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ABSTRACT

The importance of altering host cell metabolism for promoting infection and propagation of coronaviruses highlights the intricate play between viruses and the cells they infect (1). Upregulation of the glycolytic pathway in host cells infected with coronaviruses was observed in single-cell RNAseq, although the mechanism(s) that mediate this effect are still being investigated (2). Hypoxia-inducible factor-1 alpha (HIF-1⍺) is a transcription factor that regulates many glycolytic enzymes. Recent studies have identified SARS-CoV-2 upregulation of HIF-1⍺, which suggests it may have an important role in virus production (3, 4). However, the exact role and physiological relevance of HIF-1⍺ during viral infection is undetermined as most all studies have used pharmacological inhibitors, which can have unknown off target effects. Currently, SARS-CoV-2 is the most well studied of the betacoronaviruses for viral mediated modulation of host cell metabolism. In our study, we explore the relationship between HIF-1⍺ and the human betacoronavirus OC43 using a human colorectal cancer cell line, HCT116, with a targeted deletion for HIF-1⍺. We hypothesize that OC43 will upregulate glycolysis in this cell lines and that virion production will be diminished in the absence of HIF-1⍺. Infection of HCT-116 cells with OC43 resulted in elevated glycolysis, while the virus failed to increase this metabolic pathway in the HIF-1⍺ knockout (KO) cell line. OC43 replication was significantly diminished in HIF-1⍺ KO cells. To dissect the signaling pathway that OC43 utilizes, an AKT 1/2 knockout cell line was infected with OC43.  OC43 failed to induce HIF-1⍺, in cells lacking AKT1 and AKT2, suggesting that AKT signaling is a key mediator of OC43’s effects. Overall, our data demonstrate that HIF-1⍺ is critical for maximal OC43 replication within host cells. 
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[bookmark: _Toc164776281]Coronaviruses
Coronaviruses are enveloped single stranded positive-sense RNA viruses belonging to the family Coronaviridae (International Committee on Taxonomy of Viruses), one of the four families within Nidovirales order. Genomic and phylogenic differences further classify coronaviruses into subfamily Orthocornavirinae, which contains four separate genera: alphacoronavirus, betacoronavirus, gammacoronavirus, and deltacoronavirus (5) (Figure 1). All Figures appear at the end in the appendix.
Members of alpha and beta coronaviruses cause respiratory illness in humans while gamma and delta coronaviruses mostly infect avian species (6).  Amino acid and complete genome sequencing analysis indicate bats to be the natural reservoir for alpha and beta coronaviruses while gamma and delta coronaviruses naturally occur in birds (6, 7). The first human coronavirus OC43 (HCoV-OC43) was isolated in 1967 from a patient displaying common cold symptoms (8). Six other coronaviruses causing respiratory infections in humans have been identified: HKU1, NL63, 229E, MERS-CoV, SARS-CoV, and SARS-CoV-2. All human coronaviruses are of a zoonotic origin that are thought to have crossed over from bats, with the exception of OC43 and HKU1, which may have originated in mice (9). Coronavirus infections in humans usually manifest as mild respiratory illness and/or gastrointestinal distress (10). However, coronaviruses such as MERS-CoV, SARS-CoV, and SARS-CoV-2, which also target the respiratory system, can cause much more severe illness in the elderly and immunocompromised individuals (11-13). For example, the latest coronavirus outbreak in 2020 (i.e., SARS-CoV-2) caused a pandemic lasting three years after first crossing over to humans in the year prior probably from bats via an intermediate species possibly pangolins (14). Bat coronaviruses share many genomic similarities to human coronaviruses including SARS-CoV-2 and are also able to infect the human epithelial cell line, HEK293 (15). Over time as coronaviruses have infected humans, they have continued to acquire genetic changes that increase virulence. The interplay between coronaviruses and host is at the center of this thesis project, which studies the intricate interplay of how the coronavirus OC43 impacts cellular metabolism in the host.  
[bookmark: _Toc164776282]Genomic Structure of Coronaviruses
The coronavirus genome is one of the largest among RNA viruses ranging from 26-32 kilobases. The RNA single-stranded genome contains a 5’ cap and 3’ polyadenylated tail. It encodes four major structural proteins: glycoprotein spike (S), membrane (M), nucleocapsid (N), and envelope (E). The hemagglutinin esterase protein is encoded in select lineages of betacoronaviruses such as human coronavirus OC43 and HKU1 (16, 17). The spike protein, consisting of two sub-units that project from the viral surface and facilitate binding to the host cell surface receptor. The M and E proteins both function in virus assembly with the E protein also helping release of the virion from the host cell. The N protein coats and protects the viral genome. Coronaviruses contain two large overlapping open reading frames (ORFs), ORF1a and ORF1b, which are translated into the polyproteins, pp1a and pp1ab, respectively. These polyproteins are than cleaved into non-structural proteins and RNA dependent RNA polymerase (RdRp), both are needed for viral replication and transcription.  Viral replication and transcription rely on cellular process which require dNTP, translation of viral genome, and lipids which are provided through host cell metabolism. 
[bookmark: _Toc164776283]Coronaviruses Lifecycle and Recombination 
Coronavirus replication begins with the attachment of the coronavirus virion to a host cell surface receptor, via the receptor binding domain (RBD) in the S1 subunit of the spike protein. Fusion of the coronavirus particle is facilitated through conformational changes in the S2 subunit after host cell proteases cleavage or receptor-mediated endocytosis. Once inside the cell, the virus is uncoated and translation via host cell ribosomes of ORF1a and ORF1b following a ribosomal frameshift (18). Uncoating generally refers to the removal of the viral capsid and the mechanisms used to mediate this process vary (19). Coronaviruses are positive sense single strand viruses, meaning that they are similar to host mRNA (i.e., 5’ CAP and poly A tail), allowing them to be directly translated (20). The translation of ORF1a and ORF1b gives rise to polyproteins pp1a and pp1ab, which are subsequently cleaved into non-structural proteins (21). The viral RNA genome starts transcription via the replication and transcription complex (RTC) formed by non-structural proteins, convoluted membranes, double-membrane vesicles, and small open double-membrane spherules (22). Replication occurs in the cytoplasm following the formation of the RTCs from non-structural proteins and RdRp. Positive-strand genomic RNAs (gRNAs) are produced using synthesized complementary negative-strand RNA as a template. Interestingly, in addition to the production of full length negative-sense RNA, subgenomic negative-sense RNAs (-sgRNA) is also synthesized during transcription-by-transcription regulatory sequences (TRSs) (23). This hallmark of coronavirus replication is called discontinuous transcription and results in the synthesis of subgenomic mRNAs (sg mRNA), producing all four major structural proteins, S, M, N, and E needed for virion assembly (22). Virion assembly occurs in the endoplasmic reticulum (ER) following the arrival of newly encapsuled RNA. Finally, newly assembled virions are exocytosed from the cell (22, 24). Another important aspect of this replication process is the high frequency of homologous recombination events, which is predominant feature of coronaviruses compared to other RNA viruses (25). This recombination is credited to RdRps, which are capable of strand jumping, and allows previously nonpathogenic coronaviruses to cause serious disease and illness upon spillover from its animal host (26). Most pathogenic coronaviruses in humans are suspected to have originated in bats with another intermediate animal host leading to a recombination event enabling the virus to spread to humans (5). A recent example of a coronavirus cross-over event postulated to have involved genomic recombination occurred in 2019 with severe acute respiratory syndrome (SARS)-CoV-2 (25). 
[bookmark: _Toc164776284]Human Coronavirus OC43
Human coronavirus OC43 (HCoV-OC43) is a betacoronavirus along with HCoV-229E, -NL63, and -HKU, and is one of the causative agents of the common cold (27). First isolated in 1967 as the VR759 strain from a male patient, it is thought to be the most encountered coronavirus  (8). Full genome sequencing of HCoV-OC43, performed decades later, led to a molecular clock analysis dating the origins of HCoV-OC43 to be around 1890 (8). This rise of HCoV-OC43 is presumed to be a zoonotic transmission event in which bovine coronavirus (BCoV), another betacoronavirus, evolved to infect humans (8). The emergence of HCoV-OC43 coincides with the rise of the “Russian flu” (1889-1894), a global pandemic beginning in Turkestan and eventually killing approximately 1 million people. The definitive causative agent of the illness was not determined as serological tests and viruses were not available at the time.  The outbreak was retrospectively labeled to be an influenza virus following the Spanish influenza outbreak (1918-1919) (28).  Statistical and epidemiological analyses conducted later found that the pandemic in the late 1800’s better fit a coronavirus outbreak rather than influenza virus.   This was based on symptomology, the age range of patients most severely affected, and epidemiological data of the pandemic waves. Infected patients displayed symptoms of respiratory illness, which is like influenza, but they also developed symptoms uncommon in influenza infection such as neurological sequelae along with a loss of taste and smell. The elderly population was more prone to severe illness and complications compared with younger adults and children. This is different from the flu, which generally causes more severe illness in children (28, 29). Finally, when the three waves of the pandemic were compared to the waves of the Spanish influenza and the more recent COVID-19 pandemic, the pattern pointed to a coronavirus rather than influenza (28).  
[bookmark: _Toc164776285]OC43 protein functions                                              
The zoonotic origin and potential of HCoV-OC43 highlights the importance of better understanding its genomic composition. Like other coronaviruses, HCoV-OC43 has 5 major structural proteins: spike (S), membrane (M), nucleocapsid (N), envelope (E), and the hemagglutinin esterase (HE).  The S protein is divided into two subunits, S1 and S2. The S1 subunit facilitates binding to N-acetyl-9-O-acetylneuraminic acid (9-0-acetylated sialic acid) receptors on the cell surface while the S2 subunit aids virion fusion to the host cell membrane. HCoV-OC43 uses caveolin-1 dependent endocytosis for entry into the cell (30). Interactions between M, E, and N proteins aid virion assembly. OC43 M is the most abundant of the viral proteins. It’s important in membrane curvature and facilitation of viral release from the host cell (31). The OC43 N protein aids in viral transcription and replication, and interestingly, was shown in vitro to be involved in viral immune invasion through indirect activation of NF-κB, a transcription factor involved in innate immunity (32). Furthermore, OC43 infected cells inhibited the microRNA miR-9, which suppresses neuronal proliferate NF-κB in neuronal cells, thus viral infection was able to increase NF-κB protein levels. The E protein is an ion channel that aid in viral assembly and release. In neuronal cells, maximal virion production relies heavily on a fully functional PDZ-domain binding motif (PBM) in the C-terminal of the E protein (33). The homodimer HE protein enables attachment of virion to the host cell receptor. Interestingly, in nonpermissive cells the HE protein is thought to aid in virion release through esterase’s action on acetyl groups of the main OC43 host cell receptors, O-acetylated sialic acids, though the mechanism is still poorly understood.(34) . The protein functions described above shed some insight into OC43’s needs regarding host cellular functions. 
