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Comparative molecular analysis of early and late cancer
cachexia-induced muscle wasting in mouse models
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Abstract. Cancer-induced muscle wasting, which commonly
occurs in cancer cachexia, is characterized by impaired quality
of life and poor patient survival. To identify an appropriate
treatment, research on the mechanism underlying muscle
wasting is essential. Thus far, studies on muscle wasting using
cancer cachectic models have generally focused on early cancer
cachexia (ECC), before severe body weight loss occurs. In the
present study, we established models of ECC and late cancer
cachexia (LCC) and compared different stages of cancer
cachexia using two cancer cachectic mouse models induced
by colon-26 (C26) adenocarcinoma or Lewis lung carcinoma
(LLC). In each model, tumor-bearing (TB) and control (CN)
mice were injected with cancer cells and PBS, respectively. The
TB and CN mice, which were euthanized on the 24th day or the
36th day after injection, were defined as the ECC and ECC-CN
mice or the LCC and LCC-CN mice. In addition, the tissues
were harvested and analyzed. We found that both the ECC and
LCC mice developed cancer cachexia. The amounts of muscle
loss differed between the ECC and LCC mice. Moreover, the
expression of some molecules was altered in the muscles from
the LCC mice but not in those from the ECC mice compared
with their CN mice. In conclusion, the molecules with altered
expression in the muscles from the ECC and LCC mice were
not exactly the same. These findings may provide some clues
for therapy which could prevent the muscle wasting in cancer
cachexia from progression to the late stage.

Correspondence to: Dr Hongmei Yang, Department of Pathogenic
Biology, School of Basic Medicine, Tonji Medical College,
Huazhong University of Science and Technology, 13 Hangkong
Road, Wuhan, Hubei 430030, P.R. China

E-mail: hyang@hust.edu.cn

Dr Xiaoping Zhang, Department of Urology, Union Hospital, Tongji
Medical College, Huazhong University of Science and Technology,
1277 Jiefang Avenue, Wuhan, Hubei 430022, P.R. China

E-mail: xzhang@hust.edu.cn

Key words: early cancer cachexia, late cancer cachexia, muscle
wasting, PGCla, C/EBPf, HDACs

Introduction

Cachexia has two well-known features: weight loss (mainly
due to loss of skeletal muscle and body fat) and inflamma-
tion. This syndrome is prevalent in cancer patients, and muscle
wasting is the most prominent symptom of cancer cachexia.
It is well known that muscle wasting in cancer cachexia is
directly related to the poor quality of life of cancer patients and
even impacts their survival (1). The current clinical therapy for
muscle wasting contributes to the recovery of cancer patients,
but the mortality rate of cancer is still rising. Consequently,
a novel strategy for the clinical treatment of cancer-induced
muscle wasting is urgently required, and research on this
subject is highly necessary (2).

To date, for both practical and ethical reasons, studies on
muscle wasting have mainly depended on the use of murine
models. Among the many available models, the colon-26
adenocarcinoma (C26) and Lewis lung carcinoma (LLC)
models are the most commonly used (3,4). Many researchers
worldwide have attempted to elucidate the molecular mecha-
nism underlying muscle wasting using the two models (5-16).

Many studies have shown that an intricate regulatory
network is involved in muscle wasting (17). Increasing
evidence indicates that pro-inflammatory mediators, protein
degradation-associated factors, and some other circulating
mediators drive this process (18). In addition, the functions
of several molecules in this process have been demonstrated,
particularly their downstream signaling transduction path-
ways (17).

Myostatin, which functions specifically as a negative regu-
lator of skeletal muscle growth, is present at a higher level in
serum of cancer cachectic mice than in those of normal healthy
mice (19-21). Activation of myostatin signaling in muscle tissue
has been demonstrated to be critical to enhancing muscle catab-
olism, which causes muscle wasting in cancer cachexia (22).
Myostatin binding to type IIB activin receptor (ActRIIB)
on muscle surface induces the recruitment and activation of
activin receptor-like kinase 5 (ALKY), and eventually leads to
forkhead box O3 (FoxO3a)-dependent transcription to promote
muscle protein breakdown via the ubiquitin-proteasome
system (23). During the process, myostatin induces a reduc-
tion in the phospho-FoxO3a level (24,25). Dephosphorylation
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of FoxO3a leads to its nuclear entry (26). Nuclear FoxO3a
activates the atroginl promoter (27). Atroginl and muscle
RING-finger 1 (MuRF]1) are two important muscle-specific
ubiquitin ligases that are induced in almost all types of
muscle wasting (28-30). The ubiquitin proteasome system and
autophagy system are two major proteolytic systems involved
in skeletal muscle wasting (31,32). Ubiquitin ligases tag
myofilament proteins, such as myosin, with ubiquitin groups
and target them for degradation (33). Atroginl, a crucial factor
that promotes muscle protein breakdown, is one of the most
important downstream molecules of the myostatin signaling
pathway (34). Therefore, the myostatin-atroginl axis plays a
crucial role in the process of muscle wasting. Furthermore,
this axis can be regulated by several other molecules.

