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ABSTRACT 
 
 
 

OVERACTIVE NF-KB SIGNALING AS A DRUGGABLE TARGET AND EVALUATION 

OF PARTHENOLIDE AN NF-KB INHIBITOR IN CANINE CANCER 

  

 This study provides a unique translational research opportunity to help both 

humans and dogs diagnosed with diseases that carry dismal prognoses in both species: 

histiocytic sarcoma (HS), hemangiosarcoma (HSA), and disseminated mastocytosis 

(MCT). Lymphoma is one of the most common cancer types affecting dogs and 

humans, and therefore, novel therapeutic approaches are always needed.  For all of 

these cancer types, dogs and human cancers share common molecular abnormalities, 

consistent with a conserved pathogenesis between species. Relative to traditional 

murine models for human cancers, dogs are genetically diverse, large mammals with 

heterogeneous, spontaneous tumors. Dogs generally receive good medical care and 

share the environmental factors with humans, and accordingly, dogs with spontaneous 

tumors are an excellent model for human oncology generally. Additionally, although 

disseminated HS, MCT and visceral HSA are exceedingly rare diseases in humans, 

they are more common in some dog breeds, giving us the opportunity to study this 

disease in a larger population than would otherwise be available. Therapeutics 

evaluated in dogs with these diseases stand to benefit both canine and human patients.  

 



 

NF-kB proteins are a family of structurally related, eukaryotic transcription factors 

that have 400+ genetic targets, and are involved in many vital cellular processes, 

including innate immunity, inflammatory responses, development, cellular growth, and 

survival. Not surprisingly, overactivation of NF-kB is a feature of many chronic disease 

processes, including cardiac disease, neurodegenerative disease, immune-mediated 

disease, and cancer. While NF-kB overactivation has been documented extensively in 

human oncology, there is a relative paucity of data documenting the same phenomenon 

in veterinary medicine. As part of this study, large scale validation of NF-kB 

overactivation was performed in canine cancer via immunohistochemistry of 215 tumor 

samples (lymphoma, HS, HSA, and MCT). Antibodies were validated for use via 

western blot, immortalized cell pellets, and evaluation of normal canine tissues.  

 In addition to validation of NF-kB overactivation, assays were performed to 

assess the therapeutic potential of parthenolide (PTL), a known, canonical NF-kB 

signaling inhibitor with additional mechanisms of antineoplastic activity, including 

alteration of cellular redox balance. Growth inhibition assays were performed with 

canine cell lines and primary lymphoma cells isolated from canine patients, using PTL 

alone or in combination with redox-perturbing standard-of-care therapeutics. Cell death 

was assessed using flow cytometry. Immunofluorescence was used to assess NF-kB 

localization, western blot was used to assess NF-kB activity with and without PTL, and 

canine cells were transfected with a reporter gene cassette containing the NFkB 

consensus sequence followed by firefly luciferase gene to study the effect of PTL on 

NF-kB-related luminescence. PTL’s effects on glutathione and reactive oxygen species 



 
 

generation were assessed with a colorimetric assay and a fluorescent H2DCFDA assay, 

respectively. Genetic expression changes were assessed with RNA sequencing of HS 

cells, with and without PTL treatment. A mouse model of disseminated HS was created 

with NF-kB luminescent cells to study the effect of PTL on this disease in vivo.  

Many spontaneous canine tumor samples have nuclear p65 and p100/p52 IHC 

staining that is of greater magnitude than observed in comparable, normal cell 

populations, indicating the promise of PTL and other therapeutics that target aberrant 

NF-kB signaling. Canine cell lines and primary cells are sensitive to PTL and undergo 

dose-dependent apoptosis following exposure to drug. PTL exposure also leads to 

glutathione depletion, reactive oxygen species generation, and NF-kB inhibition in 

canine cells. Standard-of-care therapeutics broadly synergize with PTL. In two canine 

HS cell lines, genetic expression of NF-kB pathway signaling partners is downregulated 

with PTL therapy. Preliminary data suggest that PTL inhibits NF-kB activity of cells in a 

mouse model of disseminated HS.  

 Overall, these data support further investigation of compounds that can 

antagonize canonical and alternative NF-kB pathway signaling, which are overactivated 

in canine lymphoma, HS, HSA, and MCT disease. PTL is one promising therapeutic that 

acts, in part, via canonical NF-kB antagonism in canine neoplasms. Further 

investigation of this compound in vivo is underway in a mouse model of disseminated 

HS, and if this study is successful, it will provide strong justification for clinical trials with 

this compound in dogs.  
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CHAPTER 1: LITERATURE REVIEW 
 
 
 

Overview 
 

This review begins with a brief discussion of the similarities that canine cancers 

share with their human counterparts, features of a drug called parthenolide (PTL) and 

its promise as a therapeutic, and discussion of two primary mechanisms of action by 

which PTL may act in canine neoplasms: NF-kB inhibition and perturbation of redox 

balance in the cell.  

 

 
Introduction 

Cancer is the most common cause of death in dogs and affects approximately 4 

million dogs per year.41 Dogs have recently gained attention as a viable large animal 

model of human cancer for several reasons. Relative to rodent models, dogs are 

genetically diverse and share many environmental exposures with humans; unlike 

laboratory-induced cancer in rodents, dogs develop spontaneous neoplasms over a 

long period of time, which more closely mirrors cancer development in humans; and for 

many tumor types, canine cancers are remarkably similar to their human counterparts in 

microscopic appearance and biologic behavior.40,118,41  

The purpose of this work is to explore the therapeutic potential of parthenolide 

(PTL), a naturally derived compound, in the treatment of canine cancer, and by 

extension, human cancers that receive little research attention due to their relatively low 

incidence. Although our data will show that PTL is a promising therapeutic for diverse 
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cancer types in dogs, this body of work focuses on hematopoietic cancers, which are 

malignancies derived from immune system cells.1 Leukemias, or so-called “liquid 

tumors” circulate in blood and are derived from hematopoietic precursor cells in the 

bone marrow or mature hematopoietic cells in the blood.1 The leukemic cell lines 

studied in this work are of lymphoid origin. Solid lymphoid malignancies, or lymphomas, 

are one major focus of this work, as are histiocytic sarcomas (HS, tumors of dendritic 

cells/macrophages), mast cell tumors (MCT), and hemangiosarcomas (HSA). 

Disseminated forms of HS, HSA, and MCT, both in humans and in dogs, are uniformly 

fatal, and novel therapeutic strategies are needed to improve therapeutic outcomes in 

both species.  

 

Types of neoplasia explored in this research 

 

Leukemias and lymphomas 

There are clinical entities, both in humans and in animals, which are ultimately 

classified as leukemias or lymphomas, and are derived from a broad range of both 

lymphoid and myeloid cells at various stages of development, and with myriad normal 

functions in the body. Lymphomas are among the most frequently diagnosed cancers in 

dogs, with chemotherapy (commonly “CHOP” or cyclophosphamide, doxorubicin, 

vincristine, prednisone) being the gold standard of care in dogs.21 Clinically and 

molecularly, canine disease often mirrors human disease. For example, many features 

of canine diffuse large B-cell lymphoma (DLBCL) resemble the ABC form of this human 

disease and peripheral T cell lymphoma in both humans and dogs is an aggressive 
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disease.7 In this work, the canine cell lines used are lymphoid in origin, and primary 

cells were derived from patients with both T cell and diffuse large B cell lymphoma.  

 

Histiocytic sarcoma 

Histiocytic cells differentiate from CD34+ stem cell precursors into splenic red 

pulp +/- bone marrow macrophages and dendritic cells.96 Canine HS has an aggressive 

clinical course, with most dogs having evidence of metastasis or locally disseminated 

disease at the time of diagnosis, and a median survival time of 3-6 months with 

chemotherapy; most commonly, therapy with lomustine/CCNU (1-(2-Chloroethyl)-3-

cyclohexyl-1-nitrosourea), a long-acting nitrosourea alkylating agent, is used, although 

some reports have evaluated CCNU with doxorubicin and/or cyclophosphamide as 

well.32,126,18,134 This disease is exceptionally rare (<1% of hematopoietic neoplasms) and 

is similarly fatal in humans receiving chemotherapy, with a median survival time of <6 

months.75 Because HS is relatively overrepresented in some dog breeds, such as 

Bernese mountain dogs, golden retrievers, and flat-coated retrievers,96 dogs provide a 

natural study population for this rare and deadly human disease. 

In most cases, HS cells are derived from interstitial dendritic cells, which are 

ubiquitous in the body, and can therefore arise in almost any tissue; these cells express 

CD1a, CD11c, and MHC class II. A variant of HS, called hemophagocytic HS (HHS), 

arises from splenic red pulp +/- bone marrow macrophages, and expresses 

CD11d/CD18 rather than CD1a and CD11c/CD18.  

 Some recent research has identified genetic alterations in HS of Bernese 

mountain dogs and flat-coated retrievers that are similar to those described in human 
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HS, implying a conserved pathogenesis for both species. These include CDKN2A/B, 

RB1, PTEN, PTPN11, and KRAS.55,96,122,134 Loss of CDKN2A/B via mutation, deletion, 

or silencing is frequently observed in human cancers, including HS.122,77 Mutations 

result in loss of tumor suppression by p16INK4A, which inhibits DNA damage-related 

apoptosis.122 RB1 (retinoblastoma 1) is a tumor suppressor gene with altered 

expression in many human solid tumors, as well as in acute myeloid leukemia and 

dendritic sarcomas.55,48,62,73 PTEN plays a role in inducing cell cycle arrest and in 

induction of apoptosis, and has been deleted in a large number of human and canine 

tumors, including HS in both species.55,19,88 PTPN11 and KRAS are gain-of-function 

mutations that are associated with upregulation of the mitogen-activated protein kinase 

(MAPK) pathway.  

 

Hemangiosarcoma 

Angiosarcomas (AS) are rare vascular tumors of endothelial origin, comprising 

approximately 1-2% of sarcomas in humans. The exact etiology of this neoplasm in 

humans, dogs, and rodents is unknown; it may arise from the transformation of 

endothelial cells that are resident within tissues, or alternatively, from circulating stem 

cells that are recruited from bone marrow or sites of extramedullary 

hematopoiesis.161,78,25 15 

In humans, there are three different clinical presentations, including post-

radiation therapy, cutaneous AS secondary to solar radiation, and infrequently, 

spontaneous disease that develops in visceral organs.152 Because these tumors are 

exceptionally rare in humans, research efforts to identify driver mutations, identify 
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actionable drug targets, and conduct human clinical trials have stopped short of the 

need to address this deadly disease. By contrast, visceral canine hemangiosarcoma 

(HSA) is also deadly and forms vascular structures that are histologically similar to 

human AS, but is much more common in dogs, affecting up to 50,000 dogs per year in 

the United States alone.144,152 Studies have found mutations in P53 and PTEN in both 

human AS and canine HSA, implying shared pathogenesis for these cancer 

types.33,137,100,151   

While cutaneous HSA is generally treated via surgical excision in dogs, visceral 

HSA is uniformly fatal, with a MST of 140-202 days with various doxorubicin-based 

chemotherapeutic protocols.69,24 Outcomes are similar in human patients with visceral 

angiosarcoma.128  

 

Mast cell neoplasia 

Normal mast cells are critical in both innate and adaptive immunity, and in 

addition, these cells are chronic offenders in allergic/inflammatory disease, progression 

of other cancer types, and autoimmune disease.28 Clonal expansions of mast cells 

resulting in tumor formation can occur in the skin, or can be of a disseminated or 

systemic form in both dogs and humans, and are commonly caused in both dogs and 

humans by activating mutations of the KIT receptor tyrosine kinase.28,106,138,154  This 

research is focused on evaluation of disease that affects both species systemically (the 

disseminated form). In humans, systemic mastocytosis can be a single disease process 

(median survival time of 41 months) or associated with development of another, non-

mast cell hematopoietic neoplasm (median survival time 24 months).106 Dogs with 
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systemic disease may be treated with lomustine/CCNU, vinblastine, and/or 

toceranib/PalladiaTM (a KIT receptor tyrosine kinase inhibitor), with median reported 

survival times of 227 days for CCNU/vinblastine and 118 days for toceranib.95  

 

PTL as an antineoplastic compound  

Sesqueterpine lactones (SLs) are the active components of many medicinal 

plants from the Asteraceae (daisy plant) family, and several of these compounds inhibit 

the action of NF-kB, a transcription factor that is critical for normal innate immune and 

inflammatory responses.39 PTL is a SL that was first isolated from the flowers and 

leaves of the feverfew plant (Tanacetum parthenium) and has been used for centuries 

to treat fever, migraine headaches, rheumatoid arthritis, and as a general anti-

inflammatory agent. It was first recognized as having antineoplastic properties in 1973, 

and has been found to be effective, both in vitro and in mouse models, for numerous 

types of human cancers, including leukemias and lymphomas. Importantly, apoptosis in 

cancer cell populations is observed at PTL concentrations that are not cytotoxic (~1-10 

µM).  

PTL induces apoptosis in neoplastic cell populations via multiple mechanisms, 

which include NF-kB, AP-1, MAP kinase, and JAK-STAT inhibition, as well as disruption 

of the mitotic spindle, activation of p53, perturbation of redox balance within the cell, 

and epigenetic mechanisms (global DNA hypomethylation and proteasomal-mediated 

degradation of histone deacetylase 1 activity). On one hand, a drug with pleiotropic 

effects like PTL holds promise for anticancer therapy, as various sub-clones within a 

tumor may have different vulnerabilities that can all potentially be targeted by one drug, 
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and may therefore be uniquely situated to overcome cancer cell drug resistance. On the 

other hand, in the age of molecularly targeted, “personalized” anticancer strategies, 

such compounds can be viewed with less enthusiasm as “dirty drugs,” due to the 

tendency of such compounds to induce toxic or off-target effects.157  

Two major mechanisms of PTL’s action that are explored in this research include 

NF-kB inhibition and perturbation of redox balance in the cell. In NF-kB/p65, Cys 38 

participates in DNA binding by forming a hydrogen bond with the sugar-phosphate 

backbone.  Parthenolide targets the DNA binding domain of RelA/p65 via covalent 

cysteine adduction at Cys 38.39 Additionally, PTL demonstrates inhibition of IkB 

degradation via inhibition of IKKB, which is mediated via Michael addition between PTL 

and Cysteine 179 of IKKB.157  

Despite PTL’s promise as an antineoplastic agent, a major previous limitation 

was its lipophilicity/poor water solubility, a characteristic shared by other natural 

lactones.70 To address this limitation, a number of water-soluble, aminoparthenolide 

analogs were synthesized, including the fumarate salt of dimetylaminoparthenolide 

(DMAPT), which has 1000-fold increased water solubility, and has demonstrated 

apoptosis in cultured human AML, CLL (chronic lymphocytic leukemia) and CML 

(chronic myeloid leukemia), as well as dogs with acute leukemia.102  

Intriguingly, in addition to causing death in bulk leukemic cell populations, PTL 

appears to prevent engraftment and metastasis of human acute myeloid leukemia 

(AML) cells, which indicates that it inhibits the action of leukemia stem cells, or LSCs.51 

These are a small subpopulation of primary cancer cells expressing stem-cell markers 

that are difficult to treat, as they are capable of initiating and re-establishing disease and 
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tend to divide slowly, and are therefore resistant to therapeutics that target rapidly 

dividing cells (chemotherapeutics and radiation). Although exploration of stem cell-like 

sub-populations is not an aim of this research, the possibility that PTL may target highly 

resistant clones of cells makes it a promising therapeutic for many cancer types.  

Parthenolide effectively inhibits growth in canine cancer cell lines of different 

types, often at achievable, single-agent doses (data to be presented in Chapter 2). 

However, since tumor subclones develop therapeutic resistance over time, and for any 

given cancer type or patient, multiple agents may be desirable or even necessary, it is 

important to note that for human cancers, PTL appears to be broadly synergistic with a 

range of other therapeutics.43   

Although PTL’s use has been explored in a variety of leukemias and solid cancer 

types in mouse models and in humans, to our knowledge, this is the first research that 

explores PTL as a candidate therapeutic for human mast cell neoplasia, HS, or 

HSA/angiosarcoma.  

 

Redox balance in cancer cells 

 Reactive oxygen species, or ROS, exist in a delicate balance with cellular 

antioxidants. While moderate increases in ROS can, in fact, be beneficial to the cell and 

promote proliferation and differentiation, excessive amounts can cause oxidative 

damage to lipids, proteins, and DNA.141 Disruptions of redox homeostasis, or “oxidative 

stress” in cells may be due to increased ROS production or a relative decrease in the 

ability of the cell to counter that production (via scavenging systems such as superoxide 

dismutases, glutathione peroxidase, and thioredoxin).141 Relatively increased oxidative 
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stress has been documented in cancer cell lines, as well as primary cells and tissues 

that have been directly isolated from patients. Leukemia cells freshly isolated from 

patients have increased ROS production compared with normal lymphocytes, studies of 

solid tumors have shown increased levels of oxidative damage products, and the levels 

of ROS-scavenging enzymes, such as glutathione peroxidase, have been shown to be 

significantly altered in malignant cells and in primary cancer tissues.133,23,65,108,76 

Importantly, oxidative stress in cancer cells has been observed in very aggressive 

tumors with poor prognoses, such as glioblastoma multiforme.127 Greater understanding 

of oxidative stress, as well as investigation of therapeutics that can target aberrant 

redox status of tumor cells, is needed to improve therapeutic outcomes for these 

cancers.  

While an increase in oxidative stress may play an important role in cancer 

initiation and progression, it has the potential to simultaneously increase cellular 

vulnerability to additional ROS insults that are introduced by exogenous agents, such as 

chemotherapeutics that may alter redox balance. Potential mechanisms of increased 

oxidative stress in cancer cells include alterations in the tumor microenvironment 

(hypoxia, inflammation), activation of oncogenes, aberrant metabolism, mitochondrial 

dysfunction, and loss of functional p53.141,109,105 For example, constitutive activation of 

RAS protein signaling via overexpression or mutational activation is one of the most 

common genetic events in carcinogenesis, and is associated with increased ROS 

production and increased cellular oxidative stress.140 However, RAS-transformed cells 

are more susceptible to glutathione depletion than non-transformed cells.142,13 



 
10 

 There are many mechanisms by which cancer cells may achieve adaptation to 

oxidative stress over time. There is some evidence that exposure of normal epithelial 

cells to constant, low-level oxidants confers resistance to additional oxidative stress at a 

higher level.22,141 As various subclones of a tumor cell population are exposed to 

oxidative stressors, it is likely that those that are most resistant survive to continue 

proliferation. These more resistant cells are likely to have adaptive mechanisms, such 

as increased ability to scavenge ROS and the ability to promote cell survival 

pathways.141 For example, p53, the so-called “guardian of the genome,” has a critical 

role in preventing oxidative genetic mutation and instability, and acts as a transcription 

factor to regulate both pro-oxidant and antioxidant genes. Many tumors (both human 

and canine) exhibit loss of functional p53, which is associated with high oxidative stress 

and aggressive tumor growth.56,71,141,50 Redox adaptation via activation of ROS-

scavenging enzymes seems to be a major means by which cancer cells additionally 

adapt to maintain redox homeostasis. For example, multiple pathways may activate one 

or more redox-sensitive transcription factors, including NF-kB, Nrf2, and HIF-1, which 

lead to increased expression of antioxidant molecules. Some of these transcription 

factors can also promote expression of cell-survival molecules, such as BCL2.141 

Furthermore, these same transcription factors offer additional survival advantages, 

leading to cell signaling that favors proliferation, angiogenesis, and metastasis. At an 

advanced stage of disease, cancer cells may enter a vicious cycle, whereby ROS 

induce genetic mutations that lead to further metabolic aberrations and ROS production.  

 Therapeutics that modulate oxidative stress and preferentially target neoplastic 

cell populations have been referred to as “redox chemotherapeutics.”157  Some cancer 
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drugs that are well-established have also been shown to generate ROS, which in turn, 

contributes to apoptosis of cancer cells; these agents include paclitaxel, cisplatin, 

bortezomib, and etoposide.114,72,84,124 Actions of redox chemotherapeutics can occur via 

a structure-based mechanism (in which the activity of a molecular target is altered via 

binding of a ligand), or more commonly, a reactivity-based mechanism (in which the 

activity of the molecular target is altered through a chemical reaction).157 Some of these 

compounds have promising single-agent activity, while others may best be used as 

combinatorial drugs to achieve synergistic cytotoxicity.  

 

Examples of redox chemotherapeutics 

“Redox cyclers” react with flavoprotein reductases such as cytochrome P450 

reductase and NADPH:quinine oxidoreductase (NQO1) in the presence of reduced 

NADPH and generate superoxide in the presence of molecular oxygen.157 Examples of 

redox cyclers include anthracyclines, such as daunorubicin and doxorubicin. 

Doxorubicin can also chelate iron, which may trigger a Fenton-type reaction leading to 

the generation of a highly reactive hydroxyl radical.157,159,93  

Most redox-modulating enzymes relying on the pool of reduced glutathione 

(GSH) in the cell, so one therapeutic strategy is to decrease the reduced GSH pool 

within cancer cells.157,103 In theory, this would have a profound effect on cellular survival 

and drug sensitivity. Numerous compounds are electrophilic Michael acceptors, 

including curcumin, PTL, and cinnamic aldehyde. Typically, these Michael acceptors 

target thiol-group containing reaction partners via covalent adduction 

(thioalkylation).17,157,39,125 Therefore, redox alterations in target cells originate from 
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glutathione adduction and ROS formation downstream of glutathione depletion.157 

Covalent adduction of critical thiol residues also occurs in redox-sensitive target 

proteins that regulate cellular redox status, including components of NF-kB signaling or 

thioredoxin redox systems.157 Glutathione depletion can also be achieved by targeting 

its synthesis. Buthionine sulphoximine (BSO) is an inhibitor of gamma-glutamylcysteine 

synthetase (gamma-GCS), a rate-limiting enzyme for GSH synthesis.157,57 Inhibitors of 

the xc-cystine/glutamate antiporter, such as sulfasalazine, inhibit uptake of cystine, 

which is a rate-limiting substrate for GSH synthesis as well.49  

The thioredoxin system is also upregulated in cancer cells, and its upregulation 

has been specifically noted in aggressive and drug-resistant cancers. Some thioredoxin 

inhibitors include PX-12, which is a Trx-1 inhibitor with potent in vivo activity.157  

 

Mechanisms of resistance to antioxidants and redox chemotherapeutics 

Treatment with antioxidants is a double-edged sword; although increased 

oxidative stress is associated with the potential for tumor development, some 

antioxidants in clinical trials were surprisingly associated with increased cancer 

incidence, which may be related to inhibition of ROS-mediated apoptosis and promotion 

of tumor survival.11,141 Antioxidant treatment also has the potential to decrease the 

antitumor effects of some agents that depend on ROS-mediated actions for cytotoxicity.  