[bookmark: _Toc164776286]Prevalence and Clinical Manifestations 
The common cold human coronaviruses (e.g., NL63, KHUI, 229E, and OC43) are most prevalent during the winter months and tend to infect those aged 60 or older (35). OC43 is the most common coronavirus causing the common cold (36). Individuals infected with OC43 report clinical manifestations such as bronchitis, pharyngitis, pneumonia, and laryngitis. Gastrointestinal distress and fever are also commonly experienced (27). Though symptoms are generally mild in infected individuals, there is increased morbidity in the immunocompromised and/or elderly (37). In addition to OC43’s effect on the enteric and respiratory tract, the virus can affect the nervous system. Transmission from the respiratory tract to the CNS is via the olfactory nerve allowing for propagation of the virus in neurons (38). Regardless of cell type infected, OC43, like all viruses, depends on the host cellular metabolism for macromolecules required for viral replication.   Macromolecules such as dNTPs are needed to replicate the viral genome, amino acids for viral protein synthesis, lipids for the virion membrane/envelope, NADPH as an electron donor for synthesis of this synthetic macromolecules, and ATP as the energetic fuel to accomplish these processes and aid in viral replication. (39). An example of coronavirus use of metabolic macromolecules is the inhibition of SARS-CoV-2 replication when cells were treated with a fatty acid synthase inhibitor (39). However, the specific steps involved in coronavirus alteration of fatty acid synthesis and metabolism in general remains an open question.
[bookmark: _Toc164776287]Viral Alteration of Metabolic Pathways
Cellular metabolism is a vast network of interconnected pathways that together yield the compounds needed for cell survival and growth such as ATP, the building blocks for nucleic acid synthesis, fatty acids, and many more metabolites. The major metabolic pathways and processes include glycolysis, the tricarboxylic acid cycle (TCA), and the electron transport chain (ETC), which includes oxidative phosphorylation (Fig. 2).  The TCA and ETC occur in the mitochondria under aerobic conditions while in the glycolysis happens in the cytosol in both aerobic and anerobic conditions. Together, these evolutionarily conserved pathways provide the cell with ATP and other important metabolites. Viruses, including coronaviruses, manipulate these pathways to maximize the production of new infectious particles. For example, many viruses can activate or increase glycolysis by increasing glucose uptake and enzymes in the glycolytic pathway, such as glucose transporters, hexokinase, phosphofructokinase-1, and lactate dehydrogenase (1). Importantly, modulation of host cell metabolism is virus specific with many mechanisms unknown. 
[bookmark: _Toc164776288]Pathway Overview of Glycolysis, TCA, and ETC
[bookmark: _Toc164776289]The Glycolytic Pathway
In healthy human cells, glycolysis occurs in the cytoplasm and converts glucose into pyruvate yielding 2 ATP and 2 of the electron carriers, NADH, through a ten-step oxidative process (Fig. 3). Glucose enters the cell through facilitated transport via the integral membrane proteins called GLUT transporters. This transport is driven by the lower concentration of glucose inside the cell leading to movement down the concentration gradient. To date, there are 14 different glucose transporters with varying tissue expression patterns, substrate affinities, and activities under certain conditions (34). The first reaction in the glycolysis pathway is the phosphorylation of glucose into glucose 6-phosphate (G6P) by the hexokinase enzyme. This reaction helps trap glucose inside the cell by adding a negatively charged phosphate and effectively lowers the concentration of glucose which promotes additional glucose uptake. The fate of G6P depends on the needs of the cell. It can either be shunted into the pentose phosphate pathway (PPP) to produce ribose-5-phosphate (the precursor to make the sugar backbone for nucleotides) and NADPH or it can be shunted to produce glycogen in the liver and muscle via glycogen synthetase. Alternatively, when the cell needs energy, it can continue through glycolysis. Glucose is fully committed to the production of pyruvate when fructose-6-phosphate is phosphorylated to fructose-1,6-biphosphate by phosphofructokinase-1 (PFK-1) in the rate-limiting step. As such, PFK-1 is heavily regulated through allosteric feedback mechanisms to turn off or on glycolysis. Fructose-2,6-biphosphate binds to PFK-1 to inhibit it. Importantly, fructose-2,6-biphosphate is produced through the activation of phosphofructokinase-2 (PFK-2), which is activated by the protein kinase, AKT (40). The payoff phase of glycolysis occurs during the last five steps when two molecules of ATP and NADH are produced. Importantly, the high energy intermediates, 1,3-biphosphoglycerate and phosphoenolpyruvate, whose phosphate bond has a higher energy than ATP, are used to transfer a phosphate onto ADP to make ATP. In the final step pyruvate kinase converts phosphoenolpyruvate into pyruvate. The amount of oxygen determines the fate of pyruvate which can also be influenced by growth factors, hormones, and individual cell-type. Under anerobic conditions pyruvate is converted to lactate via lactate dehydrogenase A (LDHA) utilizing NADH to produce the oxidized form, NAD+.  Interestingly, the preference for pyruvate conversion into lactate is a key hallmark of cancer cells in what is known as the Warburg effect. This same metabolic phenotype of increased glucose consumption is also seen in proliferating and virally infected cells, with increased glycolysis being observed in both RNA and DNA virally infected cells which will be discussed in a later section. Under aerobic conditions, pyruvate is converted to acetyl-CoA via pyruvate dehydrogenase complex (PDC) to be used in the TCA cycle and other metabolic pathways requiring oxygen.  
[bookmark: _Toc164776290]TCA cycle
TCA is an aerobic pathway occurring in the mitochondria that can also yield key intermediates used in viral replication (41). The first step in the TCA cycle uses acetyl-CoA, the enzyme citrate synthetase, and the final product oxaloacetate (OAA), to form citrate. Because fatty acid oxidation also yields acetyl-CoA, this reaction bridges the gap between carbohydrate and fatty acid metabolism and is heavily regulated. Importantly, the acetyl-CoA binding site on citrate synthase remains inaccessible unless bound to OAA. Thus, substrate levels of OAA are important in mediating the progression of the TCA cycle. In tissues such as the liver, OAA gets pulled out of the TCA cycle and used for glucose production or gluconeogenesis, thus resulting in decreased TCA cycle activity.  In total, 3 NADH and 1 FADH2 are produced in a single turn of the TCA cycle from 1 acetyl-CoA. Both molecules act in the electron transport chain complexes to facilitate pumping protons into the inner membrane space and thereby creating a proton gradient, which ATP synthase uses to generate ATP by harnessing the energy released by allowing the protons to flow back into the mitochondrial matrix. Of note, the TCA cycle and ETC are directly connected via the succinate dehydrogenase enzyme, which is used in both processes. In the TCA, succinate dehydrogenase oxidizes succinate to fumarate yielding FADH2, while also representing complex II in the ETC. Downstream of glycolysis, the TCA cycle produces citrate, alpha-ketoglutarate, oxaloacetate, to name a few important intermediate metabolites used in biosynthetic pathways, while also generating NADH and FADH2, which are directly used to produce ATP by the electron chain complexes (ETC) in a process called oxidative phosphorylation (OXPHOS). Specifically, OXPHOS is the final step in aerobic respiration and the largest contributor to ATP production. 
[bookmark: _Toc164776291]ETC and Oxidative Phosphorylation 
In the inner mitochondrial membrane, various proteins along with four main protein complexes NADH dehydrogenase (complex I), succinate dehydrogenase (complex II), cytochrome c reductase (complex III), and cytochrome c oxidase (complex IV) collectively form what is known as the electron transport chain (ETC). A H+ gradient is formed when H+ are pumped across into the positively charged intermembrane space from the negatively charged mitochondrial matrix. Electrons are accepted from NADH and FADH2, and transferred down the ETC to oxygen, which serves as final electron acceptor. Simultaneously, ATP is formed through ATP synthase coupling the energy released after protons flow down the electrochemical gradient and into the matrix adding a phosphate onto ADP. 
Collectively, the pathways of glycolysis, TCA, and ETC function together to oxidize nutrients essential for cell survival, proteins, lipids, carbohydrates, and nucleic acids to yield vital products such as dNTPs as well as the energy source, ATP. Since these same processes are required for viral survival, host cell metabolism is utilized to produce materials for envelope formation, and viral genome and virion production. While viral modulation of host cell metabolism has been recognized for quite some time, the pathways altered vary depending on the specific virus and many mechanisms are still unknown. Identifying metabolic targets of viruses is important for better understanding of the pathogenesis of the virus and for the development of drug targets. Interestingly, viral alteration of cellular metabolism has been observed in both DNA and RNA viruses. 
[bookmark: _Toc164776292]DNA Virus Modulation of Metabolic Pathways 
Human cytomegalovirus (HCMV) is a DNA virus that generally causes no symptoms in healthy individuals but can cause severe illness in the immunocompromised. HCMV hijacks the cellular metabolic pathways and could represent a possible target to inhibit virus production. Specifically, upregulation of glycolysis in virally infected cells was observed and found to be required for viral progeny production with initial studies linking this glycolytic flux to the increase in glucose transporters, specifically GLUT4 (42-44). HCMV accomplishes this via the production of IE72 protein, which decreases GLUT1 expression driving the upregulation of GLUT4 (45). In addition to modulation of GLUT transporters to increase glycolysis, HCMV targets the metabolic enzyme enolase 2 (ENO2) via another viral protein, UL 38 protein. Inhibition of ENO2 lead to decreased glucose consumption and production of both lactate and late glycolytic intermediates (43). HCMV mediates host cell modulation across several pathways with glycolytic intermediates and end products being shunted into the PPP, fatty acid synthesis, and the TCA cycle (46). HCMV’s exact mechanisms upregulating these metabolic processes are still being explored. Human adenovirus (HAd), which causes mostly mild respiratory disease in adults, increases glycolysis to increase virion production. Mechanistically, this is accomplished via an HAd encoded oncoprotein, E4ORF1. This protein enriches MYC, a major transcriptional regulator of many glycolytic genes including glucose transporters. Increased glucose uptake is than funneled into the pentose phosphate pathway (PPP) for the generation of ribose-5-phosphate, which is then used for viral genome production (47-49). Specifically, ribose-5-phosphate is used to form the sugar backbone component in ribonucleic acid (RNA). The TCA cycle was also shown to be important to produce infectious HAd in HeLa cells with decreased viral titers resulting from pharmacological inhibition of this pathway (50). Human papillomavirus (HPV), the leading cause of cervical cancers, uses its oncoproteins to mediate glycolysis. The mechanism for HPV mediates increased glycolytic flux is suspected to be through hypoxia-inducible factor 1 (HIF-1⍺) with several studies finding HIF-1⍺ stabilization in HPV infected human cervical, head, and neck carcinoma cells (51-53). The stabilization of HIF-1⍺ in virally infected cells is important for a better understanding the mechanism HPV utilizes as this transcription factor is a key regulator of glycolytic genes. HIF-1⍺ has also been identified as a target of hepatitis B virus (HBV) for upregulating glycolysis (54). The relationship between HIF-1⍺ and viruses such as HPV and HBV will be further explored in a later section.   
