite their 

differences, the various E2Fs are  highly homologous and may exhibit overlapping activity 

in the right context36,37.  E7 can also interact with cellular DNA methyltransferase enzymes 

(DNMTs), which results in widespread DNA methylation changes, subsequent effects on 

gene expression, and even the silencing of tumor suppressor genes38,39.  

High-risk E6 variants contribute to tumorigenesis as a result of E6 mediated 

degradation of the p53 tumor suppressor protein via E6AP ubiquitin-protein ligase 

binding40. E6 also immortalizes cells in conjunction with the c-MYC (cellular MYC, or 

sometimes interchangeably “MYC”41) proto-oncogene by increasing telomerase 

expression42-44, and E6 can also limit antitumor immunity in HPV+ HNSCC by driving 

degradation of death receptors45. In an aggressive HPV+ neuroendocrine cervical cancer, 

c-MYC has even been proposed as the primary driver of cellular transformation rather 

than E6 and E746. High-risk HPV genomes also tend to integrate into certain “hotspots,” 

specifically c-MYC and SOX2, with both c-MYC and (neuronal MYC) N-MYC 

overexpressed as a result47. The expression of N-MYC is typically restrained to tissues 
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during embryonic development, but in an adult, its expression is low and is observed in 

only a few tissue types (e.g., brain, heart, or developing B-cells)48. The amplification of N-

MYC gene expression, like the other MYC family members, has been observed in high-

risk HPV+ cancers previously49,50, but its specific impact on HPV+ cancer progression (if 

any) is unknown. Aberrant expression of N-MYC can influence cancer progression by 

promoting cellular transformation51, and N-MYC can transform cells through collaboration 

with ras52. Rapid cancer progression of neuroblastomas and decreased progression-free 

survival have been linked to N-MYC overexpression53,54, and likewise, even to a lack of 

therapeutic response and poor patient prognosis55. Importantly, N-MYC can drive 

oncogenic transcriptional programs in conjunction with the lysine acetyltransferase 

(KAT2A) as part of greater transcriptional co-activator Spt-Ada-Gcn5-acetyltransferase 

(SAGA) complex, and loss of SAGA decreased N-MYC chromatin binding and 

transcription56. Interestingly, an important early discovery was the amplification N-MYC 

expression and its relationship with evasion of the immune system by downregulation of 

MHC-I57.  

1.3 Innate Immunity and HPV Infection  

The control and clearance of both viral infections and cancer cells is mediated by 

the shared activity of both innate and adaptive (acquired) immunity. Innate immunity is 

readily available, broad spectrum, and typically the first defense against pathogens. It is 

comprised of such elements as physical barriers (e.g., membranes), secreted 

antimicrobial proteins (e.g., lysozyme found in tears), antimicrobial peptides (e.g., 

defensins), the complement system (i.e., pathways that detect and destroy 

microörganisms)58, and cellular components that mediate the process in response to 

“non-self” threats (e.g., neutrophils and macrophages)59. 
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Physical barriers protect the body from the outside environment, and the 

epithelium (e.g., skin and mucosal surfaces) is arguably the very first line of defense. 

Epithelium comprises the skin, and lines the body’s vessels, digestive tract, and other 

organs60. There are many types of epithelium61, and squamous epithelium, for example, 

exists in the mouth, pharynx, esophagus, and in the cervix62. HPV has evolved to infect 

and exploit some of the most vulnerable cells (i.e., keratinocytes) in the epithelial barrier 

for its own growth, and regrettably, infection sometimes contributes to cancer 

progression63-65. Yet after immune system clearance of the virus (i.e., under the clinical 

range of detection), the virus can persist in long-lived “stem-like cells”66, and with immune 

regression, can reactivate67,68. Interestingly, the “stem-cells” exhibit a state of limited 

immunity, with reduced expression of HLA genes and attenuated anti-apoptotic 

mechanisms68,69. Hence, those cells could provide the perfect haven needed for HPV to 

help stoke cancer progression.  

Beyond standing barriers, innate defense mechanisms can be triggered non-

specifically by pathogen associated molecular patterns (PAMPs) that are detected 

through the cell’s pattern recognition receptors (PRRs).70 An important group of PRRs 

are the toll-like receptors (TLRs), which are distributed in compartments throughout the 

cell and on the cell surface, to detect a range of ligands71. Some of these ligands include 

components of bacterial cell walls (e.g., lipoteichoic acid detected by TLR-2), double-

stranded RNA (via TLR-3), or unmethylated dsDNA (via TLR-9)71. In many cell types 

(including keratinocytes), TLR-9 can detect unmethylated CpG DNA typically found in 

bacteria or viruses (e.g., HPV), as it is less common in mammalian DNA where it’s 

expected that ~70% of CpG dinucleotides are methylated72,73. HPV as a result, has 

evolved strategies to downregulate TLR9 as a mechanism of immune evasion74,75. Hasan 
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et al. showed that TLR9 transcription is down regulated by expression of HPV16 E6 and 

E774, and similarly, Pacini et al. showed that HPV38 can downregulate TLR9 expression 

by recruitment of Enhancer of Zeste Homolog 2 (EZH2)75. 

TLR9 is found in the endoplasmic reticulum (ER) and translocates to endosomes 

containing its ligand (i.e., CpG DNA) for binding and subsequent signaling76. The  

membrane protein UNC93B1 is necessary for the trafficking and activation of some TLRs, 

including TLR9, to the endolysosomes77. Ligand binding to TLR9 initiates a signaling 

cascade by association with the myeloid differentiation primary response 88 (MyD88), IL-

1 receptor-associated kinase family members 1 and 4 (IRAK1/4), and TNF receptor-

associated factor 6 (TRAF6), associations that lead to the  liberation of  nuclear factor 

kappa-light-chain-enhancer of activated B cells (NFkB) allowing its translocation to the 

nucleus to foster expression of a number of important transcriptional networks78,79. NFkB 

transcription factor is one of the major conductors regulating immune responses against 

infections, and depending on context (e.g., cell type), NFkB translocation to the nucleus 

fires the transcription of many inflammatory genes, including interleukin-12 (IL-12), tumor 

necrosis factor alpha (TNF-a), type I interferon alpha and beta (IFN-ɑ, IFN-β), and type II 

IFN-gamma (IFN-γ) pathways80. Interferon stimulated pathways can then activate such 

elements as the signal transducer and activator of transcription 1 (STAT1) to drive the 

production of hundreds of interferon stimulated genes (ISGs) to mitigate viral infection, 

among many other known functions81. STAT1 signaling is crucial in propagation of an 

antiviral state82, and in HPV+ in vivo tumor models, the loss of STAT1 resulted in 

accelerated tumorigenesis83. 

IFN-γ signaling can upregulate the expression of MHC-I. Initiation of IFN-γ 

signaling triggers the phosphorylation, dimerization, and mobilization of (STAT1) to the 
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nucleus84, and in conjunction with NFkB and interferon response factor 1 (IRF1) activity, 

promotes the expression of MHC-I genes85. Stimulation by IFN-γ also drives expression 

of genes needed for antigen presentation via MHC-I, including the Transporter-associated 

antigen processing (TAP) genes and proteasomal genes86,87. 

Cellular innate immune responses involve a multitude of specialized cell types88. 

For example, neutrophils are some of the earliest responders to infections, and will swarm 

infection sites, and cast neutrophil extracellular traps (nets) to help reduce viral 

infections89. Eosinophils and Basophils are granulocytic cells typically associated with 

their role in mediating TH2 responses (i.e., responses to extracellular insults like allergens 

or parasites)90, and cancer91,92. Natural Killer (NK) cells are innate immune effector cells 

that can kill tumor cells that have low surface levels of MHC-I receptors (and diminished 

cytotoxic T cell responses)93. NK cells mediate tumor cell killing by a unique mechanism 

that involves the expression of the natural killer group 2D (NKG2D) receptor on the NK 

cell surface and the binding of NKG2D ligands (e.g., MHC I Chain-related molecules A 

and B, MIC A/B) on the surface of cancer cells, not typically expressed on healthy cells94. 

NK cells and some T cells express the other NKG2 receptor classes, A, B, and C, and 

have been shown to be the receptor for the non-classical MHC-I heavy chain, HLA-E. 

Interestingly, in keratinocytes expressing HPV16 E7, HLA-E expression is highly 

downregulated, suggesting that the control of HPV+ cells may be regulated in part by 

HLA-E expression38. Lastly, monocytes, macrophages, and dendritic cells (DCs) are 

necessary to maintain homeostasis and modulate innate immune activation95. These cells 

are highly phagocytic and are well equipped with PRRs to detect and promote subsequent 

immune responses. Phagocytized pathogens can be destroyed in macrophages following 

recognition of PAMP signals96. Following their activation, both macrophages and DCs can 
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release the cytokines and chemokines necessary for the movement (i.e., chemotaxis) of 

additional immune cells to sites of infection or tumors97,98. Macrophages and DCs are also 

crucial in processing and presenting antigens via MHC-II molecules to other immune 

cells, effectively bridging innate and adaptive immunity99,100.  

1.4 Chemokines and Cancer 

Chemokine signaling is part of the unique language by which the immune system 

communicates with itself and other cell types. Chemokines were initially identified as 

chemical attractants for immune cells but were later discovered to modulate a broad 

range of homeostatic functions and responses to pathogens and diseases101-103. Given 

these broad roles and functions, it is not surprising that certain chemokines can also play 

important roles in cancer progression and the modeling of the tumor microenvironment 

(TME)104.  

A recent comprehensive profiling of the chemokine signaling governing the TME 

of patient-derived melanoma was shown in the study by Hoch et al. 105. Hoch et al. have 

shown that so-called immunologically “cold” tumors lack chemokine expression and T-

cell infiltration. In contrast, immune “hot” tumors show high T-cell infiltration within areas 

exhibiting relatively high levels of the chemokines CXCL9, CXCL10, CXCL13, and 

CCL4105. The role of CXCL9 and CXCL10 in T-cell infiltration has been well established, 

representing their importance for tumor clearance by T-cell responses106,107.  

Galeano Niño et al. have also shown that CD8+ T cells within the TME induce the 

recruitment of distant CD8+ T cells via the expression of CCL3/4, establish a positive 

feedback loop, and eventually “swarm” the tumor with CD8+ T cells108. Additionally, the 

B-cell homing chemokine, CXCL13109, was newly implicated in mediating the formation 

of tertiary lymphoid structures and infiltrating T and B cells into tumors, specifically, 
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ovarian cancer110.While these studies suggest the importance of chemokines in activating 

and perpetuating a variety of cellular antitumor immune responses, chemokines can also 

promote the opposite effect, establishing a protumor and immunosuppressed TME. For 

example, Li et al. have shown that activating the CCL2-CCR2 axis results in the 

recruitment of myeloid-derived suppressor cells and tumor-associated macrophages 

(TAMs) into the TME, leading to immunosuppression and tumor promotion111. Similarly, 

Xu et al. have shown that TAMs upregulate CCL5 expression in renal cell carcinoma, 

creating an immunosuppressive TME associated with poor patient prognosis112. 

Together, these studies indicate that chemokines have the capacity to both enhance and 

negate antitumor immune responses. Identifying the most applicable conditions and 

relevant chemokines in the right context (e.g., cancer type) may offer the potential to 

utilize chemokine signaling  as a novel cancer immunotherapeutic. 

For example, CXCL14, a homeostatic chemokine in squamous epithelia, is known 

for its association with cancer as being abundantly expressed in normal tissue but 

significantly downregulated in some tumors113,114. High levels of CXCL14 expression are 

correlated with overall patient survival in colorectal, breast, endometrial, intraepithelial, 

and head and neck cancers98 and suppress tumor progression115-119. In contrast, other 

studies have shown protumor effects of CXCL14 in nasopharyngeal carcinoma, prostate 

cancer, glioblastoma, non-small-cell lung cancer, and microsatellite-stable colorectal 

tumors120-124. We have previously shown that CXCL14 expression is epigenetically 

downregulated in human papillomavirus-positive (HPV+) head and neck squamous cell 

carcinoma (HNSCC) and cervical cancer (CxCa)38,125. Our findings suggest that CXCL14 

is critical for the antitumor control of HPV+ cancers. For example, by rescuing the 

expression of CXCL14 in HPV+ HNSCC cells, we observed increased MHC-I expression 
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and CD8+ T cell infiltration into the TME125,126, resulting in tumor suppression in vivo. 

Similarly, Kumar et al. have shown that elevated CXCL14 resulted in increased CD8+ T-

cell infiltration into tumors with improved survival using an in vivo malignant glioma 

model116. Dolinska et al. have shown that CXCL14 expression is absent in bone marrow 

niche cells of chronic myeloid leukemia patients. However, with CXCL14 restoration, 

leukemia-initiating stem cells were suppressed, and their sensitivity to imatinib treatment 

was enhanced126,127. Parikh et al. have revealed that CXCL14 expression inhibits tumor 

growth and increases tumor-infiltrating lymphocytes in HPV-negative squamous-cell 

carcinoma of the oral cavity128. Interestingly, single cell-RNA sequencing has revealed 

that CXCL14 downregulation is most prominent in malignant cells within tumor-draining 

lymph nodes as well as the primary tumor cells, suggesting that CXCL14 may play an 

important role in limiting nodal metastasis128. The effect of CXCL14 on metastasis has 

previously been observed in other cancer types98,126,129,130. Conversely, metastasis 

enhanced by CXCL14 has been shown in pancreatic and breast cancers98,131,132. Overall, 

these findings suggest CXCL14 has diverse and likely context-specific functions in both 

antitumor immunity and metastasis98,119,133,134. 

1.5 Adaptive Anti-tumor Immunity, Immunosurveillance, and Immunosuppression  

Infiltration of tumors by cytotoxic CD8+ T cells and other lymphocytes is critical to 

tumor clearance, and has been well documented135-139, 140,141. The canonical paradigm of 

mounting a productive adaptive CD8+ T cell response begins with activation, followed by 

expansion, and then migration of CD8+ T cells to tumor sites142. Activation of antigen 

specific CD8+ T cells need three activating “signals.” First, antigen presenting cells 

(APCs) (e.g., DCs) will phagocytize, process, and display specific  cancer cell derived 

antigens s via their MHC-I receptor molecules to naïve mature CD8+ T cells in lymph 
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nodes, which responsive T cells will bind through their respective T cell receptor143. APCs 

also express costimulatory molecules (i.e., B7.1/CD80 and B7.2/CD86) that bind to CD28 

on the T cell to ensure activation140,144. A third set of secreted signals (e.g., IL-12 or IFN-

γ) are released from APCs to further promote T cell proliferation and differentiation into 

effector cells145. Once primed and activated as effector cells, the CD8+ T cells will 

undergo clonal expansion, enter circulation, and can migrate to sites of infection or 

tumors146. Upon arrival at the target cell, an activated  CD8+ T cell will recognize an MHC-

I molecule loaded with its cognate antigen on the infected/tumor cell surface (through its 

T cell receptor)147. This encounter triggers the killing of the target cell by the effector CD8+ 

T cell by the release of perforin and granzymes at the immunological synapse between 

the cells, or by activation of Fas (death) receptors on the cancer cell, triggering 

apoptosis148. After acute stimulation and expansion and clearance of target cells, CD8+ 

cells will eventually decrease in numbers, leaving a persistent subset called memory T 

cells which will quickly respond to the same tumor cell or foreign pathogen if again 

encountered at a later time149,150.  

Nuancing the canonical paradigm for antitumor CD8+ T cell activity are new 

observations that involve the presence of stem-like T cells to maintain durable anti-tumor 

responses151. Jansen et al. showed that the presence of stem-like CD8+ T cells at 

antigen-presenting-cell niches in tumors were critical for effective infiltration by CD8+ T 

cells and help to explain why only some tumors become infiltrated by CD8+ T cells152. 

Later, Prokhnevska et al. put forth that contrary to canonical models, tumor-specific CD8+ 

T cells will proliferate in tumor draining lymph nodes as stem-like CD8+ T cells, migrate 

to tumor sites, and only then are they co-activated to acquire canonical effector functions 

-and not prior142. This concept is specifically relevant for HPV+ HNSCC, with the findings 
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that HPV-specific CD8+ T stem-like cell populations exist, are important to sustain T cell 

responses with prolonged antigen stimulation, and may dictate responses to immune 

checkpoint blockade153.   

Given these mechanisms, it is no wonder that the process of antigen presentation 

and MHC-I expression in both APCs and cancer cells are paramount for effective 

immunosurveillance and mounting successful cytotoxic CD8+ T cell responses. Antigen 

peptide processing (APP) is facilitated by an assemblage of cellular machinery, aptly 

named the antigen processing machinery (APM). The process beings in the cytoplasm 

where proteins that are endogenously produced (including those made in tumor cells) or 

of intracellular pathogen proteins (e.g., virus), are ubiquitinated and targeted for 

degradation by the cellular immunoproteasome to produce antigenic peptides154. 

Dendritic cells (and potentially many other phagocytic cell types) may also capture 

exogenous antigens through phagocytosis for cross-presentation via MHC-I155. In either 

case, processed peptides are moved into the ER via TAP, receive additional processing, 

and along with the help of chaperone proteins (e.g., calnexin and calreticulin), are 

associated with HLA heavy chain and β2M light chain to finalize peptide loading of the 

MHC-I complex156. After peptide is loaded, MHC-I is dissociated from the ER, enter the 

Golgi apparatus, and the new MHC-I molecules are shuttled to the cell surface for T cell 

interaction157. Any disruption to this process (e.g., in tumor cells) can limit MHC-I 

expression and subsequent CD8+ T cell tumor infiltration or lysis, allowing cancer cells to 

persist141. A pertinent example of this comes from Dersh et al., who conducted a genome 

wide screen of human diffuse large B cell lymphomas to identify genes negatively 

regulating antigen presentation and MHC-I expression important for CD8+ T cell 

immunosurveillance158. They found that EZH2 and EED of the histone methyltransferase 
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PRC2 were top hits from the screen, and that treatment with two EZH2 inhibitors (GSK126 

and tazemetostat) restored MHC-I expression, alleviated H3K27me3 (the repressive 

histone mark distributed by PRC2) at HLA-B and NLRC5 promoters, and increased T cell 

responses in vitro158.   

Another captivating zoologic example of these mechanisms highlighting the 

importance of the relationship between APP, CD8+ T Cells, and recognition of MHC-I on 

cancer cells is Devil Facial Tumor Disease (DFTD)159. DFTD is observed in the 

Tasmanian devil and is one of the few transmissible cancers. The cancer has a mortality 

rate of 100% and is so deadly due to the fact that the tumor cells totally lack MHC-I 

expression and are “invisible” to the immune system160,161. Interestingly, the mechanism 

leading to downregulation of MHC-I was determined to be reversible and mediated 

through the epigenetic modification of histones and the downregulation of β2M, TAP1, 

and TAP2 expression161. 

Immunosuppressive tumor microenvironments can also undermine CD8+ T cell 

responses against tumor cells. Immune cells in the TME including T-regulatory cells 

(Treg), M2 macrophages (M2), and myeloid-derived suppressor cells (MDSCs) can all 

inhibit anti-tumor activity162. For example, the release of immunosuppressive cytokines 

like IL-10 and transforming growth factor-beta (TGF-β), from Treg cells can inhibit the 

activation of both CD8+ and CD4+ T cells163. Like Tregs, MDSC cells can also secrete 

IL-10 and TGF-β164. MDSC can also disrupt the homing of CD8+ cells by downregulating 

their expression of L-selectin adhesion molecules165,166. MDSCs can even promote tumor 

progression by directly stimulating tumor angiogenesis and supporting metastasis167. 

Both MDSCs and M2 macrophages can “starve” effector T cells through the expression 

of Arg-1 and iNOS enzymes, consuming L-arginine in the TME and limiting availability to 



15 
 

effector T cells168. Some tumors can secrete IL-10 and TGF-β1, tilting macrophage 

differentiation toward M2, and results in increased Treg infiltration of the TME169.  

A recent profiling of HPV+ and HPV-negative head and neck cancer tumors 

showed that HPV+ samples had fewer associated MDSCs prior to treatment and 

increased CD8+ T cells after therapy, relative to HPV-negative samples170. However, 

other evidence indicates that patient prognosis does not appear to correlate with 

increased presence of M2 macrophages in HPV+ tumors compared to HPV-negative171. 

Regardless, the tumor immune cell profiles in HPV+ HNSCC patients who do not respond 

to therapy or experience recurrence are still not well delineated, nor is it completely 

understood if immunosuppressive cell types (i.e., M2, MDSC, Treg) are actually 

contributing to immune evasion. Instead, these results may speak to the overall “good” 

prognosis of HPV+ HNSCC, but still fail to adequately represent patients who have 

advanced disease.  

Irrespective of the relative incidence of effector CD8+ T cell infiltration into the 

TME, over time the anti-tumor responses of T cells can become inhibited through 

‘exhaustion’. In a general sense, exhaustion describes how T cell responses against 

tumor cells or virally infected cells can diminish following chronic antigen stimulation172. 

Under normal circumstances, activated T cells upregulate inhibitory receptors (e.g., PD-

1, LAG3, TIM-3, TIGIT) to balance T cell responses, but after prolonged exposure to 

antigens (like when responding to tumors), proliferation potential is decreased, 

expression of inhibitory receptors increases, and effector function diminishes allowing 

cancer progression173. The use of immune check point blockade therapy (e.g., 

Pembrolizumab) has sometimes been effective in overcoming exhaustion and 

maintaining antitumor T cell responses174, and their use has also demonstrated some 



16 
 

efficacy in treatment of head and neck cancer175. However, use of immune checkpoint 

blockade fails in many patients, or provide only a limited increase in survival, therefore 

more research is required to understand how to increase their usefulness176.  

1.6 Therapeutic Strategies and Potential Novel Treatments in HPV+ HNSCC  

Despite an existing vaccine that is effective for prevention of some high-risk HPV 

subtypes, it cannot prevent infection by viral strains not covered by the current vaccine 

formulation, nor can the vaccine be used to treat patients with existing HPV infections. 

The notion of vaccine effectiveness is also mostly based on its use in cervical or 

anogenital cancers, and is less well understood for HPV+ HNSCC177. Exacerbating the 

problem further is that all patients risk developing lasting functional and/or cosmetic 

complications as a result of receiving standard care, and that up to 20% of patients will 

fail to respond to treatment and develop a more severe disease (i.e., treatment resistance 

or metastasis)178-181. These issues highlight that HPV+ HNSCC encompasses a diverse 

spectrum of pathologies182,183, although current treatments for head and neck cancer are 

still not greatly diversified. 

The standard of care for all locally advanced head and neck cancer is based on 

estimating stage and then risk for disease severity and recurrence, and is subsequently 

addressed by single or combined use of minimally invasive surgical resection, adjuvant 

radiotherapy, and chemotherapies (e.g., cisplatin)184. Nuances to staging and treatments 

are guided mostly by the anatomical location, associated comorbidities, development of 

resistance and recurrence, and as of the publishing of the 8th edition of the American Joint 

Committee on Cancer staging guidelines, HPV(+/-) status185. The changes in treatment 

guidelines toward HPV positivity were related, in part, to the more favorable prognosis of 

most HPV+ HNSCC1. For example, early ipsilateral node involvement is more common 
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with HPV+HNSCC (than HPV-negative), and it is often detected prior to the primary 

lesion186. This is mechanistically related to the absence of connective tissue beneath the 

oral tonsils and “leakage” of tumor cells, but it does not necessarily equate with tumor 

invasiveness or with increased prognostic value187.   

HPV+ HNSCC, when juxtaposed to HPV-negative disease, has >80% vs >50% 

overall survival, respectively188,189. Although, irrespective of type, all head and neck 

cancers still receive essentially the same modalities of treatment190. Differing outcomes 

may relate to the average age of diagnosis, relative lifestyle, physical fitness of 

individuals, and underlying molecular mechanisms. HPV-negative patients typically 

exhibit advanced age, a history of alcohol and tobacco use, and correlate with the accrual 

of mutations in tumor cells, making it more difficult for the immune system to 

overcome177,188,191. HPV+ HNSCC tends to have a more inflamed tumor 

microenvironment, higher rates of lymphocyte infiltration. Data from Solomon et al. 

indicate that increased CD8+ T cell infiltration correlates with a positive prognosis139,192. 

Irrespective of these trends, it still leaves ~15% of HPV+ HNSCC patients with limited 

treatment options and increased risk of advanced disease189,193-195. 

Newer strategies to combat treatment resistant or recurrent HNSCC utilize 

immunotherapies, including immune checkpoint inhibitors (ICI) (e.g., anti-PD-1/ anti-PDL-

1). Over the past two decades, several clinical trials have reported on the use of 

checkpoint blockade in recurrent or metastatic HNSCC patients. The CheckMate 141 

phase III study with Nivolumab (PD-1 antibody) treatment showed a better response than 

control in recurrent HNSCC patients, with an increased median overall survival of 2.4 

months196. Another phase III study, KEYNOTE-040, showed that Pembrolizumab (PD-1 

antibody) performed better (8.4 vs 6.9 months median overall survival) than other single 
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agent drugs (control) and was able to prolong overall survival197. More recently, 

KEYNOTE-048 phase-III compared the use of pembrolizumab, pembrolizumab plus 

platinum-5-fluorouracil, or cetuximab (EGFR inhibitor) plus platinum-5-fluorouracil in 

recurrent or metastatic HNSCC patients198. It was concluded that pembrolizumab alone 

is an effective first-line option for PD-L1+ patients, and that the addition of platinum-5-

fluorouracil would be effective as a general first-line treatment for recurrent or metastatic 

HNSCC.198.  Unfortunately, data still suggests fewer than 10-20% of patients who receive 

ICI therapy will respond to the treatment, and for those that do, the response may be 

limited199. 

At present, it is still not completely understood why ICI therapies work in some 

patients, but fail in others. However, it is reasonable to postulate that in some patients, 

the success of ICI therapy depends on the antitumor activity of CD8+ T cells, stimulated 

by their activation through MHC-I expression on tumors. Therefore, any impediment to 

MHC-I expression on cancer cells would ultimately nullify the efficacy of certain ICI 

therapies. Decreased MHC-I expression certainly will not explain all ICI failure, but in 

tumors with decreased MHC-I, those patients may benefit from strategies geared to 

increase MHC-I and subsequent CD8+ T cell response. 

A substantial effort has been made to understand the mechanisms of 

downregulation of MHC-I in HNSCC200. Notably,  the use of an Enhancer of Zeste 

Homolog 2 (EZH2) inhibitor, GSK126, can effectively increase MHC-I expression and the 

efficacy of ICI treatment in models of HPV-negative HNSCC201. This study parallels the 

work of Burr et al., who revealed an evolutionarily conserved cancer mechanism of MHC-

I inhibition mediated by the histone methyltransferase activity of PRC2160. This evidence 

suggests the potential for combination therapies that include EZH2 inhibitors to augment 
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standard therapy for some HNSCC patients. Albeit conclusive evidence for this same 

mechanism in HPV+ HNSCC has yet to be elucidated. 

Other novel strategies may also be effective in combination with the administration 

of standard radiotherapy. With the application of ionizing radiation, dsDNA breaks are 

introduced, and cancer cells can resist the therapy by increasing DNA repair through non-

homologous end joining (NHEJ)202-204. The naturally occurring histone acetyltransferase 

inhibitor, Garcinol, can increase the radiosensitization of tumor cells by blocking NHEJ, 

limiting DNA repair, and impeding the ability of cancer cells to respond to DNA 

damage202,205,206. Garcinol can also promote antitumor immunity by suppressing STAT3 

inflammation in HNSCC, in addition to other antitumor effects207. Hence, the incorporation 

of drugs like garcinol, or those which act similarly (i.e., histone acetyltransferase 

inhibitors), may have potential for use in combination therapies for HPV+ HNSCC 

treatment.  

Additional innovative directions for the treatment HPV+ tumors involve the use of 

therapeutic vaccines and transgene therapy208-210. In the MASTERKEY-232 clinical trial, 

Talimogene laherparepvec (T-VEC), an oncolytic immunotherapy approved for advanced 

melanoma, was used in combination with Pembrolizumab to treat HNSCC patients211. 

Although the combination was safe for patients, there was no significant improvement 

over pembrolizumab alone211. However, other viral transgene studies have offered some 

interesting preclinical results. For instance, Peng et al., incorporated the expression of a 

high-risk HPV E6 and E7 epitope vaccine, in combination with anti-PD-1 antibodies, and 

were able to effectively decrease tumor growth and increase the survival in vivo212. 

Oncolytic vectors loaded with interleukin -7 and -12 also showed effective tumor 

regression and increased systemic effectiveness of immune checkpoint blockade213. 
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Despite the neutral response by T-VEC in HNSCC patients, these newer strategies with 

HPV epitope vaccines and cytokines offer new hope for future development.  

1.7 Epigenetic Gene Regulation and Implications in Cancer 

Epigenetics can be defined simply as changes in gene expression without an 

accompanying change in the underlying DNA sequence214. This concept can be 

extrapolated to a cell’s entire genome, encompassing its ‘epigenetic landscape,’ a 

concept first introduced by Conrad Waddington in 1957214. Epigenetic signatures are 

heritable, guide cell differentiation, maintain cell identity, and their disruption can lead to 

cell transformation and cancer progression215-217. 

The normal consequences of epigenetic regulation are evident by the differences 

in gene expression across the different cell types of a given organism. That is, because 

all cells in a given organism have fundamentally identical genotype, but are not all 

phenotypically the same, epigenetic regulation can account for these differences218. 

Epigenetic changes include DNA methylation, post-translational modifications to 

chromatin, and effects by some non-coding RNAs.  

Mammalian DNA methylation refers to the covalent (but reversible) linkage of 

methyl (-CH3) groups to cytosine (5-methylcytosine), positioned 5-prime to guanosine, 

and exhibiting a phosphodiester bond between them (CpG)218. Hypermethylation of 

regions in gene promoters with GC-rich stretches, called CpG “islands” (CGI), can 

significantly repress gene transcription by limiting access of the transcriptional 

machinery219. DNA methyltransferase enzymes are responsible for establishing the 

pattern of DNA methylation, and their dysregulation can have profound effects on global 

transcription220.  
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As mentioned above, DNA methylation is highly dysregulated by the E7 oncogene 

in HPV+ HNSCC38, with high risk HPV16 E7 binding to DNA methyltransferase 1 

(DNMT1) and upregulating its activity39,221. HPV16 E6 also upregulates DNMT1 indirectly 

by inhibition of p53222, and HPV+ tumor cells exhibit higher levels of DNMT3a expression 

and higher rates of DNA methylation at PRC2 (histone methylator) regulated genes when 

compared to HPV-negative tumors223 Notably, Holland et al., indicated that the catalytic 

core of PRC2, EZH2, was transcriptionally activated by E7 mediated release of E2Fs224.  

