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Abstract 

The degree of intratumoral hypoxia is clinically correlated to poor 

response to therapy and increased incidence of distal spread in various cancer 

subtypes.  Specifically, the transcription factor Hypoxia Inducible Factor-1α (HIF-

1α), which is accumulated in cells in response to a hypoxic microenvironment, is 

implicated in poor disease outcome associated with intratumoral hypoxia.  Using 

novel genetically engineered mouse models of primary soft tissue sarcoma, I 

show that in vivo genetic deletion of HIF-1α specifically in tumor cells 1) 

decreases the incidence of lung metastases by limiting sarcoma collagen 

deposition, and 2) improves sarcoma response to radiation therapy by limiting 

the inflammatory response and metabolic adaptations.  These results define HIF-

1α as a potential target for cancer therapy. 
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1. Introduction  

1.1 Intratumoral Hypoxia and Hypoxia Inducible Factor-1 

At sea level, the atmospheric pressure is 760mmHg.  The partial pressure of 

oxygen is 160mmHg, which correlates to 21% of the atmospheric gas mixture.  

During mammalian pulmonary gas exchange, inhaled air mixes with air in the 

alveoli and causes a decrease of oxygen partial pressure to 100mmHg, 

correlating to 13% of the resulting alveolar gas mixture.  As oxygen is delivered 

to the peripheral tissues, the partial pressure of oxygen is normally between 15-

70mmHg (2-9%) depending on tissue type, and thus defines tissue type-

dependent normoxia [1].   

Tissue hypoxia, defined by physiologically low oxygen availability below the 

level which is normally experienced by the tissue type, is one of the most 

important cellular stresses due to oxygen’s vital role for generating ATP as the 

final electron acceptor in the electron transport chain (ETC).  Tissue hypoxia has 

been associated with both normal development and disease models such as 

inflammation, tissue ischemia, and solid tumor development [2].  Importantly, 

tissue hypoxia and more extremely tissue anoxia are observed in solid tumors 

due to the combination of tumor cell proliferation, tumor rate of oxygen 

consumption, and the inability to generate enough new functional blood vessels 

to  support rapid tumor growth [3].  As a result, solid tumors are first modeled to 

have a central necrotic core, with a rim of viable tumor tissue in the periphery [4].  

It is important to note that tumor hypoxia can exist even without presence of 
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tumor necrosis, which results from chronic exposure to extreme hypoxia or 

anoxia. 

The hypoxic microenvironment elicits changes in cellular gene expression 

via hypoxia inducible factor 1 (HIF-1).  HIF-1 is a heterodimeric bHLH PAS family 

transcription factor composed of an alpha (hypoxia inducible factor-1α, HIF-1α) 

and a beta (aryl hydrocarbon receptor nuclear translocator, ARNT) subunit.  

When dimerized, HIF-1 binds to hypoxia responsive elements (HRE) in the 

promoters or enhancers of target genes.  HIF-1α is regulated by oxygen tension. 

At high oxygen levels (>8-10%), two proline residues in the oxygen dependent 

degradation domain (ODDD) of HIF-1α are modified by prolyl hydroxylases to 

hydroxyproline residues using oxygen as substrate.  The presence of the two 

hydroxyproline residues leads to recognition of HIF-1α by the E3 ubiquitin ligase 

Von Hippel–Lindau (pVHL) and results in the proteosomal degradation of HIF-1α 

despite continued transcription.  Thus under normoxic conditions, the half-life of 

HIF-1α protein is around 5-10 minutes [2].   

Although HIF-1α was first identified by its oxygen-dependent regulation of 

the human EPO gene transcription [5],  HIF-1α protein stability can also be 

altered by oxygen-independent mechanisms.  For example, iron chelators such 

as deferroxamine, and tricarboxylic acid cycle (TCA cycle) metabolite 

intermediates such as fumarate and succinate can stabilize HIF-1α by inhibiting 

the enzymatic activity of prolyl hydroxylases.  Moreover, the type III histone 
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deacetylases sirtuin 1 (SIRT1) and sirtuin 6 (SIRT6) can inhibit HIF-1α 

transcriptional activity [6].  

.   When HIF-1α is stabilized, the HIF-1 heterodimer is able to rapidly alter 

pathways such as cellular metabolism [7, 8], angiogenesis [9], hematopoiesis 

[10], and survival [11].  In tumors, the HIF-mediated pathways are often hijacked 

and are utilized to maintain tumor homeostasis.   

1.2 Hypoxia, HIF-1α, and Metastasis 

Cancer metastasis, as defined by the development of secondary tumors 

distant from the primary tumor site, accounts for the majority of cancer-related 

deaths.  Cancer metastasis involves a sequence of steps including: 1) acquisition 

of a pro-migratory phenotype by tumor cells, 2) disruption and remodeling of the 

extracellular matrix (ECM) at the primary site, 3) intravasation into the blood 

vessels, 4) survival in circulation, 5) exravasation at distal sites of spread, and 6) 

adaptation to the distal site microenvironment for optimal growth.   

 The degree of hypoxia at the primary tumor site, as measured by direct 

assessment of tumor oxygenation using a polarographic electrode device, 

correlates with worse metastasis-free survival in many cancer types, including 

carcinomas of the cervix [12], head and neck cancers [13], and soft tissue 

sarcomas [14].  HIF-1α overexpression is a common finding in human cancers at 

the primary site as well as at sites of distal spread [15-17].  Interestingly, HIF-1α 

staining in breast cancer metastases is more prominent than those at the primary 

site [17].   
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Numerous studies have shown that HIF-1α can regulate the expression of 

proteins involved in each step of cancer metastasis.  HIF-1α-dependent 

upregulation of proteases such as cathepsin D (CTSD) and metal 

metalloprotease 2 (MMP2), connective tissue proteins such as fibronectin 1 

(FN1) and keratins 14 (KRT14), 18 (KRT18), and 19 (KRT19), and focal 

adhesion components such as platelet-derived growth factor receptor-α 

(PDGFRα) under hypoxic conditions can alter ECM makeup and induce 

increased cellular migration and invasion [18].   Intravasation and extravasation 

can be achieved by increasing vascular permeability through HIF-1α-dependent 

upregulation of vascular endothelial growth factor (VEGF) [19].  Once at the 

secondary site, HIF-1α-dependent tumor cell secretion of various chemokines 

and growth factors, such as stromal cell-derived factor 1(CXCL12) and VEGF, 

can then either recruit stromal support from monocytes and endothelial cells or 

activate autocrine signaling pathways to facilitate metastatic growth [20].   

1.3 Hypoxia, HIF-1α, and Radiation Resistance 

Tumor hypoxia has long been recognized to negatively affect solid tumor 

response to radiation therapy.  Early clinical studies in the 1950s and 1960s 

showed that an improvement in tumor response to radiation can be achieved by 

administering concurrent hyperbaric oxygen to patients during treatment [1].  

Around the same time, animal studies were conducted in allograft models to 

show that by delivering hyperbaric oxygen to tumor-bearing mice during radiation 

therapy similar levels of tumor cure can be achieved while using only 50% of the 
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radiation dose required of the mice breathing room air [21, 22].  Since then, many 

other clinical trials have been conducted by treating patients with concurrent 

radiation therapy and either hyperbaric oxygen or other hypoxia-activated 

cytotoxins, such as metronidazole.  A 2007 meta-analysis of 61 published clinical 

trials revealed that 87% of the studies demonstrated that modifiers of tumor 

hypoxia during radiation therapy resulted in either improvement in loco-regional 

control, overall survival, or both [23].   

Although hypoxia promotes radiation resistance in part because radiation-

induced cell killing depends on the presence of molecular oxygen to generate 

ROS as well as difficult to repair oxygen-DNA adducts, biological pathways 

triggered by the hypoxic microenvironment may also contribute to radiation 

resistance.  

Clinically, the presence of HIFs in cancer is correlated to worse outcomes 

[11, 24, 25], and high HIF-1 level is an independent predictor for poor local 

control in head and neck cancers after radiation therapy [26].  However, because 

the roles of HIF-1 in cellular stress adaptation are so diverse, individual HIF-1 

modulated processes may potentially cause tumors to respond to radiation in 

different ways.  For example, HIF-1 can activate downstream targets that 

promote the upregulation of anti-apoptotic pathways or cell cycle arrest, which 

may make cells more resistant to radiation therapy; conversely, HIF-1 can also 

elicit pro-apoptotic pathways via activation of other downstream targets that can 

make cells more sensitive to radiation therapy [27].   
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1.4 Glucose Metabolism, Hypoxia, and the Warburg Effect 

Glucose metabolism can be divided into three stages in a mammalian cell:  

1) glycolysis, which occurs in the cytosol, 2) TCA cycle, which occurs in the 

mitochondrial matrix, and 3) oxidative phosphorylation (OXPHOS), which 

involves the electron transport chain (ETC) as well as ATP synthase located on 

the inner mitochondrial membrane.  Various intermediate metabolites generated 

during glycolysis and the TCA cycle can be reversibly or irreversibly diverted to 

the synthesis of other essential cellular building blocks such as nucleic acids, 

amino acids, and fatty acids.  Conversely, these building blocks may be 

catabolized into intermediate metabolites of glycolysis and the TCA cycle to 

support the generation of ATP or glucose [28].   

In normal mammalian cells, the flux of the metabolic pathway is critically 

dependent on the availability of oxygen.  Glucose that enters glycolysis 

generates 2 molecules each of ATP and NADH.  In the presence of abundant 

oxygen, the 2 molecules of pyruvate that are generated at the last step of 

glycolysis are decarboxylated and conjugated to CoA groups by pyruvate 

dehydrogenase to form 2 molecules each of acetyl-CoA and NADH.  Acetyl-CoA 

can then either enter the TCA cycle or can be modified through reactions such as 

condensation or carboxylation for cholesterol synthesis or fatty acid elongation.  

Once the 2 molecules of acetyl-CoA complete the TCA cycle, a net 6 NADH and 

2 FADH2 molecules are generated.  The combined 10 NADH and 2 FADH2 

molecules then donate electrons to the ETC to generate the proton gradient 
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between the mitochondrial intermembrane space and matrix to drive ATP 

synthesis.  Oxygen serves as the final acceptor of the electron at complex IV of 

the ETC, and exits the reaction as water.   

Under conditions of oxygen deprivation, OXPHOS cannot proceed and 

pyruvate is no longer converted to acetyl-CoA partially due to the HIF-1α-

dependent upregulation of pyruvate dehydrogenase kinase (PDK1), which 

phosphorylates pyruvate dehydrogenase to inhibit its enzymatic activity.  In 

concert, HIF-1α-dependent upregulation of lactate dehydrogenase A (LDHA) 

converts pyruvate to lactic acid, and HIF-1α-dependent upregulation of 

monocarboxylate transporter 4 (MCT4) excretes lactic acid into the extracellular 

space [6]. 

In the 1920s, Otto Warburg discovered that in cancer cells, even in the 

presence of abundant oxygen, glucose is preferentially metabolized solely via 

glycolysis and exits the pathway as lactic acid [29].  This uncoupling of glycolysis 

and OXPHOS, now known as the Warburg effect, can be recapitulated in a 

variety of cancer types.  Recently, the Warburg effect and the relationship 

between tumor metabolism and response to therapy have garnered increasing 

attention in the field of cancer research.  Studies have implicated HIF-1 mediated 

pathways in various aspects of altered tumor metabolism either through the 

hypoxic microenvironment or as a consequence of oncogenic mutations [30, 31].  

Not only does HIF-1 regulate preferential conversion of pyruvate to lactic acid as 

previously described, HIF-1 also leads to the accumulation BCL2/adenovirus 
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E1B 19 kDa protein-interacting protein 3 (BNIP3) and BCL2/adenovirus E1B 19 

kDa protein-interacting protein 3-like (BNIP3L), which triggers increased 

mitophagy [32, 33] and further decreases flux of pyruvate into the TCA cycle.  

The shunting of pyruvate away from the TCA cycle by these HIF-1 dependent 

mechanisms then leads to the increased dependence on glutamine catabolism 

and reductive carboxylation in order to generate citrate and acetyl-CoA required 

for important processes, such as fatty acid synthesis [34, 35].  Because of HIF-

1’s extensive involvement in regulating tumor glucose utilization, both HIF-1 and 

glucose metabolism are attractive drug targets for improving cancer therapy.  

One clinical trial is currently being conducted in patients with glioblastoma using 

dichloroacetate, an inhibitor of PDK (NCT01111097).  Another clinical trial using 

2-deoxy-D-glucose, an inhibitor of glycolysis at the level of 

phosphoglucoisomerase, is also underway in patients with various advanced 

solid tumors such as cancers of the lung, breast, pancreas, and head and neck 

(NCT00096707).   

At the same time, Warburg postulated that when a tumor is irradiated, the 

radiation causes additional decline of respiration in tumor cells below a critical 

minimum that all cells require for survival and thus results in preferential tumor 

cell killing by radiation therapy.  He further postulated that although radiation also 

leads to a decline of respiration in normal cells, this decline does not dip below 

the critical minimum.  Warburg proposed that if these cells do not recover their 

original respiratory capacity, they would either die from insufficient energy 
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generation or compensate by upregulating glycolysis, which could then result in 

radiation-induced carcinogenesis.   

 Although it is known now cellular irradiation affects the mitochondria, the 

mechanisms differ from what Warburg had postulated [36, 37] and the 

consequences are not clear.  First, although the majority of DNA in a cell resides 

in the nucleus, the mitochondria contain their own genome encoding proteins 

including subunits of the ETC that is also sensitive to radiation-induced DNA 

damage.  In fact, mitochondrial DNA has been shown to be more susceptible to 

DNA damage than nuclear DNA, likely due to a combination of increased 

exposure to ROS, decreased ability for DNA repair, and lack of histone 

protection.  Because the majority of mitochondrial DNA is protein encoding as 

compared to about 1% of nuclear DNA, any mutations in the mitochondrial DNA 

would affect subsequent protein synthesis.  Additionally, mitochondrial DNA copy 

number has been shown to increase after irradiation in human and animal cells 

both in vitro and in vivo.  The functionality of mitochondrial DNA copy-number 

gain after irradiation is currently unknown.  Additionally, irradiation has been 

shown to decrease Complex I and Complex III activities and OXPHOS, as well 

as increase in TCA cycle activity of the mitochondria, which may be recovered 

after irradiation.  Finally, mitochondrial mass has been shown to increase after 

irradiation.  Together, these suggest that radiation induces damage to the 

mitochondrial ETC, which may lead to compensatory increase in mitochondrial 

mass as well as DNA copy number and increase mitochondrial ROS generation, 
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which may then perpetuate DNA damage and radiation induced chromosomal 

instability.  Further studies in this area need to be performed to elucidate the 

roles of mitochondrial changes and cell survival after irradiation, and how this 

may be manipulated to modulate cellular response to radiation. 

1.5 Inflammation, Hypoxia, and Cancer Treatment Resistance 

Tissue inflammation in the non-immunocompromised is present at sites of 

injury, infection, autoimmune response, and cancer.  Two transcription factor 

families that mediate the pro-inflammatory signaling cascades at the cellular level 

responsible for tissue inflammation are:  1) nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB), and 2) interferon regulatory factors (IRFs). 

1.5.1 NF-κB and IRFs 

There are 5 proteins that participate in the NF-κB transcription factor dimer 

complex: 1) v-rel avian reticuloendotheliosis viral oncogene homolog A (RELA), 

2) v-rel avian reticuloendotheliosis viral oncogene homolog B (RELB), 3) v-rel 

avian reticuloendotheliosis viral oncogene homolog (REL), 4) nuclear factor of 

kappa light polypeptide gene enhancer in B-cells 1 (NFKB1), and 5) nuclear 

factor of kappa light polypeptide gene enhancer in B-cells 2 (NFKB2).  The 

activity of the different NF-κB complexes is latent in the unstimulated state.  

During latency, the canonical NF-κB pathway effector RELA-NFKB1 heterodimer 

is sequestered in the cytoplasm by the inhibitor IκB.  In contrast, the non-

canonical NF-κB pathway effector RELB-NFKB2 heterodimer is not bound by an 

inhibitor, but is inactive because NFKB2 is maintained in the p105 form [38].    
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When the canonical pathway is stimulated, the IκB kinase (IKK) complex 

phosphorylates IκB and targets it for ubiquitination and proteasomal degradation.  

The released RELA-NFKB1 heterodimer is free to enter the nucleus.  When the 

non-canonical pathway is stimulated, NF-κB-inducing kinase (NIK) activates IKKα 

and this leads to the post-translational processing of NFKB2 from p105 to p52.  

The resulting RELB-p52 heterodimer can then translocate to the nucleus [38, 39].  

The transcriptional activities of all NF-κB dimers after nuclear translocation 

further depend on other post-translational modifications such as phosphorylation, 

acetylation, methylation, and ubiquitination of specific amino acid residues [40].  

For example, methylation of RELA at several lysine residues can terminate NF-

κB activity.  NF-κB-dependent upregulation of its own inhibitors such as IκB also 

leads to resolution of the NF-κB signaling.  Dysregulation of the NF-κB 

transcriptional activity leads to chronic inflammation and its associated diseases 

including cancer [38]. 

The IRF family of transcription factors currently has 9 mammalian 

members (IRF-1 to IRF-9).  IRFs bind to IFN-stimulated response elements 

(ISRE) to initiate downstream transcription.  IRFs are first identified by their 

transcriptional regulation of interferons (IFNs), and their activity is regulated by 

pattern-recognition receptors (PRRs).  The 2 classes of PRRs include 1) 

transmembrane PRRs such as Toll-like receptors (TLRs), and 2) cytosolic PPRs 

such as those in the retinoic-acid-inducible gene I (RIG-I) family, which includes 
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RIG-I, melanoma-differentiation-associated gene 5 (MDA5), and laboratory of 

genetics and physiology 2 (LGP2) [41].   

Activation of cytosolic PRRs leads to the interaction between the caspase-

recruitment domains (CARD) of the PRRs and their adaptor protein mitochondrial 

antiviral-signaling protein (MAVS) on the mitochondria.  This association 

activates TANK (tumor-necrosis-factor-receptor-associated factor (TRAF)-family-

member-associated NF-κB activator)-binding kinase 1 (TBK1) which then 

phosphorylates IRF3/IRF7 hetero- or homo-dimers, leading to their 

transcriptional activation.  Similarly, activation of TLRs leads to association with 

their specific adaptors and subsequent activation of various IRF family members.  

IRF activation results in the transcriptional upregulation of IFNs as well as other 

genes that promote the innate immune response and inflammation [42]. 

Secreted IFNs stimulate cells through the IFN receptor and lead to 

formation of the canonical transcriptional factor complex Interferon-stimulated 

gene factor 3 (ISGF3), composed of signal transducer and activator of 

transcription 1 (STAT1), STAT2, and IRF9, as well as other transcriptional factor 

complexes also consisting of various combinations of STAT1, STAT2, and IRF9.  

These transcription factor complexes are responsible for upregulating the 

expression of interferon stimulated genes (ISGs) including IRFs [43]. 

The NF-κB and IRF pathways intersect at numerous levels [44].  For 

example, PRR activation also leads to IκB degradation and thus the activation of 

the NF-κB pathway.  IKKα is able to phosphorylate IRF7 and activate its 
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transcriptional activity.  The transcriptional activation of certain genes requires 

the cooperation between NF-κB and IRF transcriptional complexes.  For 

example, effective transcription of IFN-β requires coordinated binding of 

IRF3/IRF7 hetero- or homo-dimers, NFKB1-RELA, activator protein 1 (AP-1) at 

each of their binding sites, and the co-activator CREB-binding protein (CBP) 

/p300.  Furthermore, NFKB1-RELA and IRF3 can be direct co-activators of each 

other to promote transcription of certain downstream targets, and glucocorticoid 

receptor (GR)-mediated binding of NFKB1-RELA can not only inhibit transcription 

of genes with NF-κB binding element, but can also inhibit transcription of genes 

with ISRE because the interaction of NFKB1-RELA and IRF3 is required for 

transcription. 

1.5.2 Tumor Inflammation and Its Association with Hypoxia and 
Cancer Treatment Resistance 

Because the sites of tissue inflammation are usually hypoxic, 

hypoglycemic, and acidotic, HIF and cellular response to hypoxia have been 

recognized to play vital roles in regulating the inflammatory response [45].  HIF-

1α regulates transcription of tumor necrosis factor (TNF) and inducible NO 

synthase (iNOS) in macrophages in response to hypoxic stress, and promotes 

the release of pro-inflammatory cytokines.  Ablation of HIF-1α in monocytes in 

vivo eliminates the inflammatory response following application of a chemical 

irritant.  HIF-1α and NF-κB have been shown to regulate the expression of each 

other.  Basal NF-κB activity is critical for maintaining HIF-1α mRNA levels by 
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direct binding to a NF-κB binding motif in the Hif-1α promoter [46].  HIF-1α 

ablation in neutrophils leads to decreased expression of both RELA and IKKα, 

but the mechanism is currently unclear [47].   

Chronic inflammation is associated with increased risk of tumorigenesis 

[48], such as in the case of unresolved hepatitis B or C infections, which leads to 

the development of hepatocellular carcinoma.  Furthermore, induction of the NF-

κB pathway by TNF, ionizing radiation, or chemotherapy has been shown to 

promote cancer treatment resistance [49-51].  Conversely, inhibition of NF-κB by 

either genetic or pharmacologic methods can improve cancer response to 

therapy [52].  Recently, an IRF/STAT pathway signature has been identified in 

human breast carcinoma [53] and glioma [54], which is associated with increased 

cancer resistance to radiation therapy [55].  Knockdown of LGP2 by siRNA, a 

component of the IRF/STAT pathway signature, led to increased cancer cell 

death both at baseline and with radiation therapy [56]. 

1.6 Primary Mouse Models of Soft Tissue Sarcoma 

1.6.1 Soft Tissue Sarcoma: Rhabdomyosarcoma and Undifferentiated 
Pleomorphic Sarcoma 

 Soft tissue sarcomas (STS) are rare tumors that are classified on a 

histogenetic basis according to the adult tissue they resemble [57].  Overall, STS 

affect approximately 12,020 new patients, and will cause 4,740 deaths in 2014 in 

the US [58].  Of the STS, undifferentiated pleomorphic sarcoma (UPS) is one of 
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the most frequently diagnosed in adults, accounting for about one-third of all 

sarcomas, and rhabdomyosarcoma (RMS) is the most common STS in children.   

Both UPS and RMS are usually treated with combination of radiation 

therapy and surgery.  Chemotherapy is more commonly utilized for RMS [59], but 

healthy adults with high-grade UPS larger than 8cm may also receive 

chemotherapy.  RMS is characterized by the presence of rhabdomyoblasts and 

immunohistochemical staining for myogenic markers such as MyoD [60].  UPS is 

characterized by cellular pleomorphic or spindle cell neoplasm devoid of signs of 

differentiation [61].  Often, the diagnosis of UPS is a diagnosis of exclusion [62].  

Re-evaluation of many cases of previously diagnosed UPS have led to 

reclassification of the disease based on strongly suggested line of differentiation, 

most often to forms of myxofibrosarcoma and leiomyosarcoma [63].  Recently, 

there has been debate whether all UPS can be subclassified by lines of 

differentiation, especially when this reclassification is clinically important [63, 64].  

For example, UPS with myogenic differentiation is significantly more aggressive 

and has an increased risk of metastasis compared to nonmyogenic UPS [63].  

New evidence suggests a link between at least some UPS and RMS through a 

common myogenic cell of origin, the Pax7+ satellite cell [65-67]. 

1.6.2 Site-Specific Recombination with the Cre-loxP and the Flp-FRT 
Systems 

The Cre-loxP system, which originated from the bacteriophage P1, utilizes 

site-specific recombination to carry out deletions, inversions, insertions, and 
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translocations in the cellular genome (Figure 1) [68].  When 2 loxP sites are 

placed in the same 5’ to 3’ direction on the same chromosome separated by a 

segment of DNA “A”, Cre recombinase mediates the removal of 1 loxP site along 

with segment “A” from that chromosome.  When the 2 loxP sites are placed in 

opposing 5’ to 3’ directions on the same chromosome separated by a segment of 

DNA “B”, exposure of the DNA to Cre recombinase leads to the inversion of 

segment “B”.  When a plasmid with a loxP site is introduced into a cell with 

another loxP site on a chromosome, Cre recombinase can insert the plasmid 

DNA into the chromosome at the location of the loxP site.  Finally, if loxP sites 

exist on 2 separate chromosomes, Cre recombinase can mediate translocation of 

the DNA between two chromosomes at the location of the loxP sites. 
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Figure 1: Cre recombinase mediates site-specific recombination   

In the nucleus, depending on the location and the 5’ to 3’ orientation of the 34bp loxP 
sites, Cre recombinase can 1) delete the loxP-flanked DNA sequence, 2) invert the loxP-
flanked DNA sequence, 3) insert a loxP-site containing plasmid into a loxP-site 
containing chromosome, or 4) translocate two loxP-site containing chromosomes. 

 

The Cre-loxP system has been used extensively to manipulate gene 

expression in the mouse in order to study a range of pathologies.  To study 

cancer in the mouse, the Cre-loxP system can be used to specifically turn on 

conditional alleles of oncogenes and delete conditional alleles of tumor 

suppressor genes in a temporally and spatially regulated manner.  In the case of 

conditional alleles of oncogenes such as KRASG12D, the oncogene can be 
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genetically engineered downstream of a transcriptional termination sequence 

flanked by 2 loxP sites (loxP-STOP-loxP-KrasG12D or KrasLSL-G12D) [69]. 

