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Abstract

Background Interferon-induced protein with tetratricopeptide repeat 2 (IFIT2) is a reported metastasis suppressor in
oral squamous cell carcinoma (OSCC). Metastases and cachexia may coexist. The effect of cancer metastasis on cancer
cachexia is largely unknown. We aimed to address this gap in knowledge by characterizing the cachectic phenotype of
an IFIT2-depleted metastatic OSCC mouse model.
Methods Genetically engineered and xenograft tumour models were used to explore the effect of IFIT2-depleted
metastatic OSCC on cancer cachexia. Muscle and organ weight changes, tumour burden, inflammatory cytokine
profiles, body composition, food intake, serum albumin and C-reactive protein (CRP) levels, and survival were assessed.
The activation of the IL6/p38 pathway in atrophied muscle was measured.
Results IFIT2-depleted metastatic tumours caused marked body weight loss (�18.2% vs. initial body weight,
P < 0.001) and a poor survival rate (P < 0.01). Skeletal muscles were markedly smaller in IFIT2-depleted metastatic
tumour-bearing mice (quadriceps: �28.7%, gastrocnemius: �29.4%, and tibialis: �24.3%, all P < 0.001). Tumour-
derived circulating granulocyte-macrophage colony-stimulating factor (+772.2-fold, P < 0.05), GROα (+1283.7-fold,
P < 0.05), IL6 (+245.8-fold, P < 0.001), IL8 (+616.9-fold, P < 0.001), IL18 (+24-fold, P < 0.05), IP10 (+18.8-fold,
P < 0.001), CCL2 (+439.2-fold, P < 0.001), CCL22 (+9.1-fold, P < 0.01) and tumour necrosis factor α (+196.8-fold,
P < 0.05) were elevated in IFIT2-depleted metastatic tumour-bearing mice. Murine granulocyte colony-stimulating
factor (+61.4-fold, P < 0.001) and IL6 (+110.9-fold, P < 0.01) levels were significantly increased in IFIT2-depleted
metastatic tumour-bearing mice. Serum CRP level (+82.1%, P < 0.05) was significantly increased in cachectic shIFIT2
mice. Serum albumin level (�26.7%, P < 0.01) was significantly decreased in cachectic shIFIT2 mice. An assessment of
body composition revealed decreased fat (�81%, P < 0.001) and lean tissue (�21.7%, P < 0.01), which was consistent
with the reduced food intake (�19.3%, P < 0.05). Muscle loss was accompanied by a smaller muscle cross-sectional
area (�23.3%, P < 0.05). Muscle atrophy of cachectic IFIT2-depleted metastatic tumour-bearing mice (i.v.-shIFIT2
group) was associated with elevated IL6 (+2.7-fold, P < 0.05), phospho-p38 (+2.8-fold, P < 0.05), and atrogin-1
levels (+2.3-fold, P < 0.05) in the skeletal muscle. Neutralization of IL6 rescued shIFIT2 conditioned medium-induced
myotube atrophy (+24.6%, P < 0.01).
Conclusions Our results suggest that the development of shIFIT2 metastatic OSCC lesions promotes IL6 production
and is accompanied by the loss of fat and lean tissue, anorexia, and muscle atrophy. This model is appropriate for
the study of OSCC cachexia, especially in linking metastasis with cachexia.
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Introduction

Cancer cachexia is a multifactorial and devastating syndrome
characterized by an ongoing loss of skeletal muscle mass that
cannot be fully cured by nutritional support and leads to im-
paired functionality, poor quality of life and shorter survival.1

The frequency of cachexia in patients with advanced cancer
is high (60%),2 especially in those with pancreatic cancer, gas-
tric cancer, colorectal cancer, lung cancer, upper gastrointesti-
nal malignancies and head and neck cancer (HNC).3 Perhaps
due to heterogeneity, cancer cachexia can vary according to
tumour type, site, mass and mouse genotype. A complete un-
derstanding of the pathophysiology of cancer cachexia has yet
to be achieved.4 The loss of skeletal muscle and adipose tissue
is thought to be the consequence of multiple mechanisms,
including alterations in energy balance, hormonal and
metabolic disturbances, and a proinflammatory/procachectic
environment.4

Increased levels of proinflammatory cytokines either
derived from or induced by the tumour, not endogenously
derived from themouse, represent perhaps themost common
point of correlation between cancer and the prevalence of
cachexia.5 Interleukin (IL) 6 has been associated with cancer
cachexia. In addition to its proinflammatory and immunosup-
pressive effects in tumours, IL6 has other functions, include
stimulating C-reactive protein (CRP), inducing muscle wasting
and atrophy, inducing systemic autophagy in tissue wasting
and promoting successful circulating tumour cell invasion
and growth at a secondary site.6 Many types of cancer cells
secrete IL6, and increased circulating levels of IL6 in patients
are associated with weight loss and reduced survival.7 IL6
mediates muscle wasting through the JAK/STAT3 pathway in
the colon carcinoma 26 (C26) model.8 Activation of the IL6
pathway consequently promotes downstream signalling path-
ways, including the JAK/STAT3 and p38 pathways, in target tis-
sues such as hepatocytes, immune cells and skeletal muscle.6

These studies indicate that IL6 could be a good marker to pre-
dict the evolution of cancer cachexia and could be a promising
therapeutic strategy for attenuating cachexia progression.