 Since cancer cells have adapted to increased oxidative stress, some cells not 

only increase their ability to scavenge ROS, but also inhibit cellular apoptosis despite 

ROS-mediated damage, which can potentially necessitate treatment with agents that 

target multiple vulnerabilities in cancer cells. For example, multidrug resistant HL-60 
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leukemia cells are resistant to the cytotoxic effect of H2O2, which is apparently due to 

increased catalase activity.81,141 Several studies have shown that resistance to agents 

that induce intracellular ROS are correlated with increased antioxidant capacity.53,111,108 

One strategy to overcome redox adaptation in cancer cells is to target both the level of 

ROS and the function of survival proteins. PTL is such an agent which, depending on 

the cell type, exerts its antineoplastic activities via glutathione inhibition, redox 

perturbation, and inhibition of survival signaling via NF-kB. A concern with this 

multifaceted approach is a theoretically increased risk of promoting mutations in normal 

cells as well. 

 

NF-kB Activation in Canine Cancer 

Nuclear factor kappa-light-chain-enhancer of B cells (NF-kB) is a transcription 

factor that is constitutively active in most human hematopoietic and solid tumor cell 

lines, and has also been demonstrated in tumor tissues from human patients with 

diverse cancer types, including multiple myeloma, acute myeloid leukemia (AML), acute 

lymphoblastic leukemia (ALL), chronic myelogenous leukemia (CML), prostate, and 

breast cancer.3,34  

The aim of this section is to provide an overview of what is currently known about 

NF-kB signaling in human health and cancer, and to collate available evidence 

documenting NF-kB overactivation in canine cancer. In addition to highlighting a 

pathway that is commonly dysregulated in both human and canine cancers, the 

literature suggests that NF-kB inhibition may be a viable treatment strategy for several 

canine cancer types.  
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NF-kB signaling in health 

NF-kB is a family of structurally related transcription factors that were first 

described in 1986 and are highly conserved in animals.80,120,131 Inactive NF-kB is 

sequestered in the cell cytoplasm until it is activated, when it translocates to the nucleus 

to bind DNA and initiate transcription of over 400 target genes that are important in 

normal immunity, growth, apoptosis, and inflammation.120,66,34 Target genes include 

inflammatory cytokines, adhesion molecules, inflammatory enzymes (such as 

cyclooxygenase-2), telomerase, anti-apoptotic proteins, and cell cycle-regulatory 

genes.120  

NF-kB may become activated via a canonical or an alternative signaling pathway 

(see Fig. 1.1). The canonical pathway is activated by diverse factors, including tumor 

necrosis factor alpha (TNF-a), interleukin-1 (IL-1), and lipopolysaccharide (LPS), and 

this pathway is critical for innate immunity, inflammation, and inhibition of apoptosis.131 

In the canonical pathway, NF-kB is a heterodimer made up of p50 and RelA subunits. 

NF-kB is sequestered in an inactive form in the cell cytoplasm with one of many 

inhibitory molecules containing ankyrin repeats that function as protein-protein 

interaction domains that interact with the Rel homology domains (RHDs) of NF-kB 

members; the most common inhibitory molecule is IkBa.120,131,66,34 Upon activation of a 

specific IkB kinase (IKK), phosphorylation of two conserved serine residues on the N-

terminal domains of IkB proteins leads to polyubiquitination and proteasomal 

degradation of the inhibitory molecule, which unmasks a nuclear localization signal, 
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allowing the NF-kB heterodimer to enter the cell nucleus and initiate transcription of 

downstream target genes.120,66,34  

The alternative pathway, by contrast, is important for B cell maturation, formation 

of secondary lymphoid organs, and production of high-affinity antibodies, and is 

activated by NF-kB inducing kinase (NIK).131,120 NIK phosphorylates IKKa, which then 

phosphorylates pre-existing p100/NF-kB2:RelB heterodimers, triggering the processing 

of inhibitory p100/NF-KB2 to p52. Active p52:RelB complexes can then translocate and 

activate downstream target genes.120,132,66,34  

 

Figure 1.1: NF-kB signaling cascade. The left side of the diagram (white background) shows 
the canonical signaling pathway, while the alternative pathway is on the right side of the 
diagram (blue background). The canonical pathway is critical for innate immunity, inflammation, 
and inhibition of apoptosis, and in this pathway, NF-kB is a heterodimer made up of p50 and 
RelA subunits (shown above in purple). This heterodimer is sequestered in an inactive form in 
the cell cytoplasm by an inhibitory molecule; IkBa is most common and is shown above in red. 
Upon activation of a specific IkB kinase (IKK), phosphorylation of two conserved serine residues 
on the N-terminal domains of inhibitory IkB proteins leads to polyubiquitination and proteasomal 
degradation of the inhibitory molecule, which unmasks a nuclear localization signal, allowing the 
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NF-kB heterodimer to enter the cell nucleus and initiate transcription of downstream target 
genes. In the alternative pathway, which is important for appropriate B cell maturation, formation 
of lymphoid organs, and production of high-affinity antibodies, NF-kB inducing kinase (NIK) 
phosphorylates inhibitory IKKa, which then phosphorylates pre-existing p100/NF-kB2:RelB 
heterodimers (shown in green and orange above). This triggers the processing of inhibitory 
p100/NF-KB2 to p52. Active p52:RelB complexes can then translocate and activate downstream 
target genes. RE = response element, a binding site for active NF-kB.  

 

In health, NF-kB overactivation is prevented via tightly regulated negative feedback 

loops that limit the duration of NF-kB nuclear localization. IKBa has a nuclear export 

sequence that can bind to NF-kB and remove it from the nucleus. In addition, there are 

several deubiquitinating enzymes (CYLD, A20, and Cezanne) that are induced by pro-

inflammatory signaling and block IKK activation by removing polyubiquitin chains from 

IKBa. This results in stabilization of newly synthesized IKBa and prevents additional NF-

kB activation.120 

NF-kB has many important roles, but most of the inducible activity of NF-kB 

appears to be important in mounting effective immune responses and functioning as an 

anti-apoptotic, pro-survival factor, which may help the body’s immune cells avoid death 

during infection.131  

 

NF-kB dysregulation and cancer development 

While acute inflammation is self-limiting and readily resolved, overexuberant or 

chronic inflammation can lead to a permissive state in which pre-cancerous cells evade 

normal immunosurveillance and are more vulnerable to DNA damage and epigenetic 

change.36,148,110,38 The link between inflammation and cancer was suspected by 

Rudolph Virchow over 150 years ago, when he documented tumor-infiltrating 
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inflammatory cells in human breast carcinomas.10 The process of tumor development 

has been conceptualized with a classic stepwise evolution of malignancy in three 

phases: initiation, promotion, and progression.97 In initiation, normal cells accumulate 

genetic changes that cannot be repaired, such as point mutations, deletions, 

chromosomal rearrangements, and genetic methylation. Mediators of inflammation, 

including cytokines, reactive oxygen species (ROS), and prostaglandins, can initiate 

DNA mutations. Cells with minor DNA damage can often be repaired, and if the damage 

is irreparable, cellular death pathways are typically initiated so that these cells die via 

apoptosis. In some cases, however, cells with permanent mutations persist, and 

predispose cells to additional genetic alterations, leading to a selective cell growth 

advantage.97 Activation of oncogenes, deactivation of tumor suppressor genes, and 

regulators of cellular proliferation during initiation lead to tissue microenvironment 

alterations that help promote the expansion of initiated cells. Once a clone of neoplastic 

cells is established, they can induce and elaborate a pro-inflammatory 

microenvironment via recruitment of leukocytes and may promote genetic instability via 

release of ROS, leading to further genetic instability within the tumor 

microenvironment.20,148 Progression is the substantial growth and/or metastasis (distant 

spread) of cancer from its original site.97  

Constitutively active NF-kB is implicated in diseases that are associated with 

inappropriate inflammatory responses (such as asthma and autoimmune diseases) or 

unnatural survival (cancer).120 The mechanisms that lead to NF-kB overactivation in 

tumor cells can be due to upstream activation of NF-kB signaling, direct alteration of 

NF-kB signaling pathway members (for example, mutation of IkBa, enhanced 
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proteasomal activity), genetic alterations leading to the decoupling of NF-kB factors 

from their regulators, and autocrine and paracrine production of inflammatory 

cytokines.66,3,34 Some members of the NF-kB family are directly oncogenic, including c-

Rel, which consistently transforms cells in culture and is amplified in lymphomas47 and 

v-Rel protein, which leads to rapidly fatal lymphoma/leukemia in birds.46 Other known 

oncogenes that signal through NF-kB and lead to its overactivation include Ras, myc, 

Pim-2 (a transcriptionally regulated oncogenic kinase), and various viral proteins, 

including Kaposi's sarcoma-associated herpesvirus, hepatitis B virus protein HBx, EBV- 

latent membrane protein, and human T lymphocytic leukemia virus (HTLV-1).3,98  

There are several examples of work that demonstrate a link between 

inflammation and the perpetuation or development of cancer. For example, Taketomi et 

al. demonstrated that inflammation in a nontumorous part of the liver was a risk factor 

for recurrence of hepatocellular carcinoma following surgery.135 In a study by Pidgeon et 

al., Balb/c mice received mammary carcinoma cells via tail vein injection; some of these 

mice experienced surgical trauma or LPS injection, while controls received anesthesia 

only. Those that were exposed to surgical trauma or LPS had increased evidence of 

lung metastasis, as well as increased tumor cell proliferation and decreased apoptotic 

activity in tumor cells.112 Recently, in the evaluation of somatic mutagenesis in 

hematopoietic stem/progenitor cells in patients with cardiovascular disease, NF-kB 

overactivation was directly tied to the pro-inflammatory shift induced by clonal 

hematopoiesis (CH).2,61,26 Finally, modern mathematical evaluation of early B cell 

differentiation includes several biological perturbations with NF-kB signaling, and 

predicts that 1) constant but intermediate NF-kB signaling during B cell differentiation 
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promotes the emergence of a CXCR7+ B cell precursor that has a phenotype 

compatible with leukemia-initiating cells, and 2) constitutively overactive NF-kB 

signaling can potentially lead to a blockage in lineage commitment.36  

 

NF-kB signaling in cancer  

There are several distinctive and complementary capabilities that allow tumors to 

grow and spread in the body, known as the “hallmarks” of cancer.52 NF-kB is able to 

induce several of these cellular alterations, including evasion of apoptosis, self-

sufficiency in growth signaling, induction of angiogenesis, and induction of invasion and 

metastasis.  

 

Evasion of apoptosis: Cellular apoptosis is a programmed cell death pathway that is 

designed to activate following periods of significant physiologic stress or after the cell 

experiences irreparable damage. Despite exposure to many typically lethal cellular 

stresses, cancer cells are not only able to survive, but can gain new mutations and 

continue to evolve, ultimately becoming more aggressive. Some typically apoptosis-

inducing scenarios to which cancer cells are immune include cellular signaling 

imbalances that result from elevated levels of oncogene activation, DNA damage 

secondary to rapid, unchecked proliferation, and exposure to antineoplastic drugs or 

radiation.  

Apoptotic signaling partners are divided into two major pathways: the intrinsic 

pathway, which is involved in sensing intracellular signals, and the extrinsic pathway, 
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which is involved in processing extracellular death-inducing signals. Following initiation, 

the apoptotic cascade involves a sequence of caspase enzyme activation; ultimately, 

the cascade results in activation of key executioner caspases that disassemble the cell 

so that it can be consumed by phagocytic cells. The “trigger” that initiates the intrinsic 

apoptotic pathway is controlled by counterbalancing pro- and anti-apoptotic members of 

the Bcl2 family of proteins. Pro-apoptotic Bak and Bax are embedded in the 

mitochondrial outer membrane (MOM), and when relieved of inhibition by anti-apoptotic 

relatives, they create a pore within the MOM, allowing the release of cytochrome c, 

initiating apoptosis.  

Tumor cells have evolved a number of mechanisms to prevent or limit apoptotic 

activity, including loss of function of the TP53 tumor suppressor (a DNA damage 

sensor), increased expression of anti-apoptotic proteins such as Bcl2 or Bcl-xl, 

downregulating pro-apoptotic factors, or preventing binding of ligands that can induce 

extrinsic apoptosis.  

NF-kB was the first oncogenic transcription factor whose functional regulation 

was found to depend on its cellular localization rather than its level of transcription. 

Constitutive activation of NF-kB is seen in many different cancer types, and its 

activation, as mentioned previously, results in pro-survival signaling in most cells, 

inducing expression of at least 26 survival genes such as c-IAP1, caspase-8/FADD, 

(FAS-associated death domain)-like-IL-1B-converting enzyme (FLICE), TRAF, c-FLIP, 

and members of the BCL2 family, such as Bcl-xl.66,67,34 Most agents that experimentally 

induce apoptosis also activate NF-kB, consistent with NF-kB acting as part of the cell’s 

defensive machinery that can mediate chemoresistance and radioresistance.149,150 In 



 
21 

addition to mediating resistance to anticancer therapies, NF-kB has an important role in 

the emergence of neoplastic cells by preventing the death of cells that have undergone 

significant DNA damage; there is evidence for transcriptional antagonism between 

active NF-kB signaling and TP53, a checkpoint control colloquially known as the 

“guardian of the genome.”153,34 

Inappropriate constitutive activation of NF-kB can lead to unnatural survival of 

cells, promoting tumorigenesis. For example, the NF-kB target c-IAP1 can directly block 

caspase functions or indirectly induce their ubiquitination and degradation. TRAF 

proteins amplify NF-kB signaling activation and interfere with the caspase cascade. c-

FLIP, once activated, associates with TNFR to compete with and block caspase-8 

activation. Finally, as previously mentioned, mitochondrial cytochrome-c release into 

cytosol leads to activation of the intrinsic apoptotic program, and this pathway is 

controlled at the mitochondrial membrane level by proteins of the Bcl2 family that are 

either pro or anti-apoptotic. NF-kB activation leads to transcription of several genes 

coding for anti-apoptotic proteins of the Bcl2 family, all of which act to prevent 

cytochrome c release. NF-kB can also prevent programmed necrosis by induction of 

genes that encode for antioxidant proteins.86  

NF-kB can also play a key role in regulating oxidative stress in cells. For 

example, when it is acutely expressed, it can induce nitric oxide (NO) synthesis, which 

has been described as a pro-apoptotic function;27,68 however, when there is chronic 

production of NO via constitutively active NF-kB signaling, apoptosis is inhibited.14,30 

NF-kB also regulates activation of heme oxygenase-1 (HO1), which enhances free 

heme catabolism and protects the cell from damaging effects to lipid bilayer cell 
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membranes.63,30 Upregulation of HO1 has been correlated with resistance to TNFa-

mediated apoptosis as well as resistance to chemotherapy-induced apoptosis.54,116,30 

Acquisition of limitless replicative potential: Overactive NF-kB can induce 

transcription of the gene for cyclin D1, which is involved in the G1/S transition of the cell 

cycle and therefore promotes cellular proliferation.66 Several inflammatory cytokines that 

are downstream of NF-kB activation can serve as growth factors for tumor cells, 

including IL-2, granulocyte macrophage colony stimulating factor (GM-CSF), IL-1B 

(AML), TNFa (Hodgkin’s lymphoma), and IL-6 (multiple myeloma).66,104,3  In addition, 

telomerase reverse transcriptase (TERT) protects the telomeres of neoplastic cells from 

shortening, which ultimately prevents normal cellular senescence or cell death. Because 

NF-kB overactivation can lead to TERT-dependent transcription and induction of 

telomerase activity, this is another means by which cells can acquire limitless replicative 

potential.83,45,9 

Induction of angiogenesis: Cytokines that are enhanced by NF-kB activity can also 

lead to constitutive expression of angiogenic chemokines and growth factors (such as 

IL-8 and vascular endothelial growth factor [VEGF]), which affect tumor vessel growth 

and ultimately, lead to tumor dissemination.66,59  

Induction of invasion and metastasis: Metastasis is mediated in part via the 

expression of various adhesion molecules, including ICAM-1, VCAM-1, and ELAM-1, 

which are in turn mediated by NF-kB.146,34 Tumor invasion is also regulated, in part, by 

NF-kB-regulated gene products, including matrix metalloproteinases (MMP), urokinase 

plasminogen activator (uPA), and IL-8.66 Inducible nitric oxide synthase (iNOS) has also 

been linked with metastatic activity of neoplastic cells.139  
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From these available data, it is tempting to conclude that NF-kB activation is 

always connected with tumorigenesis, but there are some scenarios in which the 

opposite is true. Interestingly, NF-kB blockade has been experimentally associated with 

the spontaneous development of squamous cell carcinomas and other cutaneous 

neoplasms.147,29 Work by Nakagawa et al. attempted to discern the role of constitutively 

active NF-kB signaling in leukemogenesis by studying mice that express constitutively 

active IKK2. These mice demonstrated a reduced pool of hematopoietic stem cells 

(HSCs), and the functions of the remaining HSCs were compromised. Mice 

demonstrated a hyper-proliferative phenotype of HSCs with loss of quiescence.101 

Interestingly, increased HSC turnover and impaired HSC function are also seen in mice 

that have a deficiency of RelA.130 While it is unclear as to why both loss and gain of NF-

kB function would lead to a similar phenotype, Nakagawa et al. speculate that "fine-

tuning" of NF-kB signaling is necessary for HSC biology.101 Thus, while several NF-kB 

inhibitory drugs are being developed for cancer treatment, caution is warranted, as the 

activation or inactivation of NF-kB may lead to tumorigenesis, depending on the specific 

circumstances.3  

 

NF-kB inhibition in cancer therapy 

Because NF-kB activation requires the activation of multiple steps in signaling, 

there are numerous ways in which signaling can be interrupted at various points in the 

process. Examples of anticancer therapeutics that have been explored in human 

medicine include those that interfere with IKK activity (anti-inflammatory drugs and 

natural compounds such as curcumin), those that bind NF-kB and prevent its nuclear 
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translocation, and proteasome inhibitors that prevent NF-kB activation by blocking 

degradation of inhibitory molecules like IkB.34,43,160,136,44,123 As previously mentioned, our 

group has been investigating the therapeutic potential of PTL, a sesquiterpene lactone 

originally purified from the shoots of feverfew (Tanacetum parthenium) to treat various 

canine cancers. This is a drug that appears effective for several types of human cancer, 

and mechanistically, exerts its anticancer effects in part via NF-kB inhibition.43 Many 

different canine cancer cell lines are sensitive to parthenolide and exhibit NF-kB 

inhibition following treatment (see Chapter 2).  

 

NF-kB overactivation in canine cancers 

Leukemias and lymphomas 

Gene expression profiling (GEP) of human diffuse large B cell lymphomas 

(DLBCL) distinguishes two primary neoplastic subtypes: those that arise from cells 

within germinal centers (GC) and those that are immediately post-germinal center and 

differentiating toward plasma cells (ABC).7,5 Although these two types of cancer are 

histologically identical, the chromosomal aberrations and pathways that drive their 

differentiation are different, and most notably, NF-kB activation is characteristic of ABC 

DLBCL but not GC DLBCL.31,162 By comparison, GEP of canine DLBCL reveals a gene 

expression pattern typically most similar to ABC DLBCL, in part because of 

constitutively active NF-kB signaling and activation of downstream anti-apoptotic genes 

in most cases.115,6,7  
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Constitutive activation of both the classical and alternative NF-kB signaling 

pathways has been documented in dogs with DLBCL.42,119,99 Inactivating mutations in 

TRAF3 were first identified in canine DLBCL, then in some human DLBCL samples.16 

TRAF3 encodes a negative regulator of the non-canonical NF-kB pathway, leading to 

upregulation of NF-kB. In addition, mutations that lead to constitutively active canonical 

NF-kB signaling (in TNFAIP3 and CD79b) were observed in low numbers of canine 

DLBCL cases.7,16 These studies provide convincing evidence that NF-kB overactivation 

is important in the pathogenesis of canine DLBCL.  

The importance of NF-kB signaling in canine lymphoma and leukemia has also 

been documented during the evaluation of multiple investigational anticancer 

compounds, discussed below.  

Intracellular transport between nuclear and cytoplasmic compartments is 

regulated by importins and exportins, and of the seven known exportins, most tumor 

suppressor proteins and IkB are transported out of the cell nucleus by exportin 1 

(XPO1/CRM1). Stabilization of IkB within the cell nucleus may neutralize constitutively 

active NF-kB activity in canine lymphoma. KPT-335 is a selective inhibitor of nuclear 

export (SINE) that has shown biological activity in vitro and in vivo in dogs with 

previously progressive non-Hodgkin’s lymphoma.121,85,117  

In a study evaluating PTL in inhibition of NF-kB activity in human leukemic stem 

cells, Guzman et al. also evaluated cells from dogs with acute leukemia. They found 

that most acute leukemia cells from dogs (7/8 samples) exhibited constitutive activation 

of NF-kB and that exposure to PTL in vitro led to decreased NF-kB activity and 

decreased survival. Three dogs with acute leukemia also received PTL therapy, and 
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peripheral blood from these animals demonstrated a rapid and consistent reduction in 

immature CD34+ cells in these animals following treatment, consistent with 

differentiation and/or death of primitive leukemia cells.51 In this manuscript, the authors 

demonstrated active NF-kB signaling in part by demonstrating nuclear p65 

immunofluorescence that was inhibited by PTL therapy. This experiment was repeated 

in several types of hematopoietic tumors in dogs, with similar results (data to follow).  