The abolishment of DNA methylation with DNMT inhibitor (DNMTi) (i.e., 

decitabine) treatment has been successful in the restoration genes important for 

antitumor immunity in HPV+ cancer cells126. DNMTi treatment has also been effective at 

treating some blood cancers225,226, and bodes well for use in solid tumors227,228. However, 

despite what is known in HPV+ cancer cells regarding the dysregulation of global DNA 

methylation183,229,230, a thorough enough rationale to warrant the application of DNMTi 

treatment in HPV+HNSCC is currently unavailable, and many mechanistic questions are 

unanswered. For instance, DNMT1 is known to be responsible for maintaining DNA 

methylation patterns during replication, however, DNMT3a and 3b are recognized as 

necessary for any de novo DNA methylation218. Although, how HPV interacts in concert 

with DNMTs to facilitate the methylation of DNA, how targets are determined, the breadth 

of effect on cancer related gene expression, and potential other regulators and 

intermediates are unknown.  

As part of the regulation of DNA, within the nucleus, the DNA strand is wound 

about histone protein octamers, forming nucleosomes, and packed nucleosomes 

comprise chromatin. Histones (specifically histone tail domains) are modified by many 

post-translation modifications231. The overall breadth of modifications, which can be 
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interpreted by cellular proteins resulting in changes (e.g., altered gene expression), 

encompasses the “histone code”232.  

Although they are not mutually exclusive, the methylation of histone protein tails 

contributes to the formation of compacted chromatin (i.e., heterochromatin) limiting gene 

transcription, and acetylation forms open chromatin (i.e., euchromatin) permitting 

transcription217,233. There is also new evidence suggesting that euchromatin is not “open” 

per se, but instead possess condensed, “liquid-like,” domains that affect accessibility and 

the potential for transcription234. Regardless, it does still hold that euchromatic states have 

a greater abundance of histone acetylation marks than do heterochromatin234. 

Two histone methylation sites well-known to control gene expression include 

H3K27 and H3K4. Genes with “bivalent” promoters have both H3K27me3 and H3K4me3, 

and are toggled “on and off” through these marks235. PRC2 mediates H3K27 methylation 

and is considered a transcriptionally repressive mark, whereas H3K4me3 (mediated by 

trithorax genes) is an activating mark which resists PRC2 and readies genes for 

transcription236,237. Conclusively, the balance in activity between polycomb repressor 

genes, trithorax genes, and their respective marks, is thought to dictate the level of gene 

expression at these sites238,239. Promoter bivalency is connected to maintaining 

pluripotency during embryonic development and controls tissue specific gene 

expression236. PRC2 is normally active during embryonic stem cell development and 

regulates the homeobox (HOX) family of genes240. Interestingly, PRC2 target genes tend 

to overlap with OCT4, SOX2, and NANOG transcription factors, known for their influence 

on stem cell formation241-243. PRC2 is also active in some adult stem cells (e.g., muscle 

cells) managing their differentiation244. Dysregulation of PRC2 is associated with the 

progression of many cancer types245 and has been linked to cancer immune 
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evasion160,246. In patients with oral leukoplakia which may progress to head and neck 

cancer, EZH2 expression was associated with malignant phenotypes and could predict 

oral cancer development247. Mechanistically, PRC2 members can interact directly with 

oncogenes like MYC248,249, and MYC is able to upregulate all core PRC2 genes250,251.  

PRC2 is responsible for all H3K27 methylation252. The core PRC2 genes are EZH2 

(or EZH1), Embryonic Ectoderm Development (EED), and Suppressor of Zeste 12 

(SUZ12). EZH2 is a methyltransferase and primary catalytic subunit of the complex, 

however, it requires EED and SUZ12 to efficiently methylate targets and to avoid 

autoinhibition (i.e., all three genes are required for methylation to propagate)253,254. EED 

recognizes an initial H3K27me3 mark and facilitates an increase in PRC2 activity by 

allosteric activation255,256. SUZ12 is required for site targeting and chromatin 

binding252,257,258. 

Coordinated action between PRC2 and DNMTs may lead to gene specific 

silencing259. In mammals, PRC2 is recruited to specific genes, often those with 

hypomethylated CGI promoter regions, and mediates H3K27me3260,261. This may act as 

a recruitment signal for DNMTs, who then facilitate de novo methylation of target CGIs to 

silence a target gene259,262-264. This process may be required during development to 

ensure the long-term silencing of genes that are not required for a given cell’s 

differentiation pattern. However, this mechanism may be incomplete, context dependent, 

and is in some sense controversial258,265. Deviating from the sequential mechanism, 

another PRC2 accessory subunit, AEBP2, can bind to methylated DNA266, and 

H3K27me3 can coexist with DNA methylation258. Other models indicate that H3K27me3 

and H3K4me3 at bivalent promoters resist DNMTs and DNA methylation267.  
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Many contemporary studies have focused on specifically understanding PRC2 

specific targeting and its facilitation of H3K27me3254,268,269. Importantly, Højfeldt et al. 

revealed that with complete abrogation of H3K27me3 and PRC2 knockout, rescued 

expression of PRC2 shows that SUZ12 directs the complex to reestablish H3K27 

methylation patterns, de novo, consistent with the original H3K27 methylation patterns252. 

The exact chain of events behind polycomb group regulation of chromatin and 

gene expression is highly complex, involving canonical and non-canonical modes of 

activation, a multitude of modular protein subunits, and a range of contextual factors 

which has made articulating full processes challenging270,271. Concisely, PRC1 

complexes catalyze H2AK119ub1 and PRC2 catalyzes H3K27me3; the activity of 

PRC1/2 is often localized, cooperative, and results in maintenance of gene silencing245. 

However, Fursova et al. showed that canonical PRC1 complexes are not required for 

gene repression, but variant PCGF1-PRC1 mediated ubiquitination (H2AK119ub1) was 

essential for H3K27me3 establishment and gene repression272. Sparbier et al. found that 

PCGF1 and the PRC2 accessory subunit MTF2 had specific roles in maintaining 

bivalency and ultimately repression of MHC-I molecules246. The core members of PRC2 

with the MTF2 subunit in complex (PRC2.1), facilitates recruitment to unmethylated 

CGIs273-275. Perino et al. also suggested that PRC2.1-MTF2 binds to DNA more readily 

than PRC2.2 with the alternative JARID2 subunit, and is less dependent upon prior PRC1 

activity276. Petracovici et al. used an inducible protein degradation system with PRC2.1 

depleting MTF2 or PRC2.2  depleting JARID2, and showed that the PRC2.1/2 subtypes 

have separate target genes277. MTF2 target genes had CpG sites in their promoters and 

were marked with high amounts H3K27me3, and JARID2 target genes were pre-marked 

with H2AK119 ubiquitination and were downregulated as cells became more 



25 
 

differentiated277. Figure 1 below illustrates the relationship of DNA methylation to relative 

to transcription and a simplified polycomb group interaction at a bivalent promoter. 

 

 

 

 

 

 

 

 

Figure 1. Epigenetic Regulation of Transcription by DNA methylation or 
Posttranslational Modification of Histones. A) CGI methylation state relative to 
transcriptional activation of promoters. B) Simplified diagram of the interactions of PRC1, 
PRC2.1, and trithorax genes and at a bivalent promoter region. Diagram adapted from 
the following sources: MTF2-PRC2.1 binds hypomethylated CGI and PRC2 facilitates 
methylation at H3K27275. PRC1 mediates ubiquitination at H2AK119. Trithorax genes 
contribute to H3K4me3 deposition246,272. PRC1/2 maintain gene repression272. 
Illustrations created with BioRender.com. 
 

The third important element of epigenetic control beyond DNA methylation and 

Histone modifications is by non-coding RNA interactions. There is still much to 

understand in regard to these interactions, but they are known to have far-reaching 

implications on epigenetic regulation, gene expression, and cancer215,218. In non-small 

cell lung cancer (NSCLC), some micro-RNAs (miRNAs) can bind to DNMTs, preventing 

aberrant DNA methylation, and upregulate tumor suppressor genes278. Conversely, 

DNMT downregulation of miRNAs induced by SOX2 and Oct4, upregulates glioblastoma 

cell stem-like properties and tumor formation279. In triple-negative breast cancer, MYC 

facilitates DNMT3A silencing of miR-200b transcription, permitting cancer progression by 
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de-repressing SOX2280. MYC inhibition of miR-26a tumor suppressor, mediated through 

the recruitment of EZH2, was associated with lymphoma aggressiveness281. Interestingly, 

application of EZH2 inhibitor (DZNEP) and BET bromodomain inhibitor (JQ1) inhibited 

MYC and restored miR-26a expression281.  

Another class of RNAs involved in epigenetic regulation and cancer are the PIWI-

interacting RNAs (piRNAs)282. They associate with Argonaute family members and can 

regulate transposons and gene expression283.  In HPV+ HNSCC, specific piRNA 

expression signatures were distinctly associated with HPV16 and 18 driven cancer, and 

piRNA expression  was used to predict overall patient survival284. 

The binding of RNA signals can also directly regulate the activity of PRC2285,286. 

For example, Kaneko et al. found that PRC2-interacting nascent RNA inhibits H3K27me3 

activity287, and Friedman et al. showed that miR-101 directly represses EZH2 in bladder 

transitional cell carcinoma288. Notably, the long non-coding RNA (lncRNA) Homeobox 

transcript antisense intergenic RNA (HOTAIR) can function as a scaffold to facilitate the 

aggregation of PRC2 and subsequent H3K27me3 at target genes289,290. Beyond PRC2, 

HOTAIR has been implicated in cancer progression and chemotherapy resistance 

mechanisms289. In NSCLC, the silencing of HOTAIR inhibited activation of cellular 

autophagy by blocking ULK1 phosphorylation, and decreased drug resistance in the 

cancer cells291. In HPV-16 cervical cancer cells, HOTAIR is upregulated, and its 

knockdown decreased cell proliferation and increased apoptosis, likely limiting its ability 

to sequester miR-214-3p292. Given their connections toward the promotion of other 

cancers, HOTAIR guided PRC2 may also drive cancer progression in head and neck 

cancer and may be a valuable axis to investigate as novel targets for patient treatment293. 
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1.8 KAT2A and the SAGA Complex  

The lysine transferase 2A (KAT2A), also known as general control non-repressible 

5 (GCN5), plays a prominent role in the acetylation of histone tails and activation of gene 

transcription. KAT2A, or its paralog, KAT2B aka p300/CBP-associated factor(PCAF), can 

serve as the main acetyltransferase enzyme in two transcriptional co-activator 

complexes, SAGA and Ada-2-A containing (ATAC)294. Generally, transcriptional 

coactivators bind to transcription factors, and can potentiate transcription through the 

modification of chromatin and histones295. For example, SAGA binds to the transcription 

factor MYC  through its TRRAP (Transformation/Transcription domain Associated 

Protein)  subunit296. SAGA’s histone acetyltransferase (HAT) domain then facilitates the 

acetylation of lysine residues on histone tails via KAT2A’s “writer” function, permitting 

accessibility by RNA-polymerase II and the recruitment of accompanying transcriptional 

machinery on the chromatin at target genes297-299.  

Both SAGA and ATAC are multidomain protein complexes with a vast array of 

differential functions294,300. The SAGA complex is found both inside the nucleus and in 

the cytoplasm, whereas ATAC is thought to be exclusively nuclear300. Both complexes 

have a HAT module comprised of KAT2A/B, SGF29, TADA3, and TADA2A (found in 

ATAC) or TADA2B (found in SAGA)301, with histone acetylation taking place primarily at 

H3K9 or H3K14 sites, among others302-305. Within the HAT domain, the Sgf29 subunit is 

required for chromatin targeting and histone “reading” at H3K4me3 sites through its 

tandem tudor domain306-308. KAT2A can also “read” acetylated histone residues through 

its bromodomain and allows anchoring to nucleosomes309,310. ATAC has two main 

structural regions, the HAT domain, and a core region comprised of six additional subunits 

(YEATS2, NC2β, ZZZ3, WDR5, MBIP, and CSRP2BP)311. The structure of SAGA has 
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been solved299, and is comprised of 18-20 subunits with five functional modules: HAT, 

deubiquitinase (DUB), activator binding, splicing, and core311. DUB activity is mediated in 

large part by USP22312,313. The transcription factor/activator-interacting module connects 

TRRAP, and the core module includes the TATA binding protein (TBP)-associated factor 

(TAFs)300,314-316. Figure 2 below illustrates the SAGA complex, the respective members, 

and summarizes some of the major functions of its different modules.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. SAGA Structure and Function. The various subunits of SAGA make up its 
multi-modular (HAT, DUB, Core, Activator, and Splicing) structure and influence variety 
functions important to transcription and cellular phenotype. SAGA can acetylate and 
deubiquitinate histone tails and non-histone substrates, which both affect gene 
transcription. Respective colors make up the different domains as labeled. This figure 
was adapted from several sources297,299,300,317. Illustrations created with BioRender.com. 
 

KAT2A and the SAGA complex are frequently dysregulated in cancer, and they 

may promote cancer progression through multiple mechanisms318,319. First, SAGA and 
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KAT2A  are central players in the activation of the proto-oncogene MYC driven 

transcription296,320-324. It was originally demonstrated by McMahon et al. that TRRAP binds 

to MYC or E2F1 and is crucial for their transcription314, and they later showed that KAT2A 

was recruited via TRRAP to c-MYC for its acetyltransferase activity296,320. The relationship 

of KAT2A in MYC and E2F1 dysregulation in cancer is evident in many studies. For 

example, Malone et al. demonstrated that specifically the KAT module of SAGA is 

responsible for oncogenic progression in N-MYC driven neuroblastoma56, Han et al. found 

that KAT2A/E2F1 promotes colon cancer and metastasis325, and Mustachio et al. showed 

that blocking KAT2A represses c-MYC expression in NSCLC326. More recently, Chen et 

al. showed that SAGA is required for MYC promoted oncogenic transcription in multiple 

myeloma327. 

The indictment of KAT2A/B in cancer is furthered by KAT2A’s ability to directly 

acetylate non-histone substrates in the cytoplasm328. KAT2A acetylates MYC in vivo322, 

and in cervical cancer cells, KAT2A also stabilizes MYC by direct acetylation329. KAT2B 

promotes lung adenocarcinoma by stabilizing EZH2 through direct acetylation330, and 

similarly, E2F1331.  KAT2A can also act both as a transcriptional activator and a repressor 

of NFkB332. In addition to acetylation, KAT2A can succinylate protein substrates, and in 

gastric cancer, succinylation of pyruvate kinase M2 (PKM2) decreases its activity 

resulting in increased aerobic glycolysis and the “Warburg Effect”333. Similarly, USP22 

can have direct effects on MYC to promote its stability through its DUB activity318, and is 

required for its transcription334. USP22 by itself can mediate immune evasion and drug 

resistance mechanisms in cancer335.  

KAT2A and SAGA activity is important for stem cell development, maintenance, 

and self-renewal336. Yamauchi et al. found that KAT2A is necessary for normal embryonic 
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development337. Deletion of KAT2A resulted in embryonic lethality in mice, and with 

KAT2A deletion in embryonic stem cells, cells exhibited an abnormal phenotype that 

coincided with the loss of OCT4 and Nodal, indicating a loss of pluripotency338. KAT2A 

has also been implicated in pluripotent reprogramming in association with MYC297,339,340. 

In keratinocytes, KAT2A supports an undifferentiated state and maintains self-renewal by 

mediating global H3K9Ac341. Additionally, SAGA members TAF5L and TAF6L can 

maintain embryonic self-renewal through MYC342. 

KAT2A may help drive cancer progression by inducing the formation of cancer 

stem cells. A pRb-RBL2-E2F1/4-KAT2A axis regulates cancer stem cell formation in 

prostate and breast cancer, and it is driven by KAT2A mediated WNT signaling343. 

Additionally, in genome-wide screens to detect regulators of pluripotent stem cell 

reprogramming, KAT2A, along with several other SAGA complex and PRC1.3 members, 

were “top hits” from the screen344. In acute myeloid leukemia, KAT2A propagates 

leukemia stem cells by buffering transcriptional “noise” to maintain self-renewal345. In 

other words, transcriptional noise is reduced by KAT2A, and pluripotency is retained by 

limiting variability in transcriptional programs346.  

1.9 Dissertation Overview 

Immune evasion is an important hallmark of cancer and encompasses the 

strategies utilized by cancer cells to avoid recognition and elimination by the body’s 

immune system. Human Papilloma Virus is linked to the progression of most head and 

neck cancer, with a significant number of patients experiencing relapse, metastasis, and 

treatment failure (i.e., cancer immune evasion)1,8. Thus, it is imperative to identify and 

interdict the mechanisms of immune evasion propagated by HPV to increase therapeutic 

efficacy and to ultimately improve patient outcomes. The overarching goal of this 
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dissertation was to elucidate the pathways governing immune evasion in human 

papillomavirus-positive head and neck squamous cell carcinoma (HPV+ HNSCC). 

A common strategy of viral immune evasion mechanisms is to inhibit the 

expression of the MHC-I molecules and antigen presentation pathways141,347. These 

pathways are critical to the activation of cytotoxic CD8+ T cells, whose response is 

needed to eliminate virally infected and/or cancer cells. Like other viruses, HPV can 

downregulate MHC-I by several different mechanisms348. For example, most of the class 

I heavy-chain genes required for MHC-I expression are transcriptionally downregulated 

in HPV+ keratinocytes by high-risk HPV oncoprotein E738. That observation was partially 

explained by HPV mediated dysregulation of host epigenetic machinery and aberrant 

DNA promoter methylation of HLA-E, the non-classical MHC-I gene38. However, the 

complete mechanism(s) to explain the downregulation of other MHC-I genes are still not 

completely understood. Thus, we hypothesized that HPV downregulates MHC-I gene 

transcription by an uncharacterized epigenetic mechanism outside of promoter DNA 

hypermethylation.  

In Chapter two, we explored this hypothesis by conducting a genome-wide 

genetic knock-out analysis to identify candidate genes that negatively regulate MHC-I 

expression in HPV+ HNSCC. Interestingly, the analysis identified several epigenetic 

regulator genes among the top hits. Those genes were subsequently validated as 

negative MHC-I regulators by additional genetic knockout, pharmacologic, and in silico 

studies, and we conclude that MHC-I transcription is downregulated through epigenetic 

dysregulation.  

An interesting observation made during our investigation (described in chapter 

two), was that the neuronal MYC (N-MYC) proto-oncogene was upregulated in our HPV+ 
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HNSCC cell lines, and it was identified as a negative regulator of MHC-I by the genome-

wide screens. We hypothesized that N-MYC is a driver of MHC-I downregulation in 

HPV+HNSCC. In Chapter three, we validated our hypothesis by pharmacologic induced 

degradation of N-MYC to show subsequently increased MHC-I expression. Interestingly, 

the impact of N-MYC abrogation also extended to decreased expression of the E3 

ubiquitin ligase Membrane-associated RING-CH protein 8 (MARCHF8), which we have 

previously verified can degrade several surface immune receptors45. We conclude that 

N-MYC is a critical node for MHC-I inhibition and control of antitumor immunity by HPV. 

In addition to MHC-I, HPV also epigenetically downregulates the cellular 

chemokine, CXCL14, during cancer progression126. Restoration of CXC14 expression 

increases tumor infiltration of CD8+ T cells, MHC-I expression, and suppresses tumor cell 

growth125. We hypothesized that CXCL14 suppresses HPV+ HNSCC by upregulating 

antigen presentation on tumor cells and CD8+ T cell responses against tumors. However, 

the mechanism(s) by which CXCL14 elicits those responses is unknown. In Chapter four, 

we investigated the structure CXCL14 and its potential signaling pathways, with the hope 

of identifying the specific features of CXCL14 and cellular intermediates necessary for its 

antitumor activity. We also reviewed the viability of developing CXCL14 as an 

immunotherapy, and we described the construction of an adenoviral-based transgene 

platform to deliver CXCL14 into HPV+ HNSCC tumors. Overall, our results show that 

CXCL14 has robust antiviral activity, and our results provide new footholds and tools from 

which to investigate CXCL14 mediated antitumor mechanisms.  

Chapter five provides a discussion of our results and suggestions for future 

research directions respective for each chapter. Finally, Chapter six details our 

experimental methodology. In summation, the work described in these chapters harvests 
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new insights from multiple experimental directions regarding the mechanisms underlying 

immune evasion in HPV+ HNSCC. In doing so, we hope that this work provides novel 

targets and directions for future investigations, along with the improved hope to one day 

end the scourge of HPV+ HNSCC.  
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CHAPTER 2 

Genome-wide CRISPR/Cas9 screens reveal epigenetic immune evasion 
mechanisms in human papillomavirus-positive head and neck squamous cell 

carcinoma 
Contributions to Science 

The work in this chapter was conceptualized by Nicholas Giacobbi. The final 

figures for this chapter were generated by Nicholas Giacobbi. The experiments in this 

chapter were performed by Nicholas Giacobbi with contributions from others listed below, 

respectively. The preparation, analysis, and validation of the CRISPR/Cas9 screens in 

this work were a collaborative effort involving Dr. Andrew Olive, Dr. Dohun Pyeon, Dr. 

Mohamed Khalil, Nicholas Giacobbi, Lexi Vu, and Conchai Yang. In silico analyses were 

performed by Nicholas Giacobbi with contributions from Lexi Vu. Quantitative PCR 

reactions were performed by Nicholas Giacobbi with contributions by Shreya Mullapudi, 

Lexi Vu, and Evelyn Gomez. Western blots were performed by Nicholas Giacobbi with 

contributions by Conchai Yang, and Will Eckerman. Flow cytometry experiments were 

performed by Nicholas Giacobbi with contributions from Dr. Mohamed Khalil. The 

CUT&RUN experiment was a collaboration between Nicholas Giacobbi and John Vusich. 

John Vusich was crucial for experimental design, technical handling, optimization, and 

data analysis/interpretation. 
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2.1 Abstract 

Human papillomavirus-positive head and neck squamous cell carcinoma (HPV+ 

HNSCC) cells frequently exhibit low expression of MHC-I molecules for antigen 

presentation which can contribute to cancer immune evasion. To identify negative 

regulators of MHC-I expression, we performed genome-wide CRISPR/Cas9 screens in 

HPV+ HNSCC cell lines. The top negative regulators of MHC-I expression include core 

members of the polycomb repressive complex 2 (PRC2). PRC2 is known to repress MHC-

I-related gene expression via histone methylation (H3K27me3) as part of an evolutionarily 

conserved developmental mechanism. We found increased expression of PRC2 and 

H3K27me3 levels in HPV+ HNSCC cells. Interestingly, our pathway analysis identified 

the Spt-Ada-Gcn5 acetyltransferase (SAGA) complex as the top gene network 

responsible for the downregulation of MHC-I expression. The SAGA complex, via the 

histone lysine acetyltransferase (KAT2A), is a transcriptional coactivator for E2F and 

MYC targeted transcription, whose activity is highly upregulated in HPV+ HNSCC cells. 

We show that KAT2A and SAGA complex expression is upregulated in HPV+ HNSCC, 

and that inhibition of PRC2, KAT2A, or other SAGA complex members resulted in 

increased MHC-I expression. These results suggest that elevated KAT2A/SAGA 

potentiates E2F- and MYC-mediated transcription of PRC2 genes, contributing to the 

downregulation of MHC-I. Thus, manipulation of the KAT2A/SAGA:E2F/MYC:PRC2 axis 

may be a novel pathway to increase antitumor immunity by restoring MHC-I expression 

in HPV+ HNSCC. 
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2.1 Introduction 

Human papillomaviruses-positive head and neck squamous cell carcinoma (HPV+ 

HNSCC) accounts for nearly all oropharyngeal cancers8. Despite a relatively good 

prognosis for HPV+ HNSCC patients following standard chemoradiation therapy, about 

~15% of patients will lack a treatment response or experience cancer relapse189,193,194. 

New immunotherapies using immune checkpoint inhibitors (ICIs) also show very limited 

success, further necessitating the development of novel therapeutic strategies to treat 

patients. Diminished or lack of treatment response is frequently associated with the 

nullification of antitumor immunity, and thus, better understanding of cancer immune 

evasion will provide new targets to overcome treatment failure.  

A key factor for the stimulation of antitumor immunity is MHC-I antigen 

presentation, which when limited, can contribute to cancer immune evasion200. We have 

previously described that the relative expression of nearly all MHC-I alpha subunits is 

significantly downregulated by high-risk HPV1. HPV is known to have several 

mechanisms that inhibit the presentation of viral epitopes on MHC-I348. Notably, human 

leukocyte antigens (HLA), specifically HLA-B, -C, and -E, were transcriptionally 

downregulated in normal keratinocytes expressing the HPV oncoprotein E7 from high-

risk subtypes38. The downregulation in HLA-E expression is mediated by increased CpG 

promoter (hyper)methylation, although a direct correlation with decreased HLA-B/C 

expression was not readily apparent. Others have observed that cutaneous HPV E7 

recruits EZH2 to the promoter of toll-like receptor 9 (TLR9) and downregulates TLR9 

expression through chromatin trimethylation at histone-3 lysine-27 (H3K27me3) in the 

TLR9 promoter region75. EZH2 is the catalytic core of PRC2, and it is responsible for 
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H3K27me3 of histone tails268. Importantly, HPV16 E7 dysregulation of E2F increases 

transcription of EZH2, as found by Holland et al., 2008224.  

A recent landmark study revealed that dysregulation of PRC2 downregulates the 

antigen presentation process and MHC-I transcription through increased H3K27me3, and 

is a conserved mechanism across cancers160. Likewise, in HPV-negative HNSCC, 

inhibition of PRC2 upregulates MHC-I expression and enhances ICI therapy 

responses201. Elevated levels of PRC2 are correlated with disease progression in many 

cancers349-351, including HPV+ HNSCC352,353. However, the possibility of a PRC2 related 

mechanism contributing to MHC-I downregulation and immune evasion in HPV+ HNSCC 

has yet to be firmly established. 

Beyond changes in chromatin methylation, aberrant histone acetylation has been 

increasingly implicated in cancer progression, enhancing the activity of oncogenic 

transcription factors354. Lysine acetyltransferase 2A (KAT2A), is a key component of the 

SAGA complex. KAT2A functions as a coactivator for MYC and E2F targeted 

transcription296,314,320,355-358, both of which are highly activated in HPV+ cancer cells by 

the viral oncoproteins E6 and E7, respectively21,42,359. KAT2A is overexpressed in many 

cancers, and the transcription of KAT2A itself is also induced by E2F and MYC329,360. The 

KAT module of the SAGA complex was recently demonstrated to maintain the oncogenic 

gene expression program observed in N-MYC-driven neuroblastoma, further indicating 

that the dysregulation of SAGA and KAT activity can promote cancer progression56. To 

the best of our knowledge, in HPV+ HNSCC, KAT2A nor the SAGA complex has yet been 

implicated in cancer progression or mechanisms of immune evasion. 

Here, we identify that dysregulation of the SAGA complex and PRC2 causes MHC-

I downregulation in HPV+ HNSCC. Our results offer new insights into a common 
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evolutionary strategy of cancer immune evasion and provide potential targets for new 

immunotherapies in HPV+ HNSCC. 

2.2 Results 

CRISPR/Cas9 screens identify regulators of MHC-I in HPV+ HNSCC cells 

To elucidate mechanisms of MHC-I expression in HPV+ HNSCC cells, we 

performed genome-wide CRISPR/Cas9 screens using the Brunello sgRNA library that 

contains over 75,000 sgRNAs targeting 19,114 genes in three HPV+ cell lines, SCC90 

and SCC152 derived from patient tumors361 and  N/Tert-1_E6E7, immortalized human 

keratinocytes that overexpress HPV16 oncoproteins E6 and E7 (Figure 3A). Following 

transduction of the sgRNA library362, we sorted for the top and bottom 5% of MHC-I 

expressing cells. From those cells, positive and negative regulator genes of MHC-I 

expression were enriched by sequencing sgRNAs in the sorted cells. Next,  we utilized 

the Model-based Analysis of Genome-wide CRISPR/Cas9 Knockout (MAGeCK) to 

statistically rank each gene by negative-binomial distribution363. Significant positive (red) 

or negative (blue) regulators were categorized in each screen by exhibiting ≥ (+/-)2 LFC; 

p-value = (≤0.05). The volcano plot in Figure 3B visualizes the position of each gene from 

our SCC90 screen as negative regulators (blue), positive regulators (red), or non-

significant (gray). In the plot, significant cutoffs are gated by the dashed lines. To begin 

validation of our screens, we examined known positive regulators of MHC-I, TAP1 and 

TAPBP364. In the HPV+ HNSCC cell lines, we performed individual sgRNA depletion 

experiments and evaluated surface MHC-I expression relative to scrambled controls by 

flow cytometry. We confirmed that with the knockout of the TAP1 or TAPBP genes, MHC-

I surface expression significantly decreases (Figure 4A & 4B, respectively). Figure 4C 

shows the success of sgRNA production and CRISPR editing in the sgRNA treated cells 
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lines by tracking of indels365. Next, to identify common regulator genes across our 

screens, we normalized all genes in each of the three screens (Z-score), ranked them, 

and selected a cutoff of Z=(±)1.5 (i.e., negative regulators candidates are Z≤-1.5 and 

positive are Z≥1.5). We identified (12) common genes from top positive regulators and 

(15) common genes from the top negative regulators (Figure 3C and 3D, respectively). 

Reassuringly, the (12) positive regulators included TAP2 and TAPBP at the very top of 

positive regulators, both critically involved in MHC-I antigen presentation366,367. 

Interestingly, we found that (5) out of the (10) genes in the negative candidates were 

members of polycomb repressor complexes (PRC) (i.e., EZH2, EED, and PCGF1) or of 

the SAGA complex (i.e., KAT2A and TADA3). Both complexes are known chromatin 

modifiers, suggesting that epigenetic dysregulation may play a significant role in negative 

MHC-I regulation in HPV+ cells.  

