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The variable predisposition to cachexia may, in part, be due to the interaction of

host genotype. We analyzed 129 single nucleotide polymorphisms (SNPs) in 80

genes for association with cachexia based on degree of weight loss (>5, >10,

>15%) as well as weight loss in the presence of systemic inflammation (C-reactive

protein,>10mg/l). 775 cancer patients were studied with a validation association

study performed on an independently recruited cohort (n¼ 101) of cancer

patients. The C allele (minor allele frequency 10.7%) of the rs6136 (SELP)

SNP was found to be associated with weight loss >10% both in the discovery

study (odds ratio (OR) 0.52; 95% confidence intervals (CI), 0.29–0.93; p¼0.026)

and the validation study (OR 0.09, 95% CI 0.01–0.98, p¼ 0.035). In separate

studies, induction of muscle atrophy gene expression was investigated using

qPCR following either tumour-induced cachexia in rats or intra-peritoneal

injection of lipopolysaccharide in mice. P-selectin was found to be significantly

upregulated in muscle in both models. Identification of P-selectin as relevant in

both animal models and in cachectic cancer patients supports this as a risk

factor/potential mediator in cachexia.
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INTRODUCTION

Cachexia is a wasting condition that manifests itself in several

life-threatening diseases, including cancer, AIDS, congestive

heart failure and sepsis (Argiles et al, 2003; Tisdale, 2004).

Patients exhibit a loss of both adipose tissue and lean body mass

(Fearon & Preston, 1990), which is resistant to conventional

nutritional support (Tisdale et al, 1987). Cachexia is typically

characterized by severe weight loss, anorexia, early satiety,

weakness, anaemia and oedema (Fearon & Preston, 1990). The

cachectic state is particularly problematic in cancer, typified by

poor prognosis and often associated with a lower response

to chemotherapy and radiotherapy than might be expected

(Tisdale, 2002). Patients are also more likely to report decreased

quality of life (QoL) scores (Fearon et al, 2006). More than half

of cancer patients suffer from cachexia, and it is responsible for

death in up to 20% of cases (Tisdale, 2002). Cachexia is

therefore a significant cause ofmorbidity andmortality in cancer

patients.

Based on our current knowledge of demographic and clinical

factors, we are unable to predict, for any given cohort of
EMBO Mol Med 4, 462–471 www.embomolmed.org
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Table 1. Patient demographics (main cohort). Patients were recruited from

(2004 to 2008) from theNHS Lothian, UK, Cross Cancer Institute, Edmonton,

Canada, and McGill University Health Centre, Montreal, Canada

No. of patients (n¼775)

Age (years) y 65.5� 11.8

Range 27–97

Sex

M 476 (61.4)

F 299 (38.6)

Tumour type

Oesophageal or gastric 389 (50.2)

Pancreatic 114 (14.7)

Non-small cell lung cancer 232 (29.9)

Other 40 (5.2)

Stage

I 38 (4.9)

II 95 (12.3)

III 216 (27.9)

IV 392 (50.5)

Unknown 34 (4.4)

Body mass index (kg/m2) y 24.9� 4.9

Range 12.9–46.7

Percentage weight loss y 7.95� 8.16

Range 0–43.8

C-reactive protein (mg/l)y (n¼ 569) 23.0� 35.9

CRP> 10mg/l 235 (41.3)

CRP� 10mg/l 334 (58.7)

Values are number of patients with percentages in parentheses unless
patients, who will develop cancer cachexia and who will not.

Such variation may, in part, be due to the patient’s genotype.

Knowledge of genotypic variation associated with cachexia

would contribute to early identification of patients at risk

and allow institution of prophylactic measures. The wealth

of known genetic polymorphisms in genes controlling pro/anti-

inflammatory pathways, neuronal melanocortin signalling

pathways and muscle and adipose tissue catabolic pathways

suggest their exploitable potential as biomarkers of inter-

individual predictability of developing cachexia.

We utilized a candidate gene approach to evaluate the

association between genetic polymorphisms and the risks of

developing cachexia in patients recruited across three centres.

Patients recruited from a fourth centre were used as a validation

cohort. To further corroborate the most significantly related

single nucleotide polymorphism (SNP) to cancer cachexia in the

gene association study, we tested the same gene for participation

in the induction of the skeletal muscle atrophy gene program,

either by intra-peritoneal administration of lipopolysaccharide

(LPS) in mice or in a rat model of cancer cachexia

(methylcholanthrene (MCA)-induced sarcoma). LPS is known

to induce acutely a number of catabolic factors in sepsis,

suppress anabolic factors and result in muscle atrophy (Dehoux

et al, 2003; Vary et al, 1998). The MCA model is a preclinical

cancer cachexia model, and is known to reliably induce loss of

lean body mass (Sato et al, 2001).

indicated otherwise.
yvalues are mean� SD. Characteristics were measured at first presentation to

a surgical or oncology clinic.

