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Abstract

Background: Cancer is a global health burden and a leading cause of death worldwide. One
obstacle to improving patient outcomes is the development of cancer cachexia, which is formally
described as the loss of muscle tissue (with or without adipose tissue atrophy). The classical
presentation of cachexia is low muscle mass (sarcopenia) which can be assessed by computed
tomography (CT) image assessment techniques, but this may not embody all important body
composition phenotypes. | hypothesize that cancer can induce multiple clinically significant body
composition (BC) features beyond sarcopenia, such as myosteatosis and high subcutaneous fat

density (dense sub-q).

Methods: In a cohort of patients with stage | — IV colorectal cancer (CRC) (N = 319), BC features
were measured using Slice-O-Matic CT image analysis techniques. The influence of BC
phenotypes and other clinical parameters on overall survival (OS) outcomes was assessed using
univariate Kaplan-Meier and multivariate Cox regression analyses. Findings were then validated
on an external dataset of 960 patients with CRC. To explore the physiological basis of these BC
features, | performed targeted serum proteomics using Luminex assays and untargeted shotgun

tumor proteomics using liquid chromatography-mass spectrometry.

Results: Overall, the three BC features (sarcopenia, myosteatosis and dense sub-q) appeared
independent of one another in 60% of cases. Myosteatosis and dense sub-g were independent
predictors of worse OS outcomes (P < 0.001, P = 0.050). Sarcopenia was influential on reducing
OS when phenotypic overlap was removed (P = 0.002). Several perturbed protein correlates were

found in relation to each BC phenotype, specifically with respect to inflammation and metabolic



processes. For example, myosteatosis was independently associated with increased leptin,

resistin and adipsin (P < 0.01 for all).

Conclusion: Overall, this work demonstrates that colorectal cancer can lead to the development
of several BC phenotypes beyond just muscle wasting. Distinct patterns of serum protein
abundance suggested that each of the BC features represented biologically distinct

manifestations.
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Chapter 1: Introduction

1.1 Cancer Burden

In 2020, cancer continued to represent a global health burden and a leading cause of
worldwide morbidity and mortality (1). Specifically, there were over 19.3 million new cases
diagnosed and 10 million cancer-associated deaths in 2020 alone, making this disease a major
public health challenge and threat to increasing life expectancy (1). It has been projected that by
2040 there will be a 47% increase in the incidence of cancer cases, which is linked closely to

continued population growth and aging (1).

Particularly troublesome cancer types are colorectal cancers (CRCs). GLOBOCAN 2020
reported that CRCs had the third overall highest incidence and were the second leading cause of
cancer mortality, worldwide (1). Dichotomized by sex in 2020, CRC was the second most common
cancer type in females (behind breast) and third most common in cancer type in males, behind

prostate and lung (1).

1.1.1 Risk Factors

There are several modifiable and non-modifiable risk factors that increase the likelihood
of developing CRC. One non-modifiable risk factor includes a positive family history for CRC.
Positive familial history of CRC, which is linked to approximately 10 — 20% of all CRC cases, varies
widely between families and relies on factors such as the number of the family members with
disease and the severity of disease cases (2). Family history of CRC is different, however, from
another non-modifiable risk factor for CRC development which is the presence of hereditary CRC

syndromes. Hereditary CRCs are inherited syndromes that increase the risk of CRC development



(3). Such conditions are rare and responsible for between 5 — 7% of all CRC cases and can be
largely categorized into non-polyposis (limited or no polyps, such as Lynch Syndrome) or
polyposis syndromes (lots of polyps, such as Familial Adenomatous Polyposis) (3, 4). Other non-
modifiable factors such as older age (especially over the age of 50) and the presence of
inflammatory bowel diseases (i.e. ulcerative colitis and Crohn’s disease) also increase the risk of

CRC development (1).

Modifiable risk factors are largely responsible for the development of sporadic (no genetic
predisposition) CRCs, which comprise ~ 70% of cases diagnosed (5). Risk factors that increase the
likelihood of sporadic CRC development include: a sedentary lifestyle, heighted consumption of
red and processed meats, excess body weight, alcohol consumption and cigarette smoking (1).
Both modifiable and non-modifiable risk factors increase the likelihood of CRC development. The

guintessential route to CRC development involves polyps transitioning from benign to malignant.

1.1.2 CRC Pathogenesis

Polyps are localized growths of abnormal cells that, with time, can accumulate genetic
mutations that drive them towards malignancy. Progression of precancerous polyps to cancer is
a relatively slow process that can take years to occur, which highlights the importance for
screening (6). The transition from benign growths to cancerous ones is related to augmented
genomic instability, which is a staple of all cancer development. In CRC, there are generally three
pathogenic pathways that lead to the development of two types of polyps: adenomas and sessile
serrated polyps (SSPs) (7). Adenomatous polyps are precursors for ~ 60 — 70% of new CRC cases,

and SSPs are linked to 25 — 30% of new cases (6).



Adenomas are associated with a large degree of chromosomal instability, which is a
genetic imbalance wherein there are significant gains or losses of large sections of chromosomes
(5). These rearrangements often lead to the activation of oncogenes KRAS and BRAF, or the
inactivation of tumor suppressing genes like APC and TP53 and loss of chromosome 18
heterozygosity (8). Loss of heterozygosity (LOH) refers to the loss of two alleles of a gene. These
changes often lead to loss-of-function of tumor suppressing genes, such as DCC, SMAD2 and
SMAD4 (8). The culmination of these specific changes are key features of the adenoma-

carcinoma sequence.

SSPs typically develop through BRAF (sometimes KRAS) gene mutations which causes
uncontrolled cellular growth and loss of apoptosis (6). BRAF mutations are also associated with
another condition in CRC development known as CpG island methylator phenotype (CIMP). CIMP
leads to the hypermethylation of gene promotors, which can silence tumor suppressor genes and

can also impact other genes that regulate growth promotion (6, 9).

The third mechanism that is frequently observed in CRC development is microsatellite
instability (MSI), typically culminating in CRC derived from SSPs (6). MSI is caused by defective
DNA mismatch repair wherein there is uneven replication of microsatellites, which are short
stretches of repetitive, noncoding DNA sequences (10). Uneven replication with no repair
mechanisms available heighten the likelihood that genetic mutations may occur. MSl is also a

feature of hereditary, non-polyposis conditions such as Lynch Syndrome (7).

As described above, CRCs exemplify a large degree of heterogeneity in terms of etiology

and pathogenesis. The molecular phenotypes of CRC have been widely categorized into tumor



markers, which are related MSI or DNA mismatch repair, CIMP and somatic mutations in
BRAF/KRAS (11). The heterogeneity of these phenotypes have important implications for CRC

prognosis and clinical management (11).

1.1.3 Treatment Regimens for CRC

Despite advances in treatment options for CRC, no universal treatment exists that is
appropriate for every case of CRC. Surgical resection with curative intent remains the primary
goal in all CRC cases (7). Surgical resection can be supplemented with chemotherapy and
radiation depending on disease stage and anatomical factors. For instance, early stage disease
usually allows for favorable conditions for tumor resection without any neoadjuvant (before
surgery) treatments, such as chemotherapy or radiation (7). However, complete resection of the
tumor is not always a viable option, especially in late-stage disease. In some advanced stage
situations, neoadjuvant chemotherapy (or chemoradiation) can be given to a shrink tumor(s) that
are not initially appropriate for resection, to make surgical resection a viable option (12). Often
in advanced stage IV, where surgical resection is not an option, palliative chemotherapy is offered

(13, 14).

The chemotherapeutic agents that are utilized in CRC include cytotoxic and cytostatic
drugs (15). There are several class of targeted therapy, including angiogenesis inhibitors (e.g.,
bevacizumab) and epidermal growth factor (EGF) inhibitors (e.g., cetuximab). Angiogenesis
inhibitors block new blood vessel formation through the inhibition of vascular endothelial growth

factor (VEGF) (16).



Cytotoxic drugs include a wide range of drugs, such as fluorouracil/leucovorin,
capecitabine, irinotecan and oxaliplatin (15). The mechanisms of action of each drug range from
inhibition of cellular division via DNA fragmentation to activation of programmed cell death (15).
Often chemotherapy treatment plans combine different combinations of these drugs, such as
FOLFIRI (irinotecan, leucovorin and fluorouracil) or FOLFOX (oxaliplatin, fluorouracil and

leucovorin) (15).

While chemotherapeutic treatments are effective therapeutic options that are frequently
utilized for CRC cancer, radiation is only used for rectal cancers, due to the complicated pelvic
anatomy (7). For instance, radiation can be used as a neoadjuvant treatment with the goal of
shrinking the size of the tumor before resection (17). Additionally, radiation can used both during
surgery (intraoperative radiation therapy) or postoperatively to help kill any remaining cancer

cells and reduce the likelihood of recurrence (17).

Although a wide variety of treatment options are available to patients with CRC, not all
treatments are effective in every patient. There are numerous chemoresistance mechanisms
(18). Ultimately, with numerous lines of chemotherapy, cumulative toxicities take hold and
patients decline. Moreover, some chemotherapies can lead to cachexia, which has been

consistently shown to increase the risk of toxicity of treatment in cancer settings (19).

1.1.4 Cancer Therapy Contributes to Cancer Cachexia

Cancer cachexia, by international consensus, is defined as skeletal muscle loss with or
without the loss of adipose tissue (20). Drivers of this condition include inflammation and

perturbed energy balance. There is also increasing evidence that some forms of chemotherapy



can contribute to the development and progression of cachexia (19). Cachexia, in turn, can

enhance intolerance to treatment and reduce treatment effectiveness.

The main etiologies behind chemotherapy-induced cachexia are still under investigation,
and there may be several pathogenic mechanisms. 5-fluorouracil has been shown to promote a
negative nitrogen balance in tumor-bearing rats (21). Barreto et al. (2016) demonstrated that
combination therapy FOLFIRI promotes wasting through activation of p38 mitogen-activated
protein kinases and ERK1/2 pathways (independent of the ubiquitin proteasome system) (22).
Most recently, Pin et al. (2019) revealed via comprehensive metabolic profiling of a murine
Colon26 adenocarcinoma mouse model that cancer-induced and FOLFIRI chemotherapy-induced

cachexia had substantially different metabolic derangements and inflammatory processes (19).

1.2 Cancer Cachexia

Cancer cachexia is a complex disorder which manifests in a variety of cancer types, and
consistently reduces survival outcomes compared to cancer patients who do not exhibit cachectic
wasting (23). The degree of muscle/adipose tissue wasting does not depend on the size of the
tumor, which adds another dimension of complexity (24). It is thought that severe metabolic
demands by the tumor, in addition to a systemic inflammatory response, are drivers. Other
factors such as reduced food intake, enhanced catabolism and elevated resting energy

expenditure also make this disorder distinct from starvation (19).

Models of cancer cachexia demonstrate that this disorder involves several organs such as
the pancreas, liver, heart, skeletal muscle and adipose tissue (23). Each organ is influenced by the

development of cachexia, which further adds to the difficulty in developing appropriate



therapeutic responses. Ultimately, building blocks such as amino acids and free fatty acids are
released (from skeletal muscle and adipose tissue, respectively) and mobilized into the
circulation which may represent fuels for the metabolic demands of the tumor (23). The liver is
also involved in providing additional fuel sources, largely through the conversion of lactate into
glucose, which is shunted back to the tumor for energy utilization (23). Such processes create a
negative energy balance driven by these tumor-related metabolic demands, in addition to the
onset of cancer-related anorexia symptoms (20). Often this wasting is 1) both difficult to halt

once started and 2) cannot be fully reversed by supplementary nutritional support (20).

1.3 Assessing Cachexia and Body Composition Phenotypes

The techniques for detecting the presence of cachexia have been previously discussed in
detail (20). There are three specific methods of assessing cancer cachexia, which are either by a
weight loss of > 5% over 6 months, a BMI < 20, or through a low appendicular skeletal muscle
index (SMI), known as sarcopenia in conjunction with weight loss > 2% (20). The latter method’s
assessment of sarcopenia is made possible through the use of techniques such as computed
tomography (CT) imaging. Throughout the course of treatment for cancer, CT imaging is
conducted as it plays an important role in tumor staging and treatment planning (25). As such,
analytic tools that allow for the extraction body composition information from CT images (such

as skeletal muscle/adipose tissue surface area and radiodensity) have been developed.

1.4 Body Composition Assessment Techniques

The measurement of body composition phenotypes in patients with cancer is critical in

cachexia research (26). Despite the continued advocacy for routine assessment of muscle mass



and strength in cachexia research, a lack of consensus regarding body composition measurement
methodology still exists. The most commonly utilized method is CT (and sometimes MRI) cross-
sectional assessment, which are valuable because they allow for an accurate segmentation of fat
and fat-free mass (27). Other measures of body composition assessment, such as duel-energy x-
ray absorptiometry (DXA), anthropometric measurements and bioelectrical impedance have also

been used, but to a lesser extent (20).

Whole body CT images are constructed using helical CT scanners that combine and stacked
X-ray images (at different planes) into series of two dimensional (2D) images (27). The 2D
transaxial images, typically at the level of the third lumbar vertebra, are used for evaluating the
muscle and fat characteristics of patients with cancer in a cross-sectional manner. In this
technique, the axial images are submitted to software such as Slice-O-Matic for body composition
analysis which quantifies both muscle and adipose tissue surface area. Additionally, due to the
inherent characteristics of CT images, muscle and adipose tissue radiodensity can also be
assessed through the Hounsfield Unit (HU) scaling system, which makes CT images advantageous
over MRI images which lack the radiodensity component (27). The HU system can detect the
radiodensity of the pixels within the CT images (28). For instance, intramuscular lipid content can
be measured through pixel density, as lower density pixels in the muscle region correspond to
higher lipid content (as lipids are less dense than muscle) (28). In a similar manner, density of
adipose tissue can also be conducted. As a benefit, these measures can be completed at no
additional cost if CT images from a patient's course of treatment are utilized. Contrast media
used during image capture, as well as slice thickness, are both factors to consider in BC

assessment as they can influence pixel densities (29).



CT image assessment has made the evaluation of body composition in cancer more
attainable in research settings. Arguably the most commonly assessed phenotype detectable by
CT image analysis is sarcopenia, which is well described in the literature. This well-documented
BC phenotype is the “classical” definition of cancer cachexia and is influential in reducing overall
and disease-free survival in cancer (30). Cancer-associated sarcopenia has also been shown to
increase the likelihood of treatment toxicity in patients with cancer and increases frailty (31).
However, as result of utilizing CT measurement techniques, several other body composition (BC)
“phenotypes” have been documented that go beyond low appendicular skeletal muscle index

(sarcopenia).

Another BC phenotype has more recently come to light. , Myosteatosis (lipid accumulation
in skeletal muscle tissue) appears on CT as low radiodensity muscle. This phenotype has been
described as biologically distinct from sarcopenia and is influential on survival outcomes of
patients with cancer (32). Myosteatosis, along with a very recently described phenotype known
as highly dense adipose tissue, are both prevalent in cancer populations and therefore require
further examination (33, 34). The discovery of additional, influential body composition features
may suggest that the current models of cachectic wasting may oversimplify the complex wasting
that occurs in the cancer. Moreover, the pathogenesis of each of these features may be distinct

from each other.

1.5 Sarcopenia

The classical definition of cancer-associated cachexia is muscle loss with or without the

loss of adipose tissue (20). In some instances, muscle atrophy can occur without fat loss, as is



seen in sarcopenic obese individuals. Sarcopenic obesity has been reported in a number of cancer
populations, including CRC and other gastrointestinal cancers, as well as lung cancers. Sarcopenic
obesity is associated with particularly poor survival outcomes (35-37). Sarcopenia in association
with fat loss is often seen in more aggressive malignancies, such as pancreatic cancers(38). The
guestion is whether phenotype (sarcopenia alone, sarcopenia plus fat loss, or obese sarcopenia)
is a product of host susceptibility and premorbid health, or whether the type and biology of the

tumor play a role.