We next sought to identify pathways involving the candidate genes that negatively 

regulate MHC-I expression. Using the MAGeCK ranked list from our SCC90 cell screen, 

we analyzed protein-protein interactions using the STRING database368. STRING 

analyzes the ranked list to identify known network clusters and segregates them by the 

top end (most positive regulators of MHC-I) and bottom end (most negative MHC-I 

regulators). STRING revealed that the SAGA complex, composed of transcriptional 

coactivators and histone modifying proteins, was overwhelmingly the most significant 

network cluster responsible for negative regulation of MHC-I expression (NES = 1.74; 

FDR =1.14E-05) (Figure 3E). However, the only network cluster identified as positively 

regulating MHC-I was exclusively the “MHC class I peptide loading complex” (NES = 5.54; 

FDR = 1.14E-05). In Figure 3F, we show the SAGA complex genes from the SCC90 

screen as its own volcano plot. Most SAGA complex genes were identified as significant 
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negative regulators of MHC-I expression in our screen. Specifically, KAT2A was the most 

significant gene and was identified in all three screens (Figure 3B and 3D). In addition to 

the SAGA complex, KAT2A is also known to be associated with the Ada-2-A containing 

(ATAC) complex which is also responsible for histone modification and histone 

acetyltransferase (HAT) activity301. However, beyond KAT2A, SGF29, and TADA3, which 

are overlapping members between SAGA and ATAC complexes, any genes that are 

exclusive to the ATAC complex were not identified as significant negative MHC-I 

regulators in any of the three cell line screens (Figure 3G shows SCC90 results for ATAC 

members). These results suggest that the role of KAT2A as a negative MHC-I regulator 

is mediated through SAGA complex-associated activity. Analysis also revealed that the 

core members of PRC2, EZH2, EED, and SUZ12 alongside the PRC2.1 subunit MTF2, 

were identified as significant negative MHC-I regulators. (Figure 3H)160. In contrast, other 

PRC2.2-associated genes (e.g., JARID2 or AEBP2) fell into the positive regulator 

category. This suggests a specific role for PRC2.1-MTF2 in the negative regulation of 

MHC-I expression relative to other subtypes. 

 



41 
 

 

Figure 3. Genome-Wide CRISPR/Cas9 Screens Identify Positive and Negative 
Regulators of MHC-I Expression. A) Screen experimental schematic. Briefly, HPV+ cell 
lines expressing Cas9 were transduced with the Brunello sgRNA library via lentivirus. 
Cells were sorted by MHC-I expression via flowcytometry. Top/bottom 5% MHC-I  
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Figure 3. (Cont’d) 
expressing cells were sequenced along with the input library by NGS. B) Volcano plot of 
SCC90 screen candidate genes based on log2 fold change (>1) and significant p-value 
(p≤0.05) as determined by the MAGeCK algorithm. C and D) Venn diagrams of top 
regulator (Z≤-1.5 ; Z≥1.5) candidate genes ranked by MAGeCK and normalized across 
screens (z-score=[(log2FC-mean FC) / SD of mean]). The top 15 common candidate 
positive or  12 negative regulator genes, and their respective z-score, are shown in the 
histograms. E) Local network cluster analysis hierarchy identified by STRING analysis 
(https://string-db.org/). The top panel depicts network clusters based on normalized 
enrichment score (NES) and respective false discovery rate (FDR) from MAGeCK ranked 
list. F-H) Volcano plots of SAGA, ATAC, and PRC2 family members, respectively. 
Significance is based on log2 fold change (>1), and significant p-value (p≤0.05) as 
determined by the MAGeCK algorithm from SCC90 ranked list. Diagrams of the 
respective complex genes are illustrated on the right of each plot. Illustrations created 
with BioRender.com. 
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Figure 4. CRISPR/Cas9 sg-RNA depletions of known positive MHC-I Regulators. A) 
HLA-ABC surface expression following treatment with scramble sg-RNA control (sg-Scr) 
with either TAP1 or TAPBP sg-RNAs in the SCC90 cell line. B) TAPBP sg-RNA treatment 
in SCC152. Statistical significance was determined by One-way ANOVA comparing sg-
Scr (control) to each sg-RNA treatment. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.01. 
Error bars represent standard deviation of three independent experiments. (C) Tracking 
of Indels by Decomposition (TIDE) provides percent efficiency of CRISPR/Cas9 editing 
(https://tide.nki.nl/).  
 

 

 

https://tide.nki.nl/


44 
 

PRC2 and SAGA complex genes are upregulated in HNSCC 

PRC2 components are known to be upregulated or have increased activity in many 

cancers349,350,369. There is also increasing evidence that histone acetyltransferases, like 

KAT2A, are dysregulated in cancer and potentially associated with cancer 

progression325,354,370. To determine if the epigenetic regulators identified in our study are 

dysregulated in HNSCC patients, we examined The Cancer Genome Atlas Program 

(TCGA) HNSCC datasets for the levels of PRC2 genes and KAT2A. In Figures 5A and 

5D, we show that PRC2 members and KAT2A are significantly upregulated in patient 

TCGA-HNSCC samples (n=546), respectively371,372. We also gauged the relative 

expression of PRC2, KAT2A, and three additional SAGA complex members in exclusively 

(HPV+) HNSCC patient samples (n=97) versus normal individuals using Timer2.0 

software (Figure 6)373-375. The choice of the SAGA members—KAT2A, USP22, TAF6L, 

and TADA1—in HPV+ HNSCC patients was based on their representation across the 

major SAGA domains by meeting significance criteria in the CRISPR screens (Figure 

3F). Timer2.0 analysis revealed that all PRC2 and SAGA members are upregulated in 

the HPV+ HNSCC patients compared to normal samples (n=44) and relative to HPV- 

HNSCC patients (n=421)373-375. In three HPV+ cancer cell lines, we confirmed the 

upregulation of the PRC2 components, EZH2, EED, SUZ12, and MTF2 (Figure 5B, C, 

and E), and KAT2A (Figure 5F) by reverse transcription-quantitative PCR (RT-qPCR). In 

Figure 7, we detected that in N/Tert-1_E6E7 cells or in mouse oral epithelial cells over-

expressing subtype HPV16 E6 and E7 (mEERL),that KAT2A and/or EZH2 was 

upregulated. Together, these data support the notion that the epigenetic modifiers found 

in our screens are upregulated in HPV+HNSCC or in cells expressing the HPV16 

oncogenes E6 and E7. 



45 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. KAT2A and PRC2.1 Family Members are Upregulated in Head and Neck 
Cancer. A) GDC TCGA Head and Neck Cancer data (n=546) (acquired from UCSC 
[https://xenabrowser.net/]) for PRC2.1 complex genes EZH2, SUZ12, EED, and MTF2. Y-
axis shows fragments per kilobase of transcript per million mapped reads, log2(FPKM+1). 
Statistical significance was determined by One-way ANOVA and Dunnett's multiple 
comparison test. B) Western blot analysis of whole cell lysate from HPV+ HNSCC tumor 
cell lines relative to N/TERT-1 keratinocyte control cells for total levels of core PRC2.1  
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Figure 5. (Cont’d) 
complex genes. C) Quantitative PCR (RT-qPCR) for relative mRNA expression (ΔΔCT) 
normalized to GAPDH and compared to N/TERT-1 keratinocyte control cells. Significance 
p-values were calculated using an unpaired student’s T-test comparing N/Tert-1 (control) 
relative to each SCC cell line individually. Each SCC line compared to N/TERT-1 met at 
least a significance threshold of *p<0.05, and is represented with the single asterisk for 
simplicity. D) GDC TCGA Head and Neck Cancer data (n=546) (acquired from UCSC 
[https://xenabrowser.net/]). Statistical significance was determined by One-way ANOVA 
and Dunnett's multiple comparison test. E) Quantitative PCR for relative mRNA 
expression (ΔΔCT) normalized to GAPDH control and compared to N/TERT1 
keratinocyte control cells. Significant p-values were calculated using an unpaired 
student’s T-test. F) Western blot analysis of whole cell lysates for KAT2A expression. G) 
Quantitative PCR (ΔΔCT) for HLA-A, B, and C normalized to B-actin control. The dotted 
line indicates the relative threshold value for each gene’s expression in N/Tert-1 cells 
(approximating a value of 1). Significant p-values were calculated using Dunnett’s multiple 
comparison test. Each comparison met at least a significant threshold of **p<0.01. H) 
Western blot analysis of whole cell lysates for global H3K27me levels. In qPCR 
experiments, error bars depict standard deviation (SD). For significance testing, 
***p<0.0001, ***p<0.001, **p<0.01, *p<0.05. For all RT-qPCR data plots in this figure, 
three independent experiments were completed, each with three technical repeats per 
condition. The triplicated experiments demonstrated similar results and data from one 
experiment is represented, respectively.  
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Figure 6. PRC2.1 and SAGA Complex Members are Upregulated in HPV+HNSCC. 
Differential gene expression data obtained from Timer 2.0 comparing expression of PRC2 
members (A) or SAGA complex members (B) between HNSC Tumor (n=520), HNSC 
Normal (n=44), HNSC HPV+ Tumor (n=97), and HNSC HPV- Tumor (n= 421). The 
statistical significance computed by the Wilcoxon test with ***p<0.001, **p<0.01, *p<0.05. 
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Figure 7. Expression of Epigenetic Regulators in human and mouse cell lines. A) 
Relative mRNA expression (ΔΔCT) normalized to GAPDH control for by RT-qPCR. B) 
Relative E6 and E7 mRNA expression normalized to GAPDH control for N/Tert-1_E6E7 
cells relative to N/Tert-1 control cells by RT-qPCR. Significant p-values were calculated 
using an unpaired student’s T-test. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05. These 
graphs represent single experiments with three technical repeats per condition. Error bars 
depict SD. C) Western blot analysis of whole cell lysates for KAT2A or EZH2 in mEERL 
relative to NiMOE control cells.  
 

MHC-I Expression Negatively Correlates with H3K27me3 in HPV+ HNSCC 

Given the observed increase in PRC2 expression in HPV+HNSCC, we evaluated 

the potential of increased PRC2 activity via global changes in H3K27me3 levels and the 

corresponding levels of MHC-I gene expression268. Figure 5G shows the mRNA levels of 

HLA-A, B, and C genes relative to healthy keratinocyte controls. As expected from our 

previous observations38, HLA-B and HLA-C are transcriptionally downregulated in all 

HPV+ HNSCC cell lines. HLA-A was significantly downregulated only in SCC2,  but it was 

increased in SCC90 and SCC152 cells. The overall changes in MHC-I heavy chain gene 
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expression (i.e., HLA-B/C) across cell lines negatively correlated with increases in 

H3K27me3 (Figure 5H), suggesting that PRC2 mediated histone methylation is 

negatively impacting the levels of MHC-I mRNA expression.  

Genetic knockout of PRC2 or SAGA complex members increases MHC-I expression 

To validate the observations made from our screens, we knocked out the core 

PRC2 members, EZH2, EED, or SUZ12, in SCC90 cells (Figure 8A). Following knockout, 

there was significant increases in total protein (Figure 8B) and cell surface expression of 

MHC-I (Figure 8C). There was also a corresponding significant increase in relative mRNA 

expression of HLA-B/C, with less pronounced change in HLA-A (Figure 8D). The 

Increased MHC-I levels paired with a concomitant loss in global H3K27me3 levels in all 

the PRC2-depleted cell lines (Figure 8E), supporting our hypothesis that PRC2-mediated 

H3K27me3 limits MHC-I gene expression. These findings were corroborated by additional 

knockouts of EZH2, EED, or SUZ12 in the SCC152 HPV+ HNSCC cell lines (Figure 9A 

and 9B).  

Knockout of KAT2A in SCC90 cells followed the trend of PRC2 showing increase 

in total (Figure 8F) and cell surface (Figure 8H)  MHC-I protein levels significantly 

increased. Loss of KAT2A correlated with decreased histone 3 lysine-9 acetylation 

(H3K9Ac) levels, which are governed in large part by KAT2A functions56,302. 
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Figure 8. Genetic depletion of PRC2 or SAGA increases MHC-I expression. A) 
Western blot of WCL from sg-RNA treated cells for total EZH2, EED, or SUZ12 levels. B) 
Western blot of WCL from sg-RNA treated cells for total HLA-ABC. C) Surface expression  
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Figure 8. (Cont’d) 
of total HLA-ABC detection by flow cytometry. D) Relative mRNA expression (ΔΔCT) by 
RT-qPCR normalized to GAPDH control. Significant p-values were calculated using an 
unpaired student’s T-test. E) Western blot of WCL from sg-RNA treated cells for global 
H3K27me3. F) Western blot of WCL from sg-RNA treated cell lines for total HLA-ABC, 
KAT2A, global, or H3K9Ac. G) Relative mRNA expression (ΔΔCT) by RT-qPCR 
normalized to GAPDH control. Significant p-values were calculated using an unpaired 
student’s T-test. H & I) Surface expression of total HLA-ABC detection by flow cytometry 
with respective sg-RNA depletions. Significant p-values were calculated using One-way 
ANOVA Test. ****p<0.0001,***p<0.001, **p<0.01, *p<0.05. Quantitative PCR experiments 
were performed in duplicate with similar results and graphs represent one experiment 
with three technical repeats. Error bars depict SD.  
 

However, KAT2A knockout cells significantly upregulated the mRNA levels of HLA-B, with 

some accompanying increase in HLA-A and -C (Figure 8G). To confirm our findings, we 

again knocked out KAT2A in SCC152 cells (Figure 9C and 9E) and found that both 

mRNA (Figure 9D) and cell surface protein (Figure 9C) levels of MHC-I are increased in 

KAT2A-depleted cells. The effect on MHC-I surface expression with KAT2A knockout 

followed suit with sg-RNA gene knockouts of SAGA complex members TADA1, USP22, 

and TAF6L (Figure 8I). Figure 9F shows the knockout efficiency of TADA1, USP22, and 

TAF6L via TIDE. With each gene responsible for differential functions of the SAGA, our 

data suggest that activity mediated by the whole SAGA complex is responsible for 

downregulation of MHC-I in HPV+ HNSCC cells. Together, these results demonstrate 

that the depletion of the PRC2 or SAGA complexes alters the chromatin modifications 

(i.e., decreased histone methylation or acetylation) that coincide with increased 

transcription of HLA genes and MHC-I expression. 
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Figure 9. Genetic depletion of PRC2 or SAGA increases MHC-I expression. A) 
Surface expression of total HLA-ABC detection by flow cytometry with respective sg-RNA 
depletions for SCC152 PRC2. B) TIDE analysis for PRC2 genes in SCC152. C) Surface 
expression of total HLA-ABC detection by flow cytometry with respective sg-RNA 
depletions for SCC152 KAT2A.  D) Relative mRNA expression (ΔΔCT) by RT-qPCR 
normalized to GAPDH control. Significance p-values were calculated using Dunnet’s 
Multiple Comparisons Test. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05. E) TIDE 
analysis % efficiency for sg-RNA depletion of KAT2A genes in SCC90 and SCC152. F) 
TIDE analysis for sg-RNA depletion of SAGA genes in SCC90. Quantitative PCR 
experiments were performed in duplicate with similar results and graphs represent one 
experiment with three technical repeats. Error bars depict SD.  



53 
 

Pharmacologic inhibition of epigenetic modulators increases MHC-I expression 

To complement our genetic validation of PRC2 or SAGA complexes as negative 

MHC-I regulators in HPV+HNSCC, we sought to evaluate the abolishment of PRC2 or 

SAGA activity using pharmacologic inhibitors. Utilizing our original ranked gene list data, 

we performed Ingenuity Pathway Analysis (IPA)-upstream regulator analysis376 to identify 

relevant compounds based on the directionality, significance of observed gene 

expression changes, and incidence of known target genes within our screen (Figure 

10A). The most significant compound predicted to inhibit MHC-I negative regulators (and 

thereby increase MHC-I) was, garcinol, a histone acetyltransferase inhibitor naturally 

derived from Garcinia species377 (Figure 10A). Garcinol can target several HATs, 

including KAT2A376,378. Among the other most significant compounds identified were the 

FDA-approved EZH2 inhibitor, tazemetostat379, and the global DNA methyltransferase 

(DNMT) inhibitor, decitabine380, which blocks DNMT-mediated CpG island methylation381 

(Figure 10A). Given the prominence of KAT2A and PRC2 members as negative MHC-I 

regulators from our screens, we choose to evaluate garcinol, two EZH2 inhibitors 

(tazemetostat and GSK126)349, and decitabine for their ability to affect MHC-I expression 

in HPV+ HNSCC cells. As predicted, treatment with all compounds significantly increased 

total protein, cell surface expression of MHC-I,  and the relative mRNA levels of HLA-B 

and C (Figure 10B-E and Figure 11). Both tazemetostat or GSK126 reduced global 

H3K27me3 levels which correlated with MHC-I upregulation160 (Figure 10C; Figure 11A 

and 11C, respectively). Significantly increased MHC-I expression following garcinol 

treatment correlated with decreased levels of both H3K9Ac and KAT2A protein (Figure 

11B). Interestingly, garcinol also reduced  
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Figure 10. Prediction and Evaluation of Pharmacologic Inhibitors on MHC-I. A) 
Upstream Regulator Analysis of SCC90 ranked genes to predict hypothetical regulators 
(histogram). B) Surface expression of total HLA-ABC by flow cytometry following inhibitor 
treatment. SCC90 cells were treated for 7 days with DMSO (0.1%), Garcinol [6uM], 
GSK126 [6uM], Tazemetostat [6uM], or Decitabine [10uM]. Significant p-values were 
calculated using an unpaired student’s T-test. C) Western blot of WCL from treated cells 
for total HLA-ABC, global H3K27me3, or B-actin. D and E) Relative mRNA expression 
(ΔΔCT) by RT-qPCR normalized to GAPDH control. Quantitative PCR was performed 
once with three technical repeats per condition. Significance was calculated using 
Dunnet’s Multiple Comparisons Test. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05. Error 
bars represent SD. Illustration. Illustrations created with BioRender.com. 
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Figure 11. Pharmacologic Inhibitor Treatment of SCC90 Cell Line. A-D) Western blot 
analysis of WCL of SCC90 cell line following 7 day treatment with each respective inhibitor 
at the given concentration listed above. For each inhibitor, total HLA-ABC was detected. 
Additionally, in (A) and (C), global H3K27me3 was probed. In (B), KAT2A and global 
H3K9Ac were probed following garcinol treatment. B-Actin served as the loading control 
for each set of experiments. For all experiments, histograms quantify HLA-ABC 
expression relative to B-Actin for each given condition, respectively. 
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H3K27me3 levels (Figure 10C), suggesting a possible connection between the HAT 

activity of KAT2A and resultant H3K27me3 levels. Compared to the other inhibitors, 

decitabine showed the most robust increase in HLA-A, -B, and -C expression but the 

relatively smallest decrease in global H3K27me3 levels (Figure 10B, 10C, & 10E and 

Figure 11D). This result may be explained by studies showing that DNMT inhibitors 

reactivate endogenous retroviruses and induce IFN responses, which can subsequently 

lead to increased MHC-I expression382. Thus, the effects of decitabine potentially 

circumvent the influence of HAT or PRC2-related activity. Given that PRC2-DNMT 

interactions are also known to affect DNMT activity directly259, we tested MHC-I 

expression in HPV+ HNSCC cells treated with GSK126 in combination with decitabine383 

and observed a synergistic increase in HLA-B transcription (Figure 10E). 

To determine if the increase in MHC-I expression by EZH2 inhibition is correlated 

to locus-specific H3K27me3 levels, we performed Cleavage Under Targets and Release 

Using Nuclease (CUT&RUN) analysis with GSK126 treated SCC90 cells and analyzed 

whole-genome levels of H3K27me3 and H3K4me3 (Figure 12). The gene loci for the 

HLA-A, -B, and -C are bivalent in nature160, and the maintenance of H3K4me3 readies 

the gene for rapid activation with the abolishment of the H3K27me3 repressive mark in 

their promoters236. Following EZH2 inhibition, genome wide loss of H3K27me3 peaked in 

proximity to the transcriptional start sites of genes (Figure 12A), and that (~26%) of 

H3K27me3 was lost within 1kb of known promoter regions (Figure 12B). H3K27me3 

signal diminished at the HLA-B and -C gene loci and in proximity to H3K4me3 signal 

(Figure 12C).  
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Figure 12. CUT&RUN Reveals H3K27me3 Changes Gene Loci with EZH2i. SCC90 
treated with (0.1%)DMSO or GSK126 [6uM] for 7 days.  A) H3K27me3 (loss/gain) signal 
plot relative to the transcription “start” sites genome wide. B) Annotation pie chart 
indicating (%) of genomic features affected by H3K27me3 changes. C-E) H3K27me3 
signal from (C) HLA-A,B,C (D) TAP genes (E) NLRC5. Value axes (Kb) correspond to 
position on gene specific chromosomes. Blue and green peaks correspond to H3K27me3 
or H3K4me3, respectively. Gene coding regions are shown in grey. Red arrows indicate 
the direction of the reading frame at promoter sites approximated by H3K4me3 signal. 
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decreases in H3K27me3 occurred at TAP1, TAP2, and NLRC5 loci but not at TAPBP 

(Figure 12D and E). Taken together, these results show that EZH2 inhibition decreases 

H3K27me3 at gene loci important for MHC-I expression in HPV+ HNSCC similar to what 

has been observed in other cancers160 

PRC2 activity can limit the response of cancer cells to IFN-γ stimulation160. We 

postulated that with increased PRC2 activity in the HPV+ HNSCC cell lines that the effects 

of IFN-γ stimulation may be reduced. To test this, we treated SCC90 cells with IFN-γ for 

24hrs following EZH2 inhibition and quantified changes in MHC-I upregulation. Flow 

cytometry experiments to detect surface expression of MHC-I (Figure 13A) show that 

without the application of EZH2 inhibitor, the upregulation of MHC-I by IFN-γ is reduced. 

We observed an initial increase in MHC-I surface expression with IFN-γ treatment in the 

DMSO treated cells, although there was no significant difference in MHC-I expression 

following an increased dose of IFN-γ in DMSO-treated cells. In contrast, EZH2 inhibitor 

treatment resulted in higher levels of MHC-I versus DMSO, with or without IFN-γ 

treatment, and after EZH2 inhibition, high dose IFN-γ significantly increased MHC-I over 

the low dose level. This suggests that with EZH2i, cells have a greater potential to 

respond to IFN-γ than without (Figure 13A). The same trends in expression of MHC-I are 

reflected in the western blot of WCL samples made from the experiments evaluated in 

the flow cytometry (Figure 13B).  Figure 13B shows that total HLA-ABC protein plateau 

in DMSO treated cells following IFN-γ treatment, but continues to increase in combination 

with EZH2 inhibition. Despite the limited response of IFN-γ to increase MHC-I, 

impediment does not appear to be related to a failure in the initiation step of the IFN-γ 

response, given the similar increase in total STAT1 and activated phosphorylated STAT1-

Ser727 protein levels observed in both DMSO- and GSK126-treated groups (Figure 
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13B). This result could imply that despite IFN-γ receptor binding and STAT1 activation, 

there is a failure in either STAT1 mobilization or downstream transcription initiation, 

limiting MHC-I expression. The latter idea is supported by increased expression of antigen 

presentation machinery (APM) proteins TAP1, TAP2, TAPBP, and B2M following EZH2i 

treatment. (Figure 13C). The increased mRNA levels seen in (Figure 13C) also correlate 

with decreased H3K27me3 signal at gene specific loci (Figure 12D). However, the 

NLRC5 mRNA level was paradoxically decreased following GSK126 treatment despite 

the concurrent H3K27me3 signal decrease at the NLRC5 locus in the CUT&RUN 

experiment (Figure 12E). This may indicate the activity of other unknown elements 

regulating NRLC5. Overall, these results suggest that while IFN-γ initiates an interferon 

response in the HPV+ HNSCC cells, downstream upregulation of MHC-I is attenuated 

without the synchronized inhibition of EZH2. 
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Figure 13. PRC2 limits the response to IFN-γ. A) Surface expression of total HLA-ABC 
detected by flow cytometry following drug treatment. SCC90 cells were treated for 3 days 
with DMSO (0.1%) or GSK126 [6uM] then received vehicle (PBS), [0.1], or [1] ng/mL IFN-
γ. Significant p-values were calculated by Tukey’s 2-way multiple comparisons test. B) 
Western blot of WCL from SCC90 cells following drug treatment probed for total HLA-
ABC, total STAT1, phospho-STAT1 Ser727, or B-actin. Panels on the (right) quantify 
western blots relative to DMSO control. C) Relative mRNA expression (ΔΔCT) by RT-
qPCR normalized to GAPDH for APM genes following treatment. Significant p-values 
were calculated using an unpaired student’s T-test. ****p<0.0001, ***p<0.001, **p<0.01, 
*p<0.05. PCR experiments were performed once with three technical repeats. Error bars 
depict SD. We thank Dr. Jamie Bernard for the gift of pSTAT1-S727 antibody. 
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In silico analysis predicts E2Fs and MYC as the drivers of MHC-I downregulation  

To delve deeper into understanding the mechanism underlying PRC2- and SAGA-

mediated repression of MHC-I, we determined potential genetic drivers in our SCC90 

CRISPR/Cas9 screen data using the upstream regulator analysis376. Analysis predicted 

the transcription factor, E2F1, was the most significant upstream regulator responsible 

for MHC-I downregulation (Figure 14A). In HPV+ cells, E2Fs are highly activated by HPV 

E7-mediated inhibition of retinoblastoma protein (pRB) family members21. Furthermore, 

the PRC2 core members, EZH2 and EED were identified as downstream targets of E2F1 

(Figure 14B). For clarity, the algorithm's scoring of E2F1 (in part) was based on the 

prominence of EZH2 and EED in the screen dataset, as well as their known associations 

with E2F1. Indeed, it has been previously demonstrated that E2F1 drives expression of 

EZH2, EED, and SUZ12384-389. In addition, HPV16 E7 mediated release of E2F drives 

EZH2 transcription224, and the knockdown of HPV E6/E7 expression correlates with 
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Figure 14. Computational Prediction of Genetic Upstream Regulators of MHC-I. A) 
Upstream regulator analysis prediction of genes based on the SCC90 ranked dataset. B 
and C) indicate known downstream targets of E2F1 or MYC harvested from the ranked 
dataset. D) Western blots of co-immunoprecipitations for KAT2A probed with E2F1 or 
E2F3 antibody compared to SCC90 WCL (input) and isotype control (IgG).  
 

decreased E2F1 and EZH2 levels in HPV+ HNSCC cells390. Beyond E2F1, it is also 

possible that several other E2F family members could be driving these observations, 

given their known similarities in both sequence homology and promoter binding36. For 

instance, E2F3 was a robust and significant negative regulator of MHC-I in both SCC90 

(Z= -4.18) and N/Tert-1_E6/E7 screens (Z= -1.92). Like E2F1, E2F3 can also positively 

regulate EZH2 transcription391. We confirmed that overexpression of the transcriptional 

activator E2F3a (E2F3 splice product) results in the upregulation of EZH2 transcription 

and total protein (Figure 15).  
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Figure 15. E2F3a overexpression upregulates EZH2. A) Relative EZH2 mRNA 
expression (ΔΔCT) by RT-qPCR normalized to GAPDH control from 293FT cells over-
expressing pCMV-Neo/Bam-empty vector (control) or pCMV-E23Fa. Significant p-values 
were calculated using an unpaired student’s T-test. ****p<0.0001, ***p<0.001, **p<0.01, 
*p<0.05. PCR experiments were performed once per condition with three technical 
repeats. Error bars depict SD. B) Western blot of WCL from 293FT cells following 
transient transfection of vector control (pCMV-Neo/Bam-empty) or pCMV-E23Fa and 
probed for EZH2 and B-actin, or C) probed for total E2F3 expression and B-actin. 
 

In addition to E2Fs, the MYC proto-oncogene and its binding partner, MAX, were 

two of the most significant targets predicted in our upstream regulator analysis (Figure 

14A). MYC activity is known to be upregulated by the HPV oncogene E6 and leads to 

significant cellular proliferation and transformation42. Intriguingly, our CRISPR/Cas9 

screen data showed that MYCN (i.e., N-MYC) and its known stabilizer, Aurora Kinase A 

(AURKA)392, were significant negative MHC-I regulators (Figure 3B). Both MYCN and 

AURKA were also significant downstream targets of E2F1, as determined in our upstream 

analysis (Figure 14B). The analysis also showed SUZ12 and MTF2 as among our 

dataset's most significant downstream targets of MYC (Figure 14C). Gene expression 

analysis of the TCGA data using Timer2.0 showed increased expression of N-MYC in 

HPV+ HNSCC patient samples relative to normal or HPV-negative HNSCC samples, and 

that there is a robust positive correlation between N-MYC and PRC2 expression (Figure 

16A and 16B). However, c-MYC levels were not increased in the HNSCC TCGA data 
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compared to normal samples, although PRC2 genes did still significantly correlate with c-

MYC in HNSCC overall  (data not shown, but is accessible at http://timer.cistrome.org/). 

Next, we assessed N-MYC expression by western blot of WCL or by qRT-PCR in three 

HPV+ HNSCC cell lines relative to normal keratinocytes and determined that N-MYC was 

upregulated in all three of the lines tested (Figure 16C and 16D). Contrasting again, c-

MYC transcript was significantly increased only in the SCC2 cell line, while levels in 

SCC90 and SCC152 were unremarkable relative to control (Figure 16E).  

SAGA is an important transcriptional coactivator for MYC (both c-MYC and N-

MYC) and E2F56,296,314,318,325,354-357, and KAT2A is reciprocally transcribed by both MYC 

and E2F360. MYC is stabilized by KAT2A via direct acetylation resulting in increased E2F1 

transcription329, demonstrating a reciprocal interplay between KAT2A, MYC, and E2F1. 

In light of this relationship and our analysis in (Figure 14A-C), we hypothesized that 

dysregulated KAT2A increases MYC- and E2F-mediated transcription of PRC2 genes in 

HPV+ HNSCC. To test the hypothesis, we first analyzed TCGA HNSCC patient data and 

revealed highly significant positive correlations between KAT2A expression and PRC2 

genes (Figure 17A). We also confirmed previous studies343,356 that KAT2A binds to E2Fs 

through coimmunoprecipitations of E2F1 and E2F3, further implicating KAT2A’s role as 

a transcriptional coactivator (Figure 14D). Further, we show that KAT2A knockout in both 

SCC90 and SCC152 cell lines results in transcriptional downregulation of all PRC2 core 

members, EZH2, EED, or SUZ12, with the effect on EED transcription the most 

pronounced (Figure 17B). To follow the knockout experiments, treatment of SCC90 cells 

with GSK4027, a contemporary KAT2A/KAT2B inhibitor that targets the bromodomain of 

KAT2A/B, revealed increased total surface expression of MHC-I (Figure 18A). 
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Figure 16. N-MYC Expression is Increased in HPV+ HNSCC. 
A) Differential gene expression data obtained from Timer 2.0 for MYCN. B) Timer 2.0 
derived correlation between N-MYC and PRC2.1 members from HPV+ HNSCC samples. 
C) Western blot analysis of WCL from N/Tert-1  keratinocyte cells (control) or HPV+ 
HNSCC cell lines probed for N-MYC or B-actin expression. D) Relative mRNA expression 
(ΔΔCT) by RT-qPCR normalized to GAPDH control for N-MYC expression or E) c-MYC 
expression in HPV+HNSCC cell lines versus keratinocyte control (N/Tert-1). Significant 
p-values were calculated using an unpaired student’s T-test. ****p<0.0001, ***p<0.001, 
**p<0.01, *p<0.05. PCR experiments were performed once per condition with three 
technical repeats. Error bars depict SD.  
 