Therefore, KrasG12D is not transcribed in the absence of Cre-mediated 

recombination.  In the presence of Cre recombinase, deletion of the SV40pA 

transcriptional termination sequence then allows for subsequent transcription of 

oncogenic KRAS.  In the case of conditional alleles of tumor suppressors such as 

p53, loxP sites are situated in introns that flank exons that are essential to 

mediate tumor suppression (loxP-p53-loxP or p53FL).   When exposed to Cre 

recombinase, the loxP site-flanked exons are removed, so that a functional tumor 

suppressor can no longer be expressed [70]. 

Innovations in site-specific recombinase systems continue to improve 

tissue specificity and temporal regulation of gene expressions.  For example, 

fusion proteins consisting of Cre recombinase and a mutated estrogen receptor 

that preferentially binds to the metabolites of the estrogen analog tamoxifen, 

such as Cre-ERT2, have been generated [71].  These fusion proteins allow for 

tamoxifen-inducible Cre recombinase translocation to the nucleus to mediate 

gene manipulations.  These Cre-fusion proteins allow temporal activation of 

oncogenes and/or deletion of tumor suppressor genes in the adult mouse in a 

cell-type specific manner to generate cancer. 

Recently, a second site-specific recombination system, Flp-FRT, which 

originated from S. cerevisiae, has been applied to study cancer.  Similar to Cre, 

Flp recombinase recognizes 34bp sequences of DNA termed FRT sites.  Like 
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KrasLSL-G12D mice, investigators have generated mice in with KrasG12D is 

regulated by a transcriptional terminator sequence flanked by FRT sites (KrasFSF-

G12D) [72].  Similar to p53FL mice, investigators have generated mice with the 

DNA binding domain of p53 flanked by FRT sites (p53frt) [73].  

  By combining both the Cre-loxP as well as the Flp-FRT systems 

together, gene expression can be simultaneously manipulated in separate tissue 

compartments.  This application of dual recombinase technology can be used to 

dissect the role of stromal cells in cancer.  Generation of mice expressing Flp-

FRT-mediated expression of Cre recombinase, or Cre-loxP-mediated expression 

of Flp recombinase, would allow for step-wise gene manipulation by the two 

recombinase systems.  Such next-generation mouse models would enable 

sequential mutagenesis to better model cancer and define genes required for 

tumor maintenance. 

1.6.3 Primary Mouse Models of RMS and UPS 

 Several primary mouse models of STS have been generated using the 

Cre-loxP system.  Conditional deletion of p53 and activation of KRASG12D by 

intramuscular injection of an adenovirus expressing Cre recombinase results in 

the development of UPS 2-3 months later with high penetrance [74]. Because 

these tumors develop at the site of injection, they can be surgically resected tu 

study subsequent metastasis to the lung [75].  Using the endogenous Myf6 

promoter to drive Cre recombinase expression, and the endogenous Pax3 

promoter to drive the transcription of the Pax3-FoxO1 fusion protein downstream 
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loxP-STOP-loxP, mice can develop tumors resembling alveolar RMS (aRMS) at 

a frequency of 1 in 228 [76].  This frequency can be increased by additional 

deletion of either p53 or INK4A/ARF by Cre recombinase.  Conditional deletions 

of p53, either alone or in combination with PATCHED1 and/or RB1, by Cre 

recombinase or Cre-ERT2 driven by a variety of gene promoters associated with 

the skeletal muscle tissue lineage (Myf5, Myf6, Pax7) led to the development of a 

spectrum of sarcomas ranging from embryonal RMS (eRMS) to UPS [66].  

Additionally, conditional deletion of p53 and activation of KRASG12D through Cre-

ERT2 driven by the endogenous Pax7 promoter in the adult mouse also resulted 

in the generation of a similar spectrum of sarcomas ranging from eRMS to UPS 

[67]. 

1.7 Study Objectives 

Because HIF-1 plays a critical role in responding to hypoxia and other 

diverse cellular stresses, many laboratory studies have been undertaken to 

investigate the effect of HIF-1 on tumor development but have led to inconsistent 

results.  Some studies have concluded that HIF-1 activation promotes tumor 

progression through mechanisms such as enhanced angiogenesis [11], 

increased metastatic potential [77], and increased resistance to radiation 

therapy[78]; others have found that mammary tumor cell-specific HIF-1 activation 

reduces tumor growth [79], and lung tumor cell-specific deletion of HIF-1 does 

not affect tumor burden or progression [80].   
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For my thesis, I will investigate the effect of HIF-1α deletion on sarcoma 

disease progression and response to radiation therapy in primary mouse models 

of soft tissue sarcoma.  First, I will use the pre-existing mouse model of UPS, 

which utilizes adenovirus-mediated delivery of Cre recombinase to turn on 

oncogenic KRAS and delete p53, to study how conditional deletion of HIF-1α in 

these tumor cells alter sarcoma metastasis.  Second, I will generate novel 

genetically engineered mice with Flp-mediated expression of inducible Cre 

alleles.  I will also generate and characterize a novel mouse model of STS by 

crossing mice with Cre-ERT2 driven by the endogenous Pax7 promoter and mice 

with conditional alleles of the NRASG12D oncogene and p53 tumor suppressor.  

Finally, I will use this novel mouse model of STS to study how conditional 

deletion of HIF-1α affects sarcoma response to radiation therapy. 

2. Materials and Methods 

2.1 in vivo Experiments 

All animal experiments were performed according to protocols approved 

by the Duke University Institutional Animal Care and Use Committee. 

2.1.1 Generation of Novel Mouse Models 

New knock-in alleles Col1a1Frt- Cre-ER-T2-Frt and Col1a1Frt-STOP-Frt- Cre-ER-T2 

were generated by targeting the Frt-Cre-ERT2-Frt-NEO or the Frt-STOP-Frt-Cre-

ERT2-NEO constructs to the Col1a1 locus in 129/SVJae embryonic stem cells 

(ES cells).  129/SVJae ES cells were selected in neomycin (G418), and screened 
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for homologous recombination at the Col1a1 locus by PCR and Southern Blot.  

ES cells that had successfully been targeted at the Col1a1 locus were injected 

into C57BL/6 blastocysts, which were implanted into pseudo-pregnant mice.  

Male chimeras were bred to female C57BL/6 mice and the resulting progeny with 

brown colored coat (i.e. 129/SVJae-derived) were analyzed for germline 

transmission of the targeted alleles.  Mice with germline transmission were 

crossed to the Rosa26PhiC31 [81], which removed attB/attP-flanked neomycin 

cassette. 

Mouse models of soft tissue sarcoma were generated in a mixed 

129/SVJae and C57BL/6 background using a combination of previously 

described alleles Pax7Cre-ER-T2 (Chen-Ming Fan, Carnegie Institution for Science) 

[82], KrasLSL-G12D (Tyler Jacks, Massachusetts Institute of Technology) [69] , 

NrasLSL-G12D
  [83],  p53FL (Anton Berns, The Netherlands Cancer Institute) [70], 

Hif-1αFL [84], Hif-2αFL [10], Rosa26LSL-HIF1A [85], and Rosa26mTmG [86].  All alleles, 

unless otherwise specified, were obtained from The Jackson Laboratory.  

2.1.1.1 Adeno-Cre mediated sarcomagenesis 

A working solution of adenovirus expressing Cre recombinase (Adeno-

Cre) was generated by precipitating 25µl of Adeno-Cre stock (University of Iowa) 

with 3µl 2M CaCl2 and 600µl MEM (Sigma Aldrich), and incubated at room 

temperature for 15 minutes prior to use.  Soft tissue sarcoma in the mouse 

hindlimb was generated by intramuscular (IM) injection of 50µl Adeno-Cre 

working solution via a 27.5 gauge insulin syringe (Terumo).    
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2.1.1.2 4-hydroxytamoxifen mediated sarcomagenesis 

(Z)-4-hydroxytamoxifen (Sigma Aldrich), or 4-OHT, was first dissolved in 

100% ethanol at a concentration of 250mg/ml, and then diluted with corn oil 

(Sigma Aldrich) to a final working solution concentration of 25mg/ml.  Soft tissue 

sarcoma in the mouse hindlimb was generated by IM injection of 20µl 4-OHT 

working solution via a 27.5 gauge insulin syringe. 

2.1.1.3 Tamoxifen mediated Cre-ERT2 recombination of loxP sites 

Tamoxifen (Sigma Aldrich) was dissolved in corn coil to a working 

concentration of 20mg/ml.  Adult mice were treated with intraperitoneal (IP) 

injection via a 25 gauge needle of dissolved tamoxifen at a concentration of 3mg 

per 40g body weight per dose.  Multiple doses were administered with 24 hour 

intervals between dosing.  Number of doses was assay dependent. 

2.1.2 Limb Amputation Survival Surgery 

Hindlimb amputations were performed on mice with tumor-bearing 

hindlimb to model tumor resection.  Instruments were sterilized by autoclave prior 

to the surgical session as well as in between animals using a hot bead sterilizer 

(Inotech).  Induction and continuous anesthesia by 2% isoflurane in 100% O2 

were delivered by nosecone at a rate of 2L/min.  Subcutaneous (SC) injection of 

0.1mg/kg buprenorphine and 5mg/kg ketoprofen along with local IM injection of 

0.25% bupivicaine were administered to provide analgesia.  After an incision was 

made at the proximal end of the hindlimb, electrocautery (World Precision 

Instruments) was used to ligate large hindlimb vessels.  Then, scissors was used 
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to amputate the leg.  After amputation, the skin was closed using 4-0 black nylon 

monofilament sutures (Ethicon) and antibiotic ointment containing 400 unit/g 

bacitracin, 3.5mg/g neomycin, and 5000 unit/g polymyxin B was applied over the 

wound closure.  Post-operatively, animals were followed for the development of 

distal metastases by observing for signs of respiratory distress and general 

malaise.   

2.1.3 Image-Guided Fractionated Radiation Therapy 

Hindlimb irradiation was performed on mice with a tumor-bearing hindlimb 

to model radiation therapy when the tumor reached 200mm3 as measured by 

calipers using the formula   , where V defines volume, and x, y, and z 

define length, width, and height of the tumor .  At the time of radiation delivery, 

the animal was placed on the irradiation stage in the X-RAD 225Cx micro-

CT/micro-irradiator (Precision X-ray).  Induction and continuous anesthesia of 2% 

isoflurane in 100% O2 was delivered by nosecone at a rate of 2L/min.  A 40mm x 

40mm square collimator was used to focus the radiation therapy to the hindlimb 

of the mouse.  After the tumor was first visualized and centered in the radiation 

field by fluoroscopy imaging, a single fraction was delivered at 225kVp and 13mA 

with two opposed fields (Anterior-Posterior/Posterior-Anterior) to maximize 

uniform radiation dose delivery in the target tissue and minimize radiation-

induced normal tissue injury.  Subsequent fractions were delivered with 24 hour 
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intervals between fractions.  Mice were followed for tumor recurrence as defined 

by tumor growth past tripling the initial volume on the day of the first treatment. 

2.1.4 Injection of EF5 and Hoechst 33342 

Tumor-bearing mice were anesthetized by intraperitoneal (IP) injection of 

pentobarbital at 85mg/kg.  Mice were subsequently placed on a circulation warm 

water blanket.  Redosing of pentobarbital occurred with repeat IP injection of 

pentobarbital whenever necessary.  Depth of anesthesia was monitored by 

observing breathing frequency and reaction to toe pinching.  The hypoxia marker 

EF5 (Cameron Koch, University of Pennsylvania) was delivered by IP injection 

using a 25 gauge needle at 26.5ml/kg from a 10mM stock solution in saline.  

The injection of 100µl of 20mg/ml Hoechst 33342 (Sigma Aldrich) diluted 

in saline occurred via tail vein injection in the anesthetized animals, 1 min before 

surgical removal of the tumors, using a 30 gauge needle.  The tumor was 

surgically removed from the deeply anesthetized animal and was snap frozen 

over liquid nitrogen.  After surgery, the animals were euthanized using 

pentobarbital overdose (250mg/kg) given IP using a 25 gauge needle. 

2.2 in vitro and Molecular Experiments 

2.2.1 Tumor Cell Isolation and Culture 

Tumor tissue from non-treated sarcomas were removed from sacrificed 

animals and digested with tissue digestion buffer consisting of 5mg/ml 

collagenase IV (Worthington), 2.5U/ml dispase (BD), and 0.05% trypsin (Life 

Technologies) at 37ºC for 40 minutes.  The resulting mixture was strained 
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through a 70µm filter (BD), and filtered cells were re-suspended in culture 

medium consisting of MEM (Life Technologies) with 10% fetal bovine serum 

(Sigma), 5.6mM glucose, and 0.6mM glutamax (Life Technologies).  Cells were 

serially passaged to eliminate non-tumor cell contamination.  Tumor cell purity 

after 2 passages was verified with 50 cycles of polymerase chain reaction (PCR) 

of bulk cell DNA for the presence of wildtype and conditionally deleted alleles.  

Cell counting was performed using the Cellometer auto 2000 (Nexcelom) 

counter. 

For hypoxic culture, cells were placed in the INVIVO2 500 (Ruskinn) 

hypoxia chamber with 0.5% O2 and 5% CO2 for 24 hours. 

For in vitro irradiation, cells were irradiated in the culture plates either with 

an X-RAD 320 (Precision X-ray) irradiator at 320kVp and 10mA, or with an X-

RAD 160 (Precision X-ray) at 160kVp and 18mA, for the indicated doses.  

Irradiated cells were returned to the culture chamber for the indicated times. 

2.2.2 PCR, qRT-PCR 

DNA was isolated using the DNeasy Blood and Tissue Kit (Qiagen) and 

PCR experiments were performed with a C1000 Touch Thermal Cycler (Bio-

Rad).  RNA was isolated using the RNeasy Mini Kit (Qiagen), cDNA was 

synthesized using the iScript cDNA Synthesis Kit (Bio-Rad), and qPCR 

experiments were performed with an iCycler (Bio-Rad).  Nucleic acid 

concentrations were measured using NanoDrop 1000.  Primers used for 

experiments are listed in Table 1. 
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Table 1: Polymerase chain reaction (PCR) primers 

Target Primers 
Expected 
Size (bp) 

Hif-1α Genomic 
DNA 

FWD1: TTGGGGATGAAAACATCTGC 
FWD2: GGAGCTATCTCTCTAGACC 
REV: GCAGTTAAGAGCACTAGTTG 

WT: 215 
1-loxP: 270 
2-loxP: 260 

Hif-2α Genomic 
DNA 

FWD1: GCTAACACTGTACTGTCTGAAAGAGTAGC 
FWD2: CTTCTTCCATCATCTGGGATCTGGGACT 
REV: CAGGCAGTATGCCTGGCTAATTCCAGTT 

WT: 410 
1-loxP: 340 
2-loxP: 444 

Hif-1α  
Ex2-3 cDNA 

FWD: TCTCGGCGAAGCAAAGAGTCTGAA 
REV: TAGACCACCGGCATCCAGAAGTTT 

153 

Hif-2α  
Ex2-3 cDNA 

FWD: TTCGGACACATAAGCTCCTGTCCT 
REV:  ACCCTCCAAGGCTTTCAGGTACAA 

101 

mtDNA 
FWD: CCTATCACCCTTGCCATCAT 
REV: GAGGCTGTTGCTTGTGTGAC 

194 

18S 
FWD: GCCCGAAGCGTTTACTTTGA 
REV: TCCATTATTCCTAGCTGCGGTATC 

81 

Col1a1 
Frt-Cre-ERT2-Frt 
or  
FSF-Cre-ERT2 
Genomic DNA 

FWD: CCTCGTGCTTTACGGTATCGCC 
REV: GCCTGTCTTATGCCTTAGACC 

+ NEO: 540 
- NEO: n/a 

Col1a1 
Frt-Cre-ERT2-Frt 
or  
FSF-Cre-ERT2 
Genomic DNA 

FWD: GAGATCTGGGAATGAAGTACGTG 
REV: GCCTGTCTTATGCCTTAGACC 

WT: 156 
+ Insert: n/a 

Col1a1 
Frt-Cre-ERT2-Frt 
or  
FSF-Cre-ERT2 
Genomic DNA 

FWD: GGGCTCGACGACTAGGTTAA 
REV: GCCTGTCTTATGCCTTAGACC 

+ NEO: 1970 
- NEO: 395 

Col1a1 
FSF-Cre-ERT2 
Genomic DNA 

FWD: GTCCAAACTCATCAATGTATCTTA 
REV:  TGGCTTGCAGGTACAGGAGG 

+ STOP: 360 
- STOP: n/a 

Col1a1 
FSF-Cre-ERT2 
Genomic DNA 

FWD: AGGAAGGAAATGGGCGGGGA 
REV: TGGCTTGCAGGTACAGGAGG 

+ STOP: 1462
- STOP: 568 
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2.2.3 Western Blot, Immunofluorescence, Immunohistochemistry, 
Fluorescence-Activated Cell Sorting 

For Western Blots, whole cell lysates were generated by direct application 

of 2x Laemmli buffer (Bio-Rad) with β-mercaptoethanol (Sigma) onto the cell 

monolayers.  Nuclear extracts were generated using the NE-PER kit (Pierce) per 

manufacturer’s instructions.  Protein lysates from cells treated by hypoxia were 

collected directly in the hypoxia chamber, with 800µM deferoxamine (Sigma 

Aldrich) added to all lysis buffers.  Protein concentrations were measured using 

either the BCA protein assay kit (Pierce) or the 660nm protein assay kit (Pierce).  

Protein lysates were electrophoresed on mini-PROTEAN pre-cast gels (Bio-Rad) 

in the mini-PROTEAN tetra cell system (Bio-Rad), and transferred onto PVDF 

membranes.  For protein carbonylation blots, experiments were performed using 

the OxyBlot protein oxidation detection kit (Millipore) per manufacturer’s 

instructions. 

For frozen sectioning, tumor specimens were excised and frozen directly 

over liquid nitrogen.  Frozen specimens and 10µm sections generated via a 

cryostat (Leica) were stored unfixed in -80ºC.  For paraffin sectioning, tumor 

specimens were fixed in 10% formalin and 70% EtOH and 4µm sections were 

generated using a manual rotary microtome (Leica) after paraffin embedding and 

processing.   

Immunohistochemistry on paraffin embedded tissues was performed using 

ready-to-use target retrieval solution (DAKO), antibody diluent (DAKO), the 



 

30 

Vectastain Elite ABC Kit (Vector Labs) and 3,3’-Diaminobenzidine 

tetrahydrochloride (Sigma Aldrich).  For frozen sections, unfixed slides were first 

fixed in 4% paraformaldehyde, and immunohistochemistry proceeded as 

described above except without the usage of target retrieval solution.  For 

immunofluorescence experiments, cells were grown on culture slides (Millipore), 

and frozen sections were obtained as described above.  

Images were captured either with a Leica DM5500B microscope using 

Leica Application Suite software, an Axioskop 2 plus microscope (Zeiss) with 

computerized scanning stage (Marzhauser), or a custom Axioskop microscope 

(Zeiss) in black box with 16 bit CCD camera with photon counting capabilities 

(Andor).  Image analyses were performed using ImageJ software. 

For fluorescence-activated cell sorting, cells were re-suspended in PBS 

with 2% fetal bovine serum in single cell suspensions, in 5ml polystyrene round-

bottom tubes (BD).  Cells were sorted or analyzed with FACSVantage cell sorter 

(BD).  Final analyses on the raw data were performed using FlowJo software. 

A list of antibodies and other reagents used is in Table 2. 
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Table 2: Western Blot (WB), immunofluorescence (IF), 
immunohistochemistry (IHC), and fluorescence-activated cell sorting (FACS) 

reagents 

Reagent Catalog Number Concentration Usage 
Anti-HIF-1α  NB100-449 (Novus) 1:500 WB 

Anti-HIF-1α NB100-479 (Novus) 1:100 IHC 

Anti-HIF-2α NB100-122 (Novus) 1:500 WB 

Anti-Actin 612656 (BD) 1:2000 WB 

Anti-H3 4499 (Cell Signaling) 1:2000 WB 

Anti-LC3 A/B 12741 (Cell Signaling) 1:1000 WB 

CellROX Deep Red C10422 (Life Technologies) 5µM FACS, IF 

MitoTracker Deep Red M22426 (Life Technologies) 100nM FACS, IF 

DiIC1(5) M34151 (Life Technologies) 50nM FACS 

Anti-EF5-Cy5 ELK3-51 (Cameron Koch) 1:2 IF 

Hoechst 33342 H21492 (Life Technologies) 20mg/ml IF 

4',6-Diamidino-2-
Phenylindole, 
Dihydrochloride (DAPI) 

D1306 (Life Technologies) 300nM IF 

Anti-CD31 550274 (BD) 1:100 IF 

Anti-HIF-2α NB100-122 (Novus) 1:50 IF 

Anti-PAX7 
Developmental Studies 
Hybridoma Bank 

1:5 IF 

Anti-Annexin V-Alexa 
Fluor 647 

A23204 (Life Technologies) 1:20 FACS 

7-amino-actinomycin D 
(7-AAD) 

559925 (BD) 1:20 FACS 

 

2.2.4 Tissue Microarrays 

Tissue microarrays were generated by the Radiation Therapy Oncology 

Group (RTOG) using pre- and post- treatment biopsies of soft tissue sarcoma 

from Massachusetts General Hospital.  In total, there were 23 usable cases with 

8 cases of paired pre- and post- treatment biopies, 1 that was pre-treatment 

biopsy only, and 14 that were post-treatment only.  TMAs were stained for HIF-
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1α as above and scored semi-quantitatively on a scale of 0-3+ by a sarcoma 

pathologist blinded to tissue identification.  Scores were correlated with pre- and 

post- treatment status using the Fisher’s exact test. 

2.2.5 RNA-Sequencing 

RNA sequencing was performed on the Illumina Hi-Seq 2000 platform with 

4 samples for each HiSeq lane and 50bp single reads.  The program cutadapt 

1.2.1 was used for quality control, and raw reads were subjected to trim adaptor 

and low quality score with parameters of minimum quality cutoff 25bp and length 

25bp.  Reads were mapped using tophat v2.0.8b to the reference NCBIM37 

(mm9) from Illumina iGenome, and Ensembl annotation.  Cuffdiff in cufflinks 

v2.1.1 was used for differential expression analysis with upper quartile 

normalization and multi-hit correction. All samples were analyzed together such 

that all comparisons can be made in the same analysis. Four biological replicates 

were used for statistical analysis of differential expression for each comparison. 

2.2.6 Targeted Metabolite Analysis 

Adherent cells were scraped and pelleted in ice-cold PBS.  Cell pellets 

were re-suspended in ice-cold deionized water containing 0.6% formic acid.  

Acetonitrile was added to the re-suspended cell solution in a 1:1 ratio.  Samples 

were stored in -80ºC and sent for analysis at the Stedman Center:  100µl was 

used for amino acid/acyl carnitine analysis, 300µl was used for organic acid 

analysis. 
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2.2.7 Seahorse Analysis 

Adherent cells were grown and treated in Seahorse 24-well plates 

(Seahorse Bioscience).  24 hours prior to experimentation, 1ml calibrant solution 

was placed in each well of the sensor cartridge plate, and the sensor cartridge 

immersed in calibrant solution was incubated in a non-CO2 37ºC incubator 

overnight.  Prior to experimentation, cell media was changed to 600µl XF assay 

media and incubated in a  non-CO2 37ºC incubator for at least 60 minutes.  30µl 

of 20X pre-warmed compounds were loaded into each of the 4 ports per well in 

the sensor cartridge.  The sensor cartridge and cells were placed in the 

Seahorse XF24 analyzer for oxygen consumption and extracellular acidification 

readings. 

2.2.8 DNA End-Joining Repair Assay 

The comet assay was performed using the Trevigen comet assay kit.  

Prior to treatment, cells were cultured for 24 hours in complete medium 

substituted with 0.1% fetal bovine serum to stimulate G1 arrest.  At the time of 

assay, adherent cells were scraped and pelleted in ice-cold PBS.  Cell pellets 

were re-suspended in ice-cold PBS at a concentration of 1x105cells/ml.  25µl of 

cell suspension was added to 250µl low-melting point agarose, and 50µl of cells 

in agarose was added and solidified on each well of the slide.  Cells in solidified 

agarose on comet assay slides were lysed at 4ºC in 1x lysis buffer for 1 hour, 

followed by neutral buffer for 30 minutes.  Slides were electrophoresed for 45min 

at 21V, and DNA was precipitated in DNA precipitation buffer for 30 minutes at 
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room temperature following electrophoresis.  Slides were then fixed in 70% 

ethanol for 30 minutes and dried overnight prior to DNA staining with SYBR Gold.  

Images were taken by epifluorescence microscopy and DNA tails were measured 

using the Trevigen software package.
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3. HIF-1α Promotes Undifferentiated Pleomorphic 
Sarcoma Metastasis through Transcriptional 
Upregulation of Lysyl Hydroxylase 2 (PLOD2) 

This work was performed in collaboration with MC Simon and TSK 

Eisinger-Mathason (molecular biology relating to PLOD2), Q Qiu (in vivo and in 

vitro experiments), and Y Ma (histology). 

3.1 Introduction 

According to the World Health Organization (WHO), soft tissue sarcomas 

include over 100 different histologic subtypes [87], of which UPS is the most 

commonly diagnosed subtype in the adult.  UPS is often a diagnosis of exclusion, 

and is characterized by lack of any distinct histologic or immunohistologic 

features.  UPS, and other sarcomas with spindle cells and pleomorphic features 

commonly present with complex karyotypes with frequent mutations in the RAS 

and the p53 signaling pathways [88].  UPS metastasizes by hematogenous 

spread and circulating tumor cells have a propensity for seeding in the lung.  

