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Abstract

A compounding feature of greater than 50% of all cancers is the high incidence of the cachexia
syndrome, a complex metabolic disorder characterized by extreme weight loss due mainly to the
gross depletion of skeletal muscle tissue. Although studies into the cause of cancer cachexia has
spanned over multiple decades, little is known about the effects of various cancer treatments
themselves on cachexia. For example, chemotherapy agents induce side effects such as nausea
and anorexia, but these symptoms do not fully account for the changes seen with cancer cachexia.
In this study we examine the effects of chemotherapeutic compounds, specifically, cisplatin in
the colon-26 adenocarcinoma model of cancer cachexia. We find that although cisplatin is able
to reduce tumor burden as expected, muscle wasting in mice nevertheless persists. Strikingly,
cisplatin alone was seen to regulate muscle atrophy, which was independent of the commonly
implicated ubiquitin proteasome system. Finally, we show that cisplatin is able to induce NF-xB
activity in both mouse muscles and myotube cultures, suggesting that an additional side effect
of cancer treatment is the regulation of muscle wasting that may be mediated through activation
of the NF-«B signaling pathway.
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Patients with cancer often suffer from extensive and
progressive muscle wasting, weight loss, and associated
weakness, a constellation of symptoms referred to
collectively as cancer cachexia. Progressive wasting of a
patient’s lean body mass is one of the most prominent
aspects of this syndrome, with muscle loss having a much
greater impact than loss of adipose tissue in the body.!
The vast majority of patients with advanced cancer suffer
from cancer cachexia, with a large number of these
patients” deaths being directly attributable to their
cachexia.?® Cancer cachexia invariably implies a poor
prognosis, contributes to reduced response and tolerance
to therapy, confers a decline in quality of life, and is
inversely correlated with patient survival.!

While the cause of this well-established syndrome has
been studied for some time, little is known about the
effects of various cancer treatments on cancer cachexia
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itself. It has been suggested in past studies that
chemotherapy itself may be a major contributor to the
development and sustainment of cancer cachexia.?®=
While many chemotherapy agents have known side
effects of nausea, diarrhea, and anorexia, these symptoms
do not fully account for the changes seen with cachexia.
It has been postulated that many of these
chemotherapeutic agents cause direct host cell
modification to the processes of protein metabolism.*
Chemotherapy does cause negative nitrogen balance,’ yet
the mechanism(s) for this catabolic effect has yet to be
fully elucidated. The aim in this study was to further
delineate the effects of chemotherapy on the process of
cancer cachexia, with specific focus on skeletal muscle
wasting. Since chemotherapy is known to induce NF-xB
activity,5® and NF-kB has been implicated in regulating
skeletal muscle wasting,®*'we reasoned that one of the
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effects of chemotherapy on cancer patients is the
promotion of muscle wasting through the activation of
NF-«B. To test this we examined the effects of a standard
chemotherapeutic agent, cisplatin, on the established
colon-26 (C-26) murine cancer cachexia model.> Our
results demonstrate that cisplatin, as predicted, is able to
strongly reduce tumor burden, but strikingly this agent
can also promote severe muscle wasting that is associated
with activation of NF-«B. These findings have important
clinical implications, for if chemotherapeutic agents can
be shown to contribute to not only anorexia, but
progressive muscle wasting and associated metabolic
changes, these agents can be avoided when patients are
at high risk or when clinical situations appropriately

apply.
Materials and Methods

Animal Model

Male CD2F1 mice, at 7-8 weeks of age were housed in
accordance with the regulations of the Institutional
Animal Care and Use Committee (IACUC) of The Ohio
State University. All mice were fed and watered ad
libitum. Mice were weighed on day 8 and then every 3
days thereafter. Mice were also monitored for tumor
occurrence, growth, and progression. Tumor weight and
muscle weights were recorded at the time of sacrifice and
surgical excision.

Tumor cell line and inoculation

The transplantable C-26 adenocarcinoma cell line was
utilized. The cells were maintained as monolayers in
culture flasks at 37° C with 5% CO2 in culture medium
consisting of Roswell Park Memorial Institute (RPMI)
1640 (Gibco, Rockville, MD) supplemented with 5 %
fetal bovine (Hyclone, Logan, UT) and 1%
penicillin/streptomycin  (Gibco, Rockville, MD).
Immediately before injection, cells were harvested at
approximately  80%  confluence, washed, and
resuspended in phosphate-buffered saline (PBS) at a
concentration of 1 x 107 cells/ml. A volume of 100 I of
the cell solution was then injected subcutaneously into
the right flank of the mice. Mice not challenged with
tumor inoculation were given a vehicle control injection
of 100 pul PBS alone.