There are differences in sarcopenia prevalence in different tumor types. For instance,
sarcopenia prevalence is upwards of 80% of patients with gastrointestinal cancers and 50% of
patients with colorectal cancers. It is less frequently observed in breast cancers (39). When
present, sarcopenia has a number of clinical consequences. In most studies, sarcopenia is
associated with reduced overall and disease-free survival (30). Moreover, patients with severe
muscle loss have been shown to have reduced tolerance to treatments, such as radiation and

chemotherapy (40).

1.5.1 Mechanisms Associated with Sarcopenia Development

There are several well-established mechanisms (and associated circulating mediators)
that are related to skeletal muscle wasting in cancer. The most prominent perturbation that
results in muscle wasting is a reduction in protein building pathways with a subsequent increase
in catabolic processes (23). The development of a net catabolic response is multifactorial but is
largely related to inflammation and tumor-mediated factors. In the following section, the topics

of discussion will be: systemic inflammation, the acute phase response and a decrease in protein
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anabolism with exaggerated catabolic processes, such as proteasomal degradation and

autophagy.

1.5.2 Systemic Inflammation

Sarcopenia measurable by CT scan has been shown to be associated with an elevated
immune response (41). Tumor-promoting inflammation has emerged as a hallmark of cancer
(42). Historically, immune responses were thought to exist solely as an anti-tumorigenic
response; however, it is now recognized that the tumor and the associated microenvironment
secrete a number of bioactive molecules (i.e. growth factors and pro-inflammatory cytokines)
that help promote tumor growth and, perhaps consequentially, induce tumor-mediated muscle
wasting (42). IL-6 is one cytokine that can be released from the tumor, and elevated levels of this

cytokine is associated muscle proteolysis and atrophy through a STAT3-related mechanism (43).

Not all inflammatory mediators associated with sarcopenia originate from tumor, of
course. Elevated levels of IL-6 and C-reactive protein in sarcopenic patients have been described,
suggesting that these patients have a more generalized proinflammatory state. (44) (45). Tumor-
associated systemic inflammation triggers the release of cytokines into the circulation, several of
which are well-established. Two such examples are tumor necrosis factor alpha (TNF-a) and
interferon-y (IFN-y) (46). TNF-a is released from immune cells, tumor cells and adipocytes and
triggers skeletal muscle breakdown by the downstream activation of the NFk[3 pathway, which
in turn blocks the activation of the Myod1 gene, preventing myoblast differentiation (47). IFN-y
works synergistically with TNF-a via a similar mechanism to further promote muscle degradation

(48). In addition, TNF-o. and IFN-y also promote muscle proteolysis/autophagy through the
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activation of forkhead box protein O (FOXO) related pathways, which upregulate the gene

expression of such mechanisms (48).

Another cytokine, IL-13, has been described to act on the hypothalamic—pituitary—adrenal
(HPA) axis and stimulate the production of glucocorticoids (such as cortisol) (49, 50). Cortisol, a
catabolic stress hormone, among a myriad of other metabolic effects, also leads to increased
muscle wasting by activating the FOXO pathway and blocking IGF-1/PI3K/Akt muscle growth (50).
Hypothalamic inflammation related to IL-13, as well as increased circulation of TNF-a and IL-6,
also suppress orexigenic peptides, such as ghrelin and leptin, which further perpetuates tissue

wasting (51).

1.5.3 Dysregulated Muscle Maintenance: Decreased Anabolism

Maintenance of skeletal muscle tissue is a fine balance between anabolic (building) and
catabolic (breakdown) processes (52). In cancer settings, sarcopenia is related to a dysregulation
of skeletal muscle maintenance leading to net elevation of catabolic mechanisms (53). Elevated
protein catabolism allows for building blocks required for enhanced tumor growth to be released
into circulation (54). Two established mechanisms of catabolic wasting are: decreased growth-

factor mediated skeletal muscle growth and decreased myogenic differentiation.

A pathway that promotes skeletal muscle growth is activation of the IGF-1/PI3K/Akt
pathway (55). Binding of insulin-like growth factor 1 (IGF-1) and insulin triggers down-stream
effects that promote protein anabolism and blocks protein degradation caused by the FOXO
family (56). A general decrease in circulating IGF-1 has been documented in cancer likely in

association with the onset of the enhanced inflammatory state of the host (57). In addition, the
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physical inactivation of IGF-1 through the binding of proteins such as IGFBP3 renders IGF-1
incapable of binding to its receptor and prevents protein synthesis (58, 59). Additionally, muscle
synthesis via IGF1/PI3K/Akt has been shown to be inhibited by upregulated circulating cortisol as
well as through myostatin, which phosphorylates Akt and inhibits downstream mTOR activity and
associated protein synthesis (60). In addition, stress hormones such as cortisol increase

resistance to insulin in cancer patients with sarcopenia, further inhibiting muscle growth (60).

Myogenic differentiation is also reduced in tumor-mediated skeletal muscle wasting. TNF-
o has been shown to inhibit myoblast differentiation via induction of the NFk[3 pathway (61).
Tumor-derived factors, such as myostatin and activin-a inhibit muscle protein synthesis (62).
These factors are members of the TGF-beta superfamily and bind to activin receptor type 1IB
(ActRIIB) receptors to induce muscle wasting through SMAD signaling pathways (60). As
mentioned previously, myostatin also inhibits the activation of mTOR pathways and promotes

FOXO family activation, enhancing skeletal muscle proteolysis (60).

1.5.4 Dysregulated Muscle Maintenance: A Shift Towards the Catabolic State

Muscle atrophy occurs secondary to activation of catabolic processes in conjunction with
the previously mentioned downregulation of anabolic processes. At the cellular level, catabolic
processes include: upregulation of ubiquitin-mediated proteasome degradation (UPR) as well as
skeletal muscle autophagic mechanisms. These mechanisms can be induced by tumor and host-

derived circulating features.

The UPR system is the primary protein degradation mechanism in humans and, when

activated, degrades the contractile proteins of skeletal muscle tissue. In cancer-mediated
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cachexia, two E3 ubiquitin ligases are activated: muscle-specific RING-finger 1 (MuRF1) and
muscle atrophy F-box (MAFBx)/atrogin-1 (63). These E3 ligases tag proteins for proteasomal
degradation and have been observed in cancer muscle wasting. The activation of this system has
been traced back to TNF-a and myostatin signaling, which activates the FOXO family and

upregulates the UPR system through elevated production of E3 ubiquitin ligases (64, 65).

In addition to proteasomal degradation, enhanced autophagic-lysosomal protein
degradation is also partly involved in cancer-associated muscle atrophy. Autophagy is a normal
part of muscle homeostasis as it helps to eliminate damaged proteins and organelles in skeletal
muscle; however, upregulation of this system contributes to enhanced skeletal muscle wasting
in cancer settings (46). Similar to what is observed in UPR system activation, activation of FOXO-
related mechanisms and can be triggered by glucocorticoid-induced atrophy (i.e. cortisol) as well

as IL-6 involvement (66, 67).

1.6 Myosteatosis

Another body composition feature more recently recognized as a consequence of cancer
is ectopic lipid accumulation in skeletal muscle, or myosteatosis (68). On CT imaging,
myosteatosis appears as low radiodensity skeletal muscle. | have reported that the prevalence of
myosteatosis varies in different cancer populations (69). Myosteatosis is associated with diabetes
mellitus, obesity and advanced age (70, 71). The clinical impact of myosteatosis also varies with
the clinical circumstances, including tumor type. In some studies, myosteatosis is an independent
predictor of overall and disease-free survival (72-75). Patients with myosteatosis also reportedly

have longer post-surgical lengths of stay in hospital (73).
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The main etiologies of myosteatosis in the cancer setting are not well-understood.
Systemic inflammation and dysregulated mitochondrial metabolism in the cancer
microenvironment have been implicated (76). Metabolic perturbations that lead to mobilization

of circulating lipids may also be involved.

1.6.1 Systemic Inflammation

Myosteatosis in the cancer setting has been shown to be associated with systemic
inflammation. For instance, a high neutrophil-to-lymphocyte ratio (NLR) (a measure of the
presence of systemic inflammation) was found in human patients with pancreatic/CRC cancer in
association with myosteatosis (36, 77). Another study of 650 patients with operable CRC
demonstrated that low skeletal muscle radiodensity was associated with a higher modified
Glasgow Prognostic Scores (mGPS), another measure of systemic inflammation (78). These
studies were cross-sectional, therefore causation cannot be determined. However, this work

does demonstrate that inflammation is a factor(78).

Outside of the cancer setting, systemic inflammation has also been linked to
myosteatosis. For instance, Miljkovic et al. demonstrated that calf muscle radiodensity is
inversely correlated with levels of CRP in a cross-sectional study of a healthy Afro-Caribbean
cohort (79). High muscle radiodensity has also been associated with reductions in circulating CRP,
IL-6 and resistin according to a cross-sectional study done within the Multi-Ethnic Study of
Atherosclerosis (MESA) (80). Elevated circulating inflammatory markers may be largely related to
central obesity, as high abdominal intramuscular adipose tissue surface area is associated with

increased CRP, IL-6 and leptin (81).
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Circulating mediators related to systemic inflammatory processes, such as TNF-o. and IL-
6, have been shown to promote lipolysis in white adipose tissue (82). Enhanced lipolysis, both
derived from inflammatory/metabolic mediators as well as dysfunctional adipocyte storage in
obesity, result in an elevation of circulating lipids. An excess in circulating lipids increases the
likelihood that fat is ectopically placed in depots such as the liver or skeletal muscle tissue, known
as lipotoxicity (83). Excess lipid accumulation in skeletal muscle tissue can cause disruptions of
normal glucose metabolism and influence insulin sensitivity in muscle tissue, which is a major site

of glucose disposal in healthy settings (84).

1.6.2 Metabolic Perturbations

States of systemic inflammation, such as in obesity, have been shown to cause changes
to normal metabolic processes. One such mechanism is related to the onset of elevated lipids in
circulation as a result of enhanced lipolysis. For instance, myosteatosis is commonly observed in
individuals with insulin resistance and a further understanding of this mechanism may provide
insight into cancer-associated lipid accumulation in muscle (85). Increases in circulating lipids can
lead to ectopic accumulation in skeletal muscle tissue. Specifically, excess free fatty acids in
muscle are converted to acetyl-CoA which eventually leads to diacylglycerol (DAG) and
triacylglycerol (TAG) production (84). TAGs are stored in cells as lipid droplets, which cause an
overall decrease muscle radiodensity (84). Interestingly, DAGs can activate protein kinase C which
blocks insulin receptor tyrosine kinase (IRTK) inhibiting downstream activity of the PI3K/Akt

pathway which may inhibit normal muscle growth mechanisms (84).
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It has also been postulated that dysfunctional mitochondria can induce lipid accumulation
in skeletal muscle tissue. For instance, RNA-sequencing of muscle biopsies from pancreatic
cancer patients with myosteatosis demonstrated features consistent with reduced lipid oxidation
(32). Declines in lipid oxidation may induce the collection of lipid droplets observed in muscle.
Wilson et al. similarly demonstrated that myotubes exposed to breast cancer conditioned media
developed mitochondrial dysfunction that triggered intracellular lipid deposition in these cells
(76). It was hypothesized that the mechanism of myotube lipid accumulation was related to
reduced peroxisome proliferator-activated receptor (PPAR) activity, which is responsible for the

transport and oxidation of fatty acids (76).

1.7 Dense Subcutaneous Adipose Tissue

In recent years, there is increasing attention on the influence of adipose tissue
radiodensity on cancer outcomes. Specifically, adipose tissue density in the subcutaneous region
has been shown to decrease overall survival outcomes in cancer types such as colorectal cancer
and esophageal cancer (33, 34, 86). There is limited work that has been completed that describes
what mechanisms may be responsible for the development of dense sub-g. It has been
postulated that decreases in adipocyte size, adipocyte browning (that occurs with cancer

cachexia) and inflammation may be to blame (33).

1.7.1 Adipocyte Wasting

The primary function of white adipose tissue (WAT), which is observable in the
subcutaneous region, is to synthesize and store triacylglycerol (TAG) (87). In times of energy

deprivation (or in metabolically demanding states such as cancer cachexia), lipolysis is enhanced,
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and free fatty acids/glycerol are released into circulation for energy utilization elsewhere (87). As
previously described, systemic inflammation has been shown to be increased in cancer cachexia,
and pro-inflammatory circulating factors, such as TNF-o and IL-6 are linked to the promotion of
enhanced lipolysis in the cachexia setting (23). With these mechanisms in mind, it has been
proposed that an increase in fat radiodensity may be related to adipocyte size, specifically with

a reduction in lipid content (increasing radiodensity within the CT scan) (33).

1.7.2 Adipose Tissue Browning

Another potential mechanism that may be involved in the detection of dense adipose
tissue is @ mechanism involved in cancer cachexia, which is the browning of adipose tissue. The
conversion of WAT to brown adipose tissue (BAT) has been described in mouse models of lung
and pancreatic cancers (88). Specifically, adipose tissue browning involves an increase in
mitochondrial content within adipocytes and a metabolic shift to enhanced energy expenditure
(related to increased uncoupling activity via uncoupling protein 1) (88). This increase in energy
expenditure is a reflection of enhanced lipid utilization. The transition of WAT to BAT is related
to increased circulating IL-6, which can be derived from tumors, and promotes adipose tissue
browning potentially through the recruitment of macrophages or B-adrenergic activation (88).
Tumors that have elevated secretion of parathyroid hormone-related protein (PTHrP) have also
been shown to enhance the conversion of WAT to BAT in cancer cachexia (89). The transition of
healthy WAT to BAT in the subcutaneous region may be related to the increased density of

adipose tissue detected in some patients with cancer.

1.8 Study Rationale
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1.8.1 Models of Cancer Wasting do Not Account for Diverse Body Composition Phenotypes

As was previously discussed, there are several body composition phenotypes that are
observable in cancer populations. At present, sarcopenia is currently the only abnormal body
composition phenotype that is well-described under tumor-mediated models of wasting. BC
phenotypes such as myosteatosis or highly dense adipose tissue are not included within classical
models of cancer cachexia. However, the abundance of evidence demonstrating that additional
BC phenotypes exist beyond muscle wasting in cancer populations that worsen patient outcomes
highlights that tumor-mediated tissue wasting models require further supplementation. Indeed,
the classical models of cancer cachexia are currently not sufficiently inclusive or descriptive to

explain other BC phenotypes, such as myosteatosis and highly dense adipose tissue.

In colorectal cancer (CRC), there is previous literature to demonstrate that sarcopenia,
myosteatosis and dense sub-q are observable in this cancer type. However, there is limited
literature that examines the co-existence of these phenotypes and the influence of each on
survival outcomes. Furthermore, there is limited knowledge of any biological correlates of
proteins related to cachectic wasting in relation to each BC phenotype, especially with regards to

myosteatosis and dense sub-g.

The objective of this study is to determine the prevalence and influence of sarcopenia,
myosteatosis and dense sub-q BC phenotypes in a cohort of patients with colorectal cancer
(stages | — IV). | would like to gain a better understanding of the co-relationships of various body

composition features .| am also interested in evaluating proteomic features in circulating sera
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and as well as the tumor proteome in relation to body composition features detected in the

cohort.