Lymph node metastases are very rare but can be present in some sarcoma 

subtypes [89].  Detection of metastasis is uncommon at the time of diagnosis but 

the risk is increased if the primary tumor is located deep to the superficial fascia 

within the muscle tissue and is high-grade by histology.   

Tumor hypoxia [14], and tumor expression level of HIF-1α and its targets 

[90], correlate with worse metastasis-free survival in patients with soft tissue 

sarcoma.  The precise mechanism by which HIF-1α alters metastatic potential of 
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soft tissue sarcoma is currently poorly understood, and some argue that HIF-1α 

expression in these tumors is merely a marker for tumor hypoxia and does not 

directly affect tumor metastatic potential.  HIF-1α has been shown to regulate the 

expression of enzymes that are responsible for ECM remodeling, which is an 

important step for cells to gain metastatic potential.  In this chapter, I show in a 

primary mouse model of UPS initiated by expression of the KRASG12D oncogene 

and deletion of p53 that HIF-1α regulates primary soft tissue sarcoma metastasis 

through expression of PLOD2, a collagen lysyl hydroxylase that modifies 

collagen to form a collagen network that increases sarcoma cell migration.. 

3.2 Results 

3.2.1 Characterization of primary mouse UPS with tumor-specific HIF-
1α deletion  

In order to determine the effect of tumor cell-specific HIF-1α deletion of 

primary tumor growth and metastasis, I utilized a previously characterized mouse 

model of soft tissue sarcoma [74, 91]. Briefly, KrasLSL-G12D/+; p53FL/FL (KP) 

compound mutant mice were bred to mice harboring the conditional Hif-1αFL 

allele in which exon 2, which encodes the DNA binding domain of HIF-1α, is 

flanked by 2 loxP sites.  Resulting littermates that either contained 2 copies of the 

Hif-1αFL allele (KPH) or no Hif-1αFL allele (KP) were exposed to Cre-recombinase 

through IM injections of Adeno-Cre in the hindlimb (Figure 2A).  2-3 months post 

exposure to Adeno-Cre, these mice developed soft tissue sarcoma at the site of 

injection that resembles UPS (Figure 2A). 
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Tumor cells from the resulting sarcomas were isolated by enzymatic 

digestion of the tissue and serial passaged in vitro.  Genetic analysis showed 

efficient Cre-mediated recombination of the 2 loxP sites of both Hif-1α alleles in 

all the tumor stroma-depleted tumor cell lines examined (Figure 2B).  

Additionally, mRNA analysis of KP and KPH tumor cells subjected either to 

culture under 21% oxygen or 0.5% oxygen showed that KPH tumors lack Hif-1α 

mRNA transcripts containing exon 2 using primers designed to span the Hif-1α 

exon 2 and exon 3 junction (Figure 2C).  Finally, nuclear protein analysis of KP 

and KPH tumor cells subjected to either 21% or 0.5% oxygen culture conditions 

showed that although neither KP nor KPH cells expressed detectable HIF-1α 

protein at 21% oxygen, there was an accumulation of HIF-1α in KP cells at 0.5% 

oxygen (Figure 2D).  This accumulation was not detected in KPH cells at 0.5% 

oxygen.  The protein HIF-2α was used to verify cellular response to hypoxic 

stimulus in both KP and KPH cells, and showed accumulation in both cell types 

at 0.5% oxygen. 
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Figure 2: HIF-1α is efficiently deleted in a mouse model of primary UPS 

A) Schematic of Adeno-Cre-mediated generation of UPS in a primary mouse model of 
soft tissue sarcoma. IM Adeno-Cre activates expression of oncogenic KRAS and deletes 
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two alleles of p53 in KP mices, and also deletes 2 alleles of HIF-1α in KPH mice.  Two-
three months later a primary soft tissue sarcoma develops with histology of UPS.  B) The 
loxP flanked exon 2 of the Hif-1α conditional allele is efficiently recombined at the 
genomic level in all tumor cell lines derived from primary sarcomas examined.  C) qRT-
PCR shows loss of exon 2-containing mRNA transcript of Hif-1α in KPH tumor cells 
under either 21% oxygen or 0.5% oxygen culture for 16 hours.  18S serves as cDNA 
loading control.  Two-tailed student t-test.  D) Western Blot shows no detectable HIF-1α 
protein in the nuclear protein extracts under normoxic culture (N, 21% oxygen), and loss 
of HIF-1α protein accumulation under hypoxic culture (H, 0.5% oxygen) for 16 hours in 
KPH tumor cells.  In contrast, in KPH cells, HIF-2α is induced as hypoxic culture control, 
while Histone H3 serves as nuclear protein loading control.  E) Biochemical analysis on 
frozen tissue sections show decreased tumor lactate accumulation in KPH primary 
tumors.  Two-tailed student t-test.   F-G) qRT-PCR shows corresponding induction of 
genes (Car9, Glut1) involved in the glycolytic pathway in KP cells under 0.5% oxygen for 
16 hours, and lack of induction of these genes in KPH cells. Two-tailed student t-test.    * 
p<0.05.  ** p<0.01. **** -<0.0001. 

 

After verifying successful and efficient HIF-1α ablation in this primary 

mouse model of UPS, the metabolic consequences of HIF-1α ablation in these 

tumors were analyzed because the glycolytic pathway is a well-studied target of 

HIF-1α.  In primary KP and KPH sarcoma frozen sections, a bioluminescence 

assay [92], which detects in situ lactate content in these tumors, showed that 

primary sarcomas without tumor-specific HIF-1α had decreased lactate 

accumulation compared to primary sarcomas retaining HIF-1α (Figure 2E).  

Because there was an expected decrease in primary tumor lactate accumulation, 

expression of glycolytic pathway components were measured in KP and KPH 

tumor cells.  RNA from KP and KPH tumor cells were extracted after culture 

under 21% or 0.5% oxygen and qRT-PCR was used to detect transcripts for 

Car9, a HIF-1α regulated enzyme responsible for regulating tissue pH by the 

inter-conversion of CO2 and H2CO3, and Glut1, a HIF-1α regulated transporter for 
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cellular uptake of glucose.  Both transcripts were downregulated in KPH cells 

compared to KP cells even under 21% oxygen.  Unlike in KP cells, KPH cells did 

not induce transcription of these HIF-1α targets after hypoxic culture (Figure 2G-

F).  Taken together, these data show that HIF-1α can be efficiently deleted in 

tumor cells in a primary mouse model of UPS.  Moreover, these results show that 

deletion of HIF-1α leads to detectable metabolic sequela that are HIF-1α-

dependent.  These data also suggest that although HIF-1α was undetectable by 

Western Blot in the nucleus of tumor cells derived from KP mice when cultured 

under 21% oxygen, a baseline HIF-1α activity is present that maintains basal 

transcription of some HIF-1α target genes.  

 

 

Figure 3: HIF-1α deletion does not affect the vasculature in primary UPS 

A) EF5 staining of tumors from KP and KPH mice shows no differences in hypoxic 
regions (quantification of whole tumor cross-section EF5 values not shown). B) HIF-1α 
deletion does not affect tumor vessel density as measured by quantification of CD31 
staining.  Vessel density is normalized to tumor area and necrotic regions are excluded.  
C) HIF-1α deletion does not affect vascular perfusion as measured by quantification of 
Hoechst 33342 perfusion and CD31 staining co-localization.  



 

41 

 

To determine if HIF-1α deletion modifies tumor hypoxia or tumor 

vasculature in primary sarcomas in vivo, KP and KPH mice with primary 

sarcomas of similar volume were injected with the compound EF5.  In addition, 

vessel perfusion was assessed by tail vein injection of Hoechst 33342.  EF5 is a 

nitroimidazole that can be used as a surrogate for measuring cellular and tissue 

oxygen content.  In its non-reduced form, EF5 can freely diffuse through cell 

membranes and may bind to cellular macromolecules with low affinity.  Free 

electrons in cells, such as those produced in OXPHOS, can bind to the NO2 

group of EF5 to generate NO2
- via cellular nitroreductases.  Because NO2 has a 

lower affinity to electrons than O2, the presence of O2 will reverse the NO2
- 

radical to NO2.  However, if O2 is scarce, NO2
- will accept another electron and 

this reaction cannot be reversed by subsequent exposure to O2.  Reduced nitro 

groups can then act as alkylating agents and bind to cellular macromolecules, 

and thus are retained in the intracellular compartment [93].  As a result of a 

requirement for these enzymatic activities, EF5 can only label viable hypoxic 

cells and will not label areas of necrosis that may result from hypoxia.  Hoechst 

33342 is a cell membrane permeable DNA chelator dye that can be used to mark 

functionally perfused vessels by labeling cells adjacent to these vessels after 

intravenous delivery.  When intracellular accumulated EF5 was visualized by 

antibody staining, there was no discernable difference between the percentage of 

EF5-positive area in tumors from KP and KPH mice (Figure 3A).  To further 
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evaluate tumor tissue hypoxia between primary tumors in KP and KPH mice, 

whole tumor cross-sections were stained with CD31 to label the vasculature.  

The number of CD31 stained vessels were quantified and normalized to tumor 

cross-sectional area.  There was a large degree of tumor-to-tumor variation in 

vessel density within each KP and KPH group, and overall there was no 

difference in the vessel density between tumors from KP and KPH mice (Figure 

3B).  Vessel density may not fully recapitulate tumor hypoxia as a fraction of 

tumor-associated vessels are not functional.  Therefore, to assess perfused 

vessels, the number of CD31-positive vasculature that also was positive for 

Hoechst 33342 staining was quantified.  The results showed no difference in the 

functional vessel percentage between the tumors from KP and KPH mice (Figure 

3C).  Taken together, these data suggest that HIF-1α in tumor cells does not 

regulate tumor hypoxia because primary tumors lacking tumor-specific 

expression of HIF-1α do not alter the level of tumor tissue hypoxia.  Additionally, 

these results show that in this model, tumor-specific HIF-1α is dispensable for 

baseline tumor vascular recruitment and vascular perfusion.  This suggests that 

stromal expression of HIF-1α may either compensate for, or is more important 

than, tumor expression of HIF-1α in vascular recruitment and perfusion.  

Alternatively, tumor-specific expression of other pro-angiogenic pathways such 

as the HIF-2α pathway or SHH pathway may compensate for the loss of HIF-1α. 
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3.2.2 Tumor-specific HIF-1α deletion in primary mouse UPS 
decreases metastasis in vivo 

After confirming that HIF-1α can be efficiently deleted in the KP primary 

mouse model of UPS, and that HIF-1α deletion caused altered tumor glycolysis 

but unaltered tumor tissue vasculature, the effect of HIF-1α ablation on UPS 

metastasis was investigated.  Previous work by members of the Kirsch lab had 

shown that the KP mouse model of UPS had a basal metastatic rate of ~20% 

without removal of the primary tumor, detectable by examination of the lungs for 

micro-metastases.  If the primary tumor was removed to eliminate primary tumor 

growth, ~40% of amputated mice ultimately develop pulmonary metastases 

between 1-5 months after amputation [74, 75].  Therefore, a cohort of KP and 

KPH mice were injected with Adeno-Cre into the hindlimb to induce primary 

sarcomas for amputation of the tumor-bearing limb for a long-term metastasis 

study. 
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Figure 4: HIF-1α ablation in tumor cells leads to increased metastasis-free survival 

A) Deletion of HIF-1 does not affect primary tumor onset.  B) Deletion of HIF-1α does not 
alter primary tumor growth kinetics after tumor initiation.  C) Hematoxylin & eosin 
staining of lungs with primary sarcoma metastasis nodules (arrowheads).  Scalebar = 
400µm.  D)  Deletion of HIF-1α in the primary tumor cells decreases metastasis and 
increases metastasis-free survival after primary tumor amputation.  Censored points 
represent mice without pulmonary metastases at the time of necropsy.  Log-rank test.  * 
p<0.05 

 

KP and KPH mice were observed for visible tumor formation after Adeno-

Cre injection.  Both KP and KPH mice started to develop tumors at around 40 
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days post Adeno-Cre injection, and all mice developed tumors by 90 days after 

Adeno-Cre injection.  There was no discernable difference between the onsets of 

tumor formation between the two groups (Figure 4A).  After tumor formation, a 

subset of mice was observed for tumor growth kinetics, because although HIF-1α 

may not be critical for tumor formation as the tumor cells already have strong 

driver mutations with expression of oncogenic KRAS and deletion of the p53 

tumor suppressor, as tumors become larger and more hypoxic, HIF-1α may 

become more important.  However, this was not the case.  There was a large 

variation in tumor growth kinetics within each genotype, likely due to primary 

tumor heterogeneity caused by a combination of differences in cell-of-origin 

(Adeno-Cre may infect different cell types to initiate sarcoma development) and 

additional mutations as tumors developed.  Comparison of tumor growth in KP 

and KPH mice showed that there was no significant difference in primary tumor 

growth kinetics after tumor initiation (Figure 4B).   

Because there were no differences in both primary tumor onset and tumor 

growth kinetics, the tumor-bearing limb of the remaining littermates in the cohort 

was amputated.  After onset of tumor formation, the tumor bearing limb was 

removed before the tumor growth exceeded 150mm3 to minimize local 

recurrence.  After limb amputation, mice were observed for signs of pulmonary 

metastases, such as labored breathing and general signs of distress such as 

hunched posture and ruffled coat.  The lungs of all mice were collected at 

necropsy and pulmonary nodules were verified as sarcoma metastases by 
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hematoxylin & eosin (H&E) staining of lung cross sections (Figure 4C).  Results 

at the end of the study showed that ~40% of KP mice developed pulmonary 

metastases as expected; however, only ~20% of the mice with tumor-specific 

deletion of HIF-1α developed pulmonary metastases (Figure 4D).  Collectively, 

these data show that HIF-1α is a critical regulator of metastasis in primary UPS. 

3.2.3 HIF-1α mediates metastasis in UPS by PLOD2 

To dissect how sarcomas in KP and KPH mice differ in their metastatic 

potential, KP and KPH sarcomas were collected and collagen deposition of the 

primary sarcoma tissue sections was examined by Masson’s Trichrome staining 

as well as picosirius red staining.  Masson’s Trichrome can distinguish collagen 

from the rest of the tumor by staining collagen blue, but cannot distinguish 

mature versus immature collagen fibers.  Picosirius red staining of collagen fibers 

is red when examined under brightfield microscopy; however, when examined 

under polarized light, larger collagen fibers are yellow to orange, and thinner 

fibers are blue or green.  On examination with Masson’s Trichrome, KPH tumors 

appeared to have significantly altered collagen staining compared to KP tumors, 

and there was much less collagen deposition surrounding blood vessels.  When 

the picosirius red-stained tumor sections were visualized by polarized light, KPH 

tumors had thicker collagen fibers than KP tumors (Figure 5A).  Therefore, the 

collagen-modifying enzyme, PLOD2, which is a HIF-1α target, was studied.  

When KP and KPH sarcoma cells were cultured under 21% oxygen or 0.5% 

oxygen, KPH sarcoma cells failed to up-regulate PLOD2 under 0.5% oxygen 
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culture by both Western Blot and qRT-PCR (Figure 5B-C).  Collectively, these 

data suggest that KP tumors have aberrant collagen deposition characterized by 

many immature collagen fibers, and this may be mediated by HIF-1α-dependent 

PLOD2 expression. 
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Figure 5: Sarcomas with tumor-specific deletion of HIF-1α have altered 
collagen deposition and PLOD2 expression. 

A) KPH sarcomas have altered collagen deposition compared to KP sarcomas both by 
Masson’s Trichrome staining and by polarized light microscopy examination of picosirius 
red staining.  B)  Western Blot of protein lysates from KP and KPH sarcoma cells 
cultured under 21% and 0.5% oxygen show that PLOD2 accumulation is not present in 
KPH sarcoma cells.  C) qRT-PCR of KP and KPH sarcoma cells cultured under 21% and 
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0.5% oxygen show that unlike sarcoma cells where HIF-1α is intact, HIF-1α-deficient 
sarcoma cells do not up-regulate Plod2 mRNA under 0.5% oxygen.  Two-tailed student 
t-test.  * p<0.05. 

 

To further examine the role of HIF-1α- and PLOD2-mediated collagen 

deposition in KP cells and how it may affect sarcoma cell metastatic potential, KP 

cells were infected with lentivirus containing either scramble shRNA, shRNA 

against HIF-1α, or shRNA against PLOD2 in order to generate stable knockdown 

of either HIF-1α or PLOD2.  In addition, KP cells infected with scramble control 

were also infected with a separate lentivirus expressing dsRed fluorescent 

protein, and KP cells infected with shRNA against HIF-1α or PLOD2 were also 

infected with a separate lentivirus expressing copGFP fluorescent protein.  When 

KP-scramble-dsRed cells were plated and scratched, these cells were able to 

close the wound in a time-dependent manner, with almost 100% recovery by 24 

hours after the scratch was generated.  However, when KP-shHIF-1α-copGFP or 

KP-shPLOD2-copGFP cells were plated and scratched in similar manner, these 

cells’ abilities to recover the width of the scratch were significantly impaired.  To 

determine if this impaired migratory capacity was cell intrinsic, KP- shHIF-1α-

copGFP or KP-shPLOD2-copGFP cells were co-cultured with KP-scramble-

dsRed cells.  Co-culture with KP-scramble-dsRed cells significantly improved the 

migratory capacity of KP- shHIF-1α-copGFP or KP-shPLOD2-copGFP cells, 

suggesting that cell-extrinsic factors such as collagen modification were involved 

(Figure 6A-B).  To determine if mature collagen formation was affected by the 
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presence of either HIF-1α or PLOD2, KP-scramble, KP-shHIF-1α, and KP-

shPLOD2 cells were cultured under 21% oxygen or 0.5% oxygen, and protein 

lysates were collected after 16 hours.  Collagen I monomer, dimer and trimers 

were separated on either 4-12% NuPage Bis-Tris or 3-8% Tris-Acetate gels.  

Subsequent detection of collagen I showed that under both 21% and 0.5% 

culture conditions, KP cells with either HIF-1α or PLOD2 knockdown had more 

formation of collagen I trimer, which is the more mature form of collagen I (Figure 

6D).  Additionally, the introduction of PLOD2 cDNA into HT-1080 human 

fibrosarcoma cells with stable knockdown of HIF-1α   rescued the tumor 

metastasis phenotype (data not shown) by increasing tumor cell migration back 

to baseline migratory capacity of HT-1080 cells infected with scramble shRNA.  

Taken together, these results support the hypothesis that HIF-1α- and PLOD2-

mediated immature collagen deposition both in vitro (Figure 6A) and in vivo 

(Figure 5A) promote sarcoma cell migration via a “collagen highway,” which 

forms a path leading sarcoma cells to blood vessels, and increase the likelihood 

of sarcoma hematogenous spread (Figure 7). 
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Figure 6: Collagen deposition mediated by HIF-1α-dependent up-regulation of 
PLOD2 is necessary for efficient sarcoma cell migration. 
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A) shRNA-mediated knockdown of either HIF-1α or PLOD2 in KP sarcoma cells 
decreased sarcoma cell migratory potential in a wound-healing assay.  Co-culture of KP 
sarcoma cells infected with scramble shRNA recovers migratory potential of KP cells 
with shRNA-mediated knockdown of HIF-1α or PLOD2.  B) Quantification of wound-
healing assay from A).  Two-tailed student t-test.  C) Western Blot of cell protein lysates 
from KP sarcoma cells cultured under 21% or 0.5% oxygen shows knockdown efficiency 
of HIF-1α and PLOD2.  D) Collagen monomer (*), dimer (**), and trimer (***) formation in 
protein lysates from KP cells cultured under 21% oxygen or 0.5% oxygen, infected with 
either scramble shRNA or shRNAs against HIF-1α or PLOD2 indicate mature collagen 
trimer formation was impaired by HIF-1α and PLOD2.  

 

 

 

 

Figure 7: Model of HIF-1α- and hypoxia-mediated sarcoma cell metastasis 
via a “collagen highway” 

As oxygen decreases and HIF-1α becomes more stabilized, sarcoma cells with intact 
HIF-1α are able to deposit more immature collagen fibers and use them to approach 
blood vessels for hematogenous spread. 
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3.3 Discussion 

Soft tissue sarcomas, especially those that are high grade, are prone to 

metastatic spread to the lung.  Although primary sarcomas in the extremities can 

be locally controlled in approximately 90% of patients with a combination of 

radiation therapy and surgery, systemic therapy to prevent or treat sarcoma 

metastases is less effective.  Therefore, it is crucial to determine how sarcomas 

metastasize, so that therapy can be developed to inhibit this process.  Because 

metastases can also metastasize, targeting mechanisms of metastasis may be 

beneficial even in patients with established lung metastases.   

The presence of intratumoral hypoxia and tumor-specific nuclear 

accumulation of HIF-1α are often associated with poor metastasis-free survival in 

patients with soft tissue sarcoma; however, mechanisms by which hypoxia or 

HIF-1α promote sarcomas metastasis are poorly understood.   Furthermore, the 

relative contribution of HIF-1α to hypoxia-induced sarcoma metastasis, or vice 

versa, is unclear.  In this study, I utilized a genetic approach to study the role of 

HIF-1α in a primary mouse model of UPS driven by expression of the KRASG12D 

oncogene and by deletion of the p53 tumor suppressor.  One advantage of using 

this primary mouse model is that previous work done by our lab had established 

that this mouse model of UPS closely resembles human UPS at the level of the 

transcriptome using geneset enrichment analysis (GSEA) [91], thereby mimicking 

the human disease.  Another advantage of this mouse model for metastasis 

studies is that tumors develop in a spatially and temporally restricted manner, so 
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that the primary tumor can be amputated to unambiguously determine the 

metastatic potential of the sarcoma.  Finally these autochthonous tumors develop 

at an orthotopic site within a native microenvironment in an immunocompetent 

animal so that the impact of the native microenvironment and intact immune 

system can be studied. 

By generating this primary mouse model of UPS with or without 

concomitant tumor cell-specific deletion of HIF-1α, I have shown in a primary 

mouse model of UPS that tumor cell specific expression of HIF-1α is a critical 

driver of sarcoma metastasis.  Deletion of HIF-1α does not affect primary 

sarcoma development or growth kinetics, but significantly reduced the rate of 

sarcoma metastasis to the lung.  Examination of primary tumor tissue showed 

that although tumors deficient in HIF-1α had the same degree of tissue hypoxia, 

vascular density, and perfusion, tumors lacking HIF-1α have decreased lactate 

accumulation compared to tumors with intact HIF-1α.  Interestingly, primary 

sarcoma cells without HIF-1α have impaired expression of some HIF-1α-

dependent genes even under normoxic culture conditions.  This suggests that 

even though the level of HIF-1α is below the level of detection under normoxic 

conditions, this amount of HIF-1α activity is necessary for basal transcription of at 

least a subset of HIF-1α target genes.  This level of expression may be enough 

to prime some tumors for metastasis independent of oxygen deprivation. 

Because metastasis involves a series of rate-limiting steps that first 

require cancer cells to become pro-migratory and re-model the ECM to gain 
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access to the vasculature, primary sarcoma tissues with and without intact HIF-

1α were examined for ECM, specifically collagen, composition.  Tissue from 

sarcomas with intact HIF-1α had increased deposition of immature collagen 

fibers.  Accordingly, ablation of PLOD2, a HIF-1α target responsible for 

modification of collagen lysine residues, recapitulates ablation of HIF-1α in that it 

decreased sarcoma cell migratory capacity.  Finally knockdown of either HIF-1α 

or PLOD2 in KP sarcoma cells restored the generation of mature collagen trimer 

formation, implicating the HIF-1α-PLOD2-collagen axis in promoting sarcoma 

metastasis.  The reason for collagen monomers promoting tumor cell migration 

over oligomers may be due to the increased flexibility of collagen monomers.  

The rigidity of collagen oligomers would cause increased stiffness of the tumor 

tissue and may play a role in trapping sarcoma cells within a confined space; 

however, the increased flexibility of collagen monomers may more efficiently pull 

sarcoma cells in one direction, allowing for increased migration in general and 

thus increase the chance for sarcoma cells to approach a blood vessel for 

hematogenous spread.  In this situation, it would be likely that collagen 

monomers secreted by hypoxic sarcoma cells would allow for increased 

migration of all cells within the tumor, even normoxic sarcoma cells and stromal 

cells.  This would increase the chance of all tumor cells to migrate and 

subsequently invade a blood vessel for metastasis.  

Interestingly, when HIF-1α or PLOD2 was knocked down in KP sarcoma 

cells, collagen trimer formation increased even without the need for hypoxic 
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culture.  This provides further evidence that although tumor hypoxia may 

enhance the activity of HIF-1α and other hypoxia responsive pathways, basal 

HIF-1α activity may already be sufficient to express PLOD2 over a threshold that 

promotes the metastatic phenotype.  Furthermore, this threshold may be 

dynamic and change with varying intrinsic and extrinsic signaling.  Regardless, 

inhibition of HIF-1α or its crucial target genes, such as PLOD2, may prevent this 

threshold to be reached and thus decrease the potential for sarcoma metastasis. 

Because HIF-1α responds to a number of cellular stresses and regulates a 

number of transcriptional targets, whole body inhibition of HIF-1α for cancer 

therapy may lead to intolerable normal tissue toxicity, such as avascular 

necrosis, immunosuppression, and glucose intolerance.  Therefore, this study 

highlights the opportunity for identifying distinct HIF-1α targets that have a better 

safety profile when inhibited pharmacologically.  These findings demonstrate that 

HIF-1α-mediated sarcoma metastasis depends on ECM collagen remodeling 

through PLOD2, and agents that target this pathway may be used in conjunction 

with current therapy to improve sarcoma disease outcome. 
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4. The Generation of Novel Mouse Models 

This work was performed in collaboration with U Hochgeschwender 

(Col1a1-Cre-ERT2 mouse generation), Q Qiu (mouse sarcoma model 

characterization), and Y Ma (histology).  