Chemotherapy inoculation

Cisplatin (5 mg/Kg) was administered intravenously
starting at day 7 post tumor cell or saline administration,
and injections were repeated at days 10 and 14, and at day
17 skeletal muscles were harvested for analysis.

Muscle preparation / immunohistochemistry / fiber
diameter measurements

Muscles were sectioned at 10uM on a cryostat (Leica)
and stained with H&E. Fiber measurements were
obtained from a minimum of 1500 fibers per 5-6
randomly chosen fields and recorded from the shortest
diameter using Axiovision 3.1 software (Zeiss).

- 159 -

Immunofluorescence was performed as previously
described, respectively.

Northern Blots and Electrophoretic mobility shift
analysis (EMSA)

Northern blots were performed as in.!* EMSA analysis
was performed as previously described.*®

Results

To initiate this study we sought to determine the effects
of treating mice bearing C-26 tumors with cisplatin (3
doses at 5 mg/Kg). Consistent with previous reports,**
mice bearing C-26 tumors alone underwent substantial
weight loss that was associated with pronounced
reduction in skeletal muscle mass (Figures 1A and 1B).
Interestingly, although cisplatin treatment decreased
tumor load nearly 4-fold compared to untreated C-26
bearing mice (Figures. 1A-C), it did little to restore body
weight and muscle mass. In fact, compared to healthy
controls, mice treated with cisplatin alone exhibited
similar reduction in body weight and muscle loss as
tumor bearing mice. Hematoxylin and eosin (H&E)
staining of cross- sections of the resected gastrocnemius
muscles revealed visibly smaller caliber muscle fibers in
all treatment groups compared to control (Figure 1D). No
obvious differences were appreciated when comparing
the three treatment groups to each other. Figure 1E
represents these findings graphically, showing a left shift
toward smaller diameter muscle fibers in the treatment
groups compared to the control group centered around a
median diameter range of 40-49 um. In contrast, tumor-
bearing mice, cisplatin-treated tumor-bearing mice, and
healthy cisplatin-treated mice all showed median muscle
fiber diameter ranges of 20-29 um. Taken together, these
findings suggest that cisplatin treatment alone is capable
of inducing certain features of cachexia. To delineate the
mechanism of cisplatin action on muscle wasting,
Northern blot assays were carried out to address the
potential regulation on the ubuiquitin proteasome system.
Expression of muscle RING finger protein 1 (MuRF1),
a muscle-specific E3 ligase, is a known marker of
proteolysis.’® Consistent with previous findings,!3%4
MuRF1 expression was highly elevated in untreated C-
26 tumor-bearing mice (Figure 2A). In striking contrast,
tumor-bearing mice treated with cisplatin reduced
MuRF1 expression (Figure 2A) as well as the other
classic muscle specific E3 ubiquitin  ligase,
MAFBXx/Atroginl (data not shown).'”'® In addition,
cisplatin treatment of healthy mice, which was observed
to cause equivalent reduction of muscle mass as tumor-
bearing mice (Figure 1), showed no significant increase
in E3 ligase expression. Thus, these data indicates that
cisplatin-induced muscle wasting functions
independently of the ubiquitin-proteasome system.
Findings in Figure 1 showed that cisplatin treated C-26
bearing mice significantly reduced tumor burden that
corresponded to a decrease in E3 ubiquitin ligase
expression. Based on these findings, we hypothesized
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Fig. 1 Cisplatin induces weight loss and muscle atrophy in mice. Four sets of treatment group were used with
CD2F1 mice. In group 1, mice were injected with saline (control); in group 2, mice were injected with saline
and then treated with cisplatin at days 7, 10, and 14 post-injection (cisplatin); in group 3, mice were injected
with C-26 tumor cells (C-26); in group 4, mice were injected with C-26 cells then treated with cisplatin at
days 7, 10, and 14 post injection (C-26/cisplatin). (A) Following treatments, body weights (n=4, each group)
were recorded at indicated days. (B) Gastrocnemius muscle weight (n=6 each group) were recorded in grams
on day 17 post injection. (C) C-26 tumors were removed from untreated and cisplatin treated mice and
weighed. (D) H&E stained cryosections of gastrocnemius muscles were analyzed (n=4 per group). (E) Fiber
diameter was measured from H&E muscle sections from (D).