The activity of FoxO3a is inhibited by an important
transcriptional coactivator, peroxisome proliferator-activated
receptor gamma coactivator 1 alpha (PGCla), which is stimu-
lated by signals that maintain energy and nutrient homeostasis
and involved in important metabolic pathways in muscular
tissue (35-37). PGCla is decreased during muscle wasting, and
overexpression of PGCla inhibits loss of muscle in denerva-
tion, hindlimb unloading, sarcopenia and metabolic disease in
mice (38-40).

CCAAT/enhancer binding protein beta (C/EBP) is an
important transcription factor involved in cellular metabo-
lism and inflammation (41). The expression level of C/EBPp
is increased during muscle wasting under multiple condi-
tions (42,43). Activated p38p mitogen-activated protein
kinase (MAPK) interacts with and phosphorylates C/EBP,
promoting the binding of C/EBPf to the atroginl promoter in
the muscle tissues of cancer cachectic mice (10,44).

Histone deacetylases (HDACS) are the most well known
for their roles in the regulation of muscle development and
differentiation (45). Subsequent research found that protein
deacetylation by HDACs was associated with muscle atrophy
in certain conditions (46-48). More recently, class I HDACs
have been demonstrated to promote muscle atrophy during
nutrient deprivation. Further research has revealed that over-
expression of HDACI is sufficient to enhance FoxO3a activity
and cause skeletal muscle fiber atrophy (49).

Additionally, the roles of microRNAs in skeletal
muscle damage and regeneration induced by atrophy have
emerged (50). An additional novel study has demonstrated
the downregulation of the miR-30 family in muscle disuse
atrophy (51).

Although a lot of information has been reported about
muscle wasting in cancer cachexia, few studies have been
focused on whether muscle wasting in early cancer cachexia
(ECCQ) differs from that in late cancer cachexia (LCC). It has
been established that the development of tumors can be divided
into different phases (52). Muscle wasting induced by tumors
at different stages might be different. Bonetto et al (8) demon-
strated that cancer cachexia had different severity, although
the tumor-free body weight, muscle mass and certain molecule
expression in their study were not significantly different
between moderate and severe cancer cachexia. However,
muscle wasting in LCC may, theoretically, have a more severe
impact on cancer patients' quality of life than that in ECC,
for example more body weight loss. Therefore, the differences
between ECC and LCC remain poorly understood so far. The
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aim of the present study was to further reveal the different
manifestations and molecular changes in muscle tissues from
mice with ECC and LCC. To assess molecular alterations, we
used two different cancer cachectic models, according to a
previous study (53). Our results may provide some clues for
preventing cancer cachexia at the early stage and improving
cancer patients' quality of life.

