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A B S T R A C T

The mechanisms eliciting cancer cachexia are not well understood. Wasting of skeletal

muscle is problematic because it is responsible for the clinical deterioration in cancer

patients and for the ability to tolerate cancer treatment. Studies done on animals suggest

that nuclear factor of kappa B (NF-jB) signalling is important in the progression of muscle

wasting due to several types of tumours. However, there are no published studies in

humans on the role of NF-jB in cancer cachexia. In this project, we studied the rectus abdo-

minis muscle in patients with gastric tumours (n = 14) and in age-matched control subjects

(n = 10) for markers of NF-jB activation. Nuclear levels of p65, p50 and Bcl-3 were the same

in both groups of subjects. However, phospho-p65 was elevated by 25% in the muscles of

cancer patients. In addition, expression of the inhibitor of kappa B alpha (IjBa) was

decreased by 25% in cancer patients. Decreased expression of IjBa reflects its degradation

by one of the IjBa kinases and is a marker of NF-jB activation. Interestingly, there was no

correlation between the stage of cancer and the extent of IjBa decrease, nor was there a

correlation between the degree of cachexia and decreased IjBa levels. This suggests that

the activation of NF-jB is an early and sustained event in gastric cancer. The work impli-

cates the NF-jB signalling in the initiation and progression of cancer cachexia in humans

and demonstrates the need for additional study of this pathway; it also recommends NF-jB

signalling as a therapeutic target for the amelioration of cachexia as has been suggested

from studies done on rodents.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Cancer cachexia is present in about 50% of cancer patients, its

prevalence being higher in patients with tumours of the gas-

trointestinal tract and the lung, than in those with other solid

neoplasms, such as breast and thyroid cancer, and haemato-

logical malignancies. Cachexia is present in most terminally

ill cancer patients, accounting for about 20% of all cancer
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deaths.1–3 Cancer cachexia is characterised by progressive

weight loss, anorexia, metabolic alterations, asthenia, deple-

tion of lipid stores and severe loss of skeletal muscle pro-

tein.1–3

Loss of skeletal muscle results from increased protein deg-

radation, reduced protein synthesis or both.3 Proteolytic pro-

cesses that contribute to muscle hypercatabolism in cancer

are calcium-dependent calpain activity,4 caspase activity5,6
.
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and ATP-dependent proteosomal activity.7–9 The signalling

pathways that underlie the changes in synthesis and degra-

dation rates are also an active area of study because under-

standing the cellular pathways and the genes that form the

wasting phenotype will allow us to develop rational therapeu-

tic strategies. Several signalling mechanisms have been

linked to cachexia including smads, the signalling arm of up-

stream regulator myostatin which is elevated in muscle wast-

ing conditions,10 AP-1,11 IFNc12 and Foxo1.13 However, the

involvement of nuclear factor of kappa B (NF-jB) in cancer ca-

chexia is the most well-documented signalling pathway in ro-

dent models.

Cai et al.14 showed strong support for the involvement of

NF-jB in the mechanism of cancer cachexia. NF-jB DNA-

binding activity was increased sixfold in muscles of wild-type

mice bearing the Lewis lung carcinoma (LCC), whereas this

DNA-binding activity was blocked in mouse muscle over-

expressing the IjB super repressor (‘‘MISR’’ mice) with a sim-

ilar tumour burden. This effect appeared to involve the

binding of p65 because NF-jB activation was assessed by

p65 binding to a jB oligonucleotide. Importantly, the blockade

of NF-jB in MISR mice was associated with a 50% attenuation

of muscle loss compared to that in wild type tumour-bearing

mice and an increased survival time. In another study,

expression levels of p65 in muscles of mice bearing the ade-

nocarcinoma colon-26 (C-26) tumour did not change but in-

creases in phospho-p65 were observed.15 In addition, gel

shift assays showed increased protein binding to a jB oligo

compared to that from non-tumour-bearing mice. Thus nu-

clear levels of p65 alone are not a good indicator of NF-jB acti-

vation in cancer cachexia.