that muscle E3 ubiquitin ligase activity was dependent on induced mice with C-26 tumors for 15 days, and
the C-26 tumor burden. To test this hypothesis, we subsequently surgically removed the tumor and re-
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Fig. 2 Expression of muscle E3 ubiquitin ligase is dependent on C-26 tumors. (A) Muscles were harvested 17 days
post-injection in each of the 4 treatment groups (n=2). Total RNA was prepared and Northerns were
performed probing for the muscle ubiqutin ligase gene, MuRF1. To confirm equal loading, blots were stripped
and reprobed with GAPDH. (B) MuRF1 Northern was performed with RNA prepared from muscles harvested
at various times either from C-26 tumor bearing mice alone (days 15 and 22), or from mice where C-26
tumors were surgically removed (post-op, days 1, 4, or 7). Control designates basal level of MuRF1, while
Sham is level of MuRF1 following surgery in mice without tumors. GAPDH was also determined to control
for loading control. (C) At indicated days and conditions, gastrocnemius muscles were harvested and fiber
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analyzed MuRF1 expression at various days post-
surgery. As seen in Figure 2B, MuRF1 levels were
elevated, as expected, in mice bearing C-26 tumors for
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15 days. However, when the tumor was removed, even as
early as 1 day post-resection, MuRF1 expression was
reduced to basal levels (Figure 2B). This reduction in
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Fig. 3 Cisplatin is an inducer of NF-xB in muscle cells. (A) CD2F1 mice were treated with cisplatin alone as
described above in legend for Figure 1. At day 17 post-injection, muscle sections were prepared and
immunostained for activated p65 (phospho-p65). (B) C2C12 myotube cultures were either left alone (control)
or treated with cisplatin for indicated times. Nuclear extracts were prepared and EMSA was performed.
Intensity of binding complexes were quantitated by phosphoimaging and recorded underneath each lane.
Fold designates the amount of binding complex over that of untreated myotubes, which was set to a value of
1.0. Separate Supershift EMSA were preformed with p50 and p65 antibodies. SS refers to supershift

cisplatin

MuRF1 was also maitained after 7 days post operation,
which coincided with the continued absence of tumor
burden. When examining the fiber diameter of
gastrocnemius muscles resected from tumor-bearing
mice that underwent surgical resection of their tumor, we
observed a shift back towards larger diameter muscle
fibers, suggesting that when the E3 ligases are no longer
actively promoting proteolysis, muscle fiberscan be
restored to their nearly normal size (Figure 2C).
Together, these results demonstrate that tumor factors are
directly responsible for regulating E3 ligase expression
in skeletal muscle. These findings also reaffirm the
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notion that cisplatin-induced muscle wasting is not
ubiquitin proteasome dependent. Since it is thought that
cisplatin, along with many other chemotherapeutic
agents, functions by inducing cytotoxicity or apoptosis of
the cancer cells,’®? and given that apoptosis has been
proposed as a mechanism of skeletal muscle atrophy,?%22
we addressed whether cisplatin induced effects on
muscle mass and abnormalities in fiber diameter
occurred by direct cytotoxicity to the myocytes.
However, when comparing gastrocnemius muscle
sections of healthly control mice, untreated tumor-
bearing mice, and healthy cisplatin-treated mice, we were
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Fig. 4 Chemotherapy-induced muscle wasting is not specific to cisplatin. CD2F1 mice were treated with either
saline (PBS) or different chemotherapeutic compounds, similar to the regimen described in legends for Figure
1. Following treatment, gastrocnemius muscle sections were prepared and stained for H&E (A) and
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unable to detect any differences in TUNEL staining (data
not shown), suggesting that myocytes from cisplatin
treated mice  do not undergo atrophy due to
chemotherapy-induced toxicity. In addition, previous
results have shown that NF-xB activity is upregulated in
cancer cachexia as well as other models of atrophy,?2*
and this activity is required to mediate muscle loss.®°
Since NF-xB is activated by chemotherapeutic
compounds, we asked whether cisplatin-induced muscle
wasting might be associated with NF-xB. By
immunohistochemical staining, activation of NF-«B, via
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phosphorylation of its classic p65 subunit, was clearly
observed in healthy cisplatin-treated mice (Figure 3A).
To further explore the regulation of NF-xB by cisplatin
in muscle cells, we treated cultured C2C12 myotubes
with cisplatin for various times. By electrophoretic
mobility shift analysis (EMSA), results showed that
cisplatin maximally increased NF-xB DNA binding
activity in myotubes 4-fold. Supershift EMSAs further
confirmed that the p65 subunit was contained in this
binding complex. Since p65 has previously been
demonstrated to be a major regulator of muscle wasting
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in cachexia and well as in muscular dystrophy,®? the data
imply that cisplatin-induced regulation of muscle wasting
may occur through an NF-«kB signaling pathway. In the
last part of this study, we sought to investigate whether
the effects that we showed on muscle atrophy with
chemotherapy was specific to cisplatin. Healthy mice
were therefore treated with common chemotherapeutic
agents, CPT-11 (Irinotecan), Adriamycin, or Etoposide.
Results showed that each of these compounds promoted
muscle loss when compared to control mice (Figure 4A).
Shown graphically, a similar left shift toward smaller
diameter muscle fibers was seen when any of the three
chemotherapeutic agents were administered. Similar to
cisplatin, the median fiber diameter range was centered
approximately 20-29um. This suggests that chemo-
therapeutic agents possess the capacity to promote
cachexia via their regulation of muscle atrophy.