Materials and methods

Cell culture and animal models. Colon-26 adenocarcinoma
cells (C26 cells) (Medical Science Experimentation Center
of Sun Yat-Sen University, China) and Lewis lung carcinoma
cells (LLC cells) (Shanghai Branch of Chinese Academy of
Science, China) were cultured in Dulbecco's modified Eagle's
medium (DMEM) plus 10% fetal bovine serum (FBS) with 1%
penicillin/streptomycin at 37°C and 5% CO,. Before injection
of C26 cells into CD2F1 mice (C26 model) or injection of LLC
cells into C57BL/6 mice (LLC model), cells were counted and
resuspended at 5x107 cells/ml in sterilized PBS. The right
flanks of the mice were shaved, and they were administered a
subcutaneous (s.c.) injection of either 5x10° C26 cells or LLC
cells suspended in 100 gl sterilized PBS (tumor-bearing mice,
TB mice) or 100 ul sterilized PBS without cells (control mice,
CN mice). Eight-week-old male CD2F1 or C57BL/6 mice were
allocated randomly into one of four experimental groups: 1)
tumor-bearing mice in early cachexia (ECC mice); ii) tumor-
bearing mice in late cachexia (LCC mice); iii) ECC-matched
control mice (ECC-CN mice); and iv) LCC-matched control
mice (LCC-CN mice). The animals were monitored daily and
were euthanized separately at 24 days (ECC and ECC-CN
mice) and 36 days (LCC and LCC-CN mice) following injec-
tion (7,9). Tumors, quadriceps, tibialis anterior, soleus, and
gastrocnemius muscles, hearts, spleens, and epididymal fat
were immediately harvested and weighed. For subsequent
studies, tibialis anterior muscles were fixed in 4% parafor-
maldehyde, and the other tissues were quickly frozen in liquid
nitrogen and stored at -80°C. All experiments were approved
by the Animal Care and Use Committee of Tongji Medical
College of Huazhong University of Science and Technology.

Mpyofiber cross-sectional area. To determine the myofiber
cross-sectional area (CSA), hematoxylin and eosin (H&E)
staining was performed on a middle cross-section of the tibi-
alis anterior. Images were acquired using a digital camera and
were quantified using ImageJ software (NIH, Bethesda, MD,
USA). Within each section, five view fields with 100 myofibers
per field were measured (10).

Immunofluorescence. To visualize the outlines of myofibers,
10 ym sections were obtained from the middle of the tibialis
anterior. The sections were then incubated with Alexa Fluor
350-conjugated wheat germ agglutinin (Invitrogen, Carlsbad,
CA, USA) for 2 h and subsequently washed in PBS. Images
were acquired using a digital camera (3,49). Representative
view fields were elected and recorded.

Real-time reverse transcription PCR. RNA was extracted from
quadriceps muscles using TRIzol reagent (Invitrogen)
according to the manufacturer's instructions. The concentration
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Table I. Changes in tumor-free body mass, muscle mass, organ mass, and fat mass in the C26 model.
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24 days 36 days
Control C26 tumor bearing Control C26 tumor bearing
(CN) P-value (TB) (CN) P-value (TB)

n 4 5 4 5
Tumor-free body mass (g)  27.74+0.74 0.001¢ 22.92+0.73 27.15+0.62 0.001¢ 19.60+0.90
Quadriceps (mg) 134.90+7.30 0.001° 114.97+7.69 161.93+20.82  0.001° 80.09+13.07
Tibialis anterior (mg) 51.76+3.75 0.01° 44.93+5.03 56.24+7.39 0.001¢ 31.89+6.43
Gastrocnemius (mg) 128.56+10.80 0.01° 111.99+6.67 144.61+10.06  0.001° 83.98+10.89
Soleus (mg) 6.73+2.46 0.05* 4.90+0.84 6.46+1.80 0.01¢ 4.47+0.85
Heart (mg) 139.60+6.05 0.05* 120.94+13.33 149.65+13.61  0.001° 87.26+£3.28
Spleen (mg) 77.83+£5.14 0.001° 218.84+45.36 90.33+4.14 0.001° 293.70+49.96
Epididymal fat (mg) 559.78+114.77  0.001° 194.54+68.95 401.48+60.37  0.001° 33.24+14.99

"Twenty-four days-CN vs. 24 days-TB; *24 days-CN vs. 24 days-TB; ©24 days-CN vs. 24 days-TB; 936 days-CN vs. 36 days-TB; °36 days-CN

vs. 36 days-TB.