RESULTS

Following the relevant quality control checks, 129 SNPs in

80 genes (Supporting Information Table S1) were available

for analysis in 775 patients. The overall completion rate of

genotyping was 95.6%.

The general characteristics of the study population are

presented in Table 1. Average age of the patient cohort at

diagnosis was 65.5� 11.8 years (mean� SD). The majority of

patients were diagnosed with stage III or IV cancers. Average

weight loss was 6.9� 9.8%with a mean body mass index (BMI)

of 24.9� 4.9 at diagnosis. Of the patients in whom C-reactive

protein (CRP) levels were assessed (n¼ 569), 58.7% had a CRP

concentration of >10mg/l. There were no significant differ-

ences in age, stage of disease, pre-diagnosis BMI and percentage

weight loss between patients with CRP measured and the entire

cohort.

Table 2a lists the detailed results for SNPs significantly

associated with cancer cachexia in patients classified according

to weight loss alone. Table 2b lists the detailed results for SNPs

significantly associated with cancer cachexia in patients

classified according to weight loss with systemic inflammation

(CRP >10mg/l). In total, eight SNPs have associations of

p< 0.02 with various cachexia phenotypes. Three of these

SNPs are found within chromosome 1 in the genes selectin P

(SELP), leptin receptor (LEPR) and deiodinase, iodothyronine,

type I (DIO1); three within chromosome 3 in the genes

N-acylaminoacyl-peptide hydrolase (APEH) and ghrelin

(GHRL), one within chromosome 12 in the TNFRSF1A gene
www.embomolmed.org EMBO Mol Med 4, 462–471
and one within chromosome 19 in the ICAM1 gene. SNPs found

on the same chromosomal region (within 10 000 kb) were

grouped together to form haplotypes. The haplotypes formed by

the rs4855881 and rs2960548 SNPs in the APEH gene failed to

show any significant association with weight loss.

Analyses of candidate gene groups based on functional

similarity revealed three groups that were associated with at

least one cachexia phenotype at the p< 0.05 level (Table 3).

Validation study

Patient demographics of the validation cohort (n¼ 101) are

presented in Table 4. Although, patients in the validation cohort

did not have an identical distribution of cancer types as the main

cohort, the distribution of BMI and weight loss remain quite

similar between the two cohorts. Approximately 60% of the

patients in the validation cohort had other cancer types which

also had tendency to develop cachexia like prostate cancer and

colorectal cancer (it is estimated that 30% of patients suffering

from these cancers have a weight loss of 5% or more (Dewys

et al, 1980)).

Study subjects were genotyped for SNPs with p< 0.05 in

the main study. One replication of the main study was found.

The C allele of the rs6136 SNP was inversely associated with

weight loss >10% in the main study (odds ratio, OR 0.52; 95%

confidence intervals, 95% CI 0.29–0.93; p¼ 0.026) as well as in

the validation study (OR 0.09, 95% CI 0.01–0.98, p¼ 0.035).
� 2012 EMBO Molecular Medicine 463
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Table 2a. Genes with variants significantly associated with cancer cachexia in patients classified according to weight loss alone

Weight loss >15%. Number affected: 145/775 (18.7%)

Gene SNP Risk allele OR (95% CI) p-Value Permutated p

SELP rs6136 C 0.31 (0.14–0.72) 0.006615 0.008062

ICAM1 rs281432 G 1.53 (1.06–2.20) 0.02163 0.01652

DIO1 rs11206244 T 1.54 (1.06–2.24) 0.0226 0.02164

ADIPOR2 rs16928751 A 0.53 (0.29–0.96) 0.03521 0.03053

APEH rs2960548 G 1.48 (1.03–2.11) 0.03384 0.03768

Weight loss >10%. Number affected: 266/775 (34.3%)

Gene SNP Risk allele OR (95% CI) p-Value Permutated p

LEPR rs1137100 G 0.66 (0.47–0.92) 0.01494 0.013

DIO1 rs11206244 T 1.52 (1.09–2.11) 0.0129 0.01512

SELP rs6136 C 0.52 (0.29–0.93) 0.02746 0.02581

HYLS1 rs3088241 C 0.72 (0.53–0.97) 0.02829 0.02709

CAMK2B rs10441113 A 0.73 (0.54–0.99) 0.04096 0.03419

Weight loss >5%. Number affected: 415/775 (53.5%)

Gene SNP Risk allele OR (95% CI) p-Value Permutated p

TNFRSF1A rs4149570 T 1.42 (1.08–1.87) 0.01134 0.01759

TNFRSF1A rs767455 C 0.71 (0.53–0.95) 0.02034 0.02275

TNFRSF1B rs976881 A 0.76 (0.57–1.00) 0.04804 0.04324

IL18 rs1946519 A 1.35 (1.02–1.79) 0.03895 0.04969

Table 2b. Genes with variants significantly associated with cancer cachexia in patients classified according to weight loss with systemic inflammation