Corroboration by additional experiments with GSK4027 treatment showed total HLA-ABC 

protein levels increased with concomitant decreases in KAT2A, EZH2, EED, and SUZ12 

(Figure 18B). Thus, this evidence supports the hypothesis that dysregulation of 

KAT2A/SAGA contributes to the repression of MHC-I gene transcription by coactivating 

MYC and E2F to induce PRC2 expression. 
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Figure 17. KAT2A is a correlates with PRC2 Gene Transcription. A) Correlation of 
KAT2A with PRC2 genes by TIMER2.0 using TCGA HNSCC datasets. B) qRT-PCR for 
EZH2, EED, or SUZ12 normalized to B-actin (ΔΔCT) in SCC90 and SCC152 sg-KAT2A 
or sg-Scr treated cells. Significance was calculated using an unpaired student’s T-test. 
****p<0.0001, ***p<0.001, **p<0.01, *p<0.05. PCR experiments were performed once per 
condition with three technical repeats. Error bars depict SD.  

 

KAT2A levels correlate with diminished tumor immune cell infiltration 

Efficient MHC-I expression is critical to the propagation of an antitumor immune 

response, and our data suggests that upregulated KAT2A/SAGA complex is negatively 

regulating MHC-I expression. Thus, dysregulated KAT2A may have negative 

ramifications for both antitumor immune cell responses and immune therapy efficacy. To 

better predict the  
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Figure 18. GSK4027 KAT2A Inhibitor Increases MHC-I expression and Depletes 
PRC2 Genes. A) Surface expression of total HLA-ABC was detected by flow cytometry 
following GSK4027 treatment for 7 days in SCC90 cells at the respective concentrations. 
B) Western blot analysis of WCL from SCC90 cells treated for 7 days with GSK4027 and 
probed for total HLA-ABC (MHC-I), KAT2A, EZH2, EED, SUZ12, or B-actin. Significance 
p-values: ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05. 
 

result of KAT2A upregulation in HPV+ HNSCC, we performed gene expression analysis 

using the TCGA patient datasets to estimate tumor immune cell infiltration (Figure 19A). 

Using Timer2.0 software to analyze HNSCC patient samples (n=522), we observed 

robust negative correlations between KAT2A expression and CD8+ T cells, dendritic cells 

(DC), natural killer cells (NK), and Macrophages (MC) infiltrating into the TME (Figure 

19A). Conversely, the same analysis showed a strong positive correlation with myeloid-
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derived suppressor cells (MDSCs), M2 macrophages (M2), and CD4+ T cells. For 

comparison, we conducted the same analysis with HLA-B expression and immune cell 

infiltration in the HNSCC dataset. We found that a near opposite result was true, and 

HLA-B expression correlates positively with CD8+, CD4+, DC, and NK cell tumor 

infiltration and negatively with M2 and MDSCs (Figure 19B).  

We next compared KAT2A to HLA class I expression using the HPV+ HNSCC 

TCGA data on Timer2.0. We found a significant negative correlation between KAT2A 

expression and HLA-A, B, and C, and most prominently, HLA-E expression (Figure 19C). 

For comparison, we considered a similar HAT, KAT5, to HLA expression and found no 

significant correlations apart from HLA-E, which positively correlated (Figure 19D). 

Ultimately, these data indicate that KAT2A expression negatively correlates with the 

expression of most class I HLAs and will negatively impact the recruitment of immune 

effector cells (e.g., CD8+, DC, or NK cells) into tumors, limiting antitumor immune 

responses and possibly the efficacy of therapy. 
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Figure 19. KAT2A expression correlates with decreased CD8+ T Cell Infiltration and 
HLA Gene Expression in Head and Neck Cancer Samples. A) Using TCGA Head and 
Neck tumor sample data (n=522), TIMER2.0 software correlates KAT2A or B) HLA-B 
expression with immune cell infiltration levels (includes tumor purity adjustment). C) 
Correlation of KAT2A or D) KAT5 with HLA genes from HPV+ HNSCC TCGA sample data 
(n=98) prepared with TIMER2.0 software. Dotted lines demarcate significant p-Value 
(<0.05). 
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2.3 Conclusions 

Our CRISPR/Cas9 screens in HPV+ HNSCC revealed that several epigenetic 

regulators, including members of PRC1 and PRC2, were highly significant hits among the 

top negative MHC-I regulator genes. This result was consistent with previous findings that 

revealed PRC2 as part of an evolutionarily conserved mechanism to promote cancer 

immune evasion160. Furthermore, we revealed that cellular E2Fs and MYC family proto-

oncogenes are the predicted drivers of inhibition of MHC-I expression. Our screens 

showed that an additional epigenetic regulator, KAT2A , was a top hit among negative 

MHC-I regulators. KAT2A operates through its greater complex, SAGA, which is a known 

transcriptional coactivator for E2F and MYC transcriptional programs. E2F and MYC are 

highly activated in HPV+ cells and are known to promote the expression of PRC2 

genes250,385. We validated the results of our screening with additional genetic knockout 

experiments, small molecule pharmacologic inhibition, and related our findings to TCGA 

patient datasets. Overall, these results suggest that HPV upregulates PRC2 through the 

action of SAGA plus MYC and E2F transcription, and that the subsequent downregulation 

of MHC-I related gene transcription contributes to cancer immune evasion. 
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CHAPTER 3 

Inhibition of Aurora Kinase A Increases MHC-I Expression in HPV+ HNSCC 
Contributions to Science 
 

The work in this chapter was conceptualized by Nicholas Giacobbi. The final 

figures for this chapter were generated by Nicholas Giacobbi. The experiments in this 

chapter were performed by Nicholas Giacobbi with contributions from Lexi Vu, Conchai 

Yang, Evelyn Gomez, and Dr. Mohamed Khalil. 
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3.1 Abstract 

The MYC family of proto-oncogenes are important regulators of gene transcription 

in normal cells, but they often become dysregulated during the course of many cancers. 

In HPV+ HNSCC, activated c-MYC is known to drive the aberrant proliferation of cells. 

We recently showed that c-MYC can upregulate the expression of the ubiquitin ligase, 

MARCHF8, which targets important immune receptors for degradation and contributes to 

immune evasion. MYC can also increase the expression of PRC2 genes known to 

decrease MHC-I expression across cancers. Thus, the inhibition of MYC family members 

may be valuable in the treatment of cancer by increasing antitumor immunity and reducing 

the proliferation of cancer cells. Because MYC family members are notoriously difficult to 

target directly, we utilized the small molecule inhibitor of Aurora Kinase A (AURKA), 

MLN8237, to target MYC indirectly. AURKA is known to stabilize MYC proteins and 

therefore, its disruption decreases MYC. Here we show that application of MLN8237 can 

deplete MYC, MARCHF8, PRC2, and may increase antitumor immunity by increasing 

MHC-I expression. 
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3.2 Introduction 

The activation of the MYC family of proto-oncogenes is associated with the 

progression of many cancers393-395. There are three MYC family paralogs: Cellular-MYC 

(c-MYC), Neuronal (N-MYC)396,397, or Lung-MYC (L-MYC)398,399, which are expressed in 

different tissue types and at various stages of development400,401. In HPV+ tumors, MYC 

family members can be activated or upregulated to contribute to cancer progression49,402-

404. For example, the immortalization of primary keratinocytes by human telomerase 

(hTERT) is mediated by HPV oncoprotein E6 via c-MYC transcription factor binding on 

the hTERT promoter to upregulate transcription42,43,405,406. Our lab has also demonstrated 

that the transcription of the E3 ubiquitin ligase Membrane-associated RING-CH protein 8 

(MARCHF8) is upregulated by activated c-MYC, and that increased MARCHF8 targets 

cell surface immune receptors for degradation contributing to immune evasion45.  

In addition to c-MYC activation, we show that in three HPV+HNSCC cell lines 

tested, that N-MYC expression is upregulated (Figure 16). The expression of N-MYC is 

usually restricted to developing embryos, maintaining pluripotency stem cells, or the 

proliferation of cells in the CNS50,407,408, and N-MYC expression in oral keratinocytes is 

not usual. This suggests that its expression may be contributing to pathological changes, 

with higher N-MYC expression known to be associated with cancer aggressiveness409-

411. In neuroblastomas, the effect of N-MYC was reported to promote 

immunosuppression412,413. Bernards et al. in 1986, were among early researchers who 

showed that N-MYC amplification decreases expression of MHC-I in neuroblastoma 

cells57, but the exact mechanism by which N-MYC downregulates MHC-I is still not fully 

elucidated. Possible mechanisms may relate to recent reports which show N-MYC 

binding directly with EZH2 to mediate transcriptional repression of specific genes248,249, 
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or to the observations that both N-MYC and C-MYC can drive the expression of PRC2 

genes250, which can result in repressed MHC-I transcription160.  Regardless, it is still 

unclear what the specific roles for N-MYC expression in HPV+ cancers are, or if they 

relate to MHC-I regulation and immunosuppression. Thus, the goal of this study was to 

determine if abrogation of N-MYC can affect MHC-I expression in HPV+ HNSCC.  

MYC family members have been exceedingly difficult to therapeutically target 

directly393,395. As an alternative strategy, some compounds can target MYC indirectly 

through the inhibition of its binding partners, thereby functionally downregulating MYC 

and its activity414,415. Aurora Kinase A stabilizes N-MYC by inhibiting the E3 ubiquitin 

ligase SCF(FbxW7), which targets N-MYC for proteasomal degradation; application of 

AURKA inhibitors (AURKAi) leads to N-MYC degradation416-419. In this work we evaluated 

the AURKAi, MLN8237 (Alisertib), its effect on N-MYC, and MHC-I expression in HPV+ 

HNSCC. Our data show that MLN8237 treatment reduces N-MYC protein levels and 

suggests that decreased N-MYC may alleviate both the transcriptional and post-

translational downregulation of MHC-I, with N-MYC being the common node involved in 

both mechanisms. Overall, we hypothesize that aberrant N-MYC expression is negatively 

regulating MHC-I in HPV+HNSCC, and that its inhibition leads to restoration of MHC-I 

expression. 
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3.2 Results 

Treatment of HPV+ HNSCC with MLN8237 Degrades N-MYC and Increases MHC-I  

N-MYC and its stabilizer, AURKA, were both identified as significant negative 

regulators of MHC-I in our SCC90 CRISPR/ Cas9 screen (Figure 3B). Relative levels of 

N-MYC mRNA transcript and protein were upregulated in all three of the HPV+ HNSCC 

cell lines we tested (SCC-2, 90, & 152) (Figure 16). We postulated that disrupting N-

MYC/AURKA could increase MHC-I expression, and to test this, we treated SCC90 cells 

with different doses of MLN8237 and evaluated the expression of MHC-I. Figure 20A 

shows that with MLN8237 treatment, N-MYC protein levels decrease and correlate with 

an increase in total HLA-ABC protein. Likewise, mRNA levels of HLA-A, B, or C 

significantly increase in the MLN8237 treated samples compared to DMSO (Figure 20B). 

We performed similar experiments using lower doses of MLN8237 (Figure 21A) and 

observed a significant increase in the relative mRNA transcript levels of HLA-B, but 

neither HLA-A nor HLA-C. Increased transcript coincided with increased surface 

expression of total HLA-A/B/C as detected by flow cytometry (Figure 21B). Because the 

effect on HLA-A, B, and C transcription resembled our previous experimental results with 

EZH2 inhibition (Figure 8), we estimated that EZH2 could be involved in a common 

pathway with AURKA/N-MYC, and we tested both EZH2 and AUKRA inhibitors together. 

Interestingly, we observed a synergistic effect toward increased MHC-I expression by co-

treating with MLN8237 and GSK126 (EZH2i) (Figure 21A and 21B). Together, these 

results suggest MHC-I is being negatively regulated at the transcription level by N-MYC 

mediated activity. 
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Figure 20. MLN8237 Treatment Decreases N-MYC Expression and Upregulates 

MHC-I in HPV+HNSCC. A) Western blot of WCL prepared from SCC90 cells treated with 

MLN8237 or (0.1%)DMSO (Control) and probed for total HLA-ABC or N-MYC. Relative 

quantification of N-MYC or HLA-ABC compared to B-Actin is depicted in the histograms 

on the right. B) RT-qPCR for relative expression of HLA-A, B, and C, normalized to 

GAPDH (ΔΔCT), in DMSO or MLN8237 treated cells. Statistical significance was 

determined by One-way ANOVA relative to DMSO control. ****p<0.0001, ***p<0.001, 

**p<0.01, *p<0.01. PCR experiments were performed once with three technical repeats 

per condition. Error bars represent SD. 
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Figure 21. MLN8237 and EZH2i Synergize to Increases Expression of MHC-I. A) RT-

qPCR for relative expression of HLA-A, B, and C, normalized to GAPDH (ΔΔCT) with 

samples prepared from SCC90 cells treated with (0.1%)DMSO or MLN8237. B) Surface 

expression of total HLA-ABC detected by flow cytometry with mean fluorescent intensity 

(MFI) representing three experiments are shown. Statistical significance was determined 

by One-way ANOVA relative to DMSO control. ****p<0.0001, ***p<0.001, **p<0.01, 

*p<0.01. PCR Experiments were performed once with three technical repeats per 

condition. Error bars represent SD. 
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MLN8237 Inhibits the Expression of MARCHF8 Ubiquitin Ligase 

The E3 ubiquitin ligase MARCHF8 is upregulated in HPV+ HNSCC cell lines and 

contributes to immune evasion by targeting cell surface immune receptors for 

degradation, and the upregulation of MARCHF8 was due to increased promoter activation 

by the c-MYC/MAX complex45. Given the similarities in both their homology and activity401, 

it is possible that N-MYC and c-MYC could both drive the upregulation of the same gene 

targets (i.e., MARCHF8). Other reports also do show that MLN8237 treatment reduces c-

MYC levels along with N-MYC420-423, and we hypothesized that MLN8237 treatment will 

downregulate MARCHF8 expression in our HPV+HNSCC cell lines. To test this, we 

evaluated the transcript levels of MARCHF8 in SCC90 following treatment with MLN8237. 

Figure 22A shows that MLN8237 reduces the level of MARCHF8 mRNA transcript, and 

correlates with decreased MARCHF8 protein expression as detected by western blot 

(Figure 22B). Because MYC proteins are known to interact with KAT2A/TRRAP to 

mediate transcriptional activation296, and KAT2A can stabilize MYC directly329, we 

postulated that depletion of KAT2A would also reduce MARCHF8 levels. Figure 22C 

shows that in both sg-KAT2A treated SCC90 and SCC152 cells, the level of MARCHF8 

transcript decreases. Together, these results indicate that MYC proteins co-activated by 

KAT2A activity drive the transcription of MARCHF8, and that MLN8237 is a bona fide 

MARCHF8 inhibitor.  

Inhibition of AURKA Differentially Regulates PRC2 Expression 

It is well established that activated MYC family members upregulate the 

transcription of various genes395,424, although in the long-term, this effect can eventually 

contribute to transcriptional downregulation by the (over)production of repressor 

proteins425.  
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Figure 22. MLN8237 Treatment Decreases MARCHF8 Expression. A) RT-qPCR for 
relative expression of MARCHF8 normalized to GAPDH (ΔΔCT) in samples prepared 
from SCC90 cells treated with (0.1%) DMSO or MLN8237. B) Using WCL from the same 
cells compared in (A), total MARCHF8 protein levels are shown by western blot. C) RT-
qPCR comparing cas9 expressing SCC90 or SCC152 cells transfected with small guide 
scrambled control (sg-Scr) or sg-KAT2A for the relative expression of MARCHF8 
normalized to B-actin (ΔΔCT). Statistical significance was determined by Dunnet’s 
Multiple Comparison Test relative to the DMSO control. ****p<0.0001, 
***p<0.001,**p<0.01, *p<0.01. PCR Experiments were performed once with three 
technical repeats per condition. Error bars represent SD. 
 

Both c-MYC and N-MYC can promote the expression of PRC2 core genes EZH2, EED, 

and SUZ12 through a KAT2A-mediated mechanism250. Thus, we hypothesized that 
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MLN8237 treatment could decrease the expression of PRC2 genes depleting MYC. 

Figure 23 shows that with MLN8237 treatment of SCC90 cells, EED is significantly 

downregulated, but the expression of both EZH2 and SUZ12 were upregulated. The 

differential effect of MLN8237 on PRC2 transcript levels suggests that MYC alone is not 

fully responsible for controlling the expression of PRC2 genes.  

 

 

 

 

 

 

 

 

 

 

Figure 23. Differential Regulation of PRC2 Genes with MLN8237 Treatment. A) RT-
qPCR for relative mRNA levels of EZH2, EED, or SUZ12 normalized to B-actin (ΔΔCT)  
in samples prepared from SCC90 cells treated with (0.1%) DMSO or MLN8237. Statistical 
significance was determined by One-way ANOVA relative to DMSO control. ****p<0.0001, 
***p<0.001, **p<0.01, *p<0.01. PCR Experiments were performed once with three 
technical repeats per condition. Error bars represent SD. 
 

MLN8237 Decreases Cell Viability but Increases MHC-I in mEERL Cells 

Aurora Kinase A is a mitotic serine/threonine kinase that is tightly linked to cell 

cycle regulation through control of the mitotic spindle and centrosomes426. AURKA peaks 

in concentration at the G2 to M-Phase transition in the cell cycle427. MYC proteins are 
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also well known for their influence on the cell cycle, mostly affecting the G1 to S-Phase 

transition428,429. We evaluated the effect of MLN8237 on HPV+ mouse cancer cells 

(mEERL) by measuring their growth and viability. Figure 24A shows that with increasing 

concentration of MLN8237, both cell number (y-axis) and viability (%) decrease 

substantially after 48hrs of treatment. Compared to DMSO control, the lowest dose of 

MLN8237 tested, [31.25nM], reduced cell growth by >2-fold, and >10-fold at the highest 

dose [500nM]. Decreased growth correlated with decreased cell viability as measured by 

trypan blue staining. Brightfield microscopy images in Figure 24B show that MLN8237 

treatment alters the morphology of treated cells relative to the DMSO control at 48hrs, 

with cell diameter appearing to also increase, although direct measurements were not 

taken. The effects of the drug treatment were observable as early as 24hrs in the lowest 

treatment dose [31.25nM] (data not shown). Despite the changes in mEERL cell growth, 

MLN8237 treatment still significantly increased MHC-I transcription (i.e., H2Db and H2K) 

in similar fashion to the human treated cells (Figures 24C and 24D). Taken together, 

MLN8237 treatment increased MHC-I expression, and reduces the growth of HPV+ tumor 

cells.  
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Figure 24. MLN8237 Decreases Cancer Cell Viability. A) Cell growth and viability assay 
in mEERL cells treated with DMSO or MLN8237. Briefly, cells were treated with DMSO or 
MLN8237 and incubated for 48hrs. Cells were then collected, stained with trypan blue, 
and counted. Viability (%) and cell counts were determined by cell cytometer.   C & D) 
RT-qPCR for relative mRNA expression of H2Db or H2Kb transcript normalized to mouse 
B-actin (ΔΔCT) in samples prepared from mEERL cells treated with DMSO or MLN8237. 
Statistical significance was determined by One-way ANOVA relative to DMSO control. 
****p<0.0001, ***p<0.001, **p<0.01, *p<0.01. Experiments were performed once with 
technical repeats provided as shown. Error bars represent SD. 
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3.3 Conclusions  

We sought to determine the impact of the abnormal expression of N-MYC on MHC-

I in HPV+ HNSCC cell lines. Because there is a paucity of direct methods to deplete MYC 

family members415, we utilized the AURKAi, MLN8237, and treatment with MLN8237 

successfully depleted the level of N-MYC protein in the cell lines tested. Based on our 

previous findings (Chapter 2), we hypothesized that aberrant N-MYC expression may 

contribute to increased levels of PRC2 and subsequent downregulation of MHC-I 

expression. MLN8237 treatment of HPV+ HNSCC increased MHC-I expression at the 

transcriptional level, total protein, and surface expression, and decreased transcript levels 

of the PRC2 core member, EED. This suggests that N-MYC may be increasing the 

expression of EED and PRC2 activity, consistent with our hypothesis.  

Given that MYC is also responsible for expression of the ubiquitin ligase 

MARCHF845, we hypothesized that disruption of MYC family members with MLN8237 

could result in reduced MARCHF8 levels. Indeed, we found that MLN8237 treatment 

decreased MARCHF8 transcript and total protein levels across multiple experiments, 

suggesting that MLN8237 may serve as a viable MARCHF8 inhibitor. Lastly, because 

MYC is coactivated by the SAGA complex through the activity of KAT2A, we hypothesized 

that KAT2A knockout would also dysregulate transcription of MARCHF8. In multiple 

HPV+ HNSCC cell lines, knockout of KAT2A decreased the transcript levels of MARCHF8 

consistent with our hypothesis. Overall, our findings suggest that N-MYC, coactivated by 

KAT2A, is driving multiple oncogenic gene expression programs, and that inhibition of N-

MYC can increase MHC-I in HPV+ HNSCC.   
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CHAPTER 4 

The chemokine CXCL14 as a potential immunotherapeutic agent for cancer 
therapy 

 
Part of this chapter was adapted from the original article entitled, “The Chemokine 

CXCL14 as a Potential Immunotherapeutic Agent for Cancer Therapy” published in 

Viruses. 2024 Feb 16;16(2):302. doi: 10.3390/v16020302. 

Authors: Nicholas S. Giacobbi, Shreya Mullapudi, Harrison Nabors, and Dohun Pyeon 
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The work in this chapter was conceptualized by Nicholas Giacobbi, Dr. Dohun 

Pyeon, and Dr. Yasser Aldhamen. The final figures for this chapter were generated by 

Nicholas Giacobbi. Experiments were performed by Nicholas Giacobbi, with contributions 

from Shreya Mullapudi, Harrison Nabors, and Sarah Roosa. 
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4.1 Abstract  

There is great enthusiasm toward the development of novel immunotherapies for 

the treatment of cancer, and given their roles in immune system regulation, chemokines 

stand out as promising candidates for use in new cancer therapies. Many previous studies 

have shown how chemokine signaling pathways could be targeted to halt cancer 

progression. We and others have revealed that the chemokine CXCL14 promotes 

antitumor immune responses, suggesting that CXCL14 may be effective for cancer 

immunotherapy. However, it is still unknown what mechanism governs CXCL14-mediated 

antitumor activity, how to deliver CXCL14, what dose to apply, and what combinations 

with existing therapy may boost antitumor immune responses in cancer patients. Here, 

we provide updates on the role of CXCL14 in cancer progression, examine new pathways 

that may relate to CXCL14 antitumor immune responses, describe the development and 

construction of a CXCL14 immunotherapeutic agent.  
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4.2 Introduction 

The Goal of Cancer Immunotherapy 

The goal of cancer immunotherapy is to activate antitumor immune responses. To 

date, the use of chemokines has shown limited efficacy in doing so as 

monotherapies104,430. However, given their critical functions in immune cell regulation, 

chemokines could still be honed for effective combination immunotherapies431. Indeed, 

some recent studies have shown that the response to immune checkpoint blockade 

targeting PD-1 and PD-L1 relies on T-cell recruitment by CXCL9 and CXCL10 expression 

and CXCR3 signaling432-434. Inversely, the Combination of BL8040 and Pembrolizumab 

in Patients with Metastatic Pancreatic Cancer (COMBAT) clinical trial, which examined a 

CXCR4 antagonist (BL-8040) in combination with a PD-1 inhibitor (pembrolizumab) and 

chemotherapy, exhibited promising results in treating pancreatic ductal 

adenocarcinoma435,436, demonstrating that the negation of specific chemokine signaling 

may also serve as a viable strategy for effective immunotherapy. Using chemokines has 

shown an important impact on chimeric antigen receptor (CAR) T-cell therapy. While CAR 

T-cell therapies have been effective in treating some leukemias, lymphomas, and 

myelomas, they are less effective in treating solid tumors due to limited CAR T-cell 

infiltration into the TME120,437,438. Thus, attracting T cells by chemokines has been 

suggested to overcome this limitation of CAR T-cell therapy. For example, Wang et al. 

utilized an adenoviral vector to express CXCL11438, which recruits T cells into peripheral 

tissues 439. As T cells express high levels of CXCR3, a CXCL11 receptor, CXCL11 could 

be used as a strong chemoattractant to recruit CAR T cells into the TME. Ultimately, 

Wang et al. revealed  that CAR T-cell therapy alone is ineffective in inhibiting tumor growth 

and requires the addition of CXCL11 to achieve a significant antitumor response438. It is 
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important to reiterate that although chemokines (or their blockade) can be combined with 

ICIs or CAR T-cell therapies, an unfettered application of chemokines across situations 

may be ineffective or even harmful. Thus, prior evidence consistent with an antitumor 

response and safety in each context should be necessary for selecting chemokines and 

preparing regimens for treatment.  

Developing CXCL14 as an Immunotherapeutic Agent  

Based on the antitumor activity of CXCL14 through immune activation in several 

cancers38,116,126,127,129,440, we propose that CXCL14 could be used in cancer 

immunotherapy, particularly in treating HPV+ cancers. This possibility is further supported 

by the association of high CXCL14 expression with better patient survival in multiple 

cancers, including HNSCC and CxCa125. Furthermore, new evidence from Pan et al. has 

shown that CXCL14 expression is associated with an enhanced response to 

immunotherapy in renal cell carcinoma441.  

CXCL14 has many beneficial features as a therapeutic agent. CXCL14 is a small 

soluble protein with a size of ~10 kDa and can be delivered by several different vehicles, 

such as viral vectors, liposomes, and nanoparticles. Because CXCL14 is constitutively 

expressed by many cell types throughout the body for maintaining homeostasis98, it is 

less likely to trigger any adversary effects commonly caused by proinflammatory 

chemokines442. This could be a key advantage of using CXCL14 compared to other 

cytokines (e.g., IL-2), many of which have been shown to cause high toxicity or trigger 

immune suppression via regulatory T cells443. Lastly, CXCL14 has dual functions in 

enhancing antitumor responses by recruiting natural killer (NK) and T cells into the TME 

and upregulating MHC-I expression on tumor cells to enhance antigen 
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presentation98,125,126,441. Thus, CXCL14 has great potential as an immunotherapeutic 

agent in novel combination immunotherapy with an ICI, particularly for ICI nonresponders.  

Understanding the Mechanism of CXCL14-Mediated Tumor Suppression  

CXCL14 upregulates MHC-I expression in HPV+ HNSCC cells and increases the 

infiltration of NK, CD4+, and CD8+ T cells into the TME125. However, the native CXCL14 

receptor(s) and their signaling pathways required for MHC-I upregulation and immune cell 

chemotaxis remain to be elucidated. Tanegashima et al. found that CXCL14 binds to CpG 

oligodeoxynucleotides (ODNs) to induce toll-like receptor 9 (TLR9) signaling in dendritic 

cells444. Later, it was identified that the N-terminal loop structure of CXCL14, distinct from 

other CXC chemokines, is required for DNA recognition and internalization445. TLR9 

activation also requires the N-terminal domain at amino acids 1–12 and the 40S loop at 

amino acids 41–47445. The evidence related to TLR9:CXCL14 signaling may also explain 

the orphan receptor status of CXCL14 with its activity outside the paradigm of typical 

CXC-CXCR receptor interactions. On the other hand, Witte et al. have shown that 

CXCL14 binds to CXCR4 to mediate platelet and monocyte chemotaxis446, but the 

possibility of CXCR4 as the receptor for CXCL14 is controversial and lacks a definitive 

conclusion447-450. Despite these findings, it is still unclear whether TLR9 and/or CXCR4 

are involved in MHC-I upregulation and/or NK and T cell recruitment by CXCL14. 

Although CXCR4 is highly expressed on T cells and is important for T cell chemotaxis451, 

there is no evidence that the CXCL14-CXCR4 axis plays any role in T cell recruitment to 

the TME. Kouzeli et al. have shown that CXCL14 synergistically enhances interactions of 

CXCL13, CCL19, and CCL21 with their receptors to increase immune cell chemotaxis in 

vitro452. Thus, it is possible that CXCL14 plays a broad and non-linear role in MHC-I 

upregulation and lymphocyte chemotaxis beyond a direct ligand-receptor interaction.  
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Developing Effective Delivery Tools for CXCL14  

A pharmacologic approach to restore CXCL14 may be possible using the DNA 

methyltransferase inhibitor (DNMTi) decitabine (5-aza-2’-deoxycytidine). We have 

previously shown that decitabine treatment reverses CXCL14 promoter hypermethylation 

and upregulates CXCL14 expression in HPV+ cancer cells126. Other groups have also 

shown the effectiveness of decitabine in upregulating CXCL14 to treat cancer118,453,454. 

However, the expression of many genes is affected by DNA methylation. Given the global 

impact on DNA methylation by decitabine, treatment may cause undesired effects and/or 

drug-related toxicity in patients beyond restoring CXCL14 expression. Thus, developing 

methods for the ectopic delivery of CXCL14 may be necessary to use CXCL14 as an 

immunotherapeutic agent. Potential methods for CXCL14 delivery include the 

administration of recombinant CXCL14 protein directly into the TME and CXCL14 gene 

using nanoparticles, liposomes, or viral vectors. Because each method has clear 

advantages and disadvantages, as previously documented455-458, effective CXCL14 

delivery may depend on these technical limitations and patients’ circumstances (e.g., 

immunocompromised condition). For instance, the direct application of recombinant 

CXCL14 protein may be challenged by the lack of posttranslational modifications required 

for its proper functions113,459. Nanoparticles and liposomes have been shown to be 

effective in previous cancer therapies but are still limited by their route of administration 

and biodistribution460. On the other hand, viral vectors, such as adenovirus and vaccinia 

virus, have been shown to effectively deliver chemokine genes and boost antitumor 

immune responses as an additional benefit, given their documented role in innate immune 

activation461,462. Conversely, pre-existing immunity can quickly eliminate these viruses 
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and block successful CXCL14 delivery463. Thus, further tests are warranted to determine 

the most effective methods for CXCL14 delivery.  