1.8.2 Hypothesis

| hypothesize that colorectal tumors would drive changes in body composition beyond
muscle wasting, manifesting as myosteatosis and dense sub-q (in addition to sarcopenia). | also
postulate that each body composition phenotype is associated with its own respective proteomic

markers (in the blood as well as in the tumor).

1.8.3 Specific Aims

This project has three specific aims. Aim 1 is to determine the incidence, co-relationship
and clinical consequence of sarcopenia, myosteatosis and dense sub-q body composition
features in pre-operative CT images from patients with colorectal adenocarcinoma (stages | — V)
(Chapter 3). Aim 2 is to evaluate targeted, circulating proteins in serum samples in relation to the
three body composition features evaluated in Aim 1 (Chapter 4). In Aim 3, label-free shotgun
proteomics will be conducted on colorectal adenocarcinoma tumor samples in relation to body

composition features identified in Aim 1.
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Chapter 2: Materials and Methods

2.1 Body Composition Analysis (Aim 1)

2.1.1 Cohort Selection

This study was approved by the Health Research Ethics Board of Alberta (HREBA.CC-16-
0959; HREBA.CC-19-0043; HREBA.CC-16-0485_RENZ2). The primary population under assessment
in this project was a cohort of 319 patients with colorectal adenocarcinoma (stages | — IV) who
underwent surgical resection in Calgary, Alberta and who had available preoperative CT cans.
This population represented the “discovery” cohort. An external validation consisted of a cohort
of patients with CRC from Edmonton, AB (N = 960). CT scans were analyzed by a different

technician at the University of Alberta (72).

All patients from the Calgary cohort provided consent, as blood samples and tumor
samples were collected in parallel as part of a prospective study. For the discovery cohort, DICOM
imaging files from CT scans were obtained from the Calgary Image Processing and Analysis Centre

at the Foothills Medical Centre, Calgary, Alberta.

The validation cohort consisted of 960 patients with stage | — Ill CRC, all of which had a
pre-operative CT image. These patients underwent surgical resection with curative intent
between 2007 and 2009. The Health Research Ethics Board of Alberta at the University of Alberta
approved this study and any additional cohort characteristics have been previously described
(72). Detailed population characteristics of the discovery and validation cohorts can be observed

in Table 2.1 below. The Edmonton study was retrospective, and so consent was waived.
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Variable

Discovery cohort

Validation cohort

{n=319) (n=960)
Age Years 64.2 +12.5 65.8 + 11.8 years
Sex Females 138 (56.7) 378 (60.6%)
Males 181 (43.3) 582 (39.4%)
Overall Stage Stage 1 65 (20.4) 99 (10.3%)
Stage 2 84 (26.3) 371 (38.6%)
Stage 3 97 (30.4) 490 (51.0%)
Stage 4 73 (22.9) 0 (0%)
Diabetic status Non-diabetic 264 (82.8) NA
Diabetic 55(17.2) NA
Sarcopenia status No sarcopenia 184 (57.7) 478 (49.8%)
Sarcopenia 118 (37.0) 482 (50.2%)
Missing: 17
Mpyosteatosis status | No myosteatosis 233 (73.0) 599 (62.4%)
Myosteatosis 86 (27.0) 361 (37.6%)
Dense sub-q status No dense sub-q 279 (87.5) 831 (86.6%)
Dense sub-q 40 (12.5) 129 (13.4%)

Table 2.1. Patient characteristics in the discovery and validation cohorts.

2.1.2 Image Selection and Radiographic Measurements

Radiographic measurements were completed to assess skeletal muscle and adipose tissue
surface area and radiodensity (N = 319). Specifically, a pre-operative, axial CT image was
extracted at the level of the third lumbar vertebra (L3) for each participant. This slice was selected
because L3 is commonly utilized in the literature, since it provides the best correlate for whole-
body skeletal muscle and adipose tissue volume (90). The image was analyzed with Slice-O-Matic
software (v.5.0, Tomovision, Montreal, Canada). This software quantifies the surface area of
muscle and adipose tissue in cm? in addition to the radiodensity of the pixels within the CT image
on the Hounsfield Unit (HU) scaling system. The HU scaling system quantifies relative
radiodensity of tissues within CT images and is standardized to water (0 HU) and air (-1000 HU)

(28). Soft tissues were evaluated at previously validated radiodensity thresholds: skeletal muscle
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included tissues with a radiodensity of -29 to +150 HU, inter-muscular adipose tissue and
subcutaneous adipose tissue were evaluated at radiodensity thresholds of -190 to -30 HU and

visceral adipose tissue was evaluated at radiodensity thresholds of -150 to -50 HU (28).

2.1.3 Phenotype Definitions

Three specific body composition phenotypes were evaluated in both the discovery and
validation cohorts: sarcopenia, myosteatosis and dense subcutaneous adipose tissue (dense sub-
g). Sarcopenia (low muscle mass) was defined by using previously validated cut-points by Martin
et al. (91). These values use skeletal muscle index (SMI) cut-offs to dichotomize into sarcopenic
and non-sarcopenic groups. SMI is calculated by dividing skeletal muscle surface area in cm? by
height in m?, which standardizes for patient size. Martin sarcopenia definitions are dependent on
sex and body mass index (BMI) and sarcopenia in men is defined as SMI’s < 43 cm?/m? for BMI’s
<24.9 and SMI’s < 53 cm?/m? for BMI’s > 25. Sarcopenia is defined as SMI < 41 cm?/m? in women
in all BMI categories. There were 20 male patients of which BMI status was missing, and in those
cases the Fearon definitions of sarcopenia were utilized (20). Myosteatosis was defined by a
previously validated cut-point of 30 HU (32). Dense subcutaneous adipose tissue is new to the
literature and no validated cut-points currently exist for this phenotype; therefore, we defined a
cut-point specific to this population using the R Studio package, Evaluate Cutpoints (92). The
maxstat function was utilized which finds a value on a continuous scale that most significantly
splits the cohort, via optimized stratification, into better and worse overall survival outcomes

based on a standardized log-rank test. The resulting cut-point was -87 HU.

2.2 Targeted Proteomic Analysis (Aim 2)
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2.2.1 Study Cohort

Using the discovery set, 119 of CRCs (stages | — IV) were included for analysis. These
patients all had pre-operative CT images as well as associated pre-operative serum samples
obtained within 100 days of the CT scan. Any of the remaining 319 patients did not have pre-
operative serum and were excluded from this aim.

2.2.2 Protein Selection

Twenty proteins were selected for targeted proteomic analysis. These proteins had
diverse functions, including: inflammatory processes, involvement in energy homeostasis and
muscle maintenance. These proteins were chosen to give a well-rounded view of commonly
described phenomenon within cachexia wasting models. Protein selection can be observed

below:

Energy Muscle
Homeostasis Maintenance
- C-reactive protein - Ghrelin - Myostatin
- Tumor necrosis
factor-ar - Leptin - Follistatin
- Macrophage
migration ) Insuflir:n - Testosterone
inhibitory factor - Resistin
- Plasminogen
activator inhibitor -IGF-1 &2
-1
- Lipocalin - 2 - Adiponectin
- Heat shock -
proteins 70 & 90 - Adipsin
- Cortisol .
- Vitamin D - Cortisol

Figure 2.1 Overview of proteins selected for targeted proteomics.
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above).

Table 2.2 below provides a further description of the function of these proteins (same order as

C-Reactive Protein (CRP)

An acute phase protein commonly used as a marker of systemic
inflammation, and regarded as an indicator of cancer-associated
wasting disorders (93).

Tumor Necrosis Factor-Alpha (TNF-a)

Well-documented, pro- inflammatory and cachexic marker
responsible for several pathological mechanisms such as: skeletal
muscle proteolysis, lipolysis and increased gluconeogenesis (94).

Macrophage Migration Inhibitory
Factor (MIF)

Pro-inflammatory cytokine involved in the proliferation and
increased invasiveness of the tumor (95).

Plasminogen Activator Inhibitor-1
(PAI-1)

Pro-angiogenic and protective influence on several cancer types;
promotes the recruitment of tumor-associated macrophages,
proinflammatory phenotype (96).

Lipocalin-2 An adipokine that has been associated with increasing skeletal
muscle regeneration and activation of skeletal muscle satellite cell
recovery (97).

Resistin The role of resistin in metabolic dysregulations, such as within

cancer, are not completely understood. However, some research
suggests that it is related to obesity, type Il diabetes and increased
visceral fat. In addition, it is hypothesized to play a role in the
inflammatory state (98).

Heat Shock Proteins 70 & 90 (HSP
70/90)

Cancer-associated release factors that act in the
development/progression of muscle wasting via the ubiquitin-
proteasome and autophagy-lysosome pathways (99).

Cortisol

Cortisol, released from adrenal glands and stimulated from other
inflammatory cytokines such as CRP and TNF-alpha, plays a role in
elevated systemic inflammation in patients with cancer. Elevated
cortisol is thought to enhance protein degradation in cachexia by
enhancing the ubiquitin-proteasome system. Is also thought to
enhance lipolysis and beta-oxidation (100).

Vitamin-D

Vitamin-D deficiency is commonly observed world-wide, and is
associated with cancer. Administration of vitamin-D in patients with
cancer, to ameliorate conditions such as cachexia, is contradictory in
the literature. Is hypothesized to delay onset of sarcopenia, although
research is limited (101).

Ghrelin

Powerful inducer of growth hormone; stimulates food intake and
adiposity (102). Is expected to correlate positively with cachectic
states.

Leptin

Adipocytokine that induces satiety and stimulates energy
expenditure (103). Leptin levels have been associated as lower in
patients with cachexia.

Insulin, IGF-1 & IGF-2 System

Overall, plays an important roles in tissue growth and development.
For ubiquitin-proteasome system seems to be importantly involved
in cachectic muscle wasting; overexpression related to cachexia as
IGF-1 and insulin suppress expression of this pathway; theoretically,
reduced IGF-1 and insulin expression are related to increase protein
degradation via this system.
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Insulin-resistance is also associated with a reduction of signals that
induce protein synthesis and inhibit protein breakdown (104).
Adiponectin Secreted exclusively from adipose tissue; stimulates fatty acid
oxidation in skeletal muscle and inhibits gluconeogenesis*°. Low
circulating levels of adiponectin is associated with insulin resistance,
type Il diabetes and obesity (105).

Adipsin Correlates positively with increased adiposity. It is hypothesized that
the adipsin-acylation stimulating protein system plays a role in the
clearance of circulating triacylglycerol from plasma (39). This factor
is also thought to stimulate triglyceride synthesis in adipose tissue
(106).

Myostatin A member of the TGFJ family, enhanced expression is associated
with muscle atrophy. Demonstrated to increase in response to
inflammatory signalling (107).

Follistatin Potent inhibitor of myostatin, commonly observed in exercised
states, promoting muscle growth (108).
Testosterone Decreased circulating testosterone concentrations are associated

with loss of lean muscle mass, particularly in male cancer patients.
Preliminary data suggest that supplementation with exogenous
testosterone can increase skeletal muscle mass in male and female
patients (109).

Table 2.2. Proteins included in the targeted proteomic analysis and their functional

significance.

2.2.3 Serum Analyses

Pre-operative sera from patients with preoperative CT scans (N= 116) were utilized for
targeted proteomic analysis using multiplexed protein bead assays (Eve Technologies, Calgary,
AB). Blood samples were collected in red top Vacutainers (Becton Dickinson) then centrifuged.
Serum was separated and stored in a —80 freezer. Selected serum samples were submitted for
multiplexed LASER bead assay analysis. Briefly, multiplexed LASER bead technologies use
polystyrene beads colored by red and infrared fluorophore dyes that uniquely bind specific

analytes and produce specific colors based on the identity of the analyte (110). A bead analyzer
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(Bio-Plex 200) is then used to quantify analyte concentrations when compared to a standard

curve in a dual-laser/flow-cytometry system (110).

2.3 Untargeted Tissue Proteomics — Aim 3

2.3.1 Sample Selection

A total of 65 pre-operative patient scans (within 90 days of surgery) were completed that
had associated tumor samples from Dr. Oliver Bathe’s biobank. Based on sample availability and
body composition phenotype, tumor samples were selected; they had either sarcopenia alone,
myosteatosis alone, or neither. Dense sub-q was not included, as there were insufficient samples.
For consistency in the cut-points for sample selection, the lower tertile of the continuous body
composition measurements from the discovery cohort (n = 319) were used to define sarcopenia
and myosteatosis. Unfortunately, there were not enough females who met these criteria and
therefore only male samples were utilized. A total of 14 patients were included in this analysis.
These patients were treatment naive and underwent surgical resection. The cohort overview for

this aim is summarized in Table 2.1.

Body N Age Sex Overall SMRD SMI (ﬁ) Sub-Q
Composition Stage (HU) m? density (HU)
Myosteatosis 4 70.0+10.3 0(0%) F Stage1:0 275+1.7 580%6.4 -101.2+1.9
4 (100%) M Stage 2: 1
Stage 3: 2
One N/A
Sarcopenia 5 69.2+7.6 0(0%) F Stagel:1 393+5.8 46.1+2.0 -94.7+6.8
5 (100%) M Stage 2: 3
Stage 3:1
No Features 5 61.6+9.6 0(0%) F Stage1l:2 449+7.4 62.4+7.0 -97.7+5.1
6 (100%) M Stage 2: 1
Stage 3: 2
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Table 2.3. Label-free untargeted proteomics - cohort overview.

2.3.2 Sample Preparation and Liquid Chromatography—Tandem Mass Spectrometry

The CRC tumor tissues were embedded in optimal cutting temperature compound (OCT
compound) and stored at —80°C. Five sections from each sample block were cut at thicknesses of
8 um. One section was stained with hematoxylin and eosin for pathological examination to

ensure adequate tumor content.

Unstained sections were included for the label-free proteomics analysis. Briefly, each
tumor sample was subjected to an independent acetone precipitation of proteins to remove
undesirable substances that interfere with downstream analysis. After the acetone precipitation,
the protein pellets were individually resuspended in a solution of urea 8M in 100mM of tris-HCL
(pH 8), which also aided in removing remaining acetone as well as OCT. The reducing agent
dithiothreitol (1M) was added to each sample to eliminate disulfide bonds to aid in linearizing
protein chains. Each independent sample was then moved to Microcon-30kDa centrifugal filter
units (MRCFOR030) and each were washed with urea-tris for removal of unwanted residues such
as OCT, lipids, DNA and additional desalting. A wash with iodoacetamide (50mM) was then
conducted to inhibit cysteine residue refolding. After 3 additional washes with Urea-Tris, an
ammonium bicarbonate (50mM) wash was then performed to remove any remaining urea-tris.
A trypsin digestion (Promega MS grade; PRV5111) was then completed overnight at 37°C. Finally,
digested samples were subjected to Pierce™ Peptide Desalting Spin Columns (89851 & 89852) as

a final washing step to remove the ammonium bicarbonate, remaining SDS detergent and salts.
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The desalted peptides from each sample (eluted with 0.1% TFA, 50% ACN) were resuspended in

0.1% formic acid and were then ready for LC-MS/MS analysis (N = 14).

Prepared samples were then submitted for liquid chromatography—tandem mass
spectrometry (LC-MS/MS) at the Southern Alberta Mass Spectrometry Facility and the University
of Calgary Cumming School of Medicine. The LC-MS/MS instrument utilized was an Orbitrap

Fusion Tribrid Mass Spectrometer (Thermo Fisher Scientific).