(CRP >10mg/l)

Weight loss >15% & CRP >10mg/l. Number affected: 76/569 (13.4%)

Gene SNP Risk allele OR (95% CI) p-Value Permutated p

APEH rs2960548 G 2.17 (1.36–3.47) 0.001125 0.000997

GHRL rs42451 T 2.04 (1.25–3.31) 0.004031 0.004058

TNFRSF1A rs4149570 T 1.84 (1.16–2.92) 0.009322 0.01031

SELP rs6136 C 0.26 (0.08–0.79) 0.01765 0.01103

CNR1 rs1049353 A 1.82 (1.08–3.06) 0.02366 0.02254

IRS1 rs1025333 A 2.24 (1.07–4.69) 0.03257 0.03183

APEH rs4855881 C 1.64 (1.04–2.59) 0.03431 0.03191

FOXO1 rs17446593 G 0.49 (0.26–0.92) 0.02704 0.03239

ICAM1 rs281432 G 1.63 (1.04–2.54) 0.03276 0.03941

Weight loss >10% & CRP >10mg/l. Number affected: 123/569 (21.6%)

Gene SNP Risk allele OR (95% CI) p-Value Permutated p

APEH rs2960548 G 1.80 (1.21–2.68) 0.003528 0.003499

GHRL rs42451 T 1.79 (1.18–2.72) 0.006219 0.00467

TNFRSF1A rs4149570 T 1.51 (1.04–2.18) 0.02958 0.01998

HYLS1 rs3088241 C 0.66 (0.46–0.95) 0.02374 0.02074

APEH rs4855881 C 1.57 (1.06–2.32) 0.02334 0.02847

TSC2 rs7187438 C 0.64 (0.43–0.95) 0.0265 0.03438

TNFRSF1B rs3397 C 0.67 (0.46–0.97) 0.03527 0.04286

Weight loss >5% & CRP >10mg/l. Number affected: 166/569 (29.2%)

Gene SNP Risk allele OR (95% CI) p-Value Permutated p

APEH rs2960548 G 1.67 (1.17–2.38) 0.004924 0.004533

APEH rs4855881 C 1.56 (1.10–2.21) 0.01321 0.01212

TNFRSF1A rs4149570 T 1.51 (1.08–2.10) 0.01559 0.02074

ADIPOR2 rs16928751 A 0.56 (0.33–0.95) 0.03308 0.02096

ADIPOR2 rs35854772 T 0.57 (0.33–0.97) 0.03733 0.02667

TNFRSF1B rs3397 C 0.70 (0.50–0.98) 0.03944 0.02923

LTBP1 rs817529 G 0.70 (0.49–0.98) 0.03719 0.03791

TNFRSF1A rs767455 C 0.68 (0.48–0.96) 0.02682 0.03846
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Table 3. Candidate gene groups associated with cancer cachexia phenotypes

Phenotype Candidate gene group

function

Number

of genesy
Number

of SNPs

p-Values

Weight loss >10% & CRP >10mg/l Appetite regulation 2 3 0.0155

Glucocorticoid signalling 4 9 0.0351

MAPK activity regulation 7 14 0.0481

Weight loss >15% & CRP >10mg/l Appetite regulation 2 3 0.008499

Glucocorticoid signalling 4 9 0.0181

MAPK activity regulation 7 14 0.0264

yThe genes in each candidate gene group are listed in Supporting Information Table S2.
Changes in skeletal muscle gene expression following either

intra-peritoneal injection of LPS in mice or in rats bearing the

MCA sarcoma

qPCR analysis of mouse skeletal muscle RNA performed after

intra-peritoneal LPS injection revealed that the SELP (P-selectin)

transcript was significantly differentially expressed compared

with control (Fig 1a). In a separate study, rats with net loss of

lean body mass and gastrocnemius mass due to growth of the

MCA tumour (Fig 1c), showed similar upregulation of the SELP

transcript. The latter was associated with significant upregula-

tion of the ‘atrogen’ E3 ligases muscle atrophy F-box (MAFBx)

and muscle ring finger 1 (MuRF1) along with forkhead box O1

(FOXO1), a transcription factor associated with muscle atrophy

(Fig 1b).
Table 4. Patient demographics (validation cohort). Patients recruited from

(2007 to 2008) from the Oncology & Palliative Medicine, Cantonal

Hospital, St. Gallen, Switzerland

No. of patients (n¼101)

Age (years) y 62.0� 11.5

Range 35–88

Sex

M 60 (59.4)

F 41 (40.6)

Tumour type

Oesophageal or gastric 18 (17.8)

Pancreatic 6 (5.9)

Non-small cell lung cancer 19 (18.8)