In another study, double-stranded oligodeoxynucleotides

were used as decoy molecules targeting NF-jB binding sites

on genes. The oligonucleotides were directly injected into tu-

mours of C-26 in mice.16 Tumour growth was not affected but

there was an attenuation of the loss of body weight, epididy-

mal fat mass and gastrocnemius muscle mass, again suggest-

ing a role for NF-jB in controlling the muscle wasting process

associated with cancer.

Studies on muscle cell culture also support a role for NF-jB

in muscle wasting associated with cancer cachexia. Wyke and

Tisdale17 studied the role of NF-jB in regulating muscle pro-

tein degradation and expression of the ubiquitin-proteasome

pathway in response to proteolysis-inducing factor (PIF, iso-

lated from mouse MAC16 tumours) by the use of stable, trans-

dominant-negative inhibitor of kappa B (IjBa) muscle cell

lines. PIF induced degradation of IjBa, an increase in NF-jB-

dependent reporter activity, and muscle protein loss in myo-

tubes but these changes were blocked in myotubes expressing

the IjBa super repressor. These data show that PIF mediates

protein loss at least in part via NF-jB activation in muscle

cells. Similar types of studies have been carried out in myotu-

bes in response to TNFa, a major catabolic cytokine involved

in certain cancers. These studies show the same results as

those with PIF in terms of the activation of NF-jB and its role

in muscle catabolism.18–20

Our work on skeletal muscle disuse atrophy showed criti-

cal roles for the NF-jB and IjB proteins p50 and Bcl-3, respec-

tively, but not for c-Rel.21–23 We found that nuclear protein

from atrophied muscle showed increased binding to a jB oli-
gonucleotide in a gel shift assay, but we could not see a fur-

ther band shift using a p65 antibody as we could with anti-

p50 and anti-Bcl-3.22 Thus the role of NF-jB in cancer and dis-

use wasting appear to involve different components of NF-jB

signalling.

Surprisingly, there are no studies on human cancer ca-

chexia to determine if NF-jB signalling is activated in muscle,

and if so, which jB transcription factors are involved. In the

present study, our aim is to determine if skeletal muscle from

humans with gastric cancer showed signs of NF-jB activation

by measurement of nuclear levels of p50, p65 and Bcl-3, as

well as expression of phospho-p65 (Ser536) and levels of IjBa,

the latter being decreased when jB signalling is activated.21,24

We found that cancer cachexia is dissimilar to disuse atrophy

as there was no difference in nuclear p50 or Bcl-3 protein

expression. However, similar results were found to those seen

in mouse models of cancer cachexia where phospho-p65 is

increased and IjBa is decreased regardless of cancer stage.

These are consistent with activation of the classical NF-jB

pathway.

2. Patients and methods

2.1. Subjects

The study was approved by the local ethic committees. Four-

teen consecutive patients with gastric cancer admitted to the

Istituto di Clinica Chirurgica of the Universita‘Cattolica del

Sacro Cuore of Rome, Italy, between January 2007 and Decem-

ber 2007 were included in the study. Diagnosis of gastric can-

cer was made by endoscopic biopsy. Ten patients undergoing

surgery for benign abdominal diseases (laparocele: 7 cases;

inguinal hernia: 3 cases) served as a control group. Exclusion

criteria for both groups were as follows: acute or chronic renal

failure (serum creatinine P 1.2 mg/dL), liver failure, diabetes,

metabolic acidosis, sepsis, AIDS, inflammatory bowel disease,

autoimmune disorders, chronic heart failure, acute and

chronic hepatitis, hyperthyroidism, and chronic obstructive

pulmonary disease.

2.2. Protocol

Written informed consent for the study procedures was ob-

tained from the patients. All subjects were studied at 8 AM,

after overnight fasting. Blood samples for subsequent bio-

chemical analyses were obtained from an antecubital vein

immediately before entering the operating room.

2.3. Nutritional assessment

The nutritional assessment included anthropometric (actual

body weight, usual body weight and percent weight loss)

and biochemical (serum albumin) indices.