2.4 Data Analysis — Aim 1

2.4.1 Clinical Data Analysis

Patients were allocated to different groups depending on body composition status, and
overlap of phenotypes were documented. For patients with independent body composition
features (i.e. independent sarcopenia, myosteatosis, dense sub-q and no features) descriptive
group statistics were completed utilizing t-tests for continuous data and Chi-square/Fisher’s
exact tests for categorical information. This was completed for the available clinical information
on the discovery cohort which included: age, sex, T stage, N stage and M stage, and diabetic
status. Univariate and multivariate associations of these clinical features, in addition to the
previously described body composition phenotypes, and their relevance with overall survival
outcomes were explored using cox (proportional hazards) regression analysis in IBM SPSS Version

25.

2.4.2 Survival as a Function of Body Composition Features
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To determine whether the body composition phenotypes identified were relevant to
overall survival outcomes in this cohort, log-rank statistics were applied. The influence of
independent phenotypes on OS were assessed as well as any summative effects when multiple
features coexisted. IBM SPSS Version 25 and Prism 9.1.0 were used for statistical analysis and

figure generation.

2.4.3 Correlation Analysis — Body Composition

Non-parametric, Spearman rho correlations of the continuous body composition outputs
from Slice-O-Matic were performed. This included information on skeletal muscle, intermuscular
adipose tissue, and subcutaneous/visceral adipose tissue surface areas and radiodensities. These
correlations were performed in R Studio version 3.6.3. Correlation matrices were also generated

in R Studio version 3.6.3.

2.4.4 Validation on External Dataset

In order to assess the external validity of the results from the workflow described above,
a validation cohort was utilized (72). Specifically, this cohort included 960 patients with colorectal
cancer (stages | — Ill). Cohort characteristics from this validation set can be observed in Table 1
above. The same workflow previously described was performed on this external dataset to
validate the discovery set findings. The only additional analysis that was conducted on the
validation cohort that wasn’t completed on the discovery cohort was the assessment of the

prevalence of each body composition phenotype in relation to BMI status.

2.5 Data Analysis - Aim 2 — Targeted Proteins from Multiplex Bead Assay
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Comparison of analyte concentrations between the body composition features of interest
were completed. First, the analyte concentrations of analytes quantified by multiplexed protein
bead assays were compared in patients with a single feature (sarcopenia, myosteatosis or dense
sub-q). Significance of any differences was tested using the Kruskal-Wallis one-way analysis of
variance test. As a separate posthoc analysis in cases where the Kruskal-Wallis test was
significant, Mann-Whitney U tests for patients with sarcopenia vs no sarcopenia, myosteatosis vs
no myosteatosis and dense sub-g vs no dense sub-q were also completed. The influence of BMI
status was also tested in a posthoc fashion using Mann-Whitney U testing. Finally, non-
parametric Spearman’s rho correlations were completed for protein concentrations compared
to continuous body composition measurements dichotomized by patient sex. All tests of
significance were two-sided and p-values of < 0.05 were considered statistically significant. Each
test statistic was corrected for multiple comparisons through the Bonferroni correction method.
Statistics and graphs were completed in IBM SPSS Version 25, Prism 9.1.0 and R Studio version

1.3.1093.

2.6 Data Analysis — Aim 3 — Untargeted Tissue Proteomics

2.6.1 Bioconductor Package: DEP

Raw spectral mass spectrometry data were processed and quantified in the proteomics
software MaxQuant (v2.1.0.0). Differential abundance analyses of proteins from MaxQuant
between the sarcopenia and myosteatosis phenotypes compared to patients with no features
were completed in the Bioconductor package “DEP” (version 3.15) in the R environment (version

1.3.1093). Data for sarcopenia vs. normal and myosteatosis vs. normal were normalized and
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analyzed separately. Briefly, the data from MaxQuant was loaded into the DEP package and a
summarized experiment was created. As missing values are a common issue in proteomics
experiments, a filtering threshold of 1 was used (i.e. filter for proteins that are identified in 2 out
of 3 replicates of at least one condition). Data was then normalized by variance stabilizing
transformation and an imputation method for missing values was chosen based on the nature of
the missing values. Differential abundance analysis was completed for Sarcopenia vs Normal and
Myosteatosis vs. Normal using protein-wise linear models combined with empirical Bayes
statistics. Differentially abundant proteins with a logz(2) = 1 fold change between groups with
associated p-values < 0.05 (adjusted for multiple comparisons) were considered significantly
different in abundance and used for pathway research (associated volcano plots and heatmaps

were generated in via the DEP package).

2.6.2 Targeted and Untargeted Tumor Proteomic Multivariate Assessment - SIMCA-P+ Software

To examine if the phenotypes of interest could be separated based on differences in
protein abundance, multivariate Partial Least Squares Discriminant Analysis (PLS-DA) was
performed (in both Aims 2 and 3). To identify potential outlier samples and flag any abnormalities
in the data structures, a principal component analysis (PCA) was conducted. A subsequent
supervised PLS-DA analysis was then performed. Proteins were selected based on variable
importance on projection (VIP) thresholds set to maximize R%Y and Q2Y values and to minimize

the difference between them.

2.6.3 Pathway Analyses
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The UniProt Knowledgebase was utilized for the assessment of functional protein
information based on the above findings (111). In addition, existing literature on the differentially

abundant proteins identified using the DEP package was then described.
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Chapter 3: Evaluating Body Composition Features in Colorectal Adenocarcinoma

3.1 Introduction

Tumor-mediated tissue wasting, or cachexia, is frequently observed in patients with CRC.
These wasting processes are linked to the growth/progression of the tumor, and cause a net
negative energy balance that leads to the wasting of skeletal muscle (and often adipose tissue)
(20). The diagnosis of cachexia requires the detection of sarcopenia (low muscle mass) that can
be captured through the use of CT imaging techniques. Interestingly, CT assessment techniques
have since revealed that additional body composition phenotypes are detectable in CRC, such as
lipid accumulation in muscle, or myosteatosis. Specifically, a large body of research has
consistently shown that sarcopenia and myosteatosis negatively influence overall survival and
disease-free survival in patients with colorectal cancer (72-74). In addition, these body
composition phenotypes result in longer hospital stays as well as a higher frequency of

postoperative complications (73, 75, 112).

In addition to sarcopenia and myosteatosis, a newly described body composition
phenotype that can also manifest in CRC is high density subcutaneous adipose tissue (dense sub-
g). This phenotype has also been associated with increased risk of mortality in patients with CRC,
and continues to be more frequently recognized as an influential wasting phenotype in the cancer
setting (33). Indeed, there is increasing evidence to suggest that tumor-mediated tissue wasting
can manifest as different perturbations in body composition beyond just the wasting of muscle.
However, prevalence of these three body compositions and the co-existence of each in CRC

remains to be elucidated.
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Given findings from previous research, we postulated that the classical definition of
cancer-associated tissue wasting (cachexia) does not encompass all of the body composition
phenotypes that may arise in CRC (75). We hypothesized that colorectal tumors drive changes in
body composition beyond muscle wasting and that multiple clinically significant phenotypes
exist. Specifically, we were interested in investigating sarcopenia, myosteatosis and dense
subcutaneous adipose tissue in our cohort of patients with CRC. We postulated that these
phenotypes (measurable via CT scan) would occur independently of one another and would be

influential on overall survival outcomes. The first aim of this project is described in this chapter.

3.2 Results Part 1: Discovery Cohort

3.2.1 Sarcopenia, Myosteatosis and Dense Subcutaneous Adipose Tissue are Independent

Phenotypes

The discovery cohort consisted of 319 patients with colorectal adenocarcinoma (stages |
— IV) and with preoperative CT images. Within that cohort, height was available for SMI
calculation in 302 patients. Of these 302 patients, 118 (39%) exhibited the sarcopenia phenotype.
From the full 319 cohort, 86 (27%) and 40 (13%) exhibited the myosteatosis and dense
subcutaneous fat phenotypes, respectively. When evaluating the 302 patients where sarcopenia,
myosteatosis and dense subcutaneous adiposity information were available for each, only one of
these features was apparent in 74% (Figure 3.1). The concurrence of all three phenotypes was
particularly rare, with only 8 (4%) individuals within the cohort exhibiting them all. Similarly, the

overlap of just myosteatosis and dense subcutaneous adipose tissue was almost non-existent,
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with only 3 individuals of the 302 patient cohort having both concurrently. Sarcopenia and

myosteatosis, the most common combination of features, coexisted in 15%.

Sarcopenia 28 (15%)
73 (40%) 44 (24%)
8 (4%)
9 (4%)
_— 3 (2%)
Dense
Sub-Q
19 (10%)

Figure 3.1. Venn diagram displaying phenotypic independence and overlap in the discovery

cohort (N = 319). Features display a large degree of independence (74%).

3.2.2 Clinical Characteristic Differences in the Isolated Phenotypes

When we evaluated clinical characteristics in patients with each of the three body
composition features (alone), only a few significant differences were detected. Specifically,
patients with myosteatosis alone were significantly older (69.3 + 9.9 years) than patients who
had no “abnormal” body composition features (60.9 + 11.8 years) (P <0.001). Additionally, more
males had no perturbed body composition features (65.3%) compared to females (34.7%)
whereas a higher proportion of females (59.1%) had myosteatosis than males (40.9%) (P = 0.005).
All relationships between clinical characteristics and body composition features are summarized

in Table 3.1.
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Variable No features (NF) Isolated P-value Isolated P-value Isolated dense sub-q | P-value

N=118 sarcopenia (IS) NF vs IS myosteatosis (IM) NFvsIM | (ID) NFvs ID
N=73 N=43 N=19
Age - 60.9 +11.8 yrs 63.9+12.9yrs 0.101 69.3 +9.9 < 0.001 59.3 £+ 15.5 0.594
Sex Females 41 (34.7) 34 (46.6) 0.104 26 (59.1) 0.005 8(42.1) 0.535
Males 77 (65.3) 39 (53.4) 18 (40.9) 11 (57.9)
Tstage | Stagel 13 (11.2) 11(15.1) 0.647 3(7.1) 0.686 0(0) 0.355
Stage 2 18 (15.5) 13(17.8) 6(14.3) 2(10.5)
Stage 3 60 (51.7) 31 (42.5) 26 (61.9) 13 (68.4)
Stage 4 25 (21.6) 18 (24.7) 7(16.7) 4(21.1)
Missing: 2 Missing: 2
Nstage | StageO 50 (42.4) 39 (54.9) 0.146 24 (55.8) 0.260 6(31.6) 0.389
Stage 1 37 (31.4) 21 (29.6) 12 (27.9) 9(47.4)
Stage 2 31(26.3) 11 (15.5) 7(16.3) 3(21.1)
Missing: 2 Missing: 1
Mstage | No 91 (79.8) 51 (69.9) 0.120 38 (88.4) 0.212 13 (68.4) 0.265
metastasis
Metastatic | 23 (20.2) 22 (30.1) 5(11.6) 6(31.6)
Missing: 4 Missing: 1
Diabetic | No 99 (83.9) 65 (89.0) 0.322 33 (75.0) 0.195 17 (89.5) 0.531
status diabetes
Diabetes 19 (16.1) 8(11.0) 11 (25.0) 2 (10.5)

Table 3.1. Clinical characteristics in patients with isolated phenotypes (sarcopenia,
I"

myosteatosis or isolated dense sub-q, alone) compared to patients exhibiting no “abnorma

body composition phenotypes, discovery cohort.

3.2.3 Myosteatosis and Dense Subcutaneous Adipose Tissue are Independent Predictors of OS

To determine the influence of each of the body composition phenotypes on the overall
survival in the discovery cohort (n = 319) univariate and multivariate cox regressions were
performed. Myosteatosis and dense subcutaneous adipose tissue were both observed to be
independent predictors of overall survival outcomes even when N stage and metastatic disease
were taken into consideration (p < 0.001, p = 0.050, respectively) (Table 3.2). Sarcopenia as
defined by the criteria from Martin et al (ref) was not associated with a reduction in survival (p =

0.414).
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UNIVARIATE ANALYSIS MULTIVARIATE ANALYSIS
PARAMETER COMPARISON
HR P-value HR P-value
AGE 1.013 0.199
SEX Male vs. Female 1.224 0.379
1vs2 2411 0.431 1.458 0.738
T-STAGE 1vs3 8.637 0.033 3.574 0.213
1vs4 14.32 0.009 4.263 0.164
Ows1 3.245 <0.001 2.696 0.002
N-STAGE
Ovs2 4.643 <0.001 3.644 <0.001
METASTASIS MO vs. M1 2.673 < 0.001 1.791 0.032
DIABETES NO vs. YES 1.267 0.391
MYOSTEATOSIS NO vs. YES 1.696 0.025 2.617 <0.001
SARCOPENIA NO vs. YES 1.206 0.414
HIGH RADIODENSITY Low vs. High 2.164 0.006 1.772 0.050

Table 3.2 Univariate and multivariate cox regression of clinical features and body composition

phenotypes.

Interestingly, when all phenotypic overlap was removed, sarcopenia became statistically

significant at reducing overall survival compared to patients with no body composition

phenotypes (p = 0.002). Isolated myosteatosis and dense sub-g remained statistically significant

on survival outcomes (Figure 3.2).
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Figure 3.2. Independent phenotypic influences on OS. Kaplan-Meier survival analyses
revealed isolated phenotypes reduce lengths of OS when compared to patients with no

features (P = 0.002).

3.4.3 Phenotype Overlap Influences Survival Outcomes

Consistently, patients with no abnormal body composition features had the best overall
survival outcomes in both the independent and summative assessments (Figures 3.2 & 3.3). The
impact of overlapping phenotypes on survival outcomes also produced significant findings.
Specifically, the concurrence of all three phenotypes was associated with particularly poor overall

survival outcomes (p < 0.001) (Figure 3.3).

Log rank No features

100 p-value < 0.0001

1 feature
2 features

“] 3 features

o

50

Probability of Survival

0 1 I 1 I 1 1
0 20 40 60 80 100 120

Survival (Months)

Figure 3.3. Evaluation of phenotypic overlap on OS. Kaplan-Meier survival analyses revealed
that the overlap of three body composition phenotypes is particularly detrimental to OS (P <

0.001).

3.4.5 Correlations of Continuous Body Composition Data
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Spearman rho correlations revealed that several of the continuous body composition
measurements (when dichotomization into groups was removed) have strong and significant
associations (Figure 3.4). One correlation of particular interest is that of SAT surface area and SAT
radiodensity. There is a curvilinear relationship between the two, where lower SAT surface area
is associated with higher radiodensity values (r =-0.59, P < 0.001). Specifically at around 150 cm?

there is a particularly sharp elevation in radiodensity.
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Figure 3.4. Correlation matrix of continuous body composition measurements. Spearman rho
correlations of continuous body composition values revealed a strong, negative correlation of
SAT surface area (cm?) and SAT radiodensity, demonstrated in the scatterplot (right) (r = -

0.59; P < 0.001).

3.3 Results Part 2: Validation Cohort

3.3.1 Validation Cohort Show Body Composition Features are Largely Independent

Similar to the discovery cohort, the validation cohort demonstrated that the three body
composition phenotypes of interest (sarcopenia, myosteatosis and dense sub-q) were observed

to be largely independent of one another (56%); however, the proportion of patients with single
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body composition features was lower than in the discovery cohort (74%). The overlap of just
sarcopenia and myosteatosis was higher at 31% when compared to the discovery cohort’s 15%.
The concurrence of all three phenotypes was relatively rare (n = 37, 6%), as in the discovery
cohort. Myosteatosis and dense subcutaneous were almost mutually exclusive (n = 11, 2%). All

overlap can be observed in Figure 3.5.

Sarcopenia da943i%)
114 (18%)
208 (32%)
37 (6%)
38 (6%) — 11 (2%)
Dense
Sub-Q
43 (7%)

Figure 3.5. Venn diagram displaying phenotypic independence and overlap in validation cohort

(N = 650). The three body compositions of interest revealed an independence of 56%.