4.1 Introduction 

Genetically engineered mouse models are ideal for studying complex 

mammalian biological processes in vivo.  Advances in genetic engineering have 

enabled the development of increasingly more precise, controlled manipulation of 

the mouse genome so that more intricate biological questions can be explored.  

First generation genetically engineered mice were whole animal knockout or 

transgenic mice in which a gene was deleted or expressed in every cell.  Issues 

arise when whole body modification of certain genes, such as deletion of HIF-1α, 

caused embryonic lethality, thereby prohibiting the study of these genes’ 

functions in postnatal adult tissue.   

To overcome this limitation, site-specific recombinase systems, such as 

the Cre-loxP system, were developed to allow for temporally-regulated and 

tissue-specific gene modification.    Many such conditional mouse alleles utilizing 

the Cre-loxP system have been generated.  These include various loxP flanked 

genes and a number of endogenous promoter driven Cre recombinase alleles 

that are constitutively expressed.  Cre recombinase expressed from endogenous 

promoters enable tissue specific deletion of DNA flanked by loxP sites to alter 
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gene expression.  The resulting tissue-specificity for recombination of the loxP 

sites decreases the likelihood of embryonic lethality.  However, gene modification 

in the embryo may not fully recapitulate gene mutations in the adult, such as in 

acquired gene mutations that lead to the development of sporadic cancers.  One 

way to circumvent this issue is to use exogenously delivered Cre recombinase, 

often via infection with replicative-deficient viruses expressing Cre recombinase 

such as Adeno-Cre.  One potential drawback to the use of Adeno-Cre, 

particularly in cancer biology, is that many cell types can be infected by the 

adenovirus.  Thus, the cancer-initiating cell (i.e. cell-of-origin) can vary between 

tumors from different animals.  This heterogeneity may lead to phenotypic 

differences that limit the usefulness of these mouse models for cancer research.  

To address this limitation, investigators have generated mice with endogenous 

promoter-driven Cre-ERT2 fusion proteins, which allow for the regulation of Cre 

activity by tamoxifen metabolites. Generating mice with Cre-ERT2 fusion protein 

expressed from endogenous promoters facilitates temporally restricted and 

tissue-specific gene manipulations.  Timed whole body delivery of tamoxifen by 

IP injection causes Cre-ERT2 translocation into the nucleus in all cells with active 

transcription from the specific Cre-ERT2 promoter.  Localized delivery of 4-OHT, 

an active metabolite of tamoxifen, by IM injections causes cell type-specific gene 

manipulations by Cre-ERT2 specifically in a well-defined anatomical location.   

The use of only one recombinase system limits the scope of cancer 

research in that all genetic manipulations are completed at the same time.  In the 
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case of mutations that drive cancer, the use of one recombinase system prohibits 

the study of sequential mutagenesis to determine how the order of different key 

gene mutations alter phenotypes, such as the frequency of cancer initiation.  

Additionally, when a single recombinase system is used, non-driver mutations 

such as HIF-1α ablation are also generated at the same time as the driver 

mutations that initiate cancer.  It is possible that cancers may adapt to the loss of 

the additional allele in ways that are different to cancers that develop with the 

gene expression intact.  This may pose a problem especially for studies for 

identifying therapeutic targets required for cancer maintenance because in 

certain cases, inhibition of a target at the time of cancer initiation and during 

cancer progression may lead to significantly different outcomes than when a 

target is inhibited in an established tumor.   

To circumvent the limitation of utilizing a single recombinase for modeling 

cancer in the mouse, in this study I will generate novel genetically engineered 

mice that activate or delete Cre-ERT2 in response to Flp recombinase.  

Specifically, I will generate two new mouse strains in which Cre-ERT2 is knocked 

into the endogenous Col1a1 locus. One allele will be flanked by frt sites and the 

other allele will sit behind a frt-STOP-frt cassette.   Cells expressing Cre-ERT2 

flanked by frt sites will only have the capacity for tamoxifen-mediated 

recombination of loxP sites in the absence of prior exposure to Flp recombinase.  

Therefore, this strain will be useful for studying genes in stromal cells of 

established tumors that are initiated by Flp.  In contrast, mice in which Cre-ERT2 
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is downstream from a frt-STOP-frt cassette will only gain the capacity for 

tamoxifen-mediated recombination of loxP sites after Flp-mediated removal of 

the STOP cassette.  Therefore, this strain will be useful for sequential 

mutagenesis or for modifying the tumor cell genome in established cancers.  

Thus, these two new mouse alleles will be complimentary to each other and will 

enable the exploration of complex biological questions, including but not limited 

to the role of gene mutation order in cancer development and how stromal cells 

support cancer progression.   

In addition, I will also generate a novel mouse model of soft tissue 

sarcoma from existing strains.  This model uses an endogenous promoter-driven 

Cre-ERT2 instead of Adeno-Cre for Cre-mediated recombination of loxP sites.  

This novel mouse model restricts the cell-of-origin to muscle stem cells (a.k.a. 

satellite cells).  This novel mouse model also allows for more efficient 

recombination of the HIF-2α conditional allele, which will allow the role of HIF-2α 

in sarcomagenesis and treatment response to be defined. 

4.2 Results 

4.2.1 The generation of Flp-frt regulated Cre-ERT2 alleles 

In order to gain develop technology for sequential mutagenesis in vivo 

using site-specific recombinase systems, two novel mouse strains were 

generated where the expression of Cre-ERT2 is regulated by the Flp-frt 

recombinase system in collaboration with Ute Hochgeschwender and the Duke 

Neurotransgenic Laboratory.   
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To fully utilize the large number of Cre-loxP regulated transgenic alleles 

already generated in the Rosa26 locus including different reporters and mutant 

genes, the two novel Cre-ERT2 alleles were inserted in the endogenous Col1a1 

locus for ubiquitous expression (Figure 8).  Constructs for the generation of 

Col1a1frt-Cre-ER-T2-frt and Col1a1frt-STOP-frt-Cre-ER-T2 alleles consisted of sequence from 

the Col1a1 genomic DNA, CAG promoter, Cre-ERT2 regulated by frt-sites, and a 

neomycin selection cassette flanked by attB and attP sites.  Therefore, 

transcription of the targeted Cre-ERT2 alleles would be driven from the 

endogenous Col1a1 locus and enhanced by the addition of a CAG promoter.  

Constructs of the two Cre-ERT2 alleles were electroporated into 129/SVJae ES 

cells and successfully targeted ES cells were selected by neomycin (G418) 

treatment.  Positively selected ES cells were analyzed for successful 

homologous recombination by PCR and Southern Blot of genomic DNA.  

Correctly targeted ES clones were injected into C57BL/6 blastocysts and male 

high-percentage chimeras were selected to breed with C57BL/6 females to 

identify germline transmission of the Cre-ERT2 alleles.  The neomycin selection 

cassettes were removed by PhiC31 integrase-mediated recombination of the attB 

and attP sites in vivo by crossing the mice to the pre-existing Rosa26PhiC31 strain. 
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Figure 8: Schematics for Col1a1 directed expression of frt-Cre-ERT2-frt and frt-
STOP-frt-Cre-ERT2, and the removal of the neomycin selection cassette 

Schematic of the Col1a1frt-Cre-ER-T2-frt
 and Col1a1frt-STOP-frt-Cre-ER-T2 alleles.  The neomycin 

cassette was used for selection of ES cells with integration of the targeting construct.  
PhiC31 integrase was used to remove the neomycin selection cassette in vivo after 
germline transmission. 

 

The rationale to generate Col1a1frt-Cre-ER-T2-frt mice is to enable whole 

animal ubiquitous expression of Cre-ERT2 until exposure to Flp recombinase 

(Figure 9).  After Flp-mediated recombination of the frt sites, cells are no longer 

able to express Cre-ERT2 and therefore lose the ability to delete DNA flanked by 
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loxP sites by subsequent exposure to tamoxifen metabolites.  In this way, 

different mutations can be introduced in adjacent cells in vivo so that the 

consequences for intercellular interactions, such as cancer cells and stromal 

cells, can be studied.   

The rationale to generate Col1a1frt-STOP-frt-Cre-ER-T2 is that initially no cell 

expresses Cre-ERT2 because transcription of this fusion protein is terminated by 

an upstream frt -flanked transcription STOP cassette (Figure 10).  However, after 

Flp-mediated recombination, the STOP cassette is excised.  Therefore, these 

cells can initiate transcription of the Cre-ERT2 fusion protein, which translocates 

into the nucleus and recombines DNA flanked by loxP sites in response to 

subsequent exposure to tamoxifen metabolites.  Cells without exposure to Flp 

would not be able to undergo Cre-mediated DNA recombination.  In this way, the 

Col1a1frt-STOP-frt-Cre-ER-T2 allele enables sequential mutations over time.  One 

mutation is in the cell first by Flp recombinase, and then tamoxifen activates Cre 

recombinase in the same cell to mutate a second gene to study how the order of 

gene mutations may affect cellular outcome.  In addition, multiple genes may be 

mutated by Flp recombinase to initiate tumor development.  Then, the role of a 

loxP-flanked gene in tumor maintenance can be studied because only the tumor 

cell will express Cre-ERT2.  This allele can therefore be used to identify potential 

therapeutic targets. 
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Figure 9: Sequential mutagenesis with Flp and Cre recombinases in Col1a1frt-Cre-ER-

T2-frt mice 

Col1a1frt-Cre-ER-T2-frt mice will express Cre-ERT2 recombinase ubiquitously from the Col1a1 
locus.  Exposure to Flp leads to excision of Cre-ERT2 coding sequence flanked by frt 
sites in the same cell and terminates Cre recombinase expression.  Any other DNA 
flanked by frt sites will be excised at the same time.  Therefore, in these cells 
subsequent tamoxifen exposure does not lead to Cre-mediated recombination of loxP 
sites.  Without prior exposure to Flp, tamoxifen leads to Cre-ERT2 translocation into the 
nucleus and excision of loxP sites. 



 

65 

 

Figure 10: Sequential mutagenesis with Flp and Cre recombinases in Col1a1frt-STOP-

frt-Cre-ER-T2 mice 

Col1a1frt-STOP-frt-Cre-ER-T2 mice do not express Cre-ERT2 at baseline.  Cells exposed to Flp 
undergo excision of frt sites including the STOP cassette upstream of Cre-ERT2, which 
results in transcription of Cre-ERT2.  Subsequent tamoxifen exposure then leads to Cre-
mediated recombination of loxP sites specifically in these cells.  Cells without prior 
exposure to Flp do not recombine loxP sites when exposed to tamoxifen. 
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Germline transmission of Col1a1frt-Cre-ER-T2-frt-NEO was verified by PCR for 

the construct-specific neomycin selection cassette using genomic DNA from the 

tail (Figure 11A).  Heterozygosity for the knock-in allele was demonstrated by 

PCR for the wildtype Col1a1 locus (Figure 11A).  Successful PhiC31-mediated 

excision of the neomycin selection cassette was verified by PCR for gene 

products specific for the recombined neomycin selection cassette (excised NEO), 

the unrecombined neomycin selection cassette (NEO), the wildtype Col1a1 

locus, and the mutant PhiC31 allele (Figure 11B).  To determine the specificity of 

Cre-ERT2, preliminary experiments were performed with Col1a1frt-Cre-ER-T2-frt-NEO 

mice, which had not been crossed to PhiC31-deleter mice so that they retained 

the neomycin cassette.  These mice were crossed with Hif-1αFL and Rosa26mTmG 

alleles to generate triple heterozygous progeny Col1a1frt-Cre-ER-T2-frt-NEO; Hif-1αFL/+; 

Rosa26mTmG/+.  Littermates were either injected IP with 3 daily doses of tamoxifen 

at 3mg/40g per dose, or  injected with corn oil vehicle.  PCR for the recombined 

(1-loxP) and unrecombined (2-loxP) Hif-1α conditional allele was performed with 

50 cycles using tail DNA collected 24 hours after the first dose of either tamoxifen 

or corn oil.  The PCR showed robust Hif-1α recombination after a single dose of 

tamoxifen with no discernable Hif-1α recombination following injection with the 

vehicle (Figure 11C).   

To examine Cre-mediated recombination at a cellular level, tissues from 

tamoxifen-treated mice were collected 10 days after the third dose of tamoxifen, 



 

67 

and the recombination of the single copy Rosa26mTmG allele was examined by 

immunofluorescence (Figure 11D).  Without Cre-mediated recombination, the 

Rosa26mTmG allele transcribes only the tdTomato fluorescent protein (data not 

shown).  After Cre-mediated excision of tdTomato, eGFP is expressed from the 

same locus.  Because these mice contained a single allele of Rosa26mTmG, any 

expression of eGFP indicates Cre-mediated excision of tdTomato.  Overall, the 

vast majority of cells were eGFP positive.  Cells that retained tdTomato also 

expressed eGFP, suggesting that the residual tdTomato may be due a slow rate 

of tissue-specific tdTomato protein degradation.  For example, the liver had the 

highest degree of tdTomato degradation (Figure 11Dxx), followed by the bone 

marrow (Figure 11Dviii) and the lung (Figure 11Dxxiv).  The exception would be 

the cartilaginous tissue of the epiphysis, which expressed tdTomato, but did not 

express a high level of eGFP (Figure 11Di-iv).  This may be due to the lack of 

blood supply to the articular cartilage with thus decreased cellular exposure to 

tamoxifen metabolites delivered by IP injection.  Overall, these data indicate that 

in the novel Col1a1frt-Cre-ER-T2-frt mouse, Cre-ERT2 does not recombine loxP sites 

prior to exposure to tamoxifen.  However, following tamoxifen administration, 

Cre-ERT2 translocation and subsequent Cre-mediated recombination of loxP 

sites are robust.  Thus, this new mouse strain will be useful for experiments 

testing the role of a floxed allele specifically in tumor stroma of tumors initiated by 

Flp recombinase. 
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Figure 11: Germline transmission and characterization of the Col1a1frt-Cre-ER-T2-frt 
allele 
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A) PCR of tail DNA for the neomycin cassette of the Col1a1frt-Cre-ER-T2-frt-NEO and wildtype 
Col1a1 locus indicate germline transmission of a single copy of Col1a1frt-Cre-ER-T2-frt-NEO 
allele. B) PCR for the recombined neomycin cassette (excised NEO), unrecombined 
neomycin cassette (NEO), wildtype Col1a1 locus, and mutant PhiC31 allele indicate 
successful PhiC31-mediated deletion of the neomycin selection cassette in the Col1a1frt-

Cre-ER-T2-frt-NEO allele, generating the Col1a1frt-Cre-ER-T2-frt allele. C) PCR for recombination of 
the Hif-1αFL allele 24 hours after a single dose of either IP corn oil vehicle or tamoxifen 
indicates no Cre-mediated recombination (2-loxP) without tamoxifen and robust Cre-
mediated recombination of loxP sites (1-loxP) induced by tamoxifen.  D) 
Immunofluorescence of tissues collected 10 days after 3 doses of tamoxifen show 
extensive Cre-mediated expression of eGFP and tissue-specific rate of tdTomato 
degradation. Scalebar = 50µm. 

 

Germline transmission of a single copy of Col1a1frt-STOP-frt-Cre-ER-T2-NEO was 

verified by PCR for the construct-specific neomycin selection cassette, the STOP 

cassette, and the wildtype Col1a1 locus on tail-tip DNA (Figure 12A).  Deletion of 

the neomycin selection cassette by PhiC31 was verified by PCR for gene 

products specific for the recombined neomycin selection cassette (excised NEO), 

the unrecombined neomycin selection cassette (NEO), the STOP cassette, the 

wildtype Col1a1 locus, and the mutant PhiC31 allele (Figure 12B).  Examinations 

of the functionality of this allele are currently in process.  

 

 

Figure 12: Germline transmission of the Col1a1frt-STOP-frt-Cre-ER-T2 allele 
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A) PCRs for the STOP cassette, the construct-specific neomycin cassette, and wildtype 
Col1a1 locus indicate germline transmission of a single copy of Col1a1frt-Cre-ER-T2-frt-NEO 
allele. B) PCR for the recombined neomycin cassette (excised NEO), unrecombined 
neomycin cassette (NEO), the STOP cassette, wildtype Col1a1 locus, and mutant 
PhiC31 allele indicate successful PhiC31-mediated deletion of the neomycin selection 
cassette in the Col1a1frt-STOP-frt-Cre-ER-T2-NEO allele, generating the Col1a1frt-STOP-frt-Cre-ER-T2 
allele. 

 

4.2.2 The generation of a novel mouse model of soft tissue sarcoma 

Because multiple cell types can be infected by IM Adeno-Cre, in some cell 

types recombination of loxP sites at certain gene loci may not be efficient 

following IM Adeno-Cre injection.  This may be a consequence of the gene loci 

being in a closed chromatin conformation in a specific cell type with low basal 

expression of the gene flanked by loxP sites so that the concentration of Cre 

expressed for a limited amount of time following adenovirus infection may not be 

sufficient to achieve complete recombination.  For example, after IM Adeno-Cre 

injection in KP mice, Hif-1αFL was efficiently deleted via Cre-mediated excision of 

exon 2 in the previously described mouse model of soft tissue sarcoma (Chapter 

3).  However, when I tried to recombine Hif-2αFL in a similar manner with IM 

Adeno-Cre, Hif-2αFL recombination using genomic DNA from stroma-depleted 

sarcomas was roughly 60% when measured by PCR with 50 cycles (Figure 13A).  

Because cells derived from one sarcoma had neither conditional allele of Hif-2αFL 

recombined (fifth lane, Figure 13A) while cells from other sarcomas had 

recombination of at least one Hif-2αFL allele, this suggests that inefficient 
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recombination of Hif-2αFL may be due to differences in the cell types of sarcoma-

initiating cells as HIF-2α expression is tissue specific. 

 

 

Figure 13:  A novel mouse model of soft tissue sarcoma with efficient 
recombination of the Hif-2αFL allele 
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A) 50 cycles of PCR shows incomplete Adeno-Cre-mediated recombination of Hif-2αFL in 
sarcoma cells. Tumors from KP mice have 2 copies of wildtype Hif-2α allele.  Tumors 
from KPH2(het) mice are heterozygous for Hif-2αFL.  Tumors from KPH2 mice are 
homozygous for Hif-2αFL.  Tumors show incomplete recombination (2-loxP) for 1 or 2 Hif-
2αFL alleles in many samples (arrowhead). B-E) Co-localization of HIF-2α and PAX7 in 
adult skeletal muscle of mice.  Scalebar = 5µm.  F-G) Muscle from non-tamoxifen-
treated Pax7Cre-ER-T2/+;Rosa26mTmG/+ mice express only tdTomato, while muscle from mice 
after IP tamoxifen-treated followed by injury with IM cardiotoxin shows distinct eGFP-
expressing myoblasts.  Scalebar = 20µm.  H) eGFP-positive cells from skeletal muscles 
of IP tamoxifen-treated Pax7Cre-ER-T2/+;Rosa26mTmG/+ mice that were injured by IM 
cardiotoxin for 3 days as well as non-injured control were isolated by FACS and RNA 
was purified directly.  qRT-PCR of Hif-2α show adult satellite cells that are PAX7 positive 
have more Hif-2α transcript than myoblasts with decreased Pax7 transcript and 
increased MyoD transcript (n=3).  I) Schematic of novel P7NP mouse model of soft 
tissue sarcoma generated by IM 4-OHT injection.  J) 50 cycles of PCR shows efficient 
Pax7Cre-ER-T2-mediated recombination of the Hif-2αFL (1-loxP) in stroma-depleted 
sarcoma cells from P7NPH2 mice. * p<0.05. *** p<0.001.  

 

In order to develop a mouse model of sarcoma with efficient HIF-2α 

deletion and a model arising from a more uniform tumor-initiating cell, co-

localization of HIF-2α and other proteins in the skeletal muscle was performed 

and as expected, only a subset of cell types in the skeletal muscle expressed 

HIF-2α.  For example, in the PAX7-expressing adult muscle satellite cells, about 

25% of the nuclei co-localized with HIF-2α (Figure 13B-E, data not shown).  This 

prompted further investigation into the satellite cell lineage.  Using the Pax7Cre-ER-

T2 allele and the Rosa26mTmG allele, lineage-tracing mice were generated with 

PAX7-expressing satellite cell-specific expression of Cre-ERT2.  Without 

tamoxifen-induced Cre-ERT2 translocation into the nucleus, all cells in these 

animals expressed tdTomato and fluoresced red (Figure 13F).   Intraperitoneal 

injection of tamoxifen led to deletion of the tdTomato cassette and expression of 

eGFP only in PAX7-expressing cells and their progeny.  Subsequent injury of the 
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muscle with IM injection of 50µl 10µM cardiotoxin showed eGFP-expressing 

myoblasts in tissues collected 3 days after injury (Figure 13G).  eGFP-positive 

cells were isolated by FACS from tamoxifen-treated Pax7Cre-ER-T2/+; Rosa26mTmG/+ 

mice without injury to collect non-cycling satellite cells and 3 days after injury to 

collect cycling myoblasts. When Hif-2α mRNA expression was measured in these 

two cell types by qRT-PCR, the PAX7-lineage non-cycling satellite cells had 

significantly more Hif-2α transcripts (Figure 13H).  This suggests that the PAX7-

expressing satellite cells may be a good tumor-initiating cell type for efficient 

recombination of the Hif-2αFL allele.   

Previous work in our lab showed that some tumors generated by IP 

tamoxifen-injection of Pax7Cre-ER-T2/+; KrasLSL-G12D/+; p53FL/FL mice resembled 

human RMS [67].  Since NRAS is more commonly mutated in human RMS than 

KRAS [94, 95], Pax7Cre-ER-T2/+; NrasLSL-G12D/+; p53FL/FL; Rosa26mTmG/mTmG (P7NP) 

mice were generated to better recapitulate the mutations that occur in human 

RMS mutations.  IM injection of 4-OHT led to localized sarcoma development 1-3 

months post injection (Figure 13I).  When stromal cell-depleted tumor cells were 

examined for Hif-2αFL allele recombination in tumors derived from 4-OHT 

injection of Pax7Cre-ER-T2/+; NrasLSL/G12D/+; p53FL/FL; Hif-2α+/+; Rosa26mTmG/mTmG  

(P7NP) mice  and Pax7Cre-ER-T2/+; NrasLSL/G12D/+; p53FL/FL; Hif-2αFL/FL; 

Rosa26mTmG/mTmG (P7NPH2) mice, PCR showed full recombination(1-loxP) of the 

Hif-2αFL allele in all P7NPH2 tumors examined (Figure 13J).  
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Figure 14: P7NP sarcomas are either UPS or RMS by histology, and have 
regions of HIF-1α accumulation and tumor hypoxia 

A) P7NP sarcoma with histology resembling UPS. Scalebar = 100µm.  B) P7NP 
sarcoma with histology resembling RMS. Scalebar = 100µm.  C) HIF-1α staining on of 
sarcomas from P7NPmice reveals regional heavy nuclear accumulation of HIF-1α. 
Scalebar = 200µm. D-G) Whole tumor cross-section of sarcoma tissue in P7NP mice 
show regional EF5 accumulation and vessel perfusion in eGFP-positive tumor tissue. 
Scalebar = 2mm. 

 

Tumor histology of sarcomas generated from IM 4-OHT injection of P7NP 

mice showed an expected spectrum of UPS (Figure 14A) and RMS (Figure 14B).  

Tumor hypoxia was then examined by HIF-1α immunohistochemistry (Figure 

14C), and EF5 accumulation with Hoechst 33342 perfusion (Figure 14D-G).  As 

expected, these sarcomas have areas of heavy HIF-1α nuclear accumulation and 

also areas of EF5 accumulation within the tumor tissue.  Taken together, these 
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data suggest that the P7NP sarcoma model, with a more restricted tumor-

initiating cell type, robust recombination of loxP sites, and presence of 

intratumoral hypoxia and HIF-1α accumulation, may be an improved primary 

mouse model to study sarcoma biology.  

4.3 Discussion 

The primary mouse model is an important tool to study biological 

processes in vivo; therefore, novel mouse strains and mouse models provide an 

opportunity for scientific advancement.  In this Chapter, I described the 

generation of 2 novel mouse strains and 1 novel mouse model of soft tissue 

sarcoma.   

The two novel mouse strains take advantage of different site-specific 

recombinase systems to enable for sequential mutagenesis separated in time 

and cellular location.  These novel mouse strains will facilitate the study of 

complex normal and disease processes, such as cancer.  These strains have a 

number of advantages for studying the role of genes in tumor stroma and tumor 

maintenance.  First, the knock-in alleles of both novel mouse strains were 

targeted to the ubiquitously expressed Col1a1 locus instead of the popular 

Rosa26 locus.  This Col1a1 site was selected with the available Rosa26 knock-in 

alleles in mind. An advantage of knock-in alleles over other transgenic alleles, 

which are generated by random integration of the alleles into the mouse genome, 

is that the precise location of the knock-in allele is known.  However, each mouse 

can only harbor two different copies of a mutant gene at one locus.  As there are 
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many Rosa26 knock-in alleles ranging from mutant genes to fluorescent 

reporters, the placement of the two novel Flp-regulated Cre-ERT2 alleles at the 

Col1a1 locus retains the availability of both alleles of the Rosa26 locus for other 

genes-of-interest.  For example, preliminary analysis of Col1a1frt-Cre-ER-T2-frt-NEO; 

Hif-1αFL/+; Rosa26mTmG/+
 mice (Figure 10D) shows robust Cre-mediated 

recombination of loxP sites throughout the animal following tamoxifen 

administration.  These results indicate that 1) the Col1a1 locus is a good 

alternative to the Rosa26 locus for ubiquitous gene expression, and 2) the Cre-

ERT2 is tightly regulated by tamoxifen to mediate robust recombination of loxP 

sites.  These results will be confirmed by performing the same experiments with 

and without tamoxifen on Col1a1frt-Cre-ER-T2-frt
 and Col1a1frt-STOP-frt-Cre-ER-T2 strains, 

after removal of the neomycin selection cassette. 