and purity of the RNA solution were determined by
Epoch microplate spectrophotometer (BioTek Instruments,
Inc., Winooski, VT, USA). RNA (1 ug) was used for reverse
transcription. Reverse transcription of mRNA was performed
using a RevertAid First-Strand cDNA Synthesis kit (Thermo
Fisher Scientific, Inc., Rockford, IL, USA) in a total reaction
volume of 10 yl. Dilution (1:10) of the RT product was used as
template for the quantitative real-time PCR (qQPCR). qPCR was
performed with the 2X SYBR-Green Mix (Thermo Fisher
Scientific) using a LightCycler® 480 (Roche Diagnostics,
Mannheim, Germany) in a total reaction volume of 10 1 with
the primers from Sangon Biotech, Co., Ltd. (Shanghai, China).
The amplification procedure was 95°C pre-denaturation for
10 min followed by 95°C for 15 sec, 60°C for 10 sec and 72°C
for 30 sec for a total of 40 cycles. The data were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expres-
sion and the relative expression was calculated using the
formula: 2 (ACt = Ct . - Ct gappn)- The primer sequences
were as follows: Myostatin: FFAGTGGATCTAAATGAGGG
CAGT and R-GTTTCCAGGCGCAGCTTAC; PGCla: F-AA
CCACACCCACAGGATCAGA and R-TCTTCGCTTTAT
TGCTCCATGA; FoxO3a: F-GCAAGCCGTGTACTGTGGA
and R-CGGGAGCGCGATGTTATCC; MuRF1: F-AGCAT
CAAGATCCGTCTGACA and R-CCAGAGCCGTCCACA
ACAAT; Atroginl: FFACACATCCTTATGCACACTGG and
R-TCTCCATCCGATACACCCACA; GAPDH: F-GGTGAA
GGTCGGAGTCAACGG and R-GAGGTCAATGAAGGGG
TCATTG.

Western blotting. The quadriceps muscles were homogenized,
and total protein was extracted using RIPA protein lysis buffer
(P1003; Beyotime Institute of Biotechnology, Nantong, China)
with freshly added protease inhibitor cocktail and phenyl-
methylsulphonyl fluoride (PMSF). The protein concentration
of the samples was measured using BCA method. A total of
80 ug of protein was subjected to a 10% SDS-PAGE gel to
separate the proteins by gel electrophoresis, and they were then
transferred onto polyvinylidene fluoride (PVDF) (0.45 pm;

Millipore, Boston, MA, USA) membranes. The membranes
were blocked for 1 h at 37°C in 5% (w/v) non-fat dried skim
milk (blocking buffer) and incubated with primary antibodies
in blocking buffer overnight at 4°C. The primary antibodies
were as follows: anti-atroginl antibody (#AP2041), purchased
from ECM Biosciences, Versailles, KY, USA; anti-PGCla
antibody (ab54481), purchased from Abcam, Cambridge, MA,
USA; anti-Phospho-FoxO3a (#9466) and anti-FoxO3a (#2497)
antibodies obtained from Cell Signaling Technology, Danvers,
MA, USA; anti-C/EBP (sc-7962), anti-HDACI (sc-7872),
anti-HDAC?2 (sc-7899), and anti-HDAC3 (sc-11417) antibodies
acquired from Santa Cruz Biotechnology, Santa Cruz, CA,
USA. The membranes were washed and incubated with the
appropriate horseradish peroxidase-conjugated secondary
antibody (Invitrogen) in blocking buffer for 2 h at room
temperature. Finally, the membranes were washed before
detection. Quantitative analyses of protein expression were
performed using ImagelJ software (25).

Statistical analysis. All values were represented as the
mean = standard error (SEM) unless stated otherwise.
Differences between group means were determined using the
Student's t-test with Graphpad Prism 5 unless otherwise speci-
fied. A two-sided P-value of <0.05 was considered to indicate
statistically significant result.

Results

Body weights of LCC mice were decreased for C26 model but
not LLC model. For the C26 model mice, at 24 days following
C26 tumor implantation, the body weights of the ECC-CN and
ECC mice were both increased (Fig. 1A). From the 30th day,
the body weights of the LCC mice started to decrease, and
this trend was maintained until the 36th day, when the mice in
this group were sacrificed (Fig. 1B). For the LLC model mice,
in contrast with the C26 model mice, the body weights of
both the ECC and LCC mice consistently increased until day
36 (Fig. 1C and D). Nevertheless, the ECC mice had already
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Figure 1. Body weight curves and tumor mass in each group. Body weights of CD2F1 mice injected subcutaneously with C26 cells or PBS were recorded for
(A) 24 days and (B) 36 days. Body weights of C57BL/6 mice injected subcutaneously with LLC cells or PBS were recorded for (C) 24 days and (D) 36 days.
(E) The tumor masses from the C26 model ECC and LCC mice. (F) The tumor masses from the LLC model ECC and LCC mice. (A-D) All body weights
were normalized to the percentage of the initial body weight. (E and F) The tumor masses of TB mice were normalized to the percentage of the tumor masses
of their matched ECC mice. "P<0.05, “P<0.01.