Bortezomib is a proteasome inhibitor that has been utilized for treatment of 

human multiple myeloma and other hematological malignancies. A primary mechanism 

of action for this drug is via NF-kB inhibition, which was investigated in canine leukemia 

and lymphoma cell lines by Kojima et al. This study demonstrated constitutive activation 

of NF-kB in some cell lines, and showed that treatment with bortezomib prevented 

nuclear translocation of NF-kB and inhibited the growth of several cell lines.74  

Methotrexate (MTX) is an antimetabolite used as an anticancer therapeutic in 

various types of canine and feline cancer, including lymphoma. Pawlak et al 

investigated MTX-induced cell death in canine lymphoma and leukemia cell lines. Their 

data suggest that apoptotic cell death is mediated via inhibition of NF-kB, leading to 

decreased expression of Bcl2, and enabling activation of the intrinsic apoptotic 

cascade.107  

Finally, work by Matsuda et al. showed that inhibition of NF-kB by the synthetic 

compound IMD-0354 in canine lymphoma cells could increase glucocorticoid receptor 

expression, sensitizing cells to dexamethasone.89 This work implies that combination 

therapy with glucocorticoids and NF-kB inhibitors may be beneficial for some dogs with 

lymphoma.  
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Hemangiosarcoma 

As previously discussed, angiosarcomas (AS) are rare vascular tumors of 

endothelial origin, comprising approximately 1-2% of sarcomas in humans, and shared 

mutations in both species imply a shared pathogenesis for this disease.  

Yunnan Baiyao is a Chinese herbal medication that has been used in people for 

its hemostatic properties and is used anecdotally in dogs with visceral HSA. A study by 

Wirth et al. demonstrated that Yunnan Baiyao induces both time and dose-dependent 

apoptotic cell death in canine HSA cell lines in vitro. Intriguingly, they noted that wild 

yam root, a component of this medication, contains a plant phytosterol estrogen known 

as diosgenin, which induces anti-proliferative and pro-apoptotic effects, in part via 

downregulation of NF-kB.155,90,4 

 

Mammary cancer  

Building evidence in the literature suggests a role for overexuberant NF-kB 

signaling in canine mammary cancer. In neoplastic mammary tissues from dogs, 

several researchers have found molecular evidence consistent with NF-kB 

overactivation. In a canine model of breast ductal carcinoma in situ (DCIS), Mohammed 

et al. evaluated the transcriptome of mammary lesions along the continuum of cancer 

progression in the mammary gland, and found that NF-kB was differentially 

overexpressed in canine DCIS and cancer as compared to samples from normal tissues 

and dogs with atypical ductal hyperplasia.94 Zhang et al. reported relative miR-497 
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downregulation in canine mammary cancer tissue and discovered that restoration of 

miR-497 inhibits active NF-kB signaling in vitro.163 Protein phosphatase 2A (PP2A) is an 

evolutionarily conserved serine/threonine protein phosphatase that functions as a tumor 

suppressor that can be inhibited by SET; increased SET protein levels in canine 

mammary cancer and osteosarcoma (OS) leads to a decrease in PP2A activity, which 

in turn positively regulates mTOR, B-catenin, and NF-kB signaling in these cells.143,64  

Lee et al. evaluated the secreted frizzled protein 2 (sFRP2) overexpression in 

canine mammary tumor cells, which they documented as key to resistance to apoptosis. 

Using electrophoretic mobility shift assays (EMSAs), they found that the UV-induced 

level of active NF-kB in mammary gland cells expressing sFRP2 was significantly 

increased relative to NF-kB activity in control cells, suggestive of NF-kB-mediated 

apoptotic resistance.79  

There is some evidence suggesting that NF-kB overactivation is correlated with a 

poorer prognosis. A study evaluating immunohistochemical staining of NF-kB p65 in 

canine mammary tumors found that higher nuclear expression of NF-kB was correlated 

with larger tumor size, lymph node metastasis, and higher mitotic index (MI), while a 

correlation with distant metastasis nor cyclin D1 expression was not observed.92 Martins 

et al. also observed an association between increased NF-kB activation and poorer 

prognosis in dogs with mammary cancer.87  

 

Malignant Melanoma 
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In a study comparing the transcriptome of canine oral malignant melanoma in 

comparison with human disease, there was > 80% homology in upregulation of 

significant oncogenes, with activation of the JAK-STAT pathway being the most 

frequently upregulated pathway in both species. In addition, several target genes of NF-

kB were upregulated, consistent with NF-kB activation, and binding motifs for NF-kB 

were observed in the highest number of upregulated differentially expressed genes 

(DEGs) in canine melanoma.113  

 

Glioma 

During transcriptome evaluation of canine oligodendroglioma tissues, Mitchell et 

al. found that IRX5, important for cancer cell survival, was among the top 10 

upregulated genes relative to normal brain tissue.91 While IRX5 has not been 

characterized in glioma, its overexpression has been found to contribute to NF-kB 

overactivation and interactions with osteopontin in (human) tongue squamous cell 

carcinoma.58  

 

Osteosarcoma 

Osteosarcoma is a malignant mesenchymal tumor affecting bones and soft 

tissues of dogs and humans; in dogs, it is the most common primary bone tumor and 

shares clinical and biological similarities to human cancer.158,156   
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As previously stated, increased SET protein levels in canine OS positively 

regulate NF-kB signaling secondary to decreased PP2A activity.143,64  

Iyer et al. performed genome-wide RNAi screening in canine OS cells to identify 

genes correlated with aggressive features (growth and survival in anchorage-

independent conditions) and found that TMIFGD3 (transmembrane and immunoglobulin 

domain containing 3) expression decreased cell sphere formation and downregulated 

NF-kB activity.60  

Additionally, there is some interesting work demonstrating the effect of NF-kB 

overactivation within the tumor microenvironment in canine OS. Avnet et al. found that 

interstitial acidosis in canine OS is a microenvironmental condition that mimics wound 

healing and contributes to tumor cell proliferation via the release of mitogenic and 

chemotactic factors from reactive mesenchymal cells.12 In subsequent work, this group 

evaluated the role of mesenchymal stem cells (MSC) in OS, and determined that co-

culture with MSC previously incubated for 10 hours in an acidic environment enhanced 

OS tumorigenicity, mediated largely via MSC-stimulated activation of NF-kB.8  

 

Prostate Cancer 

The only non-human animal known to spontaneously develop prostate cancer is 

the dog, which makes dogs a good large animal model for this human disease.129,82  

AR-42 is a histone deacetylase inhibitor (HDACi) that inhibits the proliferation of several 

different cancer types. AR-42 upregulated PTEN and downregulated PI3K and NF-kB 
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expression in canine prostate cancer cells, leading to resistance to anoikis and 

repression of pro-apoptotic proteins.35  

 

Studies including multiple cancer cell types  

CIGB-552 is an anticancer peptide that induces expression of copper metabolism 

domain-containing protein 1 (COMMD), leading to ubiquitination of NF-kB RelA and cell 

death in cancer cell lines.145,37 In a pilot clinical trial of CIBG-552, dogs with lymphoma 

(3), malignant melanoma (1), and mast cell tumor (1) experienced clinical benefit.145  

 

Specific Aims and Project Rationale 

 The overarching goals of this project are to determine whether PTL may be a 

viable therapeutic for disseminated neoplasms in dogs and humans. Because some of 

these cancers are relatively more common in some dog breeds than in humans, this 

study may lay the groundwork for future clinical trials for PTL or other therapeutics that 

can exploit alteration of NF-kB activity in both species. To this end, the specific aims of 

this research are the following: 

1. Characterize changes in NF-kB activity and redox balance in canine cell lines with PTL 

therapy. 

2. Characterize NF-kB expression in spontaneous tumors in dogs, using both archived, 

formalin-fixed, paraffin-embedded tissues and primary lymphoma cells isolated from 

lymph node aspirates of dogs. 
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3. Characterize PTL’s antitumor activity, both as a single agent, and in combination with 

other standard-of-care chemotherapeutics, in canine cell lines. 

4. Develop a murine xenograft model of disseminated canine HS, then evaluate PTL alone, 

and in combination with lomustine/CCNU in this model.  
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CHAPTER 2: PARTHENOLIDE AS A THERAPEUTIC IN CANINE NEOPLASIA 
 
 
 

Overview 
 

This study provides a unique translational research opportunity to help both 

humans and dogs diagnosed with diseases that carry dismal prognoses in both species: 

histiocytic sarcoma (HS), hemangiosarcoma (HSA), and disseminated mastocytosis 

(MCT). Although disseminated HS, MCT and visceral HSA are exceedingly rare 

diseases in humans, they are relatively more common in some dog breeds, giving us 

the opportunity to study this disease in a larger population than would otherwise be 

available. Because lymphoma is a common cancer affecting both dogs and humans and 

there is significant cross-species similarity, dogs are also an excellent model for 

lymphoma. Therapeutics evaluated in dogs with these diseases stand to benefit both 

canine and human patients.  

Assays were performed to assess the therapeutic potential of parthenolide (PTL), 

a known canonical NF-kB signaling inhibitor with additional mechanisms of 

antineoplastic activity, including alteration of cellular redox balance. Growth inhibition 

assays were performed with canine cell lines and primary lymphoma cells isolated from 

canine patients, using PTL alone or in combination with redox-perturbing standard-of-

care therapeutics. Cell death was assessed using flow cytometry. Immunofluorescence 

was used to assess NF-kB localization, western blot was used to assess NF-kB activity 

with and without PTL, and canine cells were transfected with a reporter gene cassette 

containing the NF-kB consensus sequence followed by firefly luciferase gene to study 

the effect of PTL on NF-kB-related luminescence. PTL’s effects on glutathione and 
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reactive oxygen species generation were assessed with a colorimetric assay and a 

fluorescent H2DCFDA assay, respectively. Genetic expression changes were assessed 

with RNA sequencing of HS cells, with and without PTL treatment. A mouse model of 

disseminated HS was created with NF-kB luminescent cells to study the effect of PTL 

on this disease in vivo.  

Canine cell lines and primary cells are sensitive to PTL and undergo dose-

dependent apoptosis following exposure to drug. PTL exposure also leads to 

glutathione depletion, reactive oxygen species generation, and NF-kB inhibition in 

canine cells. Standard-of-care therapeutics broadly synergize with PTL. In two canine 

HS cell lines, genetic expression of NF-kB pathway signaling partners is downregulated 

with PTL therapy. Preliminary data suggest that PTL inhibits NF-kB activity of cells in a 

mouse model of disseminated HS.  

 Overall, these data support further investigation of compounds that can 

antagonize canonical and alternative NF-kB pathway signaling, which are overactivated 

in canine lymphoma, HS, HSA, and MCT disease. PTL is one promising therapeutic that 

acts, in part, via canonical NF-kB antagonism in canine neoplasms. Further 

investigation of this compound in vivo is underway in a mouse model of disseminated 

HS, and if this study is successful, it will provide strong justification for clinical trials with 

this compound in dogs.  

 
Introduction 
 

Parthenolide (PTL), a sesqueterpine lactone, is a secondary metabolite produced 

by many plants, but originally isolated from the aerial parts (shoots and leaves) of the 
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Feverfew plant (Tanacetum parthenium).8 In the plant, it serves a defensive 

mechanism, and prevents predation by insects and animals by imparting a bitter flavor, 

and by compromising the cell walls of fungi and bacteria. Initially, this compound was 

used medicinally to treat a variety of inflammatory conditions, including osteoarthritis.2 

Its use is documented as early as 3,000 years ago in the Balkans.23,8 Beginning in the 

1970s, PTL began to gain recognition as an antineoplastic compound, and has been 

evaluated in a variety of hematopoietic and solid human tumors.8,36 There are multiple 

ways in which PTL can selectively target cancer cells, while sparing normal cells from 

negative effects of the drug. These include NF-kB inhibition, altered cellular redox 

balance, tubulin carboxypeptidase inhibition, and DNA methyltransferase-1 (DNMT1) 

inhibition.8  

As discussed in the first chapter, the NF-kB family of inducible transcription 

factors controls cytokine production, cell survival, and other important cell events, and 

especially plays a key role in regulating the innate immune response to infection. It is 

commonly overactive in cancer cells, leading to key features involved in tumorigenesis. 

Although many human tumors have been documented as having constitutively active 

NF-kB activity, this is less documented in dogs, although there is some literature (as 

reviewed in Chapter 1) that suggests constitutive NF-kB is also common in canine 

cancer. While evaluating PTL as an anti-leukemic drug in people, a small group of dogs 

with acute leukemia were treated with an orally bioavailable fumarate salt of PTL 

(dimethylamino-PTL, or DMAPT), and their cells demonstrated inhibition of constitutively 

active NF-kB signaling. This initial experiment laid the foundation for additional 

investigation of PTL’s activity in dogs with cancer.  



 
49 

Dogs, as previously mentioned, are uniquely positioned as a natural animal of 

various human cancers, since pathology is often conserved between species and dogs 

share our environments. If comparative oncologic research is successful, its lessons 

can be used to improve therapeutic approaches and outcomes for both species. There 

are several hematopoietic neoplasms that are relatively more common in some dog 

breeds as compared to humans, and therefore, the opportunity to study natural 

populations with these diseases is greater in dogs. These include mast cell neoplasia, 

histiocytic sarcoma, and hemangiosarcoma. When these diseases are disseminated 

throughout the body, they are uniformly lethal in both dogs and humans. Objectives with 

this research were to 1) assess the sensitivity of canine cancer cell lines to PTL and 

determine whether this may be due to NF-kB inhibition and/or redox perturbation, 2) 

evaluate the potential sensitivity to PTL in patient-derived samples, and 3) evaluate 

PTL’s effects in a canine xenograft in vivo model of disseminated histiocytic sarcoma.  

 

Materials and methods 

 

Cell lines and conditions 

The canine cancer cell lines utilized in this study were generously provided by 

researchers at other institutions, purchased from the American Type Culture Collection 

(ATCC), or established from tumor samples in-house (Table 2.1). Cells were 

maintained in appropriate media for the cell line (RPMI 1640 for lymphoma, leukemia, 

and mast cell lines, and DMEM – or Dulbecco’s minimum essential medium for all other 

cell lines). Media was supplemented with 1x MEM vitamin solution (Cellgro, Henderson, 
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VA), 2 mM L-glutamine (Cellgro), 1 mM sodium pyruvate (Cellgro), and 10% heat-

inactivated fetal bovine serum (FBS) (Atlas, Fort Collins, CO). When cells reached 75% 

or greater confluency, they were passaged appropriately (with a sterile cell scraper for 

non-adherent cell lines or with trypsinization for adherent cells). Cells were incubated in 

a humidified atmosphere with 5% CO2 at 37 degrees Celsius. Cell lines were 

authenticated via short tandem repeat analysis and a multispecies multiplex PCR assay 

(as previously described),22 and confirmed to be mycoplasma-free prior to use in 

assays, except for primary HS cells derived from lung tissue (Lacy).  

 

Table 2.1: Canine cell lines evaluated in this study.  

CELL LINE NAME CANCER TYPE SOURCE  BREED 

ANGUS Bladder Transitional Cell Carcinoma Tufts (E. McNiel) Scottish Terrier 

BLILEY Bladder Transitional Cell Carcinoma CSU (S. Dow) Shetland Sheepdog 

KINSEY Bladder Transitional Cell Carcinoma Tufts (E. McNiel) Australian Shepherd 

TYLER1 Bladder Transitional Cell Carcinoma Tufts (E. McNiel) Beagle 

TYLER2 Bladder Transitional Cell Carcinoma Tufts (E. McNiel) Beagle 

CH52 Hemangiosarcoma CSU (D. Duval)   

CH58 Hemangiosarcoma CSU (D. Duval)   

CINDY Hemangiosarcoma     

DEN-HSA Hemangiosarcoma UWM (D. Thamm) Golden Retriever 

SB Hemangiosarcoma UWM (E. Dickerson) German Shepherd 

BD Histiocytic Sarcoma MSU (V. 
Yuzbasiyan-Gurkan) 

 

CSYN27 Histiocytic Sarcoma CSU (D. Duval)   

DH82 Histiocytic Sarcoma ATCC Golden Retriever 

NIKE / MH Histiocytic Sarcoma MSU (B. Kitchell) Not collected 

LACY LUNG Histiocytic Sarcoma (Dendritic APC) CSU (D. Thamm) Bernese Mountain Dog 

LACY BLOOD Histiocytic Sarcoma (Dendritic APC) CSU (D. Thamm) Bernese Mountain Dog 

MH588 Histiocytic Sarcoma CSU (S. Dow)   

CLL1390 Leukemia UCD (P. Moore) Not collected 

1771 Lymphoma UPENN (K.A. 
Jeglum) 

Not collected 

CLBL1 Lymphoma Aus (B. Rutgen) Bernese Mountain Dog 

OSW Lymphoma OSU (W. 
Kisseberth) 

Not collected 

CMT12 Mammary Carcinoma AU (L. Wolfe) Not collected 
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BRMCT Mast Cell UCSF (W. Gold) Not collected 

C2 Mast Cell UCSF (W. Gold) Not collected 

17CM98 Melanoma UWM (G. Hogge) Not collected 

CML-10C2 Melanoma AU (L. Wolfe) Not collected 

CML-6M Melanoma AU (L. Wolfe) Mixed Breed 

JONES Melanoma CSU Not collected 

PARKS Melanoma CSU Not collected 

ABRAMS Osteosarcoma CSU/UWM Not collected 

D-17 Osteosarcoma ATCC Poodle 

GRACIE Osteosarcoma UWM(E.G. 
MacEwen) 

Not collected 

HMPOS Osteosarcoma Tokyo Mixed Breed 

MACKINLEY Osteosarcoma CSU Not collected 

MORESCO Osteosarcoma UWM (E.G. 
MacEwen) 

Not collected 

OS2.4 Osteosarcoma WSU (D. Kochevar) Not collected 

OSA8 Osteosarcoma UM (J. Modiano) Not collected 

VOGEL Osteosarcoma CSU Not collected 

STSA-1 Soft Tissue sarcoma UI (A. MacNeill) Golden Retriever 

CTAC Thyroid Carcinoma OSU Boxer 

 
AU: Auburn University. Aus: Veterinary University of Austria. CSU: Colorado State University. MSU: 
Michigan State University. OSU: The Ohio State University. Tokyo: University of Tokyo. UCSF: 
University of California San Francisco. UI: University of Illinois at Urbana‐Champaign. UM: University 
of Minnesota. UPENN: University of Pennsylvania. UWM: University of Wisconsin‐Madison.  WSU: 
Washington State University.  
 

Primary cells 

 Primary lymphoma cells were collected from lymph node aspirates of patients in 

the Flint Animal Cancer Center (FACC) at Colorado State University under an approved 

Colorado State University Veterinary Teaching Hospital Clinical Review Board protocol 

and with signed informed owner consent. Following collection, aspirated cells were 

placed in cell media. Following centrifugation of cells, any erythrocytes in suspension 

were lysed with ACK (Ammonium-Chloride-Potassium) buffer (Thermo-Fisher Scientific, 

Waltham, MA) prior to placement in RPMI 1640 C/10 media with 20% FBS and 50 

ng/mL megaCD40L (Enzo Life Science, Plymouth Meeting, PA).11  
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 Peripheral blood was collected from FACC patients, with approval by Colorado 

State University’s IACUC. Peripheral blood mononuclear cells (PBMCs) were isolated 

using Lymphocyte Separation Medium (Sigma-Aldrich, St. Louis, MO) and standard 

methods. Briefly, peripheral blood was diluted with one volume of PBS and 2.5 mM 

EDTA in a 15 mL conical tube. LSM was gently added to the bottom of tube, and was 

centrifuged, without braking, for 15 minutes at 1,400 rpm. Following centrifugation, most 

plasma was gently removed using a serological pipette, and the PBMC layer was 

removed and placed in a new conical tube. Remaining blood components were 

discarded. The conical holding the PBMC layer was centrifuged at 1,400 rpm for 5 

minutes, and the supernatant was discarded. If erythrocytes were evident in the 

remaining cell pellet (imparting a grossly pink to red color), they were lysed with 5 

minutes of incubation with ACK lysis buffer.  

With permission from animal owners, primary HS cells were collected from 

pleural effusion fluid, peripheral blood, and in one case, post-mortem lung tissue, 

following cytologic diagnosis of disease by the author. The effusion fluid and blood 

specimens were treated in the same fashion as primary lymphoma cells (with lysis of 

erythrocytes in ACK buffer for 5 minutes at room temperature prior to placement in C/10 

media with 20% FBS). Immunocytochemistry was performed by the Leukocyte Antigen 

Laboratory at the University of California-Davis, to determine that cells of interest were 

of dendritic antigen presenting cell (APC) origin. Following initial documentation of HS 

cell sensitivity to PTL, cells were maintained in culture for four months from one patient 

to create two new canine HS cell lines.  
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Chemicals and antibodies 

 Parthenolide was obtained from Cayman Chemicals (Ann Arbor, MI) and was 

prepared as a 0.4 M stock solution, dissolved in dimethylsulfoxide (DMSO). Lomustine 

and toceranib were obtained from Selleck Chemicals (Houston, TX) and were prepared 

as a 50 mg/mL and 0.5 mg/mL stock solutions, respectively, dissolved in DMSO. 

Doxorubicin was obtained in a 2 mg/mL aqueous solution from the Veterinary Teaching 

Hospital pharmacy. Drug stocks were aliquoted and stored at -20 degrees Celsius, 

except for doxorubicin, which was stored in a -4-degree Celsius refrigerator. Antibodies 

used in this study are outlined in Table 2.2.  

 

Table 2.2: Antibodies used in this study.  

ANTIBODY 
CATALOG 
NUMBER 

SOURCE  TARGET  NF‐KB PATHWAY  DILUTION(S) 
USED 

AB16502  Abcam  p65/RelA  Canonical  0.5 ug/mL 
(WB, ICC), 
1:5,000 (IHC) 

AB76302  Abcam  phospho p65/RelA  Canonical  1:10,000 (WB) 
NB100‐82063  Novus Biologics  p100/p52  Alternative  1:1,000 (WB), 

1:200 (IHC) 
AB133462  Abcam  phospho IKBa  Canonical  1:10,000 (WB) 
AB76429  Abcam  IKBa  Canonical  1:2,500 (WB) 
AB8227  Abcam  Beta‐Actin  N/A  1:2,500 (WB) 

 

Growth inhibition 

 For single agent evaluation with PTL, cells were plated in C10 at either 10,000 

cells/well (non-adherent lymphoma and leukemia cell lines) or 2,000 cells/well in 100 µL 

of C/10 medium and allowed to adhere for 24 hours. Cells were then treated with 100 

µL of media containing 2x of progressively decreasing PTL concentrations. After 72 

hours, relative cell viability was determined using a fluorometric assay that detects 
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metabolically active cells (Alamar BlueTM, Promega, Madison, WI), according to 

manufacturer instructions. Relative cell viability was expressed as a percentage of 

vehicle control-treated cells. Cellular viability was normalized to the mean of four vehicle 

control wells containing DMSO equivalent to the maximum concentration of PTL used in 

the assay. The IC50 was determined mathematically using non-linear curve fitting with 

the “log(inhibitor) vs. response” function in Prism v9 software (GraphPad, La Jolla, CA).  