The novel P7NP mouse model of soft tissue sarcoma was generated 

because of inconsistent recombination of the Hif-2αFL allele in the Adeno-Cre 

induced KP sarcoma model (Chapter 3).  Although Hif-1αFL was uniformly 

recombined in the KP sarcoma model, my results with Hif-2αFL
 reinforce the 

importance of assessing recombination efficiency of every allele in each new 

animal model.  Because the expression of Hif-2α transcript in the adult, unlike 

that of Hif-1α, is restricted to certain tissue types, and because the recombination 

efficiency of the Hif-2αFL allele varied between cells from different sarcomas in 

KP mice, I reasoned that the reason for the inefficient recombination of Hif-2αFL 

may be due to differences in cell types of tumor-initiating cells infected by Adeno-
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Cre.  To develop a new mouse model that can be used for efficient Hif-2αFL 

recombination, I then utilized a tissue-specific Cre-ERT2 driver that was 

expressed in a cell type that had HIF-2α expression.  By discovering that HIF-2α 

is expressed in PAX7-positive satellite cells by both immunofluorescence and 

qRT-PCR, I selected the Pax7Cre-ER-T2 allele to initiate sarcomagenesis.  In this 

new mouse model, I also switched the oncogene from KRAS to NRAS to better 

mimic the gene mutations found in human sarcoma.  Using this new P7NP 

mouse model, I showed that Hif-2αFL allele can be successfully and efficiently 

recombined in the resulting sarcomas.  Similar to the KP sarcoma model, the 

sarcomas in P7NP mice display regions of intratumoral hypoxia and HIF-1α 

accumulation.  This P7NP model of sarcoma improves upon the Adeno-Cre-

dependent KP sarcoma model because the tumor-initiating cell population is 

defined and more uniform.  Moreover, in this model there is robust Cre-mediated 

recombination of alleles, such as Hif-2αFL, which were not recombined efficiently 

with Adeno-Cre.  Indeed, others in our lab have taken advantage of these results 

to utilize IM 4-OHT to induce sarcomas with complete recombination of other 

genes (ATM, BAX, and CXCR4), which were not efficiently recombined by 

Adeno-Cre injection. 

 



 

78 

5. HIF-1α Promotes Soft Tissue Sarcoma Resistance to 
Radiation Therapy via Activation of the Glycolytic and 
Pro-Inflammatory Pathways 

This work is done in collaboration with Q Qiu (in vivo and in vitro 

experiments), Y Man (histology), D Cardona (tissue microarray), J Rathmell and 

A Nichols (Seahorse), C Newgard and O Ilkayeva (targeted metabolomics), M 

Kastan and K Lui (Comet Assay), and O Fedrigo, JQ Qin, I Davis, and F Fang 

(RNA sequencing and analysis).  

5.1 Introduction 

The hypoxic microenvironment that exists in many solid tumors has long 

been recognized as a major cause of tumor resistance to radiation therapy.  .  In 

fact, many clinical and animal studies in the 1960s and 1970s have shown that 

increasing oxygen concentration in the tumor by providing subjects with high 

pressure oxygen to inspire during radiation therapy increased both tumor and 

normal tissue sensitivity to radiation.  More recently, the ARCON phase II clinical 

trial [96] using a combination of carbogen and nicotinamide to increase oxygen 

delivery to the tumor during radiation therapy suggested that tumors that are 

hypoxic are more responsive to increasing tumor oxygenation during radiation 

than tumors that are already well oxygenated.   

One explanation for this phenomenon involves radiation-induced 

generation of oxygen radicals in the cellular cytoplasm that can then form 
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adducts to carbohydrates, proteins, and lipids that are difficult or impossible to 

repair, thereby inhibiting critical cellular machinery required for tumor cell survival  

Hypoxia in tumors also activates HIF-1α.  However, it is not clear 

wheather activation of HIF-1α signaling also contributes to radiation resistance.  

Although other studies have investigated the role of HIF-1α in tumor response to 

radiation therapy, these studies using transplant tumor models have yielded 

conflicting conclusions regarding the role of HIF-1α in mediating tumor response 

to radiation.  For example, some studies have suggested that HIF-1α sensitizes 

tumor cells to radiation by promoting ATP metabolism, proliferation, and p53 

activation, but causes tumor cell resistance to radiation by promoting endothelial 

cell survival [97].  Other studies have suggested that HIF-1α promotes resistance 

to radiation by increasing transcription of genes to inhibit apoptosis [98].  

Furthermore, a long-term study with local-control as the endpoint in a primary 

mouse tumor model has not been performed.  In this study, I will use a novel 

primary mouse model of soft tissue sarcoma (Chapter 4) to dissect the role of 

sarcoma tumor-cell-specific HIF-1α in sarcoma response to radiation therapy.  I 

will show that deletion of HIF-1α in this sarcoma model sensitizes tumor cells to 

radiation therapy in a cell-autonomous manner by modifying tumor metabolism 

and inflammatory response. 
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5.2 Results 

5.2.1 Human soft tissue sarcoma upregulates HIF-1α after chemo-
radiation therapy 

To examine whether HIF-1 levels change in human soft tissue sarcomas 

in response to treatment, I obtained pre- and post-treatment sarcoma samples on 

a tissue microarray (TMA) collected at the Massachusetts General Hospital from 

Radiation Therapy Oncology Group.  The pre-treatment samples were obtained 

at tumor biopsy, and the post-treatment samples were obtained at the time of 

surgical resection after interdigitated neoadjuvant chemotherapy (MAID, mesna, 

doxorubicin, ifosfamide, and dacarbazine) and radiation therapy.  HIF-1α 

immunostaining was performed on a TMA of these sarcoma samples.  Because 

more than one sample was present from pre- and post-therapy tumors, each 

individual sample was scored for HIF-1α staining intensity by sarcoma 

pathologist blinded to the timing of chemo-radiotherapy relative to the biopsy.  A 

median score was used for each tumor as each sample was presented as 

triplicates on the TMA.  An increase in HIF-1α nuclear intensity and quantity of 

HIF-1α-positive nuclei in tumor cells were observed in samples following chemo-

radiotherapy (Figure 15A-C). 
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Figure 15: Human soft tissue sarcomas accumulate nuclear HIF-1α after 
interdigitated chemo-radiation therapy. 

A) HIF-1α nuclear accumulation score increases significantly with interdigitated chemo-
radiation therapy using the Fisher’s exact test.   Fisher’s exact test. B-C) Paired pre- and 
post-therapy human soft tissue sarcoma samples stained with HIF-1α.  Scalebar = 
50µm. * p<0.05 

 

5.2.2 Deletion of HIF-1α sensitizes sarcoma cells to radiation in a cell-
autonomous manner 

To determine the significance of HIF-1α in sarcomas after radiation 

therapy, mice were generated with the genotypes 1) Pax7Cre-ER-T2/+; NrasLSL-

G12D/+; p53FL/FL; Hif-1α+/+; Rosa26mTmG/mTmG (P7NP) and 2) Pax7Cre-ER-T2/+; NrasLSL-

G12D/+; p53FL/FL; Hif-1αFL/FL; Rosa26mTmG/mTmG (P7NPH1).  These mice were 

injected with IM 4-OHT to the hindlimb.  Sarcoma cells from tumors from P7NP 

and P7NPH1 mice were dissociated and cultured to deplete stromal cell 

contamination.  When DNA was extracted from tumor cells after in vitro culture, 
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50 cycles of PCR showed that the Hif-1αFL alleles were efficiently recombined (1-

loxP) at the genomic level (Figure 16A).  qRT-PCR was performed using exon 2-

specific primers for Hif-1α on  cDNA synthesized from RNA extracted from P7NP 

and P7NPH1 tumor cells, and the results confirmed the lack of Hif-1α transcript in 

P7NPH1 tumor cells  (Figure 16B).  Finally, P7NP and P7NPH1 tumor cells were 

cultured under 0.5% oxygen for 16 hours and nuclear lysates were extracted.  

Western Blot with those lysates confirmed lack of HIF-1α protein accumulation in 

P7NPH1 cells following hypoxic stimulus (Figure 16C).  As HIF-1α was ablated at 

the start of tumorigenesis, this could potentially modify tumor subtype such as 

tumor differentiation status.  Tumors were collected from P7NP and P7NPH1 

mice and H&E stained sections were evaluated by a blinded sarcoma 

pathologist.  Regardless of HIF-1α status, ~60% of the tumors generated 

resemble UPS on H&E, while ~40% of the tumors generated resembled RMS on 

H&E (Figure 16D-H).   
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Figure 16: HIF-1α deletion in sarcomas from P7NPH1 mice is efficient and does 
not change tumor subtype. 

A) The loxP flanked exon 2 of the Hif-1α conditional allele is efficiently recombined (1-
loxP) at the genomic level in sarcomas from P7NPH1 mice.  B) qRT-PCR shows loss of 
exon 2-containing mRNA transcript of Hif-1α in tumor cells from P7NPH1 mice when 
normalized to 18S.  Two-tailed student t-test.  C) Western Blot shows no detectable HIF-
1α protein in the nuclear protein extracts after culture under 0.5% oxygen for 16 hours.  
Histone H3 serves as nuclear protein loading control. D) Histologic examination of P7NP 
and P7NPH1 tumors indicates deletion of HIF-1α does not alter distribution of tumor 
histologic subtype. E-H) Representative H&E of UPS and RMS from P7NP and P7NPH1 
tumors.  **** p<0.0001. Scalebar = 100µm. 
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Similar to the Adeno-Cre-generated KP mouse model of soft tissue 

sarcoma, deletion of HIF-1α in P7NPH1 mice did not affect in vivo tumor initiation 

as measured by time from IM 4-OHT injection to the time when soft tissue 

sarcoma reached 200mm3 (Figure 17A).  Additionally, after tumor formation, 

there was no difference in tumor growth kinetics between P7NP and P7NPH1 

sarcomas in vivo (Figure 17B). 

A separate cohort of sarcomas in P7NP and P7NPH1 littermate mice were 

irradiated when their tumors reached 200mm3 with 5 fractions of 10Gy X-ray 

irradiation.  Fractionated radiation therapy was used to minimize normal tissue 

toxicity by allowing normal tissue recovery between fractions, so that increased 

total radiation dose could be delivered.  After irradiation, these tumors were 

followed with local recurrence as the primary end-point as defined by tripling of 

the initial volume at time of the first dose of irradiation.   P7NP sarcomas recurred 

between 2-50 days after the last dose of irradiation; in contrast, P7NPH1 

sarcomas did not start to recur until 40 days after irradiation with some surviving 

to 180 days, the endpoint for tumor eradication (Figure 17C).  Taken together, 

the data indicate that although HIF-1α has diverse targets that may play 

opposing roles in response to radiation therapy, the overall effect of HIF-1α 

deletion in vivo in this mouse model of soft tissue sarcoma leads to radio-

sensitization of the tumor. 
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Figure 17: Deletion of HIF-1α in the P7NP mouse model of soft tissue sarcoma 
does not affect in vivo tumor initiation or growth kinetics, but does sensitize 

primary tumors to fractionated radiation therapy 

A) Deletion of HIF-1 (P7NPH1) does not affect primary tumor onset.  B) Deletion of HIF-
1α (P7NPH1) does not alter primary tumor growth kinetics after tumor initiation.  C)  
Deletion of HIF-1α (P7NPH1) increases tumor sensitivity to fractionated radiation 
therapy.  Log-rank test. **** p<0.0001. 

 

In order to determine whether the radiation-sensitization phenotype of 

P7NPH1 sarcomas in vivo involved cell-autonomous mechanisms, I isolated and 

cultured tumor cells in vitro from a cohort of non-irradiated P7NP and P7NPH1 
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sarcomas.  After depleting the sarcoma cells of contaminating tumor stroma 

through 1-2 serial passages, deletion of HIF-1α in these cells was confirmed by 

PCR.   Sarcoma cell proliferation rates were measured in vitro between the 

P7NP and P7NPH1 groups by cell counting.  Similar to the tumor growth kinetics 

in vivo, there were no differences in sarcoma cell proliferation in vitro between 

the P7NP and P7NPH1 groups (Figure 18A).   When these sarcoma cells were 

exposed to increasing doses of radiation in vitro under 21% oxygen culture 

conditions, at all doses of radiations tested, P7NP sarcoma cells were more 

capable of forming colonies than P7NPH1 sarcoma cells (Figure 18B).  To 

complement the colony forming assay, apoptosis of the irradiated cells and non-

irradiated controls in the P7NP and P7NPH1 groups was assessed.  Because the 

differences in the colony-forming potential after 6 Gy irradiation was 5 fold 

(Figure 18B), this single dose was selected for the apoptosis analysis.  Cells 

were stained with antibody against Annexin V and cell membrane integrity was 

determined using the non-cell-permeable DNA dye 7-AAD.  The percentage of 

Annexin V-positive P7NPH1 cells was higher than P7NP cells 72 hours following 

irradiation (Figure 18C).   These results support a tumor cell autonomous role of 

HIF-1α in promoting tumor cell survival after radiation therapy that is also 

independent of environmental hypoxic stimuli.   
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Figure 18: Deletion of HIF-1α radiosensitizes sarcoma cells in vitro by a cell 
autonomous mechanism 

A) Sarcoma cell proliferation is similar for cell lines derived from P7NP and P7NPH1 
mice when cultured in vitro under 21% oxygen.  TwoB) A clonogenic assay 
demonstrates that P7NPH1 sarcoma cells are more sensitive to radiation than P7NP 
sarcoma cells in vitro under 21% oxygen.  Two-tailed student t-test.  C) P7NPH1 
sarcoma cells have increased apoptosis 72 hours following 6Gy irradiation compared to 
P7NP sarcoma cells in vitro under 21% oxygen (n=4 per genotype).  Two-tailed student 
t-test.  * p<0.05.  *** p<0.001. 
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5.2.3 Deletion of HIF-1α does not affect DNA damage repair, cellular 
ROS response or autophagy following irradiation 

Insufficient repair of radiation-induced DNA double strand breaks can lead 

to increased cell death after radiation.  To determine if P7NPH1 cells had 

decreased functional DNA repair and if that may be a reason for enhanced 

radiation sensitivity, the comet assay was utilized.  The comet assay measures 

repair by the ability of DNA to travel from a cathode to an anode based on its size 

and charge.  DNA from the nucleus of a cell without any double strand breaks or 

incompletely synthesized strands run as a cluster without any trailing DNA 

behind the cluster; in contrast, DNA with double strand breaks travel like the tail 

of a comet when the DNA is visualized by a DNA stain.  By measuring the 

appearance and resolution of the tail after irradiation, the rate and efficiency of 

the DNA repair can be determined.  To reduce the basal presence of the tail due 

to incompletely synthesized DNA strands, cells were cultured in normal media 

with 0.1% fetal bovine serum to induce G1 arrest.  G1 arrested cells were 

irradiated with 10Gy and collected at 0, 0.5, 1, and 4 hours after irradiation to 

measure the length of the comet tail.  Both P7NP and P7NPH1 tumor cells had 

similar basal tail lengths without irradiation, and irradiation induced an increase in 

tail length (Figure 19A).  After irradiation, both P7NP and P7NPH1 cells were 

able to repair the DNA with similar efficiency, suggesting that the DNA repair 

machinery in P7NPH1 cells was intact. 
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Figure 19: Deletion of HIF-1α does not affect DNA damage repair, cellular ROS 
clearance, or autophagy after irradiation 
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A)  P7NPH1 sarcoma cells have a similar rate of DNA repair as P7NP cells after 10Gy 
irradiation as measured by the comet assay.  Representative images of the DNA comet 
tail are shown in the right panels.  Two-way student t-test.  B-C) P7NP and P7NPH1 
cells accumulate similar levels of ROS post-irradiation and clears ROS-induced protein 
carbonylation at similar rates.  D) Autophagy is upregulated in both P7NP and P7NPH1 
cells after 6Gy, and the autophagic pathway is intact as measured by LC3A-II 
accumulation with or without chloroquine. 

 

Radiation-induced ROS and subsequent ROS-related cellular damage can 

cause cell death independently of the initial direct DNA damage from radiation.  

Since the rate of repair for radiation-induced DNA damage was similar between 

P7NP and P7NPH1 cells, radiation induced ROS and subsequent clearance of 

ROS-induced adducts to cellular macromolecules were examined to determine if 

these may contribute to the increased radiation sensitivity observed in P7NPH1 

cells.  To determine how the level of ROS accumulation changes in response to 

radiation, P7NP and P7NPH1 cells were first irradiated with 6Gy irradiation.  At 

24 and 72 hours after irradiation, intracellular ROS was measured in both 

irradiated cells and non-irradiated controls by CellROX Deep Red fluorescence 

by FACS.  Intracellular accumulation of ROS was similar in P7NP and P7NPH1 

cells at 24 hours after irradiation as compared to baseline (Figure 19B), and this 

accumulation largely returned to baseline at 72 hours after irradiation (Figure 

19C).  Because there was no difference in ROS accumulation between P7NP 

and P7NPH1 cells after irradiation, accumulation of ROS does not appear to 

account for the increased radiosensitivity of P7NPH1 cells.   
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Although P7NP and P7NPH1 cells accumulate similar levels of ROS after 

irradiation, P7NPH1 cells may be more sensitive to ROS-induced cellular 

damage due to defects in repairing and clearing of damaged cellular 

macromolecules.  Oxygen radicals not only cause DNA damage, but they also 

cause damage to proteins and lipids.  Oxidation-mediated changes in proteins 

can be detected by protein-carbonyl adducts, and oxidation-mediated changes in 

lipids can be detected by lipid peroxidation.  To examine the extent of ROS-

induced cellular damage in P7NP and P7NPH1 cells after irradiation, the 

resolution of protein carbonylation was used as an indicator for cellular repair of 

ROS-mediated macromolecule damage.  To do so, the cells were again 

irradiated with 6Gy irradiation and protein lysates were collected at baseline and 

at 0.5, 24, and 72 hours after irradiation.  Western Blotting for ROS-induced 

protein carbonylation showed an immediate accumulation of protein 

carbonylation at 0.5 hours after irradiation in both P7NP and P7NPH1 cells, and 

this persisted at 24 hours after irradiation (Figure 19D).  However, protein 

carbonylation was resolving by 72 hours after irradiation in both P7NP and 

P7NPH1 cells.  Together, these results indicate that P7NP and P7NPH1 

sarcoma cells accumulate similar levels of ROS and also similar levels of ROS-

induced protein damage after irradiation, and both P7NP and P7NPH1 cells are 

able to resolve the ROS accumulation as well as ROS-induced damages after 

irradiation.  Thus, direct ROS-mediated effects do not seem to be the primary 

mechanism of radiosensitivity in P7NPH1 cells. 
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Clearance of damaged cellular macromolecules depends on a functional 

autophagy pathway, but autophagy also has other functions including cellular 

catabolism that may promote survival under stress.  Thus, I examined possible 

defects in the autophagy flux as a mechanism for radiation sensitization in 

P7NPH1 cells.  During autophagy, LC3-I is modified to LC3-II on 

autophagosomes.  Here, LC3A-II accumulation by Western Blot was used to 

visualize autophagosome formation after irradiation.  Whole cell lysates from 

P7NP and P7NPH1 cells were collected at baseline, 24, and 48 hours after 6Gy 

irradiation.  The LC3A-II accumulation was normalized against actin.  LC3A-II 

was shown to accumulate after irradiation in a time-dependent manner after 

irradiation in both P7NP and P7NPH1 cells (Figure 19E).  To determine if LC3A-II 

accumulation was due to an increase in autophagic flux or an inability to 

complete the autophagy pathway leading to the accumulation of 

autophagosomes, chloroquine was used to inhibit the progression of autophagic 

flux.  Increased accumulation of LC3A-II after chloroquine treatment showed that 

both P7NP and P7NPH1 cells up-regulated autophagic flux in response to 

radiation and there was no discernable difference in functional autophagic flux 

between the two groups.  This suggests that differences in autophagic flux also 

do not contribute significantly to the radiation sensitivity phenotype in P7NPH1 

cells. 
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5.2.4 Deletion of HIF-1α leads to changes in mitochondrial 
homeostasis following irradiation 

Because HIF-1α is known to regulate metabolic pathways and because 

changes in cellular metabolism may contribute to radiation sensitivity, how the 

loss of HIF-1α may lead to changes in cellular metabolic response after 

irradiation in P7NP and P7NPH1 cells was examined.  First, changes in 

mitochondrial density in P7NP and P7NPH1 cells with irradiation were 

determined by measuring mitochondrial mass using MitoTracker Deep Red and 

mtDNA qRT-PCR.  The results showed that although P7NPH1 cells have slightly 

increased mitochondrial mass as compared to P7NP cells at 24 hours after 

irradiation (Figure 20A), P7NP cells had much higher mitochondrial mass than 

P7NPH1 cells at 72 hours after irradiation (Figure 20B).  Similarly, P7NPH1 cells 

had decreased mtDNA content than P7NP cells 72 hours after irradiation (Figure 

20C).   

To determine how the mitochondrial content correlated to mitochondrial 

function after irradiation, the oxygen consumption rates (OCR) of P7NP and 

P7NPH1 sarcoma cells were measured at baseline, 8, 24, and 72 hours after 

irradiation (Figure 20D-G).  Drugs were added at different times during the OCR 

measurement to define contributions from each of the OXPHOS components.  

DMSO was added first as a control because it was used as the vehicle for the 

other drugs.  After generating baseline OCR measurements without and with the 

DMSO control, oligomycin (Oligo) was added to inhibit ATP synthase activity.  
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The subsequent change in OCR can then be attributed to ATP synthesis.  

Following stabilization of OCR after addition of oligomycin, FCCP was added to 

cause dissociation of the proton gradient and uncouple the ETC from the proton 

gradient.  The change in OCR then reflected the maximal capacity of the ETC.  

Finally, antimycin  A (Anti A) and rotenone (Rot) were added to inhibit the ETC.  

Any residual OCR measured would be from non-mitochondrial sources.  The 

results showed that at baseline, OCR measurements were similar between P7NP 

and P7NPH1 sarcoma cells (Figure 20D).  Following 6Gy irradiation, at 8 hours, 

OCR decreased to a similar extent in both P7NP and P7NPH1 cells, reflecting 

radiation-induced inhibition of mitochondrial OXPHOS (Figure 20E).  At 24 hours 

after irradiation, P7NPH1 cells regained baseline ETC activities while those of 

P7NP cells were still defective as shown by differences in OCR after FCCP 

administration (Figure 20F).  The ETC defect of P7NP cells was restored by 72 

hours after irradiation (Figure 20G).  To determine the metabolic source of ETC 

activity, P7NP and P7NPH1 cells were irradiated again and OCR was measured 

at 24 hours after irradiation, and instead of using Anti A and Rot to inhibit the 

ETC at the final step, 2-deoxyglucose (2-DG) was added to inhibit the glycolytic 

pathway at the level of hexokinase (Figure 20H).  Addition of 2-DG did not 

significantly inhibit OCR generated by the ETC following FCCP administration in 

P7NPH1cells, suggesting that glucose was not the substrate for increased 

respiration in P7NPH1 cells.  Additionally, 2-DG also did not inhibit the existing 

OCR in P7NP cells, suggesting glucose was also not the substrate in HIF-1α 
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intact cells at 24 hours following irradiation.  Intracellular lactate was measured 

and was increased at 24 hours following irradiation only in P7NP tumor cells 

(Figure 20I), suggesting that HIF-1α-mediated lactate production from glucose 

may limit the availability of OXPHOS substrates.  Overall, these data suggest 

that radiation induced a HIF-1α dependent metabolic adaptation in sarcoma cells 

and this occurs most prominently at around 24 hours following irradiation. 
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Figure 20: HIF-1α mediates metabolic changes in sarcoma cells in response to 
irradiation 

A) P7NPH1 cells have slightly increased mitochondrial density at 24 hours following 
irradiation. Two-way student t-test. B) P7NPH1 cells have significantly decreased 
mitochondrial density at 72 hours following irradiation when compared to P7NP cells.  
Two-way student t-test. C) P7NP cells have more mtDNA content at 72 hours following 
irradiation.  Two-way student t-test.  D) P7NP and P7NPH1 cells have similar OCR at 
baseline.  E) P7NP and P7NPH1 cells both have reduced OCR at 8 hours following 
irradiation.  F) P7NPH1 cells restore maximal ETC activity at 24 hours following 
irradiation.  G) P7NP cells restore maximal ETC activity at 72 hours following irradiation.  
H) ETC activity in P7NP or P7NPH1 cells at 24 hours after irradiation is not inhibited by 
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2-deoxyglucose.  I) P7NP cells have increased intracellular lactate content at 24 hours 
after irradiation compared to P7NPH1 cells. Two-way student t-test. * p<0.05. ** p<0.01.  

5.2.5 HIF-1α regulates distinct transcriptional targets after hypoxia 
and radiation 

In order to characterize HIF-1α transcriptional targets that regulate 

metabolism and radiation resistance, RNA from P7NP and P7NPH1 cells (n=4 

per genotype) were collected at baseline, under 0.5% oxygen, and 8, 24, 48, and 

96 hours after 6Gy irradiation at 21% oxygen.  The RNA samples were 

sequenced by the Duke Sequencing Facility using 50bp single reads.  