Table II. Changes in tumor-free body mass, muscle mass, organ mass, and fat mass in the LLC model.

24 days 36 days
Control C26 tumor bearing Control C26 tumor bearing
(CN) P-value (TB) (CN) P-value (TB)

n 4 6 4 6
Tumor-free body mass (g)  22.61+1.16 0.05* 19.87+1.39 23.19+£2.10 0.001¢ 16.49+1.05
Quadriceps (mg) 117.04+8.50 0.01° 100.13+10.23 116.18+6.16 0.001¢ 64.49+11.48
Tibialis anterior (mg) 50.88+6.95 0.05* 442445 .69 50.26+4 .91 0.001¢ 30.27+4.32
Gastrocnemius (mg) 131.11£7.58 0.05* 119.15+12.54 134.11£7.04 0.001¢ 85.55+5.83
Soleus (mg) 7.73+£0.89 0.001¢ 6.29+0.55 7.10+0.64 0.001¢ 5.34+0.67
Heart (mg) 100.23+5.61 103.05+8.24 142.80+33.31 124.58+35.09
Spleen (mg) 72.05+7.50 0.001¢ 198.63+30.27 67.90+13.51 0.05¢ 220.72+85.35
Epididymal fat (mg) 339.38+97.72 0.05* 159.32+100.88 465.55+121.66  0.001° 18.16+5.69

"Twenty-four days-CN vs. 24 days-TB; *24 days-CN vs. 24 days-TB; ©24 days-CN vs. 24 days-TB; 436 days-CN vs. 36 days-TB); ©36 days-CN

vs. 36 days-TB.

developed cancer cachexia, as the tumor-free body masses
of these mice were significantly decreased for both the C26
and LLC models. Interestingly, the tumor masses of the LCC
mice were higher than that of ECC mice in LLC model. But
no significant differences existed between the ECC mice and

LCC mice in C26 model (Fig. 1E and F).

The tumor-free masses of the ECC mice were reduced
by ~18 and 13% compared with those of ECC-CN mice for
the C26 and LLC models, respectively. A similar finding was
observed for the LCC mice, but with higher rates of reduc-
tion (~28 and 29% compared with the C26 and LLC model

LCC-CN mice, respectively). The tumor-free masses of the
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Figure 2. The tumor-free body masses and masses of various tissues in C26
model CN and TB mice. The (A) tumor-free body, (B) quadriceps, (C) tibialis
anterior, (D) soleus, (E) gastrocnemius, (F) heart, (G) spleen, and (H) epi-
didymal fat masses from C26 model ECC and LCC mice. (A-H) The masses
of tissues from the TB mice were normalized to the percentage of the masses
of the tissues from their matched CN mice. "P<0.05, “"P<0.01, *"P<0.001).

LCC mice were obviously less than those of the ECC mice for
both models (Figs. 2A and 3A).

For the above reasons, we defined the TB mice sacrificed
on the 24th day as ECC mice (their tumor-free body masses
were decreased by <20%) and the TB mice sacrificed on the
36th day as LCC mice (their tumor-free body masses were
decreased by >20%).

The mass variations in organs and muscles differed between
the ECC and LCC mice. As previously reported, C26
cachexia results in skeletal muscle, epididymal adipose and
heart mass losses (7). The masses of the organs and muscles
harvested from the C26 and LLC model mice are listed in
Tables I and II. We obtained similar findings for these two
models (Figs. 2 and 3), except that the heart mass did not
exhibit a substantial change (Fig. 3F) in the LLC model. We
found that the LCC mice had much greater losses of muscle

3295
l Hkk I drdek
“A 150 B 150 I I
@ g * Kk = e ke
ge — — ®3 — —
- -
§‘§ 100 g% 100
23 2%
oc SE
<o 50 5 & 50
g E S E
gs 3s
= -
2= £
0 0
24 days 36 days 24 days 36 days
ek ns
1504 150+
w E * sk = e Fkk
E s — 8 — —
- w ™
5 > 1004 gf_ 1004
G2 g
EE 5
w O 50 5 8 50
2 3 g
a2 [
FE =
0~ 0-
24 days 36 days 24 days 36 days
I I ns
E g
150+ F 150+ ns I ns I
w2 * ok =
E s — 2 — —
© % 100 @ % 100
e £S
@ = o=
c E S
§ S 50 e S 50
0= 0 = 0
24 days 36 days 24 days 36 days
l ns l | * |
G 500 H 150
3-‘; ik * 32' * Rk
3 400 — — § - — —
w -
gx = > 100
E 5 300 gz
£ = B
2T 200 £
;: E g g 50
£ 100 2E
£ we
0 0
24 days 36 days 24 days 36 days
= Control