CXCL14 Therapeutic Dose and Combination Therapy  

Determining the CXCL14 levels required for inducing effective antitumor immunity 

while being safe for a patient to receive is crucial for the success of using a CXCL14 

immunotherapeutic agent. We have previously shown that restoring the physiological 

levels of CXCL14 in HPV+ HNSCC cells significantly suppresses tumor growth in 

immunocompetent syngeneic mice126. Our results support the notion of CXCL14-

stimulated antitumor immunity for treating HPV+ HNSCC, however the optimal 

therapeutic dose of CXCL14 for a human patient is still unknown. Furthermore, given that 

tumorigenic mechanisms can be unique to each patient and coupled with the elaborate 

complexities of individual TMEs464,465, the effective level of CXCL14 required for individual 

treatment may vary significantly among different patients. Even if therapeutic levels of 

CXCL14 could be clinically attained, the local application of CXCL14 to (or from) a single 

tumor site may not instigate an adequate immune response to promote cancer clearance 

in patients with advanced metastatic disease. This point is especially relevant in HPV+ 

HNSCC, where ~50% of cases have an unidentified primary tumor, and cells have already 

migrated from the initial tumor site466. Although some studies have indicated that high 

systemic levels of CXCL14 are safe in humans or mice119,467, applying CXCL14 

systemically may be impractical and still have unforeseen negative consequences. Thus, 

the local administration of CXCL14 directly into the TME could be an alternative approach 

to induce adaptive antitumor immune responses in combination with other immune-

modulating therapies (e.g., a tumor vaccine). Previous studies have shown that delivering 

HPV epitope vaccines results in tumor suppression209,212. Thus, we hypothesize that 
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combinations of CXCL14 with an HPV tumor vaccine will further augment antitumor 

responses by enhancing T-cell infiltration and MHC-I antigen presentation, leading to 

robust tumor suppression125,126. From this basis, we sought to further explore the 

properties of CXCL14 related to its antitumor mechanisms and to prepare a CXCL14 

transgene immunotherapy for the stimulation of antitumor immunity.    
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4.3 Results 

Optimizing CXCL14 Protein Stability  

To begin development of an effective CXCL14 immunotherapy, the protein stability 

of CXCL14 (and chemokines generally) needs to be improved due to its short half-life468. 

Based on a previous report of protein degrons, the amino acid motifs that facilitate protein 

degradation, we hypothesized that the deletion of two consecutive glutamates (CXCL14-

dEE) at the carboxy-terminus stabilizes CXCL14 protein98,469. To test the hypothesis, we 

first analyzed the structure of CXCL14-dEE compared to wildtype CXCL14 (CXCL14-

WT), using AlphaFold470,471 and SWISS-MODEL472-476. The in silico analysis of the 

CXCL14-dEE structure did not show any significant alterations in protein folding or tertiary 

conformation compared to CXCL14-WT, except the minor changes from the truncation of 

the two glutamates (Figure 25). 

 

 

 

 

 

 

 

 

 

Figure 25. In silico structural analysis of wildtype and mutant CXCL14 proteins. 
Predicted folding representation of wildtype CXCL14, CXCL14-RY43/44AA, and 
CXCL14-dEE proteins were generated in ColabFold (v. 1.5.2), based on 
AlphaFold2470,471. Full protein structures are shown, along with detailed representations 
of mutated regions (red boxes) generated in SWISS-MODEL Workspace472-476.  
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Figure 25. (Cont’d) 
AlphaFold-predicted local distance difference test (pLDDT) represents a per-residue 
confidence score for each amino acid in the full peptide corresponding to the colored key. 
 

To examine the functional changes of deleting the two glutamates, we performed 

cycloheximide (CHX) chase assays with MG-132-treated 293T cells expressing CXCL14-

WT or CXCL14-dEE. Replacing MG-132 with CHX permits the evaluation of protein 

stability over time by inhibiting de novo protein synthesis (Figure 26A). MG-132 treatment 

does not increase levels of CXCL14-dEE to match that of CXCL14-WT, and subsequent 

CHX treatment showed a greatly reduced half-life of CXCL14-dEE. This result suggests 

that CXCL14-dEE is significantly less stable than CXCL14-WT. Additionally, Peterson et 

al. have shown that mutations in the “destruction-box” at arginine-43 and tyrosine-44 in 

CXCL14 stabilize CXCL14 protein by eliminating the E3 ligase recognition site (CXCL14- 

RY43/44AA)477. As expected, our in silico prediction of CXCL14-RY43/44AA protein 

structure showed no major changes compared to CXCL14-WT (Figure 26A). CHX 

treatment significantly enhanced the protein stability of CXCL14-RY43/44AA compared 

to CXCL14-WT, which is consistent with the previous result477. Interestingly, when cells 

were treated with CHX or MG-132 alone, CXCL14-RY43/44AA showed modest but 

consistently higher protein levels relative to CXCL14-WT. Additional chase experiments 

with brefeldin A treatment showed that CXCL14-RY43/44AA accumulated significantly 

faster than CXCL14-WT (Figure 26B). This suggests that the RY43/44AA mutation could 

contribute to increasing intracellular CXCL14 levels by limiting its secretion. However, this 

possibility should be confirmed by further investigation. 
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Figure 26. Protein stability of wildtype and mutant CXCL14 proteins. A) Western 
blots with whole cell lysate prepared from 293T cells transiently transfected with pCDH_ 
wild type CXCL14 (CXCL14-WT), CXCL14 with RY43/44AA substitution (CXCL14-
RY43/44AA), or CXCL14 with the deletion of two glutamates at the C-terminus (CXCL14-
dEE). After 24 h, cells were treated with MG-132 [10 µM] for 8 h and CHX [50 µg/mL] as 
previously described45. B) Western blots with whole cell extract prepared from 293T cells 
transiently transfected with CXCL14-WT or CXCL14-RY43/44AA. After 24 h, cells were 
treated with MG-132, CHX, or Brefeldin A [5 µg/mL]. Illustrations created with 
BioRender.com.  
 

CXCL14 Expression Inhibits Virus Growth  

Given the downregulation of CXCL14 during the course of HPV infection and 

cancer progression126, it may be that HPV evolved to downregulate CXCL14 expression 

as part of an immune evasion strategy. To examine the potential of CXCL14 antiviral 

activity, we evaluated virus growth with the over-expression of CXCL14. CXCL14 was 

over-expressed for 24 hours in 293FT cells, then cells were challenged with increasing 

multiplicities of infection (MOI) of adenoviral vectors expressing green fluorescent protein 

(Ad5-GFP). At 72hrs post infection, we quantified the level of GFP by fluorescent 

microscopy to gauge the proportion of virally infected cells. Importantly, Ad5-
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adenoviruses replicate in 293FT cells by receiving the virus oncoprotein E1A in trans 

(from the cells) and with the remainder of the viral genome in the Ad5 vector. The 

expression of GFP from the Ad5 following infection provides a proxy signal for the relative 

measurement of viral gene expression and growth. Figure 27A illustrates our 

experimental setup. Figure 27B exemplifies the brightfield and GFP channel images 

analyzed in the experiment. The level of CXCL14 protein expression after 72hrs post 

infection is shown by western blotting of whole cell lysate (WCL) (Figure27C). In Figure 

28A, the histogram depicts the quantification of GFP signal in CXCL14 cells versus mock 

control cells. We found that in the cells overexpressing CXCL14, there was a significantly 

reduced GFP signal compared to control cells, corresponding to reduced virus infection 

at nearly all MOIs tested. A similar repeat experiment was performed (Figure 28B), and 

again, over expression of CXCL14 inhibited virus propagation across MOIs in our 

experimental system compared to empty vector control (Figure 28B). 

As an alternative approach to evaluate the effect of CXCL14 on virus growth, we 

performed a head-to-head growth comparison of Ad5-GFP and adenovirus expressing 

CXCL14 (Ad5-CXCL14) in 293T cells. We infected cells with equal amounts of virus,and 

quantified virus growth over time by collecting supernatant and calculating the absolute 

number of virus genomes by qPCR478. Figure 29 provides an illustration of our 

experimental scheme. Strikingly, the growth of Ad5-CXCL14 was significantly reduced 

(>30-fold) during the exponential growth phase of the virus (48 to 72hrs) relative to Ad5-

GFP (Figure 30A). Figures 30B and 30C show that both GFP and CXCL14 expression 

increases at similar rates from 18-96hrs, peaking at around 72hrs post infection. This 

indicates that the expression of CXCL14 negatively correlates with the significantly 

reduced levels of Ad5-CXCL14 virus (compared to Ad5-GFP) and suggests that CXCL14 



96 
 

is inhibiting virus growth. Overall, the results from Figures 2 & 4 indicate that CXCL14 

inhibits virus growth and may suggest that CXCL14 has an antiviral function.  

 

 

 

 

 

 

 

 

 

 

 

Figure 27. CXCL14 Expression and Ad5-GFP Infection. A) Illustrated experimental 
setup to compare effect of virus growth in the presence of CXCL14. Briefly, 5e5 293FT 
cells were plated on day one and transfected with pCDH_CXCL14-3xFLAG the next day. 
24-hrs post transfection, cells were infected with Ad5-GFP at their respective MOI. 72-hrs 
post infection, GFP signal was captured by fluorescent microscopy and quantified by 
ImageJ software. B) Examples of brightfield and GFP images analyzed and compared in 
the experiment. C) Western Blot of WCL from cells transfected with pCDH_CXCL14-
3xFLAG or mock transfected control. WCL was probed for CXCL14 (anti-FLAG) or beta-
actin (loading control). Illustrations created with BioRender.com. 
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Figure 28. CXCL14 inhibits adenoviral growth. Following transfection of CXCL14 for 
24hrs, cells were challenged with Ad5-GFP at increasing MOIs. Virus input (vp/mL) was 
determined as described479. GFP signal was captured by fluorescent microscopy at 72 
hours post infection. GFP positive signal relative to the total brightfield area of cell 
coverage was estimated using ImageJ software (%GFP Positive Cells). Significance was 
calculated by Fisher’s Least Significant Difference test. ****p<0.0001, ***p<0.001, 
**p<0.01, *p<0.05. Error bars represent SD. A) Compares 293FT cells transfected with 
pCDH-CXCL14 to mock transfected controls. B) Compares 293FT cells transfected with 
pLenti6-CXCL14 to pLenti6-empty vector control.  
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Figure 29. Experimental Setup of Ad5-GFP versus Ad5-CXCL14 Growth. 
Approximately 1e6 293FT cells were plated in parallel in individual 3.5cm dishes 
corresponding to each time point (0, 6, 18, 24, 48, 72, or 96hrs). Equal virus inputs (1e10 
viral genome copies) of Ad5-CXCL14 or Ad5-GFP input were added to each respective 
plate in a final volume of 2mL. At each timepoint, total supernatant was collected and 
frozen at -80°C. From each supernatant, virus DNA was purified and used to measure 
absolute genome copy numbers. Resultant values are plotted in Figure 30A. Illustrations 
created with BioRender.com. 
 

 

 

 

 

 

 

 

 

 

Figure 30. CXCL14 Expressing Adenovirus Demonstrates Attenuated Growth. A) 
Quantification of viral genome copies by RT-qPCR at each time point from Ad5-CXCL14 
or Ad5-GFP viral infections. B) Expression of GFP signal overtime from cells infected by 
Ad5-GFP.  The %GFP-positive cells were measured via fluorescent microscopy and 
quantified by Image J software. C) Western blot of whole cell lysates probing for CXCL14-
3xFLAG prepared from 293FT cells infected with Ad5-CXCL14. Significance was  
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Figure 30. (Cont’d) 
calculated using Student’ T-test. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05. Error bars 
represent SD. Illustrations created with BioRender.com. 
 

CXCL14 Downregulates Integrin Receptor Expression 

To elucidate on the mechanisms underlying decreased virus growth with the 

overexpression of CXCL14, we considered viral entry as a possible point where CXCL14 

may restrict the virus. Both papillomaviruses and adenoviruses utilize common receptors 

to enter host cells (e.g., integrins) and initiate infection480-483. For example, Integrin alpha 

V beta5 (αvβ5) is a protein heterodimer used to bind the cell to extracellular matrix484, and 

is required for internalization of adenovirus, with some evidence even suggesting it as a 

primary receptor for virus attachment485,486. Several integrins subunits, with ITGA5 among 

them, were upregulated and were associated with high-risk HPV+ HNSCC and cervical 

cancer groups481, suggesting possible involvement with HPV infections as well. However, 

we are unaware of evidence that shows CXCL14 can regulate the expression of integrins, 

but given the possible importance of integrin expression in HPV+ HNSCC481 and viral 

entry, we chose to evaluate if CXCL14 can affect integrin expression. Following Ad5-GFP 

infection, the relative mRNA expression of the integrin subunits, ITGAV or ITGB5, were 

quantified. Figure 31 indicates that both ITGAV and ITGB5 transcription was significantly 

downregulated at the time of infection in cells expressing CXCL14 relative to control cells, 

but the effect on ITGB5 was more dramatic. There was also a steady increase in the level 

of ITGB5 mRNA level over the course of infection, although levels did not meet control 

values (Figure 31B). These observations suggest that the expression of the integrin αvβ5 

subunits could be regulated by a CXCL14-mediated pathway. Additionally, the increase 

in ITGB5 over time might suggest a virus-related mechanism to increase ITGB5 
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expression and cellular susceptibility. This data may help to explain the meaning of HPV 

downregulation of CXCL14, along with a need for ITGB5 to help viral entry485. However, 

more studies are required to confirm this possibility, to establish that CXCL14 is regulating 

integrin expression, and if it is truly related to an antiviral mechanism. 

 

 

 

 

 

 

 

 

Figure 31. CXCL14 Downregulates Integrin Expression. Relative mRNA expression 
(ΔΔCT) by RT-qPCR, normalized to GAPDH control for ITGAV (A) or ITGB5 (B) 
expression. Following mock (control) or CXCL14 transfection, cells were infected by Ad5-
GFP (MOI=5). Cells were collected at corresponding time points (0, 3, 6, and 12hrs post 
infection) for total RNA purification and downstream RT-qPCR. Significance p-values 
were calculated using Dunnett’s Multiple Comparisons Test. ****p<0.0001, ***p<0.001, 
**p<0.01, *p<0.05. Experiments were performed once with three technical replicates per 
condition. Error bars depict SD. 
 

CXCL14 Activates TLR9 Signaling 

During HPV infection, host cells can detect viral double-stranded DNA (i.e., 

unmethylated CpG dsDNA) via Toll-like receptor 9 (TLR9) and subsequently induce an 

immune response which can lead to increased MHC-I expression487. However, HPV has 

evolved counter-mechanisms which can block TLR9 signaling74,75. CXCL14 can bind to 

CpG oligodeoxynucleotides (ODNs) to induce TLR9 signaling as part of an adaptive 

immune mechanism444. Therefore, we hypothesized that CXCL14 augments activation of 
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TLR9 signaling to mediate control of viral infections. We quantified TLR9 activation 

following the overexpression of CXCL14 and Ad5-GFP infection over time. Figure 32 

shows the relative mRNA expression levels of interleukin-12a (IL-12a) as a read-out of 

TLR9 activation445. We also quantified the level of tumor necrosis factor alpha (TNF-ɑ) 

and interleukin-1β (IL-1b) for comparison. Relative to the control sample, CXCL14 

expression increased the level of IL-12a transcript significantly at 0hr (prior to infection). 

IL-12a levels peaked at 3hrs post infection in the CXCL14 expressing cells, then 

appeared to retract later at 6 and 12hrs. Control cells also showed increased IL-12a 

signal, but they did not reach statistical significance until 12hrs post infection, and overall, 

were lower when compared to CXCL14 expressing cells at matching timepoints. This 

suggests that CXCL14 expression affects TLR9 activation. In contrast, TNF-ɑ signaling 

did not demonstrate significant changes between control and CXCL14 expressing cells, 

but the relative levels of TNF-ɑ expression did trend upward overall. For example, at 3hrs 

post infection, the CXCL14 group narrowly missed significance with p=0.0527, and may 

indicate some influence by CXCL14 and/or cellular response to the virus. Lastly, IL-1b 

signal was below our threshold of detection in both the experimental and control groups, 

and may be unaffected by CXCL14 (data not shown). Taken together, these results 

suggest that CXCL14 is influencing TLR9 activation and may help contribute to an 

antiviral mechanism.  
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Figure 32. CXCL14 Activates TLR9 Signaling. Relative mRNA expression by RT-qPCR, 
normalized to GAPDH control (ΔΔCT) for IL-12a (A) or TNF-ɑ (B) expression. Following 
mock (control) or CXCL14 transfection, cells were infected by Ad5-GFP (MOI=5). Cells 
were collected at corresponding time points (0, 3, 6, and 12hr) and analyzed as above by 
RT-qPCR. Significance p-values were calculated using Dunnett’s Multiple Comparisons 
Test. ****p<0.0001,***p<0.001, **p<0.01, *p<0.05. Experiments were performed once 
with technical replicates as shown. Error bars depict SD. 
 

Adenoviral Transgene Vector Construction for Delivery of CXCL14 and HPV 

Epitope Vaccine 

We have prepared a novel transgene cassette comprised of the mature mouse 

CXCL14 (lacking signal peptide) chemokine with a 3xFLAG tag, a P2A self-cleavage site 

from porcine teschovirus-1488, and a chimera of five fused truncated viral epitopes from 

HPV16 E6 and E7 (HPV-Epitopes) which are flanked by a human calreticulin signal 

peptide (spCRT) and KDEL sequences (Figure 33A). The HPV epitope chimera 

incorporates regions with predicted immunogenicity and presentation via MHC-I, as 

calculated by the Immune Epitope Database & Tools (IEDB) (Table1)489,490. Table 1 

shows the allele, peptide sequence, and score for peptides which are predicted to be 

presented via MHC-I from the chimera sequence. The cassette design provides space to 

incorporate two open reading frames separated by the P2A site for efficient expression  
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Table 1. Immune Epitope Database & Tools Analysis of HPV E6 and E7 sequence. 
Predicated peptides for loading into class I HLA- alleles and their corresponding immune 
score generated by IEDB (http://tools.iedb.org/main/). 
 

of both CXCL14 and HPV-Epitopes488. The spCRT and KDEL sequences flanking 

the HPV-epitopes promote endoplasmic reticulum retention which contributes to 

enhanced presentation of viral epitopes via MHC-I for robust T cell responses, as 

previously shown in HPV+ HNSCC491. Figure 33B shows a western blot of WCL from 

293T cell transiently transfected with the full gene cassette versus controls. Both the full-

length version and the ribosomal skip fragments (“cleaved” product) of CXCL14 and HPV-

Epitope products were detected (Figure 33B)492. At longer exposure times, the E7 

antibody was also able to detect the full-length expression (data not shown). Figure 34 

summarizes the overall mechanism we predict the transgene therapy can achieve. Based 

Allele Length Peptide Score Rank 

HLA-A*01:01 10 HGDTPTLHEY 0.853261 0.05 

HLA-B*57:01 9 RAHYNIVTF 0.829208 0.18 

HLA-B*58:01 9 RAHYNIVTF 0.765275 0.14 

HLA-A*01:01 9 VAEPDRAHY 0.743705 0.08 

HLA-A*68:02 10 ETTDLTIHDI 0.723534 0.08 

HLA-B*40:01 9 LEDLLMGTL 0.712717 0.15 

HLA-B*15:01 9 RAHYNIVTF 0.699828 0.13 

HLA-A*32:01 9 RAHYNIVTF 0.686351 0.04 

HLA-A*02:01 9 YMLDLQPET 0.683365 0.14 

HLA-A*68:02 10 EVYDFAFRDL 0.639435 0.11 

HLA-B*35:01 9 VAEPDRAHY 0.617238 0.16 

HLA-A*02:06 9 YMLDLQPET 0.608163 0.16 

HLA-A*02:01 9 TLHEYMLDL 0.587294 0.21 

HLA-B*15:01 9 TLRLCVEVY 0.553514 0.24 

http://tools.iedb.org/main/
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on this mechanism, we hypothesize that the expression of the CXCL14 and HPV-epitope 

cassette in tumor cells will drive antitumor immunity leading to their clearance.  

 

 

Figure 33. Construction and Expression of CXCL14 and HPV Epitope Transgene 

Cassette. A) The complete amino acid sequence for the chimera of HPV16 E6/E7 

truncations. Each portion (separated by a hyphen) corresponds to the amino acid number 

(subscript) from the wildtype sequence. The transcription of the chimera is driven by the 

CMV promoter.  spCRT = signal peptide of human calreticulin; KDEL = lysine, aspartic 

acid, glutamic acid, leucine peptide; HA = human influenza hemagglutinin. B) Western 

blot of WCL prepared from 293FT cells transiently transfected with plasmid expressing 

the cassette for 48hrs. Adeno Vector = (pShuttle-CMV); Lenti Vector = (pLenti6) . C) 

Plasmid Map of pShuttle-CMV with cloned CXCL14 and HPV Epitope Transgene 

Cassette. Illustrations created with BioRender.com. 
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Figure 34. Overview of Hypothesized CXCL14 and HPV-Epitope Transgene 

Cassette Mediated Antitumor Mechanism in HPV+ HNSCC. (1) Ad5 transgene vector 

infection of tumor cells. (2) Expression of CXCL14 and HPV-Epitope sequences. (3a) 

CXCL14 increases MHC-I expression and presentation of packaged HPV-epitope 

sequences. (3b) Secreted CXCL14 signal attracts CD8+ T cells into the TME. (4) CD8+ 

Cytotoxic T cell antitumor response ensues. Illustrations created with BioRender.com. 
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4.4 Conclusions  

Many studies have indicated that CXCL14 can have an important role in activating 

antitumor immunity, and given the appropriate context, the application (or restoration) of 

CXCL14 may be useful to augment current cancer therapies98. For example, in HPV+ 

HNSCC the expression of CXCL14 is dysregulated and restoration of CXCL14 promotes 

antitumor immunity125. While CXCL14 could be applied as a monotherapy, it is more likely 

to work in combination with other immunotherapy, such as a vaccine or alongside immune 

checkpoint blockade. Regardless, using CXCL14 as an immunotherapeutic agent is still 

challenged by limitations in understanding its antitumor mechanisms, its short half-life, 

and lack of a viable delivery methods. In this study, we attempted to address these issues 

in the hope of improving the rationale underlying the use of CXCL14, and to develop an 

effective method for its application. We show that CXCL14 expression limits adenoviral 

growth in vitro, and that antiviral signaling may be mediated through decreased 

expression of integrin subunits needed for viral entry and/or by increased TLR-9 

activation. Preparation of CXCL14 mutant sequences, in an attempt to improve the 

stability of CXCL14, may be complicated by changes in the chemokines ability to be 

secreted. Lastly, we have developed a viral-based transgene platform for the multigene 

delivery of CXCL14 and an HPV-Epitope vaccine which was detected from multiple viral 

vectors. In conclusion, our results provide a vital next step in understanding CXCL14 

antitumor immunity, and add new value to its potential as an immunotherapeutic agent.  
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CHAPTER 5 

Discussion and future directions 
 

Contributions to Science 

The work in this chapter was conceptualized by Nicholas Giacobbi. The final 

figures for this chapter were generated by Nicholas Giacobbi. The experiments in this 

chapter were performed by Nicholas Giacobbi with contributions from Lexi Vu, Conchai 

Yang, and Dr. Mohamed Khalil. Table 2 was derived from the CRISPR/Cas9 screens 

described in Chapter 2. 
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5.1 Chapter 2: Epigenetic Immune Evasion 

Immune surveillance is crucial for the elimination of cancer cells, and a key factor 

necessary for effective surveillance is the display of antigens by MHC-I molecules. MHC-

I expression is required for the identification and destruction of cancer cells by the immune 

system, and with reduced expression, cancer cells can evade detection and persist at a 

higher rate. Attenuated MHC-I expression and antitumor immunity may also limit the 

effectiveness of current cancer therapies. In this study, we set out to understand the 

mechanisms that regulate MHC-I expression in HPV+ HNSCC. 

A valuable clue about how MHC-I could be downregulated in HPV+ HNSCC came 

from a report on two Merkel cell carcinoma patients, which indicated that MHC-I 

expression was repressed by the transcriptional downregulation of HLA-B and B2M in 

relapsed patient tumors493. Subsequent work by Burr et al., showed that the 

transcriptional downregulation of MHC-I and APM was linked to epigenetic changes 

levied by dysregulated PRC2, and that the mechanism was observable in several other 

cancers160. Consistent with those observations, results from our genome-wide 

CRISPR/Cas9 screening identified core members of the PRC1/2 among the very top 

negative MHC-I regulators. This suggested that a similar mechanism to that observed by 

Burr et al. could be at play in HPV+ HNSCC. Ensuing validation through genetic and 

pharmacologic inhibition of PRC2 revealed an increase in MHC-I and APM mRNA 

expression, indicating that HPV also exploits PRC2 to promote immune evasion through 

transcriptional repression of MHC-I genes. However, we observed some opposing 

findings compared to Burr et al., particularly regarding their evidence that PRC2 inhibition 

derepresses NLRC5 and enhances IRF1 binding at HLA-B and -C loci160. In contrast, our 

treatment of SCC90 cells with EZH2i (GSK126) instead drove the relative levels of 
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NLRC5 mRNA down. This result was unexpected given the known role of NRLC5 in 

enhancing MHC-I expression494,495. Additionally, our CUT&RUN analysis from GSK126 

treated SCC90 cells shows apparent alleviation of H3K27me3 at the NRLC5 locus 

(Figure 12E). This disparity has several possible explanations, the most buoyant being 

that increased MHC-I expression operates through an NLRC5 independent mechanism. 

Ironically, this possibility was confirmed by the researchers in Burr et al., when they 

showed that deletion of NLRC5 only slightly limited an increase in MHC-I expression 

following EZH2i treatment160. Hence, NLRC5 may not be critical to PRC2 mediated 

inhibition of MHC-I expression in HPV+ HNSCC. However, this pathway and its 

relationship to other factors (e.g., IRF1) should be investigated further to better appreciate 

PRC2 mediated downregulation of MHC-I (and its restoration) in HPV+HNSCC.  

Additional insights into the MHC-I/PRC2 pathway come from observations made 

by Sparbier et al., who connected the role MENIN (MEN1) to the downregulation of MHC-

I246. Likewise, we also observed that MENIN was a significant negative MHC-I regulator 

in our CRISPR/Cas9 screens, which we validated by genetic knockout (Figure 35). 

Sparbier et. al., showed that MENIN negatively regulates MHC-I gene expression by 

sequestering the trithorax proteins (transcriptional promoters), KMT2A/B, away from 

bivalent promoters, permitting PRC2 mediated transcriptional repression246. With 

inhibition of MENIN, however, KMT2A/B activity tipped the balance in favor of 

transcriptional promotion of MHC-I gene expression496. Given our results with MENIN, 

additional work to examine the factors controlling bivalent gene expression in HPV+ 

HNSCC, is warranted, along with the possibility that MENIN(MEN1) could be novelly 

targeted (i.e., small molecule inhibitors) to limit immune evasion497,498. 
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Figure 35. Genetic knockout of MEN1 Increases MHC-I Expression. A) Surface 
expression of total HLA-ABC detection by flow cytometry following sg-RNA treatment for 
MEN1 knockout or with scrambled control (sgR-scr) in SCC152 cells. Significance p-
values were calculated using Dunnett's multiple comparisons test. ****p<0.0001, 
***p<0.001, **p<0.01, *p<0.05. 
 

Additional relevant negative MHC-I regulators found in our screens included 

PCGF1 and MTF2. PCGF1 is a member of the PRC1 complex and is known to negatively 

control gene expression during differentiation of the embryo and can enhance PRC2.1-

MTF2 activity246,273,496. MTF2 mediates the recruitment of PRC2 to target genes by 

recognizing both unmethylated CpG islands and an unwound DNA confirmation state 

which can selectively accommodate the winged-helix structure of MTF2254. MTF2 

expression was increased in our HPV+ HNSCC cell lines (Figure 5A-C). Thus, it would 

be interesting to learn if the genes relevant to MHC-I regulation (e.g., HLAs or APMs) are 

targeted by PRC2 in and PRC2.1-MTF2 manner and should be examined. Specifically, 

CUT&RUN experiments could be used to locate MTF2 and the PRC2.1 complex in CGI 

promoter regions of HLA or APM genes, further suggesting their direct influence on 

specific genes and MHC-I expression.  
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The conspicuous reliance of PRC2 activity on the repression of MHC-I across all 

three of our CRISPR/Cas9 screens was reinforced by the “Top Canonical Pathways” 

analysis from IPA376. In each screen, PRC2 pathways were within the top 15 predicted 

negative MHC-I regulatory pathways of the hundreds identified (Table 2). IPA calculated 

significance (p-Value) and (Z-Score) based on the magnitude, direction, and known 

associations, and we then sorted the top hits by magnitude of negative Z-score (i.e., 

negative MHC-I regulators) and then significant p-Value. PRC2 pathways were named as 

either “PRC2 histone methylation” or by PRC2’s association with “HOTAIR.” Table 2 

juxtaposes the top 15 pathway hits and statistics calculated by IPA, but the full list of 

genes which make up a given pathway dataset can be found in the complete tables in the 

“Canonical Pathways” supplemental figure 3. Overall, pathway analysis provided 

another clear indication of the robust influence of PRC2 on MHC-I repression in HPV+ 

HNSCC. 

Given the identification of HOTAIR in the SCC152 or SCC90 screens, follow-up 

experiments should include KO of the additional genes in the HOTAIR signatures and the 

evaluation of MHC-I expression. Increase in MHC-I may suggest the possible involvement 

of HOTAIR in aiding the targeting of PRC2 to gene loci important for MHC-I 

repression289,290. 