Sequences greater than 25bp were used to map to the reference mouse genome 

mmu9.  Fragments per kilobase epr million (FPKM) for the transcripts were 

generated and plotted on an MA plot.  This showed that there were no systematic 

biases as the FPKM values were symmetrically distributed along the baseline 

(Figure 21A).  Differentially expressed genes between two of each conditions 

were generated by Cufflinks v2.1.1, and the numbers which reached significance 

at p < 0.05 in each comparison were plotted in a matrix (Figure 21B).  In general, 

comparisons between P7NP cells had more significant gene changes than 

comparisons between P7NPH1 cells.  For example, there were 107 genes whose 

expression was significantly changed when comparing P7NP cells under 

normoxia or hypoxia (Figure 21B, bottom red box); however, the same 

comparison in P7NPH1 cells only generated 16 genes (Figure 21B, bottom blue 

box).  This suggests that in P7NP sarcomas, HIF-1α is more important in 

regulating hypoxic adaptation than HIF-2α.  In addition, while comparisons of 
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P7NP normoxia vs. P7NP 8h and P7NPH1 normoxia vs. P7NPH1 8h did not 

generate many gene changes.  By 24 hours after irradiation there were 135 

genes all up-regulated in P7NP cells (Figure 21B, top red box), while in P7NPH1 

cells there were 13 genes whose expression was altered.  This timing 

recapitulates the comparisons under hypoxia and supports the OCR data, in that 

it suggests that HIF-1α-mediated response to irradiation occurs at around 24 

hours after irradiation. 

Finally, KEGG pathway analyses were performed on genes that were 

differentially expressed at 24 hours after radiation (Figure 21C) and after hypoxic 

culture (Figure 21D).  After irradiation, the P7NP cells preferentially induced the 

Toll-like receptor signaling pathway, the Jak-STAT signaling pathway, and the 

cytokine-cytokine receptor interactions – all of which are closely regulated by NF-

κB and IRFs.  In contrast, hypoxic exposure expectantly led to upregulation of 

cellular metabolic pathways for hypoxic adaptation.  This suggests that HIF-1α-

mediated resistance to radiation requires HIF-1α downstream factors that are 

distinct from genes known to be regulated by HIF-1α in response to hypoxia. 
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Figure 21: RNA sequencing reveals differential roles of HIF-1α in the response to 
radiation and hypoxia 
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A) MA-plot shows there are no systematic biases as FPKM values are symmetrically 
distributed along the zero baseline.  B) Significance matrix of differentially expressed 
genes for each comparison reveals P7NPH1 cells overall have fewer changes in gene 
expression between conditions than P7NP cells. C) Pathway analysis on overexpressed 
genes in P7NP vs. P7NPH1 comparison at 24 hours after irradiation reveals a radiation-
induced HIF-1α-dependent activation of inflammatory signaling.  D) Pathway analysis on 
overexpressed genes in P7NP vs. P7NPH1 comparison at 24 hours after culture under 
0.5% oxygen reveals HIF-1α-dependent metabolic changes. 

 

5.3 Discussion 

The presence of intratumoral hypoxia is known to correlate with increased 

tumor resistance to radiation therapy in a variety of cancers.  This phenomenon 

can at least partially be attributed to oxygen-dependent generation of DNA 

adducts that are hard to repair.  HIF-1α status is also an independent prognostic 

marker for poor local control after radiation therapy.  Although several studies 

have been performed to test how HIF-1α affects tumor response to radiation 

therapy, this had never been done in a primary tumor model system in a long-

term survival study.   

In this chapter, I generated a primary mouse model of soft tissue sarcoma 

that resembled human RMS and UPS, and I deleted HIF-1α in the tumor cells of 

these sarcomas at the time of sarcoma initiation.  Complete ablation of HIF-1α 

was confirmed by PCR for recombination of the genomic Hif-1αFL, qRT-PCR for 

exon 2-containing Hif-1α transcript, and by Western Blot for HIF-1α protein in 

stroma-depleted tumor cells.  Deletion of HIF-1α in sarcomas in P7NP mice, 

similar to the observations in Chapter 3, did not affect onset of sarcomagenesis 

or sarcoma growth kinetics.  However, tumors without HIF-1α are more sensitive 



 

101 

to fractionated radiation therapy totaling 50Gy (10Gy x 5) in vivo.  To investigate 

whether the radiation sensitivity in HIF-1α-null tumors was due at least in part to 

cell-intrinsic mechanisms, I tested the radiation sensitivity in vitro of purified 

sarcoma cells with or without HIF-1α.  I showed that HIF-1α altered radiation 

sensitivity via a cell-autonomous mechanism.   

Experiments performed to examine common causes of radiation 

sensitivity, including DNA damage, ROS accumulation, and autophagy.  Comet 

assay examining the rate of DNA double strand repair following 10Gy irradiation 

in P7NP and P7NPH1 cells under G1 arrest showed similar rates of DNA repair 

after irradiation.  Measurement of ROS accumulation in P7NP and P7NPH1 cells 

using the fluorescent probe CellROX Deep Red showed that P7NP and P7NPH1 

cells accumulated similar amount of ROS at 24 and 72 hours after 6Gy 

irradiation.  Additionally, examination of ROS-induced protein-damage in P7NP 

and P7NPH1 cells after 6Gy irradiation showed accumulation of protein-carbonyl 

adducts at 30 minutes, which started to resolve by 72 hours.  Finally, 

examination of autophagosome formation by LC3A-II accumulation in P7NP and 

P7NPH1 cells after 6Gy irradiation showed an increase in autophagosome 

formation at 24 and 48 hours after irradiation, and chloroquine treatment showed 

the autophagy flux was intact in both P7NP and P7NPH1 cells.  

 Because there were no discernable differences in DNA damage repair, 

ROS accumulation, and autophagy between P7NP and P7NPH1 cells after 

irradiation, the mitochondria and metabolism were then examined.  At 72 hours 
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after 6Gy irradiation, P7NPH1 cells accumulated significantly less mitochondrial 

mass as compared to P7NP cells by both MitoTracker and mtDNA 

measurements.  Oxygen consumption experiments showed that radiation 

suppressed mitochondrial oxygen consumption at 8 hours after exposure in both 

the sarcoma cells with HIF-1α and without HIF-1α; however, HIF-1α-null sarcoma 

cells restored their oxygen consumption potential to baseline at 24 hours after 

irradiation while the HIF-1α wildtype sarcoma cells continued to suppress oxygen 

consumption.  This finding, along with the mild lactate accumulation at 24 hours 

after irradiation in the sarcoma cells with intact HIF-1α suggested a HIF-1α-

mediated metabolic change at 24 hours that may be related to radiation 

response.  

In order to characterize the genes regulated by HIF-1α following radiation, 

RNA sequencing was performed on cells with or without HIF-1α at baseline, 

under hypoxia, and 8 hours, 24 hours, 48 hours, and 72 hours after 6Gy 

irradiation.  Interestingly, HIF-1α null sarcoma cells only had 16 gene changes in 

response to hypoxia while HIF-1α wildtype sarcoma cells had 107 gene changes 

in response to hypoxia.  Although HIF-1α is only one of several hypoxia 

responsive genes, HIF-1α and HIF-2α share some overlapping functions due to 

their structural similarity and common DNA binding motif.  However, the RNA 

sequencing data suggests that in these sarcoma cells HIF-2α had a minimal 

function in responding to hypoxic stress.  Additionally, the relatively large number 

of gene changes in response to radiation at 24 hours in P7NP cells compared to 
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P7NPH1 cells recapitulated the large difference observed between these 

genotypes under hypoxia, with HIF-1α null cells having minimal gene changes.  

This, along with the oxygen consumption rate data, suggested that HIF-1α-

mediated effects after irradiation were most apparent at 24 hours.   

Remarkably, genes that were up-regulated in response to hypoxia mostly 

did not overlap with genes that were up-regulated in response to radiation.  This 

indicates that HIF-1α, with its diverse pool of target genes, likely alters different 

subsets of gene expression under different cellular stresses.  This may be due to 

the availability of other cellular changes that occur in response to different 

stressors, such as chromatin structure, co-activator expression, co-factor 

availability, and post-translational modifications.  Radiation and hypoxia are 

clearly two distinct stresses that alter diverse cellular pathways. These results 

indicate that HIF-1α transcriptional activity depends on the combined sum of 

additional cellular pathways for each of its target genes.  This point also feeds 

into a corollary, which was originally brought up in Chapter 3, where although 

environmental hypoxia and HIF-1α are intimately related to each other due to 

oxygen-mediated HIF-1α degradation, HIF-1α can likely operate independent of 

hypoxic stimuli and basal HIF-1α expression may be sufficient to prime tumor 

cells toward a more malignant phenotype such as increased metastatic potential 

or radiation resistance.  That basal levels of HIF-1α are sufficient to mediate 

resistance to radiation in vitro indicates that HIF-1α stabilized by hypoxia may 
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also contribute to increased resistance to radiation and tumor recurrence in 

hypoxic tumors in vivo.



 

105 

6. Conclusion 

In this dissertation, I dissected the role of HIF-1α in sarcoma metastasis 

and radiation therapy in primary mouse models of soft tissue sarcoma.  Contrary 

to other studies that showed ablation of HIF-1α in tumors caused tumor growth 

delay and decreased growth kinetics, I have shown in two primary mouse models 

of soft tissue sarcoma that genetic ablation of HIF-1α in the tumor-initiating cells 

did not change tumor growth onset or kinetics.  This is important because other 

studies that have shown tumor growth delay and decreased growth kinetics were 

performed primarily in tissue culture conditions in vitro or in transplantation 

models using immunocompromised mice in vivo.  Continued propagation of 

primary tumor cells derived from tissues in vitro to form cancer cell lines can 

cause the generation of many new genetic mutations that are not present in the 

primary tumor.  These novel mutations as well as adaptation to an in vitro 

environment without stromal cells providing endogenous concentrations of 

metabolites, growth factors, and oxygen, can cause these cell lines to respond to 

other genetic alterations (i.e. knockdown or deletion of HIF-1α) differently than 

the cells otherwise would in the intact primary tumor tissue.  To circumvent in 

vitro culture environment discrepancies in tumor response to genetic alterations, 

tumor cell lines can be examined in in vivo settings in transplantation models.  

However, because most tumor cell lines are derived from human cancers and it 

is difficult to generate mouse tumor cell lines that are syngeneic to the host, 

these transplantation models mostly utilize immunocompromised hosts to allow 
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for adequate tumor cell engraftment.  The lack of an intact immune system may 

contribute to artificial tumor growth phenotypes in vivo.  These artificial tumor 

growth phenotypes, developed resulting partially from lack of mature T cells in 

the cases where athymic nude mice are used, or lack of mature T cells and B 

cells in the cases where Prkdcscid mice are used, do not completely recapitulate 

human disease and progression, where cancer is developed mostly in settings of 

an intact immune system with functional T cells and B cells.  Therefore, novel 

primary mouse models of cancer, where tumors generate from cells that are 

previously not cancerous in an immune-competent mouse, is best in 

recapitulating human disease.  In fact, studies have shown where transplantation 

models failed to recapitulate response to various therapies in human patients, 

novel primary mouse models of sporadic cancers are excellent for validating the 

efficacies of current cancer therapy in human patients, and thus underscores the 

importance of utilizing these mice in other preclinical trials of novel anti-cancer 

agents in order to improve effective drug discovery [99].  Thus, despite other 

studies that have shown that HIF-1α deletion can cause tumor growth delay or 

decreased tumor growth kinetics, I have shown in two separate models of 

primary mouse soft tissue sarcoma that HIF-1α ablation in tumor cells at the 

onset of tumorigenesis does not affect sarcoma growth delay or growth kinetics.  

Therefore, it is likely that human sarcomas do not require HIF-1α for tumor onset.   

Although HIF-1α null sarcomas also do not have altered tumor growth 

kinetics, the ablation of HIF-1α at the onset of tumorigenesis precludes the 
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conclusion that HIF-1α is absolutely not important for tumor maintenance.  This is 

because although these sarcomas have the driver mutations of activation of 

oncogenic RAS and deletion of p53 tumor suppressor, these tumors still take 2-3 

months to develop from time of initiation with either Adeno-Cre or 4-OHT.  Cre-

activity is immediate, as seen in the efficient recombination of the Hif-1αFL allele 

by the CreERT2 fusion protein driven by the Col1a1 promoter in purified tail tip 

DNA 24 hours after one dose of tamoxifen.  From this, we can infer that the 

activation of oncogenic RAS transcription and the inactivation of p53 transcription 

should also initiate within that timeframe or shortly thereafter.  That, coupled with 

rapid degradation of p53 in normal cells, means that although the p53 pathway 

may respond to oncogenic RAS activation, this response is likely short-lived.  

Taken together, the fact that it still requires the cells 2 months to generate 

palpable sarcoma means that merely activating RAS and inhibiting p53 is 

insufficient for tumorigenesis and additional mutations are likely required.  Thus, 

because HIF-1α is ablated at the same time as the activation of oncogenic RAS 

and deletion of p53, the pre-neoplastic cells have ample time to compensate for 

the loss of HIF-1α prior to becoming fully neoplastic.  Thus, although we can 

make the conclusion that HIF-1α is likely not required for sarcomagenesis 

involving activation of RAS and deletion of p53 pathways, the ability for pre-

neoplastic cells to compensate for loss of HIF-1α prior neoplastic growth and the 

fact that HIF-1α is not commonly deleted in human cancers means that we 

cannot make the same conclusion regarding HIF-1α and tumor growth kinetics.  
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Instead, the phenotype suggests that after pre-neoplastic lesions and neoplastic 

lesions compensate for loss of HIF-1α, perhaps in situations of tumor recurrence 

after failing targeted therapies, these lesions no longer require HIF-1α for growth.   

To better address questions of tumor maintenance and acute tumor 

response to therapies inhibiting HIF-1α, I generated two novel mouse strains so 

that in established tumors a potential therapeutic target such as HIF-1α can be 

deleted by sequential mutatgenesis.  In the case of the Col1a1Frt-Cre-ER-T2-Frt mice, 

primary tumors can be generated using the Flp-Frt system by activating Frt-site 

regulated oncogenic RAS and deleting Frt-site-flanked p53 alleles using delivery 

of Flp recombinase.  At the same time, Flp will mediate removal of the CreERT2 

transcript in these pre-neoplastic cells.  After the primary tumors are generated, 

tamoxifen can be used to induce CreERT2-mediated deletion of various genes in 

the stroma such as HIF-1α.  This way, we can study how the tumor stroma 

supports tumor cell growth, and how targeted therapies towards tumor stroma 

may function to eradicate tumor cells.  Finally, these mice can be used to study 

therapeutic toxicity.  Because in most cases the limitation of administering 

therapy is normal tissue toxicity, by separating stroma targeting from tumor cell 

targeting, we can potentially find drugs with better toxicity profile that can be used 

to target the stroma, and in combination with other conventional therapies can 

significantly improve both progression-free survival as well as overall survival in 

patients with cancer.  For example, we can study the effects of chronic stromal 

ablation of HIF-1α on both tumor maintenance and animal survival.  By 
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determining the HIF-1α target(s) that are most important for maintenance of 

tumors, we can then ablate those targets in the tumor stroma to minimize the 

normal tissue toxicity for the whole animal while still administering effective 

stroma-targeted therapy to improve survival.   At the same time, sequential 

mutagenesis can be achieved using the Col1a1Frt-Stop-Frt-Cre-ER-T2 mice so that 

tumor cell-specific ablation of target genes such as HIF-1α can be studied in the 

context of a fully developed tumor.  Again, primary tumors can be initiated by 

activating Frt-site regulated oncogenic RAS and deleting Frt-site-flanked p53 

alleles using delivery of Flp recombinase.  At the same time, Flp recombinase will 

also remove the Stop cassette inhibiting transcription of the CreERT2 fusion 

protein, resulting in CreERT2 expression only in pre-neoplastic and subsequent 

neoplastic cells.  After the development of the tumors, tamoxifen can then be 

administered to the whole animal to induce CreERT2-mediated removal of loxP-

site regulated target genes from the tumor cells such as HIF-1α.  This way, 

tumors are initiated with HIF-1α intact, and then HIF-1α is ablated after tumor 

formation.  This completely recapitulates human disease progression, where 

most cancers develop with intact HIF-1α pathways and these pathways may then 

be subsequently inhibited by targeted therapy.  Using this model, we can then 

determine how HIF-1α affects tumor maintenance and how HIF-1α targeted 

therapy may be effective in treating various cancers.  We can also then be able 

to determine the specific HIF-1α target(s) that may be involved in tumor cells to 

promote tumor pathogenesis.  By developing novel therapies against these 
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tumor-specific targets, alone or in combination with novel therapies against 

stroma-specific targets, and finally using these novel therapies together with 

conventional chemotherapy, surgery, and radiation therapy, we can then develop 

the best treatments possible for specific cancer types.  

Despite the observations that HIF-1α ablation at the onset of 

tumorigenesis did not affect tumor growth delay or subsequent tumor growth 

kinetics in two different primary mouse models of soft tissue sarcoma, deletion of 

HIF-1α in tumor cells did decrease sarcoma metastasis as well as increase 

sarcoma radiation sensitivity in vivo in two long-term survival studies.   

In the case of HIF-1α and sarcoma metastasis, tumor loss of HIF-1α 

resulted in the loss of tumor expression of PLOD2, which is a transcriptional 

target of HIF-1α.  PLOD2 is an enzyme that generates hydroxylysine residues. 

As the majority of hydroxylysine residues are found in collagen fibrils and these 

hydroxylysine residues regulate collagen fibril oligomerization, the main effect of 

PLOD2 inhibition as a result of HIF-1α ablation is decreased collagen 

oligomerization.  As a result, HIF-1α ablated tumors also exhibited loss of tumor 

deposition of collagen as well as increased collage oligomerization, which 

correlated with decreased sarcoma cell migration and thus intravasation into the 

blood vessels for hematogenous spread.  This may be due to the flexibility and 

strength of collagen oligomers versus collagen monomers.  The increased 

flexibility of collagen monomers may provide sarcoma cells with increased kinetic 

energy to facilitate movement as cell surface receptors bind to amino acid 
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residues in the collagen fiber.  In contrast, collagen oligomers as found in tumors 

without HIF-1α and thus decreased expression of PLOD2 are less flexible, which 

may trap sarcoma cells within a rigid space.  Additionally, hydroxylysine residues 

on collagen are almost always glycosylated, and the role of hydroxylysine 

glycosylation is currently poorly understood.  It is possible that the glycosylation 

of hydroxylysine residues may further regulate collagen oligomerization and 

enhance collagen monomer formation.  It is also possible that collagen 

hydroxylysine glycosylation may affect the composition of growth factors, 

cytokines, and chemokines that can be sequestered in the ECM, which may 

cause different growth and migratory stimuli to be received by the sarcoma cells 

as well as stromal cells and thus alter sarcoma metastatic potential.  Although 

hydroxylysine residues are mostly present in collagen fibers and thus lysine 

residues of collagen are the main sites of PLOD2 enzymatic activity, lysines on 

other proteins may also be hydroxylated and thus affect sarcoma cell metastasis.  

For example, the JMJD6 protein has been found to hydroxylate lysine residues 

on histones as well as splicing factors and thus as a result may alter both 

epigenetic regulation as well as protein isoform expression [100].  These findings 

suggest that PLOD2 may also have other enzymatic functions that are currently 

unknown that may contribute to both sarcoma cell autonomous as well as non-

autonomous mechanisms that promote metastasis that are unrelated to collagen 

oligomerization.   
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In the case of HIF-1α altering radiation sensitivity of sarcoma both in vitro 

and in vivo, previous works have shown radiation resistance in tumors can be 

caused by angiogenesis, ROS scavenging, autophagy, and DNA damage repair.  

However, when these pathways were examined in these cells in vitro, no 

significant differences in these pathways were found after irradiation.  This 

suggests that at least with 21% oxygen in vitro culture conditions, HIF-1α does 

not promote radiation resistance through significant modulation of these 

pathways.  This does not preclude the possibility that under in vivo conditions, 

these pathways may play a role in overall tumor radiation resistance due to a 

combination of tumor cell intrinsic and extrinsic factors.  This is because under in 

vivo conditions, tumor cells can be exposed to variable hypoxic insults including 

both chronic hypoxia as well as different rates of cycling hypoxia, which both 

affect HIF-1α stability differently in addition to HIF-1α accumulation induced by 

free-radicals generated from irradiation of oxygen and water molecules.  These in 

vivo interactions may also cause differential tumor cell epigenetic regulatory 

patterns due to substrate (methyl- groups, acetyl- groups) availability and thus 

affect how HIF-1α may regulate its downstream targets.  The challenge of 

examining these pathways in primary tumors in vivo is accurate visualization and 

measurement of flux in these pathways.  Various imaging systems have been 

developed to visualize these systems in tumors, but interpretations of these 

results remain challenging as in most cases, these pathways cannot be directly 

measured, but measured using surrogates.  Additionally, adequate measurement 
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of these pathways in vivo also depends on the resolution of the images, which 

may pose problems especially in tumors deep to the tissue depending on the 

methods of visualization used.  For example, fluorescent probes can be used to 

label blood vessels and other tumor structures for in vivo imaging; however, only 

surface tissue can be adequately visualized due to penetration issues.  Several 

techniques have been developed to circumvent this problem, such as generation 

of window-chamber tumor systems and fluorescence tomography (FMT) 

systems.  The advantage of the window-chamber system is that tumors can be 

visualized from seeding, and since these tumors are placed on the dorsal skin 

fold of nude mice, angiogenesis can be clearly visualized, blood flow rates can 

be measured, and fluorescent probes can be used to label tumor cells and blood 

vessels for in vivo imaging of tumor structure interactions on a cellular level.  The 

disadvantage of using this model is that it can be hard to study primary tumors 

unless they are located either very superficially or are on the skin itself.  FMT is 

useful because the near-infrared probes can penetrate deep tissue much better 

than probes that emit in the visible light spectrum.  Using probes such as 

angiosense, we can look at blood flow in primary tumors located deep in the 

tissue in real-time; however, the resolution of the imaging is limited and far from 

visualization at a cellular level.  Development of new technologies that can allow 

for real-time imaging of pathway flux in primary tumors, particularly at a cellular 

level, is crucial for the advancement of the field. 
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When the primary sarcoma cells with or without expression of HIF-1α are 

examined for metabolic changes after irradiation, it was found that HIF-1α null 

sarcoma cells had differential mitochondrial density as well as mitochondrial 

respiration than HIF-1α intact sarcoma cells after irradiation.  Specifically, 

sarcoma cells with HIF-1α intact increased their mitochondrial density and 

decreased their mitochondrial OXPHOS, consistent with previous studies.  

However, sarcoma cells without HIF-1α did not increase their mitochondrial 

density and recovered mitochondrial respiration much more quickly after 

irradiation.  This is important because although irradiation-induced mitochondrial 

changes have been described, its role in radiation response is poorly understood.  

Further investigation in how HIF-1α may regulate mitochondrial respiration and 

density after irradiation, and how that may contribute to cellular survival is 

warranted as this pathway may potentially provide a therapeutic target to treat 

tumor radiation resistance.   

Finally, RNA sequencing results comparing sarcoma cells with or without 

HIF-1α after hypoxic stress or irradiation showed that different pathways are 

upregulated in each stress conditions.  This is reasonable, because as 

mentioned previously, different stress conditions may cause limit the availability 

of different substrates, and therefore directly regulate the epigenetic profile of the 

tumor cells after exposure.  This changes the transcriptional landscape for HIF-

1α and therefore leads to the activation of different HIF-1α-dependent pathways 

so that different stress conditions can be responded in different ways.  This 
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highlights the importance of targeting specific HIF-1α target pathways for 

different therapeutic purposes.  