I LLC tumor bearing

Figure 3. The tumor-free body masses and masses of various tissues in LLC
model CN and TB mice. The (A) tumor free body, (B) quadriceps, (C) tibialis
anterior, (D) soleus, (E) gastrocnemius, (F) heart, (G) spleen, and (H) epi-
didymal fat masses from LLC model ECC and LCC mice. (A-H) The masses
of tissues from the TB mice were normalized to the percentage of the masses
of the tissues from their matched CN mice. "P<0.05, “P<0.01, ““P<0.001.

and epididymal adipose mass than the ECC mice for both
models (Figs. 2 and 3), except for the soleus muscle mass
(Figs. 2D and 3D). These data further demonstrated that the
LCC mice suffered from more severe cancer cachexia than
the ECC mice.

C26 cancer cachexia has been reported to result in a
large increase in the mass of the spleen (3). This conclusion
is consistent with our results (Fig. 2G), and we obtained
the same results with the LLC model (Fig. 3G). However,
the spleen masses did not significantly differ between the
ECC and LCC mice for either model (Figs. 2G and 3G).
Additionally, the heart masses did not significantly differ
between the ECC or LCC mice and their matched CN mice
for the LLC model (Fig. 3F). These results differed from
those for the C26 model mice but are consistent with those of
a previous study (14).
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C57BL/6
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50 pm

Figure 4. Middle cross sections of tibialis anterior muscles from mice in each group. (A) Representative images of H&E-stained cross sections of tibialis
anterior muscles from mice in each group. Bar represents 100 #m. (B) Representative images of cross sections of tibialis anterior muscles incubated with wheat
germ agglutinin to allow for visualization of muscle fiber membranes (blue). Bar represents 50 ym.

The muscle fiber size was smaller in LCC mice than in ECC
mice. Representative images of H&E-stained tibialis anterior
middle cross sections from the mice in each group are shown
in Fig. 4A. To better visualize the outlines of muscle fibers,
skeletal muscle cross sections taken from tibialis anterior
muscles were incubated with fluorescently labeled wheat
germ agglutinin (Fig. 4B). The average muscle fiber CSAs
declined by 15 and 45% in the ECC and LCC mice, respec-
tively, compared with their matched CN mice for the C26
model (Fig. 5A), and these values declined by 13 and 43%,
respectively, for the LLC model (Fig. 5B). Additionally, the
changes in muscle mass were confirmed by analyses of the
size distributions of myofibers in each group. These results
indicated that the muscle fiber CSA of the LCC mice, but not
the ECC mice, was obviously less than that of the LCC-CN
mice for both models (Fig. 5C and D).

The levels of several muscle mRNAs differed between the
ECC and LCC mice. To determine the mRNA levels of some
molecules involved in muscle wasting, five prominent mole-
cules were selected for analysis in each group. The mRNA
levels of these molecules did not obviously change in the ECC
mice of both models, except for that of atroginl, which was

increased in the ECC mice compared with the ECC-CN mice
for the C26 model, but not the LLC model (Fig. 6A and C). In
contrast with the ECC mice, the levels of several mRNAs were
increased in the muscles from the LCC mice of the two models.
The mRNA levels of atroginl and FoxO3a were increased in
the LCC mice of both models (Fig. 6B and D). Additionally,
the mRNA expression of myostatin was increased in the
muscles from the LLC model LCC mice (Fig. 6D). A previous
study revealed that the mRNA level of PGCla is consistently
decreased (25). However, we found no significant difference
in this mRNA level between the CN and TB mice of either
model (Fig. 6).