Vaccinia virus (VACV), an orthopoxvirus, is the vaccine against smallpox, due to its antigenic similarity to the variola virus (55). Prior studies investigating VACV’s hijacking of host cell metabolism have found that it requires glutamine and de novo fatty acid synthesis, but not glucose for efficient viral replication (56-58). Oxidative phosphorylation (OXPHOS), not commonly targeted by viruses, is also heavily upregulated by VACV suggesting the viruses need copious amounts of energy (59). A recent study investigating VACV’s mechanism(s) for increasing the TCA cycle and OXPHOS identified phosphorylation of the signal transducer and activator of transcription 3 (STAT3) as a key component in the rewiring of host cell metabolism (60).

[bookmark: _Toc164776293]RNA Virus Modulation of Metabolic Pathways 
Viral mediated metabolic modulation varies between viruses with some preferentially upregulating one pathway over another, or targeting multiple at the same time. Ebola virus (EBOV), a member of the Filoviridae family, increases lipid production and gluconeogenesis in endothelial cells. (61). Redirecting the cell’s metabolism towards fatty acid production may explain why the liver is one of the main targets of EBOV infections as this organ is the primary site for whole body lipid metabolism (62). While EBOV is an enveloped virus and therefore requires fatty acid synthesis for envelope formation, not all enveloped viruses will preferentially upregulate this pathway. Dengue virus (DENV) is an enveloped flavivirus that increases key glycolytic intermediates such as G6P, 2-Phosphoglycerate, and lactate up to 48 hours-post infection (hpi) in primary foreskin fibroblasts (HFFs). Increased glucose uptake in DENV infected cells was also observed (63). The importance of glycolytic flux for maximal DENV production was confirmed with the inhibition of glycolysis using a glucose analog which resulted in decreased DENV production. In addition, levels of glutamate and glutamine were also found to be increased in infected cells indicating DENV’s utilization of the TCA cycle. Collectively, these data indicate both glycolysis and the TCA cycle are important metabolic pathways required for maximal DENV production. Another mosquito-borne virus, Zika virus (ZIKV), also targets both glycolysis and the TCA cycle for efficient viral replication (64). Increased glucose uptake and lactate production was observed in ZIKV infected HFFs when compared to controls. ZIKV alterations in carbon flux appear to be cell type dependent. Stable isotope labeling of 13C-glucose in primary human cells showed increased carbon flux feeding into the TCA cycle while the pentose phosphate pathway served as the destination for glycolytic metabolites in C6/36 mosquito cells (65). In addition to upregulation of metabolic processes, ZIKV also mediates downregulation of OXPHOS, which induces host cell apoptosis. These events arise as a result of glycolytic rewiring allowing for the spread of more viral progeny (66). While decreasing of OXPHOS seems counter-intuitive to the survival of viruses, ZIKV is not the only RNA virus known to downregulate this metabolic process. OXPHOS leads to an increase of reactive oxygen species (ROS), which functions as a signaling molecule for antiviral defenses, immune evasion, and apoptosis. Therefore, decreasing OXPHOS may function to increase viral replication. Human immunodeficiency virus (HIV) decreases OXPHOS in peripheral blood mononuclear cells (PBMC) of chronically infected individuals (67). This impairment of a key cellular process makes sense as mitochondrial dysfunction is a common result of HIV infection (67). However, another study found effector CD4 T-cells infected with HIV upregulate glycolysis over OXPHOS, thus highlighting the importance of further evaluation of individual cell-type differences in viral response, especially in terms of host cell metabolism (68). Another virus benefiting from the induction of glycolysis and impairment of OXPHOS is influenza A, a member of the orthomyxovirus family (69-72). One study found glucose uptake to be significantly higher in lungs of patients infected with influenza A as compared to individuals who had recently cleared the virus (72).  Moreover, influenza A is thought to upregulate glycolysis via the PI3K/mTor signaling pathway though further studies are needed to better understand employed mechanisms. 
Human respiratory syncytial virus (RSV) is a major contributor to lower respiratory tract illness in adults and children world-wide. In a study exploring possible drug targets, glycolysis was upregulated through increasing HIF-1⍺ (73). HIF-1⍺ elevated key glycolytic enzymes including hexokinase and phosphofructokinase, while also increasing several glucose transporters. The authors conclude that HIF-1⍺ makes a promising target to inhibit RSV infection. 
[bookmark: _Toc164776294]Role Hypoxia Inducible factor 1 (HIF-1) in Cellular Function
[bookmark: _Toc164776295]HIF-1 Regulation 
Hypoxia inducible factor-1 (HIF-1) is a transcription factor that plays a key role in the cellular adaptive response to hypoxia as well as the regulation of genes involved in angiogenesis, tumorigenesis, apoptosis, and cellular metabolism (74). HIF-1 is a dimeric protein composed of a hypoxic induced α subunit and constitutively expressed β subunit. Regulation of HIF-1α occurs primarily at the post-translational level although transcriptional regulation of protein levels also occurs. During transcription, HIF-1⍺ activation can be inhibited by asparaginyl hydroxylase factor inhibiting HIF (FIH), which binds to hypoxia response elements (HRE) thereby preventing recruitment of a vital co-activator, p300/CBP (75). The oncogene, c-myc, regulates HIF-1⍺ activity regardless of hypoxic or normoxic conditions at a post-transcriptional level through the stabilization of HIF-1⍺ (76). The mechanism as to how MYC stabilizes HIF-1⍺ is unclear. Some growth factors, including insulin-like growth factor I (IGF-1), can regulate HIF-1⍺ at both a transcriptional and translational level in normoxia (77). Thus, HIF-1⍺ can be upregulated by other stimuli outside of hypoxia.  
Hydroxylases are key post-translational regulators of HIF-1⍺. In normoxic conditions, proyl hydroxylases domains (PHDs) start the degradation process of HIF-1⍺, which occurs in the presence of 2-oxoglutarate (2-OG), Fe2+, and ascorbate. PHD 1-3 hydroxylates the proline residues 402 and 564 of HIF-1⍺, which allows it to then bind to the Von Hippel-Lindau (VHL) and E3 ubiquitin ligase complex that marks it via ubiquitination for proteolytic degradation (78). In contrast, in hypoxic conditions, HIF-1⍺ avoids degradation and is translocated to the nucleus where it binds to its beta subunit and co-activator, p300/CBp, and HIF response elements (HRE) (79). HIF-1⍺ is also regulated through multiple cell signaling pathways that all converge on it. For example, crosstalk between the mammalian target of rapamycin (mTOR)/PI3K/Akt and MT1-MMP/Mint3 signaling pathways also play a crucial role in post-translational HIF-1⍺ regulation through complex signaling involving catalyzation of direct phosphorylation of Mint3. This phosphorylation leads to increased binding between Mint3 and the HIF-1⍺ suppressor, FIH-1, thereby increasing HIF-1⍺ expression (80). The tumor suppressor gene, p53, converges onto HIF-1⍺ to regulate its level. Specifically, activation of p53 by HIF-1⍺ is indirect and appears to be dependent upon cell types and hypoxic states (81, 82).
Ultimately, these signaling pathways regulate HIF-1⍺, which in turn regulates key cellular processes and functions, including energy metabolism. One of the most studied functions of HIF-1⍺ is its role in eukaryotic cellular metabolism through direct and indirect regulation of genes involved in the major metabolic pathways of glycolysis, tricarboxylic acid cycle (TCA), and oxidative phosphorylation. 
[bookmark: _Toc164776296]Role of HIF-1⍺ in cellular metabolism 
Under hypoxic conditions, HIF-1⍺ controls glucose flux by direct upregulation of Glut1, Glut3, and Glut4 transporters (83). HIF-1⍺ upregulates the enzyme hexokinase, specifically hexokinase II, the initial step of glycolysis. HIF-1⍺ influences the fate of the glucose through upregulation of the key regulatory enzyme, phosphofructokinase-1 (Pfk-1). Finally, HIF-1⍺ also upregulates the glycolytic enzymes, aldolase phosphoglycerate kinase (Pgk), enolase, and pyruvate kinase, which catalyzes the final step to yield pyruvate (84). HIF-1⍺ can affect glycolytic metabolism through regulating the expression of the cell surface transporters, and the glycolytic enzymes that mediate the conversion of glucose to pyruvate. 
	The transcriptional upregulation of glycolytic genes is not the only way HIF-1⍺ effects cellular metabolic pathways. HIF-1⍺ also diminishes the activity of the TCA cycle indirectly by increasing the expression of pyruvate dehydrogenase kinase I (Pdk1), which then phosphorylates the E1 subunit of the pyruvate dehydrogenase complex (PDH) and thereby turns the entire complex off.  Inactivation of PDH results in decreased flux of pyruvate to acetyl-CoA and into the TCA cycle, while increasing the flux of pyruvate to lactate (85). 
	HIF-1⍺ also sequesters and localizes to the mitochondria, where it alters mitochondrial function through reducing reactive oxygen species, and promoting the mitochondrial membrane potential in response to hypoxia or H2O2 (86). This occurred independent of its function as a transcription factor. In regulatory T cells (Tregs) HIF-1⍺, under hypoxic conditions, shunts glucose toward glycolysis and lactate production, while inhibiting glucose flux into the mitochondria. This is at the expense of Treg’s dependency on fatty acids (87). Generally, HIF-1⍺ decreases oxidative metabolism through altering mitochondrial function, which can include lowering oxidative capacity, altering mitochondrial biogenesis, and inducing an overall shift toward glycolysis and away from oxidative phosphorylation (88). For example, in hypoxic conditions, HIF-1⍺ modulates complex IV (COX), the final electron acceptor in the electron transport chain, therefore decreasing oxygen consumption and production of ATP and ROS (89). Mitophagy can also be induced by HIF-1⍺ leading to a decreased capacity for cellular oxidative phosphorylation (90, 91). It is key to recognize that these mechanisms are under hypoxic conditions. Viruses that upregulate HIF-1⍺ may have different effects, since the cell is in a normoxic condition. In these cases, the cell downregulates oxidative phosphorylation due to the lack of oxygen. The presence of oxygen may alter how HIF-1⍺ behaves toward mitochondrial function.