Another of the most valuable negative MHC-I regulator genes identified in the 

genome-wide screens was the lysine acetyltransferase, KAT2A. In general, KAT2A and 

the SAGA complex are notable for coactivating gene transcription rather than negating 

it297. Thus, at first it seemed counterintuitive that KAT2A would be one of the most 

significant negative MHC-I regulators in the HPV+ HNSCC cells. However, KAT2A/SAGA 

has been increasing reported to drive tumorigenic phenotypes and is shown to be  



112 
 

Table 2: List of Pathways from IPA Core Analysis 

  SCC152     

  Pathway  -log(p-value) z-score 

1 Cell Cycle Control of Chromosomal Replication 1.81 -2.646 

2 HOTAIR Regulatory Pathway 1.65 -2.887 

3 Colorectal Cancer Metastasis Signaling 1.64 -2.673 

4 Role of Osteoblasts in Rheumatoid Arthritis  1.42 -1.5 

5 Neurovascular Coupling Signaling Pathway 1.41 -2.673 

6 Pulmonary Fibrosis Idiopathic Signaling  1.39 -3.411 

7 IL-10 Signaling 1.37 -1.155 

8 Th17 Activation Pathway 1.34 -2.646 

9 Role of JAK2 in Hormone-like Cytokine  1.3 -1.342 

10 Multiple Sclerosis Signaling Pathway 1.22 -2.84 

11 Macrophage Classical Activation Signaling  1.22 -2.714 

12 Wound Healing Signaling Pathway 1.14 -1.5 

13 Sirtuin Signaling Pathway 1.11 -0.577 

14 PEDF Signaling 1.02 -0.447 

15 BMP signaling pathway 0.923 -1 

  SCC90     

  Pathway  -log(p-value) z-score 

1 BER (Base Excision Repair) Pathway 4.16 -3.162 

2 CSDE1 Signaling Pathway 3.34 -2.53 

3 Dolichyl-diphosphooligosaccharide Biosynthesis 2.84 -2 

4 Antiproliferative Role of TOB in T Cell Signaling 2.83 -0.378 

5 Mismatch Repair in Eukaryotes 2.63 -1.342 

6 NER (Nucleotide Excision Repair, Enhanced) 2.57 -3.051 

7 Assembly of RNA Polymerase II Complex 2.49 -2.828 

8 FAT10 Cancer Signaling Pathway 2.31 -2.121 

9 Autophagy 1.97 -2.828 

10 Superpathway of Cholesterol Biosynthesis 1.91 -2.236 

11 

Cell Cycle: G2/M DNA Damage Checkpoint 

Regulation 1.77 -0.816 

12 Chaperone Mediated Autophagy Signaling Pathway 1.73 -1.789 

13 Adipogenesis pathway 1.51 -0.832 

14 HOTAIR Regulatory Pathway 1.48 -3.207 

15 Cell Cycle Control of Chromosomal Replication 1.48 -2.646 

  N/Tert-1_E6E7     

  Pathway  -log(p-value) z-score 

1 Autism Signaling Pathway 3.2 -2.6 

2 GNRH Signaling 2.97 -3.606 

3 Androgen Signaling 2.81 -2.828 

4 Rap1 signaling 2.78 -2 

5 Synaptogenesis Signaling Pathway 2.71 -4.899 

6 RHO GTPases activate PKNs 2.65 -2.236 

7 Cardiac Hypertrophy Signaling 2.49 -3.742 

8 Parkinson's Signaling Pathway 2.49 -2.294 

9 S100 Family Signaling Pathway 2.35 -6.091 

10 IGF-1 Signaling 2.34 -2.333 

11 Melatonin Signaling 2.31 -1.134 

12 Glutaminergic Receptor (Enhanced) 2.3 -4.082 

13 G Beta Gamma Signaling 2.26 -3.606 

14 Acetylcholine Receptor Signaling  2.24 -3.873 

15 PRC2 methylates histones and DNA 2.23 -2.236 

 

associated with cancer progression of the breast499,500, lung326,501, prostate502,503, 

stomach333, colon325, and others370,504,505. KAT2A overexpression in HPV+ cervical 
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cancer is also implicated for its role in promoting dysregulated E2F and MYC activity and 

probably exacerbates their effects on cancer progression329. The relationship between 

KAT2A/SAGA and MYC transcriptional activation is well known, and its activation is 

important to both cellular transformation and to the establishment of 

oncogenesis56,297,318,321,324,357.  

We confirmed that the inhibition of KAT2A contributes to increased MHC-I 

expression and to decreased PRC2 expression. Our evidence was complemented by the 

TCGA HNSCC data that indicated strong positive correlations between KAT2A with PRC2 

gene expression. Together, these results suggest that dysregulated KAT2A and the 

subsequent increase in PRC2 expression is at least partly responsible for the negative 

effects on MHC-I expression. However, it does not rule out the possibility that KAT2A 

affects PRC2 independent mechanisms, which can downregulate MHC-I expression, or 

that PRC2 could be co-opted by other transcriptional co-activators. The effect of 

KAT2B(PCAF) is also important to consider, as KAT2B is ~73% homologous to KAT2A, 

and can share overlapping functions337,341. KAT2B can also directly support EZH2 

stability330. Examination of examination of KAT2B levels in the TCGA data shows a clear 

downregulation of KAT2B in the HNSCC relative to normal samples (via Timer2.0). 

Although KAT2B may not be dysregulated in the same way KAT2A is in HPV+ HNSCC, 

it does not preclude the possibility that KAT2B is supporting cancer progression or still 

compensating for KAT2A. We propose single KO experiments for KAT2B and evaluation 

of MHC-I and PRC2 expression in the future. Given the impact of GSK4027 (KAT2A/B 

inhibitor) treatment in the HPV+ cancer lines, a double KO experiments for KAT2A/B may 

also be necessary to test. However, a complete double KO may not be practical337. 
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Genetic knockout experiments of the other SAGA complex members TADA1, 

USP22, and TAF6L, also showed similar increases in MHC-I expression to what was 

observed with KAT2A KO, suggesting that SAGA members are working together to 

repress MHC-I. An important next step in this study would be to isolate/over express the 

SAGA complex members and determine if their activity alone can drive MHC-I 

suppression or if the whole of the SAGA complex is required. USP22, for example, is 

known to act independently to promote immune evasion and drug resistance319,335,506, 

and it would be valuable to have more understanding on the individual SAGA members. 

Examination of HPV+ HNSCC TCGA samples showed a robust negative 

correlation between KAT2A expression and HLA-E, -B, and -C. This finding concurred 

with our previous report38, and the apparent preferential targeting of HLA-B, and -C by 

PRC2 and/or KAT2A evident in the CRISPR/Cas9 screen validation experiments. We 

also observed that with KAT2A knockout, HLA-E expression was strongly upregulated in 

SCC152 cells, but relative HLA-E mRNA levels were somewhat decreased in SCC90 

cells relative to control (Figure 36). This result was unexpected, given the strength of the 

association of HLA-E expression with KAT2A, and that the mRNA levels of HLA-E are 

downregulated in both SCC90 and SCC152 cell lines compared to N/Tert-1 control cells 

(Figure 36). Regardless, these observations suggest that KAT2A cannot be solely 

responsible for the control of HLA-E in SCC90 cells and that an additional unknown 

factor(s) is maintaining the suppression of HLA-E that is absent in SCC152 cells. This 

result was especially interesting because SCC90 and SCC152 were derived from 

separate secondary tumors from the same patient, but approximately one year apart361. 

We reported that in keratinocytes expressing high-risk HPV E7, distal CpG islands near 

the HLA-E gene locus were hypermethylated, leading to downregulated HLA-E 
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expression38, but it is currently unclear what the DNA methylation status of CpG islands 

near HLA-E is in SCC90 or SCC152 cells. Experiments to gain that understanding may 

be a crucial first step in differentiating the differences in HLA-E expression between the 

HPV+ HNSCC cell lines, and how/if it may relate to KAT2A repression.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36. Expression of HLA-E is Differentially Regulated by KAT2A in 
HPV+HNSCC. A) Relative mRNA expression by RT-qPCR normalized to B-Actin control 
(ΔΔCT) for HLA-E expression in N/Tert-1 versus SCC90 or SCC152, or B and C) Control 
sgRNA treated cells versus sgRNA-KAT2A knockouts in SCC90 or SCC152. Significant 
p-values were calculated using an unpaired student’s T-test. ****p<0.0001, 
***p<0.001,**p<0.01, *p<0.05.(A) Represents one experiment of a duplicate. (B and C) 
represent single experiments. Each experiment has three technical repeats per condition. 
Error bars represent SD. 
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The pharmacologic validation experiments of our CRISPR/Cas9 screen results in 

this study are encouraging for the application of small molecule epigenetic inhibitors to 

help treat HPV+ HNSCC. The inhibition of EZH2 by GSK126 or Tazemetostat was able 

to increase MHC-I, and EZH2 inhibition correlated with reduced of H3K27me3 at 

HLA/APM genes. Additionally, we also tested a third EZH2 inhibitor, DZNEP. Both 

GSK126 and Tazemetostat directly target the action of EZH2 by competing with its 

cofactor, S-adenosylmethionine (SAM), to inhibit its activity507. Alternatively, DZNEP (3-

Deazaneplanocin A), targets EZH2 indirectly by targeting S-adenosylhomocysteine 

(SAH) hydrolase, allowing SAH levels to increase, which then competes with SAM and 

inhibits EZH2508. Similar to our results in (Figures 10-13) DZNEP was able to increase 

MHC-I levels with a concomitant decrease in H3K27me3 across several at several doses 

(Figure 37). Thus, through multiple small molecules targeting different points in the 

mechanism, we confirm our results of PRC2 mediated downregulation of MHC-I. 
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Figure 37. Pharmacologic Inhibitor Treatment of SCC90 Cell Line. A-D) Western blot 
analysis of WCL from SCC90 cells after 7 day treatment with DZNEP (3-Deazaneplanocin 
A) at the concentrations listed or (0.1%) DMSO. Total HLA-ABC, global H3K27me3, and 
B-Actin (loading control) were probed in each experiment. 
 

Although these results are hopeful, an additional point may need to be addressed in 

regard to PRC2. EZH1 and EZH2 are both able to operate in the context of PRC2509. 

Compensation by EZH1, or worse, selection for an EZH1 driven cancer could occur with 

inhibition of EZH2510. Thus, it may be prudent to evaluate the potential effects of EZH1 

inhibition (beyond MHC-I expression alone) in the HPV+ HNSCC cell lines as well. 

Valemetostat is dual EZH1/EZH2 inhibitor and could be more valuable than a single EZH2 

targeting agent511,512.     

The development of GSK4027 was a welcome improvement from the other known 

KAT2A/B targeting drugs513. Other small molecules, including Butyrolactone 3 and 

CPTH2, have been reported to target KAT2A/B354,355. We attempted to use these drugs, 

but both drugs required high working concentrations (>1-500uM), and their cellular toxicity 

obstructed a fair assessment of KAT2A depletion (data not shown). Interestingly, Garcinol 

was effective at depleting KAT2A, H3K9Ac levels, and increased MHC-I levels. However, 

again at higher concentrations (>6uM), its effect was potently deleterious to cells in as 
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little as 16-24 hours. Fortunately, GSK4027 targets KAT2A/B with much greater affinity in 

the conserved c-terminal bromodomain (asparagine and tyrosine residues) required for 

detecting acetylated lysine513. What is interesting about the effect of GSK4027 in our 

experiments is that, presumably, it is not blocking HAT activity and only the bromodomain 

of KAT2A/B. The bromodomain is essential for “reading” the epigenetic/histone code (at 

acetylated lysine residues), and KAT2A/B’s HAT activity should remain intact. 

Regardless, blocking the bromodomain could still explain how GSK4027 is depleting 

KAT2A and PRC2. If GSK4027 makes KAT2A unable to associate with MYC/E2Fs, or 

guide them to PRC2 genes, PRC2 might not be produced at the same level. Additionally, 

because MYC and E2F can drive KAT2A expression329, the feed forward effect may also 

be lost, and KAT2A levels could fall. A simpler explanation may be that, if GSK4027 

causes KAT2A activity to stagnant, it may linger such that it becomes more vulnerable to 

targeted degradation by cellular ubiquitin ligases. For now, it is unclear how exactly 

GSK4027 depletes PRC2 and KAT2A proteins, and it should be explored in future 

experiments.  

CUT&RUN experiments to examine the frequency of MYC or E2Fs in binding sites 

of PRC2 genes would be a valuable confirmation of the KAT2A/SAGA coactivated 

upregulation of PRC2 and downstream MHC-I suppression. Next generation RNA-seq 

experiments in KAT2A KO cell lines and/or those treated with GSK4027 would also shed 

light on the transcriptional changes present with loss of KAT2A’s influence. These results 

may also help to explain the previous observations of N-MYC and KAT2A sharing a 

significant overlap in their transcriptional targets340.  

N-MYC expression outside of the central nervous system in adults is unusual and 

aberrant expression can lead to significant effects on the epigenome514 or contribute to 
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certain cancers56,515. N-MYC expression has even been directly linked to the development 

of immunosuppressive environments in cancer 413. Thus, our detection of elevated N-

MYC in all three HPV+ HNSCC cell lines may suggest that N-MYC is driving HPV+ cancer 

through an immunosuppressive mechanism.  We have already alluded to the relationship 

of N-MYC toward EZH2 expression and activity248,249,251, in addition to both c-MYC and 

N-MYC being known to directly regulate PRC2 gene expression250. Thus, it’s plausible 

that N-MYC could be a main driver of the PRC2 mediated downregulation of MHC-I, and 

because KAT2A/SAGA coactivates N-MYC, they may augment the N-MYC oncogenic 

transcriptional program. 

An additional explanation (or consequence) behind the atypical KAT2A and N-

MYC expression in HNSCC could be part of the development of a dedifferentiated or 

“stem-cell like” state in tumor cells. KAT2A/SAGA has been implicated as a driver of 

“stemness” through multiple mechanisms, and its functions may be promoting expression 

of stem-like characteristics through epigenetic disruption of gene expression341,344,516. 

Namely of those genes typically implicated in the maintenance of cancer stem cells, e.g., 

OCT4, SOX2, NANOG CD44, STAT3, among others517. In (Figure 38) we compared 

HPV+ HNSCC cell lines to keratinocyte control cells and detected gargantuan increases 

in several of the Yamanaka factors518 (e.g., SOX2 showed a >50,000-fold increase 

relative to control!) linked to stemness and neurogenic phenotypes519-521.  

Chang et al., identified the pRb/RBL2-E2F1/4-GCN5 axis as regulating the 

formation of cancer stem cells, they and were able to inhibit stem cell formation with 

GSK4027 or L-Moses (KAT2A/B bromodomain inhibitor)343! Importantly, negative control 

experiments (using GSK4028 or D-Moses) did not reproduce the effect. Chang et al. also 

determined that E2F1/4 and KAT2A (known associates356) was driving stem cell formation 
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through WNT/β-catenin pathway activation343. Amazingly, with the application of 

GSK4027 or L-Moses, CHIP-qPCR revealed robust reductions in H3K9Ac at WNT target 

genes, indicating that KAT2A mediated E2F coactivation was blocked343! These findings 

also speak to our earlier question regarding GSK4027 bromodomain targeting and the 

reduction in KAT2A/PRC2 levels (see above), and they could support the notion that 

targeting the bromodomain is still impactful enough to hinder the coactivator activity of 

KAT2A(SAGA) and its effect on gene transcription.  Despite these exciting results by 

Chang et al., how exactly cancer stem cells link to HPV+ HNSCC progression, or if it 

impacts immune evasion directly, still remains obscure. However, these results are highly 

encouraging toward the pursuit of understanding the full range of KAT2A’s effect on 

immune evasion and cancer progression in HPV+ HNSCC.  
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Figure 38. Cancer Stem Cell Genes are Highly Upregulated in HPV+HNSCC.  
Relative mRNA expression by RT-qPCR normalized to GAPDH (ΔΔCT) control for SOX2, 
OCT4, NANOG, and STAT3 expression in N/Tert-1 relative to HPV+HNSCC cell lines. 
Statistical significance was determined by an unpaired student’s t-test. ****p<0.0001, 
***p<0.001, **p<0.01, *p<0.01. Experiments were performed once with technical 
replicates shown for each condition. Error bars represent SD. 

 

Lastly, it has not escaped our thoughts that the top gene common to all three of 

our CRISPR/Cas9 screens, B3GNT5, is playing an important role in MHC-I 

downregulation in HPV+HNSCC (Figure 3D). B3GNT5 is normally responsible for 

glycolipid synthesis522.  The protease SPPL3 attenuates B3GNT5 activity, but when 

SPPL3 activity it lost, B3GNT5 can perversely layer glycosphingolipids on cell surface 

MHC-I and shield MHC-I from both antibodies and interactions with T-Cells523,524. The 
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shielding may explain the association of B3GNT5 with low MHC-I expression in the 

CRISPR/Cas9 screens. That is, our antibody staining during flow cytometry may have 

reduced affinity yielding a low signal. In a similar study of MHC-I in lymphoma as ours, 

Dersh et al. identified an analogous axis involving SPPL3 and B3GNT2158, further hinting 

that this mechanism could also limit interactions with CD8+ T cells in HPV+ HNSCC, but 

it is for now unclear.  

To conclude, this work examined the mechanisms downregulating MHC-I in 

HPV+HNSCC. Through our investigation we learned that HPV is dysregulating epigenetic 

mechanisms linked to development as a means to evade antitumor immunity. Figure 39 

illustrates a summary of our main findings. Ultimately, we hope that this work provides 

novel experimental and therapeutic targets for future investigations in HPV+ HNSCC. 

 

 

 

 

 

 

 

 

 

Figure 39. KAT2A/SAGA:PRC2 Axis: SAGA complex promotes PRC2 
downregulation of MHC-I. Increased SAGA coactivation of E2Fs and MYC proteins, 
promotes the expression of PRC2 genes. Increased PRC2 expression results in 
increased H3K27me3 and downregulation of MHC-I expression. Illustrations created with 
BioRender.com. 
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5.2 Chapter 3: Inhibition of AURKA and N-MYC 

We identified N-MYC and its stabilizer, AURKA, as negative MHC-I regulators from 

our CRISPR/Cas9 screen analysis, along with elevated levels of N-MYC expression in 

HPV+ HNSCC cells lines. Additionally, the ubiquitin ligase, MARCHF8, is upregulated by 

c-MYC in HPV+ HNSCC and is important for immune evasion45. Thus, we estimated that 

targeting MYC family members could be valuable in understanding the mechanisms of 

MHC-I downregulation and cancer progression, and so we chose to evaluate the effect 

of AURKAi, MLN8237, in HPV+ HNSCC. 

MLN8237 (Alisertib) can bind AURKA preventing its kinase activity and allowing 

the induction of MYC degradation via the proteasome417,418. AURKAi treatment 

contributes to cancer regression in several preclinical models427,525,526. AURKA 

overexpression portends prognosis and chemotherapy resistance in patients with 

advanced oral squamous cell carcinoma527, and AURKAi has even been proposed for 

use in HPV+ HNSCC due to E7 overexpression and sensitization to AURKA inhibition528.  

Our data confirms that MLN8237 depletes N-MYC and correlates with increases 

MHC-I transcript, protein, and cell surface expression in HPV+HNSCC (Chapter 3). 

Additional drug treatments targeting similar pathways (e.g., CD532) could also be tested 

to further verify our results416. Novel small molecules which abrogate AURKA, reduce 

both N-MYC and c-MYC levels more robustly than MLN8237, and have increased 

bioavailability have also been reported529. Some additional new hope for targeting MYC 

directly with a mutant c-terminal MYC peptide (Omomyc) which blocks MYC/MAX binding 

is also in clinical development530. Beyond the validation of MLN8237 results, these new 
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compounds could increase the therapeutic potential of MYC inhibition in cancer patients 

with MYC driven cancers and warrant additional evaluation in HPV+ HNSCC. 

Some malignancies have been reported to have segregated activities for c-MYC 

and N-MYC, with the switch between them having important effects on cancer 

progression531. Future experiments should also more carefully evaluate the effects on N-

MYC and c-MYC individually and determine what overlaps and differences each of the 

proto-oncogenes have on MHC-I expression in the context of HPV+ HNSCC.  

Our lab has identified the E3 ubiquitin ligase MARCHF8 is an important regulator 

of cell surface immune receptors, capable of degrading death receptors and 

circumventing apoptosis in HPV+HNSCC45. Other reports show that MARCHF8 can 

target MHC-II for degradation, which leads to disruption T cell functions532,533, and can 

negatively regulate cGAS-STING mediated innate immunity534. Therefore, the inhibition 

of MARCHF8 could be a valuable target to help drive antitumor immunity by blocking its 

ability to limit immune responses. Unfortunately, no MARCHF8 inhibitors currently exist, 

but here we show that MLN8237 treatment can significantly reduce the expression of 

MARCHF8 through the targeting of AURKA/MYC.  

The depletion of MARCHF8 by inhibition of AURKA may have wide-reaching and 

significant ramifications in HPV+ HNSCC. AURKA was previously identified as a target of 

Cullin1(CUL1)-mediated degradation535 and MARCHF8 stabilizes HPV E7 by targeting 

CUL1 for degradation536. This means that MARCHF8 permits the increase of E7 and 

AURKA activity with depletion of CUL1. Persistent AURKA also means that MYC proteins 

can be stabilized, and increased MYC will drive increased MARCHF8 and so on, possibly 

resulting in a feed-forward loop. Thus, the inhibition of AURKA/MYC may be able to block 
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this potential loop. In turn, decreased AURKA/MYC results in decreased growth 

promoting signals and will increase antitumor immunity (death receptor responses) with 

diminished levels of MARCHF845. Figure 40 illustrates the hypothetical feed forward loop 

connecting AURKA to MARCHF8 in HPV+ HNSCC.  

 

 

 

 

 

 

 

 

 

 

Figure 40. AURKA:MYC:MARCHF8 Axis Feed Forward Loop. MARCHF8 degrades 
CUL1 and allows E7 and AURKA to persist. Increased AURKA activity permits increased 
stability of MYC. Increased MYC drives MARCHF8 and establishes a feed forward loop. 
Illustrations created with BioRender.com. 
 

The observed effect of MLN8237 treatment on MARCHF8 was complimented by 

the KAT2A knockout experiments that resulted in decreased MARCHF8 expression. This 

suggests that c-MYC and N-MYC are recruiting KAT2A to drive MARCHF8 transcription, 

further emphasizing the importance of dysregulated KAT2A in HPV+ HNSCC cancer 

progression. Furthermore, it may be also interesting to evaluate the effectiveness of 

KAT2A inhibitors on the levels of MARCHF8, as it could provide an additional option to 
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inhibit MARCHF8.  Additionally, experiments to confirm both N-MYC and c-MYC can 

promote MARCHF8 expression are necessary. Specifically, experiments to show N-

MYC/MAX on the MYC (E-Box) binding sites within the promoter region of MARCHF8 will 

be valuable in confirming the overall machanism45. 

PRC2 genes are also controlled by MYC driven transcription250, and we estimated 

that, AURKA/MYC inhibition would decrease total PRC2. However, we found that only 

EED transcription was inhibited by MLN8237 treatment, and paradoxically, EZH2 and 

SUZ12 transcript increased. This may suggest that control of EZH2 and SUZ12 are driven 

by other transcriptional programs (e.g., E2Fs385) or that the EZH2 and SUZ12 transcripts 

are more durable with AURKA/MYC inhibition. Further evaluation of PRC2 protein levels 

and PRC2 activity will likely help to elucidate these possibilities and the ultimate 

consequences of MLN8237 treatment on PRC2 expression. 

AURKA regulates cellular spindle formation and entry into mitosis, and inhibition 

of AURKA should limit cell cycle progression427,537. We observed obvious effects on cell 

growth in both our human and mouse HPV+ HNSCC, however we did not collect data on 

our human cell lines following treatment. In future experiments, we will thoroughly 

characterize the growth of our human HPV+ HNSCC cell lines by calculating growth rate 

and viability. Given previously investigations, we expect HPV+ human cancer cell 

growth/viability will be significantly reduced528, and estimate that rates of apoptosis may 

increase due to increased mitotic disruption and death receptor expression45. In 

conclusion, this work characterizes MLN8237 inhibition of AURKA/MYC in HPV+ 

HNSCC. Our data suggests that AURKA/MYC is a critical node underlying tumor immune 

evasion, and that its disruption may be effective for HPV+ HNSCC treatment.  
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5.3 Chapter 4: CXCL14 as an Immunotherapeutic Agent 

CXCL14 exhibits of an abundance of effects98, but the full extent of CXCL14 

signaling, cognate receptors, and mechanism(s) of tumor suppression are still not fully 

elucidated. Our investigation has provided new insights into CXCL14 antiviral functions, 

potential receptor activation, and the construction of a new transgene platform for future 

evaluation of CXCL14. 

Across multiple assays, we detected that CXCL14 expression limits the growth of 

Ad5 virus. Although these results are promising, they may be confounded. That is, the 

observed effects are outside of the context of a typical infection and instead uses a 

producer cell-line system (293FT) to propagate the virus. 293T cells stably express a 

variety of viral oncoproteins which affect cell functions, and they also demonstrate limited 

immune expression and signaling538,539. These factors hinder an unbiased study of 

immune signaling pathways from these cells, and thus, a more relevant experimental 

system is necessitated. A better system to investigate the influence of CXCL14 on virus 

growth may include the HPV infection of primary human keratinocytes, mouse 

papillomavirus infections in mouse keratinocytes, or mouse papillomavirus infections in 

vivo.  

Regardless of the potential antiviral effects by CXCL14, the lack of a known 

receptor or knowledge of what signaling pathways CXCL14 activates, prevents further 

progress into ultimately understanding the depth of CXCL14 antitumor responses. Future 

experiments should first focus on identifying the receptor binding partners of CXCL14. 

TLR9 activation by CXCL14 may be helpful in understanding the possible receptors444. 

Our data suggests an increase in TLR9 activation due to CXCL14 expression, but only 
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shows quantification of IL-12a as a readout. Further validation experiments are required 

to conclude a TLR9 specific mechanism. For example, treatment of cells with chloroquine 

to dysregulate endosomes and can abrogate TLR9 activation (in addition to other TLRs 

3, 7, and 8), and help to initially narrow down the scope of investigation540. The use of 

TLR9-specific ODN agonists (positive controls) and scrambled ODN (negative controls) 

are necessary and could be used alongside additional TLR9 specific inhibitor 

treatments541. TLR-9 siRNA knockdown or sgRNA knockout experiments would also help 

to determine reliance on TLR9. Additionally, UNC93B1 is the trafficking chaperone for 

TLR9 release inside endosomes, and the induction of mutations in UNC93B1 can inhibit 

TLR9 release and its response77,542. Thus, repeat infection experiments with a mutated 

UNC93B1 (and non-functional TLR9) would show if TLR9 is being signaled. Furthermore, 

expression of fluorescently label TLR9 could be tracked from the ER in response to 

CXCL14 expression76.  

Identification of the pertinent receptors for CXCL14 is crucial to understanding the 

underlying mechanisms mediating antitumor activity. Given the evidence that CXCL14 

may signal through G-protein coupled receptors, specifically the CXCR receptors (e.g., 

CXCR4)446, a battery of possible GPCRs could be tested by the Presto-Tango543 system 

from Addgene, or similar platform. In short, 293T cells overexpressing different GPCRs 

(~350) and treated with CXCL14 peptide, could be assayed for luciferase reporter activity. 

However, if CXCL14 requires critical post-translational modifications for receptor 

binding/activation, synthetic peptides may fail to solicit a response in the assay. The 

sequence of amino acids 40-47 is specifically notable as it forms the surface exposed, 

40S-loop. This loop is rich in potential glycosylation sites that could be important for its 

function113,477,544-546.  Thus, over-expression of CXCL14 from producer cell lines may need 
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to be integrated into the receptor experiments to ensure modifications are made. 

Additionally, the receptor for MHC-I upregulation may vary from what is required for 

chemotaxis by (i.e., on) immune cells, and will also need to be considered.  

Given that the overexpression of CXCL14 upregulated MHC-I expression in tumor 

cells in vitro (i.e., without the influence of cell types), next generation RNA-seq 

experiments of CXCL14 overexpressing cells may be valuable to determine the 

underlying changes in transcription related to MHC-I upregulation. By extension, this 

strategy may also help to identify the receptor activated through signaling. Furthermore, 

because the increase in expression of MHC-I was observed in mouse (mEERL) tumor 

cells in vitro125, it is necessary that this observation also be made in human HPV+ HNSCC 

cell lines expressing the human version of CXCL14 as well. Overlapping mechanism 

would strongly support the findings that CXCL14 overexpression alone can stimulate 

increased MHC-I expression.   

With the evidence that CXCL14 drives antitumor immunity125, CXCL14 

(re)expression in HPV+ tumors through our transgene adenoviral vector may serve as a 

novel approach to study the antitumor effects and predict its therapeutic potential in vitro. 

First, to validate the efficacy of the chimeric HPV epitope peptide vaccine, mice could be 

immunized with synthesized versions of the full length peptide, individual peptide 

truncations, or truncations of permutations of the peptide sequence (in an attempt to 

recapitulate proteasomal processing). After allowing a memory response to ensue, total 

splenocytes could be harvested and re-exposed to peptides, and subsequent ELIPSOT 

assays to gauge IFN-γ production will permit the estimation of an established memory 

response. The presence or absence of CXCL14 may also be a factor to augment a 
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potential memory response and known positive and negative controls must be included 

to gauge the efficacy of the vaccine overall. 

The in vivo infection of tumors with the CXCL14 and HPV-Epitope transgene 

adenoviral vectors would also serve as a direct measure of their effectiveness at 

stimulating antitumor immunity. Although, because the expression of transgenes is 

“transient” from the adenoviral system, the effect of CXCL14 and the vaccine would 

presumably need to be effective enough to inspire a long-term T cell memory response. 

One way this could be demonstrated is through multiple site injections of tumor cells (e.g., 

orally and on the flank) and application of treatment at only one site. If all tumor sites 

regress, it is more likely a system-wide memory response has been generated. Next 

generation RNA-seq and/or flow cytometry of tumor samples could detect the presence 

of CD8+ T memory cells along with the presence of other infiltrating immune cells. RNA-

seq evaluation could also reveal changes in transcription relating to potential anti-tumor 

pathways in the infected (CXCL14) expressing tumor cells. Similar RNA-seq evaluation 

of tumor infiltrating CD8+ T cells or other immune cells may reveal novel signaling 

cascades upregulated in response to CXCL14 stimulated chemotaxis, and potential 

receptor candidates may be identified in this way.   

It is still possible that strong T cell activation by CXCL14 and HPV-Epitope 

vaccination could induce T cell exhaustion. To overcome this potential problem, the 

addition of anti-PD-1 or PD-L1 inhibitors alongside the intratumoral injection of CXCL14 

and HPV-Epitope could also be evaluated, along with monitoring the presence of T cell 

exhaustion markers (PD-1, CTLA-4, TIM-3). Thus, a combined therapy of CXCL14 and 

HPV-Epitope plus anti-PD-1/PD-L1 inhibitor may serve as a more effective treatment 

strategy. Additionally,  there is evidence that the presence of PD1+ CD8+ T cell stem-like 
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cells may mean the difference between effective checkpoint blockade therapy as well as 

a response to an epitope vaccine or not153. Thus, the potential therapeutic value of the 

CXCL14-HPV epitope transgene therapy may be predicted by careful evaluation of target 

tumors for the presence of PD1+ CD8+ T cell stem cells153. 

5.4 Closing Remarks and Next Steps 

Logically, understanding the processes of immune evasion by tumor cells and 

pathogens alike will directly inform on strategies to interdict those mechanisms. We chose 

to examine the factors inherent in the dysregulation of MHC-I expression, a key feature 

in CD8+ T cell activation and antitumor immunity, with the hope of identifying targets to 

improve the effectiveness of existing therapies and for the preparation of novel treatments 

for HPV+ HNSCC.  

Each channel of our investigation, be it genetic genome-wide screening, 

pharmacologic inhibition, or in silico approaches, led us to the identification of epigenetic 

regulators (e.g., PRC2 and KAT2A) in the downregulation of MHC-I expression. 