Several muscle protein levels differed between the ECC
and LCC mice. To explore the underlying mechanism of
the increased severity of cancer cachexia in the LCC mice
compared with the ECC mice, the protein levels of some
crucial molecules involved in muscle wasting, such as atroginl,
FoxO3a, PGCla, C/EBPf and class I HDACs, were deter-
mined. The protein level of atroginl was increased in the TB
mice compared with their matched CN mice for both models
(Figs. 7 and 8). We subsequently detected the expression of the
molecules that may regulate the expression of atroginl. The
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FoxO3a (not phospho-FoxO3a) protein level was also found
to be increased in the muscles from the TB mice compared
with their matched CN mice for both models (Figs. 7 and 8).
The PGCla protein level was obviously decreased in the LCC
mice compared with the LCC-CN mice, but no significant
difference was observed between the ECC and ECC-CN mice
(Figs. 7 and 8). In contrast, the C/EBPf protein level was obvi-
ously increased in the LCC mice compared with the LCC-CN
mice, but no significant difference was detected between the
ECC and ECC-CN mice (Figs. 7 and 8).

Furthermore, the protein levels of three class I HDACs
were determined, and those of HDAC1 and HDAC3 were
found to be slightly increased in the LCC mice compared with
the LCC-CN mice for both models, while only HDAC2 was
increased in the LLC model LCC mice (Figs. 7 and 8).

Discussion
ECC and LCC definitions suitable for the study of muscle

wasting were determined. Cancer cachexia has been widely
studied. A previous report demonstrated that lipid metabolism

in adipose tissue differs between C26 model ECC and LCC
mice. ECC was defined by the author as occurring no more
than 12 days following C26 tumor implantation, when the
white adipose tissue mass in cachectic mice is moderately
reduced (34-42%) and weight loss is <10% of the initial body
weight (54). Normally, loss of fat always occurs before muscle
wasting in cancer cachexia. Therefore, in the present study, we
prolonged the period defined as ECC for the optimal assess-
ment of muscle wasting. We found that this definition was
suitable for research of muscle wasting in the C26 and LLC
models.

Muscle wasting in LCC should not be overlooked. Prior to this
study, many research groups focused on muscle wasting only
in ECC. Thus, we questioned whether the molecules regulating
muscle wasting in LCC are similar to those in ECC. The aim
of the present study was to determine the differences between
muscle wasting in ECC and LCC.

The tissue changes differed between the ECC and LCC mice.
The alterations in the tumor-free body masses, the masses of
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various tissues and the cross-sectional areas (CSAs) of muscle
fibers differed between the ECC and LCC mice and their

matched CN mice. These results demonstrated that obvious
differences existed between ECC and LCC. From this point
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Figure 8. The protein levels of genes involved in muscle wasting in LLC model mice. The protein levels of atroginl, p-FoxO3a, FoxO3a, PGCla, C/EBPf,
HDACI1, HDAC?2 and HDAC3 in muscles from LLC model (A) ECC mice and (B) LCC mice. Densitometric analysis of molecules detected by western blot
analysis in muscles from LLC model (C) ECC mice and (D) LCC mice. (C and D) The data for the TB mice were normalized to those for their matched CN

mice. "P<0.05, “P<0.01, ""P<0.001.
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of view, the definitions of ECC and LCC in the C26 and LLC
models were also feasible.

The expression changes differed between the ECC and LCC
mice. Myostatin plays an important role in many types of
muscle atrophy (19). However, its mRNA level was only altered
in the muscles from the LLC model LCC mice. This result
might indicate that the mRNA expression of myostatin is not a
sensitive indicator of muscle wasting in our models, especially
in the C26 model. Although the mRNA level of myostatin
did not obviously change, the expression of the downstream
molecule FoxO3a was altered. The protein level of FoxO3a was
increased in the TB mice of both models, and its mRNA level
was only increased in the LCC mice, but not in the ECC mice.
Atroginl and MuRF1 are both important E3 ubiquitin ligases
involved in muscle wasting (28), but only the mRNA level of
atroginl, and not that of MuRF1, was increased in our models.
In addition, the protein level of atroginl was increased in the
TB mice of both models. These results suggested that atroginl
might be the more crucial gene involved in muscle wasting in
our models. The altered atroginl expression directly induced
muscle wasting in the TB mice, and no significant difference
in its expression was detected between the ECC and LCC
mice. Collectively, the myostatin-FoxO3a-atroginl axis indeed
played an important role in muscle wasting in our models.