Both DNA and RNA viruses have evolved mechanisms for manipulating HIF-1𝛼 to facilitate downstream production of vital components such as genome and envelope formation. However, viral mediated regulation of HIF-1𝛼 is not always up-regulatory, with some inhibiting HIF-1𝛼. In addition, the relationship between HIF-1𝛼 and some viruses is still being explored as the interaction is unclear.  
[bookmark: _Toc164776297]Viral mediated HIF-1⍺ regulation
[bookmark: _Toc164776298]Upregulation 
Human papillomaviruses (HPV), a member of the family papillomaviridae, targets both glycolysis and the TCA cycle though the mechanism(s) are not completely elucidated. Viral activation of mTOR stimulates HIF-1⍺ downstream suggesting that HPV may indirectly upregulate glycolysis through this pathway (51-53, 92-94). Three members of the herpesviridae family, human cytomegalovirus (HCMV), Kaposi’s sarcoma-associated herpes virus (KSHV), and herpes simplex virus 1(HSV-1) all interact with HIF-1⍺ differently, highlighting its functional variability even within virus families (95, 96). KSHV stabilized HIF-1⍺ during infection to promote viral replication (95). HCMV and HSV-1 interactions with HIF-1⍺ will be discussed in later sections. 
Human respiratory syncytial virus (RSV), a significant contributor to respiratory illnesses in adults and children world-wide, activates HIF-1⍺. A recent study conducted by Chen et al. showed that RSV targets HIF-1⍺ via activation of the PI3K-Akt signaling pathway and induction of ROS, which is needed for the virus to achieve efficient viral replication (73). This study is in accordance with previous work showing RSV upregulation of glycolysis (97)
John Cunningham virus (JCV) is another DNA virus that has been associated with HIF-1⍺. Latent infection can cause the development of multifocal leukoencephalopathy (PML) in immunocompromised individuals (98). HIF-1⍺ is upregulated in PML clinical samples and promotes early activation of JCV in vitro. HIF-1-a mediated reactivation of JCV occurs through direct binding to HRE sequences within gene promotor sites. 
Hepatitis C (HCV) is an oncogenic flavivirus that can lead to hepatocellular carcinoma (HCC) development. Multiple studies have identified the importance of HIF-1⍺ in HCV infection (99-101). Clinical samples of HCV infected liver tissue showed HIF-1⍺ stabilization and gene expression (100). In vitro inhibition of mitochondrial ATP synthase promoted HIF-1⍺ stabilization in HCV infected cells while antioxidant treatment resulted in no significant change in HIF-1⍺ stabilization. This suggests that oxidative phosphorylation may have more of an impact on preventing degradation than ROS levels. While fewer studies have been carried out on the interaction between hepatitis E and cellular metabolism, Moin et al. showed stabilization of HIF-1⍺ during infection, indicating a possible downstream effect on metabolic pathways (102).  
Dengue virus (DENV) replication is significantly upregulated under ROS mediated hypoxic conditions, which stabilize HIF-1⍺ and activates the serine/threonine kinase AKT signaling pathway increasing viral genome production.  (103). However, viral entry and translation of DENV were not enhanced under these same conditions. 
Transcriptomics and proteomics analysis’s on Ebola virus (EBOV) infected THP-1 cells showed significant HIF-1⍺ upregulation (104). However, HIF-1⍺ levels were only increased in cells infected with the Makona variant of the highly virulent species Zaire ebolavirus, and not in cells infected with Reston ebolavirus, a species causing no disease in humans, which may indicate HIF-1⍺ as playing an important role in EBOV pathogenesis in humans. In concurrence with these findings, Jayaprakash et al. study exploring bats resistance to EBOV found upregulation of known HIF-1⍺ inhibitor, Fih1, in both Ebola virus (EBOV) and Marburg virus (MARV) infected bats (105). The authors hypothesized that HIF-1⍺ inhibition works to decrease filovirus pathogenesis in bats indirectly as M1 macrophages are decreased in the absence of HIF-1⍺, thereby driving M2 polarization and an anti-inflammatory state(106, 107). 
Finally, severe-acute-respiratory-syndrome-related coronavirus-2 (SARS-CoV-2) also upregulates HIF-1⍺, but this will be discussed in a later section. 
Collectively, these findings demonstrate the importance of HIF-1⍺ in many different viral infections including HPV, JCV, and EBOV. However, not all viruses benefit from HIF-1⍺ upregulation, mediating its inhibition instead.
[bookmark: _Toc164776299]Inhibition 
Newcastle disease virus (NDV) inhibits HIF-1⍺ through post-translational modifications in cancer cells, subsequently leading to decreased expression of downstream target genes (108). In addition, Hotani et al. showed decreased HIF-1⍺ protein levels in Mammalian orthoreovirus (MRV) infected cancer cells, though this downregulation was not dependent on virus replication(109). Currently, no studies have evaluated if this phenotype holds consistently using non-cancerous or primary cell lines, or in in vivo models, making it difficult to speculate the benefit for NDV and MRV in downregulating HIF-1⍺. However, viral mediated HIF-1⍺ inhibition may be employed to metabolism away from glycolysis and towards OXPHOS for the purpose of increased ATP production and/or reducing the immune system response. 
	These studies highlight the complexity of viral needs and the role of HIF-1⍺ during infection. Current studies further complicate this interplay as the direction and regulatory function of HIF-1⍺ during certain viral infections remains unclear. 
[bookmark: _Toc164776300]Undetermined regulatory function 
HIF-1⍺ had previously been proposed as an important target of HCMV for efficient viral replication.  However, a recent study showed HIF-1⍺ suppressed HCMV replication by decreasing availability of kynurenine, a metabolite used by the virus for increased virion production (96). 
Current literature on the interactions between influenza A (IAV), HIF-1⍺, and glycolysis is controversial. In the presence of oxygen, the IAV strain H1N1 prevents HIF-1⍺ degradation in human lung adenocarcinoma epithelial cells by both proteasome and FIH-1 inhibition (110).  Interestingly, Guo et al. showed that under hypoxic conditions, IAV H1N1 facilitates nuclear translocation of HIF-1⍺ without modulating its protein levels or gene expression (111). Increased expression of TNF-a and IL-6 also occurred, however inhibition of HIF-1⍺ nuclear translocation resulted in a decreased expression of these same proinflammatory cytokines. These findings suggest HIF-1⍺ might play an important role in IAV H1N1 mediated inflammatory host cell response. This evidence suggests that the absence of HIF-1⍺ might indirectly increase IAV replication (112). A mouse model with a knock-down of HIF-1⍺ specifically in lung epithelial cells showed increased viral replication and decreased glycolysis as compared to wild-type (WT) mice. Deletion of HIF-1⍺ promoted upregulation of the AMPKa-ULK1 signaling pathway causing autophagy, subsequently increasing IAV replication, which may be an example of a virus benefiting from recycled cellular components from the autophagy process such as fatty and amino acids. This study provides a mechanism for increased IAV replication, which resulted from autophagy, an association demonstrated in previous studies (113, 114). It is important to note that these findings conflict with the results of the several studies that showed a positive correlation between glycolysis and IAV replication (69-72). However, glycolysis was never directly assessed in HIF-1⍺ knock-out cells and was only presumed to be decreased due to the absence of a major glycolytic regulator. Therefore, compensatory effects involving complex signaling pathways could be occurring that allow for upregulation of glycolysis regardless of HIF-1⍺.
Liu et al. found upregulation of hypoxic gene expression in individuals with chronic hepatitis B (HBV) (115). However, this phenotype did not hold true in vitro or in vivo with mice suggesting a complex interaction between virus and host cell immune system response that cannot be recapitulated in simpler models. 
Finally, Rao et al. found HIF-1⍺ impacted the severity of herpes stromal keratitis, but not much else is known about its involvement in HSV-1 infection (116).

HIF-1⍺ interacts with both DNA and RNA viruses with most inducing HIF-1⍺ to achieve efficient or maximal viral production, though this phenotype can be cell line dependent. Mechanisms for viral mediated HIF-1⍺ upregulation differ between viruses with many still being unknown. Importantly, some viruses inhibit HIF-1⍺ indicating that increasing gene expression or protein stabilization of HIF-1⍺ is not always beneficial for viruses. In addition, the exact relationship between HIF-1⍺ and viruses such as HCMV still needs to be further explored as some findings have been conflicting. The diversity of interactions between HIF-1⍺ and viruses is not surprising considering its involvement in multiple vital cellular processes such as angiogenesis, apoptosis, and glucose metabolism. Collectively, the connections between HIF-1⍺, cellular metabolism, and viral pathogenesis can be seen within most all viruses including coronaviruses. 
[bookmark: _Toc164776301]Coronavirus Modulation of Host Cellular Metabolism 
Glycolysis is often the favored mechanism to increase viral replication in human coronaviruses (4, 117). However, some coronaviruses such as Middle East respiratory syndrome (MERS) do not target glycolysis and instead downregulate genes involved in oxidative phosphorylation (118). Severe-acute respiratory syndrome coronavirus-2 (SARS-CoV-2) emerged in 2019 as one of the deadliest of the seven identified human coronaviruses alongside SARS-CoV and MERS. Several metabolic studies confirmed that glycolysis is required for SARS-CoV-2 replication (119-121). RNA single-cell sequencing on macrophages derived from patients with SARS-CoV-2 found glycolysis to be upregulated in both mild and severe cases(122). Macrophages derived from patients with severe COVID-19 showed downregulation of the TCA cycle, OXPHOS, glutamate metabolism, and fatty acid oxidation while the opposite was observed in individuals with mild symptoms. These findings suggest that while glycolysis is not the only metabolic pathway hijacked by SARS-CoV-2, it is important in viral infection and highlights the need for further studies evaluating the reason for differing metabolic landscapes depending on severity of infection (122). SARS-CoV-2 may rewire host cell metabolism through viral protein manipulation. Interaction between SARS-CoV-2 proteins, Nsp3 and ORF3a, and key glycolytic intermediates may lead to the induction of glycolysis (123). Interactions between other SARS-CoV-2 proteins and enzymes involved in lipid metabolism, the TCA, and the ETC have also been observed(124-126). This is consistent with other findings showing SARS-CoV-2 mediated modulation of the TCA cycle and fatty acid synthesis. LC-MS based metabolomics and glucose/glutamine carbon labeling of SARS-CoV-2 infected cells showed an increase of carbon influx into the TCA cycle, which was accomplished through increased expression of pyruvate carboxylase, the enzyme responsible for converting pyruvate to OAA (127). Increased activity of a key metabolic regulator, mTORC1 was observed in primary human lung cells from individuals infected with SARS-CoV-2(127). Decreased viral loads of SARS-CoV-2 was observed in lung tissue of mice treated with Orlistat, a pharmacological inhibitor of fatty acid synthesis (39). This is consistent with the observed lipid accumulation in lung tissue of patients infected with SARS-CoV-2 (128). Benefits for SARS-CoV-2 in shunting pyruvate into the TCA cycle include increased generation of important intermediates such as citrate and a-ketoglutarate, which are then used in fatty acid synthesis and amino acid production, respectively. The fatty acids and amino acids produced can then aid in the formation and building of viral envelopes and proteins.