3.3.2 Clinical Characteristic Differences in the Isolated Phenotypes — Validation Cohort

As the three phenotypes of interest remained largely independent of each other in the
validation cohort (56%), clinical characteristics of the independent phenotypes compared to

|II

patients with no “abnormal” features were compared. Isolated sarcopenia and myosteatosis
groups were both significantly older than patients with no abnormal body composition features

(P < 0.001 for both). In terms of sex, the no features cohort had a higher proportion of men
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(69.7%) than women (30.3%), where isolated sarcopenia and myosteatosis both exhibited a

higher representation of females (50.0% and 45.6%, respectively) (P < 0.001, P = 0.003).

Conversely, dense sub-q had an even higher representation of males (90.7%) compared to the

no features 69.7% male proportion (P < 0.001). All comparisons can be observed in Table 3.3

below.

Variable

Age

Sex

T stage

N stage

M stage

Years

Females
Males

Stage 1
Stage 2
Stage 3
Stage 4

Stage 0
Stage 1
Stage 2

No
metastasis
Metastatic

No features
N=310

61.0+11.2

94 (30.3%)
216 (69.7%)

14 (4.5)
38(12.3)
216 (67.9)
42 (13.5)

148 (47.7)
106 (34.2)
56 (18.1)

0(0)

0(0)

Isolated
sarcopenia
N =208

65.0+11.8

104 (50%)
104 (50%)

7(3.4)
28(13.5)
137 (65.9)
36(17.3)

97 (46.6)
79 (38.0)
32(15.4)

0(0)

0(0)

P-value

<0.001

<0.001

0.576

0.589

NA

Isolated
myosteatosis
N=114

67.3+11.2

52 (45.6)
62 (62.0)

7(6.1)
11(9.6)
83 (72.8)
13 (11.4)

57 (50.0)
39(34.2)
18 (15.8)

0(0)

0(0)

P-value

<0.001

0.003

0.718

0.846

NA

Isolated dense sub-q
N=43

61.3 + 15.0

4(9.3)
39(90.7)
1(2.3)
7(16.3)

20 (46.3)
15 (26.3)

22 (51.2)
14 (32.6)
7(16.3)

0(0)

0(0)

P-value

0.848

0.004

0.002

0.910

NA

Table 3.3. Isolated phenotypes (isolated sarcopenia, isolated myosteatosis and isolated dense

sub-q) compared to patients exhibiting no “abnorma

validation cohort.

body composition phenotypes -

3.3.3 All Three Phenotypes are Influential on Overall Survival Outcomes

The three body composition definitions utilized in the discovery cohort all yielded

significant influences on overall survival outcomes upon univariate assessment in the validation

cohort (N = 960). Specifically, the log-rank p-values for sarcopenia, myosteatosis and dense sub-

g on overall survival outcomes were P = 0.042, P < 0.001 & P < 0.001, respectively. This was

particularly important for the cut-point determined for dense subcutaneous adipose tissue (-
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87HU) as it was externally validated and is appropriate for generalization to other cohorts. All

survival curves can be viewed in Figure 3.6.
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Figure 3.6. Survival curves of sarcopenia (Martin definition), myosteatosis (30 HU) and dense
sub-q (-87) in the validation cohort. All three definitions were statistically significant on
reducing overall survival as revealed by Kaplan-Meier analyses (P = 0.042 for sarcopenia; P <

0.001 for both myosteatosis and dense sub-q.

3.3.4 Phenotype Overlap Influences Survival Outcomes

The summative influence of the body composition phenotypes was also observed in the
validation set, as the presence of at least two or three features yielded the most significant

differences in overall survival outcomes compared to one or zero features (p < 0.001) (Figure 3.7)
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Figure 3.7. Summative influence of overlapping phenotypes on OS — validation cohort. The
overlap of two features worsened OS compared to one feature, and three was subsequently

worse than two, as revealed by Kaplan-Meier statistical analyses (P < 0.001).

3.3.5 Correlation of SAT Surface Area and Radiodensity

Similar to the discovery cohort, several significant correlations were observed in the
validation cohort. SAT surface area and radiodensity demonstrated a negative, curvilinear
relationship (r=-0.70, P < 0.001). Lower surface areas were associated with higher adipose tissue
radiodensities and similar to the discovery cohort, at approximately 150cm?, there is a sharp

increase in radiodensity (Figure 3.8).
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Figure 3.8. Correlation matrix continuous body composition measurements — validation
cohort. Spearman rho correlations of continuous body composition values revealed a strong,
negative correlation of SAT surface area (cm?) and SAT radiodensity, demonstrated in the

scatterplot (right) (r =-0.70; P < 0.001).

3.3.6 Body Composition Phenotypes are Dependent Upon BMI Status

The validation cohort provided additional information on the influence of BMI status on
the body composition phenotypes under assessment. BMI was particularly influential on the
myosteatosis and dense subcutaneous phenotypes. Specifically, myosteatosis prevalence and
independence increased as the BMI status was increased. An opposite relationship was observed
with the dense sub-q phenotype, as its prevalence decreased with higher BMI and at lower BMI’s
it was highly overlapped with sarcopenia. Sarcopenia remained relatively consistent across BMI
categories, but decreased in prevalence at BMls greater that 30. An overview of the trends can

be observed in Figure 3.9 below.

BMI < 18.5 BMI: 18.5 - 25 BMI: 25-29.9 BMI: 30 -39.9 BMI > 40

n=6 n=225 n=263 n=149 n=10

44 (20%) 54 (36%)
100 (38%) : arcope 1 (10%)
10 (4%)
85 (38%) ¢ ey 33013% 22 (15%) dha0d
6 (100%) 1(10%)

25 (11%) 63 (42%)

e 8 (a%)

23 (10%) 9(3%)

4 10.5%) 3 (2%)
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Figure 3.9. Influence of BMI status on sarcopenia, myosteatosis and dense sub-q prevalence,

overlap and independence. Myosteatosis increased in prevalence and independence when
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transitioning from lower to higher BMI categories, whereas the opposite trend was observed

for dense sub-q.

3.4 Discussion

The overarching hypothesis for this aim was that the presence of a colorectal tumor can
give rise to three abnormal body composition phenotypes: sarcopenia, myosteatosis and dense
sub-qg. In addition, it was hypothesized that these features would be independent of each other
and be influential on overall survival outcomes. This hypothesis was tested in both a discovery
and validation set of patients with CRC. Overall, we confirmed our hypothesis, and main findings

are discussed below.

In our discovery and validation cohorts, we examined the overlap of the three BC features
under assessment and found that each feature remained relatively independent of one other
(74% and 56% independence, respectively). Although overlap exists between the phenotypes,
particularly in the validation cohort, the body composition more frequently appear
independently. A large bulk of the research conducted on CT-derived body composition
phenotypes evaluates them as separate entities (73, 113, 114). To our knowledge, there is no
previous work that evaluates the overlap of sarcopenia, myosteatosis and dense sub-q. However,
Martin et al. examined the overlap of sarcopenia, myosteatosis and visceral obesity (VO) in a
pooled Canadian and UK cohort (N = 2100) (75). This work found a 36% independence between
the three features and a 20% overlap between sarcopenia and myosteatosis (similar to the 19%
overlap between these two features in our discovery cohort). However, the viscerally obese
phenotype limits the applicability of this study to ours as VO is likely a different phenotype from

that of dense sub-q; higher adipose tissue surface area is associated with lower fat radiodensities
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in the visceral and subcutaneous regions (r = -0.70, P < 0.001). Certainly, our work addresses a
large knowledge gap by investigating the interplay of myosteatosis, sarcopenia and dense
subcutaneous adipose tissue, which is increasingly being recognized as a wasting phenotype in

cancer (86).

This study also found that myosteatosis and dense sub-q are independent predictors of
overall survival (P < 0.001, P = 0.050) and that sarcopenia was influential on decreasing OS in our
validation cohort (and the discovery cohort when phenotypic overlap was removed). This is
consistent with other studies which have reported sarcopenia and myosteatosis significantly
reduces OS survival outcomes in CRC (34, 73, 74). In addition, dense subcutaneous adipose tissue
radiodensity has recently received more attention as having prognostic value. For instance, highly
dense subcutaneous adipose tissue has been demonstrated to reduce OS in a population of
chemo-refractory advanced CRC (34). In addition, higher subcutaneous fat radiodensities were
associated with higher risks of death in a population of stage | — Ill CRC (N = 3262) (33). These
studies, along with our work, demonstrate that there are other influential body composition
phenotypes that may develop with or independently of sarcopenia and myosteatosis. Our work
also found that there was a summative influence of overlapping phenotypes on OS outcomes.
Particularly, with the presence of all three exhibiting particularly poor OS (p < 0.001). Other work
has shown that the presence of multiple overlapping phenotypes (sarcopenia, myosteatosis and
VO) significantly increases length of hospital stay and short-term mortality rates in CRC (75).
Perhaps overlapping phenotypes may represent a more severe state of wasting and future work

is needed to further delineate the mechanisms of wasting in these conditions.
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The influence of BMI on each body composition of interest was explored (Figure 3.9). We
observed that sarcopenia remained relatively consistent throughout each BMI category, with
highest prevalence occurring at BMI’s between 25 — 29.9. Myosteatosis prevalence increased
with higher BMI status and independence also increased. This is consistent with other work
where myosteatosis was observed at higher BMI’s (84). Xiao et al. have also shown that low
skeletal muscle radiodensities more frequently occur in patients with higher total adipose tissue
surface areas in a population of 3262 patients with CRC (stage | — Ill) (115). Finally, dense
subcutaneous adiposity decreased in prevalence with higher BMI categories and remained
independent of myosteatosis (only 2% of individuals only exhibited dense sub-q and
myosteatosis) (Figure 3.1 & 3.5). We also show that adipose tissue radiodensity and surface area
have a negative relationship, with less surface area leading to higher fat radiodensities (Figures
3.4 & 3.8). The pathophysiology associated with the development of dense subcutaneous
adipose tissue is not well understood. It is speculated that increased fat density could be related
to a decrease in lipid content in adipocytes, which may be associated with the lipid browning that
occurs in cachectic wasting (115, 116). Future work is needed to understand the development of
dense sub-g and how it relates to other wasting mechanisms that manifest as sarcopenia and

myosteatosis.

This study has a high degree of power and generalizability as we were able to reproduce
the findings of the discovery cohort (n = 319) on an external cohort of CRC patients (N = 960). A
limitation of this work that should be mentioned is that we didn’t examine visceral obesity and
the influence it has on the findings we report (other than within our BMI assessments). VO has

been shown to decrease survival outcomes and other factors such as length of hospital stay.
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However, the measurement of VO can be problematic as the patient’s position, in addition to any
movement that occurs during the CT imaging process, can often lead to inaccurate quantification
of visceral fat surface area (117). In addition, visceral adiposity can be overestimated, as a lot of
the tissue within the abdomen (i.e. organs, connective tissue) are the same radiodensity as fat
mass (118). Therefore, we only included adipose tissue in the subcutaneous region for

interpretation as it is a easily identified, defined area within the CT image.

Another limitation to note is that we had little clinical information regarding other co-
morbidities. Without this information, potential confounders that could have also influenced
survival outcomes could not be assessed. In addition, limited information was available on neo-
adjuvant therapies that may have been given before the surgical resection, which may also have
had an impact on body composition based on previous work (19, 21, 22). Future goals for this
work will aim to examine the influence of neoadjuvant cancer therapies in relation to body

compositions by obtaining more relevant clinical information surrounding this cohort.

Overall, this aim found that three wasting phenotypes are identifiable in CRC: sarcopenia,
myosteatosis and dense sub-q. Each is influential on OS outcomes and demonstrate a large
degree of independence. BMI is as important factor to consider when assessing these BC
phenotypes as myosteatosis occurs more frequently overweight and obese individuals and dense
sub-q is more prevalent in normal-to-underweight individuals. Sarcopenia is observable in all BMI
categories. Finally, fat radiodensity increases with lower fat surface area and is an important

factor to assess when evaluating wasting in patients with cancer.
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Chapter 4: Targeted Serum Proteomics

4.1 Introduction

As was demonstrated in the previous chapter, there are three independent body
composition phenotypes that are detectable in colorectal cancer. These three body composition
features are each influential on overall survival outcomes, which was exemplified in both a
discovery and validation cohort. Although these phenotypes are largely distinct from each other
(approximately 65% independence on average), the co-existence of multiple phenotypes further
adversely affects survival outcomes. There is currently no literature that examines differences in
protein concentrations that are related to tumor-mediated wasting in the independent
phenotypes of sarcopenia, myosteatosis and dense sub-q. To explore the mechanisms and
pathways that may be involved in the pathogenesis of cancer-associated muscle loss,
myosteatosis and dense sub-q, 20 circulating features detectable in sera were evaluated in

relation to each phenotype.

The known mechanisms of muscle and fat loss in the cancer setting are complex and
involve many different pathways. Therefore, to explore whether tumor-mediated wasting
mechanisms are involved in relation to the three body composition phenotypes detected in Aim
1 we explored 20 proteins in the pre-operative sera of a subset of the discovery cohort. These 20
proteins were selected based on three overarching physiological functions: inflammation, energy

homeostasis and muscle maintenance.

Circulating proteins selected that were involved in inflammatory processes were TNF-q,,

CRP, cortisol, adipsin, macrophage migration inhibitory factor (MIF), plasminogen activator
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inhibitor-1 (PAI-1), lipocalin-2 and heat shock proteins 70/90. These proteins have a wide range
of inflammatory functions such as, but not limited to: promoting macrophage function, enhanced
proteolysis/lipolysis, inhibition of myoblast differentiation and the promotion of the acute phase
response (93-97, 99, 102, 119-122). Proteins related to energy homeostasis were also selected
for analysis. These proteins were: ghrelin, leptin, insulin, IGF-1, IGF-2, adiponectin, resistin (98,
103-106). These proteins were selected as they are influential in appetite regulation,
management of energy homeostasis, protein synthesis and insulin sensitivity. Muscle
maintenance proteins myostatin, follistatin and testosterone were also selected for analysis
(107-109). For more detailed description of physiological functions, please refer to Table 2.1 in

Chapter 2: Methods.

There is limited work on circulating mediators in tumor-mediated wasting literature in
relation to body composition features that have been quantified through human CT scans in CRC.
Therefore, this work examined biological correlates of circulating proteins in established wasting
models patients with CRC which were quantified by multiplex protein bead assays. We
hypothesized that each body composition feature (sarcopenia, myosteatosis and dense sub-q,
respectively) would present unique biological correlates with the metabolic and inflammatory

mediators that were detected in human sera samples.