2.4. Muscle biopsy

A biopsy specimen was obtained from the rectus abdominis

muscle during the initial phase of the operation. After skin

incision and dissection through the subcutaneous fat, the

anterior sheet of the rectus abdominis muscle was opened



Table 1 – Characteristics of patients. Data are expressed as
mean ± SD. Stage of disease is according to the UICC
classification of tumour stage.37

Controls
(n = 10)

Gastric Cancer
(n = 14)

P value

Age (years)* 63.9 ± 2.8 64.2 ± 3.8 0.37
Sex (M:F) 6:4 8:6 0.78
Weight loss (%) 0 10.9 ± 4.1 <0.0001
Serum albumin
(g/dl)*

4.3 ± 0.1 3.4 ± 0.1 <0.0001

Stage
Ib – 2
II – 2
IIIa – 3
IIIb – 1
IV – 6

* The asterik refers to age and serum albumin that are referred as

mean ± SD.
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with scissors and a muscle biopsy specimen weighing �0.5 g

was obtained. The biopsy specimen was immediately frozen

in liquid nitrogen and then stored at )70 �C until analysed.

After the muscle biopsy had been obtained, small bleeding

vessels were carefully controlled with ligatures and cautery,

whereafter the operation continued in a routine fashion. No

complications occurred from the biopsy procedure.

2.5. Nuclear and cytosolic isolation

A protocol similar to Siu and Alway’s25 was used. An �200 mg

piece of biopsy material from the rectus abdominis of control

and cancer patients was homogenised on ice using a mechan-

ical tissue homogeniser in ice-cold buffer (10 mM NaCl,

1.5 mM MgCl2, 10 mM Hepes, pH 7.4, 20% glycerol, 0.1% Triton

X-100 and 1 mM DTT). The homogenate was briefly centri-

fuged (800 g) to pellet nuclei. Nuclear pellets were washed in

lysis buffer and re-suspended in lysis buffer plus protease

inhibitor cocktail and NaCl (brought to 450 mM) to lyse nuclei.

Samples were rocked for 1 h at 4 �C. Lysed nuclei were spun at

16,000g for 15 min at 4 �C. The supernatant was used as the

nuclear protein fraction and protein concentration was mea-

sured using a Bradford assay (Bio-Rad). Protein concentration

was measured on the cytosolic fraction similarly. Both frac-

tions were stored at )80 �C for subsequent immunoblotting.

The presence and absence of histone H2B protein using

immunoblotting were used to confirm the purity of the nucle-

ar and cytosolic fractions, respectively.

2.6. Whole muscle lysates

Approximately 200 mg of muscle biopsy material was

mechanically homogenised in a lysis buffer containing

20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,

1% Triton, 2.5 mM sodium pyrophosphate, 1 mM ß-glycerol

phosphate, 1 mM Na3VO4, 1 lg/ml leupeptin and 1 mM PMSF.

The homogenate was sonicated in an ice-cold Bioruptor

5 · 30 s, with 30 s rest between cycles. The homogenates were

rocked for 45 min at 4 �C, then centrifuged at 15,000g for

10 min to pelletise disrupted nuclear membranes. The super-

natant was used as total cellular lysate. Protein concentration

was measured using a detergent compatible assay (Bio-Rad).

2.7. Immunoblotting

Protein was denatured and separated on SDS-polyacrylamide

gels (Bio-Rad). Proteins were transferred to an immobilon-FL

polyvinylidene fluoride membrane (Millipore), blocked and

immunoblotted with the appropriate antibody diluted accord-

ing to the manufacturer’s instructions. Primary antibodies

were anti-p65 (Santa Cruz, sc-109), phospho-p65 (Ser536) (Cell

Sigaling, 3033S), p50 (Santa Cruz, sc-8414), Bcl-3 (Santa Cruz,

sc-185), IjBa (Santa Cruz, sc-371), histone H2B (Upstate Bio-

technologies, 07-371) and a-tubulin (Sigma, T6074). Alexa

Fluor 680 (Invitrogen) or IRDye800 (Rockland Immunochemi-

cals) fluorescent dye-conjugated secondary antibody was

used for visualisation. Signals on blots were quantified using

an Odyssey system (Li-Cor Biosciences), which uses direct

infrared fluorescence detection and has a wide linear dy-

namic range for accurate measurement of band intensity.
2.8. Statistics

A non-parametric t-statistic for unequal n was used to deter-

mine statistical differences between control and cancer groups

for measurement of nuclear protein expression (P < 0.05). Stu-

dent’s t-statistic was used for measurements on whole muscle

lysates and measurement of IjBa expression (P < 0.05). For bar

graphs, the values plotted are mean ± SEM. The number of

samples used per assay is given in figure legends.