	As previously discussed, the metabolic pathways upregulated during SARS-CoV-2 infection appear to be dependent upon severity of disease. Likewise, the stage of infection also determines which pathways are induced or inhibited with early stages coinciding with increased glycolytic flux and later stages showing increases in OXPHOS instead of glycolysis (129). This may in part due to the increased need for viral genome production during initial infection, which viruses can induce via upregulation of G6P for use in the PPP to generate R5P. Later, pathways such as OXPHOS may be favored over glycolysis aa this process yields higher ATP production. Regardless, patients with COVID-19 often show elevated levels of ROS (130). Single-cell RNA seq revealed that this ROS induction is mediated via SARS-CoV-2 ORF3a, which also induces mitochondrial damage to induce HIF-1⍺ (3). The interaction between SARS-CoV-2 and HIF-1⍺ will be discussed in the following section.
[bookmark: _Toc164776302]HIF-1⍺ and Coronaviruses 
SARS-CoV-2 is currently the only coronavirus that has been shown to interact with HIF-1⍺. Single cell RNA sequencing data of monocytes from infected patients showed SARS-CoV-2 induced mitochondrial ROS, which stabilized HIF-1⍺ (4).  Inhibitors of HIF-1⍺ were then used to treat cells for the assessment of gene expression and viral load via RT-qPCR. Ultimately, this study found that both monocytes and macrophages shift their metabolism towards glycolysis through stabilization of HIF-1⍺. This altered metabolism inhibited T cell responses while also causing detrimental effects on epithelial cell survival. Collectively, these data suggest that HIF-1⍺ is a major target of SARS-CoV-2, and it is important for achieving maximal virus production. In another study, immortalized human cell lines and PBMC’s from healthy and SARS-CoV-2 infected patients were treated with HIF-1⍺ pharmacological inhibitors and inducers, BAY87 and CoCl2, respectively. Both HIF-1⍺ mRNA and protein levels were significantly upregulated in SARS-CoV-2 infected cells as compared to control cell lines. (3). However, BAY87 was used at a dose known to have off target effects on mitochondrial function, thus the interpretation of the results is not definitive. BAY87 inhibits not only HIF-1⍺, but mitochondrial complex I of the ETC as well. Complex I inhibition can cause cell death and therefore HIF-1⍺ would also be decreased making it difficult to discern if differences in gene expression are due to cell number or the virus’s ability to replicate. 
This thesis project will directly address this limitation through utilizing a cell line with a genetic deletion of HIF-1⍺. Moreover, since the interaction between other human coronaviruses and HIF-1⍺ has not yet been characterized, this project will use the coronavirus OC43 to enhance current understanding of coronavirus mediated modulation of host cell metabolism and determine the role of HIF-1⍺ during infection. 
[bookmark: _Toc164776303]HIF-1⍺ Downstream Targets 
The HIF-1⍺ regulon consists of long non-coding RNA, short non-coding RNAs, including microRNAs, and more than 200 protein-coding genes (131). Altogether, more than 1000 genes have been identified as being HIF-1⍺ targets (132). Most of all direct targets are upregulated by HIF-1⍺ with some indirect downregulation effect on genes (133).  The involvement of HIF-1⍺ in erythropoiesis lead to its initial discovery in 1991 by Semenza et al. (134). Since then, HIF-1⍺ regulatory genes have been identified in over 20 pathways including angiogenesis, metabolism, cell survival, and cell proliferation (131, 135). In metabolism, HIF-1⍺ regulates the transcription of several glycolytic genes, including hexokinase 1 and 2 (HK1/2), glyceraldehyde, phosphofructokinase-1, and the glucose transporters (131, 135). Importantly, HIF-1⍺ expression determines pyruvate’s fate following glycolysis through regulation of both pyruvate dehydrogenase (PDH) and lactate dehydrogenase A (LDHA):  metabolic enzymes converting pyruvate to acetyl-CoA and lactate, respectively (85). 
[bookmark: _Toc164776304]HIF-1⍺ in Disease
HIF-1⍺ is associated with multiple diseases within the lung, kidney, liver, and heart organ systems (136). Chronic obstructive pulmonary disease (COPD) is persistent lung disease hallmarked by mucus hypersecretion (COPD CDC). Smoking is the major contributing factor for COPD development and has been evidenced to induce HIF-1⍺ expression through signaling pathways activated by epidermal growth factor receptor (EGFR) (137). In addition, HIF-1⍺ promotes increased mucus production by targeting mucin 5AC, one of the most abundant mucin producers in lung epithelial cells (137). However, in conflict with previous findings, one study showed HIF-1⍺ to be post translationally inhibited in individuals with severe COPD through increased levels of miR-34a and miR199a (138). Decreased phosphorylation of AKT in patient lung tissue was also observed in individuals and correlated with HIF-1⍺ and miR levels. This suggests a signaling cascade beginning with increased production of ROS in individuals with severe COPD. Increased ROS promote oxidative stress inducing miR-34a and p53, and subsequent AKT inactivation. In response, miR-199a is upregulated causing inhibition of HIF-1⍺ (138). Collectively, these findings highlight the complicated interactions of HIF-1⍺ in COPD. 
HIF-1⍺ plays a protective role in both acute kidney and liver diseases (136). In acute kidney injury (AKI), HIF-1-a is important for shielding against renal damage. Ahn et al. showed HIF-1⍺ protected cells against apoptosis and inhibited ROS generation in an AKI rat disease model (139). HIF-1⍺ is also important in Hepatic ischemia reperfusion injury (IRI), a condition causing acute liver failure and tissue hypoxia. In rodent models, pharmacological activation of HIF-1⍺ promoted healing of IR liver damage through induction of cascade signaling pathways and decreased mitochondrial damage (140-142). In addition, HIF-1⍺ induces adenosine signaling to protect against liver injury via direct targeting of CD73, which upregulates adenosine G-protein coupled receptors (143-145).  
HIF-1⍺ serves as the master regulator of oxygen homeostasis, concluding its importance in cardiac function. In cardiomyocytes and cardiac fibroblasts, HIF-1⍺ regulates vascular endothelial growth factor (VEGF), placental growth factor (PGF), angiopoietin 1 (ANGPT1), and ANGPT2, which encode proteins and enzymes involved in angiogenesis, and vascular reactivity and remodeling (132). Hypoxia is a characteristic of both ischemic and valvular heart disease (146). Nonetheless, stabilization of HIF-1⍺ may aid in protection against effects of ischemia, a condition marked for diminished blood flow, by transcriptionally upregulating VEGF, a promoter of angiogenesis(147, 148). Likewise, Salhiyyah et al. showed hypoxia as an important stimulus in valvular heart disease with HIF-1⍺ targeting genes involved in extracellular matrix remodeling, P4HA1, P4HA2, and PLOD2 (149, 150). Further HIF-1-a mediated effects on heart valve formation and repairment include embryonic development and calcification promotion (151). 
	Hypoxia is not required for HIF-1⍺ activation in cancerous cell lines with elevated levels still being observed when cultured in normal oxygen conditions (152, 153). Regardless, hypoxia is a hallmark of solid tumors with HIF-1⍺ activation being evidenced to promote disease pathogenesis (154). The HIF-1⍺ mediated “angiogenic switch” is one of the most important contributors to cancer pathogenesis with the formation of new blood vessels aiding in tumor related nutrient and oxygen sequestering.  HIF-1⍺ upregulates angiogenesis through targeting VEGF, angiopoietin 2, stromal-derived factor 1, cyclooxygenase 2, and stem cell factor (155-157). However, angiogenesis is most effected through the VEGF signaling cascade pathway (157). While deletion of VEGF in vitro significantly reduced tumor growth, pharmacological inhibitors have not proven efficient in clinical trials (157-160). The mismatch between in vitro and clinical studies may be due to splicing events, which are important in metastasis (161). 
[bookmark: _Toc164776305]Warburg effect
In 1927, Otto Warburg discovered the unusually high production of lactate from glycolysis in cancerous cells despite being in aerobic conditions (162). This unusual metabolic phenotype is known as the Warburg effect and has been observed in numerous cancer cell lines (163).  The glycolytic switch of the Warburg effect is HIF-1⍺ mediated with several glycolytic genes being targeted. Glucose uptake is increased through GLUT1 and GLUT3 transporters while glycolytic intermediates, hexokinase, and phosphoglycerate kinase 1, are also transcriptionally upregulated (164-166). HIF-1⍺ promotes lactate formation via both direct and indirect methods. Directly, HIF-1-a activates lactate dehydrogenase A (LDH-A) therefore increasing the transformation of pyruvate to lactate. HIF-1⍺ indirectly upregulates lactate production by causing phosphorylation of pyruvate dehydrogenase kinase (PDK), and subsequently inhibiting pyruvate dehydrogenase (PDH), the enzyme needed for the conversion of pyruvate to acetyl co-A (85, 166). Lactate transportation is aided by HIF-1⍺ transcriptional targeting of monocarboxylate transporter 4 and NHE1 exchanger; transporters associated with poor outcome in some cancers (167, 168).  
	HIF-1⍺ has been evidenced to regulate angiotensin-converting enzyme (ACE) (169). May et al. recently showed via single-cell RNA sequencing that while HIF-1⍺ upregulates ACE directly, it can also indirectly downregulate ACE2, an isoform of the enzyme and the receptor used for SARS-CoV-2 cell entry (170). 
While some studies discussed evidence HIF-1-a as being detrimental to pathophysiology, others show its importance in protection against disease related damage. Collectively, these studies highlight the complexity of the role of HIF-1⍺ in disease outcome and metabolic processes, as well as the diversity of downstream transcriptional targets. 