Discussion

Muscle mass is determined by the relative balance
between its synthesis and degradation. In healthy
individuals, these two processes are in equilibrium,
contributing to stable muscle protein turnover and
renewal, with little change in overall muscle mass.? It is
imperative to discern the processes that are occurring in
the muscle wasting observed in cancer cachexia. The
therapeutic interventions for decreased protein synthesis
would be very different from the therapy for increased
protein breakdown.? According to Baracos, the
pathophysiology of cancer cachexia has two main
components: a failure of food intake and a systemic
hypermetabolism state.?® Decreased protein synthesis has
a direct relationship to this failure of food intake, as
sufficient nitrogen and calories are necessary in order for
the body to promote anabolism. Yet, in the cachectic
cancer patient, even with adequate nutrient and calorie
loads, muscle protein synthesis does not occur with the
same efficiency as seen in equally malnourished patients
without cancer.?” In regards to catabolism, there is a
prevailing consensus that it has a central role in many of
the effects seen in cancer cachexia. This accelerated
muscle proteolysis occurs mostly via activation of ATP-
and ubiquitin-dependent pathways.?®2° Specifically, E3
ligases in these pathways control polyubiquitination, a
rate-limiting step in the proteolysis that occurs with the
ubiquitin-proteasome system. These E3 ligases have
direct involvement in the skeletal muscle protein
breakdown that is seen in cancer cachexia.>* MuRF1 is a
muscle-specific E3 ligase that was utilized in this study
as an indirect marker for muscle proteolysis. The relative
contribution that increased protein catabolism and
decreased anabolism play in cancer cachexia is complex,
with temporal relationships of the two playing roles in the
initiation and progression of muscle wasting.? It has
clearly been shown that pro-inflammatory cytokines are
produced at accelerated rates in patients and animals that
have actively growing cancers.?” Cytokines have a key
role as the main humoral factors involved in cancer
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cachexia, with TNF-a, IL-6, IL-1, and INF-y all having
been shown in various experimental models to be pro-
cachectic inflammatory mediators.®2732 In a recent study
by Cai and colleagues, it was shown that activation of
NF-kB caused profound muscle wasting in transgenic
skeletal muscle selective IKKB mice, mimicking the
clinical findings in cancer cachexia.® It was shown that
the E3 ligase MuRF1 was increased in these mice, and it
was therefore concluded that the muscle wasting was due
mainly to an increase in catabolic muscle protein
breakdown through the activation of NF-xB and
regulation of MuRF1.° Interestingly, our current findings
indicate that cisplatin-induced muscle wasting is
associated with NF-xB activation in the absence of
MuRF-1 induction. This suggests that the ability of NF-
kB to mediate muscle loss may occur through multiple
mechanisms. Consistent with this notion, we recently
described that dystrophin complex dysfunction regulates
muscle wasting in tumor bearing mice through the
ubiquitin-proteasome system that is independent of NF-
kB activity.'® Evidence has also been found that indicates
MuRF1 not only helps regulate protein catabolism, but it
also negatively regulates protein synthesis, acting as an
overall regulator of protein turnover.® Similarly shown
in a prostate cancer model, the NF-xB inhibitor
dehydroxymethyl-epoxyquinomicin  (DHMEQ) was
shown in JCA-1 tumor-bearing Balb/C-nu/nu mice to
prevent the development of cachexia, likely through the
inhibition of cytokine I1L-6 secretion.®® This role of NF-
B in cachexia has also been confirmed in vitro, with NF-
B blockade causing an inhibition of protein loss and
differentiation in C2C12 myotubes.® In the immune
system, NF-xB is a central regulator of various pro-
inflammatory signals and cytokine- inducible gene
expression, yet its role in muscle metabolism has not
been fully elucidated. There is no question that an
accurate and applicable animal model is necessary in the
study of cancer cachexia, so that conditions can mimic