Fundamentally, these epigenetic processes control gene expression at the transcriptional 

level, and alleviating their repression permitted increased MHC-I expression. Many small 

molecules which target those epigenetic regulators already exist, are in various stages of 

preclinical and clinical development, and may be valuable as part of combination 

strategies in the treatment of HPV+ HNSCC. 

As an additional therapeutic option, and based our prior identification of CXCL14 

as epigenetically downregulated during the course of HPV+ cancer progression, we 

prepared a combination transgene expression vector for CXCL14 and HPV epitope 

vaccine expression in tumor cells. We expect that transgene expression will increase 

MHC-I and stimulate antitumor immunity. 
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Our findings draw several important conclusions, and to the best of our knowledge, 

we are the first to report on them. We observed that PRC2 mediates downregulation of 

MHC-I expression in HPV+ HNSCC, and our observations are synonymous with previous 

reports of an evolutionarily conserved mechanism of PRC2 facilitated cancer immune 

evasion. Additionally, KAT2A and the SAGA complex coactivate dysregulated MYC and 

E2F family members to promote PRC2 gene expression. Lastly, the inhibition of KAT2A 

or MYC proto-oncogenes results in the decrease of PRC2 and MARCHF8 ubiquitin ligase 

gene expression in HPV+ HNSCC. 

In summation, we hope that the implications of this work are a new perspective 

and foothold for future HPV+ HNSCC cancer research, the provision of new candidates 

for combination therapies to treat HPV+ HNSCC, and most importantly, to improve the 

lives of HPV+ HNSCC patients. 

   At this point, we propose the following experiments to continue the trajectory of 

this research. The data presented above strongly suggests that PRC2 mediated 

H3K27me3 is necessary for MHC-I transcriptional downregulation. Our CUT&RUN 

experiments, specifically, exhibit a correlation between the loss of promoter region 

H3K27me3 and an increase in HLA-B and C transcription following EZH2i (GSK126) 

treatment. However, not all genes that demonstrated decreased promoter H3K27me3 

showed increased expression as a result (i.e., NLRC5). This may indicate the three-

dimensional effects between chromatin regions, and at distant sites (e.g., upstream 

enhancer regions) away from the immediate gene promoter, may have a literally far-

reaching effect on transcription. Long-range PRC2-H3K27me3 mediated interactions 

affecting gene expression have recently been mapped in human and mouse stem 

cells547,548. Using a similar strategy, we propose genome-wide High-throughput 
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Chromosome Conformation Capture (Hi-C) and High-throughput Chromatin Isolation by 

RNA Purification (Hi-CHIP) experiments could be used to map the H3K27me3 

interactions in HPV+ HNSCC cells with and without EZH2/PRC2 inhibition.  

From here, it is still difficult to predict the extent of the effects that dysregulated 

PRC2 has on the pattern of H3K27me3 and global chromatin structure in HPV+ HNSCC. 

Based on our current results, however, we can speculate about effects in regard to at 

least one gene. We hypothesize that with PRC2 inhibition, there will be an overall 

decrease in H3K27me3 levels, but the resultant pattern of H3K27me3 and chromatin 

structural confirmation will result in the restriction of NLRC5 gene expression.  It is also 

important to determine how the pattern of H3K27me3 would change with the abrogation 

of KAT2A. We hypothesize that KO of KAT2A will decrease PRC2 expression and 

resultant H3K27me3 levels. 

Because we observed that PRC2 downregulates MHC-I heavy chain gene 

expression in human HPV+ HNSCC, we investigated for a similar event in mouse cells. 

In addition to the data in Figure 7C  showing increased EZH2 and KAT2A protein levels 

in mEERL cells, Figure 41 shows that the relative mRNA level of H2Db transcript is 

decreased in mEERL cells vs normal mouse keratinocytes. With these observations 

coupled with our data showing an increase in MHC-I expression following the inhibition 

of both PRC2 and KAT2A in vitro, we propose the use of small molecule inhibitors in 

syngeneic mouse models of HPV+ HNSCC. In mice injected with mEERL tumors, 

GSK4027, GSK126, Valmetostat, and combination GSK4027+GSK126, or 

GSK4027+Valmetostat, should be injected to determine their effects on tumor cell growth 

and tumor immune cell infiltration.  
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Figure 41. H2Db mRNA expression is decreased in HPV+ mouse tumor cells. 
RT-qPCR for relative mRNA expression of H2Db transcript normalized to mouse B-actin 
(ΔΔCT) in samples prepared from NiMOE or mEERL cells. Statistical significance was 
determined by an unpaired student’s t-test. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.01. 
Experiments were performed once with three technical repeats as shown. Error bars 
represent SD. 
 

Lastly, with our observations of CXCL14 mediated antitumor immunity, and the 

antitumor efficacy of E6/E7 therapeutic vaccination212, our combination adenoviral 

CXCL14 and HPV epitope transgene construct should be evaluated for its antitumor 

effects. Specifically, in vitro T cell activation assays (e.g., IFN-γ ELISPOT) to evaluate the 

establishment of immunological memory post vaccination, followed by in vivo intratumoral 

injection and evaluation of tumor growth. New evidence by Eberhardt et al. concluded 

that HPV E2 and E5 epitopes should also be considered for therapeutic vaccines to drive 

antitumor CD8+ T cell responses153. Downstream in our experiments, the incorporation 

of additional epitopes, like E2 and E5, (or swapping out of others) should also be 

evaluated to find the most effective and relevant therapeutic vaccine. Furthermore, other 

chemokines including CXCL9 and 10, should be compared with and alongside CXCL14 

given their relationship toward the activation of T cells106,107. Hopefully, the right selection 
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of transgenes and combination immunotherapy will lead to robust and durable antitumor 

immunity in vivo and in HPV+ HNSCC patients.  
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CHAPTER 6 

Methods and materials 
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Cell Culture and Cellular Transfection 

In all cell culture experiments, cells were maintained in an automatically modulated 

incubator routinely measured at 37°C and (5%) CO2. Consistent ambient humidity of 

incubators was established with a pressure of ~760mm Hg and by the natural phase 

dynamics of liquid water from an open vessel containing ~1 liter of sterilized water. The 

approximate elevation of incubators was ~260 meters above sea level, and at latitude of 

~42.70°N and longitude of -84.48° W. 

HPV+ HNSCC Cell lines SCC2 (Cellosaurus #CVCL_7728), SCC90 (ATCC #CRL-

3239), SCC152 (ATCC #CRL-3240), and 293FT (ATCC #CRL-3249) were maintained in 

accordance with their guidelines and handling information using 10% heat-inactivated 

FBS and 1% penicillin/streptomycin in 1x DMEM (DMEM-10). Keratinocyte serum-free 

medium with epidermal growth factor (EGF), bovine pituitary extract, and 

penicillin/streptomycin was used to maintain Normal (hTert) Immortalized human 

keratinocytes (N/Tert-1) cells or (N/Tert-1-E6E7)549. Normal immortalized mouse oral 

epithelial cells (NiMOE) and mouse oral epithelial cell expressing HPV16-E6 and E7, 

mutant H-Ras, and luciferase (mEERL) were acquired from John Lee550. All cell lines 

were maintained in their respective media for no more than four days before refeeding or 

were passaged at approximately 85% confluency.  At the time of passage, cells were 

washed in 5mL of 1x PBS, aspirated, trypsinized in 1mL (0.25% Trypsin-EDTA 

ThermoFisher #25200056), and quenched in 9mL of DMEM-10. N/Tert-1 cells were 

resuspended in the same manner but were diluted in 9mL keratinocyte serum-free 

medium and spun down at 500xg and aspirated to remove any relic trypsin. Pellets were 

resuspended in appropriate volume of media and plated. Additional information for 

mEERL cell line propagation has been documented45.  
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In general, all transfection procedures used throughout this study were consistent 

with the following specifications. For simplicity, the following description details plasmid 

transfection in a 10cm dish (Note: for smaller or larger containers, the volumes described 

were scaled according to volume of vessel and/or cell number used). First, 293FT cells 

were plated in a 10cm dish and grown for 16hrs to achieve a desired confluency of ~66%. 

At the time of transfection, Polyethylenimine (PEI) at a stock concentration of [1mg/mL] 

(Polysciences #9002-98-6) was diluted in 1.5mL Opti-MEM media. Gene-of-interest 

plasmids were diluted in a separate 1.5mL Opti-MEM (Fisher #31985070). The two 

dilutions were then combined and briefly vortexed (3mL) to achieve a (3:1) PEI to DNA 

ratio (e.g., 30ul PEI / 10ug Plasmid DNA). The transfection complex was then incubated 

at room temperature for ~20-30min. Concurrently, 293FT cells were given 7mL of Opti-

MEM. Following incubation, transfection complexes were gently added to cell plates to 

produce a final volume of 10mL per plate. After 4-6hrs, transfection complex media was 

aspirated from transfected cell plates and fresh DMEM-10 was added (10mL). Cells were 

then grown ~48hrs prior to collection and downstream analysis.  

Lentivirus Production and sgRNA Knockout/ Cell Line Preparation 

The sgRNAs used for gene knockout were obtained from ChopChop 

(https://chopchop.cbu.uib.no/)551-553 with sequences gleaned from Addgene in the 

Brunello sgRNA library (https://www.addgene.org/pooled-library/broadgpp-human-

knockout-brunello/). Table 3 lists the sgRNAs used in this study. The sgRNAs were 

cloned into sgOPTI (Addgene #85681) vector, a gift from Dr. Andrew Olive, as previously 

described554. Briefly, the sgOPTI vector was digested  BsmBI v2 (NEB #R0739S). Next, 

linearized sgOPTI backbone was combined with sgRNA DNA duplex (IDT) and ligated 

https://chopchop.cbu.uib.no/
https://www.addgene.org/pooled-library/broadgpp-human-knockout-brunello/
https://www.addgene.org/pooled-library/broadgpp-human-knockout-brunello/
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together with T4 ligase (NEB #0202). Ligated plasmids were then transformed into Stbl3 

bacteria (ThermoFisher #C737303). Plasmid DNA was prepared by overnight bacterial 

culture and subsequent miniprep (IBI Scientific # IB47102). Plasmid constructs were 

validated by sanger sequencing (Genewiz/Azenta). Next, the sgRNAs containing 

plasmids (or alternative gene-of-interest containing plasmids) were co-transfected with 

the lentivirus packing plasmids, pCMV-VSVG (Addgene #8454) and pCMV-Delta 8.2 

(Addgene #12263) (each gifted by Jerome Schaack) into 293FT cells with 

Polyethylenimine (PEI) at a stock concentration of [1mg/mL] and using a (3:1) PEI to DNA 

ratio and diluted in a final volume of 10mL Opti-MEM media. After 4-6 hours, the 

transfection complex was removed and fresh DMEM-10 was added. Plates were 

incubated until lentivirus containing supernatant was collected at 72hrs post transfection. 

Following collection, supernatant was centrifuged at 3000xg for 5 minutes to pellet cell 

carry-over. Cell-free virus suspension plus polybrene reagent [14ug/mL] was then used 

to infect the respective stably expressing Cas9 cell lines for 24-48hrs. Cas9 cells were 

produced prior by the same method (using lentiCas9-Blast, Addgene #52962) and were 

validated for Cas9 protein expression (data not shown). Cell lines were selected in 

blasticidin [8ug/mL] (selection for lentiCas9-Blast plasmid) and puromycin [4ug/mL] 

(selection for sgOPTI) for >7 days (and until control cells plates were 100% eradicated) 

prior to further analysis. 

Cleavage Under Target and Release Using Nuclease (CUT&RUN)  

Approximately 5e5 SCC90 cells were plated in 10cm dishes, grown 16hrs to reach 

a confluency of ~33-50%, and were incubated with DMEM-10 with (0.1%) DMSO 

(untreated control) or GSK126 [6uM] (Caymen #15415) in (0.1%) DMSO (Drug treated 

experimental) for 7 days. Media was refreshed twice after every three days with drug 
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added. Cells were trypsinized and resuspended in DMEM-10 media, pelleted at 500xg 

for 5 minutes, resuspended, counted. Next, CUT&RUN was performed using 5e5 SCC90 

cells per target (n=2 replicates per target) using the CUTANA ChIC/CUT&RUN kit 

(Epicypher, version 3), in accordance with the user manual version 3.1 instructions. 

Antibody targets included H3K27me3 and H3K4me3. Genomic DNA was harvested from 

cells by column purification (Qiagen #56304) and DNA was quantified using the Qubit 

dsDNA HS kit. CUT&RUN sequencing libraries were prepared using the CUTANA 

CUT&RUN Library Prep kit (Epicypher, version 1), by user manual version 1.4. 

Sequencing libraries were analyzed by TapeStation (Agilent) and sequenced on the 

NovaSeq 6000 (Illumina) at 2x50 bp for 8-10e6 reads per library. Raw FASTQ files were 

processed using the nf-core CUT&RUN pipeline (nf-core/cutandrun v3.2.2). Trimmed 

FASTQ reads and spike-in reads were aligned to GRCh38 and K12-MG1655, 

respectively, using Bowtie2 v2.4.4. Peaks were called using SEACR v1.3 and consensus 

peaks were merged using bedtools v2.31.0. Genomic tracks were visualized using IGV 

desktop v2.16.1. Sequencing Reactions were performed by the VanAndel Institute 

Genomics Core (https://genomicscore.vai.org/) in Grand Rapids, Michigan. For the 

CUT&RUN procedure, preparation of sequencing libraries, and pipeline analysis of 

results (along with thoughtful discussion and reagents), we greatly thank the effort and 

expertise of John Vusich, and the oversight of his faculty advisor Dr. Eran Andrechek.  

Preparation of Total RNA, Quantitative Reverse Transcription-Polymerase Chain 

Reaction (RT-qPCR) 

The harvest of total RNA and elimination of genomic DNA was performed by 

RNeasy Plus Mini Kit (Qiagen #74104), quantified by NanoDrop, and stored at -80°C. 

Preparation of first-strand cDNA was prepared from (2ug) of total RNA using reverse 
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transcriptase consistent with manufacturer’s instructions (Roche #04379012001). For 

RT-qPCR, reactions were assembled in a final volume of (20uL), SYBR green master mix 

(Applied Biosystems-ThermoFisher #A25741) (10uL), 1mM primers (5uL), and 100ng of 

cDNA (5uL) were combined, and RT-qPCR was performed in a Thermo-Fisher 

Quantstudio 3 or a Bio-Rad CFT Connect thermocycler. Primer sequence targets were 

also confirmed by Nucleotide Blast analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

Physical primer oligos used are listed in (Table 4). Primers were diluted in double 

deionized water (ddH2O) at a stock concentration of [10uM] at stored at -20°C. Figures 

depicting RT-qPCR reactions describe the number of repeats and technical replicates 

performed, respectively. Additionally, they describe the utilized statistical testing and error 

bars. 

Preparation of Whole Cell Lysate (WCL) and Western Blotting and Co-

Immunoprecipitation  

Whole cell lysates (WCL) were prepared from cultured cells, pelleted by 

centrifugation (500xg for 5 minutes), washed twice in 1xPBS solution, and incubated on 

ice for 30 minutes with periodic agitation in 1xRIPA buffer (Abcam #156034). Following 

incubation, lysates were centrifuged for 5 min at >10,000xg and WCL was decanted from 

pelleted cell debris. WCL was quantified by BCA assay (Pierce-ThermoFisher #23225) 

and NanoDrop by standard curves using bovine serum albumin standard. Western blot 

samples were prepared with (10ug-30ug) (depending on experimental conditions and 

were consistent among samples) of WCL diluted with (4x) Laemmli buffer (BioRad 

#1610747) with β-mercaptoethanol added (in accordance with BioRad instructions) and 

1xPBS to a final volume of (20uL). Samples were boiled for 10min at 95-100°C. Samples 

were loaded into SDS-PAGE gels and electrophoresis was performed (Bio-Rad # 
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1658004) in accordance with manufacturer’s recommendations. “Wet/Tank” Protein 

transfer was achieved using PVDF membranes (activated in 100% methanol) using 

(BioRad #1703930) and consistent with manufacturer’s instructions. Following transfer, 

membranes were blocked in 10% milk, washed 3x in TBST, and treated with their 

respective primary and secondary antibodies with appropriate washing. Table 5 lists all 

antibodies used in these studies. Finally, membranes were treated with Western HRP 

substrate (MilliporeSigma # WBLUC0100) and were subsequently developed using either 

X-Ray film and dip tank developer or digital reader (GE Amersham Western Blot System). 

Quantification of western blot band patterns was performed using ImageJ software 

Analysis to calculate the area under the curve for each respective band intensity and 

relative to its respective loading control (i.e., B-Actin signal).  

For co-immunoprecipitations (Co-IP), pull-downs were performed using the Pierce 

Classic Magnetic IP/Co-IP Kit (ThermoFisher #88804) using (1-2mg) of WCL and the 

corresponding target antibody (5ug) in accordance with the manufacturer's instructions. 

Species corresponding IgG antibody for used for isotype control. Equal volumes of 

isotype control IP and target antibody IP samples were compared by subsequent western 

blot. Input control samples constitute the respective WCL. Subsequent western blotting 

was performed as described above. For both western blotting and Co-IP, all antibodies 

used for are listed in (Table 5). 

Flow Cytometry  

Cell samples for analysis were collected by trypsinization (described above) with 

an equal number of cells prepared for each sample (e.g., 1e6 cells/sample) and washed 

twice in 1x PBS. Cell suspensions were then pelleted at 500xg for 5 minutes and 
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resuspended in FACs (cell staining) buffer. Samples are then again pelleted and 

decanted. Cells were then agitated by flicking or very brief vortex. An appropriate volume 

of antibody (e.g., ~2uL) was added to each tube and tubes were gently (but thoroughly) 

mixed. Sample tubes were then incubated for ~30 minutes at 4°C in the dark. Following 

staining, cells were resuspended and washed twice in FACS buffer (BioLegend #420201). 

After decanting, cells were fixed via incubation in (4%) paraformaldehyde (BioLegend 

#420801) for ~30 minutes at 4°C in the dark. Samples were then FACs washed and 

resuspended in 500uL of FACs buffer and stored at 4°C until cytometric analysis.  

Experiments shown were performed in triplicate. Cytometric analysis was conducted by 

an LSRII flow cytometer (BD Biosciences) or by an Attune Flow cytometer 

(ThermoFisher) consistent with methods previously described45,536. Cytometric data was 

then analyzed and visualized by FlowJo v10.10 software. Antibodies used for detection 

are listed in (Table 5). 

Cell Growth Curves and Viability Assay 

In six well plates, ~1e6 mEERL cells were plated per well and grown overnight for 

16hr. The following day, cell wells were treated with DMEM-10 containing (0.1%) DMSO 

or increasing concentrations of MLN8237 [31.25nM, 62.5nM, 125nM, 250nM, or 500nM] 

in (0.1%) DMSO, respectively, and incubated for 48hrs. Cells were then resuspended (as 

described above) and counted (Countess 3 Automated Cell Counter by Invitrogen), and 

the viability of cells was estimated by trypan blue staining. That is, equal volumes of cell 

sample suspensions were diluted with (0.4%) trypan blue and analyzed on Countess 3. 

Mutagenesis Reactions 

Mutagenesis reactions were performed using the QuikChange II Site-Directed 

Mutagenesis Kit (Agilent #200523) in accordance with the manufacturer's instructions. 
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Mutagenesis primers are listed in (Table 4). Following mutagenesis and sanger 

sequencing conformation (Azenta/Genewiz), plasmids were transformed into XL-Gold 

cells and bacterial stocks were stored at -80°C. 

Preparation of Adenovirus Transgene Vectors 

The production of Ad5 transgene vectors followed the framework of the AdEasy 

Adenoviral Vector System (Agilent #240010), Luo et al. 2007479, and from protocols 

generously donated by the Amalfitano Lab at Michigan State University. To begin, we 

cloned mouse CXCL14 (mCXCL14), HPV vaccine epitopes (HPV Epitopes), or the 

mCXCL14-P2A-HPV Epitopes sequences into the pShuttle-CMV plasmid. The vector is 

linearized by Pme I (NEB #R0560) digestion and precipitated with 100% Ethanol, 3M 

Sodium Acetate, and resuspended in purified ddH2O. Next, linear vectors were 

transformed via electroporation into BJ5183 cells (Agilent #200154) with pretransformed 

pAdEasy-1 (Agilent #240005). Homologous recombination between pShuttle and 

pAdEasy-1 results in complete pAd5-vector containing sequences of interest. pAd5 

vectors were harvested by miniprep (IBI Scientific # IB47102) and retransformed into 

XL10-Gold cells (Agilent #200314). To verify homologous recombination events, purified 

pAd5-vectors were digested with Pac I (NEB #0547) with expected band sizes of ~30kb 

and 4.5kb or 3kb, depending on site of recombination (both outcomes are correct and 

vary based on the two potential sites of recombination). After isolation of digest confirmed 

pAd5 recombinant vectors, verification of whole plasmid sequencing was performed by 

Plasmidsaurus using Oxford Nanopore Technology with custom analysis and annotation 

(https://www.plasmidsaurus.com/). Next, pAd5 vectors were linearized by Pac I digestion 

and transfected into 293FT cells by PEI (as described above) or Calcium Phosphate 

https://www.plasmidsaurus.com/
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(Thermo cat# K2780-01). Following the appearance of significant cytopathic effect (CPE) 

after ~7-14 days, viral supernatant was transferred into a fresh plate of 293FT cells 

containing at least 50% fresh DMEM-10. Viruses were passaged 4-6x. Finally, to support 

higher viral titers, virus was passaged once more on ~35-90 15cm dishes of 293FT cells. 

After ~2-4days,  cells were then collected and pellets were lysed in (5%) Deoxycholate, 

treated with [0.02M] MgCl2, DNase I, and RNase A both at [50ug/uL]. Virus particles were 

then purified from cell lysates by [1.33g/mL] CsCl gradient ultracentrifugation at, 3x 

subsequent dialysis in [10mM] Tris pH=8. Purified samples with diluted with 10% sucrose 

and the viral titer of the sample was determined. For titration, a fraction (5-50uL) was 

diluted in lysis buffer ( (10%) SDS, [1M] Tris pH = 7.5, and [0.5M] EDTA pH = 8 ) and viral 

genome copies were measured by optical density via nanodrop. Note the expected 

(260/280) ratio = [1.33g/mL]. Viral particles (vp) per mL were estimated by the following 

equation ( [A260 x 20 (dilution factor) x 10e12]/ [0.909] = vp/mL) and stocks were stored 

at -80°C. Additional experimental details can be found in (Agilent #240010 Instruction 

manual or in Luo et al. 2007479). We also graciously thank Sarah Roosa, Dr. Yasser 

Aldhamen, and Dr. Andrea Amalfitano, for reagents and supervision. 

Adenovirus Growth Curves 

Approximately 1e6 293FT cells were plated in parallel in individual 3.5cm dishes 

corresponding to each anticipated time point (0, 6, 18, 24, 48, 72, or 96hrs) making a total 

of (14) 3.5cm plates. Equal virus inputs were calculated by RT-qPCR (1E10 viral genome 

copies), and the appropriate amount of Ad5-CXCL14 or Ad5 expressing green fluorescent 

protein (Ad5-GFP) input was added to each respective plate in a final volume of 2mL of 

DMEM-10. At each respective timepoint (including time = 0hr), total supernatant was 

collected and frozen at -80°C. From each supernatant, virus DNA was purified (PureLink 
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Viral RNA/DNA Mini Kit #12280050) and used to measure absolute genome copy 

numbers by RT-qPCR as previously described478. To calculate absolute genome number, 

a standard curve of 10-fold dilutions ranging [10ng – 0.00001ng] was prepared using the 

pShuttle-CXCL14 plasmid. Primers for quantification of viral genomes are listed in (Table 

4). Ad5-CXCL14 were prepared as described above. We humbly thank Sarah Roosa, Dr. 

Yasser Aldhamen, and Dr. Andrea Amalfitano for providing Ad5-GFP virus samples.   

Fluorescence Microscopy and GFP Analysis of Ad5-GFP Viral Infections  

In 6-well plates, ~5e5 293FT cells were plated per well and grown overnight for 

16hrs. The next day, cells were transfected (as described above) with (2ug) of 

pCDH_CXCL14, pLenti6_CXCL14 or pLenti6-empty vector (control) plasmid and 

incubated for 24hrs*.  The next day, cells were challenged with increasing multiplicities of 

infection (MOI) of Ad5-GFP virus. Virus was quantified by NanoDrop as previously 

described479. At 72 hours post infection (96hr post transfection of CXCL14), brightfield 

images and overlapping GFP signal were captured by fluorescence microscopy at 

equivalent locations in each well. Using ImageJ software, the brightfield (BF) area of cell 

coverage and the overlapping GFP signal were estimated for each given image field. 

Consistent threshold parameters were set and were subsequently applied to each image 

so as to measure uniformly.  Next, %GFP was calculated by the ratio of GFP signal to 

brightfield area for each image, respectively. In experiment one, the average %GFP for 

MOI =1, 5, and 10 were based on (n) images (and their corresponding BF and GFP signal) 

were (n ≥10). For MOI = 20 and 30 (n ≥ 3). In Experiment 2, (n = ≥10) for all MOI shown. 

In both experiments, there was no detection of GFP at MOI = 0 but (n =3) images were 

still taken. *(Note: that this description details two separate experiments: Experiment 

one compared pCDH-CXCL14 to mock transfected cells, and experiment two compared 
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pLenti6_empty-vector to pLenti6_CXCL14 transfected cells. All additional experimental 

details are the same.) 

Stability Chase Experiments 

In 6-well plates, 5e5 293FT cells were plated and grown overnight for 16hrs. The 

next day, cells were transfected (described above) with (2ug) of pCDH_CXCL14, 

pCDH_CXCL14-RY43/44AA, or pCDH_CXCL14-dEE. After 48hrs, cells were treated with 

cycloheximide (CHX) (Fisher #AC357420010) (50 µg/mL)  or MG-132 (10 µM) (Fisher 

#474787) for 0hr, 0.25hrs, 0.5hrs, 1hr, and 2hr in a final volume of (2mL) DMEM-10 per 

well. For Brefeldin A (BioLegend #420601) treatment, cells were treated for 0hr, 0.5hrs, 

1hr, 2hrs, or 4hrs in a final volume of (2mL) DMEM-10 per well with final concentration of 

(5 µg/mL). From each well, WCLs were prepared, and western blotting was performed 

(described above). Blots were probed with (1:5000) Anti-FLAG antibody (SigmaAldrich 

#F1804) (Note: all the CXCL14 constructs tested have a 3x-FLAG tag adjoined to the 3-

prime end of the coding sequence. Following primary, blots received goat anti-mouse 

secondary antibody (Cell Signaling #7076S) at (1:10,000 dilution). 

In double drug treatment chases using both MG-132 (10 µM) and CHX (50 µg/mL), 

following 24hrs post transfection, cells were treated with MG-132 in a volume of 2ml 

DMEM-10 for 8hrs. Cell wells were aspirated, and a fresh (2mL) DMEM-10 with CHX was 

added and cells treated for 0, 0.25hrs, 0.5hrs, 1hr, 2hrs, or 3hrs. From each well, WCLs 

were prepared, and western blotting was performed (described above). Blots were probed 

with (1:5000 dilution) Anti-FLAG primary antibody and (1:10,000 dilution) Goat anti-

mouse secondary antibody. For all experiments, B-Actin-HRP conjugated primary 

antibody was probed (1:100K dilution) as the loading control. 
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Inhibitor Chase Experiments 

In 6cm dishes, approximately 2e6 SCC90 cells were plated and permitted to grow 

for ~36hrs to achieve complete adherence to the plate and ~33-50% confluency. Next, 

growth media was aspirated and fresh DMEM-10 containing each respective inhibitor in 

(0.1%) DMSO or (0.1%) DMSO alone (control plates) was added. Inhibitors used were 

resuspended in DMSO, were acquired from Caymen Chemical (unless otherwise 

specified), and included GSK126 (#15415), EPZ6438-Tazemetostat (#16174), DZNEP 

(#13828), Garcinol (#10566), MLN8237 (#13602), and GSK4027 (#23421). Decitabine 

was purchased from Selleck Chemical (#506901). Cells were incubated at their 

respective concentrations (see given figures) for 7 days (unless otherwise specified). 

Fresh media and drug were added every third day of incubation. Cells were collected and 

processed as described above. 

IFN-Gamma Treatment and GSK126 Treatment Assay 

In 6cm dishes, ~2e6 SCC90 cells were plated and grown for ~36hrs to achieve 

complete adherence to the plate and ~33-50% confluency. Cells were treated for 3 days 

with DMSO (0.1%) or GSK126 [6uM] in (0.1%) DMSO in DMEM-10. After day 3, cells 

received fresh DMEM-10 plus drug and an additional [0.1] or [1] ng/mL IFN-γ (StemCell 

#78020), or vehicle (1xPBS) and incubated for 24hrs. Cells were then collected and 

analyzed by western blot and flow cytometry as described above. 

Analysis by Tracking of Indels by Decomposition (TIDE) 

From the transduced stably expressing sgRNA/Cas9 cell-lines, genomic DNA was 

harvested (Qiagen #56304). PCR was performed with Taq polymerase (New England 

BioLabs #M0495L) consistent with the manufacturer’s instructions 

(https://www.neb.com/en-us/protocols/2012/10/04/pcr-using-hot-start-taq-dna-
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polymerase-m0495) to amplify regions of interest with TIDE specific primer sequences 

corresponding to a given sgRNA target sequence (obtained from ChopChop, 

https://chopchop.cbu.uib.no/551-553). Primer Sequences are listed in Table 4. Amplicons 

were generated from the genomic DNA of both sgRNA edited and scrambled sgRNA 

(background sequence) non-targeting control samples. Amplicons were purified by PCR 

clean-up kit (Promega #A9281) and were analyzed by sanger sequencing 

(Azenta/Genewiz). Sequencing trace files for background and edited sequence reads 

were uploaded to the TIDE bioinformatic tool website 

(http://shinyapps.datacurators.nl/tide/) along with respective sgRNA sequences to 

determine (%) editing efficiency of target CRISPR/Cas9 treatment in accordance with 

guidelines from the developer.365 

CRISPR Screen Preparation and Analysis 

The Human Brunello CRISPR knockout pooled library was a gift from David Root 

and John Doench (Addgene #73178)555, and was donated to us by Andrew Olive. Using 

the Brunello library, (4) sgRNAs targeting nearly every coding gene in humans plus an 

addition to 1000 non-targeting controls were packaged along with pCMV-VSVG (Addgene 

#8454) and pCMV-Delta 8.2 (Addgene #12263) (each gifted by Jerome Schaack) into 

293FT cells with Polyethylenimine (PEI) at [1mg/mL] and using a (3:1) PEI to DNA ratio 

and diluted in a final volume of 3mL Opti-MEM media incubated for 20 minutes. 