Other 58 (57.4)

Stage

I 0

II 3 (3.0)

III 2 (2.0)

IV 96 (95.0)

Body mass index (kg/m2) y 23.7� 4.3

Range 15.4–37.8

Percentage weight loss y 5.54� 7.91

Range 0–43.1

C-reactive protein (mg/l)y (n¼ 95) 75.5� 76.4

CRP> 10mg/l 78 (82.1)

CRP� 10mg/l 17 (17.9)

Values are number of patients with percentages in parentheses unless

indicated otherwise.
yValues are mean� SD. Characteristics were measured at first presentation to

an oncology clinic.

www.embomolmed.org EMBO Mol Med 4, 462–471
DISCUSSION

This study has identified that individuals who carry the C-allele

of the rs6136 polymorphism in SELP gene which encodes

P-selectin, are at reduced risk of developing cachexia as defined

by weight loss >10%. The C allele of the non-synonymous

intronic variant, rs6136 has been previously associated with

decreased serum P-selectin levels (Miller et al, 2004; Volcik et al,

2006). Information on P-selectin genotypes may eventually

prove useful in the risk stratification of pre-cachectic cancer

patients. Further evidence for the role of P-selectin in the

development of cachexia is highlighted in the studies involving

the induction of muscle atrophy in mice/rats. Strikingly,

P-selectin was highly upregulated following either intra-
C
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Figure 1. Changes in skeletal muscle gene expression following either

intra-peritoneal injection of LPS in mice or in rats bearing the MCA

sarcoma. Wild type mice received either intra-peritoneal injections of LPS or

vehicle alone. Food was removed from the cages at the time of injection, and

animals were sacrificed at 8 h after the injection (n¼6–7/group).

Veh¼ vehicule. �Student’s t-test p<0.05, ��p<0.01, ���p< 0.001.

A. Intra-peritoneal LPS treatment in mice or solid tumour growth in rats

induces dynamic changes in P-selectin mRNA levels.

B. In tumour-bearing rats the changes in P-selectin expression are accom-

panied by concomitant upregulation of the E3-ligases (MAFBx andMuRF1)

and transcription factor FOXO1.

C. The growth of the MCA sarcoma in rats is associated with net loss of lean

body mass and muscle mass.
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peritoneal injection of LPS or in tumour-bearing (TB) animals.

Furthermore, preliminary studies also indicate that P-selectin

show a similar striking upregulation (10-fold) 2 h after

intra-cerebroventricular (ICV) injection of interleukin-1 beta

(IL-1b) in mice (Braun et al, 2011). Acute and chronic infusion

of IL-1b into the brain leads to muscle breakdown, anorexia,

weight loss and negative nitrogen balance (Hill et al, 1996) and

is a potential central mediator of LPS effects. Therefore, we have

confirmed this gene target in three separate murine models of

cachexia representing both acute and chronic inflammatory

insults.

It could be argued that P-selectin expression in skeletal

muscle is simply an endothelial event reflecting the presence

of systemic inflammation. However, both identification of

P-selectin as a top early induced gene of the mouse/rat muscle

atrophy program and the significant association of the rs6136

SNP in the P-selectin gene with wasting in cancer patients

provide supportive evidence for the likely involvement of

P-selectin inmuscle wasting. The role of P-selectin in the genesis

of cachexia remains to be determined. The human P-selectin

gene spans over 50 kbp on chromosome 1, containing 17 exons,

almost all of which encode distinctive domain structures

(Johnston et al, 1990; Watson et al, 1990). It has both

membrane and soluble forms in platelets and endothelial cells

(Johnston et al, 1990). Both the membrane and soluble forms of

P-selectin bind to leukocytes. In certain inflammatory condi-

tions, the plasma concentrations of soluble P-selectin is highly

elevated (Dunlop et al, 1992). It is suggested, that the membrane

and soluble forms of P-selectin may work co-ordinately in vivo

for the regulation of their cell adhesion and, perhaps, signalling

functionality. P-selectin has been characterized previously by

approaches such as gene knockout or the use of specific

inhibitors to be involved in the recruitment of neutrophils

and macrophages in inflammatory responses (Borges et al,

1997; Chen & Geng, 2006). P-selectin may also participate

in intra-tumoural regulation of the genesis of systemic

inflammation via the innate immune system and/or regulation

of the complex interaction within muscle between the

endothelium and signalling pathways in muscle fibres

(Wagenmakers et al, 2006).

CRP is a marker of systemic inflammation that has been

studied in a wide variety of tumour types and has been linked to

poorer survival (Mahmoud & Rivera, 2002; McMillan et al,

2003). To reflect that cachexia represents a spectrum and that

the presence of systemic inflammation with weight loss may

represent a unique sub-phenotype of cachexia which confers an

increased mortality risk, we have chosen to study cachexia

across three different percentage weight loss categories alone

and with the presence of an increased CRP concentration in

comparison with a weight-stable phenotype (i.e. �5% weight

loss). Clearly, much work is required before fully validated

definitions of cachexia are available. Until then, it appears

reasonable to investigate cachexia based on the present

definitions.