[bookmark: _Toc164776306]Conclusion 
Human coronavirus OC43 is an overlooked betacoronavirus despite its zoonotic potential and evidenced severity in elderly and immunocompromised individuals. Host cell metabolism is vital for fully understanding viral pathogenesis. HIF-1⍺ is a major transcriptional regulator of genes involved in metabolic pathways. Though mechanisms and outcomes vary, many DNA and RNA viruses target HIF-1⍺, including SARS-CoV-2.  Importantly, the physiological relevance of HIF-1 in betacoronavirus infection has not yet been determined as current studies have used pharmacological inhibitors, which likely have off-target effects. There are currently no studies investigating OC43 mediated cellular hijacking as it involves HIF-1⍺. Finally, identification of HIF-1⍺ downstream targets during OC43 infection has yet to be explored. 



















[bookmark: _Toc164776307]CHAPTER TWO: INTRODUCTION
[bookmark: _Toc164776308] Introduction
Coronaviruses are single-stranded positive sense enveloped RNA viruses under the order of Nidovirales belonging to the family Coronaviridae, which is further divided into the four genus’ alpha, beta, gamma, and delta coronaviruses. Coronaviruses infecting mammals and avian species are classified within gamma and delta genera’s while human coronaviruses are found within both alphacoronaviruses and betacoronaviruses. Coronaviruses can cause respiratory disease and gastrointestinal disturbances in humans and are responsible for several outbreaks including the most recent pandemic (2020-2023) caused by the betacornavirus, SARS-CoV-2, resulting in approximately 6.98 million deaths worldwide as of November 16, 2023. The devastation of COVID-19, the disease caused by SARS-CoV-2, spurred researchers to explore the underlying mechanisms of its pathogenesis and raised interest in other coronaviruses causing illness in humans. 
Human Coronavirus OC43 (HCoV-OC43), a betacoronavirus, has origins traced back to approximately 1890 by a molecular clock analysis that identifies Bovine coronavirus (BCoV) as the most likely ancestor. Interestingly, the emergence of HCoV-OC43 coincides with the “Russian flu” pandemic that lasted five years causing severe respiratory illness in humans and claiming approximately 1 million lives. HCoV-OC43 has been suggested as the possible etiological agent of this late 1800’s pandemic due to the previously mentioned coincidence as well as analysis of the epidemiological data from this pandemic matching most closely to the typical patterns and symptoms caused by coronaviruses. Currently, HCoV-OC43, like SARS-CoV-2, can cause severe illness in both elderly and immunocompromised populations. However, despite this in addition to being one of the most prominently circulated coronaviruses causing respiratory illness and gastrointestinal disturbances in humans, the pathogenesis of HCoV-OC43 has thus far been overlooked (27, 171).
One of the key components of viral pathogenesis is dictated through cellular metabolism as viruses are obligate intracellular pathogens that must hijack host cell metabolism to produce vital components for survival. Coronaviruses such as SARS-CoV-2 require glycolysis for efficient viral replication, and employ the transcription factor HIF-1⍺, which is suggested to be stabilized through the generation of ROS. Another study conducted in 2020 using Peripheral blood mononuclear cells (PBMC) also found glycolytic flux to be required by SARS-CoV-2 with HIF-1⍺ indicted as a target gene for glycolytic upregulation. The upregulation of HIF-1⍺ by SARS-CoV-2 indicates its importance in virus production, though its physiological relevance has yet to evaluated as these studies have employed only pharmacological agents. The use of pharmacological inhibitors and promotors introduces limitations to the studies as these agents can have possible unknown off targets. In addition, most studies on OC43 have only explored its effects on the respiratory tract despite known gastrointestinal pathogenesis. Finally, the modulation of host cell metabolism by other betacornaviruses besides SARS-CoV-2 has yet to be evaluated. 
We address these gaps in knowledge using the colorectal cancer cell line HCT-116 with a genetic deletion of HIF-1⍺. This study demonstrates the importance and the physiological relevance of HIF-1⍺ during OC43 infection of human colorectal cells, and explores OC43 mediated metabolic modulation of host cell metabolism. 

















[bookmark: _Toc164776309]CHAPTER THREE: MATERIALS AND METHODS 
[bookmark: _Toc164776310]Cell Culture
All cell lines were grown in monolayers, incubated in 37ºC at 5% CO2 level, and cultured in high glucose Dulbecco’s modified eagle medium (DMEM) (Cytiva) supplemented with 4.00 mM L-Glutamine, 4500 mg/L Glucose, Sodium Pyruvate, 10% Fetal Bovine Serum (FBS), and 1% Penicillin Streptomycin. HCT 116 cells, colorectal cancer cell line, were purchased from the American Type Culture Collection (ATCC, #CCL-247). HCT-116 HIF-1⍺ knockout cells and HCT-116 AKT1/AKT2 knockout cells were provided by Dr. Bert Vogelstein (Johns Hopkins University School of Medicine). 
[bookmark: _Toc164776311]Viral infections
Cells were plated down in 6-well dishes. All virus infections were normalized to cell number with 40 uL of virus per 107 cells. Adherent cells were infected with OC43 when approximately ~90% confluent, incubated for 1 hour in DMEM containing no FBS at 37 C and 5% CO2 level. Supernatant was aspirated off after incubation and replaced with new fresh media containing 10% FBS. 
[bookmark: _Toc164776312]RNA Extraction for RT- qPCR and RNA sequencing
Total RNA was extracted from cells using Qiagen RNeasy RNA extraction kit (Qiagen RNeasy Mini Kit; Cat #74106). The manufacture’s protocol was followed for all experiments. RNA samples were immediately quantified using the Qubit and stored at -80ºC. All RNA samples used for RT-qPCR were converted to cDNA using Thermo Scientific RevertAid RT Kit (#K1691) and the manufacture’s protocol was followed for all experiments. Samples were stored at -20ºC. 
[bookmark: _Toc164776313]RNA Seq 
RNA samples were sent to Novogene Corporation (Durham, NC) for sequencing. Novogene performed a QC check, constructed libraries, and performed sequencing on an Illumina NovaSeq 6000 instrument. Subsequently, Novogene analyzed data which included annotation and alignment to reference genome.
[bookmark: _Toc164776314]Quantitative reverse transcription polymerase chain reaction (RT-qPCR) 
RT-qPCR was used to measure relative amounts of OC43, HIF-1⍺, and beta actin. Samples were run in triplicate at 400 ng of cDNA with PowerUp SYBR Green Master Mix (Thermo Fisher Scientific #2818831). The conditions for qPCR cycling were as follows: 1 rep at 95º C for 10 min, 40 reps at 94ºC for 30 s, 50ºC for 30 s, 72ºC for 1 min, 1 rep at 72 C for 10 min. Amplification of OC43 N gene was performed using the following F and R primer sequences: F2: 5’ – CTATCTGGGAACAGGACCGC – 3’. R2: 5’ – TTGGGTCCCGATCGACAATG – 3’. 
HIF-1⍺: F: 5′-CATAAAGTCTGCAACATGGAAGGT-3′. 
R: 5′-ATTTGATGGGTGAGGAATGGGTT-3’. 
beta-actin: F: 5′-GTGGGAGTGGGTGGAGGC-3′. 
R: 5′-TCAACTGGTCTCAAGTCAGTG-3′. 
[bookmark: _Toc164776315]Flux Experiments
To measure glycolysis and oxidative respiration with the Seahorse XFe24 Analyzer (Agilent Technologies, CA), measurements of glycolytic proton efflux rate (glycoPER), oxygen consumption rate (OCR), and extracellular acidification rate (ECAR) were performed on cultured cells in 24 well plate. The glycolytic rate assay was performed according to the manufacturer’s instructions. Control and infected cells were seeded at a density of approximately 100,000 cells/well 24 hours before the assay. Cells were maintained with XF Assay medium (Agilent, 103575-100) supplemented with 2 mM L-glutamine, 10 mM glucose, and 1 mM sodium pyruvate for glycolytic rate. For the glycolytic rate assay, analysis was conducted in the XF Assay medium following the addition of Rotenone/Antimycin (0.5 M) and 2-deoxy-glucose (2DG) (50 mM).
[bookmark: _Toc164776316]Western blot
For protein prep, tissue culture cells were washed twice with 1X phosphate buffer saline (PBS) and 1X RIPA buffer (Cell Signaling, 9806s), 1 mM PMSF (Cell Signaling, 8553), 0.5 M EDTA (Thermo Scientific, R1021), and HaltTM phosphatase inhibitor cocktail (Thermo Scientific, PI87786) was added to cells. Protein concentration was determined the BCA assay kit. The proteins (20-40 µg) were separated by 10% SDS-polyacrylamide gels and transferred onto PVDF or Nitrocellulose membranes. Membranes were blocked with 5% non-fat milk or 5% BSA in 1X TBST (0.1%) for 1 hour at room temperature or overnight at 4 deg, the membranes were incubated with HCoV-OC43 Spike S1 (ThermoFisher Cat# PA5-120770), HIF-1⍺ (Cell Signaling, 3716s), or ß-actin (Cell Signaling, 3700) overnight at 4°C. The membranes were washed a total of three times with 1X TBST for 20 mins each time at room temperature and incubated with fluorescent secondary antibody (Licor, #50489565; Licor, # 92568022) or horseradish peroxidase-conjugated secondary antibody (HRP-conjugated) (BOSTER, #BA1054; Novus, #NB7570) for 1 hour at room temperature. Membranes were washed 3X in 1X TBST for 20 mins. Fluorescence or chemiluminescence was measured to detect protein using Odyssey Fc (LI-COR Biosciences, Lincoln, NE), and Image Studio software (LI-COR, Biosciences, Lincoln, NE) was used for the quantification and analysis of the pixel intensities.
[bookmark: _Toc164776317]Statistical Analysis
Statistical analysis was performed using GraphPad Prism 10 (Boston, MA). In the case of
only comparing two groups, an unpaired student t test was used to determine whether groups were significantly different from each other as judged by a p-value less than 0.05. For comparing more than two groups for significant differences, a one-way Analysis of Variance (ANOVA) was conducted followed by a Post-hoc Tukey test. All data presented and shown in error bars represent plus or minus the standard error of the mean (SEM). Significant differences are indicated as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.