  

Immunocytochemistry 

     Cells were grown to near confluence in (~90%) in T25 culture flasks and were 

treated with DMSO (vehicle control) or 7.5 µM PTL for 6 hours. Cells were harvested 

(via cell scraping or trypsinization, as appropriate), then washed with PBS. Following 

this, cells were suspended in PBS at a concentration of 400,000 cells/0.4 mL and were 

cytocentrifuged in Cytofuge Stat Spinfor 5 minutes at  1,400 RPM. Extraneous PBS was 

discarded, and slides were allowed to air dry for five minutes prior to fixation with 4% 

paraformaldehyde. Cells were permeabilized in 1% Triton X-100 in PBS, then were 

blocked with 10% fetal bovine serum (FBS) and 1% bovine serum albumin (BSA) in 

PBST (PBS + 0.01% Tween 20). Antibodies were diluted in PBST + 0.1% BSA. Slides 

were incubated overnight with primary antibody at 4 degrees Celsius in a humidified 

environment. The following day, slides were incubated with secondary antibody for 1 

hour at room temperature in the dark. Slides were kept in a dark, 4-degree Celsius 

environment prior to imaging with an Olympus IX83 confocal microscope. Slides with an 

isotype control antibody and without primary antibody were used as negative controls 

for the experiment.  
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NF-kB reporter cell line assays 

Hygromycin resistance was determined experimentally for three HS cell lines: 

DH82, NIKE, and MH588. Cell lines were transfected using electroporation (Electro 

Square PoratorTM 830, BTX, Holliston, MA) and the pGL4.32[luc2P/NF-κB-RE/Hygro] 

Vector, which contains five copies of an NF-κB response element (NF-κB-RE) that 

drives transcription of the luciferase reporter gene luc2P (Photinus pyralis). Following 

selection with hygromycin (150-250 ug/mL, depending on the cell line) for 2 weeks, 

cells were grown to 75% confluency in black-bottomed, 96-well plates (Corning), then 

treated in triplicate with serially diluted concentrations of PTL. Cells were treated with 

1:200, 30 mg/mL luciferin, followed by imaging with the IVIS. Luminescence of each 

well was measured as a percentage of the luminescence observed in vehicle control 

(DMSO-treated wells). Experiments were repeated three times to generate the 

luminescence-inhibition curves that are shown in this work.  

 

Differential expression of genes in cell lines that are relatively sensitive or 

resistant to PTL 

 RNA sequencing gene expression data (counts and relative log2-FPKM) for 32 

canine cancer cell lines were generously provided by Drs. Sunetra Das and Dawn 

Duval, and R code to determine differentially expressed genes was provided by Dr. 

Kathryn E. Cronise. Differentially expressed genes associated with PTL sensitivity were 

identified with DESeq2. Correlation with PTL logIC50 values was determined using 

Pearson correlations between z-score normalized CPM expression and PTL logIC50 
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values, requiring a Benjamini and Hochberg false discovery rate less than 0.05. Table 

2.3 below defines the most sensitive (IC50 < 5 µM PTL) or resistant cell lines (IC50 > 50 

µM PTL), for the purposes of this analysis.  

 

Table 2.3: Cell lines defined as sensitive and resistant for differential expression analysis.  

CELL LINE  TYPE  PTL  IC50 
OS2.4  Osteosarcoma  Sensitive  1.19 
CTAC  Thyroid  Sensitive  1.89 
CINDY  Hemangiosarcoma  Sensitive  3.16 
DEN‐HSA  Hemangiosarcoma  Sensitive  3.18 
CLBL1  Lymphoma  Sensitive  3.89 
CML‐10C2  Melanoma  Sensitive  4.23 
JONES  Melanoma  Sensitive  4.29 
CMT12  Mammary Tumor  Resistant  79.39 
MORESCO  Osteosarcoma  Resistant  94.73 
STSA‐1  Soft Tissue Sarcoma  Resistant  106.93 
D‐17  Osteosarcoma  Resistant  130.24 

 

RNA Sequencing 

 DH82 HS cells were plated to 50% confluency in T75 culture flasks and allowed 

to adhere overnight. Cells were treated with 10 µM PTL or vehicle in triplicate for 24 

hours, then washed and trypsinized. Following a wash with PBS, RNA was extracted 

from cells using the RNEasy Mini Kit (Qiagen, Germantown, MD). Sequencing was 

performed by Novogene (Sacramento, CA). Data analysis was performed with 

assistance from Dr. Sunetra Das. Briefly, low quality reads were removed with 

trimmomatic, and hisat2 was used to align reads to the canine reference genome. 

featureCounts was used to tabulate the number of reads per gene, then DESeq2 was 

used to identify differentially expressed genes.  
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RT-qPCR 

 Primers were designed using Primer-BLAST. Primers were designed to generate 

amplicons between 70-200 bp, intron-spanning, with 50-60% GC content, and to have 

melting temperatures between 57 and 63 degrees Celsius. Primers were ordered from 

Integrated DNA Technologies (IDT, Coralville, IA, Table 2.4).  

 

Table 2.4: Primers used for RT-qPCR experiments. HO = heme oxygenase. 

NAME  SEQUENCE  PRIMER PAIR 
EFFICIENCY 

TM (DEGREES 
CELSIUS) 

GC 
CONTENT 

HO_1F  CAG CAG AGC ACA AGA CTC GAC  94.70%  58.0  57.1 
HO_1R  CAC CGT TGC CAC CAA AAA GC 

 
58.0  55.0 

TNFAIP6_3F  GCT ACA ACC CAC ATG CAA AGG  99.36%  56.9  52.4 
TNFAIP6_3R  ACA TAG TCA GCC AAG CAG GC 

 
57.7  55.0 

HPRT_F  ACT TTG CTT TCC TTG GTC AGG CAG  97.74%  59.9  50.0 
HPRT_R  GGC TTA TAT CCA ACA CTT CGT GGG 

 
57.6  50.0 

  

Primers were centrifuged briefly to ensure the lyophilized primer was at the bottom of 

the tube. Primers were dissolved in nuclease-free water to achieve an end 

concentration of 100 µM. Primers were stored at -20 degrees Celsius when not in use. 

RNA was isolated using the RNeasy Mini Kit, as previously described. RNA quantity 

was measured using the Nanodrop, and quality was verified prior to cDNA synthesis. 

cDNA synthesis was performed using the QuantiTect Reverse Transcription Kit 

(Qiagen, Valencia, CA), and a no reverse transcriptase (no RT) control was made for 

each sample. cDNA quantity and quality were determined with the Nanodrop, and cDNA 

was diluted to a concentration of 12.5 ng/µL in nuclease-free water. Primer pairs were 

validated using serially diluted cDNA (50-0.04 ng) in addition to no RT controls. qPCR 

was performed with duplicate samples with denaturation at 95 degrees Celsius for 10 

minutes, followed by 40 cycles of 30 seconds at 95 degrees Celsius (melting) and 60 
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seconds at 60 degrees Celsius (annealing and elongation) using the iQ SYBR Green 

Supermix kit (Bio-Rad, Hercules, CA) with 100 nM forward primer and 300 nM reverse 

primer in 25 µL reactions on the Stratagene Mx3000P instrument. Validated primers 

were defined as having an amplification efficiency of 90-110% with a standard curve R2 

value of >0.98 and replicates within 0.5 CT. Dissociation curves were evaluated to 

determine whether the amplicon was likely to be a single product. qPCR was run using 

50 ng of RNA and one primer pair for HPRT (housekeeping gene) for normalization. 

Relative gene expression was determined using the delta delta CT (or ddCT) method, 

as previously described.18 

 

nCounter Canine IO (Immuno-oncology) Panel 

 DH82 and MH588 HS cells were treated (four technical replicates) with 10 µM 

PTL for 6 hours. Cells were harvested and RNA was extracted with an RNEasy Mini Kit 

(Qiagen, Germantown, MD). RNA quantity and quality were evaluated with a Nanodrop 

analyzer. Three samples from each group were selected (based on RNA quantity and 

quality) for downstream analysis. Nanostring sequencing for the 800-gene Canine 

Immuno-oncology panel (Canopy Biosciences, St. Louis, MO) was performed at the 

University of Arizona (Tucson, AZ). Data were analyzed with nCounter software 

(Canopy Biosciences, St. Louis, MO), using the Advanced Analysis module, and 

standard normalization methods included with the software 

 

Flow cytometry 
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 Apoptosis was assessed using the Pacific Blue™ Annexin V Apoptosis Detection 

Kit with PI (BioLegend, San Diego, CA). Flow cytometry was performed using a 

Beckman Coulter Gallios flow cytometer. Analysis was performed with FlowJo software 

(FlowJo LLC, Ashland, OR).  

 

Electrophoretic Mobility Shift assay (EMSA) 

 Cells were grown to ~75% confluence in T175 culture flasks, then were 

incubated for 6 hours with vehicle control (DMSO) or 7.5 µM PTL. Following treatment, 

cells were collected (via scraping for BrMCT and Osw, and via trypsinization for DH82 

HS cells), washed, and pelleted. Cells were snap frozen with liquid nitrogen, then 

shipped on dry ice to Dr. Craig Jordan’s laboratory at CU Anschutz for performance of 

the EMSA, as previously described.25,10  

  

H2DCFDA (ROS) assay 

 Cells were collected (via cell scraping or trypsinization, as appropriate), counted, 

and resuspended in 8 mL of 10% PBS with 10% FBS (X concentration of cells used). 

Five replicate wells of unstained cells from each cell line, or from PBMCs, were pipetted 

into a 96-well, black-bottomed plate. The remaining cells were treated with 5 µM 

H2DCFDA at 37 degrees Celsius in the dark for 45 minutes. Following incubation, cells 

were washed with PBS, and then resuspended at original concentration in PBS with 

10% FBS. Most cells were incubated for an additional hour in the dark while one aliquot 

of cells was pre-treated with 2 mM N-Acetylcysteine. This aliquot of cells was washed 

with PBS three times prior to treatment with 15 µM PTL. The remaining cell aliquots 
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were then treated with vehicle control (0.26% DMSO, to mirror the 15 µM PTL 

concentration that was used), various doses of PTL, or Luperox (a positive control for 

the assay at 10 µL/1 mL). Cells were plated in five replicate wells in the aforementioned 

96-well black-bottomed plate. Fluorescence of the DCF (2’,7’-dichlorofluorescein) was 

detected with a Biotek synergy HT plate reader (Santa Clara, CA) over five hours 

(excitation 485 nm / emission 535 nm).  

 

Glutathione quantification assay 

 A glutathione reductase-DTNB recycling microtiter plate assay was performed as 

previously described to measure total glutathione and glutathione disulfide (GSSG).34 

Briefly, cells treated with various concentrations of PTL, 2 mM NAC pretreatment 

followed by PTL, or Buthionine sulphoximine (BSO, a positive control for the assay). 

Diluted HCl (10 mmol/L) was used to lyse cells, followed by protein measurement (BCA 

assay) and subsequent protein removal via centrifugation in 1.3% sulfosalicylic acid. 

Lysed cell supernatant was combined with a reaction mixture (0.7 mmol/L DTNB or 

Ellman’s reagent, 1.2 IU/mL GSSG-reductase, and 0.24 mmol/L NADPH) prior to mixing 

and kinetic measurement of absorbance at 415 nm over 2 minutes. For measurement of 

GSSG, cell lysates were treated with 2-vinypyridine for GSH derivatization, and the 

procedure was largely the same as for GSH, except that 2x concentrations of blanks, 

standards, and samples were used for measurement.   

  

Migration and Invasion assays 
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 0.1 x 106 HS cells were plated in 100 µL of serum-free DMEM media in a 24-well 

Boyden chamber plate with 3 µL pore diameter cell culture inserts (Falcon, Corning, 

NY). Following adherence of cells to the well overnight, cells were treated in duplicate 

with DMSO vehicle control, 7.5 µM PTL, or 15 µM PTL. Two control wells were left 

untreated as cell viability controls. Cells were allowed to migrate for 20 hours post-

treatment. At experiment completion, cells that had not migrated were removed, wells 

were washed, and lower compartment wells were fixed with 4% paraformaldehyde for 

10 minutes on ice, stained with 3% crystal violet (Sigma-Aldrich, St. Louis, MO), rinsed 

with distilled water, and allowed to air-dry overnight. Membranes were then cut from the 

cell culture inserts, then mounted on Superfrost Plus glass slides with immersion oil. 

Five 400x fields per membrane were counted, and the mean number of cells per field 

was determined for each membrane.  

 

Western blot 

 CLBL1 (Lym), C2 (MCT), DH82 (HS), and SB cells were plated at ~50% 

confluency in T25 flasks with C/10 media 24 hours prior to treatment. The following day, 

cells were washed with PBS, and treated with vehicle control for 15 µM PTL (0.013% 

DMSO in C/10 media), 7.5 µM PTL, or 15 µM PTL for 6 hours. Following treatment, 

cells were collected either via cell scraping (CLBL1, C2 cells) or trypsinization (DH82, 

SB), as appropriate. For DH82 and SB, cells were washed with PBS and then exposed 

to 1 mL trypsin for 5 minutes to detach them from the culture plate. 2 mL C/10 media 

were added to neutralize trypsin. Collected cells were centrifuged at 1,400 rpm for 5 

minutes. The trypsin/media supernatant was removed from pelleted cells, and cell 
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pellets were resuspended in 1 mL PBS in a 1.5 mL Eppendorf tube. Cells were then 

centrifuged at 10,000 rpm at 4 degrees Celsius for 5 minutes. After discarding the PBS 

supernatant, cells were homogenized with 150 µL of buffer containing M-PER protein 

extraction reagent (Pierce), 1 mM NaVO4, 1 mM PMSF, Complete Mini Protease 

Inhibitor (Roche), and 1% SDS. The cell homogenate was placed on ice for 10 minutes, 

and lysates were passed through a 25-gauge needle 5 times. Following centrifugation at 

10,000 rpm at 4 degrees Celsius for 5 minutes, the supernatant was used to measure 

cellular protein concentrations, using the BCA protein kit (Bichinchoninic Acid kit, 

Pierce, Rockford, IL). For evaluation of NF-kB p65 and IKBa expression, 25-30 ug 

samples of cells were electrophoresed into a denaturing 4-12% Bis-Tris gel (Invitrogen, 

Carlsbad, CA), and were transferred electrophoretically to a polyvinylidene difluoride 

(PVDF) membrane. Membranes were blocked with SuperBlockTM (PBS) Blocking Buffer 

(Thermo Fisher Scientific, Waltham, MA) for one hour at room temperature, followed by 

incubation of primary antibody (as indicated in Table 2.2) overnight on a rocker, in 

blocking solution at 4 degrees Celsius. After three washes in TBST, membranes were 

incubated in a 1:20,000 dilution of HRP-conjugated goat anti-rabbit IgG for 1 hour at 

room temperature. Immunoreactive proteins were detected using SuperSignal® West 

Pico Chemiluminescent Substrate (Pierce) and was analyzed via autoradiography. In 

between evaluation for phospho-proteins and total protein/loading control expression, 

blots were stripped for ten minutes on a rocker at room temperature, with RestoreTM 

Stripping Buffer, followed by three washes in TBST. Antibodies for total NF-kB p65 and 

IKBa were incubated overnight at 4 degrees Celsius, followed by incubation with 

secondary antibody, as previously described. Beta-Actin was used as a loading control; 
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this antibody was incubated for 1 hour at room temperature followed by incubation with 

secondary antibody, as previously described. Relative band intensity was measured in 

ImageLab computer software (Bio-Rad Laboratories, Hercules, CA).  

 

 

Xenograft model creation 

6–8-week-old, female nude mice were purchased from Envigo Laboratories 

(Indianapolis, IN), and 6–8-week-old, female Balb/c-scid, NOD/scid, and NOD/scid-

gamma mice were purchased from Jackson Laboratory (Bar Harbor, ME). All animals 

were housed in microisolator cages in Colorado State University’s laboratory animal 

housing facilities, and all procedures were approved by the Institutional Animal Care 

and Use Committee (IACUC) at Colorado State University. Prior to experimentation, 

mice were allowed to adjust to their new environment for one week. Mice were identified 

with ear tags. Prior to imaging involving tumor luminescence, mice were injected with 3 

mg (0.1 mL of 30 mg/mL) luciferin subcutaneously in the scruff and were anesthetized 

with 3% isoflurane in an induction box. Mice were imaged five minutes post-injection in 

the IVIS® 200 Spectrum Imager (PerkinElmer, Akron, OH). When relevant, DMAPT was 

delivered at 100 mg/kg in ddH2O via oral gavage, as has been done previously. 

Pharmacokinetically, this dose achieves a maximum concentration (Cmax) of 25 µM, with 

a half-life of 0.63 hours in serum.10 Mouse were weighed 3 times weekly. Criteria for 

humane euthanasia, as outlined in our IACUC protocol, included growth of 

subcutaneous tumors >10 mm in maximal diameter, >15% body weight loss, weakness, 

ascites, and/or dyspnea.  
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Statistical analysis 

 All data are expressed as means +/- SD, unless otherwise noted. Statistical 

analyses were performed using Prism v9 software. 

 

Results 

1. Sensitivity of canine tumor cell lines to parthenolide 

1a: Broad characterization of PTL’s effects across all cell lines in the FACC 

collection 

Initially, eight hematopoietic cell lines were tested for their sensitivity to PTL, 

which were evaluated following analysis of 72-hour growth inhibition curves. Following 

promising results on this initial study, with inhibitory concentration 50 (IC50) values of 4-

23 micromolar. Based on previous pharmacokinetic studies of the drug in dogs, in which 

oral dosing of 100 mg/kg dimethyl-aminoparthenolide (DMAPT) yielded a Cmax of 61 µM 

and a serum half-life of 1.9 hours,10 the biologically achievable dose of PTL in dogs is 

thought to be ~15 µM.  Most of these initially screened cell lines had IC50s that were 

below or near his biologically relevant dose. Based on these promising data, the study 

was expanded to include a larger number of cell lines from Colorado State University 

(CSU) and from other sources. Most cell lines (30/40 or 75%) were sensitive to PTL at 

single-agent doses, and only 4/40 or 10% of cell lines appeared resistant to this drug 

(79-130 micromolar; Figures 2.1, 2.2, and 2.3).   
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Figure 2.1 - Dose response curves for canine cell lines treated with PTL (Prism software). 
 
 

 
Figure 2.2: Bar graph showing the IC50 (determined using Prism software from dose response 
curves above) for canine cell lines. The dotted, gray line represents the biologically achievable 
concentration of PTL in a canine patient (15 µM). Error bars are the standard deviation of the 
IC50, as determined over three experimental replicates.  
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Figure 2.3: An alternative summary graphic that highlights the sensitivity of most canine cell 
lines to PTL. Cell lines with green coloration are sensitive at single agent dose concentrations. 
Less sensitive cell lines are in yellow, and the most resistant cell lines are colored in orange.  
 

To determine potential drivers of PTL resistance versus sensitivity in canine cell lines, 

whole exome data were analyzed. Cells with an IC50 of >20 µM were designated 

“resistant,” while those with an IC50 of <5 µM were designated “sensitive.” Differentially 

expressed genes between these data sets were determined (Table 2.5). 2/13 

differentially expressed genes are known downstream targets of NF-kB signaling.35,33 

This list of differentially expressed genes was then evaluated with the “Investigate Gene 

Sets” module from Gene Set Enrichment Analysis (GSEA), for which the “Hallmark” set 

of genes was most informative (Table 2.6). Several genes in the Epithelial to 

mesenchymal transition set are downstream of NF-kB signaling, as is one gene in the 

estrogen response pathways.31 

 

Table 2.6: GSEA Hallmarks pathways that are upregulated in canine cell lines that are more 
sensitive to PTL. Although only low numbers of canine genes were differentially expressed in 
this analysis, their concurrent differential expression was statistically significant, as shown 
below. All pathways do contain genes that are known targets of NF-kB signaling. 
 
Gene set name # of genes p‐value FDR q‐value 

Estrogen Response – 
Late 

5 8.91 e‐5 4.45 e‐3 

Epithelial to 
mesenchymal transition 

4 1.07 e‐3 1.79 e‐2 

Estrogen Response – 
Early 

4  1.07 e‐3  1.79 e‐2 
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1b: Further characterization of canine cell line responses to PTL 

 In selecting tumor cell lines for further characterization, those of hematopoietic 

origin were prioritized, since these have been shown, in human medicine, to commonly 

have constitutively active NF-kB activity.3,29 In addition, if these experiments were 

successful and PTL was deemed a promising anti-neoplastic compound for canine 

diseases, some of the neoplasms selected (MCT, HS) would be excellent candidates as 

models of deadly, orphan diseases in humans.9,12,16 To this end, in noting that 

hemangiosarcoma (HSA) is exquisitely sensitive to PTL, and since canine HSA has the 

potential to be an excellent model of visceral angiosarcoma in humans, an HSA cell line 

was also included in downstream analyses.  

To ascertain whether growth inhibition was due to apoptosis or cell cycle 

inhibition, dual color flow cytometry for Annexin V and PI was performed, as well as cell 

cycle analysis (Figure 2.4). All hematopoietic cell lines evaluated underwent dose-

dependent apoptosis over 24 hours. To assess whether some cellular apoptosis could 

be prevented by pre-treatment with an antioxidant, cells were treated for 1-hour prior to 

drug with 2 mM N-Acetylcysteine. All cells pre-treated with antioxidant, followed by PTL, 

demonstrated a decreased proportion of cells undergoing apoptosis, to varying degrees. 