In addition to the targeted proteomic analysis described above, shotgun proteomics
utilizing tandem mass tag (TMT) labelling was also completed. Unfortunately, this experiment
yielded no significant findings. A full methodological description of this experiment and non-

significant findings can be reviewed in Appendix A.
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4.2 Results

4.2.1 Independent Phenotypes Exhibited Differences in Protein Abundance

Protein concentrations between patients with sarcopenia, myosteatosis, dense sub-g and
no features (with no overlap) were first compared. In total, 119 patients had one of these
features (by itself): 28 had sarcopenia alone, 28 had myosteatosis alone, 7 had dense sub-g alone,
and 56 had none of these features. Not all protein concentrations for the 20 analytes were
available for all 119 patients; therefore, the number of patients included for each protein
comparison can be observed in Table 3.1. Kruskal-Wallis H test revealed that there were
significant differences in three proteins between the four groups, which were leptin (p < 0.001),
adipsin (p = 0.002) and resistin (0.005). After pairwise comparisons, leptin was found to be
significantly higher in the myosteatosis phenotype compared to normal, sarcopenia and dense
sub-g phenotypes (all p-values < 0.05) and adipsin was higher in the myosteatosis phenotype
compared to sarcopenia and no phenotypes (both p-values < 0.05). Resistin was significantly
higher in the myosteatosis phenotype compared to the no features group (p < 0.05). TNF-a was
also shown to be higher in the myosteatosis phenotype; however this did not quite reach

statistical significance (p-0.054; Table 4.1).
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Kruskal- Kruskal- None Sarcopenia P-value Myosteatosis P-value Dense Sub-Q P-value

Protein Analyte Total N Wallis H- Wallis H- (median (median (None vs. (median value) | (Nonevs, Fat (median (Dense vs.
units Test Test not adj. value) value) Sarco) Myo) value) None)
Adj. p-value p-value
CRP mg/mL 116 0.999 0.215 231 1.63 - 2.40 - 1.30
TNFa pg/mL 106 0.999 0.054 4.02 5.37 - 5.24 - 3.24
MIF pa/mL 106 0.999 0.928 385.0 402.4 = 354.1 = 434.5
PAI-1 pg/mL 106 0.999 0.139 26960.0 30430.0 - 347943 - 30805.8
Lipocalin-2 pg/mL 106 0.999 0.256 309949.5 358856.2 - 443797.8 - 469242.8
Resistin pg/mL 106 0.125 0.005 28493.9 36837.8 - 50940.6 0.007 55421.8
HSP 90 ng/mL 106 0.999 0.771 13.2 iE}s) - 12.7 - 14.7
HSP 70 pg/mL 106 0.999 0.426 105846.0 97349.4 - 110316.1 - 88818.8
Cortisol nmol/L 109 0.999 0.329 322.0 358.0 - 305.0 - 411.0
Vitamin D nmol/L 110 0.999 0.292 63.5 61.7 - 56.6 - 72.3
Ghrelin pe/mL 106 0.999 0.554 4.20 4.20 - 5.73 - 6.47
Leptin pe/mL 106 0.001 0.000058 41515 4078.1 - 9350.4 0.003 2005.2
Insulin pe/mL 106 0.999 0.168 480.3 539.2 - 626.5 - 3738
IGF-1 pe/mL 106 0.999 0.237 33775.5 34932.2 - 27665.8 - 35343.8
IGF-2 pe/mL 106 0.999 0.386 204683.4 153039.1 - 141575.7 = 212815.4
Adiponectin pg/mL 106 0.999 0.999 18660000.0 | 22412000.0 - 21747000.0 - 25862000.0
Adipsin pg/mL 105 0.028 0.0014 4532700.0 4634700.0 - 7202500.0 0.001 3973100.0
Myostatin pe/mL 106 0.999 0.407 47.6 314 - 51.8 - 285
Follistatin ng/mL 106 0.999 0.173 0.630 0.610 - 0.610 - 0.845
Testosterone nmal/L 109 0.999 0.094 10.1 10.0 - 1.25 -- 14.9

Table 4.1. Targeted proteomic analysis in patients with each body composition feature.

4.2.2 Myosteatosis Patients Have a Unique Proteomic Signature

Next, protein concentrations of the 20 analytes were compared between myosteatosis vs
all other patients without myosteatosis. Three proteins were significantly different in abundance
between the myosteatosis vs no myosteatosis phenotypes after correction for multiple
comparisons. Similar to what was observed with the non-parametric ANOVA, the concentration
of leptin was significantly higher (1.12 x 10* + 1.07 x 10* ng/mL) in the myosteatosis phenotype
compared to those without myosteatosis (5.84 x 103 + 6.06 x 103 ng/mL) (p = 0.0348). Similarly,
adipsin concentrations were significantly higher in the myosteatosis group (8.33 x 10° £ 5.24 x
10° ng/mL) compared to the no myosteatosis cohort (5.4 x 10° + 3.96 x 10° ng/mL) with p < 0.05.
Conversely, IGF-1 was found to be lower in concentrations (3.68 x 10* + 1.48 x 10* ng/mL) in the
myosteatosis group compared to those without myosteatosis (2.76 x 10*+ 1.40 x 10* ng/mL), p =

0.0368. These differences can be observed in Figure 4.1.
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Figure 4.1. Significant protein differences between myosteatosis and no myosteatosis
patients. Through Mann-Whitney U tests myosteatosis was revealed to have statistically

significantly higher leptin and adipsin as well as reduced IGF-1. P < 0.05 is represented by *.

4.2.3 Proteomic Changes Associated with Dense Sub-Q

The same tests were performed on patients with dense sub-q compared to those without
dense sub-g. Only one protein was statistically significant, which was leptin. Leptin was
significantly decreased (2.71 x 103 + 2.72 x 10® ng/mL) in patients with dense sub-q compared to
those without (8.16 x 103 + 8.47 x 103 ng/mL) p = 0.0326 (Figure 4.2). No differences in protein

concentration were observed in patients with sarcopenia compared to patients without

sarcopenia.
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Figure 4.2. Leptin concentrations in patients with dense sub-q, in addition to BMI influence.
Dense Sub-Q has significantly reduced concentrations of circulating leptin, as revealed by

Mann-Whitney U testing. P < 0.05 is represented by *.
4.2.4 BMI Status Influences Protein Concentrations in Myosteatosis and Dense Sub-Q

In Aim 1 it was revealed that myosteatosis and dense sub-q are influenced by BMI status.
Therefore, the influence of BMI status was then explored for the significantly different proteins
in the myosteatosis and dense sub-q phenotypes. Specifically, leptin concentrations remained
similar between the myosteatosis and no myosteatosis phenotypes in BMI’s between 18.5 and
29; however, leptin concentration was significantly higher in the myosteatosis phenotype
compared to no myosteatosis in obese individuals with BMI’s between 30 — 39, p = 0.03. Adipsin
concentrations remained higher in patients with myosteatosis consistently across all BMI
categories. IGF-1 remained consistently lower in myosteatosis groups across all BMI categories;

however, this trend was not statically significant after multiple comparisons. Finally, leptin was
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consistently lower in patients with dense subcutaneous adipose tissue, although significance was

not observed (Figures 4.2 & 4.3).
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Figure 4.3 Influence of BMI status on concentrations of leptin, IGF-1 and adipsin in patients
with and without myosteatosis. Mann-Whitney U testing revealed patients with myosteatosis
whom also had a BMI greater than 30 had significantly higher concentrations of circulating

leptin (P = 0.030).

4.2.5 Biological Correlates Between Continuous Body Composition Measures and Protein

Concentrations

Spearman rho correlations were completed separately for males and females between
continuous body composition measurements and protein concentrations. After adjustment for
multiple comparisons, subcutaneous adipose tissue radiodensity was negatively correlated with
leptin concentrations in both males (r = -0.449, p < 0.05) and females (r = -0.636, p < 0.01). In

females only, skeletal muscle radiodensity was positively correlated with IGF-2 (r = 0.468, p <
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0.01 ) and was negatively correlated with adipsin (r = -0.456, p = 0.02). Correlation plots for both

males and females can observed Figure
M ‘ s 5 !
suRn :\ ?._ o 08
i.. 06 08
g™ o
L 0.4 - .. 04
‘_‘. ® 02 wn @) 02
Falistatr . P~ .
wr . 0 0
GF.A .
LA .
e
Females e Males e
‘.. 0.8 e ) I-Ua
g™ B )

Figure 4.4. Correlation matrices of continuous body composition measurements against
protein concentrations dichotomized by sex. Spearman rho correlations revealed SAT
radiodensity (HU) is negatively correlated with leptin in males and females and skeletal
muscle radiodensity is positively correlated with IGF2 and negatively correlated with adipsin
in females. Strength and p-values associated with each correlation represented by the colour

and size of the circle. All correlations are corrected for multiple comparisons.

4.2.6 Multivariate Assessment of Proteins in Independent Body Composition Phenotypes

Finally, through multivariate PLS-DA analysis it was determined that the four independent
phenotypes (sarcopenia, myosteatosis, dense sub-q and no features) could not be distinguished
from each other by the 20 proteins, or through a VIP > 1 filtration. However, slight separation

could be observed between the myosteatosis vs. no feature phenotypes,
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which gave a weak model consisting of 8 proteins after a VIP > 1 filtration with a R?Y score =

0.302, Q% score = 0.169 and a CV-ANOVA = 0.02. (Figure 4.5)

Independent Myosteatosis compared to None - PLS-DA
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Figure 4.5. PLS-DA of independent myosteatosis (red) and no features (green). Model consists

of 8 proteins that gives an R%Y score = 0.302 and Q?Y score = 0.169 (P = 0.020).

Within this model, myosteatosis was positively associated with leptin, TNF-o, HSP70,
adipsin, PAI-1 and resistin and negatively associated with IGF-2 and testosterone. This can all

be observed in the loadings plot below.
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Figure 4.6. Loadings plot of independent myosteatosis vs. no features associated with the
PLS-DA above (Figure 4.5). 8 proteins were used to generate this model, and proteins that are
highly influential in describing the phenotype of interest are found in closer proximity to

phenotype (Y in blue).

4.3 Discussion

The concentration of several circulating features that have been established in cancer
cachexia wasting models were explored in three body composition features in colorectal cancer.
Circulating proteomic factors in sera were quantified through Multiplexing LASER Bead
Technologies and between-phenotype comparisons of cytokine concentrations were conducted
via Kruskal-Wallis, Mann-Whitney U and spearman rho statistics. Multivariate analyses were also
conducted using partial least squares discriminant analysis. Overall, we found several perturbed
proteins in the myosteatosis phenotype and decreased leptin and increased resistin

concentrations in the dense sub-q phenotype.

Ectopic lipid accumulation in muscle, or myosteatosis, has been observed in disorders
such as obesity or insulin resistance where there is an upregulation of lipolysis within adipose
tissue (84). Lipids are then released into circulation; however, at high concentrations of
circulating lipids lipotoxicity can occur. Lipotoxicity in the muscle setting occurs when there is a
high abundance of FFAs in the tissue that skeletal muscle cannot keep up with the metabolic

demands and excess FFAs get stored as lipid droplets (123). We observed elevated levels of three
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proteins that promote elevated lipolysis in our cohort of patients with myosteatosis: increased

leptin, resistin and TNF-c..

In terms of energy homeostasis mediators, the myosteatosis cohort was shown to have
elevated leptin, which was particularly high in obese patients with (BMls between 30 —39) (p =
0.03). Leptinis positively correlated with adipose tissue surface area; therefore, obese individuals
typically have higher abundances of circulating leptin (124). However, because obese
myosteatosis patients had even higher levels of circulating leptin compared to obese patients
without myosteatosis suggests that leptin may be playing an abnormal role in this phenotype
(Figure 4.3). Leptin is known to be released from adipose tissue stores and cause an increase in
lipolysis of triacylglycerides, releasing free fatty acids (FFAs) into circulation (125). In addition to
leptin, independent myosteatosis was associated with increased resistin which also stimulates
lipolysis in adipose tissue (126). Perhaps the increase in adipokines responsible for enhanced
lipolysis may be partially responsible for lipid accumulation in muscle, or lipotoxicity. This may be
tumor related as peritumoral adipose tissue has been shown to release several adipokines which

promote tumor growth (127).

In addition to leptin’s metabolic influence on energy homeostasis, this cytokine also has
a proinflammatory effect. More specifically, leptin has been shown to induce the release of
several proinflammatory cytokines, such as TNF-a (128). Conversely, exogenous
supplementation of TNF-a also stimulates the increase of leptin (51). Interestingly, we did
observe elevated TNF-a in our independent myosteatosis phenotype (Table 4.1), and TNF-a was

positively associated with myosteatosis in the PLS-DA model. Elevated TNF-a, along with other
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tumor-mediated proinflammatory responses, elicits the onset of chronic systemic inflammation
(23). This may help explain the decrease in IGF-1 observed in our myosteatosis phenotype, which
was consistently observed across all BMI categories. Decreased circulating IGF-1 has been
documented in cancer settings in associated with the onset of inflammatory host environments
(57). It also adds an additional explanation as to why elevated resistin was observed in the
myosteatosis phenotype, as this protein has been shown to be associated with insulin resistance

(129).

In addition to the inflammatory processes perpetuated by tumor-derived cytokines,
inflammation from the complement system is emerging as another player in cancer-associated
tissue wasting (130). Circulating adipsin was observed to be elevated in patients with
myosteatosis (p < 0.05). Adipsin, also known as complement factor D, aids in the activation of
the alternative pathway of the complement system which increases phagocytosis potential of
macrophages as well as promotes the release of proinflammatory cytokines (131). Deng (2021)
observed that cachectic patients with pancreatic cancer exhibited higher abundance of
complement factors and that the complement system further perpetuates systemic
inflammation in cancer (130). Therefore, the elevated adipsin observed in the myosteatosis

phenotype may be a reflection of enhanced inflammatory processes.

Patients with dense sub-q exhibited reduced circulating leptin, opposite of what was
observed in the myosteatosis phenotype. As was described in Aim 1, the dense sub-q phenotype
is associated with reduced subcutaneous adipose tissue surface area and was more frequently

observed in lower BMI categories (Figure 4.2). As such, lower adipose tissue surface area is
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associated with lower leptin concentrations in circulation, which may be why this phenotype

exhibits reduced circulating leptin (124).

It is important to note that this portion of the study is limited by smaller sample sizes in
some of the body composition phenotypes, specifically the independent dense sub-q phenotype
(N = 7). This is due to two factors. First, the dense sub-q phenotype is already a small and
relatively rare phenotype (N = 40) within the entire 319 patient cohort. Second, not all patients
had pre-operative serum available for analysis, and the ones that did needed to have their blood
draw date and the CT scan within 100 days of each other in order to be included in the study.
Some date differences exceeded the 100 day criteria and had to be excluded, leaving our 140
patients that did have sera that met our criteria left for examination (which were further

subcategorized based on their body composition statuses).

Overall, this study is the first to identify elevated leptin, adipsin and resistin in CRC
patients with myosteatosis. These proteins are involved in inflammatory and metabolic
functions, which demonstrates alterations are occurring in patients with the myosteatosis
phenotype. The decreased IGF-1 in the myosteatosis phenotype also suggests a decrease in the
anabolic response as seen in tumor-mediated skeletal muscle wasting. This work is also the first
to identify perturbed proteins in dense sub-q adipose tissue. These results demonstrate that
myosteatosis and dense sub-q are related to factors in models of cancer-associated tissue
wasting, which helps support the notion that further work is both important and necessary to

examine where these phenotypes fit into cachexia models.
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Chapter 5: Untargeted Tumor Proteomics

5.1 Introduction

As was exemplified in Aim 1, there are three biologically independent body composition
phenotypes that are detrimental to overall survival outcomes in patients with CRC. In Aim 2,
targeted serum proteomics was conducted with 20 features that were selected to give a well-
rounded profile of factors related to inflammation, energy homeostasis and muscle maintenance.
It was demonstrated that biological correlates existed between the myosteatosis/dense sub-q
fat phenotypes and some circulating proteins. Specifically, circulating features related to
inflammation and enhanced lipolysis of adipose tissue were particularly prevalent in the
myosteatosis phenotype. To supplement these findings, we were interested in conducting
untargeted tumor proteomics with the intention of detecting new tumor-associated proteins

that may be related to myosteatosis and sarcopenia development.