[bookmark: _Toc164776318]CHAPTER FOUR: RESULTS 
[bookmark: _Toc164776319]OC43 Infection Induces Transcriptional Changes in Colorectal Cancer Cells
OC43, although mainly known to affect the respiratory system, can also impact the gastrointestinal tract, even causing diarrhea in infected individuals (10, 27). Very few studies have analyzed how OC43 infection impacts the physiological state of host infected cells, especially colorectal cells. As an initial assessment of how OC43 alters colorectal cells, we infected the colorectal cancer cell line HCT-116 with OC43 and performed RNA sequencing to compare transcriptional differences between control and infected cells. HCT-116 cells infected with OC43 did not form plaques, so RT-qPCR was performed using primers directed toward the OC43 nucleocapsid to confirm and quantify OC43 infection in our cell model (Fig. 4A). OC43 infected HCT-116 cells showed amplification and lower C(t) values compared to control cells, demonstrating HCT-116 cells were permissible to OC43 infection. To identify gene expression changes that occur from OC43 infection, RNA was isolated from HCT-116 control and infected cells at 24 h.p.i, and sent to Novagene for RNA sequencing. A total of 59 genes were significantly differentially expressed in OC43 infected cells as compared to control cells (Fig. 4B). This included 34 downregulated genes and 25 upregulated genes of which HIF-1⍺ was identified with a 2.23-fold increase in OC43 infected cells as compared to controls. HIF-1⍺ related genes were identified in both downregulated and upregulated categories (Table 1). Identified upregulated HIF-1⍺ genes included TGFBR1, MYC, and GPX1, a direct target of HIF-1⍺. Among downregulated genes were HIF-1⍺ inhibitors, PEL13 and EGLN2 (PHD1). GLUT 4 was found to be upregulated only in infected HCT-116 cells. A KEGG analysis of the differentially expressed genes in control vs. infected revealed enrichment in cellular pathways including TGF-beta and MAPK signaling (Fig. 4C). In addition to the differential gene expression, RNA Seq identified specific genes only expressed in the different conditions, control or infected, and genes that would be shared in expression regardless of infection (Fig. 4D). The data set provided some interesting gene expression changes, however, we decided to explore upregulation of HIF-1⍺ in more detail in the CRC cells. 
[bookmark: _Toc164776320]OC43 Infection is Associated with Increased HIF-1⍺
To confirm HCT-116 cells infected with OC43 increased HIF-1⍺, we used RT-qPCR to measure HIF-1⍺ in control and infected cells. Consistent with the RNA Seq data set, HIF-1⍺ was significantly upregulated in OC43 infected cells, 24 hpi, when compared to control cells (Fig. 5A). In these same infected samples, we also measured OC43 levels. A linear regression analysis of infected samples from RT-qPCR run comparing the fold change of HIF-1⍺ and OC43 revealed a strong r2 value of 0.84 (Fig. 5B). To test whether OC43 infection also increased HIF-1⍺ protein we performed a western blot to measure total HIF-1⍺ levels relative to beta actin. As shown in (Fig. 5C), OC43 infection significantly increased HIF-1⍺ protein in HCT-116 infected cells, while we also detected the OC43 spike protein confirming infection. These data further support that OC43 infection increases HIF-1⍺, at both the transcriptional and protein level. However, it is unclear whether this is functionally relevant, especially in terms of OC43 virion production. 
[bookmark: _Toc164776321]Increased Glycolysis is a Consequence of Upregulation of HIIF-1⍺
Previously, a genetic knockout of HIF-1⍺ was generated in HCT-116 cells (172). As such we were graciously able to obtain this knockout cell line, herein referred to as HIF-1⍺ KO, and this provided us the opportunity to study the importance of HIF-1⍺ in OC43 infection. We found that parental HCT-116 produced significantly more OC43 virus (relative to total beta actin) as compared to the HIF-1⍺ KO cell line (Fig. 6A). This result demonstrated that HIF-1⍺ is required for maximal OC43 production in these cells. Given the role of HIF-1⍺ in promoting glycolysis, we decided to test whether OC43 stimulated glycolysis in HCT-116 cells. Moreover, we wanted to test whether HIF-1⍺ was responsible for this viral effect. HCT-116 cells infected with OC43 showed a significant increase in glycoPER, an indirect quantitative measurement of lactate produced from glycolysis (Fig. 6B). This metabolic phenotype was further defined through increasing both the basal glycolytic rate (Fig. 6C) and the compensatory glycolytic rate (Fig. 6D), which represents the ability of the cell to respond to stress. Importantly, OC43 infected HIF-1⍺ KO cells did not show a significant increase in the glycoPER. Taken together these data demonstrate that HIF-1⍺ plays a functional role in mediating viral induced glycolysis and maximal virus production by the host cell. 
[bookmark: _Toc164776322]OC43-Induced Downstream Genetic Targets of HIF-1⍺
To further characterize how HIF-1⍺ impacts OC43 infection in colorectal cells, we again performed RNA Seq in HIF-1⍺ KO control and OC43 infected cells 24 hpi. Data analysis of the RNA Seq revealed that most genetic expression changes were driven by loss of HIF-1⍺ as opposed to OC43 infection. A 3-D PCA plot showed a greater distance between the parental cell line as compared to the HIF-1⍺ KO (Fig. 7A). All the points clustered within their experimental group except for one of the parental HCT-116 control samples, which deviated toward the HCT-116 infected samples. A mRNA comparison between the different groups revealed that 11,124 mRNA transcripts were shared among all conditions while only 11 mRNA transcripts were shared between infected groups (Fig. 7B). Interestingly, 21 mRNAs were unique to the parental HCT-116 infected as compared to 60 unique mRNAs to the HIF-1⍺ KO infected. Additional analysis revealed that 84 genes were differentially expressed in HIF-1⍺ KO control group compared to HIF-1⍺ KO OC43 infected this included 47 upregulated genes and 37 downregulated genes (Fig. 7C). Comparison of the HIF-1⍺ KO cell line to the parental HCT-116 cell line further confirmed that gene expression was mainly impacted by loss of HIF-1⍺ as opposed to OC43 infection (Fig. 7D). There were 3,655 differentially expressed transcripts between parental HCT-116 and the HIF-1⍺ KO cells. The comparison between infected parental HCT-116 and HIF-1⍺ KO showed a total of 3,735 differentially expressed genes, with most of them being upregulated (Fig. 7E). A KEGG analysis of the different genes identified based on OC43 infection showed enrichment of pathways including p53 signaling, cell adhesion, and viral carcinogenesis (Fig. 7F). These data identify some important gene expression differences in OC43 infected colorectal cells with and without HIF-1⍺. Importantly, these changes represent early OC43 infection at 24 hpi, and there are likely additional HIF-1⍺ induced transcriptional changes over a longer infection time. 
[bookmark: _Toc164776323]AKT is Upstream of and Required for Increased HIF-1⍺ 
The protein kinase AKT is an upstream protein effector that increases HIF-1⍺ levels (173). We utilized HCT-116 cells with a genetic deletion of AKT1/2 to determine its requirement for OC43 mediated HIF-1⍺ upregulation. OC43 production was significantly diminished in AKT1/2 KO cells compared to parental HCT-116 cells (Fig. 8A). These data show that AKT, like HIF-1⍺, is necessary for maximal OC43 virion production in HCT-116 cells. In addition, OC43 was unable to increase HIF-1⍺ in the absence of AKT 1/2 (Fig. 8B) indicating HIF-1⍺ as a downstream target of AKT1/2 during OC43 infection. 













[bookmark: _Toc164776324]CHAPTER FIVE: DISCUSSION
	Human coronavirus OC43 is one of the most circulated common cold coronaviruses (8). OC43 pathogenesis and its effects on host cell metabolism have remained largely unexplored. Glycolytic flux has been shown to be required for other betacoronviruses, such as SARS-CoV-2, across numerous cell types. Mechanistically, SARS-CoV-2 targets HIF-1⍺, which is suggested to mediate changes in metabolic pathways induced by the virus. The involvement of HIF-1⍺ in viral pathogenesis is not specific to SARS-CoV-2 and has been observed with other RNA viruses and various DNA viruses. It has not been studied, however, in regard to OC43 infection. Moreover, characterization of HIF-1⍺ downstream targets during viral infection, specifically OC43, has not yet been conducted and is important to better understand coronavirus pathogenesis. In this study, we showed OC43 mediated targeting of HIF-1⍺ in colorectal cancer cells 24 h.p.i. via RNA seq and RT-qPCR confirmation. Together, these findings demonstrate the requirement of HIF-1⍺ in OC43 infection of HCT-116 and may highlight a shared metabolic target of betacoronaviruses. Using RNA seq, we identified differentially expressed genes between HCT-116 control and infected cells including MYC, TGBR1, and GPX1. HIF-1⍺ is stabilized by MYC during hypoxic conditions while TGBR1 induces both HIF-1⍺ stabilization and expression. Significant upregulation of these genes in OC43 infected cells indicates their importance during infection and may represent targets employed by OC43 to increase HIF-1⍺ levels. Enhancement of GPX1 demonstrates possible downstream effects of HIF-1⍺ upregulation during OC43 infection. Additionally, downregulation of HIF-1⍺ inhibitors, PEL13 and EGLN2, during infection may represent a mechanism utilized by OC43 to increase HIF-1⍺ stability. GLUT 4 upregulation was identified in HCT-116 infected cells only. This finding corresponds with previous work reporting HIF-1⍺ activation of GLUT 4 (174). Surprisingly, GLUT 1 and GLUT 3 were not found to be upregulated in HCT-116 OC43 infected cells despite predictions based on ubiquitous expression in most body tissues, and past studies confirming them as part of the HIF-1⍺ regulon (175). However, upregulated GLUT 4 activity in HCT-116 infected cells may be a result of increased activity of AMP-activated protein kinase (AMPK), observed in the KEGG pathway analysis of identified differential genes. This would confirm previous reports of AMPK mediated activation of GLUT 4 through downstream signaling (176). Pathway enrichment of AMPK might also offer insight into the observed inverse relationship with TGF-ß signaling, a pathway shown to be attenuated by AMPK through inhibition of phosphorylation (177). While significant enrichment was found in both AMPK and TGF-ß, the KEGG pathway analysis includes both upregulated and downregulated genes. Therefore, there is a possibility that activation of AMPK significantly inhibited TGF- ß signaling genes. While both are involved in vital cellular processes such as cell proliferation and apoptosis, evidence has shown TGF-ß signaling pathway failure is associated with several diseases as well as viral infections (178). Detection of increased HIF-1⍺ protein amounts in addition to mRNA upregulation in viral infected cells suggesting OC43 may employ stabilization of the transcription factor to inhibit its degradation. Transcriptionally, OC43 may target molecules from multiple signaling pathways to activate HIF-1⍺ gene transcription. This mechanism was possibly at play in in cells lacking AKT1/2, where OC43 infection significantly decreased viral and HIF-1⍺ expression as compared to control. Interestingly, the reduced virion levels between found in infected AKT 1 /2 KO cells is similar to what was previously observed in cells lacking HIF-1⍺. This demonstrates, like HIF-1⍺, AKT is important for productive OC43 replication. 