CLBL1 exhibited G1 cell cycle arrest, while other cell lines exhibited only an increase in 

the Sub-G1 fraction, indicative of cellular fragmentation/apoptosis.  
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Figure 2.4: A: Dot plots showing raw flow cytometer output from the dual-color apoptosis assay. 
The signal for Annexin V is on the X axis, while signal for propidium iodide (nuclear stain) is on 
the Y axis. Viable cells are in the lower left corner, cells experiencing early apoptosis are in the 
bottom right, and late apoptotic cells are in the upper right-hand corner. In this example cell line 
(C2 MCT), there is a dose-dependent increase in the number of apoptotic cells following PTL 
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treatment. Pre-treatment of cells with 2 mM N-Acetylcysteine decreases the numbers of 
apoptotic cells. B: Assays were performed twice, and the output shown is a representative 
summary from one experiment. Stacked column graph showing that all cell lines experience 
dose-dependent apoptosis with PTL, but that normal, mononuclear cells isolated from dogs 
without hematopoietic cancer undergo only slight apoptosis with PTL therapy. C: Assays were 
performed twice, and the output shown is a representative summary from one experiment. 
Stacked column graph showing percentages of cells in each cell cycle with PTL treatment. Most 
cell lines have a significant increase in the Sub-G1 population with PTL treatment, consistent 
with apoptosis. Only CLBL1 (Lym) also exhibits G1 cell cycle arrest.  
 

 

1c: NF-kB signaling in selected canine cells treated with parthenolide  
 

Following the documentation of PTL-induced apoptosis in several canine cell 

lines, evaluation for cellular NF-kB activity was performed. With aid from a collaborator 

at the University of Colorado (Dr. Mohammad Minhajuddin), Anschutz campus, an 

EMSA (electrophoretic mobility shift assay) was performed, which demonstrated 

constitutive NF-kB activity in the DH82 HS cell line (Figure 2.5). Two other cell lines 

tested, Osw (a T cell lymphoma), and BrMCT (a mast cell tumor), did not demonstrate 

constitutive NF-kB activity. Based on a copyright issue in using the Osw, and some 

question as to the identity of the BrMCT cell line, we ultimately pursued further 

characterization of alternative canine hematopoietic cell lines, C2 (mast cell tumor) and 

CLBL1 (B cell lymphoma).  
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Figure 2.5: Electrophoretic mobility shift assay. Three cell lines of multiple types were included 
for characterization of NF-kB RelA:DNA binding: BrMCT, Osw (T cell lymphoma), and DH82 
(HS). Of these three cell lines, DH82 exhibited strong RelA:DNA binding, consistent with 
constitutive activation of the canonical signaling pathway. This binding was markedly decreased 
following treatment with 7.5 µM PTL for 6 hours, as shown. The other two cell lines did not 
exhibit a marked difference in RelA:DNA binding.  
 

Next, evaluation of NF-kB activity was performed via western blot. Phosphorylation of 

serine 536 has been associated with transcriptional activation of RelA/p65, but because 

another study has also shown phosphorylation of serine 536 to ultimately limit NF-kB 

activity, presumably to prevent subsequent deleterious inflammation,26,19,21 evaluation of 

IKBa S36 phosphorylation was also performed. S36 is one of two critical serine residues 

on IKBa that is necessary for ubiquitination and subsequent degradation of IKBa in the 

26S proteasome.20 Results from these experiments (two replicates per cell line) are 

shown in Figure 2.6.  
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Figure 2.6: Western blots and quantification for phospho-RelA (S536) and phospho-IKBa (S36) 
in various canine cell lines, normalized to total p65/IKBa protein or B-actin (as indicated). 
Decreased phosphorylation of RelA is observed all cell lines. Decreased phosphorylation of 
IKBa is expected with inhibition of NF-kB signaling. This is evident in DH82 HS cells. In the 
other cell lines, the decreased phosphorylation of IKBa appears to be largely secondary to 
degradation of IKBa. Error bars = SD determined from two experimental replicates for each 
condition. Statistical significance was evaluated with a one-way ANOVA and a post-hoc 
Dunett’s test, comparing both PTL treatment conditions with vehicle control.  
 

Relative to total RelA in the cell, the signal from phosphorylated RelA decreased in a 

dose-dependent manner with PTL treatment in all cell lines (CLBL1 – lymphoma, SB – 

hemangiosarcoma, DH82 – histiocytic sarcoma, and C2 – mast cell tumor). Total RelA 

also decreased in a dose-dependent fashion with PTL treatment in all cell lines, which 

indicates degradation of RelA. Notably, effects were only observed at the highest 

concentration in the C2 cell line, which has the highest PTL IC50 of the cell lines 

evaluated. Once RelA translocates into the cell nucleus, repression of NF-kB signaling 

depends on resynthesis of IKBa, which dissociates NF-kB from binding sites in DNA 

and exports it to the cell cytosol. After activation, p65 may also be degraded by the 

proteasome in the nucleus to terminate transcription.28 Phosphorylated IKBa also 

decreased in a dose-dependent fashion in most cell lines, and IKBa degradation was 

evident in some cell lines.   
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 In many cancer types, the metastatic process leads to significant morbidity and 

mortality. Because NF-kB is documented to aid in tumor promotion and metastasis, 

migration and invasion assays were performed, using two HS cell lines (Figure 2.7).  

 

  

 
 

Figure 2.7: Top and middle: Normalized migration (left) and invasion (right) data for two HS cell 
lines. Error bars are the SD of four measurements (two replicate wells, two experimental 
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replicates). Bottom left: Selected example images from a migration and invasion assay 
performed with the NIKE HS cell line, 1000x, crystal violet stain. The small holes are the pores 
in the membrane (through which cells migrate or invade). Bottom right: Cell viability was 
determined via the Alamar Blue assay (as previously described). Although there is a decrease 
in cell viability that may be contributing to the values in the migration and invasion assays for 
DH82 HS cells, this difference does not account for all of the differences in these data.  
 

Both HS cell lines exhibited a dose-dependent decrease in migration and invasion with 

PTL treatment. Although there was a mild decrease in cell viability in DH82 cells with 15 

µM PTL, the decreased migration and invasion evident in the assay was clearly not all 

due to decreased cellular viability.  

 PTL is known to inhibit NF-kB signaling in two ways. The primary means of 

inhibition is thought to occur at the NF-kB to DNA binding interface, but PTL can also 

prevent phosphorylation of IKBa, which can prevent nuclear translocation of NF-kB and 

therefore prevent transcription of downstream target genes.8 To determine whether 

inhibition of nuclear translocation is occurring with PTL therapy in canine cancer cell 

lines, immunocytochemistry for RelA was performed (Figure 2.8). CLBL1 (lymphoma) 

and DH82 (HS) exhibited the most dramatic inhibition of nuclear translocation, 

consistent with the decreased S36 phosphorylation observed in these cell lines via 

western blot. 
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Figure 2.8: Immunocytochemistry (ICC) in four canine cell lines. Cells were treated with 0.02% 
DMSO (vehicle control for 7.5 µM PTL) or with 7.5 µM PTL for 6 hours. The overlap in blue and 
red stains creates a hazy purple appearance, which indicates nuclear RelA. Nuclear RelA 
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activity is most evident in SB (hemangiosarcoma) and DH82 (HS) cell lines. All cell lines exhibit 
some inhibition of nuclear translocation, to varying degrees.  

 

Because HS seemed like a promising neoplasm to focus on with additional 

experiments, NF-kB reporter cell lines were created via transfection of a plasmid 

containing an NF-kB response element that drives transcription of a luciferase reporter 

gene (luc2P). In each case (Figure 2.9), the NF-kB activity of each of these cell lines is 

decreased with increasing doses of PTL, as expected. The CLBL1 NF-kB luciferase cell 

line (generously provided by Dr. Jaime Modiano, University of Minnesota) also 

demonstrated decreased NF-kB signaling with increasing doses of PTL.  

 

 
Figure 2.9: Dose-response curves generated for NF-kB reporter cell lines. Data shown are from 
three experimental replicates; error bars = SD over all experimental replicates.  

 

To evaluate the effect of PTL on gene expression, DH82 HS cells (four biological 

replicates) were treated with vehicle control or 15 µM PTL for 24 hours, followed by 

RNA extraction. Following data analysis, 335 genes were identified as being 

significantly differentially expressed (genes with adjusted p-value <0.05, and log2FC of 
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<-1.5 or >1.5). A volcano plot shows this selected subset of differentially expressed 

genes (red, Figure 2.10).  

 

Figure 2.10: Volcano plot showing genes that were defined as differentially expressed. Genes 
highlighted in red were selected for downstream analysis. These genes have a Log2 fold 
change <-1.5 or >1.5, and an adjusted p-value of <0.05. Following treatment with PTL, most 
differentially expressed genes were downregulated. The labeled genes are targets of NF-kB 
signaling that were down-regulated with PTL treatment (for detail regarding pathways affected 
by PTL treatment in these cells, see Table 2.7).  
 
 

Differentially expressed genes, as evident in Figure 2.10, are predominantly 

downregulated in DH82 HS cells treated with PTL. A heatmap in Figure 2.11 shows the 
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most upregulated and downregulated genes (with Log2FC values of >1.5 or <-1.5, 

respectively).  

 

 

Figure 2.11: Heatmap of differentially expressed genes in PTL-treated (z-score transformed) 
and vehicle control DH82 HS cells. N = 128 genes, most of which are relatively downregulated 
with PTL treatment. Interestingly, one drug-treated sample clusters more readily with controls 
rather than other treated cells, which may indicate that there was an error in drug dosing for this 
condition, or that drug penetrance/potency was inadequate for this replicate.  
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RT-qPCR was performed for validation of RNA-Seq results, evaluating TNFAIP6, 

the promoter of which is most commonly bound by NF-kB RelA. Via RT-qPCR, 

TNFAIP6 was downregulated to ~0.41 in PTL-treated cells, relative to control, 

consistent with RT-qPCR results (Log2FC of -1.29). Additionally, because its expression 

is often increased with PTL therapy in human cell lines, we evaluated heme oxygenase 

(HO-1), which catalyzes the conversion of heme to carbon monoxide, iron, and 

biliverdin. It represents a prime cellular defense mechanism against oxidative stress.38 

HO-1 overexpression in human cancers may offer cancer cells a growth advantage and 

provide cellular resistance against therapy.7 HO-1 expression increased following 6h of 

10 µM PTL in three cell lines evaluated, as shown in Figure 2.12. These preliminary 

data suggest that HS cells evaluated may have increased resistance to PTL-induced 

oxidative damage as compared to the HSA cell lines evaluated.32  

 

Figure 2.12: Relative fold change expression in RT-qPCR products of heme oxygenase-1, a 
gene previously demonstrated to have increased expression with PTL therapy, and TNFAIP6, a 
gene that was downregulated in RNA-seq analysis. Error bars: SD of triplicate measurements. A 
student’s two-tailed t-test was used to evaluate statistical differences between control and 
treatment groups. 
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Up and down-regulated genes were further evaluated with the “Investigate Gene Sets” 

module from Gene Set Enrichment Analysis (GSEA), for which the “Hallmark” set of 

genes was most informative (Table 2.7). 

 

Table 2.7: GSEA Hallmarks pathways that are downregulated in cells treated with 10 µM PTL 
for 24h. No pathways were identified for upregulated genes in the PTL-treated gene set. All 
pathways contained documented targets of NF-kB signaling. The # of genes in overlap shows 
the numbers of genes that overlap with documented genes in the indicated Hallmarks pathway. 
The k/K value shows the percent overlap between this dataset and the Hallmarks pathway gene 
dataset. The percentage of downregulated genes that are documented NF-kB signaling targets 
is also shown.  
 
 
Gene Set Name NF-kB 

targets 
# Genes in 
Overlap (k) 

% genes 
that are 
NF-kB 
targets  

k/K p-value FDR q-
value 

IFNa Response 3 16 18.8% 16.5% 9.63E-19 4.81E-17 

IFNg Response 4 19 21.1% 9.5% 2.26E-17 5.65E-16 

TNFa Signaling via NF-
kB 

3 9 33.3% 4.5% 3.95E-06 6.58E-05 

Complement 1 8 12.5% 4.0% 3.19E-05 3.19E-04 

KRAS Signaling Up 2 8 25.0% 4.0% 3.19E-05 3.19E-04 

Apoptosis 1 6 16.7% 3.7% 4.58E-04 3.81E-03 

EMT Transition 5 6 83.3% 3.0% 1.41E-03 7.75E-03 

Hypoxia 1 6 16.7% 3.0% 1.41E-03 7.75E-03 

KRAS Signaling Down 2 6 33.3% 3.0% 1.41E-03 7.75E-03 

Coagulation 2 5 40.0% 3.6% 1.55E-03 7.75E-03 

 

Because there was some incongruity in RNA-Seq data from cells treated with PTL and 

because it was thought that observed changes may only be represented in PTL-

resistant cells at 24h of treatment, this experiment was repeated. Instead of utilizing the 

same methodology for this second RNA sequencing experiment, data were evaluated 

using the Nanostring Canine IO (Immuno-oncology) Panel, which evaluates changes in 

expression of 800 genes that have been identified as important in tumor and immune 

cell response to treatment in this species. For this experiment, DH82 and MH588 HS 

cells were treated for 6 hours (a time point at which, experimentally, there is no 



 
80 

evidence of apoptotic cell death). Figure 2.13 shows normalized gene expression data 

(z-score) for all 800 genes in the Nanostring Canine IO panel. These data show that all 

control and drug-treated samples cluster similarly, for both cell lines treated.  

 

 

    

DH82 HS Samples    MH588 HS Samples 

Figure 2.13: Heatmaps of z-score transformed gene expression (all 800 genes) in HS cell lines 
evaluated with the Nanostring Canine IO panel, made with the pheatmap package in R. Via this 
method, clustering of control and PTL-treated samples in both cell lines is apparent.  
 

Figure 2.14 shows volcano plots, evaluating differentially expressed genes among the 

800 genes in the canine IO panel. Two versions of volcano plots are shown for each cell 

line: in the first plot, all differentially expressed genes are shown, while in the second 

plot, genes defined as belonging to the NF-kB signaling pathway by Nanostring are 

highlighted in yellow. Note that most genes in the panel are downregulated with 6 hours 

of 10 µM PTL therapy.  
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DH82 HS cells 

 

MH588 HS cells 

 

Figure 2.14: Volcano plots showing differentially expressed genes in PTL-treated cells as 
compared to vehicle control-treated cells. Left: all differentially expressed genes. Right: 
differentially expressed genes categorized as belonging to the NF-kB signaling pathway 
(Nanostring).  
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Tables 2.8 and 2.9 show output from part of the experimental analysis pipeline that was 

used in the previous RNA-sequencing experiment. First, differentially expressed genes 

were exported from the Nanostring dataset, and were filtered for significance (p<0.05) 

and a log2FC of <-1.5 or >1.5, as was done previously. Subsets of downregulated and 

upregulated genes were created from this filtered list, followed by GSEA analysis, as 

performed for the 24-hour DH82 HS experiment.   

Table 2.8: DH82 HS cells. GSEA Hallmarks pathways that are downregulated in DH82 HS cells 
treated with 10 µM PTL for 6h. No pathways were identified for upregulated genes in the PTL-
treated gene set. All pathways contained documented targets of NF-kB signaling. The 
percentage of downregulated genes in each pathway that are also documented NF-kB signaling 
targets is shown. The “# of genes in overlap” shows the numbers of genes that overlap with 
documented genes in the indicated Hallmarks pathway. The k/K value shows the percent 
overlap between this dataset and the Hallmarks pathway gene dataset.  
 
Gene Set Name  NF‐kB 

target

s 

# Genes 
in 
Overlap 
(k) 

% Genes 
that are 
NF‐kB 
targets 

k/K  p‐value  FDR q‐
value 

Also 
downregulate

d in 24h data? 

Inflammatory 
Response 

7  15  46.7%  7.5%  1.17E‐24  5.87E‐23 
 

TNFa Signaling via NF‐
kB 

10  12  83.3%  6.0%  1.35E‐18  3.36E‐17  Yes 

Allograft Rejection  5  11  45.5%  5.5%  1.12E‐16  1.40E‐15 
 

KRAS Signaling Up  7  11  63.6%  5.5%  1.12E‐16  1.40E‐15  Yes 
IFNg Response  6  8  75.0%  4.0%  2.97E‐11  2.97E‐10  Yes 
IL6 JAK STAT3 Signaling  4  6  66.7%  6.9%  3.90E‐10  3.25E‐09 

 

IL2 STAT5 Signaling  3  5  60.0%  2.5%  1.93E‐06  1.38E‐05 
 

Epithelial to 
Mesenchymal 
Transition 

4  4  100.0%  2.0%  5.43E‐05  3.39E‐04  Yes 

IFNa Response  1  3  33.3%  3.1%  1.40E‐04  7.77E‐04  Yes 
Complement  1  3  33.3%  1.5%  1.16E‐03  5.79E‐03  Yes 
 

Table 2.9: MH588 HS cells. GSEA Hallmarks pathways that are downregulated in MH588 HS 
cells treated with 10 µM PTL for 6h. No pathways were identified for upregulated genes in the 
PTL-treated gene set. Columns are as previously labeled for Table 2.8, except that there is not 
a comparison column to 24-hour data (as the 24-hour assay was previously only performed with 
DH82 HS cells).  
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Gene Set Name  NF‐kB 
targets 

# Genes in 
Overlap 
(k) 

% Genes 
that are 
NF‐kB 
targets  

k/K  p‐value  FDR q‐
value 

TNFa Signaling via NF‐kB  4  4  100.0%  2.0%  8.35E‐09  4.18E‐07 
IL6 JAK STAT 3 Signaling  2  3  66.7%  3.5%  1.87E‐07  4.67E‐06 
Allograft Rejection  3  3  100.0%  1.5%  2.30E‐06  3.83E‐05 
Apoptosis  2  2  100.0%  1.2%  2.30E‐04  2.87E‐03 
Inflammatory Response  1  2  50.0%  1.0%  3.54E‐04  2.95E‐03 
KRAS Signaling Up  1  2  50.0%  1.0%  3.54E‐04  2.95E‐03 
 

 To further explore pathway alterations in differentially expressed genes, KEGG 

pathway analysis was performed via the Database for Annotation, Visualization, and 

Integrated Discovery (DAVID). For DH82 HS cells, the most highly represented KEGG 

pathways were Cytokine-Cytokine Receptor Interaction and TNF signaling; the latter 

aligns well with downregulation of “TNFa Signaling via NF-kB” in both cell lines. 

Downregulated genes are starred in two included KEGG Pathway images (Figure 

2.15). Figure 2.16 shows another version of the NF-kB signaling pathway. In this 

version, all genes that were counted as differentially expressed by Nanostring software 

that were significant (p<0.05), without respect to the log2FC value. For MH588 HS cells, 

the most highly represented KEGG pathways were also Cytokine-Cytokine Receptor 

interaction and TNFa signaling. Figure 2.17 shows the KEGG TNF signaling pathway 

with starred, downregulated genes, while Figure 2.18 shows NF-kB signaling genes 

that were identified by the Nanostring algorithm that were significant (p<0.05), without 

respect to the log2FC value. Tables 2.10 and 2.11 show KEGG signaling-related 

pathways that were identified and statistically significant for DH82 and MH588 HS cells, 

respectively.  
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Figure 2.15: Selected KEGG pathway images for DH82 HS cells. Genes that were 
downregulated by PTL treatment are indicated with red stars.  
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Figure 2.16: DH82 HS cells, NF-kB signaling pathway, showing all genes that were counted as 
“downregulated” by the Nanostring algorithm (p < 0.05, log2FC < 0). Although some gene 
expression changes are of lower magnitude than our established cutoff, these data support NF-
kB signaling as an important target of PTL therapy.  

 

Table 2.10: Downregulated KEGG Pathways: DH82 HS 
Cells  

 
# Genes 

 
k/K 

 
P-Value 

cfa04060:Cytokine-cytokine receptor interaction 20 47.60% 2.60E-19 
cfa04061:Viral protein interaction with cytokine and cytokine 
receptor 

13 31.00% 8.16E-16 

cfa04657:IL-17 signaling pathway 12 28.60% 6.37E-14 

cfa04620:Toll-like receptor signaling pathway 10 23.80% 2.50E-10 

cfa04668:TNF signaling pathway 10 23.80% 6.62E-10 

cfa04062:Chemokine signaling pathway 10 23.80% 6.06E-08 

cfa04064:NF-kappa B signaling pathway 8 19.00% 1.53E-07 

cfa04621:NOD-like receptor signaling pathway 8 19.00% 5.05E-06 

cfa04217:Necroptosis 5 11.90% 0.005586 

cfa04630:JAK-STAT signaling pathway 5 11.90% 0.004674 

cfa05202:Transcriptional misregulation in cancer 5 11.90% 0.008688 

cfa04622:RIG-I-like receptor signaling pathway 3 7.10% 0.033329 
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Figure 2.17: Selected KEGG pathway images for MH588 HS cells. Genes that were 
downregulated by PTL treatment are indicated with red stars.  
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Figure 2.18: MH588 HS cells, NF-kB signaling pathway, showing all genes that were counted 
as “downregulated” by the Nanostring algorithm (p < 0.05, log2FC < 0).  
 

Table 2.11: Downregulated KEGG 

Pathways: MH588 HS Cells  

 
# Genes 

 
k/K 

 
P-Value 

cfa04060:Cytokine-cytokine receptor 
interaction 

23 
50.0% 

2.10E-23 

cfa04061:Viral protein interaction with 
cytokine,cytokine receptor 

13 
28.3% 

1.69E-15 

cfa04668:TNF signaling pathway 9 19.6% 2.65E-08 

cfa04657:IL-17 signaling pathway 8 17.4% 1.32E-07 

cfa04630:JAK-STAT signaling pathway 7 15.2% 7.28E-05 

cfa04062:Chemokine signaling pathway 7 15.2% 1.66E-04 

cfa04610:Complement and coagulation 
cascades 

7 
4.1% 

0.003345 

cfa04550:Signaling pathways regulating 
pluripotency of stem cells 

7 
4.1% 

0.042457 

cfa04621:NOD-like receptor signaling 
pathway 

6 
13.0% 

8.00E-04 

cfa04370:VEGF signaling pathway 6 3.5% 0.003615 

cfa04012:ErbB signaling pathway 6 3.5% 0.016089 

cfa04350:TGF-beta signaling pathway 6 3.5% 0.02823 

cfa04640:Hematopoietic cell lineage 5 10.9% 7.44E-04 

cfa04064:NF-kappa B signaling pathway 5 10.9% 9.51E-04 

cfa04622:RIG-I-like receptor signaling 
pathway 

4 
8.7% 

0.003364 

cfa05330:Allograft rejection 3 6.5% 0.007961 
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In summary, in both the 24h and 6h experiments with canine HS cells, downregulation 

of pathways containing NF-kB targets is evident, consistent with previous experiments, 

and with the known activity of PTL as a canonical, NF-kB signaling inhibitor in human 

and murine cells.  Overall, results between GSEA and KEGG pathway analysis are 

similar. Most downregulated pathways are not surprising in light of expected NF-kB 

pathway inhibition, including IL6 and TNFa signaling,1 apoptosis, allograft rejection, 

interferon responses, and the inflammatory response. KRAS signaling is a pathway that 

is repeatedly represented in this analysis; activating KRAS mutations often lead to 

activation of NF-kB, so downregulation of this pathway in HS cells may also be 

contributing, in turn, to downregulation of NF-kB signaling.6 Of note, downregulation of 

the Epithelial to Mesenchymal Transition pathway is conserved in both experiments with 

DH82 HS cells, which correlates well with migration and invasion data for this cell line.  