These studies provided strong evidence that HIF-1α is important for long-

term sarcoma cell survival under stress, as metastasis is a means to escape 

decreased nutrient availability and radiation resistance indicates cellular survival 

after radiation-induced stress.  These findings identify HIF-1α or HIF-1α 

regulated genes as potential therapeutic targets specifically in the tumor cells 

that may improve cancer therapy and survival. 
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Appendix A: Genes differentially expressed between 
P7NP and P7NPH1 cells under normoxia without 
irradiation 

Gene P7NP P7NPH1 log2(fold_change) q_value 

Xist 11.9716 0.0170703 -9.45391 0.00362453

Lrrn1 5.32881 0.0538438 -6.62889 0.00362453

Pcna-ps2 25.7717 0.363638 -6.14714 0.00362453

D14Ertd668e 7.76593 0.157098 -5.62742 0.00362453

Gm11645 10.475 0.279986 -5.22545 0.00362453

Ces1g 3.14275 0.12844 -4.61286 0.00362453

Slc1a6 3.44989 0.148302 -4.53994 0.0177093

Gm3608 2.14308 0.111732 -4.26157 0.0392243

Alpk3 0.445726 0.0272302 -4.03288 0.0250419

Mmp3 3.43773 0.213009 -4.01247 0.0136518

H2-Q7 8.04055 0.507197 -3.98668 0.00362453

Kcnj2 5.12905 0.330467 -3.95611 0.00362453

Iigp1 3.24915 0.22301 -3.86488 0.00362453

Igfbp5 24.8538 1.71875 -3.85404 0.00362453

Iqsec3 5.77361 0.4082 -3.82212 0.00362453

Chn1 21.0589 1.51361 -3.79837 0.00362453

Mx1 0.415758 0.029937 -3.79574 0.0114511

Myh3 11.3192 0.851898 -3.73194 0.0347994

H2-Q6 10.8993 0.83703 -3.70281 0.00362453

Synpo2l 2.06251 0.158711 -3.69993 0.00362453

Igf2 48.5476 3.74833 -3.69508 0.00362453

Heph 7.08657 0.55888 -3.66448 0.00651134

Mx2 1.29293 0.110359 -3.55037 0.00362453

Cmpk2 5.26823 0.457813 -3.52449 0.00362453

Rbm24 1.72626 0.152561 -3.50019 0.0136518

Pnmal2 1.96754 0.174101 -3.49839 0.00362453

Stc1 1.32631 0.119828 -3.46838 0.0332205

Mylk4 0.642147 0.058465 -3.45726 0.00362453

Adm 28.4814 2.88381 -3.30397 0.00362453

Zfp618 1.97055 0.199616 -3.3033 0.0332205

Cldn15 5.3198 0.558078 -3.25283 0.00362453

Des 45.5754 4.81347 -3.2431 0.00362453
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Gm10040 23.7451 2.57238 -3.20645 0.00362453

Actc1 10.215 1.13264 -3.17294 0.00362453

Trim55 3.34574 0.376254 -3.15255 0.0136518

Gbp10 0.671642 0.0778531 -3.10887 0.0157192

Fgf10 2.63341 0.305938 -3.10562 0.00362453

Tap1 8.19596 0.962988 -3.08932 0.00362453

Tnnt1 8.75688 1.02942 -3.08859 0.00910613

H2-Q4 10.8203 1.28164 -3.07768 0.00362453

Adcy8 1.19827 0.14266 -3.0703 0.00362453

G0s2 11.3447 1.3643 -3.05579 0.00362453

Myh8 1.38328 0.166487 -3.05461 0.00651134

Myom3 0.761437 0.092214 -3.04567 0.0136518

Actn3 5.55515 0.678448 -3.03351 0.00362453

Usp18 9.56108 1.17379 -3.026 0.00651134

Trbc2 30.4283 3.73916 -3.02463 0.00651134

Trim72 1.43154 0.182454 -2.97197 0.0250419

BC067074 1.42602 0.182079 -2.96936 0.00362453

Susd5 1.46653 0.187679 -2.96607 0.031639

Ifit3 5.44946 0.705646 -2.9491 0.00362453

Sp110 0.363816 0.0472924 -2.94353 0.00362453

H19 358.118 46.7563 -2.9372 0.02152

Igfbp3 20.4834 2.68204 -2.93305 0.00362453

Pcsk9 0.90902 0.122416 -2.89251 0.0157192

Myod1 29.1876 3.97097 -2.87779 0.00362453

Mylpf 359.833 50.1454 -2.84314 0.00362453

Mamstr 4.795 0.685161 -2.80702 0.00651134

Pdlim3 4.21802 0.611691 -2.78569 0.00362453

Elovl3 1.57022 0.228484 -2.7808 0.02152

I830012O16Rik 2.74345 0.419624 -2.70882 0.00651134

Lix1 2.0162 0.318158 -2.66382 0.00362453

Apod 1.43318 0.226709 -2.6603 0.0476005

Tnni1 16.7872 2.65586 -2.66011 0.00362453

Rtp4 12.3751 2.00798 -2.62362 0.00362453

Oasl2 11.5432 1.88854 -2.6117 0.00362453

Jag2 4.39817 0.724256 -2.60233 0.00362453

Tnni2 6.73329 1.16409 -2.5321 0.0157192

Parp14 3.19229 0.558914 -2.51389 0.00362453

Kbtbd10 2.34039 0.410938 -2.50976 0.0267479

Pcdh20 1.52147 0.269353 -2.49789 0.00362453
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Oas3 0.573627 0.103688 -2.46786 0.0177093

Shisa2 1.60511 0.301876 -2.41064 0.0136518

Myog 9.8801 1.86117 -2.40832 0.0233018

Myl1 30.9829 5.93195 -2.38489 0.00651134

Ifit1 22.4629 4.35333 -2.36736 0.00362453

Gbp4 0.879378 0.171223 -2.3606 0.0196564

Bace2 1.17476 0.231444 -2.34363 0.0362869

Ryr1 0.619362 0.124281 -2.31717 0.0233018

Peg3 38.6616 7.98947 -2.27473 0.00362453

Mmp15 2.05476 0.436403 -2.23524 0.031639

Klhl31 0.433243 0.0925451 -2.22695 0.0462587

Oasl1 17.1601 3.72139 -2.20514 0.00651134

H2-K1 123.751 27.5875 -2.16535 0.00362453

Fras1 0.406606 0.0917492 -2.14786 0.0136518

Cxcl10 17.7847 4.02222 -2.14457 0.0136518

Olfm1 6.75887 1.5305 -2.14277 0.0114511

Chrna1 41.3017 9.37209 -2.13976 0.00362453

Tmem119 7.85651 1.89672 -2.05038 0.00362453

Isg15 35.954 8.77453 -2.03476 0.00362453

Bst2 59.1538 14.5342 -2.02502 0.00362453

Hist1h2al 51.4144 12.648 -2.02327 0.0377314

Mgp 298.145 73.3999 -2.02216 0.00362453

Gbp7 3.88379 0.972707 -1.99739 0.00362453

Gm12606 13.3503 3.34372 -1.99735 0.048877

Irgm2 2.54642 0.6462 -1.97842 0.02152

Socs2 11.9282 3.04053 -1.97198 0.00362453

Myl4 21.4448 5.56005 -1.94746 0.0177093

Gbp9 3.4358 0.957323 -1.84357 0.0157192

Trim30a 4.09794 1.18239 -1.7932 0.0332205

Lama2 4.92994 1.44201 -1.77349 0.00362453

Gpr124 11.1115 3.27935 -1.76057 0.00362453

Svep1 2.02243 0.600541 -1.75175 0.0267479

2810055F11Rik 6.44461 2.02515 -1.67006 0.0392243

Tppp3 25.9022 8.26205 -1.6485 0.0157192

Tnc 52.537 17.1858 -1.61212 0.00362453

Apol9a 13.9952 4.64418 -1.59143 0.0233018

Scara3 6.27345 2.08209 -1.59123 0.0347994

Cd24a 23.177 7.87817 -1.55676 0.0421125

Lrrc17 21.4543 7.32786 -1.5498 0.0157192
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Robo1 5.16712 1.88811 -1.45242 0.0157192

Hist1h2bp 113.3 43.0882 -1.39478 0.0196564

Ass1 38.2758 15 -1.35147 0.0196564

Hspb1 76.8323 30.6504 -1.32581 0.040649

Irgm1 29.4681 11.9516 -1.30195 0.0157192

Srpx2 24.8387 10.5047 -1.24156 0.0177093

Olfml2b 12.2103 5.19613 -1.23259 0.0476005

B2m 711.631 307.786 -1.2092 0.00362453

Sema7a 32.799 14.4109 -1.18649 0.00910613

Sytl2 17.1463 7.55366 -1.18265 0.02152

Antxr1 10.1944 4.57619 -1.15556 0.0347994

Cmah 12.6989 5.70789 -1.15367 0.0114511

Tanc2 57.5905 26.9791 -1.09399 0.031639

Ifitm3 238.801 112.689 -1.08346 0.0233018

Hist1h1a 594.718 295.695 -1.0081 0.0196564

Ubc 101.889 51.0864 -0.99599 0.0250419

1190002N15Rik 30.9519 15.9027 -0.96076 0.0435123

Rhbdd1 12.0857 24.4238 1.01498 0.0347994

1810022K09Rik 86.0539 176.006 1.03231 0.0362869

Epb4.1l4a 10.7492 22.4998 1.06568 0.040649

Wls 76.911 165.672 1.10707 0.0157192

Ankrd13c 27.9893 61.3944 1.13323 0.0136518

Avpi1 37.9723 84.7589 1.15842 0.0177093

Itm2c 24.9181 55.7365 1.16143 0.02152

Ank2 8.4016 20.0501 1.25488 0.02152

Cth 41.3793 99.4609 1.26522 0.00910613

Ptgs1 21.716 52.2646 1.26707 0.0435123

Sec11c 98.4073 239.718 1.2845 0.0332205

Fzd6 6.08632 15.0255 1.30377 0.00651134

Dhrs9 2.35959 6.27676 1.41148 0.0284317

Tpd52 16.3267 46.3877 1.5065 0.00910613

Mttp 1.36503 4.12148 1.59423 0.0177093

F2rl1 3.45693 10.8195 1.64607 0.0114511

Gm15459 19.7067 63.7381 1.69347 0.031639

Pbld1 3.24965 10.6608 1.71395 0.00362453

Atp10d 3.29456 10.9968 1.73893 0.0177093

Efemp1 7.93883 27.1419 1.77352 0.00362453

Cgref1 2.62086 9.43598 1.84813 0.0177093

Gas7 0.801513 2.89877 1.85464 0.0476005
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Fam46c 2.22827 8.15616 1.87197 0.00362453

Bmpr1b 1.008 3.69444 1.87387 0.02152

Serpinb9b 0.384044 1.54222 2.00567 0.0332205

Itgb7 3.77808 15.743 2.05898 0.040649

Cnn1 1.31606 5.7266 2.12145 0.0114511

Col4a6 0.323114 1.41087 2.12647 0.0136518

Amigo2 8.09175 36.216 2.16211 0.00362453

Nog 0.372693 1.70623 2.19475 0.0462587

Slc38a4 2.93898 14.0351 2.25565 0.00362453

5730469M10Rik 1.68773 8.42141 2.31897 0.0114511

Gda 0.0744551 0.373988 2.32855 0.040649

Rorb 0.695304 3.50553 2.33392 0.00651134

Bmp4 1.68701 8.75748 2.37605 0.00362453

Klra4 4.33744 22.5926 2.38093 0.00362453

Fam83f 0.0924032 0.48463 2.39087 0.040649

Hao1 0.314585 1.65764 2.39761 0.0233018

Lpcat2 0.925196 5.15907 2.47928 0.02152

Cdh3 0.677006 3.85856 2.51082 0.00362453

Pax3 0.76676 4.38071 2.51432 0.00651134

Afap1l2 0.289623 1.66381 2.52225 0.00910613

Lypd1 0.518006 2.99989 2.53387 0.0136518

Fmnl1 1.1348 6.70657 2.56314 0.0114511

Gchfr 14.1688 85.2203 2.58848 0.00362453

Dcn 0.456999 2.74937 2.58884 0.0196564

Chmp4c 0.474394 2.93673 2.63005 0.00910613

Kcnip1 0.373336 2.38881 2.67775 0.0157192

Sgsm1 0.337542 2.2201 2.71749 0.00362453

Serpinb2 0.817393 5.61161 2.77931 0.00362453

Anxa8 0.54099 3.7879 2.80772 0.00651134

1700048O20Rik 0.321433 2.34199 2.86514 0.040649

Als2cl 0.111064 0.820205 2.8846 0.02152

Myo5c 0.0396973 0.313454 2.98114 0.02152

Ptprb 0.113746 0.924521 3.0229 0.00362453

Slpi 0.198926 1.75945 3.14482 0.0267479

Prl2c2 0.235815 2.21178 3.22948 0.0284317

Hoxb7 0.18241 1.80713 3.30845 0.0476005

Phlda2 0.244944 2.7081 3.46675 0.02152

Msln 15.6031 190.507 3.60994 0.00362453

Zic5 0.0203033 0.32763 4.01228 0.0177093
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Gm9625 3.13649 51.0865 4.02572 0.00362453

Gm13456 2.02924 33.5169 4.04588 0.00362453

Aqp5 2.36198 39.9489 4.08008 0.00362453

Grem2 0.164054 2.9612 4.17394 0.00362453

Gbp1 0.0550775 1.16815 4.40662 0.00910613

Fam5c 0.0570642 1.95078 5.09532 0.0421125

Rplp0-ps1 0.724826 26.0662 5.1684 0.00362453

Sox2 0.0476056 1.97119 5.37179 0.0300188

Gm10036 2.84266 118.944 5.38691 0.00362453

Perp 0.230504 10.2974 5.48134 0.00362453

Gm14165 0.666838 36.9254 5.79113 0.00362453

Bfsp1 0.0960762 5.84123 5.92595 0.00362453

Krt18 1.56438 98.7093 5.97952 0.00362453

Tcfl5 0.01104 1.04816 6.56898 0.048877

Gm8730 0.799261 104.953 7.03686 0.00362453

Krt8 0.0479946 33.1545 9.43212 0.0284317

2410019O14Rik 0 0.841846 inf 0.00362453

Gm12901 0 13.9149 inf 0.00362453

Gm13123 0 1.46348 inf 0.00362453

Mir1942 0 12.6868 inf 0.031639

Rbm46 0 1.15884 inf 0.00362453
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Appendix B: Genes differentially expressed between 
P7NP and P7NPH1 cells 24 hours after 6 Gy irradiation 

gene P7NP 
24h 

P7NPH1 
24h 

log2(fold_change) q_value 

Oas2 11.4346 0.028364 -8.65512 0.003625

Mx1 66.446 0.191022 -8.4423 0.003625

Plac8 160.688 0.613952 -8.03193 0.003625

D14Ertd668e 98.5861 0.433136 -7.83042 0.003625

Iigp1 128.86 0.62587 -7.68573 0.003625

Xist 7.79183 0.041814 -7.54183 0.003625

Gbp5 15.8952 0.118292 -7.0701 0.003625

Ifit3 174.24 1.30252 -7.06363 0.003625

Mx2 19.5868 0.156666 -6.96605 0.003625

Gm4951 10.9535 0.090396 -6.92092 0.003625

I830012O16Rik 69.3147 0.631372 -6.77853 0.003625

Gm7592 5.153 0.047674 -6.75606 0.011451

Pcna-ps2 25.8128 0.250378 -6.68784 0.003625

Lrrn1 8.35664 0.08933 -6.54764 0.003625

Mpeg1 1.78332 0.019918 -6.48436 0.019656

Apod 29.3127 0.439606 -6.05917 0.003625

Cxcl10 577.478 8.74094 -6.04583 0.003625

Usp18 117.85 1.95287 -5.91521 0.003625

Pydc3 7.84389 0.134192 -5.8692 0.003625

Ifi44 108.359 2.06934 -5.7105 0.003625

Cmpk2 56.1495 1.08856 -5.68878 0.003625

H2-Q6 33.1362 0.713985 -5.53637 0.003625

Oas3 5.71033 0.129766 -5.45959 0.003625

Slfn5 5.26574 0.1292 -5.34896 0.003625

Rsad2 102.728 2.60057 -5.30386 0.003625

Nlrc5 9.92437 0.255581 -5.27912 0.003625

Igtp 69.139 1.79633 -5.26637 0.003625

Zbp1 40.3489 1.04991 -5.2642 0.003625

Gbp3 124.564 3.46733 -5.16692 0.003625

Myh7 0.731002 0.020652 -5.14556 0.003625

Tap1 47.7878 1.35327 -5.14213 0.003625

AI607873 5.42816 0.158512 -5.0978 0.003625

F830016B08Rik 3.91856 0.117989 -5.0536 0.003625
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Irgm2 31.2235 0.949547 -5.03925 0.003625

Trim30d 8.48286 0.258065 -5.03874 0.026748

Phf11 2.91337 0.089854 -5.01897 0.003625

Gm11645 8.3277 0.259997 -5.00135 0.006511

Ifi205 15.1386 0.479407 -4.98083 0.003625

Gbp10 6.64838 0.218392 -4.92801 0.003625

Myh3 2.60819 0.5526 -4.92678 0.003625

Actc1 33.675 1.11211 -4.92031 0.003625

Parp14 30.5327 1.01865 -4.90563 0.003625

Sp100 20.6179 0.696304 -4.88804 0.003625

Mmp13 2.66682 0.091561 -4.86425 0.003625

Mmp3 11.3426 0.40963 -4.79129 0.006511

Sp110 2.06171 0.075692 -4.76755 0.003625

Gbp7 54.2797 2.03096 -4.74018 0.003625

Ano5 1.62237 0.061303 -4.726 0.003625

Myog 41.9339 1.62246 -4.69186 0.003625

H2-Q4 36.4072 1.43224 -4.66788 0.003625

Oasl2 86.9593 3.47923 -4.6435 0.003625

Il1rn 7.82695 0.33389 -4.55101 0.003625

Ntrk2 0.382482 0.016748 -4.51331 0.013652

Ccl7 226.363 10.0251 -4.49694 0.003625

Trim30a 35.5964 1.58435 -4.48977 0.003625

Zcchc5 3.7769 0.170468 -4.46962 0.003625

Gm12250 15.2572 0.705889 -4.4339 0.003625

Alpk3 1.45838 0.068974 -4.40217 0.015719

Scara5 0.677244 0.032085 -4.39969 0.003625

Igf2 75.0906 3.57598 -4.39222 0.003625

Il6 3.57609 0.172157 -4.37659 0.009106

Fgfr4 4.40262 0.213033 -4.36921 0.003625

Tnfsf10 5.09211 0.249302 -4.3523 0.003625

Plekha4 11.7131 0.579716 -4.33663 0.003625

Ifit1 158.411 8.13744 -4.28296 0.003625

Actn3 14.0021 0.756059 -4.211 0.003625

Rbm24 4.49426 0.244107 -4.2025 0.003625

Sox8 2.91417 0.159409 -4.19228 0.003625

Myom3 0.821412 0.045 -4.19012 0.02152

Tnnt1 18.2311 1.0428 -4.12787 0.003625

H2-Q7 11.6466 0.689708 -4.07778 0.003625

Pnmal2 4.94246 0.296984 -4.05677 0.003625
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Bst2 216.877 13.1145 -4.04764 0.003625

Igfbp5 41.9403 2.59624 -4.01384 0.003625

Isg15 212.99 13.1898 -4.0133 0.003625

Gbp6 4.5021 0.28078 -4.00309 0.003625

Oas1b 8.39709 0.530389 -3.98477 0.003625

Synpo2l 3.0138 0.194446 -3.95414 0.003625

Ifi203 41.5014 2.68895 -3.94804 0.015719

Ifi47 61.9765 4.14246 -3.90316 0.003625

Fgf10 3.20871 0.218657 -3.87525 0.003625

Tlr3 15.2323 1.04903 -3.86001 0.003625

Ccl2 366.774 25.9337 -3.82199 0.003625

Mylpf 558.309 39.8424 -3.80869 0.003625

Heph 7.18014 0.517065 -3.79559 0.003625

AW011738 3.18812 0.231691 -3.78243 0.003625

Pdlim3 9.30164 0.678326 -3.77743 0.003625

Gbp11 4.88237 0.361833 -3.75419 0.006511

Des 74.774 5.66918 -3.72133 0.003625

Kcnq4 2.87175 0.229352 -3.6463 0.011451

Gbp2 116.773 9.34348 -3.64361 0.003625

Tnni2 14.2907 1.15761 -3.62585 0.003625

Oasl1 72.5249 5.88373 -3.62367 0.003625

Kbtbd10 3.96153 0.325677 -3.60454 0.003625

Gm5431 0.769847 0.063576 -3.59801 0.003625

Ddx60 16.933 1.41358 -3.58241 0.003625

Tnni1 22.4721 1.90978 -3.55666 0.003625

Iqsec3 7.9421 0.685916 -3.53342 0.003625

Ank1 19.642 1.72614 -3.50832 0.003625

Jsrp1 2.98974 0.267531 -3.48224 0.011451

Abi3bp 1.52383 0.137238 -3.47295 0.003625

Hfe2 1.66223 0.151257 -3.45805 0.026748

Ifih1 65.0222 5.92287 -3.45656 0.003625

Gbp4 6.80067 0.620484 -3.45421 0.003625

Lipg 10.4456 0.961517 -3.44144 0.003625

Ccl5 80.0905 7.41884 -3.43237 0.003625

Hrc 1.10419 0.10237 -3.43113 0.003625

Mylk4 0.727704 0.067897 -3.42194 0.006511

Chrng 4.4596 0.416237 -3.42144 0.013652

Chn1 21.1358 1.99436 -3.40569 0.003625

Myh8 1.55267 0.147173 -3.39916 0.003625
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Stat1 58.6525 5.58018 -3.39381 0.003625

Gm14446 2.95641 0.281628 -3.39198 0.003625

Trbc2 27.2078 2.59589 -3.38972 0.003625

Lmod3 1.53265 0.147283 -3.37936 0.033221

Il12a 1.41912 0.137353 -3.36904 0.006511

Ces1g 2.84091 0.285062 -3.317 0.047601

H2-Q10 0.413543 0.042351 -3.28758 0.009106

Trim55 5.28369 0.55692 -3.24601 0.003625

Klhl31 0.970931 0.103531 -3.2293 0.003625

Samd9l 87.0268 9.59439 -3.1812 0.026748

Ryr1 1.07422 0.118495 -3.18039 0.003625

Notch3 1.09613 0.121188 -3.1771 0.003625

Tmem8c 3.19365 0.353355 -3.17601 0.031639

Cldn15 9.46213 1.04929 -3.17275 0.003625

Xirp1 0.79473 0.090754 -3.13043 0.017709

Arpp21 2.76426 0.317338 -3.1228 0.011451

Rtp4 34.2057 3.94778 -3.11512 0.003625

Il18bp 5.47929 0.643097 -3.09088 0.003625

Islr 4.14821 0.48747 -3.0891 0.013652

Trim21 15.7514 1.85999 -3.08211 0.003625

Elovl3 1.92332 0.227883 -3.07723 0.009106

Mamstr 7.39458 0.903218 -3.03332 0.003625

Lgals3bp 63.8719 7.82996 -3.0281 0.003625

Myod1 42.6829 5.3168 -3.00503 0.003625

Trim72 2.07652 0.261098 -2.9915 0.003625

Hap1 5.90913 0.757988 -2.9627 0.039224

Hhip 8.81987 1.13275 -2.96093 0.011451

Slfn8 2.92904 0.37683 -2.95844 0.006511

Myl1 45.5774 5.94553 -2.93844 0.003625

Kcnj2 5.65512 0.746383 -2.92157 0.003625

Gm13318 2.82344 0.376305 -2.90748 0.006511

Susd5 3.13302 0.423253 -2.88797 0.011451

Enpep 2.83038 0.390506 -2.85758 0.015719

Stc1 2.39791 0.331138 -2.85627 0.043512

Apol10b 1.58655 0.219827 -2.85145 0.037731

Kbtbd5 2.02869 0.28228 -2.84535 0.013652

BC067074 1.3668 0.192802 -2.82561 0.006511

Cd274 3.45379 0.489828 -2.81783 0.003625

Shisa2 3.42331 0.491556 -2.79997 0.003625
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Actn2 1.68232 0.242003 -2.79735 0.025042

Enpp2 3.81553 0.553003 -2.78652 0.003625

Slc1a6 3.69525 0.540436 -2.77348 0.023302

Slco4a1 3.87536 0.567057 -2.77277 0.013652

Myh1 11.0289 1.62339 -2.76421 0.019656

Stat2 20.1897 2.99037 -2.75522 0.003625

Ptx3 20.5489 3.06122 -2.74688 0.006511

Gm13364 4.56755 0.680833 -2.74605 0.028432

Pcdh10 0.584178 0.087719 -2.73545 0.017709

Myl4 31.9886 4.80999 -2.73345 0.003625

Gbp9 23.2704 3.51266 -2.72786 0.003625

Irgm1 94.7531 14.4162 -2.71648 0.003625

Fam46a 6.06422 0.934808 -2.69758 0.003625

Parp12 47.0213 7.38384 -2.67087 0.003625

Ptgir 2.91805 0.459967 -2.6654 0.003625

2010002M12Rik 1.27636 0.202471 -2.65625 0.006511

H2-K1 160.482 25.7561 -2.63943 0.003625

Reep2 1.59016 0.257224 -2.62807 0.034799

Mgp 456.266 74.3341 -2.61778 0.003625

Adm 27.2417 4.46885 -2.60784 0.003625

Samd5 3.92952 0.653198 -2.58876 0.006511

Oas1c 4.12825 0.687021 -2.5871 0.033221

Lix1 3.5533 0.596456 -2.57467 0.003625

H19 715.08 120.339 -2.571 0.030019

BC006779 14.2894 2.50911 -2.5097 0.003625

Ppfia4 0.527948 0.094043 -2.48901 0.011451

Jag2 5.01164 0.903352 -2.47192 0.003625

Xaf1 72.9334 13.2321 -2.46254 0.003625

Frmpd4 0.590377 0.107498 -2.45732 0.030019

Apol9a 34.7259 6.49341 -2.41896 0.003625

Znfx1 49.7295 9.36346 -2.40899 0.003625

Adcy8 1.02511 0.193099 -2.40838 0.040649

Gm10040 14.8738 2.90734 -2.355 0.003625

Olfm1 10.6649 2.1128 -2.33564 0.003625

Unc13c 0.577273 0.114607 -2.33255 0.015719

G0s2 9.24442 1.85193 -2.31955 0.025042

Ube2l6 28.956 5.91293 -2.29192 0.003625

Pde2a 3.04729 0.623581 -2.28888 0.013652

Mycl1 3.16763 0.651133 -2.28238 0.030019
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Igfbp3 32.465 6.67829 -2.28133 0.003625