One limitation of the study is that patients were recruited at

various stages of the disease process therefore there may be

significant variation in time frame for weight loss. We have
� 2012 EMBO Molecular Medicine
attempted to address this issue by adjusting the analyses for

tumour stage at the time of recruitment assuming that patients

who are diagnosed with more advanced disease would present

with greater amount of weight loss. The amount of weight lost

during the cancer journey may be affected by patients’ pre-

diagnosis BMI. The initially overweight/obese cancer patient

may be more likely to lose a greater amount weight compared

with a patient with the same cancer type in the normal BMI

range over the same period of time. To account for this variation

we have also adjusted the analyses for pre-diagnosis BMI.

Another limitation of the study is that patients with upper GI

malignancy often report dysphagia which may contribute to

secondary malnutrition and influence the degree of weight loss.

However, a previous study suggest that dysphagia may not be

the sole contributing factor to weight loss in gastro-oesophageal

malignancy as patients without dysphagia still report a median

4.4% weight loss at diagnosis. Moreover, in a multivariate

model of the same cohort, dietary intake accounted for only 38%

of variation in weight loss (Deans et al, 2009b).

The present study represents the first large scale candidate

gene association study of cancer cachexia spanning a wide

variety of genes such as genes that regulate inflammation,

muscle and adipose tissue metabolism and appetite. SNPs

chosen for the study were based on a literature review of

SNPs with known functional effects and/or clinical relevance

with regard to the development of cachexia (Tan et al, 2011).We

also chose to analyze SNPs based on 18 genes identified

in a gene expression study on muscle wasting in patients

with cancer cachexia (Stephens et al, 2010). Instead of utilizing a

tag SNP approach, as it was not realistic to analyze all possible

gene variants and combinations, we selected SNPs that were

most likely to be functional (i.e.within exons, non-synonymous

and with a minor allele frequency (MAF) of >0.1) and

hence more likely to be associated with the development of

cachexia.

To further add strength to the study, we also attempted to

validate the results by replicating the association study in an

independently recruited group of patients. In the initial

exploratory cohort we identified 21 SNPs in 17 genes with

significant associations with cachexia phenotypes. However,

when both the exploratory and validation cohorts were

considered, only cancer patients carrying the minor allele (C)

of rs6136 were found to be at reduced risk of developing

cachexia as defined by weight loss>10% (main study (OR 0.52,

95%CI 0.29–0.93, p¼ 0.026); validation study (OR 0.09, 95%CI

0.01–0.98, p¼ 0.035)). We were unable to confirm other

significant associations from the main cohort in the validation

study. This may be due to the small sample size of the validation

study which is a key limitation.

This study included a variety of cancer types, with significant

numbers of patients with cancers of the digestive tract, lung and

pancreas. Validation in larger independent cohorts is required to

fully establish the generalizability of our findings, however the

significant association with the rs6136 polymorphism and

cachexia across both the main group and an independent

validation cohort suggest that our results may apply across

numerous cancer types.
EMBO Mol Med 4, 462–471 www.embomolmed.org
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Due to the small sample size of the validation cohort, we

chose only to perform gene group analysis on the main cohort.

The gene group analysis performed provides one way of

summarizing the evidence between cachexia traits and multiple

genetic variants across groups of genes that share functional

similarity. Appetite regulation was found to be most signifi-

cantly associated with the cachexia trait weight loss >15% and

CRP >10mg/l (p¼ 0.008). There has been some evidence to

date that negative regulators of appetite are elevated in cachexia

(Doehner et al, 2001; le Roux et al, 2005). A number of animal

studies have also shown prevention or reversal of cachexia by

deletion or blockade of specific appetite pathways (Marks et al,

2001; Nicholson et al, 2006; Wisse et al, 2001).

In addition to the above link, the glucocorticoid signalling

pathway was also found to be associated with cachexia

(weight loss >15% and CRP >10mg/l) (p¼ 0.0181). There

has been evidence that glucocorticoids and its associated

signalling pathway are involved in accelerating protein

degradation in muscle, which results in loss of lean body mass

in cachexia (Tisdale, 2009). Glucocorticoids work through a

permissive effect on the upregulation of messenger RNA and

the subsequent synthesis of components of the ubiquitin–

proteasome system in muscle. Glucocorticoids inhibit

protein synthesis and promote gluconeogenesis, and suppress

glucose and amino acid muscle uptake by inhibiting cellular

transporters (Lecker et al, 2006). Mitogen activated protein

kinases (MAPK) activity regulation was also found to be

associated with cachexia (weight loss>15% and CRP>10mg/l)

(p¼ 0.0264). MAPKs are known to mediate lipolysis in

cancer cachexia (Ryden & Arner, 2007), and are also

potential regulators of muscle catabolism in cachexia (Keren

et al, 2006).