3. Results

3.1. Patient characteristics

As shown in Table 1, gastric cancer patients and controls were

similar in terms of age and sex distribution. Nevertheless,

gastric cancer patients showed a significantly higher percent-

age weight loss and lower serum albumin levels.

3.2. Nuclear protein expression in muscle from control and
cancer subjects

In disuse-induced muscle atrophy nuclear levels of p50 and Bcl-

3 are increased by threefold but p65 is unchanged.22 Thus we

determined whether these changes are seen in the muscles

of patients with cancer cachexia. There were no differences

in nuclear levels of any of these proteins demonstrating that

the muscle wasting associated with cachexia is different from

disuse (Fig. 1). Also muscle p65 levels are unchanged in skeletal

muscle from mice bearing the C-26 tumour, but phospho-p65

levels are elevated (Acharyya, 2005 #3633). Thus we went on

to assess phospho-p65 in the muscles of cancer patients and

found a significant increase of 25% (Fig. 2B).

3.3. IjBa expression in the muscles of control and cancer
subjects

One of the most sensitive markers of NF-jB activation is the

expression of IjBa protein. Proteasomal degradation of this



Fig. 1 – Protein expression using immunoblotting of nuclear

fractions isolated from control and cancer patients. Average

signal intensity values are plotted for (A) p65 protein

expression, (B) p50 protein expression and (C) Bcl-3 protein

expression. Forty micrograms of protein loaded per lane. All

signals were normalised to histone H2B (not shown). Values

are mean ± SEM. n = 6 control and n = 10 cancer patients. No

statistically significant differences were found between

control and cancer subjects.

Fig. 2 – Total muscle p65 and phospho-p65 expression

isolated from control (n = 5) and cancer patients (n = 6). (A)

Whole muscle p65 expression and (B) phospho-p65

expression. Signals were normalised to a-tubulin. (C) Rep-

resentative samples from immunoblots of phopho-p65, p65

and a-tubulin from samples in panels A and B. Hela lysates

were used as a positive control. Seventy micrograms of

protein loaded per lane. *Indicates significantly increased

compared to control value (P < 0.05).
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protein is rapid in response to many stimuli that activate var-

ious NF-jB signalling pathways. We assessed expression in 10

control muscles and 14 patient muscles and found a signifi-

cant 25% decrease in IjBa protein expression (Fig. 3A). This

observation was independent of the stage of cancer (Fig. 3C)

or the degree of cachexia (Fig. 3D) suggesting that degradation

of IjBa and thus activation of NF-jB is an early and sustained

event in humans with gastric cancer.

4. Discussion

The present study shows that in the skeletal muscle of gastric

cancer patients nuclear levels of p50, Bcl-3 and p65 were sim-
ilar to those of controls, but there was a 25% increase in phos-

pho-p65 and a significant decrease in the expression of IjBa

(25%). To our knowledge, this is the first time that such results

are reported suggesting activation of the classical NF-jB path-

way in the muscles of patients with cancer cachexia.

NF-jB represents a family of five transcription factors [p65

(Rel A), Rel B, c-Rel, p52 and p50] that mediates a variety of

processes depending on cell type and upstream trigger (Sche-

idereit, 2006 #3738). All these transcription factors are ex-

pressed in the skeletal muscle.22 The activation of NF-jB is

achieved by nuclear transport of heterodimers of NF-jB fam-

ily members and often occurs by the ubiquitination and deg-

radation of the inhibitory protein IjB. Normally, IjB binds NF-

jB heterodimers and retains them in the cytoplasm. Activa-

tion of NF-jB transcription factors most often occurs by the



Fig. 3 – Cytosolic IjBa expression using immunoblotting in

control and cancer patients. (A) Cancer patients showed a

significant 25% decrease in IjBa expression compared to

age-matched controls (P < 0.01). Fifty micrograms of protein

loaded per lane. (B) Examples of signals for IjBa (top panel)

and a-tubulin (lower panel), the latter used for signal

normalisation. HeLa lysates are positive control. (C) Indi-

vidual values plotted for IjBa expression for control and

cancer patients parsed by cancer stage. (D) Individual values

for IjBa expression for control and cancer patients parsed by

degree of cachexia. No differences in IjBa expression due to

either cancer stage or amount of weight loss. n = 10 controls,

n = 14 cancer patients.
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phosphorylation, ubiquitination and degradation of IjB by the