It has been suggested that mediators originating from the tumor may initiate and sustain
muscle and fat wasting (132). Tumors have been shown to secrete a number of factors, some of
which are related to wasting. Examples include, heat-shock proteins 70/90, activin A and
myostatin, leukemia inhibitory factor, parathyroid hormone (89, 133-136). Although this list is
not exhaustive, it helps to exemplify the complexity of cancer-associated atrophy as each of these
extracellular factors have differing mechanistic actions ranging from immune system
involvement to metabolic derangements. In addition to factors secreted by the tumor, metabolic
perturbations within cancer cells that ultimately lead to their enhanced proliferation and survival

can lead to downstream wasting effects. For instance, it has been well described that tumors can
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release inflammatory mediators and other metabolic players that ultimately lead to the
upregulation of mobilized lipid and amino acids in the blood stream that arise from adipose tissue
and skeletal muscle (23). Indeed, the presence of a tumor wreaks havoc on the metabolic and
inflammatory state of the patient, making this disease incredibly complex. This makes the
development of treatment options difficult as there are many physiological pathways involved.
Until a fully inclusive, comprehensive model of tumor-mediated wasting is developed, treatment
options remain elusive. Therefore, the need to identify additional perturbed physiological
pathways and associated tumor-derived proteins is important to supplement existing wasting

models that will help guide the development of potential treatment options.

The use of proteomic methods is one such way to explore tumor-derived factors as Omics
methodologies are continuing to emerge as important research tools in evaluating biological
changes that occur in association with cancer (137). Proteomic analyses allow for the evaluation
of full protein sets from samples such as tissue, serum or individual cells which is especially
helpful in identifying novel biomarkers that may not been previously considered or explored.
Therefore, the purpose of this aim was to perform label-free proteomic experiments utilizing LC-
MS/MS on CRC tumors from patients with either sarcopenia and myosteatosis and compare them
to control samples of patients with no wasted phenotypes. In addition, we also wanted to
determine if the three phenotypes could be separated based on differences in protein abundance
based on multivariate partial least squares discriminant analysis. We hypothesized that there
would be differences in protein abundance between the three phenotypes, which would be a

reflection of physiological pathway perturbations.
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5.2 Results
5.2.1 DEP: Sarcopenia vs Normal

After imputation for missing values was performed, differential abundance analysis
revealed 7 significantly different proteins between the sarcopenia and normal body
compositions. Only one was more abundant in the sarcopenia phenotype, which was
Phosphatidylinositol Transfer Protein Beta (PITPNB). The other 6 proteins were more abundant
in the normal phenotype, which were Tryptase 2 beta (TPSB2), Latent TGF-B binding protein 4
(LTBP4), Short chain acyl-CoA dehydrogenase (ACADS), Creatine Kinase, Mitochondrial 1A
(CKMT1) and histone clusters Histlhlb and Histlh2br. These proteins are likely related to
metabolic and inflammatory processes in addition to cell transport. The volcano plot and

heatmap to these proteins can be viewed in Figure 5.1.
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Figure 5.1. Volcano plot and heatmap of differentially abundant proteins in Sarcopenia vs

Normal. Seven statistically significant proteins were identified at P < 0.05; specifically, one

65



was differently abundant in sarcopenia and six were differentially abundant in the normal

phenotype.

5.2.2 DEP: Myosteatosis vs. Normal

At the logz(2) = 1 fold change level (P < 0.05), there were three proteins that were
differentially abundant between the myosteatosis and normal phenotypes. Specifically,
Glyoxalase 1 (Glol) and Adenylate kinase isoenzyme 1 (Ak1l) were higher in abundance in the
myosteatosis phenotype and NADH dehydrogenase 1 alpha subcomplex 13 (Ndufal13) was lower

(Figure 5.2). All three proteins are associated with metabolic processes.
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Figure 5.2. Volcano plot and heatmap of differentially abundant proteins in myosteatosis vs
normal. Three statistically significant proteins were identified at P < 0.05; specifically, two
were differentially abundance in the normal phenotype and one in the myosteatosis

phenotype.

5.2.3 Partial Least Squares-Discriminant Analysis
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PCA (to check for potential outliers) coupled with PLS-DA analysis was utilized to
determine if between-group differences could be observed utilizing the proteins detected by the
LC-MS/MS. The LC-MS/MS detected 1545 proteins that were imported into SIMCA for analysis.
The PCA demonstrated that none of the 14 patient cohort were outliers and all were included in

the analysis (Figure 5.5).
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Figure 5.3. PCA of all independent phenotypes (N = 14). PCA diagrams plot individual samples
as clusters of samples based on their physiological similarities. As such, a random pattern
indicates no inherent bias exist within the data, therefore we proceeded with further statistical

analyses including all samples.

After the PCA analysis, the entire cohort was included in the development of a
parsimonious PLS-DA model that was created by filtering for VIP’s > 1. A total of 33 proteins were
included in the final model, which consisted of: R2Y score = 0.995, Q?Y score = 0.925 and a CV-

ANOVA = 0.02 (Figure 5.4). A loadings plot demonstrated that 11 proteins were positively

67



associated with the normal phenotype, 10 proteins were positively associated with sarcopenia

and 12 with myosteatosis (Figure 5.7).
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Figure 5.4. PLS-DA of all independent phenotypes of interest. Proteins were filtered via a

method of including proteins with a variable influence of projection (VIP) greater than 1. A

large degree of separation between phenotypes was observed (R?X = 0.823; R%Y = 0.995; P =

0.02).
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Figure 5.5. Loadings plot associated with the PLS-DA for independent phenotypes above
(Figure 5.4). 33 proteins were used to generate this model, and proteins that are highly
influential in describing the phenotype of interest are found in closer proximity to phenotype

(Y in blue).

Of the 33 proteins detected, a positive or negative association to either sarcopenia or
myosteatosis compared to normal is described in the table below, in addition to brief

physiological functions (Table 5.1).

Protein ID Coefficient Direction (from loadings plot) Function
Myosteatosis | Sarcopenia Normal
] o Transfers fatty acids from cytosol to
ABCD3 Negative Positive . o
peroxisome lumen for beta-oxidation (138)
) o Catalyzes first step of mitochondrial beta
ACADS Negative Positive L
oxidation (139)
o ) Aids adenine nucleotide metabolism and
AK1 Positive Negative .
energy homeostasis (140)
) . . Mitochondrial membrane ATP synthase,
ATP50 Negative Negative Positive . .
rotational mechanism (141)
) o A central regulator of heat shock protein 70
BAG6 Negative Positive
(142)
DIABLO Negative Positive Involved in the activation of apoptosis (143)
DTD1 Negative Positive DNA regulation (144)
) . o Promotes colorectal cancer cell malignancy
FAM98a Negative Negative Positive
(145)
. . . Catalyses first step of galactose degradation
GALK1 Negative Negative Positive
(146)
. . Detoxifies a-oxoaldehydes which are
GLO1 Positive Negative . .
biproducts of enhanced glycolysis (147)
Histone H2A variant; observed to be positively
H2AFY Positive Negative correlated with immune filtration in cancer
(148)
HIST1H1B Negative Positive Histone H1.5; chromatin modelling (149)
HIST1H3A Positive Negative Core nucleosome component (150)
. o Regulates TGF-B and renders it unavailable to
LTBP4 Negative Positive . o .
bind to TGF-B binding site (151)
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Positively correlated with beta-catenin
MYCBP Negative Negative Positive expression, which promotes wnt signalling, can
can promote muscle growth (152, 153)
PCNA Positive Negative Aids in DNA replication (154)
PIP4K2A Negative Positive Positive Supresses insulin signalling (155)
. . Involved in protein targeting to mitochondria
PMPCA Positive Negative
(156)
) . Component of the 26S proteasome, involved in
PSMC1 Negative Positive L . .
ubiquitin protein degradation (157)
RAB27A Negative Positive Enhances PI3K/MAPK signalling (158)
. o Component of the large ribosomal subunit
RPL26 Negative Positive
(159)
SLC25A5 Positive Negative Positive regulator of mitophagy (160)
SWI/SNF complex-related chromatin
) . . remodelling; usually act as tumor suppressors,
SMARCE1 Negative Negative Positive . . . .
and loss of function associated with malignant
transformation (161)
Spliceosome assembly; a deficiency in survival
SMNDC1 Negative Positive motor neuron associated with reduced
myoblast fusion (162)
TIMM13 Positive Negative Mitochondrial transport protein (163)
. . Involved in nuclear localization and activation
TNPO1 Negative Positive .
of ROS-related FOXO activation (164)
Major protease present in mast cells and
TPSB2 Negative Positive released by the coupled activation-
degranulation response (165)
TTN Positive Negative Key component of striated muscle (166)
. ) Important for the maintenance of hemostasis
VWEF Positive Negative
(167)
Has been linked to the enhancement of
XPO1 Positive Negative cytokines related to E3 ubiquitin ligase
Atrogin-1 (168)
XPO7 Negative Positive Small nuclear transport protein (169)

Table 5.1. Protein descriptions from PLS-DA model and directionality associated with each

phenotype.

5.3 Discussion
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The purpose of this aim was to identify proteins through label-free quantification via LS-
MS/MS that were specific to the independent phenotypes of sarcopenia and myosteatosis when
compared to patients with no abnormal BC features. In addition, we were interested in evaluating
whether the three independent phenotypes could be separated through differences in protein
abundance using a multivariate Partial Least Squares Discriminant Analysis method. We
hypothesized that specific proteins would be differentially abundant between the phenotypes
and this was confirmed in our findings. Here we describe the potential relevance of some of the

interesting protein hits we found based on existing literature.

Utilizing the Bioconductor package “DEP”, we identified 7 differentially abundant proteins
between the sarcopenia and normal phenotypes. The overall functions of the 7 proteins ranged
from participation in inflammatory and metabolic processes to cell transport and histones (Table
5.1). A protein related to inflammation included Latent TGF-B binding protein. We demonstrated
that LTBP4 is higher in abundance in the normal phenotype. LTBP4 has been shown to regulate
TGF-beta by rendering it unavailable to bind to the TGF-beta binding site (151). This is important
as elevated TGF-beta has been documented within wasting models and induces muscle atrophy
(170). Although limited work has been completed that evaluates LTBP4 in the cancer setting,
overexpression of LTBP4 was found to be associated with greater muscle mass and strength in a
mouse model of muscular dystrophy though a mechanism of binding and inactivating myostatin

and TGF-beta (171).

Proteins related to metabolic processes were also different in abundance between the
sarcopenia and normal phenotypes. For instance, short chain acyl-CoA dehydrogenase was

higher in the normal phenotype and is involved the mitochondria metabolism, specifically beta-
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oxidation of fatty acids (172). There is no work that has been done to examine the relationship
between ACADS and cancer-associated cachectic wasting. However, a recent study
demonstrated that decreased expression of ACADS was associated with worsened CRC survival
outcomes and that increased expression of ACADS was positively correlated with CD8+ T cells,
which are known to produce an anti-tumoral immune response (172). Creatine kinase U from the
mitochondria was shown to be lower abundance in patients with sarcopenia. This protein is
related to mitochondrial metabolism through the transfer of a phosphate from ATP through
phosphocreatine biosynthesis (163). Specifically, a decrease in the creatine-phosphate system
(CKS) has been shown to occur in patients with CRC with a subsequent increase in oxidative
phosphorylation (173). Perhaps this decrease in the CKS system with relation to the sarcopenia

phenotype is related to metabolic changes that enhance muscle wasting in CRC.

The myosteatosis phenotype had higher abundance of glyoxalase | (GLO1) and adenylate
kinase isoenzyme 1 (AK1). GLO1 is an enzyme involved in the glyoxalase system, which detoxifies
a-oxoaldehydes, such as methylglyoxal, that are produced as side products of enhanced glycolysis
(associated with the Warburg effect) (147). Increased production of a-oxoaldehydes contribute
to the development of “advanced glycation end products” (AGEs), which have been shown to
induce oxidative damage and expression of pro-inflammatory cytokines through receptors for
AGEs (RAGE) (147). The elevated abundance of GLO1 in myosteatosis may be a representation of
enhanced oxidative stress/inflammation in this phenotype. Elevated AK1 was also observed in
the myosteatosis phenotype. AK1 is involved in de novo adenine nucleotide synthesis and aids in
the maintenance of the balance between AMP, ADP and ATP (174). AK1 manufactures AMP,

which is a regulator of the cellular energetics. Elevated AMP produces a regulatory response in
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several ways, one of which is via activation of adenosine monophosphate protein kinase (AMPK)
signalling which helps to adapt to cellular stress (174). However, elevated AMPK has been shown
to induce muscle degradation by inhibiting mTORC1 signalling (175). Therefore, myosteatosis

may be influenced by enhanced activation of AMPK signalling.

Finally, a decrease in NDUFA13 was observed in the myosteatosis phenotype. A
deficiency in NDUFA13 (a subunit of complex 1 of the electron transport chain) triggers an
electron leak from complex 1 (176). This electron leak leads to the development of H,0,, which
leads to peroxiredoxin 2 which can cause STAT3 dimerization (176). As such, elevated STAT3
signalling releases downstream cytokines such as IL-6 and TNF-a (177). Both are pro-
inflammatory cytokines that are involved in muscle wasting within the cachexia model. IL-6 and
TNF-a both cause an increase in circulating FFA’s within patients with cachexia, which may

contribute to the ectopic placement of lipids in skeletal muscle tissue (177).

We also demonstrated that these three body composition phenotypes can be separated
from each other using multivariate modelling systems such as PLS-DA, where we found 33
proteins that were influential on stratifying the groups. The overall functions of these detected
proteins can be viewed in Table 5.1. The proteins had a wide range of physiological functions. An
interesting finding related to the sarcopenia phenotype was a positive association with exportin-
1. Exportin-1 has been linked to the enhancement of cytokines related to the promotion of E3
ubiquitin ligase Atrogin-1 production, which plays a role in skeletal muscle degradation (168). In
terms of myosteatosis, it was shown that ABCD3 was negatively associated with this phenotype.

ABCD3 is responsible for the transfer of long-fatty acids from cytosol to peroxisome lumen for
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beta-oxidation, which may be a reflection of reduced lipid oxidation previously observed in

myosteatosis (32, 138).

Overall, in a univariate approach we found 11 differentially abundant proteins using the
Bioconductor DEP package: 7 within the sarcopenia vs. normal comparison and 3 within the
myosteatosis vs. normal comparison. These proteins had a range of functions ranging from
inflammation to metabolism. We also showed that sarcopenia, myosteatosis and no wasting
phenotypes can be separated from each other via multivariate analysis. Further work is needed
to elucidate tumor-mediated mechanisms that drive host wasting, as this work was exploratory
and is limited by sample size and by having only male subjects. However, this work is helpful in
demonstrating the importance of evaluating the proteome in tumor-associated wasting as newly

described targets continue to supplement wasting models.
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Chapter 6: Discussion / Concluding Remarks

Cancer-associated tissue wasting is a barrier to improving survival outcomes in cancer
populations and is also influential on reducing overall quality of life (23). Classical definitions of
tissue wasting, or cachexia, are heavily biased towards muscle wasting/low muscle mass
(sarcopenia); however, there has been an influx of findings in cachexia research that show
additional body composition phenotypes, such as myosteatosis, are also influential on clinical
outcomes in cancer populations (30, 40, 72, 73, 75). Such additions to the field helped shape our
hypothesis that cachexia, or tumor-associated tissue wasting, may manifest as different body
composition phenotypes beyond that of sarcopenia and weight loss. Therefore, the purpose of
this work was to evaluate BC status in 319 patients with colorectal adenocarcinoma, as well as
conduct proteomic experiments on associated tumor and sera samples, all with the intention of
obtaining a better understanding of tumor-mediated muscle and adipose tissue wasting. Findings
of the CT portion of this work were then validated on an external dataset of 960 patients with
CRC. Overall, we identified three body composition features (sarcopenia, myosteatosis and dense
subcutaneous fat) that were influential on reducing survival outcomes in this cohort. These
features displayed a large degree of independence, and phenotypic overlap proved to be a
further detriment to overall survival. Biological protein correlates were found in relation to each

BC phenotype and ranged in function from inflammation to metabolic processes.