 

2: Redox balance in canine cell lines treated with parthenolide  

To evaluate reactive oxygen species (ROS) production in canine and human cell 

lines, fluorogenic H2DCFDA assays were performed with several doses of PTL. To test 

the effect of antioxidant pre-treatment, one group of cells was pre-treated with 2 mM N-

acetylcysteine (NAC) for one hour, followed by washing and treatment with PTL. As a 

normal cell control condition for lymphocytes and histiocytic-origin cells, peripheral 

blood mononuclear cells (PBMCs) were isolated form the blood of dogs without 

hematopoietic cancer, and ROS were measured in the same plate in with DH82 (HS) 

ROS (Figure 2.19).  
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Figure 2.19: ROS generation with PTL treatment. A: Canine cell lines generate dose-dependent 
ROS with exposure to PTL. ROS generation is blunted, to various degrees, in cells that are pre-
treated with 2 mM N-Acetylcysteine. While canine peripheral blood mononuclear cells (PBMCs) 
do generate ROS with PTL exposure, the effect is not nearly as significant as is seen in DH82 
HS cells. To test significance in ROS generation between canine PBMCs and DH82 HS cells, a 
student’s two-tailed t-test was performed (p = <0.01 B: Human lymphoma cell lines generate 
dose-dependent ROS with PTL exposure as well. Error bars represent the SD for five replicate 
wells in each experiment. Two experimental replicates were performed for each cell line.  

 

Because PTL has been documented to inhibit glutathione (GSH) synthesis as a 

reported anti-cancer mechanism, reduced and oxidized glutathione were measured in 

canine cell lines (Figure 2.20). Buthionine sulphoximine, or BSO, is an established 

inhibitor of gamma-glutamycysteine synthetase, which is critical for synthesis of 

glutathione, and therefore, BSO treatment results in reduction of intracellular glutathione 
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over time.4 BSO was used as a positive control for this assay. As for ROS production, 

some cells were pre-treated with NAC to determine whether glutathione depletion could 

be prevented. All canine cell lines evaluated exhibited dose-dependent glutathione 

depletion over 6 hours, as expected. The C2 (MCT) cell line had a decreased GSH 

measurement relative to the 2.5 µM PTL treatment condition, which was repeatable 

across experimental replicates.  

 

Figure 2.20: All cells evaluated appeared to exhibit dose-dependent depletion of glutathione 
with PTL treatment, except for C2 (MCT), in which the GSH in the vehicle control-treated set of 
cells is reliably lower than the 2.5 µM PTL treatment condition. Aside from this anomaly, a trend 
toward dose-dependent glutathione depletion is observed in all cell lines (variably statistically 
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significant relative to vehicle control, as shown and evaluated by ANOVA with a post hoc 
Dunett’s test). In the CLBL1 cell line, pre-treatment with 2 mM NAC results in a rescue effect 
and reduced depletion of GSH. Error bars represent the SD for two experimental replicates.  

 

  In a large number of human cell lines evaluating the genes that most strongly 

predict PTL sensitivity, high expression of GPX2 (glutathione peroxidase 2) was 

correlated with PTL resistance (unpublished data, courtesy Dr. Craig Jordan and Dr. 

Jeff Settleman). To determine whether this may be the case in canine cell lines as well, 

RNA sequencing data from the Flint Animal Cancer Center (FACC) cell line panel, 

comprising 32 cell lines, was evaluated. None of the glutathione peroxidases had been 

previously identified as potential drivers of resistance in our canine cell lines. According 

to the RNA-Seq count data in canine cell lines, GPX1 appears most active, followed by 

GPX8. In comparing GPX count data with PTL sensitivity, there is a small correlation 

between GPX1 counts and PTL IC50 (R2 = 0.29), and a slight correlation between 

GPX8 counts and PTL IC50 (R2 = 0.10). Neither correlation reaches statistical 

significance (p = 0.97). In five canine cell lines (those characterized elsewhere as well 

as STSA-1, which is a cell line that is more resistant to PTL), total GPX activity did 

appear relatively low in the most sensitive cell line (SB, IC50 of 3 µM) and higher in cell 

lines with a higher IC50 (Figure 2.21). Collectively, these data imply that there may 

potentially be a correlation between GPX activity and PTL IC50, but evaluation across a 

larger number of cell lines would likely need to be performed for this correlation to reach 

statistical significance. 
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Figure 2.21: A and B: Graphics created from RNA-Seq counts of GPX activity in X canine cell 
lines. In B, the cell lines selected for GPX measurement are highlighted. In C, measurement of 
GPx activity was performed. While the GPx enzymatic activity is not exactly as might be 
predicted by RNA-Seq counts data, the more resistant cell lines do appear to have greater GPx 
activity as compared to the most sensitive cell lines (SB and CLBL1). Error bars in C are the SD 
from two experimental replicates (each experiment containing three technical replicates for each 
condition). The significance of differences between groups was analyzed by one‐way ANOVA on ranks 
with Tukey’s post hoc test. **** p < 0.0001, ns = not significant.  
 

3. PTL in combination with other therapeutic agents in canine cell lines 

To further evaluate PTL’s potential efficacy in a canine clinical study, we 

evaluated PTL alone and in combination with standard-of-care therapeutics for HS: 

lomustine or CCNU (most commonly used) and doxorubicin. We predicted that these 

drugs may synergize with PTL because doxorubicin is, itself, a free radical generator, 

and CCNU is a DNA alkylating agent that also inhibits thioredoxin reductase. Shown in 
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Figure 2.22 are the combination indices we calculated with Compusyn, software that 

uses the Chou-Talalay method. A combination index of <1 indicates synergism, 

meaning that there is greater growth inhibition than would be expected from the additive 

effects of two agents. With the exception of few dose combinations, there is broad 

synergism with PTL and either doxorubicin or CCNU, while the effects of combining PTL 

with toceranib for mast cell tumor cells are generally additive. These results indicate that 

PTL may be combined with standard-of-care chemotherapeutics for canine patients, but 

that combination therapy is likely to be most effective when PTL is combined with 

doxorubicin or CCNU.  

 

 
 

Figure 2.22: Heat maps showing calculated combination indices for cells exposed to 2.5-5 µM 
PTL. CLBL1 received a lower dose of PTL since in combination with even the smallest doses of 
doxorubicin and CCNU, 5 µM PTL resulted in cell death of almost all CLBL1 cells.  
 

 

4. Effects of PTL in patient-derived tumor samples 

To determine whether cell line findings were repeatable in primary cells from 

patients, cells were isolated from patients, maintained in culture for a short time, and 

cell-based assays were performed. Lymphoma cells were derived from lymph node 
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aspirates, while HS cells came from effusion or blood (circulating cell) samples. In all 

cases, cells were sensitive to PTL at concentrations that were similar to those observed 

in canine cell lines (Figure 2.23). 

 

 
 

Figure 2.23: Dose response curves for primary cells isolated from canine patients with B cell 
lymphoma and HS (dendritic APC origin, confirmed via immunocytochemistry). Error bars are 
the SD from three experimental replicates.  
 

Primary lymphoma cells (of both B and T-cell origin) underwent apoptosis in a dose-

dependent fashion. Although only low numbers of cells were available for this assay, in 

one B cell lymphoma, pre-treatment with 2 mM NAC modestly blunted the apoptotic 

response, as was observed with canine cell lines (Figure 2.24).  
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Figure 2.24: Primary lymphoma cells undergo dose-dependent apoptosis with PTL treatment. 
Only one aliquot of cells contained adequate numbers to evaluate four treatment conditions, 
including pre-treatment with 2 mM NAC prior to PTL treatment. For this cell aliquot (Lilly, a B cell 
lymphoma sample), a small rescue effect is observed following NAC pre-treatment.  
 

 

Because cellular survival of cells from peripheral blood and lung tissue in Lacy HS cells 

was excellent over time, immunocytochemistry was performed to further document their 

cellular origin. The patient, an 8 yo FS Bernese mountain dog, was affected by a rare, 

mixed form of HS, with dendritic antigen presenting cell origin HS (lung) and 

hemophagocytic histiocytic sarcoma (liver, spleen, bone marrow). Although there were 

inadequate numbers of cells from peripheral blood for immunocytochemistry, since cells 

could be expanded in culture and antigens were still present at the time of ICC 

evaluation, the circulating cells were able to be categorized as of dendritic antigen 

presenting cell origin (Figure 2.25).  
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Figure 2.25: Top: Images of circulating, atypical HS cells from the blood of a Bernese Mountain 
dog. Some of these cells contained erythrocytes and/or dark green pigment, consistent with 
hemosiderin.  
A. 1000x, Modified Wright-Giemsa stain. Images 1-4: Moderately atypical, hemophagocytic, 
histiocytic cells in splenic aspirate samples; Image 5: Post-mortem bone marrow aspirate, 
showing large numbers of atypical, hemophagocytic, histiocytic cells.  
B: Bone marrow IHC, 400x: from left to right: hematoxylin and eosin; strong, positive, 
membranous staining of CD18; positive membranous and cytoplasmic staining of Iba1; positive 
membranous staining of CD11d.  
C: Lung IHC, 400x: from left to right: hematoxylin and eosin; positive CD18 staining, positive 
membranous and cytoplasmic staining of Iba1, negative CD11d staining.   
D: Cultured cells from blood, immunocytochemistry, 1000x, from left to right: positive CD11c 
staining, variable CD1a positivity, positive CD18 staining, positive CD204 staining, and negative 
CD11d staining.   
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Figure 2.26: H2DCFDA assay in canine primary cells maintained in culture for a short period of 
time. Multiple primary cells, including those shown this figure, generated dose-dependent ROS 
with PTL treatment, as has been observed in canine cell lines. Error bars represent the SD for 
five replicate wells in each experiment. Two experimental replicates were performed for each 
patient sample.   
 
 

Primary cells exhibited dose-dependent ROS generation (Figure 2.26). Some B cell 

lymphoma primary cell samples were also evaluated for glutathione depletion over 6 

hours of treatment. Because there were fewer viable primary cells available (versus an 

essentially inexhaustible supply of cells from immortalized cell lines), only three 

treatment conditions were evaluated in this experiment (Figure 2.27). Although two few 

viable cells were present for an experimental replicate in this case, the data suggest 

that PTL treatment may deplete GSH in patient-derived tumor samples.   
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Figure 2.27: Canine primary B cell lymphoma cells experience GSH depletion with PTL 
therapy. This effect can be “rescued,” to varying degrees, with NAC pre-treatment.  
 
 
5. PTL in a mouse model of disseminated canine HS 

To the author’s knowledge, at the time of writing, a murine model of truly 

disseminated canine HS is not described in the literature. One major goal of this study 

was to develop this mouse model, to further allow additional research on this important 

and deadly disease in dogs. To mirror the most common clinical presentation of HS in 

dogs, the ideal model of disseminated HS would result in tumor formation at <30 days, 

with seeding in one or more abdominal organs, and/or evidence of tumor formation 

within lung tissue. To this end, injection of canine cells was attempted via three or four 

routes, depending on the experiment performed: intravenously (IV), intraperitoneally 

(IP), subcutaneously (SQ, as an experimental control), and in one experiment, 

intratibially (IT). This latter method was attempted since DH82 cells were originally 

derived from canine bone marrow, and it was thought that they might better engraft 

within a more hospitable microenvironment.  
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In the first experiment, three groups of four immunodeficient nude mice were 

used, and 1x106 DH82 HS cells with a luciferase reporter were injected IV, IP, and SQ 

(left flank). Nude mice lack a thymus, and therefore do not have T cells, but have an 

intact immune system otherwise. Subcutaneous tumor assessment is made easier by 

the lack of fur. Notably, engraftment of hematopoietic tumors is often not successful in 

this host. Mice were anesthetized prior to imaging with a Xenogen IVIS imager. Figure 

2.28 shows luminescence of tumor cells 2 days post-injection of cells. Tumor viability 

(as estimated by luminescent imaging) appeared inconsistent, with two mice 

demonstrating no signal (one in the IP group, and one in the SQ group). Only one 

mouse in the IV group demonstrated signal that was not predominantly in the tail area, 

where cells had been injected. At 35 days post-injection, no appreciable signal was 

present in the IP or SQ injection groups. In the IV group, there was faint signal near the 

lung that was interpreted as potentially indicative of tumor development; however, when 

the tail signal was covered, no signal was evident, even following extended imaging 

(Figure 2.29). Some of the IP mice experienced weight loss, and all mice in these 

groups were humanely euthanized. There was no gross evidence of tumor development 

in these animals at necropsy.  
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Figure 2.28: Mice were imaged 2 days post-injection. Although reasonably strong signal is 
present in 10/12 mice, the signal that is present appears inconsistent in both the IP and SQ 
groups of animals. 

 

     

Figure 2.29: Mice were imaged 35 days post-injection. At this time, there was no tumor signal 
evident in the IP nor SQ groups of animals. 
 
 Mice from the original SQ and IV cohorts were re-challenged with DH82 HS cells 

(5x106 cells in the R flank of the SQ mice with Matrigel, Fisher Scientific, Hampton, NH; 

and 1x106 cells in the IV mice). Representative images of luminescent cells in mice 2 

days post-injection are shown in Figure 2.30.  
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Figure 2.30: Mice re-challenged with DH82 HS luminescent cells, 2 days post-injection. Left: IV 
injection, in which only a small amount of signal is visible at the site of injection, near the tail 
vein; Right: SQ injection of 5x cells in Matrigel, using the opposite flank.  
 
Twelve additional nude mice were ordered at this time for injection with NIKE 

luminescent HS cells (1x106 cells for IV and IP injections; 5x106 cells for SQ injection 

with Matrigel). One mouse failed to thrive shortly after arrival, so was ultimately not used 

in these experiments. Figure 2.31 shows the luminescence of NIKE HS cells in these 

mice.  

     

Figure 2.31: Nude mice injected with luminescent NIKE HS cells: from left to right: IP, IV, and 
SQ with Matrigel.  
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Although a luminescent signal was not detectable, at day 67, one mouse that had 

received NIKE cells IP was experiencing weight gain, general malaise, and subtle 

respiratory difficulty. The abdomen appeared noticeably “full” on visual examination 

(Figure 2.32). On necropsy examination, there was a single, white, firm mass lesion 

closely associated with the right kidney, which is likely the cause of weight gain in this 

mouse. Following necropsy, the abdominal mass from Mouse 311 was dissociated 

mechanically in collagenase, first manually with a scalpel blade, then with sterile metal 

beads and a stir bar on a magnetic plate at 37 degrees Celsius for 45 minutes. 

Following lysis of erythrocytes with ACK buffer, as previously described, cells were 

washed with PBS, then put into DMEM C/10 media for culture. After ~24 hours, these 

cells bore a physical resemblance to their cells of origin in culture (Figure 2.32). Cells 

passaged through the nude mouse were confirmed to be macrophagic in morphology 

via light microscopy of cytocentrifuged preparations (not shown).  

 

  

Figure 2.32: From L to R: Mouse 311, the mouse on the left, has a visually “full” abdomen 
compared to the adjacent mouse. Middle: Gross necropsy images of Mouse 311 showing the 
large mass lesion associated with the R kidney, which was contributing to palpable and visual 
abdominal enlargement. Right: cell culture images from a phase contrast microscope, 400x. 
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Cells on top are NIKE luminescent HS cells in culture, while those on the bottom are from the 
dissociated mass lesion from Mouse 311.  
 

From this cohort of mice, only two mice ultimately developed tumors, while the 

remaining mice were euthanized due to weight loss or poor thrift over the course of the 

experimental period. These mice were DH82 SQ mouse (euthanized 67 and 91 days 

post-injection due to tumor growth and limited mobility, Figure 2.33).   

    

Figure 2.33: DH82 luminescent HS cells that were originally implanted in Matrigel in two 
immunodeficient nude mice.  
 

Since tumor engraftment had been poor in the nude mouse model (3/29 attempts 

or ~10%), injection of tumor cells was attempted in a more immunodeficient murine 

host: the Balb/c scid mouse. Such mice are on a Balb/c genetic background and are 

homozygous for severe combined immune deficiency spontaneous mutation (Prkdcscid 

or “scid”). These mice do not have functional T cells or B cells but do have a normal 

hematopoietic microenvironment. For this experiment, cells with an NF-kB reporter were 

utilized. As both DH82 and NIKE HS cells have constitutive activity of NF-kB, tumor 

burden should theoretically be detectable with these cells via IVIS imaging. For these 

experiments, mice received 1x106 cells IV or 5x106 cells via IP, SQ, and intratibially/IT, 
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with Matrigel in the IP and SQ injection methods. The intratibial method was attempted 

in this cohort of mice since DH82 HS cells were originally derived from bone marrow, 

and it was though that they may prefer the bone marrow niche. Figure 2.34 shows one 

of four Balb/c scid mice with luminescent DH82 and NIKE cells at days 4, 13, and 27 

post-peritoneal injection. Each of the mice shown was the only one in the group that had 

detectable signal at day 4 that was maintained by day 27. Following this, signal was no 

longer detectable. These mice were euthanized due to the coronavirus pandemic.  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 2.34 shows one of four Balb/c scid mice with luminescent DH82 and NIKE cells at days 
4, 13, and 27 (from left to right) post-peritoneal injection. Each of the mice shown was the only 
one in the group that had detectable signal at day 4 that was maintained by day 27. 

DH82  

NIKE  
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In addition, a single mouse with an intratibial injection of DH82 HS cells successfully 

developed a tumor and was euthanized 113 days after injection (Figure 2.35). The 

remaining mice that did not develop tumors were euthanized due to cessation of 

additional experiments during the coronavirus pandemic.  

 

  
 

Figure 2.35: Luminescent and gross images from one of four mice that ultimately developed a 
mass lesion following injection of DH82 HS cells.  
 
Two of four mice with subcutaneous DH82 HS tumors were euthanized due to tumor 

development. Cells were isolated with dissection and collagenase from one mouse 

(M353) with a particularly aggressively growing tumor. Around this time, the laboratory 

acquired another HS cell line from Dr. Steve Dow (MH588) and transfected this cell line 

with the NF-kB reporter plasmid, as previously described.  

 Since there was some evidence of increased xenograft success in a more 

immunocompromised mouse model, NOD SCID mice were used for the next HS cell 

injection study. These mice have impaired T and B cell development, as well as 

deficient natural killer (NK) cell function, but have a high incidence of thymic lymphoma, 

and a relatively shortened lifespan compared to some strains (~36 weeks). Mice were 

injected with DH82 HS cells (passaged through M353, and therefore referred to 
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hereafter as “M353” cells), and MH588 HS cells. Both cell lines exhibited strong NF-kB 

luciferase reporter activity prior to injection into mice intraperitoneally (with Matrigel), 

intravenously, and subcutaneously (with Matrigel). When injected subcutaneously, both 

of these cell lines produced small, subcutaneous tumors. This was the first mouse 

model with successful development of disseminated HS from intraperitoneal injection of 

M353 (DH82) cells, although tumor development followed a long latency period (>126 

days). Both mice developed a malignant effusion with tumor masses in the peritoneal 

cavity.  

 Following greater success in the NOD SCID mouse model, and at the 

recommendation of Dr. Craig Jordan, this experiment was repeated in the NSG mouse 

model. Relative to NOD SCID mice, NSG mice have no functional NK cells, and have 

an extended natural lifespan (>89 weeks versus ~36 weeks). All mice in these groups, 

except for mice in the MH588 intravenous group, ultimately developed tumors. IP mice 

in both groups developed malignant effusions and exhibited lung tumor formation, while 

those in the IV group developed many tumors throughout lung tissue. Prior to 

euthanasia, mice were dosed via oral gavage with 100 mg/kg fumarate salt DMAPT 

(orally bioavailable PTL) dissolved in water, and luminescent imaging was performed 

before and after medication administration. Attenuation of luminescent signal, when 

initially present, was observed in most tumor-bearing mice evaluated (Figure 2.36). 

Intriguingly, the difference in luminescence was less dramatic for mice with 

subcutaneous tumors, which may be due to differences in tumor distribution (one large, 

solitary lesion versus many lesions distributed throughout the lungs and peritoneum). 

Cells from one DH82 HS/M353 mouse (M423) and one MH588 HS (M426) were 
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harvested from peritoneal effusions and re-expanded in cell culture for future use. 

Notably, the M423 cells appeared to grow very aggressively in culture, and many large 

and multinucleated cells were noted (Figure 2.37). It was thought that, perhaps, these 

cells may grow aggressively in an animal model as well.  

 

Table 2.12: Time to tumor development in NSG mice. Each group contained 3 mice. 