IjB kinases, allowing Rel heterodimers to translocate to the

nucleus to activate NF-jB-dependent genes.26 Two Rel pro-

teins, p50 and p52 do not have transactivation domains and

when found to homodimerise, they induce transcriptional

repression. However, Bcl-3, a mostly nuclear IjB protein that

has a transactivation domain, can bind to these homodimers

and induce transaction.27–29

Studies done on mice have shown that the Rel protein p65

has a role in cancer-induced muscle wasting due to an in-

crease in its phosphorylation at Serine 536 in the muscles of

mice with C-26 tumour.15 Another study showed increased

binding of nuclear protein to a jB oligonucleotide that also

bound to a p65 antibody in an ELISA-based DNA binding assay

in the muscles of mice with LLC.14 Both the studies done on

mice also showed increased NF-jB binding activity using a

gel shift assay. In the present work, we found a 25% increase

in phospho-p65, similar to that seen in studies done on mice.

On the other hand, nuclear levels of p65 were not different in

the study done on mice with C-26 tumours,15 nor were they

different in the cancer patients in the present study, or even

in atrophied muscles due to disuse.22 Thus the nuclear level

of p65 alone is not a good marker of jB activation.

On the other hand, our previous work on muscle disuse

showed more than a doubling of nuclear p50 and Bcl-3. Super

shift assays of these nuclear extracts further implicated p50

and Bcl-3,22 and the requirement of these two proteins was

confirmed in subsequent studies using knockout mice.23

Any involvement of p50 or Bcl-3 in cancer cachexia has not

been tested to our knowledge. Unlike disuse atrophy in ro-

dents, the muscles of cancer patients in the present study

showed no difference in the nuclear levels of p50 or Bcl-3.

The observation that IjBa protein expression was de-

creased by 25% in cancer patients’ skeletal muscle is in agree-

ment with that seen in the muscles of patients with COPD.30

Decreased IjBa is a common feature of many different types

of NF-jB signalling31 and in conjunction with an increase in

phospho-p65; our data suggest activation of the classical

pathway. This is consistent with the fact that TNFa, a potent

activator of NF-jB, induces increased phospho-p65 and de-

creased IjBa expression in muscles and is likely to trigger

cancer cachexia.32

An interesting finding of the present study is that the de-

creased IjBa protein expression was independent of the stage

of cancer or the degree of cachexia suggesting that this event

is an early and sustained feature of NF-jB activation. These

data also fit well with our recent observation that ubiquitin

mRNA increased expression and enhanced proteasome activ-

ity are detectable in the skeletal muscle of gastric cancer pa-

tients even before clinical evidence of body wasting and

cachexia, likely indicating that modulations of the muscle

proteolytic machinery occur early in cancer patients.9,33

A rise in cytokine production is common in patients with

cancer34 and is thought to be critical for initiating the loss

of muscle mass. Cytokines and in particular TNFa activate

NF-jB through the dissociation of IjBa with NF-jB proteins,

in turn permitting NF-jB to translocate to the nucleus and

influence gene transcription, including genes regulating the

proteolytic pathways.35,36 The potential activation of the
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classical pathway of NF-jB in the muscles of cancer patients

suggested by the present study provides the first evidence of

involvement of NF-jB in the complicated pathogenesis of

cancer-related muscle wasting.

In conclusion, the present data on the muscles of patients

with gastric cancer are similar to animal models of cancer ca-

chexia, but not to animal models of disuse atrophy, although

NF-jB activation is found in both conditions. Nevertheless

further studies are needed to discover the specific NF-jB tran-

scription factors involved in NF-jB activation in cancer ca-

chexia. It will also be important to determine the NF-jB

target genes as potential targets for therapeutic foci.
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