Transfection complex was applied to ~8e6 293FT cells for 6 hours at 37°C. Media was 

then swapped with 5ml of complete DMEM-10. After 24 hours, viral supernatant was 

collected and fresh 5mL DMEM-10 added. This was repeated after an additional 24 hours. 

The total viral supernatant was filtered with a 0.22µM filter. [We thank Canchai Yang for 

https://chopchop.cbu.uib.no/
http://shinyapps.datacurators.nl/tide/
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preparation of virus.] Viral supernatant was used to transduce SCC90, SCC152, or 

N/Tert-1_E6E7 cell lines for 6 hours in DMEM-10 plus polybrene [8ug/mL]. Media was 

swapped with DMEM-10 and incubated for 48 hours. Then media was replaced with 

DMEM-10 plus puromycin [4ug/mL] plus blasticidin [8ug/mL] and incubated to ensure 

selection of transduced cells. Cells were then collected and stained for MHC-I expression 

(as described above). [We thank Dr. Mohamed Khalil for cell selection, collection, and 

flow cytometry sample preparation]. The top and bottom 5% of MHC-I expressing cells 

were sorted in each end to achieve ~5e6 cell per group from duplicate experiments. 

Genomic DNA was harvested from the cells and PCR amplified as described554,556. PCR 

amplicons were sequenced on an Illumina NextSeq 500 in the Genomics Core at 

Michigan State University. Following the curation of the reads by removal of adapter 

sequences, we utilized the negative binomial regression model-based analysis of 

genome-wide CRISPR-Cas9 knockout (MAGeCK)363. MAGeCK analysis permitted 

mapping of the sequencing reads to the Brunello library index. The output from MAGeCK 

provided ranked lists of genes based on 4 independent sgRNAs that were used to curate 

the candidate gene list. 

TCGA Patient Data Analysis 

Analysis of “GDC TCGA Head and Neck Cancer (HNSC)” patient samples curated 

by TCGA (https://www.cancer.gov/ccg/research/genome-sequencing/tcga) were 

acquired from the University of California Santa Cruz (UCSC) at 

(https://xenabrowser.net/datapages/?dataset=TCGA-

HNSC.htseq_fpkm.tsv&host=https%3A%2F%2Fgdc.xenahubs.net&removeHub=https%

3A%2F%2Fxena.treehouse.gi.ucsc.edu%3A443). Version 07-19-2019. Patient samples 

were comprised of (n=546) patient samples, Illumina gene expression RNAseq data. 

https://www.cancer.gov/ccg/research/genome-sequencing/tcga
https://xenabrowser.net/datapages/?dataset=TCGA-HNSC.htseq_fpkm.tsv&host=https%3A%2F%2Fgdc.xenahubs.net&removeHub=https%3A%2F%2Fxena.treehouse.gi.ucsc.edu%3A443
https://xenabrowser.net/datapages/?dataset=TCGA-HNSC.htseq_fpkm.tsv&host=https%3A%2F%2Fgdc.xenahubs.net&removeHub=https%3A%2F%2Fxena.treehouse.gi.ucsc.edu%3A443
https://xenabrowser.net/datapages/?dataset=TCGA-HNSC.htseq_fpkm.tsv&host=https%3A%2F%2Fgdc.xenahubs.net&removeHub=https%3A%2F%2Fxena.treehouse.gi.ucsc.edu%3A443
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Authored by Genomic Data Commons. File download: (TCGA-HNSC.htseq_fpkm.tsv). 

Unique gene identifiers were cross referenced and respective given values 

(log2(fpkm+1)) were tabulated. Identifiers for “Normal” (11A), “Tumor” (01A/B), or 

“Metastatic” (06A) samples were then further analyzed in GraphPad Prism 10 to prepare 

violin plots. 

RStudio Analysis of CRISPR/Cas9 Datasets 

RStudio (https://posit.co/download/rstudio-desktop/) was used to analyze 

CRISPR/Cas9 datasets (described above). The generation of the “Volcano Plot” 

corresponding to the SCC90 dataset utilized the following RStudio libraries: (tidyverse), 

(ggrepel), and (RcolorBrewer). The ggPlot() function was used to plot all genes based on 

their respective log2FC and -log10(p-value). The generation of “Venn Diagrams” utilized 

the following RStudio libraries: (VennDiagram) and (readxl). The venn.plot() function was 

used to illustrate the overlap in genes from all three screens (N/Tert-1, SCC90, SCC152) 

after having met the Z-Score cutoff of (Z = ±1.5). That is, predicted top regulators 

candidate genes ranked by MAGeCK and normalized across screens where (Z≤-1.5 ; 

Z≥1.5) and Z-score = [(log2FC-mean FC) / SD of mean]. The supplemental file for  

“Supplemental Figure 1_Z-score Full” is attached.  

STRING Analysis  

The MAGeCK derived ranked SCC90 CRISPR/Cas9 screen gene list (described 

above) was uploaded in STRING (https://string-db.org/)368 using the “Proteins with 

Values/Ranks - Functional Enrichment Analysis” and set for “homo sapiens” to further 

analyze the ranked list of genes. The analysis is performed by uploading gene names 

and their associated LFC value from the ranked list. STRING scoring methods have been 

described557. The “Local Network Clusters” were arranged into a hierarchy based on their 

https://posit.co/download/rstudio-desktop/
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computed enrichment score and associated false discovery rate (i.e., “Top of Input” 

(Negative MHC-I Regulators), “Bottom of Input” (Positive MHC-I Regulators), and” Both 

Ends” (where clusters overlapped in both top and bottom ends). Additional information, 

definitions, and technical details of the analysis can be found at (https://string-

db.org/cgi/help?sessionId=bOBC0vSYiJLV). The derived “Local Network Clusters” were 

plotted in GraphPad Prism. Clusters corresponding to “Both Ends” along with redundant 

clusters from “Top of Input” (e.g., SAGA Complex (CL:6030)) were omitted from the 

tabulation for simplicity, and the most robust scoring cluster was maintained. The raw 

analysis is found in the “Supplemental Figure 2_STRING Local Network Cluster” 

supplemental download file. 

TIMER2.0 Analysis 

The in silico tool analysis of the head and neck cancer TCGA dataset was 

determined by TIMER2.0373-375 (http://timer.cistrome.org/) generated in the lab of Dr. 

Xiaole Liu at the Dana Farber Cancer Institute. All TCGA data was collected from GDAC 

firehose website (http://firebrowse.org/).375 All of the subsequent descriptions are based 

on descriptions put forth from (http://timer.cistrome.org/) and the cited works.373-375 

 For differential gene expression, each respective gene is selected under “Gene_DE.” 

Boxplots provide expression levels from the dataset; blue colored boxes represent normal 

(non-tumor) samples (n =44) and red represent tumor samples (n =520). Tumor samples 

are further divided into HPV-positive (HNSC-HPV+)  (n= 97) or HPV-negative tumor 

samples (HNSC-HPV-)  (n= 421). The criteria for HPV positive determination were not 

known. A request was made to the site operators for clarity, but no response has been 

issued. The Wilcoxon test was used to determine statistical significance and is denoted 

by asterisks (*: p-value < 0.05; **: p-value <0.01; ***: p-value <0.001). Box plots for 

https://string-db.org/cgi/help?sessionId=bOBC0vSYiJLV
https://string-db.org/cgi/help?sessionId=bOBC0vSYiJLV
http://timer.cistrome.org/
http://timer.cistrome.org/
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PRC2.1 genes EZH2, EED, SUZ12, and MTF2, along with SAGA genes KAT2A, TADA1, 

USP22, and TAF6L are shown, and plot images were captured from 

(http://timer.cistrome.org/) for display. 

For Gene Correlation, TIMER2.0 (Gene_Corr) module permits the calculation of 

correlation between a given gene of interest and expression of another given gene as 

determined from the TCGA head and neck cancer dataset. For total head and neck 

cancer (HNSC) tumor samples (n =522), HPV-positive (HNSC-HPV+)  (n= 98), or HPV-

negative HNSC-HPV-) (n= 422) tumor samples. The statistical degree of correlation is 

determined by the “purity-adjusted” partial  Spearman’s rho (ρ) with positive correlation 

as p<0.05 and ρ > 0 ; negative correlation as p<0.05 and ρ < 0. For the figures generated 

in this work, values were downloaded from the TIMER2.0 website and plotted as 

Correlation versus significance (1/p-Value) for the displayed genes with GraphPad Prism. 

The Gene Expression and Immune Infiltrate module on TIMER2.0 under “Immune” and 

“Gene” options, permits correlation of a respective gene with the tumor infiltration of 

different immune cell types. For total head and neck cancer (HNSC) tumor samples (n 

=522), HPV-positive (HNSC-HPV+)  (n= 98), or HPV-negative HNSC-HPV-) (n= 422) 

tumor samples. The statistical degree of correlation is determined by the “purity-adjusted” 

partial Spearman’s rho (ρ) with positive correlation as p<0.05 and ρ > 0 ; negative 

correlation as p<0.05 and ρ < 0. For all cell types listed (i.e., T cell CD4+, T cell CD8+, 

Macrophage (Mac), Macrophage M2, Myeloid Derived Suppressor Cells (MDSC), 

Myeloid Dendritic Cells (DC), values were gleaned from TIMER2.0 calculation. For NK 

cells (NK), TIMER2.0 supplies EPIC determined values, which were displayed in the 

figure. 

http://timer.cistrome.org/
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IPA Analysis 

Our CRISPR/Cas9 screen data were analyzed through the use of QIAGEN 

Ingenuity Pathway Analysis (https://digitalinsights.qiagen.com/products-

overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/)376. The 

analysis was used to identify pathways, genes, and pharmacologic agents that could 

hypothetically explain the observed gene expression changes in our screen datasets. To 

perform the analysis, experimental data values from our MAGeCK ranked lists generated 

from the CRISPR/Cas9 screens, were loaded into IPA with three criteria: gene name, 

Log2FC, and p-Value. Next, “Core Analysis” is performed. Core analysis can determine 

known canonical pathways enriched in the dataset and can predict potential upstream 

regulators (i.e., Upstream Regulator Analysis). Targets are assigned two statistical 

scores, an activation Z-score and an overlapping p-Value376. For p-Value, core analysis 

tests the null hypothesis that targets in our dataset (i.e., genes) do not overlap with known 

pathways, functions, etc., and p-Value is generated from the right-tailed Fischer Exact 

Test with significance p<0.05376,558. Z-score infers activation states (“activated” (+Z); 

“inhibited” (-Z)) based on IPA modeling and screens their pre-existing database (derived 

from existing literature) to make predictions based on the incidence of known targets, 

their directionality (i.e., positive or negative), and relationship to other associated 

targets376,558. More information on how the analysis statistics are calculated, and more 

about the IPA analysis in general, can be found in Kramer et al.376 and can be found in 

the following online files published by Qiagen. 

(https://resources.qiagenbioinformatics.com/IPA_features/feature_highlight_upstream_d

ownstream.pdf).  

https://resources.qiagenbioinformatics.com/IPA_features/feature_highlight_upstream_downstream.pdf
https://resources.qiagenbioinformatics.com/IPA_features/feature_highlight_upstream_downstream.pdf
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(http://pages.ingenuity.com/rs/ingenuity/images/0812%20upstream_regulator_analysis_

whitepaper.pdf).   

From the raw canonical pathway analysis, we sorted for negative Z-scores and 

then stratified based on the p-Value for each pathway. We listed the top 15 pathways in 

Table 2. Heading in red designate the list for each screen, and the headings in blue (i.e., 

“HOTAIR” or “PRC2 methylates histones and DNA”) designate PRC2 associated 

pathways.  

“Upstream regulator analysis” was also accessed from the core analysis. From the 

raw, unedited list of potential upstream targets, we segregated the pharmacological and 

genetic regulators based on molecule type. For genetic regulators, we chose the top 10 

gene hits. Those hits had the molecule types of  “transcription regulator,” “transmembrane 

receptor,” “kinase, growth factor,” “transporter,” or “other,” but were all confirmed genes. 

For pharmacologic regulators, all compounds chosen were classified as “chemical drug,” 

“chemical reagent,” or “chemical - endogenous non-mammalian.” For both genes and 

pharmacological agents, potential targets were only considered if they had both an 

attributed Z-Score and a p-Value. Additionally, the downstream targets from “E2F1” and 

“MYC” were also tabulated, and they were ranked on their original Log2FC (Expr Log 

Ratio) by IPA. The attached supplemental files “Supplemental Figure 3_Canonical 

Pathways” lists all identified pathways from our analysis, and  “Supplemental Figure 

4_Upstream Regulator Analysis”, has the full and unedited predicted upstream 

regulator list, the isolated gene and pharmacologic lists, and all associated values and 

statistics.  

 

http://pages.ingenuity.com/rs/ingenuity/images/0812%20upstream_regulator_analysis_whitepaper.pdf
http://pages.ingenuity.com/rs/ingenuity/images/0812%20upstream_regulator_analysis_whitepaper.pdf
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AlphaFold 2.0 and SWISS-MODEL 

Structure prediction of CXCL14 and CXCL14 mutant sequences were generated 

through the use of AlphaFold2.0 and SWISS-MODEL online structural analysis tools. The 

amino acid sequences of each  protein were loaded in ColabFold (v. 1.5.2) (based on 

AlphaFold2)470,471 

(https://colab.research.google.com/drive/1J1G8OC6LZwT6Tqdz4uLRmnVzj7WWgUg1). 

Likewise, the same animo acid sequences were loaded into SWISS-MODEL 

Workspace472-476. The colored key denotes the AlphaFold-predicted local distance 

difference test (pLDDT) and is a per-residue confidence score for each amino acid. In the 

boxes highlighted in red, close-up regions where mutations were introduced are modeled 

and visualized by SWISS-MODEL. 

Immune Epitope Database & Tools (IEDB) Analysis 

Analysis of the HPV E6/E7 epitope chimera containing immunogenic epitopes 

which were derived from the full length E6 and E7 sequences. Starting with the full-length 

versions of HPV-16 E6 and E7 protein sequences 

(https://pave.niaid.nih.gov/locus_viewer?seq_id=HPV16REF), truncated animo acid 

segments were selected and then interspersed into a linked peptide chimera 

corresponding to the amino acid residues, E7(1-22), E6(22-31, E7(45-69), E6(41-53), E7 

(70-98), respectively. Note that the residue numbers listed correspond to the full-length 

amino acid sequence from either 16-E7 or 16-E6. The chimera sequence 

[MHGDTPTLHEYMLDLQPETTDLTIHDIILECVAEPDRAHYNIVTFCCKCDSTLRLCVEV

YDFAFRDLCIVQSTHVDIRTLEDLLMGTLGIVCPICSQKP] was then evaluated for the 

presence of immunogenic epitope sequences known to be presented via MHC-I 

https://colab.research.google.com/drive/1J1G8OC6LZwT6Tqdz4uLRmnVzj7WWgUg1
https://pave.niaid.nih.gov/locus_viewer?seq_id=HPV16REF
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molecules via the IEDB epitope database (https://www.iedb.org/) and 

(http://tools.iedb.org/mhci/).  

Statistical Analysis  

Statistical analyses were performed using GraphPad Prism software. The mean 

+/- standard deviation (error bars) are represented on histograms (RT-qPCR and MFI). 

Significance (p = ≤0.05) was calculated using unpaired student’s t-test or Dunnet’s test 

for multiple comparisons and specific usage is specified in figure legends. 

Generation of Diagrams and Illustrations 

The depiction of diagrams and/or illustrations in figures 

1,2,3,10,26,27,29,33,34,39, and 40 were created with BioRender.com 

(https://www.biorender.com/).  

Data Availability 

N/Tert-1_E6/E7, SCC90, and SCC152 CRISPR /Cas9 Screen Files to be Formally 

Deposited by the Pyeon Lab. All additional data files specified will be attached to 

submission electronically as supplemental files via Michigan State University ETD 

submission. 

Table 3: List of sgRNA Targeting Sequences for CRISPR/Cas9 Knockout 

Brunello # Gene Targeting Sequence NCBI Ref Seq. 

86266120 EED-1 AAGAGAATGATCCATACCAC NM_003797.3 

86255232 EED-2 TTGTGAATGACATTCATACA NM_003797.3 

148829740 EZH2-1 TTATGATGGGAAAGTACACG NM_004456.4 

148827244 EZH2-2 TTATCAGAAGGAAATTTCCG NM_004456.4 

64808013 MEN1-1 CCAGGCATGATCCTCAGACA NM_130804.2 

64809952 MEN1-2 GAACGTTGGTAGGGATGACG NM_130804.2 

31983100 SUZ12-1 GGAGACTATTCTTGATGGGA NM_015355.2 

31988435 SUZ12-2 GAGACTCTCTGAATTTCTAG NM_015355.2 

42120318 KAT2A-1 ATGAGATAAACCGACTGCTG NM_021078.2 

https://www.iedb.org/
http://tools.iedb.org/mhci/
https://www.biorender.com/
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Table 3. (Cont’d) 

42117757 KAT2A-2 TGGGGATGTCACCCATCACA NM_021078.2 

32851129 TAP1-1 CATCATGTCTCGGGTAACAG NM_000593.5 

32853380 TAP1-2 GGCTCCAAGAGCGAAAACGC NM_000593.5 

33313814 TAPBP-1 GATCGAGTGTTGGTTCGTGG NM_172208.2 

33313416 TAPBP-2 AAGCGGCTCATCTCGCAGTG NM_172208.2 

21015837 USP22-1 ACCTGGTGTGGACCCACGCG     NM_015276.1 

21018000 USP22-2 TGGGGCTCTGCATCTCACAG     NM_015276.1 

62782766 TAF6L-1 AGATCCTGGCAGATCCTGTG     NM_006473.3 

62781928 TAF6L-2 GCAGACGAACTCCAAGATTG     NM_006473.3 

166869775 TADA1-1 AGCTCATAGACTTCTCACAC     NM_053053.3 

166876180 TADA1-2 AGAACTTAAGCGAGGCCCTG     NM_053053.3 

 

Table 4: List of Primers 

Name Direction Primer Sequence Application 

HLA-A  F CTTGTAAAGTGTGAGACAGC qPCR 

HLA-A  R CTTCAAGTCACAAAGGGAAG qPCR 

HLA-B F ATGTGTAGGAGGAAGAGTTC qPCR 

HLA-B R GAAGAAATCCTGCATCTCAG qPCR 

HLA-C F CATCACTTGTAAAGCCTGAG qPCR 

HLA-C R CTCTTGAAGTCACAAAGGAG qPCR 

HLA-E F TTCCGAGTGAATCTGCGGAC qPCR 

HLA-E R GTCGTAGGCGAACTGTTCATAC qPCR 

EZH2 F AATCAGAGTACATGCGACTGAGA qPCR 

EZH2 R GCTGTATCCTTCGCTGTTTCC qPCR 

EED F AAAGACCCCTGCTTCCAGATT qPCR 

EED R TTCCCCACTCGTAAACACCAA qPCR 

SUZ12 F AGGCTGACCACGAGCTTTTC qPCR 

SUZ12 R GGTGCTATGAGATTCCGAGTTC qPCR 

MTF2 F TCAAACGTCTACCATTACAGTGG qPCR 

MTF2 R TCCAGGGTGCAATCTATCCCA qPCR 

KAT2A F CTATGCCAGGCGAGAAGAGG qPCR 

KAT2A R TCGGCGTAGGTGAGGAAGTA qPCR 

NLRC5 F GCTCGGCAACAAGAACCTGT qPCR 

NLRC5 R GGTCCAAGGTCTCGTTCCT qPCR 

TAP1 F GCAAGAAATAAAGACACTCA qPCR 

TAP1 R AGCATACCTGAAATACTAGT qPCR 

TAP2 F AACAACAAAGTCTTGATG qPCR 

TAP2 R TTAATGTCTCACCCAAAA qPCR 

TAPBP F TCAAAGAAGAAAGCAGAGTG qPCR 

TAPBP R AGAGAGATTGGAGGGATTAG qPCR 

B2M F CCACTGAAAAAGATGAGTATGCCT qPCR 

B2M R CCAATCCAAATGCGGCATCTTCA qPCR 
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Table 4. (Cont’d) 

NANOG F TTTGTGGGCCTGAAGAAAACT qPCR 

NANOG R AGGGCTGTCCTGAATAAGCAG qPCR 

STAT3 F CAGCAGCTTGACACACGGTA qPCR 

STAT3 R AAACACCAAAGTGGCATGTGA qPCR 

OCT4(POUF1) F GGTCCGAGTGTGGTTCTGTA qPCR 

OCT4(POUF1) R CGAGGAGTACAGTGCAGTGA qPCR 

SOX2 F GCCGAGTGGAAACTTTTGTCG qPCR 

SOX2 R GGCAGCGTGTACTTATCCTTCT qPCR 

N-MYC F ACCCGGACGAAGATGACTTCT  qPCR 

N-MYC R CAGCTCGTTCTCAAGCAGCAT  qPCR 

c-MYC F CCTGGTGCTCCATGAGGAGAC  qPCR 

c-MYC R CAGACTCTGACCTTTTGCCAGG  qPCR 

HPV16-E6 F CCACAGGAGCGACCCCGAAAGTTA qPCR 

HPV16-E6 R CACGTCGCAGTAACTGTTGCTTGC qPCR 

HPV16-E7 F GTGACAGCTCAGAGGAGGAGGATG qPCR 

HPV16-E7 R ACGCACAACCGAAGCGTAGAGTCA qPCR 

MARCHF8 F AGTGACATTCCACGTCATTGC qPCR 

MARCHF8 R GATCTCCTCAGCAGTACGGTC qPCR 

GAPDH F GAAGGTGAAGGTCGGAGT qPCR 

GAPDH R CATGGGTGGAATCATATTGGAA qPCR 

B-Actin F TCACCCACACTGTGCCCATCTA qPCR 

B-Actin R TGAGGTAGTCAGTCAGGTCCCG qPCR 

H2Db F GGAGCCTCCTCCGTCCACTG qPCR 

H2Db R TACAATCTCGGAGAGACATT qPCR 

H2Kb F CGCGACGCTGCTGCGCACAG qPCR 

H2Kb R TACAATCTGGGAGAGACAGA qPCR 

B2M (mouse) F CCAGAGCAAGAGAGGTATCC qPCR 

B2M (mouse) R GAGTCCATCACAATGCCTGT qPCR 

ITGAV F CCTGTGCCTGTGTGGGTGAT qPCR 

ITGAV R GGTGGCGGACCCGTTTA qPCR 

ITGB5 F TTGGCAGAGAACAACATCAACC qPCR 

ITGB5 R TCCTCAGGCTGATCCCAGAC qPCR 

IL-12a F CCTTGCACTTCTGAAGAGATTGA qPCR 

IL-12a R ACAGGGCCATCATAAAAGAGGT qPCR 

TNF-alpha F GAGGCCAAGCCCTGGTATG qPCR 

TNF-alpha R CGGGCCGATTGATCTCAGC qPCR 

IL-1beta F CAGGCTGCTCTGGGATTCTC qPCR 

IL-1beta R GTCCTGGAAGGAGCACTTCAT qPCR 

USP22-sg1 Fwd F TCTGGCAGTTTTACTCTGGACA TIDE 

USP22-sg1 Rev R CAAAACAATGGAATGTGTCACC TIDE 

USP22-sg2 Fwd F CAGGTAACTCCTGCTCTCTGGT TIDE 

USP22-sg2 Rev R AGTAACAGAAATGTTCCCCTGC TIDE 

TAF6L-sg1 Fwd F TTGTAAGTGGCCTCTATCAGCA TIDE 

TAF6L-sg1 Rev R CAGGCACACACTATTTTGGAGA TIDE 

TAF6L-sg2 Fwd F CTGTCTTCCAGAAGAATACCGC TIDE 
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Table 4. (Cont’d) 

TAF6L-sg2 Rev R GGTAGCTTACAGGGACATGAGG TIDE 

TADA1-sg1 Fwd F AACCTAAAGCTGTGGTTCAAGC TIDE 

TADA1-sg1 Rev R TTTTGGATATCCCCTATTCTGC TIDE 

TADA1-sg2 Fwd F AGTTGGTTTTTGGGTTGTTGAT TIDE 

TADA1-sg2 Rev R CTGGACGCTGTGCTAGGG TIDE 

EED-1F F CTTTTTGGTTTTGCATACAGGA TIDE 

EED-1R R TTCTAAACTCATTGTTGGGGCT TIDE 

EED-2F F TCACAGGAGGTATTTTAAGGCAG TIDE 

EED-2R R GGATACATCAGCATCCACGTAA TIDE 

EZH2-1F F TCTGGAGAACTGGGTAAAGACA TIDE 

EZH2-1R R TAGCCCCTTTTTCCAAGAGAA TIDE 

EZH2-2F F TTTGTTTTTGACTGACTGGCAT TIDE 

EZH2-2R R GTTCTTCTGCTGTGCCCTTATC TIDE 

MEN1-1F F AGGACCCTCTTTCATTACCTCC TIDE 

MEN1-1R R GGGCTACTACAGTATGAAGGGG TIDE 

MEN1-2F F GAACGTTGGTAGGGATGACG TIDE 

MEN1-2R R GAGACCTTCTTCACCAGCTCAC TIDE 

SUZ12-1F F ATGAAGTAGCCATGCAGGAAAT TIDE 

SUZ12-1R R ATGAATTAGCATTTGGGGAAGA TIDE 

SUZ12-2F F CTACGTTGCAGTTCACTCTTCG TIDE 

SUZ12-2R R CAGAGCAAGACTCCATCTCAAA TIDE 

TAP1-1F F CTCATCACTTGGAACCTGTCTG TIDE 

TAP1-1R R GGTACCATTTTCCCACCTTCTT TIDE 

TAP1-2F F AGTACTGCTACTTCTCGCCGAC TIDE 

TAP1-2R R ATGAGATCAGCTCTCGGAACA TIDE 

TAP2-1F F CATCTCCCTCCCCTCTTATTCT TIDE 

TAP2-1R R TTAGTCTCCTGGAAGAAACCGA TIDE 

TAP2-2F F CAAATTGGAACACTGGGGTATT TIDE 

TAP2-2R R GTCGGTCCATGTAGGAGAAAAC TIDE 

TAPBP-1F F GCAGGTCACCAGACATACAAAC TIDE 

TAPBP-1R R ACTGAGATAGAGCTCAGGGTCG TIDE 

TAPBP-2F F TCCTTCTCTACACTCAGACCCC TIDE 

TAPBP-2R R ATATGCTGACCATCAGCCAAG TIDE 

pLenti-CXCL14-F F AGGCCTGGATCCGCCGCCACCATGAGGCTC Cloning 

pLenti-CXCL14-R  R AGGCCTACCGGTCTACTTGTCATCGTCATCCTT   Cloning 

pCDH_CXCL14  F ACTAAAGAATTCGCCGCCACCATGAGGCTC Cloning 

pCDH_CXCL14  R TTTAGTGGATCCCTACTTGTCATCGTCATC Cloning 

CXCL14_RY43/44AA F CACCAAGAGCATGTCCGCGGCCCGGGGCCAGGAGCAC Mutagenesis 

CXCL14_RY43/44AA R GTGCTCCTGGCCCCGGGCCGCGGACATGCTCTTGGTG Mutagenesis 

CXCL14_dEE F GAGAAGCGCAGGGTCTACGACTACAAAGACCATG Mutagenesis 

CXCL14_dEE R CATGGTCTTTGTAGTCGTAGACCCTGCGCTTCTC Mutagenesis 

pShuttle_CXCL14-F F GGTGGTAGATCTGCCGCCACCATGAGGCTC Cloning 

pShuttle_CXCL14-R R GATGACGATGACAAGTAGAAGCTTTGATCA Cloning 

pShuttle_NG01 F TGATCAAGATCTGCCGCCACCATGAGGCTC Cloning 

pShuttle_NG01 R AGGCCTGATATCCTAAGCGTAATCTGGAACATCGTA Cloning 
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Table 4. (Cont’d) 

pShuttle_HPV_Epitopes F AGGCCTAGATCTGCCGCCACCATGCTGCTATCCGTGCCG Cloning 

pShuttle_HPV_Epitopes R AGGCCTGATATCCTAAGCGTAATCTGGAACATCGTA Cloning 

ITR-Psi_F F CGACGGATGTGGCAAAAGT Ad5 Titration 

ITR-Psi_R: R CCGCCTAAAACCGCGCGAAAA Ad5 Titration 

 

Table 5: List of Antibodies 

Antibody Name Application Company Product # 

HPV16 E7 Western Blot ThermoFisher 28-0006 

HLA-A/B/C Western Blot Protein Tech 15240-1-AP 

MTF2 Rabbit PolyAb Western Blot Protein Tech 16208-1-AP 

MARCH8 Rabbit PolyAb Western Blot Protein Tech 14119-1-AP 

N-Myc Antibody (B8.4.B) Western Blot Santa Cruz sc-53993 

E2F3  Western Blot / CoIP Santa Cruz sc-56665 

E2F-1 Antibody (KH95) Western Blot / CoIP Santa Cruz sc-251x 

GCN5 (KAT2A) Western Blot Santa Cruz sc-365321 

SUZ12  Western Blot Santa Cruz sc-271325 

Ezh2 (D2C9) XP® Rabbit mAb #5246 Western Blot Cell Signaling 5246S 

EED (E4L6E) Antibody Western Blot Cell Signaling 85322S 

MONOCLONAL ANTI-FLAG(R) M2 Western Blot Sigma-Aldrich F1804-200UG  

Direct-Blot™ HRP anti-β-actin Antibody Western Blot BioLegend 664804 

Anti-mouse IgG, HRP-linked Antibody Seconday Western Blot Cell Signaling 7076 

Anti-rabbit IgG, HRP-linked Antibody Seconday Western Blot Cell Signaling 7074 

Tri-Methyl-Histone H3 (Lys27) (C36B11) Rabbit mAb Western Blot Cell Signaling 9733 

Acetyl-Histone H3 (Lys9) (C5B11) Rabbit mAb Western Blot Cell Signaling 9649 

STAT1 (D1K9Y) Rabbit mAb Western Blot Cell Signaling 14994 

Phospho-Stat1 (Ser727) Antibody Western Blot Cell Signaling 9177 

FITC anti-human HLA-A,B,C Antibody Flow Cytometry BioLegend 311404 

Rabbit IgG  CUT&RUN Epicypher  13-0042 

H3K4me3  CUT&RUN Epicypher  13-0041 

H3K27me3  CUT&RUN Thermo Fisher MA5-11198 
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