Previous genetic studies on cancer cachexia have identified

associations with cachexia and polymorphisms in cytokine

genes such as the IL1B 3954C/T polymorphism (rs1143634)

in patients with gastric cancer (Zhang et al, 2007), and the

IL10-1082A/G polymorphism (rs1800896) in patients with

gastro-oesophageal cancer (Deans et al, 2009a). Cancer related

anorexia has been associated with the TNF-308G/A polymorph-

ism (rs1800629) in patients with non-small cell lung cancer

(Jatoi et al, 2009). Despite some significant associations with

other polymorphisms in pro-inflammatory cytokines genes

(Table 2), we were unable to confirm the previous specific

associations in the present study. However, all these studies

have focused only on one particular type of cancer and on a

small number of genetic variants. More widely applicable

biomarkers may prove more useful. One of the strengths of the

present study is the analysis of a wide variety of candidate genes

that may influence the development of cachexia in patients with

various cancer types.

The nature of cancer cachexia dictates that there are fewer

individuals who develop the most severe aspects of the

syndrome. At the severe end of the cachexia spectrum, the

power in the present study to detect weak associations with

uncommon variants was low. It may be that a larger sample size

may be required to fully elucidate the effects of such variants in

individuals with severe or refractory cachexia.
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The diverse cachexia phenotypes we investigated represent

various stages in the cachexia journey with potential genetic

influences at each stage. The present study suggests that

multiple pathways are likely to be involved in the pathogenesis

of cancer cachexia and, in particular, P-selectin, appetite

regulation, glucocorticoid signalling and MAPK activity regula-

tion may have central roles in this process and should be further

investigated. The animal data presented herein suggests that

upregulation of P-selectin in skeletal muscle accompanies

muscle atrophy in different circumstances. It remains to be

determined if modulation of P-selectin might alter the devel-

opment of cachexia in such models and therefore be a candidate

therapeutic target in human cancer cachexia.
MATERIALS AND METHODS

Main study population

Study subjects were recruited from three centres from 2004 to 2008:

NHS Lothian, UK; Cross Cancer Institute, Edmonton, Canada; and

McGill University Health Centre, Montreal, Canada.

All subjects recruited had participated in clinical or research studies at

the host institutions under ethically approved protocols. Recruitment

was conducted at first presentation to surgical or oncology clinics at

each institution. Recruitment was performed sequentially with the

following exclusion criteria: (i) under 18 years of age; (ii) learning

disability, and mental health problems; (iii) inability to give written,

informed consent; (iv) presence of underlying infection; (v) on

corticosteroids.

Patients recruited generally had cancer types with propensity to

develop cachexia (e.g. gastric/oesophageal, pancreatic, lung). Overall,

855 patients were recruited. More than 98% of the study subjects

were of European descent. Information collected on each patient

included date of birth, date of diagnosis, type and stage of cancer. All

patients underwent measurements of height and weight at the time

of recruitment to the study. Pre-morbid weight was recalled by the

patient and verified where possible from the medical notes. Although

there may be recall bias, evidence to support the reliability of self-

reported weight and weight history (Perry et al, 1995; Stunkard &

Albaum, 1981) is well documented. Individual weight loss was

calculated and expressed as percentage of pre-morbid body weight

lost. Height and weight data were subsequently used to compute a

common anthropometric descriptor, BMI (kg/m2).

Serum CRP concentration was measured with an automated

immunoturbidimetric assay by each institution’s clinical chemistry

department using blood collected from patients at the time of

recruitment and before any therapeutic intervention. CRP measure-

ment was not available from patients recruited from the Cross Cancer

Institute, Edmonton, Canada.

Stage of disease was based on the American Joint Committee on

Cancer stage groupings I, II, III and IV.

All patients provided written informed consent to allow analysis of

their DNA.

Phenotype definitions

There is currently no consensus diagnostic criteria for cancer cachexia,

however two recent international consensus groups (Evans et al,
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2008; Fearon et al, 2011) provide a conceptual framework for the

classification of this condition. Cachexia is defined by the presence of

involuntary weight loss. Varying thresholds of weight loss have been

used, the most common being >5% (Fox et al, 2009; Knoll et al, 2008;

Maltoni et al, 2001) and >10% (Gordon et al, 2005; Skipworth et al,

in press; Zhang et al, 2007). A weight loss of >15% has been linked to

major complications in cancer patients undergoing surgery (Antoun et

al, 2009). Evans et al (2008) suggested classifying cachexia as mild or

greater, moderate or greater or severe depending on whether the

observed weight loss is >5, >10 or >15%, respectively.