CELL 
LINE 

MODEL  NUMBER OF 
CELLS USED 

DAYS TO 
TUMOR 
DEVELOPMENT  

ST DEV 

MH588  IP  7.0E+06  69.0  29.4  
IV  1.0E+06  N/A  N/A  
SQ  7.0E+06  64.0  0.0 

M353  IP  7.0E+06  67.7  16.2  
IV  1.0E+06  117.0  6.1  
SQ  7.0E+06  70.0  0.0 

 
 

 
% Δ signal -73.1% -51.7% -85.2%  -95.3% -56.2% -57.8% 
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% Δ signal -51% +119% -.08%  -15% -67% -94% 

 
 

Figure 2.36: Top: Examples of luminescent DH82 HS tumors in mice injected with cells IP HS 
cells. Because cells were engineered with a p65/relA luciferase reporter plasmid, attenuation of 
active NF-kB signaling was expected with 4h of DMAPT therapy. Bottom: Left: subcutaneous 
tumor models in NOD SCID mice. Although MH588 SQ mice developed tumors, only one of 
these maintained luminescent signal. M353 SQ mice maintained luminescent signal throughout 
the tumor growth period, but there was an equivocal difference in the luminescent signal pre- 
and post-DMAPT administration. Right: MH588 IV mice never demonstrated luminescent signal 
in the lung area, even immediately following injection of tumor cells. M353 IV mice had 
luminescent signal from lung tumors (and in the middle mouse, from an area of thickened 
lumbar tissue that may have followed outgrowth from a tumor thrombus in circulation). This 
signal was attenuated, to varying degrees, with DMAPT therapy. Note that following DMAPT 
administration, the first mouse in this group had progressive respiratory distress, and 
euthanasia was performed only one-hour post-gavage. The luminescent signal range was fixed 
to the same minimum and maximum values in pre- and post-DMAPT images for each mouse.  
 

At day 107, when mice in the MH588 IV group demonstrated no signal, mice were 

rechallenged with 15x106 DH82 HS/M423 cells IP (cells passaged through a NOD SCID 

mouse that had an aggressive appearance cytologically). These mice developed 

malignant effusions at 20 +/- 6.6 days. STR analysis is pending to further define these 

cells as truly being of DH82 background. Prior to euthanasia, mice were imaged, and 

tumor cell luminescence was measured in counts. Mice were then dosed via oral 

gavage with 100 mg/kg fumarate salt DMAPT dissolved in water and were re-imaged 

four hours later prior to humane euthanasia. On gross examination and via 
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histopathology, mice had numerous nodules of tumor cells throughout the peritoneal 

cavity, and one of three mice had evidence of tumor formation in the R caudal lung, as 

well. The spleen was enlarged, and on histopathology, had evidence of erythroid-

predominant extramedullary hematopoiesis, without evidence of tumor formation 

(Figure 2.37). The liver and spleen appeared grossly normal, aside from nodules 

adhered to the exterior surfaces of these organs. Luminescent images of these mice, 

pre- and post-DMAPT therapy, are shown in Figure 2.38.  

 

 

 

 

 

 

 

 

Figure 2.37: Top and bottom left: Histopathology images from M423, 400x, hematoxylin and 
eosin. Top left: abdominal mass lesion, containing many atypical HS cells. Top right: spleen, 
demonstrating extramedullary hematopoiesis. Bottom left: lung: demonstrating a marked, 
neutrophil-rich inflammatory response and infiltration of atypical HS cells. Bottom right: 
cytocentrifuged preparations of M353 HS cells, modified Wright-Giemsa stain, 1000x. Not the 
significant cellular pleomorphism in the neoplastic cell population, including a large and bizarre 
mitotic figure. Not shown: histologically normal liver.  
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Figure 2.38: Mice imaged prior to (top), and following (bottom), 4 hours of DMAPT therapy. In 
this experiment, attenuation in luminescent signal was observed in all three mice evaluated. 
From left to right, the quantified signal attenuation was 97%, 90%, and 58%.  
 
 

To further validate attenuation of constitutive NF-kB signaling in mice post-DMAPT 

therapy, cells from malignant effusions were collected at both time points, 

cytocentrifuged, and stained for RelA immunocytochemistry, as previously described 

(Figure 2.39).  
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Figure 2.39: Cytocentrifuged cells from the malignant effusion of M421, pre- and post-DMAPT 
treatment. Note that, within intact cells, there is decreased overlap between red (NF-kB 
RelA/Cy3) and the cell nucleus (DAPI, blue) with DMAPT treatment, consistent with some 
inhibition of nuclear RelA translocation.   
 
  

 

Discussion and Conclusions  

Some outputs from these experiments are expected with PTL therapy. For 

example, data from RNA sequencing experiments demonstrate that, in canine HS cells 

treated with PTL for 6h and 24h, there is downregulation of NF-kB signaling, as 

determined by GSEA pathway analysis and identification of NF-kB target genes within 

these pathways. Following PTL treatment, canine HS, HSA, MCT, and lymphoma cell 

lines exhibit dose-dependent ROS generation, which is of much greater magnitude than 

is observed in normal, peripheral blood mononuclear cells. Some cell lines exhibit 

nuclear exclusion of p65/RelA with PTL therapy, consistent with downregulation of 

aberrant NF-kB signaling.  

There are some significant limitations to the current study, and many questions 

remain unanswered.  
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Low numbers of genes were found to be differentially expressed in comparing 

PTL-sensitive to PTL-resistant cell lines; however, 3 of 4 identified GSEA Hallmarks 

pathways contain NF-kB target genes, which is suggestive of an NF-kB-mediated 

component of sensitivity in canine cancer cell lines.  

Although primary patient cells were maintained in culture for a short period of 

time for collection, cell viability was not as robust as hoped, which limited the number of 

experiments that could be performed with each aliquot of cells. Most ideally, data would 

have been generated for each experiment using the same group of patient cells, with 

multiple replicate experiments, to allow more readily comparison between primary cells 

and cell lines. However, the data in this study do show that primary cells tend to behave 

in a similar fashion as compared to cell lines, and therefore are a useful, if imperfect, 

measure of behavior with PTL therapy.  

While PTL exhibited synergism with two standard-of-care chemotherapeutics that 

were evaluated, the assessment of only two other compounds provides a narrow view 

of PTL’s potential as a therapeutic in canine cancers. In the human literature, as 

reviewed extensively elsewhere, PTL exhibits broad synergism with a wide range of 

therapeutic compounds, and for a wide variety of hematopoietic and solid tumors, both 

in vitro and in vivo.32,15,37,27,13,24 Because most canine cell lines are sensitive to PTL at 

single agent dose concentrations, there are many canine tumor types that may benefit 

from PTL therapy, alone, and likely in combination with other therapeutics. 24,32,15,37 

Additionally, while HO-1 induction was used as a surrogate measure of PTL’s 

activity in this study, this induction is associated with oxidative resistance and may limit 

PTL’s ultimate clinical application for some cancer types.32 To interpret any meaningful 
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trend in oxidative resistance across cancer types, multiple cell lines, and ideally patient-

derived samples, would be evaluated with this assay. Mechanisms of resistance may 

also be studied by evaluating genetic changes in cell lines that are made resistant over 

time against a chemotherapeutic. Cell lines made resistant to standard-of-care 

therapeutics and/or PTL may be useful in further understanding how resistance may 

develop and be overcome in the clinical setting.  

While there is evidence that PTL alters cellular redox balance in some canine 

tumor types, and GSH and GPX activity suggest that mechanisms of action for this drug 

may be conserved between dogs and humans, this picture is incomplete by virtue of 

evaluation of only the glutathione system, as PTL isinhibitor of thioredoxin reductase.39,5 

As the thioredoxin system is often upregulated in human cancers, this presents yet 

another mechanism in which PTL may act and potentially target neoplastic cells in dogs, 

but was not explored in this study.17 Additionally, as we were unable to confirm the role 

of glutathione peroxidases in PTL resistance (as is seen consistently across hundreds 

of human cancers), evaluation of changes in genetic expression across larger numbers 

of canine cancers will undoubtedly be beneficial in understanding likely vulnerabilities 

and mechanisms of resistance for many therapeutics, including PTL.  

Although there is tentative success, it took much longer than anticipated to 

develop a canine xenograft model of disseminated HS in mice. A 4-arm experiment is in 

progress, in which mice with cells isolated from DH82/M423 have been injected with 

15x106 cells IP in 1:1 Matrigel (~4-6 mg/mL). Mice will be treated with vehicle, lomustine 

only, PTL only, or a combination of lomustine and PTL. For this experiment, survival is 
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the primary outcome. Following humane euthanasia, tissues will be evaluated for NF-kB 

localization and cleaved caspase 3 (for evaluation of apoptotic activity within tumors).  

In conclusion, mechanistically, there is evidence that PTL inhibits NF-kB 

signaling in cancer cells, and that constitutive NF-kB activity is present in at least some 

types of canine cancer, and likely contributes to cancer-associated morbidity and 

mortality, as is seen in humans. Additionally, PTL’s mechanisms of action in canine 

cells are similar to what has been observed in human tumor cells, namely, that NF-kB 

inhibition and alteration of redox balance are both evident in canine cancer cells. 

PTL remains a promising therapeutic for canine cancers for a variety of reasons: 

it has multiple mechanisms of action, most canine cells (from cell lines and primary 

tumor cell samples) are sensitive to PTL at single agent doses that are well-tolerated in 

dogs in vivo, and PTL can readily be combined with standard-of-care 

chemotherapeutics, often with synergistic outcomes. These data provide a strong 

rationale for further evaluating DMAPT in murine models of disseminated canine 

diseases, and ultimately, moving DMAPT forward into clinical trials in dogs with 

naturally occurring cancers, especially if results from the pending xenograft study are 

promising. 
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CHAPTER 3: IMMUNOHISTOCHEMICAL CHARACTERIZATION OF NF-KB  
 

ACTIVATION IN CANINE NEOPLASMS 
 
 
 

Overview 
 
 NF-kB proteins are a family of structurally related, eukaryotic transcription factors 

that have 400+ genetic targets, and are involved in many vital cellular processes, 

including innate immunity, inflammatory responses, development, cellular growth, and 

survival. Not surprisingly, overactivation of NF-kB is a feature of many chronic disease 

processes, including cardiac disease, neurodegenerative disease, immune-mediated 

disease, and cancer. While NF-kB overactivation has been documented extensively in 

human oncology, there is a relative paucity of data documenting the same phenomenon 

in veterinary medicine. Therefore, large scale validation of NF-kB performed via 

immunohistochemistry of 215 tumor samples (lymphoma, HS, HSA, and MCT). 

Antibodies were validated for use via western blot, immortalized cell pellets, and 

evaluation of normal canine tissues. Results of this study show that many spontaneous 

canine tumor samples have nuclear p65 and p100/p52 IHC staining that is of greater 

magnitude than observed in comparable, normal cell populations, indicating the promise 

of therapeutics that target aberrant NF-kB signaling, including parthenolide.  

 

Introduction 

 As previously discussed, disseminated neoplasms pose a significant challenge in 

both humans and animals. More specifically, disseminated mast cell neoplasia (MCT), 

hemangiosarcoma (HSA), and histiocytic sarcoma (HS) are uniformly deadly in both 
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humans and dogs, despite medical interventions available for these 

diseases.1,2,4,5,12,13,17,16,18,27,21,28,29,32,36   while actively benefitting the canine population.  

Other diseases, such as lymphoma, while common in both humans and dogs, share 

remarkable cross-species similarities.10,15 The use of naturally occurring canine cancers 

can be used as a model to accelerate research for diseases that otherwise receive little 

attention in humans (so called “orphan diseases”22), and for diseases that are more 

common, but are biologically and molecularly similar.10,15 

Some evidence in canine cell lines and in the literature, as outlined in Chapters 1 

and 2, supports constitutive NF-kB signaling as a druggable target in both canine and 

human tumors. To further demonstrate the potential roles of these proteins in canine 

cancer, large-scale validation of NF-kB as a potential therapeutic target was undertaken 

across 215 tumors in dogs, including 29 MCTs, 91 HS, 85 lymphomas, and 10 HSAs. 

To further understanding of the implications of NF-kB overactivation in canine tumors, 

outcome data, when available, and other tumor features (such as mitotic index, 

anatomic location), were evaluated in combination with tumor NF-kB 

immunohistochemical (IHC) nuclear staining grade and nuclear to cytoplasmic (N:C) 

ratio staining.   

Relative to normal mast cells, dendritic cells, endothelial cells, and lymphocytes, 

respectively, NF-kB p65 and p52 nuclear staining were more prevalent in histologically 

diverse tumor types, further documenting overactive NF-kB signaling in canine tumors. 

Greater nuclear p65 staining was associated with a shorter progression free interval 

(PFS) and overall survival (OS) in canine lymphomas and correlated with Ki67 IHC (a 

proliferative marker) in canine MCTs.  
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Materials and methods 

Cell lines 

The canine cancer cell lines utilized in this study were generously provided by 

researchers at other institutions, purchased from the American Type Culture Collection 

(ATCC), or established from tumor samples in-house (Table 3.1). Note that the 

information in Table 3.1 is repeated from Chapter 1 but has been repeated here for 

reference to the specific cell types used in this study. Cells were maintained in 

appropriate media for the cell line, as previously detailed in Chapter 1. Cell lines were 

authenticated via short tandem repeat analysis and a multispecies multiplex PCR assay 

(as previously described),20 and confirmed to be mycoplasma-free prior to use in 

assays. 

 

Table 3.1: Canine cell lines evaluated in this study.  

CELL LINE NAME CANCER TYPE SOURCE  BREED 

SB-HSA Hemangiosarcoma UWM (E. Dickerson) German Shepherd 

DH82 Histiocytic Sarcoma ATCC Golden Retriever 

NIKE / MH Histiocytic Sarcoma MSU (B. Kitchell) Not collected 

CLL1390 Leukemia UCD (P. Moore) Not collected 

1771 Lymphoma UPENN (K.A. 
Jeglum) 

Not collected 

CLBL1 Lymphoma Aus (B. Rutgen) Bernese Mountain Dog 

BRMCT Mast Cell UCSF (W. Gold) Not collected 

C2MCT Mast Cell UCSF (W. Gold) Not collected 

 

Aus: Veterinary University of Austria. MSU: Michigan State University. UCSF: University of California San 
Francisco. UCD: University of California‐Davis. UPENN: University of Pennsylvania. UWM: University of 
Wisconsin‐Madison.   
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Antibodies  

The following are antibodies that were used in this study. Because no NF-kB 

pathway antibodies had been evaluated by Abcam for efficacy in canine cells, all 

antibodies used were purchased as part of the Abtrial or Novus Biologics trial program, 

and expression was successful to varying degrees.  

Table 3.2: Antibodies 

ANTIBODY 
CATALOG NUMBER 

SOURCE  TARGET  NF‐KB 
PATHWAY 

DILUTION(S) USED  ANTIGEN 
RETRIEVAL 

AB16502  Abcam  p65/RelA  Canonical  0.5 ug/mL (WB), 
1:5,000 (IHC) 

Heat 

NB100‐82063  Novus 
Biologics 

p100/p52  Alternative  1:1,000 (WB), 
1:200 (IHC) 

Heat 

AB8227  Abcam  Beta‐Actin  N/A  1:2,500 (WB)   
 

Western blot 

Cells were plated at ~75% confluency in T25 flasks with C/10 media 24 hours 

prior to treatment. The following day, cells were washed with PBS, collected either via 

cell scraping (CLBL1, C2 cells) or trypsinization (DH82, SB), as appropriate. For DH82 

and SB, cells were washed with PBS and then exposed to 1 mL trypsin for 5 minutes to 

detach them from the culture plate. 2 mL C/10 media were added to neutralize trypsin. 

Collected cells were centrifuged at 1,400 rpm for 5 minutes. The trypsin/media 

supernatant was removed from pelleted cells, and cell pellets were resuspended in 1 

mL PBS in a 1.5 mL Eppendorf tube. Cells were then centrifuged at 10,000 rpm at 4 

degrees Celsius for 5 minutes. After discarding the PBS supernatant, cells were 

homogenized with 150 µL of buffer containing M-PER protein extraction reagent 

(Pierce), 1 mM NaVO4, 1 mM PMSF, Complete Mini Protease Inhibitor (Roche), and 1% 
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SDS. The cell homogenate was placed on ice for 10 minutes, and lysates were passed 

through a 25-gauge needle 5 times. Following centrifugation at 10,000 rpm at 4 degrees 

Celsius for 5 minutes, the supernatant was used to measure cellular protein 

concentrations, using the BCA protein kit (Bichinchoninic Acid kit, Pierce, Rockford, IL). 

For evaluation of NF-kB p65 and IKBa expression, 25-30 ug samples of cells were 

electrophoresed into a denaturing 4-12% Bis-Tris gel (Invitrogen, Carlsbad, CA), and 

were transferred electrophoretically to a polyvinylidene difluoride (PVDF) membrane. 

Membranes were blocked with SuperBlockTM (PBS) Blocking Buffer (Thermo Fisher 

Scientific, Waltham, MA) for one hour at room temperature, followed by incubation of 

primary antibody (as indicated in Table 3.2) overnight on a rocker, in blocking solution 

at 4 degrees Celsius. After three washes in TBST, membranes were incubated in a 

1:20,000 dilution of HRP-conjugated goat anti-rabbit IgG for 1 hour at room 

temperature. Immunoreactive proteins were detected using SuperSignal® West Pico 

Chemiluminescent Substrate (Pierce) and was analyzed via autoradiography. Beta-

Actin was used as a loading control; this antibody was incubated for 1 hour at room 

temperature followed by incubation with secondary antibody, as previously described. 

Relative band intensity was measured in ImageLab computer software (Bio-Rad 

Laboratories, Hercules, CA).  

 

Determination of c-kit mutation status, Ki67 IHC, and c-kit IHC  

      Many of the MCTs identified for use in this study were diagnostic samples from the 

CSU diagnostic laboratory, and had pre-existing MCT panel data available, which 

included mitotic index, c-kit mutation status, Ki67 IHC, and KIT IHC. For tumors in which 
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these data were not readily available, tumor blocks were given to the CSU diagnostic 

laboratory and Clinical Immunology Laboratory (A. Avery) to complete these tests, as 

had been done previously for other tumor blocks in this set.  

 

Preparation of cell blocks for immunohistochemistry 

      Cells were grown to near confluence (~90%) in T175 culture flasks and were treated 

with DMSO (vehicle control) or 10 µM parthenolide (PTL) for 6 hours. Cells were 

harvested (via cell scraping or trypsinization, as appropriate), then washed with PBS. 

Cells were suspended in 10% buffered formalin in an Eppendorf tube for 15 minutes to 

ensure fixation. Following fixation, cells were rinsed in PBS, centrifuged, then 

resuspended in ~150 µL of 1% agarose gel. Pellets of gel containing cells were pipetted 

into the caps of fresh Eppendorf tubes and allowed to cool on ice. Following cooling, gel 

discs were pipetted into the caps of Eppendorf tubes, then gently removed with a #10 

blade. Gel discs were paraffin-embedded using standard methods, by the Colorado 

State University histopathology laboratory.  

 

Preparation of tissue microarrays 

 The Colorado State University Veterinary Diagnostic Laboratory database was 

searched to identify histologically normal tissues, as well as histiocytic sarcoma and 

mast cell tumor cases. Mast cell tumor cases were selected to have tumors of varying 

histologic grades (Patnaik and Kuipel), as well as representation of cutaneous and non-

cutaneous tumors. Histiocytic sarcoma cases were selected to ensure broad 
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representation across anatomical locations, and to the extent possible, breeds of dogs. 

Lymphoma and hemangiosarcoma blocks were available from previous patient study 

populations.  

 Tissue microarrays were prepared using EZ-TMA 120-well, 1.5 mm, recipient 

blocks (IHC World, Woodstock, MD). Tumor cores were taken with a 1.5 mm biopsy 

punch and were gently extruded with a metal stylette. Paraffin embedding was 

performed by the Colorado State University Veterinary Diagnostic Laboratory, as per 

recipient block manufacturer instructions.  

 

Immunohistochemistry 

 Tissue blocks were sectioned at 5 microns, then mounted on Superfrost Plus 

slides (Fisher Scientific, Hampton, NH) and immunolabeling for p65 and p100/p52 was 

performed using standard methods.  Tissue slides were de-paraffinized in xylenes and 

re-hydrated with a series of graded alcohols. Briefly, antigen retrieval was performed, as 

outlined in Table 3.1. Tissues were blocked for endogenous peroxidase by incubation in 

3% hydrogen peroxide for 5 minutes. Sections were incubated with primary antibodies, 

as outlined in Table 3.1. Detection was performed using the universally labeled 

streptavidin-biotin2 system (Dako, Carpinteria, CA), which uses a mixture of biotinylated 

goat anti-mouse and anti-rabbit IgG secondary antibodies followed by horseradish-

labeled streptavidin. A universal negative control was used for each antibody evaluated. 

Positive staining was visualized with DAB chromogen substrates.  
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Semi-quantitative grading of IHC staining  

Immunohistochemical grading was performed using a semi-quantitative scoring 

scheme for nuclear and cytoplasmic staining. For assessment of both normal tissues 

and tumor tissues, a semi-quantitative grading scheme was developed and used, with 

all grading performed by one observer (LJS). To ensure reproducibility, cores to be 

graded were determined via a random number generator. In each core, 200 cells were 

graded according to the scheme outlined in Figure 3.1 for nuclear and cytoplasmic 

reactivity. Cells were considered negative for IHC staining if they appeared similar to the 

universal negative controls for those antibodies. The number of cells mildly/slightly, 

moderately, or strongly immunoreactive for the antibodies in question were recorded. 

Using the following equation, nuclear and cytoplasmic scores were calculated for each 

tumor core within these microarrays: 

IHC score = (# of negative cells * 0) + (# of 1+ cells *1) + (# of 2+ cells * 2) + (# of 3+ cells * 3) 

Based on the IHC scores generated for normal tissues, thresholds were set for low, 

moderate, and high nuclear and cytoplasmic staining, respectively. Each core was 

graded twice, to ensure that the overall grading nuclear and cytoplasmic scores did not 

differ among assessments.  If a tumor core’s nuclear or cytoplasmic score was not in 

agreement between these two scoring events, it was regraded.  
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Figure 3.1: Graphic and microscopic examples (Hematoxylin and DAB, 400x) of criteria used to 
score each cell for nuclear and cytoplasmic reactivity.  

 

Control tissues 

Immunohistochemistry of lymphocytes within normal lymphoid tissues was used 

to set the threshold for evaluation of neoplastic lymphocyte activation of NF-kB. 

Because some of the normal cell counterparts are found in relatively low 

numbers in the normal canine body, it was initially challenging to identify appropriate 

controls. For example, although large numbers of mast cells may be present in atopic 

skin, which could potentially be used as a “normal” tissue control, the NF-kB activation 

status of mast cells in this environment may be increased relative to normal, resting 

mast cells. While dendritic cells are ubiquitous in the body, locating large numbers of 

these cells is challenging.  
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As most HS are derived from antigen presenting cell (APC) dendritic cells, 

normal dendritic cells were identified in lymphoid tissues (spleen and peripheral lymph 

nodes), based on their location relative to lymphoid follicles, as well as physical 

appearance. Normal mast cells were identified in lymphoid tissues, as well as 

perivascularly in normal canine skin sections. For HSA, normal endothelial cells within 

lymph nodes were used as staining controls.  