	The significantly higher glycolytic rate observed in OC43 infected HCT-116 cells as compared to control likely represents the increased demand for cellular metabolites in the virally infected cell population. It also highlights the ability of OC43 to modulate glycolysis by some unknown mechanism(s). While we expected to see upregulation of more commonly known HIF-1⍺ targets at 24 h.p.i., we postulate that this time point may be too early to see changes in many HIF-1⍺ downstream glycolytic targets. This was further implicated when significant expression of HIF-1⍺ transcriptional regulators, such as p53, were observed in OC43 infected cells. Finally, the significantly higher number of genes differentially regulated between cell types as compared to presence or absence of virus, indicates that OC43 may not need to drastically alter gene expression to meet its needs.  








[bookmark: _Toc164776325]CHAPTER SIX: Conclusions 
There are few studies that have characterized OC43 mediated modulation of host cell metabolism despite the severity of illness it can cause in immunocompromised and elderly populations. Currently, most studies have focused on the respiratory effects of OC43 while studies investigating colorectal pathogenesis have been limited. In addition, the relationship between OC43 and HIF-1⍺, a major metabolic transcription factor targeted by other betacoronaviruses such as SARS-CoV-2, has been unexplored. In this thesis, I have utilized the well characterized colorectal cell line, HCT-116, to interrogate the effects of OC43 on cellular metabolism and genomic expression. Studies have shown that HIF-1⍺ interacts with both DNA and RNA viruses. However, the physiological relevance of HIF-1⍺ in viral infection has been undetermined as most all studies have used pharmacological inhibitors, which can confound results due to unknown off-targets. To address these current gaps in knowledge, I used a HCT-116 HIF-1⍺ knock-out cell line to investigate its importance during OC43 infection and to characterize the effects of OC43 on host cell physiology and metabolism. 
[bookmark: _Toc164776326]In this thesis, I have shown successful OC43 infection in my cell model using HCT-116 cells via RT-qPCR. Importantly, OC43 transcripts were quantified relative beta actin, an internal endogenous control. This allowed me to assess viral production based on cell number while also comparing OC43 viral production in the absence of HIF-1⍺. My findings show HIF-1⍺ to be necessary for maximal virion production and alludes to the reason most viruses likely increase the expression of this transcription factor. I was also able to evaluate possible OC43 employed mechanisms to increase HIF-1⍺ using an HCT-116 cell line with a deletion of AKT 1/2. Loss of AKT 1/2 diminished OC43 production and inhibited its ability to increase HIF-1⍺. These findings indicate the necessity of AKT 1/2 for efficient OC43 production and reveal AKT 1/2 as an important part of OC43 mediated HIF-1⍺ induction. RNA sequencing data was utilized to determine both OC43 and HIF-1⍺ induced transcriptional changes. These data showed upregulation of HIF-1⍺ in OC43 infected cells, several HIF-1⍺ associated genes such as MYC and TGFBR1, and HIF-1⍺ direct targets, GPX1 and glucose transporter 4 (Glut4). Differential gene expression analysis also revealed downregulation of HIF-1⍺ inhibitors, EGLN2 (PHD1) and PEL13 , in OC43 infected cells revealing possibly part of OC43 employed mechanisms to upregulate HIF-1⍺ during infection. Finally, the Seahorse XFe24 Analyzer was used to measure glycolysis in OC43 infected HCT-116 and HIF-1⍺ knock-out cells. These data showed OC43 induction of glycolysis in HCT-116 cells and highlighted the importance of HIF-1⍺ in promoting glycolysis upon OC43 infection. Future studies will need to show the importance of HIF-1⍺ during OC43 infection using an in vivo mouse model where HIF-1⍺ can be selectively deleted in the colonic epithelium to test if OC43 virion production is negated. In addition, the necessity of glycolysis for efficient OC43 production should be evaluated using glycolytic inhibitors such as 2-DG and flux experiments. 
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[bookmark: _Toc164777575][bookmark: _Toc164546398][bookmark: _Toc164776328][bookmark: _Toc164933246]Figure 1. Schematic illustrating Coronaviridae Family as Determined by the International Committee on Taxonomy of Viruses. Betacoronavirus include SARS-CoV2, SARS-CoV, MERS-CoV, and HCoV-OC43. HCoV-OC43 (referred to as OC43) is the coronavirus used in this thesis project (as highlighted in red)
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[bookmark: _Toc164546400][bookmark: _Toc164776330][bookmark: _Toc164777577][bookmark: _Toc164933247]Figure 2. Simplified Overview of Glycolysis, the Tricarboxylic Acid (TCA), and Electron Transport Chain (ETC). Glucose enters cells through GLUT transporters and is oxidized to pyruvate yielding NADH and ATP for glycolysis. The favored fate of pyruvate in anaerobic conditions is conversion into lactate while in aerobic conditions, pyruvate is metabolized to acetyl-CoA and shunted into the TCA cycle. Further oxidation of acetyl-CoA produces additional NADH and FADH2, which is utilized by the ETC system for ATP production. Made with Biorender.com.
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[bookmark: _Toc164546401][bookmark: _Toc164776331][bookmark: _Toc164777578][bookmark: _Toc164933248]Figure 3. Glycolysis Pathway Overview. Glucose is oxidized into pyruvate through the ten-step process of glycolysis via glycolytic enzymes. Made with Biorender.com.










[bookmark: _Toc164546402][bookmark: _Toc164776332][bookmark: _Toc164777579][bookmark: _Toc164933249]Figure 4. Transcriptional Profile Between Control and OC43 Infected HCT-116 Colorectal Cancer Cells. (A) qPCR amplification plot of OC43 from control or infected HCT-116 cells at 24 h.p.i. Histogram in right panel shows the calculated delta C(t) when OC43 C(t) value was subtracted from endogenous beta actin C(t) value. The lower the delta C(t) the more virus detected. (B) Dot plot generated from RNA sequencing analysis showing the fold change in expression relative to the adjusted p-value in control or infected HCT-116 cells. (C) KEGG pathways analysis of enriched transcripts identified as differentially expressed gene between control and infected. (D) Venn diagram showing the number of genes that overlap or are unique between control and infected. Error bars are mean ± SEM. Significant differences are shown where **** equals p < 0.0001.
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[bookmark: _Toc164777580][bookmark: _Toc164546403][bookmark: _Toc164776333][bookmark: _Toc164933250]Figure 5. HIF-1𝛼 Upregulation by OC43. (A) Histogram showing qPCR analysis of HIF-1-a levels relative to beta actin from infected and uninfected HCT116 cells at 24 h.p.i. (B) Linear regression analysis of scatter plot displaying fold change of HIF-1⍺ (y-axis) compared to OC43 (x-axis). A r2 value was determined. (C) Western blot analysis of OC43 and HIF-1⍺ expressions in OC-43 infected or untreated HCT116 cells with β-actin as a loading control. Right panels show quantification of the western blots. Error bars are mean ± SEM. Significant differences are shown where * equals p < 0.05, ** equals p < 0.01.
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[bookmark: _Toc164777581][bookmark: _Toc164933251]Figure 6. Consequences of HIF-1𝛼 Loss Toward Infection. (A) Histogram showing qPCR analysis of OC43 levels relative to beta actin from infected HCT116 or HIF-1 alpha knockout (KO) cells at 24 h.p.i. (B) Glycolytic contribution to proton efflux rate (glycoPER), (C) basal glycolysis, and (D) compensatory glycolysis control uninfected and OC43 infected HCT 116 or HIF-1⍺ KO colorectal cancer cells. Data points represent the average glycoPER over 3-5 replicates per condition. Error bars are mean ± SEM. Significant differences are shown where * equals p < 0.05, ** equals p < 0.01.
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[bookmark: _Toc164546404][bookmark: _Toc164776334][bookmark: _Toc164777582][bookmark: _Toc164933252]Figure 7. Gene Expression Consequences of HIF-1𝛼 Loss in OC43 Infection. (A) PCA plot showing clustering and deviation in data from RNA seq. (B) Venn diagram showing the number of genes that overlap or are unique between control or infected in HCT-116 and HIF-1⍺ knockout cell lines. (C) Dot plot generated from RNA sequencing analysis of HIF-1⍺ KO control cells vs. OC43 infected cells (D) HCT-116 control cells vs. HIf-1⍺ control cells (E) HCT116 OC43 infected cells vs. HIF-1 a KO OC43 infected cells. All dot plots show the fold change in expression relative to the adjusted p-value. (F) KEGG pathways analysis of enriched transcripts identified as differentially expressed genes between control and infected in HIF-1⍺ knockout cells. 
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Description automatically generated with medium confidence]
[bookmark: _Toc164546405][bookmark: _Toc164776335][bookmark: _Toc164777583][bookmark: _Toc164933253]Figure 8. HIF-1⍺ is Downstream of AKT. (A) Histogram showing qPCR analysis of OC43 levels relative to beta actin from infected HCT116 or AKT1/2 knockout (KO) cells at 24 h.p.i. (B) Histogram showing qPCR analysis of HIF-1⍺ levels relative to beta actin from infected HCT116 or AKT1/2  (KO) cells at 24 h.p.i. Error bars are mean ± SEM. Significant differences are shown where * equals p < 0.05, ** equals p < 0.01, *** equals p <0.001, **** equals p <0.0001. 
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[bookmark: _Toc164546406][bookmark: _Toc164776336][bookmark: _Toc164777584][bookmark: _Toc164933254]Figure 9. Model of OC43 Infection and Interaction with Cellular Metabolism. OC43 infection of colorectal cancer cells increases HIF-1⍺ transcript and protein levels. Viral induced elevations work to increase glycolysis in the cell to achieve maximal OC43 virion production. Both loss of HIF-1⍺ or AKT1/2 significantly diminished OC43 levels after 24 hours of infection. Made with Biorender.com.


















Table 1. HIF-1⍺ related genes significantly differentially expressed in OC43 infected HCT-116 cells. Red designates gene upregulation. Green designates downregulation. 
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