The presence of underlying disease and pro-inflammatory catabolic

signals discriminate cachexia from malnutrition (Evans et al, 2008;

Fearon et al, 2011). The presence of systemic inflammation (serum

CRP >10mg/l) has also been linked to decreased survival (Mahmoud

& Rivera, 2002; McMillan et al, 2003), and has also been correlated

positively with weight loss in human cancer patients (Deans et al,

2009b; O’Gorman et al, 1999). CRP was incorporated into a three-

factor model of cachexia for patients with pancreatic cancer (Fearon

et al, 2006). The latter multi-profile definition was found to have more

prognostic value compared with weight loss alone.

To take into account the above, we classified cachexia as a spectrum,

represented by cut-offs of >5, >10 and >15% weight loss and we

also examined weight loss in the presence of systemic inflammation.

Candidate gene and SNP selection

Initial candidate gene and SNP selection was based on a systematic

literature review of SNPs with either putative functional or clinical

relevance in the development of cancer cachexia (Tan et al, 2011). A

further 18 candidate genes were selected based on the results of a

gene expression analysis array study on muscle samples of cancer

patients with cachexia (Stephens et al, 2010). From these genes were

selected non-synonymous coding SNPs with MAF of >0.05. Overall

191 SNPs in 99 genes were considered for the association study.

Genotyping

The Applied Biosystems SNPlexTM Genotyping System (Applied Biosys-

tems, California, USA) was employed for SNP genotyping. All DNA

samples were processed and assayed without regard to phenotype. DNA

samples were separated electrophoretically on a 3730 DNA Genetic

Analyzer (Applied Biosystems, California, USA), and automated allele

calls and genotype clustering of each individual sample was performed

by Applied Biosystems’ GeneMapper1 Software (version 4.0). All

automatic calls by the software were evaluated by one researcher.

Any SNPs with less than 90% of the sample auto-called by the software

were either rescored manually or discarded if clustering confidence was

low. Reproducibility was determined by rerunning entire plates of DNA

samples and a reproducibility rate of 99.7% was achieved.

Individual samples were removed if more than 10% of SNPs failed

genotyping, and individual SNPs were removed if more than 10% of

samples failed. As an additional genotyping quality-control check,

SNPs with significant deviation from Hardy–Weinberg equilibrium

(HWE) (p<0.01) were removed from the final analysis. SNPs with a

MAF <0.03 were also removed from the final analysis.

Power calculations

Power calculations were performed using Quanto. For the most

prevalent cachexia phenotype (i.e. >5% weight loss, 54% affected), the
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present study has between 43 and 97% power to detect an OR of 1.5

for SNPs with a MAF of 0.05–0.35.

For the least prevalent cachexia phenotype (i.e. >15% weight loss &

CRP >10mg/l, 14% affected), the present study has between 12 and

40% power to detect an OR of 1.5 for SNPs with a MAF of 0.05–0.35.

Statistical analysis

Statistical analyses were performed using PLINK (version 1.06) (Purcell

et al, 2007). Patients who met the criteria for each of the proposed

cachexia phenotypes were compared with patients who have lost

�5% body weight as control. Unconditional logistic regression was

employed to calculate ORs and their 95% CI for the minor allele of

individual SNPs and its association with each proposed cachexia

phenotype. All analyses were adjusted for covariates that may affect

weight loss, i.e. age at diagnosis, sex, pre-diagnosis BMI, tumour type

and stage.

To account for multiple testing, permutation testing was performed by

running the adaptive permutation test in PLINK within each proposed

phenotype. Permutation tests are often employed to adjust groups of

correlated tests for multiple testing, since conventional methods such

as Bonferroni correction are overly conservative when tests are

correlated (Conneely & Boehnke, 2007). The adaptive permutation test

in PLINK gives up permuting SNPs that are clearly going to be non-

significant. This greatly speeds up the permutation procedure, as SNPs

that are not significant will drop out quite quickly, making it possible

to properly evaluate significance for the handful of SNPs that require

millions of permutations.

SNPs with a permuted p-value of <0.02 within the same

chromosomal region (within 10000 kb) were then analyzed for any

possible haplotype associations. Only haplotypes that had a frequency

greater than 5% were considered for further analysis. Each identified

haplotype and significant SNPs were then tested for association with

percentage weight loss as a continuous variable.

Finally, candidate genes (and the SNPs in the corresponding gene

regions) were grouped based on known functional similarity according

to gene ontology using AmiGO (Supporting Information Table S2). The

set-based test in PLINK was used to analyze association between

grouped SNPs and cachexia phenotypes. The set-based test selects the

best set of SNPs whose mean of these single SNP statistics is

significant after permutation, which is particularly suited to large-

scale candidate gene studies (Ott & Hoh, 2003). The empirical p-values

of the set-based test were obtained by a permutation of 10000 times

of phenotype labels.