 

Correlation with other case data 

The relative staining intensities of tumors for NF-kB signaling partners were 

compared with factors that may influence a tumor’s biologic behavior, either in theory or 

as previously demonstrated in the literature or by patient outcomes in our data sets.  

For lymphoma microarrays, tumor cores were taken from a pre-curated set of 

paraffin-embedded tissues that had been used previously in another study. In this 

previous study, tissues from sixty-four dogs with naïve multicentric B-cell lymphoma 

were treated with a standardized, 19-week, CHOP (cyclophosphamide, doxorubicin, 

vincristine, and prednisone) chemotherapy protocol, and outcome data were recorded 

for these patients.35 

HS and HSA samples were taken from diagnostic laboratory biopsy and 

necropsy samples, and thus, follow-up data were largely unavailable. When available, 

IHC grading was evaluated with respect to the anatomic location of the tumor and/or the 

mitotic index.  

Outcome data were similarly not available with respect to the MCTs used in this 

study; however, for most tumors evaluated, we had access to KIT IHC localization data, 
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c-kit mutational status, Kuipel and Patnaik grades (for cutaneous tumors), mitotic index, 

and anatomic location of the tumor.   

 

Statistical analyses 

Correlations between continuous variables (MI and nuclear p65 score, as well as 

nuclear to cytoplasmic p65 ratio) were computed by means of the Spearman rank-

correlation coefficient. The Kruskal-Wallis nonparametric analysis of variance was used 

to determine the significance levels of differences between groups of continuous 

variables after stratification on categorical variables (such as tumor grade or anatomical 

site of origin). When two groups of continuous variables were used after stratification on 

categorical variables, a Mann-Whitney nonparametric test was used. Pre- and post-

CHOP treatment immunoreactivity was compared in lymphoma cores using a 2-tailed, 

paired Mann-Whitney test. The Kaplan-Meier method was used to estimate progression 

free interval (PFI) and overall survival time (OST). Impact of p65 score and ratio on 

outcome (PFI and OST) were assessed using log rank and Cox proportional hazards 

methods. Statistical analyses were performed in SPSS Software (Armonk, NY) and 

GraphPad Prism Software (San Diego, CA). 

 

Results 

Western analysis 

 The antibody for total NF-kB RelA/p65 (ab16502) had been previously validated 

in canine cell lines while investigating phospho-RelA and phospho-IKBa activity in the 
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previous chapter (see Figure 2.5). Multiple antibodies for the alternative NF-kB 

signaling pathway (p100, p52, or both p100 and p52) were initially evaluated on a trial 

basis. The antibody with the strongest signal is presented in Figure 3.2 and was used 

for subsequent evaluation. Based on this initial screening experiment, most canine 

hematopoietic cell lines had evidence of p100 and p52 proteins with this antibody, to 

varying degrees.  

 

Figure 3.2: Western blot: For multiple canine hematopoietic cell lines, bands were observed at 
molecular weights of 100 and ~52 kDa, consistent with the molecular weights of NF-kB p100 
and p52, respectively.  

 

Cell pellet immunohistochemistry 

 Cell pellets from various canine cell lines (as shown in Figure 3.3) were 

evaluated for expression of NF-kB RelA/p65 and p100/p52 via IHC. It appeared that 

there was some noticeable decrease in nuclear p65 staining intensity with PTL 

treatment in DH82 (HS) and SB (HSA) cell lines. There was, perhaps, a slight difference 

in p65 nuclear staining intensity in the other cell lines. These results appear consistent 

with ICC using the same antibody (see Figure 2.8, previous chapter), except that in the 
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SB cell line, the result via IHC appears slightly more dramatic than is observed via ICC. 

All cell lines evaluated appeared to have strong nuclear staining localization of 

p100/p52. IHC pellets from cells treated with PTL appeared similar to vehicle control. 

This is expected since, to the author’s knowledge, PTL is not an inhibitor of the 

alternative NF-kB signaling cascade.  

 

Figure 3.3: Hematoxylin and eosin (left-most panel) and DAB chromogen 
immunohistochemistry (IHC) (remaining panels), 400x. IHC of canine cell line cell pellets. 
Inhibition of nuclear translocation with NF-kB canonical signaling is evident in DH82 (HS) and to 
a lesser extent, in SB (HSA) cells. There is a possible slight difference in nuclear p65 staining in 
the other two cell lines (versus normal variation in staining). Staining for alternative NF-kB 
signaling cascade members (p100/p52) appears similar between control and treatment 
conditions for PTL, as expected (as PTL is only documented to inhibit the canonical pathway).  

 

 

Assessment of normal and tumor tissues with IHC 
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Examples of normal tissue controls are shown in Figure 3.4.   

Tumor Normal tissue control Normal tissue stained 
with p65 

Normal tissue stained 
with p100/p52 

Lymphoma Normal lymph node 

  
Histiocytic Sarcoma Dendritic cells from the 

light zones of germinal 
follicles in spleen and 
lymph node 

  
Mast Cell Tumor Normal mast cells from 

skin, lymph nodes 

  
Hemangiosarcoma Normal endothelial cells 

  
 

Figure 3.4: Examples of immunostaining for p65 and p100/p52 in normal canine tissues.  

  

IHC grading of tissue microarrays 

 Figure 3.5 shows the arrangement of tumor cores in tissue microarrays. Each 

microarray is placed on a single microscopic slide, which allows staining of multiple 

tumor cores for high throughput IHC assessment.  
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Figure 3.5: Images of 1.5 mm tissue microarray cores, as arranged on glass slides, which were 
constructed and used for this study.  

 

Table 3.3 shows the cytoplasmic and nuclear scores for normal tissue cells. These 

values were subsequently used as a threshold to determine whether tumor tissues had 

greater relative overactivation of NF-kB signaling pathways. Table 3.4 shows the 

numbers of tumors that were ultimately classified as having low, moderate, or high 

nuclear NF-kB pathway staining. Tumors staining was then compared to the threshold 

set by grading normal tissues. These data are presented graphically in Figure 3.6.  

Table 3.3: Normal cell thresholds established via IHC grading.  

Normal cell type P65 
nuclear 
score 

P100/p52 
nuclear score 

# of cells evaluated 

Lymphocytes 60 74 2,000 

Dendritic cells 20 93 200 

Mast cells  50 80 200 

Endothelial cells 8 21 200 
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Table 3.4: IHC grading of tumor tissues.  

Stain  Tumor type  Negative  Low  Moderate  High  Positive 
p65  Lymphoma 2 1 34 48 83 

 
Histiocytic sarcoma 11 42 31 5 78 

 
Mast cell tumor 19 13 7 2 9 

  Hemangiosarcoma 0 1 4 5 10 

p100/p52  Lymphoma 4 0 36 40 76 
 

Histiocytic sarcoma 16 0 47 28 75 
 

Mast cell tumor 0 0 3 26 29 

 Hemangiosarcoma 0 1 5 4 10 
      

 

p65  Lymphoma 2.4% 1.2% 40.0% 56.5% 97.6% 
 

Histiocytic sarcoma 12.4% 47.2% 34.8% 5.6% 87.6% 
 

Mast cell tumor 67.9% 46.4% 25.0% 7.1% 32.1% 

 Hemangiosarcoma 0% 40.0% 30.0% 30.0% 100% 

p100/p52  Lymphoma 5.0% 5.0% 45.0% 50.0% 95% 
 

Histiocytic sarcoma 14.9% 17.6% 51.6% 30.8% 85.1% 
 

Mast cell tumor 0.0% 0.0% 10.3% 89.7% 100% 

 Hemangiosarcoma 0.0% 10.0% 50.0% 40.0% 100% 
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Figure 3.6: Summary data showing numbers of canine hematopoietic tumor cores with IHC 
nuclear grades (left) and the percentage of tumors with positive staining relative to control 
tissues in each category (right).  
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Relative to control tissues, many tumor types exhibited some overactivation (nuclear 

staining) of p65 and/or p100/p52. This indicates that inhibitors of both NF-kB pathways 

may be of some therapeutic benefit to patients with these diseases. For example, the 

plant-derived, secondary metabolite PTL is a canonical NF-kB inhibitor shown to be 

effective in vitro in many different canine cell lines, including the cell lines that were 

evaluated immunohistochemically in this study. In the following sections, NF-kB 

activation status is evaluated with respect to other available data points (survival data, 

mitotic index, etc., as available) for each tumor type.  

 

Lymphoma 

 As previously noted, pre- and post-CHOP-treatment (relapsed) data were 

available for lymphoma cores, as well as survival data. There was no difference in 

nuclear p65 staining or p65 nuclear/cytoplasmic staining intensity for pre- vs post-

treatment patients in this study. There was a trend toward increased nuclear p65 and 

the p65 nuclear/cytoplasmic ratio for B vs T cell lymphomas, but this difference was not 

statistically significant (p = 0.07 and p = 0.1), respectively. There was no significant 

correlation between nuclear p65 staining and survival metrics (PFS, OST). However, 

there were significant correlations between p65 nuclear/cytoplasmic ratio staining and 

these metrics via Cox regression, as follows:  

Progression free survival: p = 0.011, HR (95% CI) = 1.124 (1.002 – 1.228)  

Overall survival: p = 0.021, HR (95% CI) = 1.107 (1.016-1.206) 
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No significant correlations were identified in this data set for p100/p52 IHC staining.  

 

Histiocytic Sarcoma 

 There was not a statistically significant difference in the mitotic index (MI) that 

could be predicted by a tumor’s anatomical site of origin in this data set. There was no 

significant correlation (Spearman’s r) between a tumor’s MI and nuclear p65 or 

p100/p52 staining intensity, nor between the MI and the N:C staining ratio. Summary 

statistics from these analyses are shown in Figure 3.7.  

   

Figure 3.7: Selected outputs from statistical analyses of mitotic index and NF-kB IHC nuclear 
staining intensity. The mitotic index was not statistically correlated with either p65 or p100/p52 
nuclear staninig intensity in HS tumor cores.  

 

Mast Cell Tumor 

There was not a statistically significant difference in the mitotic index (MI) that 

could be predicted by a tumor’s anatomical site of origin in this data set. There was no 
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significant correlation (Spearman’s r) between a tumor’s MI and the nuclear p65 or 

p100/p52 staining intensity, nor between the MI and the N:C staining ratio. Summary 

statistics from these analyses are shown in Figure 3.8.  

 

 

Figure 3.8: Top: there was no statistical difference in the mitotic index, p65, or p100/p52 
staining properties of cutaneous vs. visceral MCTs from dogs. Bottom: A statistically significant 
correlation was not identified between NF-kB nuclear staining intensity and mitotic index in 
canine mast cell tumors.  
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For the MCTs evaluated in this study, as previously noted, multiple criteria were 

available to test statistical correlation with NF-kB IHC staining intensity. Although 

cutaneous MCTs are one of the most common neoplasms to affect dogs, their biologic 

behavior is quite variable, and various grading schemes and molecular markers have 

been studied to attempt higher precision in prognostication and optimization of 

treatment regimens.34  

For cutaneous MCTs in dogs, two histologic grading schemes are commonly in 

use. The Patnaik system (1984) divides MCTs into three histologic grades,23 while the 

more recent Kuipel system (2011) uses a two-tiered scheme to avoid challenges in 

interpreting moderately differentiated, or “intermediate grade” lesions.19,11,7 Figure 3.9 

shows summary statistics correlating the two aforementioned MCT grading schemes 

with NF-kB nuclear staining intensity. There were no statistically significant correlations 

identified, although there was a trend toward greater nuclear p65 staining with higher 

Patnaik and Kuipel grade.   
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Figure 3.9: There were no statistically significant associations between histologic grading 
schemes and p65 or p100/p52 IHC staining scores. Selected data are shown.  

 

Measures of proliferation have been used in both human and veterinary medicine 

to attempt more accurate prognostication in various neoplastic diseases. Ki67 is a 

nuclear protein that is expressed in all phases of the cell cycle, but is not expressed in 

noncycling cells, and therefore, the proportion of positive Ki67 cells in tissue can be 

used to determine the proliferative index or “growth fraction” within a tissue.6,26 

Summary data for Ki67 staining in the current study data set are shown in Figure 3.10. 

There was a significant correlation between Ki67 stain grade and p65 nuclear grading 

(Mann Whitney test, p = 0.0257). A statistically significant correlation was not observed 
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between MI and Ki67 staining, nor between p65 or p100/p52 and MI in this study, 

although there was a trend toward higher MI for tumors with high Ki67 staining, as well 

as a trend for greater p65 nuclear staining with higher MI.   

 

    

 

Figure 3.10: The correlation between Ki67 and p65 nuclear staining in canine MCTs is 
statistically significant. While the mitotic index and p65 N:C showed positive trends with greater 
Ki67 staining, these changes were not statistically significant. P100/p52 immunostaining and 
Ki67 do not appear to correlate in canine MCTs.  

 

The KIT protein is a tyrosine kinase receptor is a product of the c-kit proto-

oncogene. Of many potential markers, c-kit has been consistently identified as a key 

player in MCT development, and its constitutive activation is associated with tyrosine 
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receptor kinase-mediated cellular survival, proliferation, and motility via multiple 

downstream pathways, including the RAS/mitogen-activated protein kinase pathway, 

PI3-kinase, and Src family of kinases (SFK) pathways.7  

Mutations of the c-kit gene can lead to constitutive KIT activation, independent of 

ligand binding, and in one study, exon 11 mutations have been documented as 

occurring more frequently in grade II or III tumors.37 A statistically significant correlation 

was not identified between c-kit mutation status and NF-kB IHC staining intensity; 

however, only low numbers of tumors in this study had detectable mutations (Figure 

3.11).  

IHC detection of KIT has been well established in veterinary medicine, and 

different patterns of KIT expression have been described in normal mast cells 

(membranous, pattern I) and neoplastic mast cells (occasionally membranous, but often 

cytoplasmic, often adjacent to the cell nucleus, patterns II and III).24 Data evaluating KIT 

and NF-kB IHC staining are shown in Figure 3.11. No statistically significant 

associations were identified in this data set.  
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Figure 3.11: Top: c-Kit ITD mutations identified in canine MCTs and NF-kB staining. Bottom: 
correlations between c-Kit staining patterns and NF-kB staining. No statistically significant 
correlations were identified in this data set.  

 

Hemangiosarcoma 

None of the immunostaining performed on this tumor set yielded a statistically 

significant correlation with mitotic index (Figure 3.12).  

 

 

Figure 3.12: p65 and p100/p52 nuclear staining plotted against mitotic index for HSA tumors. 
No statistically significant Spearman correlations were identified.  
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Discussion and Conclusions 

 Overall, findings from this study support overactive NF-kB signaling as a 

common aberration in a variety of tumor types, and importantly, in types of cancer that 

are overrepresented in some dog breeds but are considered orphan diseases in 

humans. For HS, HSA, and MCT, this study suffers from the usual problems affecting 

studies that utilize biopsy and necropsy specimens, which include variable time of 

formalin fixation prior to embedding (which can, in theory, affect immunohistochemical 

staining properties of cells33), incomplete information regarding disease presentation 

(for biopsy specimens), and lack of outcome data.   

Based on the canine lymphoma data, p65 nuclear staining has potential as a 

predictor of progression free interval and overall survival in dogs with this cancer type. 

This finding is not surprising, since p65 activation has been documented in human ABC 

diffuse large B cell lymphoma, which is a biologically similar disease to cases of canine 

lymphoma.3 8 Although lymphoma is a heterogeneous disease with variable biologic 

behavior, inadequate numbers of tumors were available to assess NF-kB staining with 

respect to histologic subtype. Additionally, inadequate sample numbers were available 

to assess staining differences with respect to T vs. B cell immunophenotype. Ideally, 

data from this preliminary study could be used to further evaluate the NF-kB activation 

status of a larger number of lymphomas for which additional data are available for 

correlation (immunophenotype, histologic subtype, and outcome).  

Since there is evidence of documented crosstalk between NF-kB signaling and 

PI3-Kinase/AKT, JAK-STAT, and MAPK signaling pathways, and these pathways are 
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downstream of KIT signaling, we initially expected to see more evidence of p65 nuclear 

staining in MCTs.1,2,12,25,31,36 

 The significance of this seeming discrepancy is unknown at the time of writing. 

Since this was a relatively small dataset, perhaps the data are not fully representative of 

p65 activation status. Alternatively, this could be a real finding, as MCT cell lines are 

more resistant to the NF-kB inhibitor PTL (Chapter 2) as compared to other tumor types. 

Ideally, larger numbers of MCTs would be assessed to make this determination with 

more confidence.  

As previously noted, one substantial challenge in histologic grading of MCTs is 

that in the Patnaik system, more than 40% of tumors are classified as being of 

“intermediate” grade, yet these tumors demonstrate significantly variable biologic 

behavior, and problematically, there is significant pathologist interobserver variability in 

this grading scheme.19 Many of the studies evaluating additional biologic markers for 

MCTs, including proliferative indices, have been aimed at overcoming the limitations 

that are evident in existing histologic grading schemes. In a study evaluating multiple 

proliferative markers in canine MCTs, Ki67 staining had a distinct cut-off value that 

allowed for discrimination of tumors with an increased incidence and rate of tumor 

recurrence at the original surgical site, as well as increased incidence of MCT-related 

mortality.34 Especially with respect to grade II tumors in the Patnaik system, several 

other studies have demonstrated that the Ki67 index and MI may aid in predicting MCT 

prognosis, but overall, a high Ki67 index should not, on its own, be considered a poor 

prognostic indicatior.25,34,14,31,9 The Ki67 index is one of many factors that may be useful 

in understanding MCT behavior, but no single prognostic marker is currently considered 
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to be definitive.30 The association between Ki67 and p65 nuclear staining in the current 

study suggests that at least some MCT proliferation may be due to p65 overactivation. 

Again, evaluation of a larger number of MCTs, especially for which treatment is 

standardized and outcome data are known, may be beneficial, to further document NF-

kB signaling overactivation, as well as determine its significance with respect to patient 

outcome. 

 Overall, data from this study demonstrate that NF-kB overactivation, both via the 

canonical and alternative signaling pathways, is present in a wide variety of canine 

tumor types and is a viable therapeutic target. Additional studies are needed to 

understand the biological implications of these signaling abnormalities, as well as the 

genetic bases of mutations or non-mutational processes that may give rise to aberrant 

signaling in these tumors. Such studies may ultimately provide necessary data for 

improving our understanding of tumor biology, as well as an improved understanding of 

therapeutics that may be useful for these tumors.   
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 
 
 
 

General Conclusions 

 The studies contained within this dissertation evaluate the NF-kB activation 

status of many canine tumors, of varying histologic types. Aberrant, overactive, NF-kB 

signaling has been characterized extensively across many types of cancer in human 

medicine, and to some degree in veterinary medicine as well, as reviewed in Chapter 1. 

In Chapters 2 and 3, studies with canine cell lines, primary cells from patients, and 

biopsy specimens often demonstrate overactive NF-kB signaling. Because there are 

many pro-tumorigenic effects of NF-kB activity, including cell survival, proliferation, 

angiogenesis, inflammation, invasion, and metastasis, the effect of constitutive NF-kB 

activation can be devastating to the host. This work further corroborates NF-kB 

overactivation as an important signaling aberration in canine cancer, and importantly, in 

human “orphan diseases” as well as lymphoma; the latter, as previously noted, is an 

incredibly common cancer in both dogs and humans. NF-kB overactivation is yet 

another molecular similarity that canine cancers share with their human counterparts. 

Importantly, these data were able to demonstrate a correlation between p65/RelA 

nuclear immunostaining intensity and decreased survival in lymphoma patients, as well 

as correlation with Ki67, a proliferative and prognostic indicator in MCT. Although 

additional studies are needed, these data suggest that aberrant NF-kB signaling is not 

just a feature of canine cancer, but has measurable cellular and organism-level 

consequences, and that therapeutic targeting that alters this signaling may be beneficial 

for some tumor types.  
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 An additional goal of this research was to evaluate the compound parthenolide 

(PTL) as a potential therapeutic in canine cancer. Data from canine cell lines, primary 

cells, and preliminarily in mice are all indicative of PTL being a viable therapeutic 

compound, which exerts its action, in part, via NF-kB inhibition and perturbation of 

cellular redox balance in canine cancers. A pending mouse experiment will evaluate the 

effectiveness of PTL in an in vivo xenograft model of canine HS.  

  

Future Directions 

 There are numerous potential future directions for this work. As there are few 

viable treatment options for canine HS, HSA, and disseminated MCT, PTL is worth 

investigating as an adjuvant therapeutic to existing chemotherapeutic protocols. As 

previously stated, an additional, four-arm mouse experiment is pending in which 

combination therapy with CCNU/lomustine will be evaluated in a xenograft model of 

canine HS. If warranted, additional mouse experiments and potentially, canine clinical 

trials, may be beneficial in further evaluating PTL’s promise as a therapeutic in dogs.  

 To this end, given the broad activity of PTL in tumor types of quite variable 

histologic backgrounds, an obvious set of follow-up experiments for PTL would be 

evaluation of combination therapies with other standard-of-care drugs that are in use for 

various cancer types. A CRISPR-Cas9 whole genome library has been constructed and 

is currently undergoing evaluation in the Duval laboratory. A stated goal of the library is 

to use CRISPR-Cas9 knockout genes to identify drug targets that may be synthetic 

lethal when combined with other therapeutics; the library could be used to identify 

potential synthetic lethal targets with PTL, if it is used in this fashion. 
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 The NF-kB immunostaining in canine tumors lays the groundwork for 

investigation of additional therapeutics that may target aberrant canonical and 

alternative NF-kB signaling. In addition, further evaluation of genetic expression data 

across many canine cell lines will likely identify anomalies that are linked to NF-kB 

overactivation, which may help researchers understand how best to target aberrant 

signaling. Creation and study of cell lines that are resistant to standard-of-care 

chemotherapeutics may help to elucidate mechanisms of resistance that may be linked 

to NF-kB signaling, and evaluation of PTL as a compound in this scenario could provide 

an in vitro model of treatment for drug-resistant neoplasms.  

   
   
 