Currently, increasing numbers of studies are focusing on
the molecules that affect the myostatin-FoxO3a-atroginl axis.
We found that the molecules involved in muscle wasting were
not exactly the same in the ECC and LCC mice of each model.
In addition, we focused on the molecules that were altered only
in the muscles from the LCC mice. Although the mRNA level
of PGCla was not altered in the TB mice, its protein level was
decreased in the LCC mice, but not in the ECC mice, of both
models. These results indicated that C/EBPJ, HDACI and
HDAC3 might play roles in promoting cancer cachexia, espe-
cially during the late stage. Correspondingly, PGCla might
play an opposite role. As previously reported, muscles from
the TB mice had a higher level of phosphorylated C/EBP,
along with a modest increase in total C/EBPp, on day 14 for
the LLC model (10,44). In our opinion, the LLC model TB
mice sacrificed on day 14 were the ECC mice in this study.
However, we measured the protein levels of total C/EBPp in
the muscles from the ECC mice of both models and found that
they were not significantly different. This result is consistent
with the previous report. In addition, we showed that the
protein expression of HDAC1 was increased in muscles from
the LCC mice of both models. The change in HDAC3 expres-
sion was similar to that in HDACI expression. In contrast,
HDACS3 has been reported to be decreased in dexamethasone-
induced muscle wasting (47). Although this finding is not
consistent with our data, it suggests that HDAC3 is indeed
involved in muscle wasting and might have different roles in
different models. The role of PGCla in protecting muscles
from wasting has been proven (35,40). In our experiment, this
role might be inhibited in both the C26 and LLC models.

miR-30c may play a role in LCC mice. Many studies have
verified that the levels of microRNAs are altered in muscles
from cancer cachectic mice. We used different miRNA target-
predicting algorithms (for example, TargetScan and RegRNA)

SUN et al: COMPARATIVE MOLECULAR ANALYSIS OF MUSCLE WASTING IN ECC AND LCC

to identify potential miRNAs that could affect the afore-
mentioned genes. We found conserved miR-30c sites in the
3'UTRs of atroginl, FoxO3a and HDAC3 (Fig. 9A). Moreover,
we found a conserved miR-30c site in the 5S'UTR of PGCla
(Fig. 9A). Consequently, we observed that the miR-30c level
was not altered in muscles from the ECC mice of the C26
model but that it was decreased in the LCC mice of both models
(Fig. 9B and C). Our observations indicate that miR-30c might
be involved in the process of cancer cachexia by interfering
with the expression of PGCla, atroginl, FoxO3a and HDAC3.
Further research needs to be performed to determine whether
these genes are directly regulated by miR-30c.

Molecules with no change in ECC do not necessarily indicate
no effect on muscle wasting. By comparing the changes in the
expression of crucial molecules involved in muscle wasting
in both the ECC and LCC mice, we confirmed that some
molecules exhibited varying degrees of change in our models.
Although the expression levels of several other molecules did
not obviously change in the ECC mice, they were significantly
altered in the LCC mice, such as PGCla, C/EBPf and HDACs.
However, it is still difficult to conclude that these unchanged
molecules do not play roles in the ECC mice. For instance,
the role of HDACs in muscle wasting has been realized in
recent years, and pharmacological interventions with HDAC
inhibitors have been shown to increase myofiber size and
counter the functional decline of dystrophic muscles (55). In
addition, class II HDACs promote neurogenic muscle atrophy
by inducing E3 ubiquitin ligases (56). These findings suggest
that HDACs might accelerate the process of muscle wasting
induced by cancer. A previous report has shown that the total
protein level of HDACI1 does not change in disused muscle
but that the relative abundance of HDACI is decreased in the
nuclear fraction and increased in the cytosol (49). These data
suggest that HDAC1 may shuttle out of the nucleus to exert
its function within the cytoplasm. In our models, the protein
level of HDACI1 was increased in the LCC mice, but not in the
ECC mice. This finding does not indicate that HDACI plays
no role in muscle wasting in ECC mice. The function of this
molecule might have been further enhanced when its level was
increased in the LCC mice.

In conclusion, our results have revealed that the expression
levels of several molecules are altered in muscles from LCC
mice, but not in those from ECC mice. From our results we
deduce that these changes may promote muscle wasting in
late cancer cachexia. The data in this study may facilitate the
further understanding of the underlying mechanism involved
in the development of cancer cachexia. However, our present
study on muscle wasting in late cancer cachexia merely sheds
light on the underlying mechanism, which remains poorly
understood. Thus, further investigation is warranted to delin-
eate the foundation of late cancer cachexia to provide a solid
basis for the clinical prediction and prevention of muscle
wasting in cancer cachexia.
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