Validation study

Subjects from the validation study were recruited from an indepen-

dent centre, Oncology & Palliative Medicine, Cantonal Hospital, St.

Gallen, Switzerland from 2007 to 2008. All patients with proven

cancer diagnosis were considered. Patients were recruited sequentially

at first presentation to the oncology clinic. Exclusion criteria were

identical to the main study.

In total, 101 cancer patients were recruited, all of whom were of

European descent. Like the main study, all patients underwent

measurements of height and weight at the time of recruitment. Pre-

morbid weight was recalled by the patient and verified where possible

from the medical notes. Individual weight loss was calculated and

expressed as percentage of pre-illness body weight lost. Height and
EMBO Mol Med 4, 462–471 www.embomolmed.org
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The paper explained

PROBLEM:

More than half of cancer patients suffer from cachexia, and it is

responsible for death in up to 20% of cases. Cachexia is also a

significant cause of morbidity in cancer patients. Based on our

current knowledge of demographic and clinical factors, we are

unable to predict, for any given cohort of patients, who will

develop cancer cachexia and who will not. Such variation may, in

part, be due to the patient’s genotype. Knowledge of genotypic

variation associated with cachexia would contribute to early

identification of patients at risk and allow institution of

prophylactic measures.

RESULTS:

In a large scale genetic association study, the C allele of the

rs6136 (P-selectin) SNP was found to be associated with weight

loss >10% both in the discovery study and the validation study.

To further corroborate the P-selectin SNP to cancer cachexia in

the gene association study, we tested the same gene for

participation in the induction of the skeletalmuscle atrophy gene

program in animalmodels of cachexia. P-selectinwas found to be

significantly upregulated in muscle following both tumour-

induced cachexia in rats and intra-peritoneal injection of LPS in

mice.

IMPACT:

The C-allele of the rs6136 polymorphism is associated with

reduced risk of developing cachexia. Identification of P-selectin

as relevant in both animal models and in cachectic cancer

patients supports this as a risk factor/potential mediator in

cachexia.
weight data were subsequently used to compute a common anthropo-

metric descriptor, BMI (kg/m2). Serum CRP concentration was measured

with an automated immunoturbidimetric assay at the institution’s

clinical chemistry department using blood collected from patients at the

time of recruitment and before any therapeutic intervention.

Patients were genotyped for SNPs found to have permuted p<0.05 in

the main study and quality control checks were carried out as

described previously. As with the main study, patients in each of the

proposed cachexia phenotypes were compared with patients with

�5% weight loss as control, and association analyses were adjusted

for age at diagnosis, sex, pre-diagnosis BMI, tumour type and stage.

Animal studies

Wild type C57BL/6J mice (20–25 g) (Jackson Laboratories) and male

F344/NTacfBR rats were maintained on a normal 12:12 h light/dark

cycle and provided ad libitum access to water and food. Animals were

anaesthetized at the time of tumour implantation or sacrifice using a

ketamine cocktail. Experiments were conducted in accordance with

the National Institutes of Health Guide for the Care and Use of

Laboratory Animals, and approved by the Animal Care and Use

Committees of Oregon Health & Science University.

Intra-peritoneal injection of LPS

Lipopolysaccharide was dissolved in 0.5% bovine serum albumin

(BSA)/0.9% saline and injected intra-peritoneally at 250mg/kg. Food

was removed from cages at the time of injection, and animals were

sacrificed 8 h after injection.

Cancer cachexia model

The MCA sarcoma does not metastasize and has a curvilinear growth

pattern (Sato et al, 2001). On day 0, TB rats (n¼8) had 0.2–0.3 g

tumour tissue implanted subcutaneously into the flank (Ramos et al,

2004) whilst controls (n¼7) underwent sham operation (SH). On day

13, tumour growth was within the pre-determined end-points of the
www.embomolmed.org EMBO Mol Med 4, 462–471
study, according to OHSU IACUC Policy on tumour burden and the

animals were sacrificed. Body composition was determined by

magnetic resonance (EchoMRI, Echo Medical Systems, Houston, TX)

at the time of tumour implantation and again at the time of sacrifice.

The gastrocnemius muscles were immediately removed, weighed,

preserved in RNAlater solution (Ambion, Inc.) and stored at �808C

until RNA extraction and qPCR analysis.

qPCR analysis

Total gastrocnemius muscle RNA was extracted using the RNeasy

fibrous tissue mini kit (Qiagen, Valencia, CA). The total RNA was

quantified and checked for integrity using standard protocols.

Complementary DNA (cDNA) was transcribed using Taqman reverse

transcription reagents according to the manufacturer’s instructions.

PCR reactions were run on an ABI 7300, using Taqman universal PCR

master mix, using Taqman gene expression assays. Relative expression

was calculated by the DDCt method using GAPDH as an endogenous

control.
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