those of the clinical situation that occurs in humans as
best as possible.®* The murine model in this study has
been utilized extensively in investigations of cancer
cachexia and has been found to be an ideal model, as the
tumor elicits extensive weight loss, yet allows for stable
energy intake and causes a low tumor burden.® The use
of pair fed animals was not carried out in this study, as it
has been shown that food intake has very little effect, if
any, on the C-26 cachexia model.*® As discussed in the
review by Baracos and colleagues, as of 2001,2 the use of
chemotherapy had not yet been integrated into animal
models. Therefore, little was known as to the extent and
mechanisms by which chemotherapy affects muscle
protein wasting in cancer cachexia. This is quite relevant,
as chemotherapy is a major component of the treatment
for a vast array of cancers in the clinical setting. It is well-
known that various chemotherapy regimens cause
anorexia, or loss of appetite.®>% However, the relative
starved state that is caused by anorexia alone is unable to
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explain the complex metabolic and physiologic changes
that occur during cancer cachexia.* While fat reserves are
preferentially lost with anorexia and starvation, we
showed in this study that the chemotherapeutic agent
cisplatin itself directly caused muscle wasting in mice.
Our results suggest that the tumor burden directly affects
expression of MuRF1, and therefore is most likely
affecting skeletal muscle protein turnover. The cisplatin
that was administered to the mice greatly reduced tumor
burden in the mice yet maintained its effects in reducing
muscle size and mass. We also observed that cisplatin
action does not correlate with regulation of E3 ubiquitin
ligases.  Therefore,  although  chemotherapeutic
compounds such as doxorubicin has been shown to
induce MAFBx/Atroginl expression in cardiac
myocytes,¥ it would appear that a similar regulation does
not occur in intact skeletal muscles. Le Bricon and
colleagues showed in a Morris hepatoma murine model
that chemotherapy treatment with either methotrexate or
cisplatin caused significant anorexia and poor nitrogen
balance, which likely played a key role in the
development of cancer cachexia.* Samuels and
colleagues also found that the administration of
cystemustine,  another  chemo-therapeutic  agent,
transiently and acutely reduced the levels of protein
synthesis in both healthy and tumor-bearing mice and did
not significantly affect protein degradation.?? In a similar
study examining the effects of cystemustine on small
intestine mass, it was also shown that with chemotherapy
treatment and decrease in tumor burden, small intestinal
mass recovered to near-baseline levels and this process
was due to an increase in protein synthesis. Conversely,
it was shown that a single intraperitoneal injection of the
chemotherapeutic cystemustine to C-26 tumor-bearing
mice caused a down-regulation of proteolysis and
subsequent reversal of the cachexia process once tumor
burden was significantly decreased.®® It has also been
shown that both healthy and tumor-bearing mice treated
with cystemustine chemotherapy eventually undergo
significant weight gain after initial decreases. However,
the mice never achieve weights that were comparable to
their baseline, pre-treatment weights, indicating there
may be a long-term change in body metabolism that is
caused by cystemustine.?>% Cisplatin has been shown in
this model to regulate muscle atrophy independent of the
ubiquitin proteasome system through activation of the
NF-xB signaling pathway.**%° Along with this
information, further studies need to be carried out to
further delineate this complex process. In terms of
current therapeutic agents being utilized to treat cancer
cachexia today, a wide range of agents exist, including
nutritional supplements, appetite stimulants, anti-
inflammatory mediators, anabolic agents, and inhibitors
of proteolytic pathways.? With the information gained in
this study, novel therapies in the future may be able to
provide more specific and targeted interactions that can
help treat cancer cachexia.
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