6.1 Body Composition Assessment in CRC

To our knowledge, this is the first study to examine the interdependence and subsequent

influence of sarcopenia, myosteatosis and dense subcutaneous fat on overall survival outcomes
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in a population of patients with CRC. Our work demonstrates that these phenotypes display a
large degree of independence from one another (average of ~ 60 %). In addition, phenotypic
overlap, especially of all three phenotypes, is particularly detrimental to OS. Typically in previous
work BC phenotypes have been assessed as single measures, or at most have been examined two
at a time (i.e. sarcopenia and myosteatosis) (32). It has been well-described that both sarcopenia
and myosteatosis decrease overall survival outcomes in cancer populations, both when
evaluated independently and simultaneously (32, 78). On the other hand, body compositions
such as dense sub-q have only recently gained recognition to be clinically relevant and decrease
survival outcomes in cancer populations (34). One group did evaluate the summative influence
of sarcopenia, myosteatosis and visceral obesity in a cancer population comprised of 2100 pooled
UK and Canadian cohort with CRC and found the concurrence of all three abnormal BC
phenotypes was associated with worse clinical outcomes, such as longer length of hospital stays
as well as more post-surgical complications when compared to patients with a lower number of
body composition phenotypes (75). Our study, in supplement with this work, show that although
body composition features can demonstrate a large degree of independence, it is also important
to consider BC feature overlap, which may represent a more severely wasted individual (75). The
examination of other detectable body compositions will continue to supplement models of

cachectic wasting to give a better understanding of the mechanisms behind this syndrome.

6.2 Targeted Serum Proteomics

In order to assess biological mechanisms associated with each body feature we
performed targeted serum proteomics on pre-operative samples of a subset of patients within

our discovery cohort (N = 140). Proteins were selected based on functions previously described
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in cancer settings as well as models of cachectic wasting (see Table 2.2, Chapter 2). In the
myosteatosis phenotype we detected elevated concentrations of leptin, resistin and TNF-a and
decreased IGF-1. To our knowledge, we are the first to detect such protein perturbations in CRC
patients with myosteatosis. Myosteatosis is well-described in settings such as obesity, insulin
resistance and aging; however, there is a rudimentary understanding of the myosteatosis
phenotype in cancer settings (71, 178). Previous work has described myosteatosis in cancer
settings as associated with upregulated inflammation. For instance, in CRC and pancreatic cancer
patients that also had myosteatosis had elevated neutrophil-to-lymphocyte ratios, a measure for
chronic inflammation (36, 77). This helps support the validity of our finding that the pro-
inflammatory cytokine, TNF-a, was increased in our isolated myosteatosis phenotype. Other
circulating features related to energy homeostasis were found to be perturbed in the patients
with myosteatosis we well, which were increased leptin and resistin. Leptin is regarded as a pro-
inflammatory adipokine, wherein animal models have revealed that exogenous supplementation
of TNF-a results in elevations of leptin (51). Perhaps the observed increase in leptin in the
myosteatosis phenotype is linked the pro-inflammatory cancer environment; however, leptin’s
role in energy homeostasis also suggests it may be promoting lipolysis, making the likelihood of
ectopic fatty acid accumulation in tissues such as skeletal muscle more probable (125). In tandem
with leptin, resistin was also observed in this phenotype which also has a role of increasing

lipolysis in adipose tissue (129).

Inflammation may be involved in several of the etiological mechanisms of myosteatosis
development. IGF-1 was also reduced in myosteatosis, which again may be linked to the

inflammatory state of the host as decreased concentrations of IGF-1 have been documented in
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cancer settings (57). Myosteatosis was also shown to be more prevalent in older patients, which
may also help explain the reductions in IGF-1, where natural reductions in growth factors occur
at older ages (179). Beyond myosteatosis, the dense sub-q phenotype was shown to be related
to decreased concentrations of leptin. Dense sub-q fat is more commonly observed in individuals
with reduced subcutaneous adipose tissue surface areas, which may be representative of a more
“wasted” individual with reductions in adipose tissue reserves (75). This is also concurrent with
work that has shown that cachectic individuals exhibit reductions in leptin, which may be what
we are observing in this phenotype (180, 181). Overall, these findings provide support for
continued investigation of body composition phenotypes in cancer settings, as circulating
features suggest different mechanisms may be at play. A better understanding of the biology
surrounding these features will provide an opportunity to improve interventions to mitigate

cancer-associated tissue wasting.

6.3 Tumor Proteomics

To supplement the work performed on the sera proteomics, we conducted label-free
shotgun proteomics on colorectal adenocarcinoma samples on a small cohort of male patients
(N = 14) via LC-MS/MS analysis. Due to sample availability we limited our analyses to patients
with isolated sarcopenia and isolated myosteatosis and compared them to the tumor proteomes
of those with an absence of sarcopenia and myosteatosis. In our univariate analyses we were
able to identify seven significantly perturbed proteins within the sarcopenia phenotype
(compared to normal) and three within our myosteatosis compared to normal. These significant
proteins participated in a wide array of functions, ranging from inflammation and metabolism to

cell transport and histone involvement. In our multivariate analyses we identified 33 proteins
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that were influential on differentiating the three phenotypes (Table 5.1, Chapter 5). Although
several interesting hits were found, two important proteins were Latent TGF-B binding protein 4
(LTBP4) and ATP Binding Cassette Subfamily D Member 3 (ABCD3). Sarcopenia, for instance, had
decreased abundance of the protein LTBP4, which is a protein that inhibits the action of TGF-beta
(151). Interestingly, TGF-beta has been shown to perpetuate muscle atrophy in wasting models
(170). On the other hand, myosteatosis was negatively associated with ABCD3, which transfers
fatty acids from the cell cytosol to the peroxisome lumen in the mitochondria for beta-oxidation
(138). This highlights the potential that patients with the myosteatosis may exhibit a reduction in
beta-oxidative capacity (32, 138). Finally, we were also able to demonstrate, for the first time,
that myosteatosis and sarcopenia can be distinctly separated from each other, as well from
patients exhibiting no BC features, using multivariate analyses of data from the label-free
proteomics experiment. Although this portion of the project was exploratory in nature, it
certainly demonstrates the applicability and untapped potential that the use of proteomic
technologies have in deepening our understanding of cancer-wasting mechanism through the

identification of new, novel proteins.

6.4 Clinical Relevance

While the importance of cachexia on cancer patient outcomes continues to be recognized
in the oncology community, further work is required to untangle the biological complexities
surrounding this syndrome. More detailed measures of body composition analysis, such as CT
assessment, have allowed for detailed quantification of fat and fat-free mass in ways that
traditional measures of BC assessment, such as BMI, fall short (27). BC assessment via CT imaging

allowed our study to highlight the importance of measuring body composition features beyond
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that of low muscle mass (sarcopenia). Specifically, we demonstrate that both myosteatosis and
dense sub-g are independent predictors of OS in our cohort of patients with CRC. We also
demonstrate several protein perturbations associated with sarcopenia, myosteatosis and dense
sub-qg. These findings are important as they contribute to the understanding of tumor-mediated
wasting and may inform the development of better therapeutics to such wasting. If muscle and
adipose tissue loss could be limited, or even reversed, hopefully an improvement to quality of

life, tolerance to treatments and survival outcomes would ensue.

Currently, there are limited treatment options for the management of cachexia as well as
the body composition phenotypes that develop in tumor-mediated wasting (182). However, it is
a common consensus in cachexia research that early detection and intervention is imperative to
prevent patients from transitioning into the refractory stages of tissue wasting (20). The
American Society of Clinical Oncology (ASCO) came out with guidelines for cachexia
management, which discussed some potentially useful nutritional and pharmacological
interventions. Each intervention strategy is ranked based on the strength of the recommendation

(with associated evidence), as well as the benefits and harms of each (182).

A nutritional intervention with the highest recommendation is individualized dietary
counselling with focus on adherence to a diet rich in high-protein/high-calorie nutrient dense
foods (183-186). Evidence for pharmacological agents remain insufficient; however in cases of
loss of appetite and weight loss, progesterone analogs (such as megestrol acetate) and
corticosteroids can be offered, but are linked to edema and other toxicities (182, 187, 188). In
regards to exercise intervention, the ASCO did not set any definitive guidelines. However,

randomized control trials have revealed that cancer patient adherence to exercise regimes such
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as resistance training, endurance training (with or without dietary supplementations) can
improve muscle strength and maintain body mass (189). Certainly, further research is required
to improve therapies to remediate tissue wasting, which will likely involve several avenues of
intervention. Careful consideration of the different types of tissue wasting that can occur in

cancer populations will hopefully improve the efficacy of intervention strategies.

6.5 Limitations and Future Directions

There are some limitations to address with this work. First, this is a retrospective cohort
study, thereby this comes with the standard limitations of convenience sampling and the chance
of misclassification biases. A chart review was performed for our cohort, but not all clinical factors
(such as comorbidities) could be assessed which has the potential to introduce a confounding
bias. We also can only comment on associations between body composition factors and our
protein detections and not causation. Related to our experimental design, we did not control for
contrast in our CT images, which has recently become more prevalent in body composition
research. Targeted sera protein correlations between samples and CT images were only
completed for samples with an absolute maximum date difference of 100 days. Ideally, we would
have had our scans and blood draws closer together. Finally, our tumor proteomic experiments
were certainly limited by our small sample size (N = 14) in addition to the inclusion of only male

participants, which was due to a limitation of samples that met selection criteria.

With regards to future work in this project, we intend to examine the immune types of
the tumors in each body composition phenotype group to determine if there is an association

between CRC tumor development/etiology on BC development. In addition, we will assess the
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neutrophil-to-lymphocyte ratio to quantify the level of inflammation in each BC phenotype.
Finally, we also would like to perform more label-free tumor proteomic experiments on a greater
number of CRC tumor samples, including both males and females, to strengthen and validate our
preliminary findings on tumor proteome differences between the body composition phenotypic

development.

Overall, this work is important as it demonstrates the complexity of tumor-mediated
wasting. It shows that cancer wasting likely manifests as several body composition features that
are detectable via CT scan and that the classical models of “cachexia” are currently overly
simplistic and biased towards sarcopenia. Indeed, this work also demonstrates that biological
differences in these three phenotypes do exist and are independent, and further work is needed

to help delineate the mechanisms associated with these findings.
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Appendix A

Untargeted Serum Proteomics — Aim 2

In addition to the targeted serum proteomics described in Aim 2, untargeted serum
proteomics was also completed through the use of isobaric Tandem Mass Tag (TMT) reagents

and LC-MS/MS analysis.

Sample selection

40 patients were selected from the discovery cohort that also had sera samples within 90
days of their pre-operative CT scan. Sera samples were from both Dr. Oliver Bathe’s biobank in
addition to samples from the CLEAR study (provided by ACRB). Specifically, patients were
selected based on their body composition status and had to have an independent phenotype of
either: just sarcopenia, just myosteatosis, just dense sub-q or no features. For consistency in the
cut-points for body composition features and to increase homogeneity of the groups, the lower
guartile was utilized as a cut-point for extreme body composition features for each continuous
body composition measurement (i.e. SMI, muscle radiodensity, subcutaneous adipose tissue
radiodensity) from the discovery cohort (N = 319). All samples were non-metastatic disease,
either stages 2 or 3. One sample was mis-classified and was actually a stage 1 and not stage 2,

but was still included in the analysis. Each sample was free of inflammatory comorbidities.
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30 total abnormal
patients

+ 10 with no
abnormal features

Figure 2.1. Overview of patient selection for TMT proteomics from the discovery cohort

Sample preparation and LC-MS/MS

A subset of the same pre-operative sera utilized for the targeted proteomics were also
utilized for this portion of Aim 2 (N = 40). Briefly, the sera utilized were kept in red-top tubes and
stored in a-80 freezer. When ready for sample preparation, the sera samples were briefly thawed
and vortexed. The samples were then prepared and peptides were labelled the TMT isobaric
mass tags. The procedure overview consisted of 1) protein concentration determination with

denaturation/precipitation, protein digestion, peptide labelling and a clean-up procedure.

Briefly, the protein concentration of each sample was determined using a BCA Protein
Assay Kit. Depending on the concentration of each sample, a specific volume from each sample
was extracted in order to have 100ug per condition in new microcentrifuge tubes (N = 40). Each
tube was then diluted to 100uL with the dissolution buffer triethyl ammonium bicarbonate
(TEAB) to help dissolve proteins in solution. 5uL of 200mM reducing agent TCEP was added to
each sample and incubated at 55C for one hour to help denature proteins. 5uL of 200mM
iodoacetamide was then added to each sample and incubated in the absence of light to modify

sulfur residues. Then 600uL of -20 acetone was added to each solution and kept in a -20 freezer
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overnight for protein precipitation. After overnight precipitation, samples were centrifuged and
the white protein pellet was the extracted. To start protein digestion, the protein pellet was
resuspended in 100uL of 50mM TEAB and a trypsin digest (2.5ulL of trypsin per 100ug of protein)

was performed overnight at 37C.

For peptide labelling post digestion, TMT Label Reagent (ThermoScientific; 90061) was
added to each 100uL sample and let sit for an hour at room temperature. 8ulL of 5%
hydroxylamine was then added to quench the reaction. Samples were then added to a new
centrifuge tubes and were cleaned as an addition step with Solid Phase Extraction Consumable

cartridges.

Prepared samples were then submitted for Liquid Chromatography — Tandem
Mass Spectrometry (LC-MS/MS) analysis that was conducted through the Southern Alberta Mass
Spectrometry Facility and the University of Calgary Cumming School of Medicine. The LC-MS/MS

utilized was an Orbitrap Fusion Tribrid Mass Spectrometer (Thermo Fisher Scientific).

Data Analysis

MSstatsTMT

Raw spectral data was processed through MaxQuant. Differential abundance analyses of
proteins from the sarcopenia, myosteatosis and dense sub-q phenotypes were all compared to
the no phenotype controls. Comparisons were made in the MSstatTMT package in the R

environment. Briefly, first the MaxQuant results were uploaded to MSstatsTMT. Protein features
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with two quantification values or less were removed and a global normalization at the peptide

level was applied. A significance analysis was the applied followed by a correction for multiple

comparisons (Benjamini-Hochberg). Volcano plots were generated.

Results

Unfortunately there were no significantly differentially abundant proteins between

sarcopenia vs normal, myosteatosis vs normal or dense sub-q vs normal phenotypes after

correction for multiple comparison (Figure A.1).
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-log10 (p-value)
L]
.

Log, Fold Change

-log10 (p-value)

Mpyosteatosis

Log, Fold Change

-log10 (p-value)

Dense Sub-Q

Log, Fold Change

Figure A.1. Volcano plots of differentially abundance proteins but not corrected for multiple

comparisons

However, proteins with an positive and negative fold change of 1.5 were submitted to

Metascape and some pathways were detected, although these findings are insignificant.

Pathways can be observed in Figures A.2 —A.4
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Sarcopenia Metascape Analysis
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Figure A.2. Sarcopenia metascape analysis

Myosteatosis Metascape Analysis
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Figure A.3. Myosteatosis metascape analysis

Regulation of Insulin-like Growth Factor (IGF) transport and uptake by Insulin-like Growth Factor Binding Proteins (IGFBPs)

Regulation of Insulin-like Growth Factor (IGF) transport and uptake by Insulin-ike Growth Factor Binding Proteins (IGFBPs)
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Dense Sub-Q Metascape Analysis
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Figure A.4. Dense sub-q metascape analysis
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