Casp4 14.1365 2.93476 -2.26811 0.031639

Socs2 12.5634 2.64923 -2.24558 0.003625

Dio2 3.78877 0.811515 -2.22304 0.003625

Pcsk9 1.56603 0.338571 -2.20958 0.030019

Stac3 13.3907 2.89587 -2.20917 0.026748

Ifi204 78.41 17.1506 -2.19278 0.003625

Mmp15 4.35633 0.967721 -2.17045 0.003625

Pcdh17 3.3081 0.738518 -2.1633 0.006511

Fras1 0.597173 0.134549 -2.15002 0.003625

Chrnd 6.78221 1.54466 -2.13446 0.011451

3110082D06Rik 1.1519 0.264626 -2.12198 0.006511

Nmi 42.288 9.93306 -2.08994 0.003625

Olfml2a 0.942821 0.223184 -2.07875 0.048877

Chrna1 51.5305 12.6619 -2.02493 0.003625

Irf9 22.718 5.59317 -2.0221 0.028432

Il15 4.47143 1.10414 -2.01782 0.043512

Sntb1 3.63585 0.90746 -2.00239 0.044878

Gm17446 3.72217 0.93922 -1.98661 0.036287

Dpyd 1.69189 0.431337 -1.97175 0.036287

Tnc 59.3714 15.2685 -1.9592 0.003625

Dusp27 3.77739 0.972233 -1.95801 0.009106

Lzts1 2.58328 0.668739 -1.94969 0.042113

Lama2 7.18686 1.87675 -1.93712 0.003625

Ly6a 206.034 54.1752 -1.92717 0.003625

Tnfsf11 8.62374 2.28849 -1.91392 0.015719

Peg3 67.5112 17.9922 -1.90776 0.003625

H2-D1 213.782 57.2977 -1.89959 0.025042

Il15ra 6.84453 1.86676 -1.87442 0.033221

Plscr2 17.9152 4.90498 -1.86886 0.015719

Ifit2 41.3457 11.3202 -1.86884 0.003625

Lgals9 31.947 8.87917 -1.84718 0.013652

Ddx58 51.5714 14.397 -1.84081 0.043512

Daxx 69.8304 19.8834 -1.81229 0.031639

Ifi35 56.2495 16.3361 -1.78378 0.003625

Ifitm3 503.241 149.098 -1.75499 0.003625

Clec2d 30.9141 9.22069 -1.74532 0.006511

Gpr124 14.2903 4.29047 -1.73582 0.006511

Eif2ak2 54.2005 16.416 -1.72321 0.017709
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Trim25 25.4841 7.79322 -1.70931 0.003625

Hspb2 16.8111 5.258 -1.67683 0.028432

Svep1 2.57021 0.805482 -1.67396 0.015719

Trafd1 41.8079 13.333 -1.64877 0.040649

Apol9b 23.1589 7.69404 -1.58975 0.006511

Robo1 7.0814 2.39705 -1.56278 0.003625

Tppp3 38.0386 12.8815 -1.56216 0.013652

Tmem119 12.789 4.38723 -1.54352 0.043512

Slfn9 21.2752 7.30999 -1.54123 0.003625

Cdkn1a 11.876 4.11867 -1.5278 0.019656

Hspb1 103.746 36.2243 -1.51803 0.009106

Enpp4 15.557 5.53789 -1.49016 0.009106

Nt5c3 54.6048 19.9638 -1.45165 0.003625

B2m 843.574 311.362 -1.43792 0.003625

Ass1 39.1118 14.4463 -1.4369 0.009106

Sytl2 21.4332 8.27585 -1.37287 0.003625

Has2 23.2037 9.12018 -1.34722 0.006511

Serpine1 80.1392 31.5182 -1.34632 0.042113

Sulf1 8.23589 3.27634 -1.32984 0.046259

Olfml2b 21.0691 8.68466 -1.27859 0.009106

Pnp 34.8072 14.5129 -1.26205 0.037731

Lifr 11.919 5.07569 -1.23158 0.047601

Lrrc17 44.1742 18.8557 -1.2282 0.026748

Serpinf1 580.759 251.799 -1.20567 0.026748

1190002N15Rik 42.6523 19.2621 -1.14686 0.003625

Tln2 8.26348 3.82977 -1.10949 0.042113

Sema7a 33.1618 15.671 -1.08142 0.02152

Srpx2 32.8585 15.5326 -1.08096 0.046259

Hist1h1a 571.521 301.887 -0.9208 0.046259

Phf17 18.4598 36.2516 0.973655 0.030019

Epb4.1l4a 10.491 21.3925 1.02795 0.046259

Wls 80.6167 172.381 1.09645 0.006511

Ankrd13c 27.1907 61.2297 1.17112 0.013652

Cth 36.4588 89.1611 1.29015 0.015719

Efemp1 23.1521 58.5052 1.33742 0.013652

Avpi1 33.964 87.1636 1.35972 0.003625

Aox1 1.63425 4.20037 1.36189 0.048877

Sec11c 85.0586 228.787 1.42747 0.015719

Mttp 2.07201 5.62335 1.4404 0.030019
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Fam132b 5.65929 16.2037 1.51763 0.003625

Fzd6 4.34309 12.5608 1.53213 0.006511

Tpd52 13.7998 41.6471 1.59357 0.009106

Pla2g7 10.5788 32.1396 1.60318 0.013652

Bmp4 3.57944 11.3228 1.66142 0.009106

Fam83h 0.61553 2.11559 1.78116 0.047601

Serpinb9b 0.773195 2.67403 1.79011 0.034799

Cdh3 1.21635 4.20718 1.7903 0.033221

Gm6767 1.42807 4.98968 1.80488 0.046259

Pbld1 3.87413 14.3243 1.88652 0.003625

Amigo2 13.1912 49.183 1.89858 0.003625

Fam46c 3.12339 12.1716 1.96233 0.009106

Bmpr1b 0.935204 3.7682 2.01052 0.02152

Cnn1 1.4385 5.94179 2.04633 0.006511

Actg2 3.7393 15.591 2.05987 0.034799

Hao1 0.403682 1.71386 2.08596 0.039224

Slc38a4 4.1527 17.8779 2.10606 0.003625

Col8a2 0.404732 1.82062 2.16939 0.02152

Gchfr 21.88 99.2648 2.18167 0.003625

Rorb 0.847882 3.85014 2.18298 0.003625

Col4a6 0.423265 1.97624 2.22313 0.011451

Klra4 3.91368 19.9549 2.35014 0.003625

Lypd1 0.411944 2.14237 2.37869 0.037731

Slc16a11 1.12901 5.91851 2.39017 0.034799

Dhrs3 1.76058 9.53388 2.43701 0.003625

Pax3 0.886093 5.07139 2.51685 0.003625

Nhedc2 0.814316 4.77331 2.55133 0.009106

Lpcat2 0.886607 5.45355 2.62083 0.030019

Chmp4c 0.454921 3.01975 2.73074 0.006511

Sgsm1 0.358703 2.71417 2.91965 0.003625

Msln 19.0528 186.739 3.29294 0.003625

Ptprb 0.074022 0.733076 3.30794 0.003625

Hoxb7 0.122398 1.2535 3.35631 0.009106

Wfdc2 1.00405 10.6644 3.4089 0.003625

Phlda2 0.185467 2.5164 3.76213 0.019656

Eltd1 0.041478 0.634292 3.93472 0.033221

Gm9625 3.17103 49.4592 3.96321 0.003625

Aqp5 3.37242 55.5956 4.04312 0.003625

Gm13456 1.57359 37.3413 4.56864 0.003625
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Hoxd8 0.06104 1.50326 4.6222 0.026748

Grem2 0.068226 1.79235 4.7154 0.003625

Sox2 0.048534 1.30833 4.75258 0.015719

Krt18 2.92964 99.3273 5.08339 0.003625

Bfsp1 0.169167 5.90571 5.12559 0.003625

Perp 0.257015 9.09014 5.14438 0.003625

Gm10036 3.14966 112.22 5.15499 0.003625

En2 0.013608 0.574695 5.40031 0.044878

Rplp0-ps1 0.682787 29.5459 5.43538 0.003625

Gm14165 0.550647 40.1105 6.18671 0.003625

Gm8730 0.819326 103.492 6.98087 0.003625

Krt8 0.176302 39.5178 7.80831 0.003625

SNORA63 0 3.41457 inf 0.02152

Adprhl1 0.336673 0 -inf 0.003625

Clec14a 1.33304 0 -inf 0.003625

Gm15433 0.390999 0 -inf 0.003625

Ifna4 0.902159 0 -inf 0.003625

Trim30c 0.928863 0 -inf 0.003625
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Appendix C: Genes differentially expressed in P7NP 
cells after 24h under 0.5% O2 

gene P7NP 
Normoxia

P7NP 
Hypoxia 

log2(fold_change) q_value 

Car9 1.46785 75.1759 5.6785 0.003625

4930583H14Rik 0.625097 31.9054 5.67358 0.003625

Tmem45a 1.1145 40.4642 5.18218 0.003625

Pygl 0.859249 18.5531 4.43244 0.003625

Bnip3 15.206 302.482 4.31414 0.003625

Slc16a3 8.45763 165.815 4.29318 0.036287

Ppp1r3b 0.368718 6.29445 4.09349 0.003625

Selenbp1 0.116222 1.92638 4.05094 0.009106

Smtnl2 0.42697 7.02711 4.04073 0.003625

Aldoc 1.0815 17.5031 4.0165 0.003625

Ppp1r3c 0.138974 2.00644 3.85175 0.003625

Spon2 0.294135 4.23943 3.84932 0.02152

Pdk1 10.6124 144.993 3.77216 0.003625

Zkscan4 0.218902 2.5939 3.56677 0.013652

Aire 0.037203 0.409464 3.46025 0.003625

5430407P10Rik 0.182647 1.80048 3.30125 0.003625

Krt19 3.17052 30.4649 3.26436 0.003625

Mitf 1.00995 9.61867 3.25155 0.02152

Prelid2 6.84771 55.1743 3.0103 0.003625

3110057O12Rik 1.20894 8.27668 2.77531 0.003625

Ndrg2 11.0623 74.7322 2.75608 0.003625

P4ha2 22.8987 154.492 2.7542 0.003625

Ndrg1 11.4534 76.6755 2.743 0.003625

Stc1 1.32631 8.85795 2.73955 0.003625

Gm129 10.703 70.6263 2.72219 0.003625

Pfkl 38.1751 251.432 2.71946 0.003625

Pgm2 13.3338 86.7949 2.70252 0.003625

Scara5 0.082443 0.534908 2.69782 0.025042

Kbtbd11 0.865351 5.40848 2.64387 0.003625

Fam162a 114.012 678.366 2.57287 0.003625

Ak4 6.45553 37.7651 2.54845 0.003625

Gstm7 0.823504 4.63544 2.49286 0.043512

Pfkfb3 4.678 26.1182 2.48109 0.003625
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Htra3 0.621885 3.46992 2.48018 0.031639

Slc2a1 17.2872 93.7662 2.43937 0.003625

Epm2a 0.568815 3.06913 2.4318 0.003625

2500002B13Rik 0.51829 2.69908 2.38064 0.009106

Hpse 0.746385 3.60987 2.27395 0.003625

Ddit4 12.1313 55.0642 2.18238 0.003625

Notch3 0.228715 1.02688 2.16665 0.02152

Rcor2 9.65002 43.0818 2.15848 0.003625

Slc27a3 4.88822 21.7623 2.15445 0.003625

Olfml2a 0.13396 0.590049 2.13903 0.031639

Ccng2 13.6755 58.7632 2.10333 0.003625

Higd1a 27.9279 116.372 2.05896 0.003625

Egln3 14.3325 57.8516 2.01306 0.003625

Kdm4b 9.20432 36.2893 1.97916 0.025042

Sfrp2 4.89027 18.9083 1.95103 0.011451

Col5a3 0.407572 1.56821 1.94399 0.015719

Pgk1 317.578 1198.99 1.91664 0.003625

Cdc42ep2 3.34684 12.5115 1.90239 0.006511

Bhlhe40 6.43294 23.2794 1.8555 0.028432

Ldha 492.77 1774.75 1.84863 0.003625

Vwa1 1.04991 3.74664 1.83533 0.043512

Clybl 3.26949 11.6551 1.83382 0.006511

6330406I15Rik 3.54983 12.5733 1.82454 0.031639

P4ha1 54.836 192.716 1.81328 0.003625

Ero1l 27.1462 95.0645 1.80816 0.003625

Plod2 22.5109 78.8248 1.80803 0.003625

Vldlr 14.9361 52.0607 1.80139 0.003625

Egln1 20.1635 69.9625 1.79484 0.003625

Reep1 1.68081 5.42267 1.68985 0.009106

Bnip3l 58.7122 187.891 1.67816 0.040649

Ly6a 19.4253 62.0462 1.6754 0.003625

Fam46a 0.971906 3.1033 1.67491 0.023302

Aldoa 458.658 1463.49 1.67392 0.003625

Tpi1 387.786 1232.83 1.66864 0.003625

Pafah1b3 19.7282 59.9453 1.60339 0.003625

Plod1 19.5214 58.5387 1.58433 0.006511

Scd2 73.5279 212.899 1.5338 0.003625

Idh1 24.1277 68.9988 1.51588 0.015719

Ptn 8.94832 25.4896 1.51022 0.048877
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Kdm3a 10.245 28.3256 1.46719 0.003625

Pgam1 69.7202 192.106 1.46225 0.003625

Lpin1 1.20194 3.3093 1.46116 0.028432

Slc37a4 5.49188 14.7192 1.42233 0.011451

Pnrc1 15.2362 39.62 1.37872 0.023302

Lars2 35.8121 90.8414 1.3429 0.003625

Fam63b 2.02156 5.06159 1.32412 0.023302

Ndufv3 50.0423 124.263 1.31218 0.030019

Apln 13.2405 32.4597 1.2937 0.006511

Dkk2 8.81978 21.519 1.28679 0.042113

Mxi1 4.08047 9.93426 1.28368 0.026748

Bsg 205.089 496.662 1.27602 0.003625

Adamts1 6.35988 15.1647 1.25365 0.037731

Scd1 24.3389 57.3994 1.23777 0.017709

Gbe1 12.58 29.4979 1.22948 0.011451

Y_RNA 8113.46 18790.6 1.21162 0.011451

Fdps 81.6162 185.145 1.18173 0.017709

Plat 16.1878 36.5786 1.1761 0.017709

Eno1 731.15 1645.7 1.17046 0.043512

Lox 63.0167 141.829 1.17035 0.033221

Gm5506 32.525 73.0887 1.1681 0.009106

Galk1 41.8025 93.5987 1.1629 0.006511

Fads2 18.5892 40.4406 1.12134 0.037731

Gapdh 354.916 766.613 1.11102 0.003625

Sap30 27.5776 59.3856 1.10662 0.026748

Gpi1 115.742 243.242 1.07148 0.028432

Nampt 24.538 50.9705 1.05464 0.006511

Mt1 271.829 560.496 1.04401 0.046259

Arhgap29 72.3228 148.676 1.03965 0.030019

Clcn3 18.7438 37.8033 1.0121 0.037731

Slc1a4 15.8522 31.8539 1.00679 0.013652

Mif 558.845 1068.41 0.934943 0.030019

AY036118 1444.1 737.211 -0.97002 0.033221

Id1 80.708 36.3202 -1.15194 0.023302

Cmah 12.6989 5.55012 -1.19411 0.009106
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Appendix D: Genes differentially expressed in P7NPH1 
cells after 24h under 0.5% O2 

gene P7NPH1 
Normoxia

P7NPH1 
Hypoxia 

log2(fold_change) q_value 

Mir1942 12.6868 0 -inf 0.040649

Mir345 20.2534 0 -inf 0.043512

Klf15 0.29925 1.75862 2.55502 0.011451

Rab39b 2.47735 6.86665 1.47081 0.040649

Ddit4 11.2709 30.5912 1.44052 0.003625

Ndrg1 11.6438 30.6255 1.39517 0.037731

Gadd45a 19.5942 50.7261 1.3723 0.019656

Gm15662 1110.5 2730.38 1.29789 0.030019

Lars2 41.6802 100.624 1.27153 0.003625

Acot2 6.93552 15.995 1.20555 0.046259

Chac1 18.2655 41.039 1.16787 0.025042

Fdps 102.365 224.613 1.13371 0.011451

Trib3 24.2267 51.7969 1.09627 0.033221

Nptx1 9.17453 18.3966 1.00374 0.040649

Ctgf 77.1171 38.3066 -1.00946 0.042113

Txnip 29.7736 4.52055 -2.71946 0.009106
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Appendix E: Genes differentially expressed in P7NP 
cells 24h after 6Gy irradiation 

gene P7NP P7NP 24h log2(fold_change) q_value 

Ccl11 0 0.34851 inf 0.003625

Mx1 0.415758 66.446 7.3203 0.003625

Cxcl9 0.088556 11.5079 7.02182 0.003625

Slfn2 0.252799 19.8559 6.29544 0.003625

Mpeg1 0.028382 1.78332 5.97346 0.034799

Ccrl2 0.082601 5.04326 5.93206 0.006511

Gbp5 0.280696 15.8952 5.82344 0.003625

Gm4841 0.125989 6.96409 5.78857 0.003625

Gm4902 0.456588 21.6281 5.56587 0.003625

Pydc3 0.176986 7.84389 5.46986 0.003625

Gm4951 0.271885 10.9535 5.33225 0.003625

Iigp1 3.24915 128.86 5.3096 0.003625

Serpina3g 0.121597 4.55765 5.22811 0.003625

Il6 0.09611 3.57609 5.21756 0.048877

Slfn5 0.149847 5.26574 5.13507 0.011451

Cxcl10 17.7847 577.478 5.02106 0.003625

Ifit3 5.44946 174.24 4.99882 0.003625

Gm12250 0.479935 15.2572 4.9905 0.003625

BC023105 0.175701 5.36227 4.93165 0.003625

Phf11 0.097104 2.91337 4.90702 0.013652

Ms4a4d 0.081673 2.1411 4.71235 0.033221

Gbp2 4.58403 116.773 4.67095 0.003625

Tnfsf10 0.201386 5.09211 4.66023 0.003625

I830012O16Rik 2.74345 69.3147 4.6591 0.003625

Gbp3 5.93679 124.564 4.39106 0.003625

Apod 1.43318 29.3127 4.35424 0.003625

Ifi44 5.35677 108.359 4.33831 0.003625

Igtp 3.43343 69.139 4.33178 0.003625

Ccl7 11.9121 226.363 4.24814 0.003625

Gm14446 0.157434 2.95641 4.23103 0.003625

Ccl2 19.8519 366.774 4.20754 0.003625

Zbp1 2.19694 40.3489 4.19897 0.003625

Ifi205 0.885766 15.1386 4.09516 0.003625
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Plekha4 0.692309 11.7131 4.08056 0.006511

Rsad2 6.43291 102.728 3.99721 0.003625

Gbp1 0.055078 0.843492 3.93684 0.013652

F830016B08Rik 0.255885 3.91856 3.93676 0.003625

Mx2 1.29293 19.5868 3.92117 0.003625

Hopx 0.121892 1.84398 3.91915 0.013652

Gbp7 3.88379 54.2797 3.80488 0.003625

D14Ertd668e 7.76593 98.5861 3.66615 0.003625

Usp18 9.56108 117.85 3.62363 0.003625

Irgm2 2.54642 31.2235 3.61609 0.003625

Tlr3 1.28638 15.2323 3.56574 0.003625

9130017N09Rik 0.046681 0.529081 3.50259 0.028432

Cmpk2 5.26823 56.1495 3.41388 0.003625

Ly6a 19.4253 206.034 3.40687 0.003625

AI607873 0.520522 5.42816 3.38243 0.003625

Oas3 0.573627 5.71033 3.31539 0.003625

Gbp10 0.671642 6.64838 3.30724 0.003625

Mmp13 0.272383 2.66682 3.29141 0.006511

Gbp11 0.506073 4.88237 3.27017 0.003625

Gbp6 0.469743 4.5021 3.26065 0.003625

Parp14 3.19229 30.5327 3.25769 0.003625

Ly6c1 1.8121 17.2026 3.24689 0.003625

Enpp2 0.435776 3.81553 3.13022 0.015719

Mitf 1.00995 8.82868 3.12791 0.013652

Trim30a 4.09794 35.5964 3.11876 0.003625

Lipg 1.25189 10.4456 3.06072 0.003625

Scara5 0.082443 0.677244 3.03821 0.009106

Gm5431 0.093756 0.769847 3.03758 0.003625

Nlrc5 1.25906 9.92437 2.97862 0.003625

Stat1 7.55043 58.6525 2.95756 0.003625

Gbp4 0.879378 6.80067 2.95112 0.003625

Oasl2 11.5432 86.9593 2.9133 0.003625

Ifit1 22.4629 158.411 2.81806 0.003625

Olfml2a 0.13396 0.942821 2.81518 0.003625

Cd274 0.495713 3.45379 2.8006 0.003625

Gbp9 3.4358 23.2704 2.75978 0.003625

Oas1b 1.27857 8.39709 2.71535 0.003625

Il18bp 0.8406 5.47929 2.7045 0.006511

Slfn8 0.45718 2.92904 2.67959 0.003625
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Fam46a 0.971906 6.06422 2.64143 0.003625

2010002M12Rik 0.209293 1.27636 2.60844 0.015719

Isg15 35.954 212.99 2.56657 0.003625

Dcn 0.456999 2.69678 2.56097 0.023302

Il15 0.758681 4.47143 2.55917 0.003625

Tap1 8.19596 47.7878 2.54366 0.042113

Cxcl1 2.85646 16.4341 2.52439 0.003625

Ppl 0.090381 0.517478 2.51741 0.017709

Trim21 2.76786 15.7514 2.50864 0.003625

Sp110 0.363816 2.06171 2.50256 0.013652

Itih5 0.071276 0.402795 2.49855 0.034799

Ptx3 3.74351 20.5489 2.4566 0.003625

Ifi47 11.3361 61.9765 2.4508 0.037731

Rasgef1b 0.250511 1.31043 2.3871 0.040649

Tril 0.104036 0.538459 2.37175 0.034799

Lgals9 6.26048 31.947 2.35134 0.003625

Stat2 3.98246 20.1897 2.34189 0.003625

Zcchc5 0.747097 3.7769 2.33784 0.039224

Notch3 0.228715 1.09613 2.2608 0.013652

Ifih1 13.6717 65.0222 2.24974 0.046259

Tgfbi 1.43452 6.73202 2.23047 0.044878

AW011738 0.694006 3.18812 2.19968 0.028432

Afap1l2 0.289623 1.33005 2.19924 0.015719

Tlr2 4.1816 18.9209 2.17786 0.003625

Ncoa7 8.45246 36.997 2.12997 0.015719

Xaf1 16.6914 72.9334 2.12748 0.006511

Tor3a 12.95 56.0902 2.11479 0.023302

Myog 9.8801 41.9339 2.08552 0.003625

Oasl1 17.1601 72.5249 2.07942 0.003625

Herc6 3.57415 14.9104 2.06065 0.017709

Parp12 11.8554 47.0213 1.98777 0.006511

Nmi 10.6923 42.288 1.98367 0.013652

Sfrp2 4.89027 19.0051 1.9584 0.013652

Nov 2.67951 10.3177 1.94509 0.003625

BC006779 3.721 14.2894 1.94119 0.003625

Plscr2 4.6666 17.9152 1.94074 0.011451

Col5a3 0.407572 1.55148 1.92852 0.017709

Lgals3bp 16.8155 63.8719 1.92539 0.036287

Bst2 59.1538 216.877 1.87434 0.003625
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Ube2l6 7.95994 28.956 1.86303 0.033221

Ccl5 22.1934 80.0905 1.8515 0.006511

Irf1 18.2895 62.391 1.77032 0.003625

H2-Q4 10.8203 36.4072 1.75048 0.019656

Ppm1k 0.885572 2.94374 1.73297 0.013652

Actc1 10.215 33.675 1.72098 0.028432

Ifi204 24.3632 78.41 1.68633 0.011451

Irgm1 29.4681 94.7531 1.68502 0.015719

Ptn 8.94832 28.2609 1.65912 0.017709

Dio2 1.23038 3.78877 1.62263 0.037731

Nfkbie 1.73023 5.10574 1.56115 0.042113

Efemp1 7.93883 23.1521 1.54415 0.023302

Sepp1 4.18723 12.1112 1.53227 0.02152

Ifi35 20.1744 56.2495 1.47931 0.019656

Ifit2 14.8431 41.3457 1.47795 0.019656

Plat 16.1878 44.9585 1.47369 0.003625

Rtp4 12.3751 34.2057 1.4668 0.017709

Ntn1 4.8162 12.9644 1.42859 0.011451

Nt5c3 20.4688 54.6048 1.4156 0.011451

S1pr1 7.90491 20.9241 1.40435 0.040649

Enpp4 6.13605 15.557 1.34218 0.025042

Serpine2 5.13821 12.8684 1.32449 0.044878

Apol9a 13.9952 34.7259 1.31108 0.047601

Gem 5.67875 13.9218 1.2937 0.048877
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Appendix F: Genes differentially expressed in P7NPH1 
cells 24h after 6Gy irradiation  

gene P7NPH1 P7NPH1 
24h 

log2(fold_change) q_value 

Mir1942 12.6868 0 -inf 0.040649

Gm7808 4.00646 0 -inf 0.044878

SNORA63 0 3.41457 inf 0.02152

Alox5ap 0.145302 2.16584 3.8978 0.043512

Ly6c1 1.49124 6.27202 2.07242 0.037731

Gbp9 0.957323 3.51266 1.87549 0.013652

Ly6a 17.0278 54.1752 1.66974 0.003625

Aldh3a1 1.80649 5.64517 1.64383 0.042113

Ntn1 4.67992 12.3338 1.39806 0.028432

H19 46.7563 120.339 1.36387 0.026748

Lrrc17 7.32786 18.8557 1.36354 0.048877

Peg3 7.98947 17.9922 1.1712 0.026748

Gm10800 345.745 165.345 -1.06423 0.015719
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