Interferon-induced protein with tetratricopeptide repeat 2
(IFIT2), a member of the IFIT1 family, has been reported to
be an interferon-induced cytoskeleton-associated protein that
plays an antiviral role.9 In addition, accumulating evidence
supports its important role in tumour progression. Overex-
pression of IFIT2 inhibits proliferation or promotes apoptosis
in a variety of cancer cell lines.10 Downregulation of IFIT2 ex-
pression is associated with tumour progression and poor sur-
vival of patients with different cancers, including OSCC.11–13

Our past studies further demonstrated that IFIT2 depletion
resulted in epithelial-mesenchymal transition (EMT) and
5-fluorouracil resistance and enhanced in vivo angiogenesis
and metastatic colonization of OSCC cells.14–16 Moreover, the
expression of tumour necrosis factor α (TNFα) was significantly
upregulated in IFIT2-depleted OSCC cells.16 Recent research
showed that oroxylin A, themain bioactive flavonoid extracted
from Scutellaria radix, inhibited IFIT2 depletion-induced
metastasis by suppressing C–C motif chemokine ligand (CCL)
2 signalling in OSCC.17 Accordingly, IFIT2 is a key mediator in
OSCC progression, especially in the metastasis stage.

Metastases and cachexia may coexist.6 However, few
studies have utilized animal models of metastatic disease to
perform cachexia research. Accordingly, we aimed to explore
the effect of metastasis induced by IFIT2 depletion on ca-
chexia. The present study demonstrates that IFIT2 depletion
not only promotes cancer metastasis but also triggers cancer
cachexia. The mechanisms of IFIT2 depletion-induced cancer
cachexia may be associated with tumour-derived and
host-derived cytokines, such as IL6.

Material and methods

Cell cultures

Cells stably expressing shIFIT2 and shCTRL were established
using the human OSCC cell line CAL 27 (ATCC CRL-2095) and
cultured as previously described.16 shIFIT2 cells were derived
from a metastatic tumour formed outside the lung by an
shIFIT2 clone14 injected into the tail vein of a BALB/c nude
mouse.16 shCTRL cells were isolated from xenograft tissue
formed by shCTRL clones.14,16 Lentiviral transduction to estab-
lish stable IFIT2-depleted clones was performed as previously
described.14 The characteristics of shIFIT2 and shCTRL cells
have been described previously.16 The mouse muscle myo-
blast C2C12 cell line (BCRC 60083) was obtained from the
Bioresource Collection and Research Center, Taiwan, and cul-
tured in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM; Gibco/Thermo Fisher Scientific, Waltham, MA, USA)
containing 10% foetal bovine serum (FBS; Gibco/Thermo
Fisher Scientific) and penicillin–streptomycin (Gibco/Thermo
Fisher Scientific) at 37°C with 5% CO2.

In vivo shIFIT2 cachexia model

Protocols involving the care and testing of animals followed
the guidelines of the Institutional Animal Care and Utilization
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Committee of Tzu Chi University. Sixteen-week-old male NOD/
SCID mice (body weight approximately 33–35 g) were ob-
tained from the animal centre of Tzu Chi University (Hualien,
Taiwan). To address the effect of IFIT2 depletion on OSCC
cachexia, mice were randomized into four groups: (1) no treat-
ment (control), (2) shIFIT2 cells subcutaneously injected into
the lower limb flank (s.c.-shIFIT2; no metastasis), (3) shCTRL
cells intravenously injected into the lateral tail vein (i.v.-
shCTRL; metastasis) and (4) shIFIT2 cells intravenously injected
into the lateral tail vein (i.v.-shIFIT2; metastasis). Mice were
subcutaneously or intravenously injected with 5 × 105 shIFIT2
or shCTRL OSCC cells. Both control and tumour-bearing mice
were assessed for changes in body weight every 3 days over
the duration of the experiment. Mouse survival was moni-
tored for 8 weeks. We found that cachectic mice died very
quickly (within 2–3 days) after they lostmore than 15% of their
initial body weight (IBW). For experiments, such as cytokine
profiling and food intake assessments, tumour-bearing mice
were humanely sacrificed if they lost 15% or more of their
IBW or 8 weeks after tumour cell inoculation. At the time of
euthanization, skeletal muscles, organs and tumours were
surgically excised, weighed, rinsed, fixed and subjected to
pathological examination. Moreover, blood was collected by
cardiac puncture for cytokine profiling and ELISA.

Histology and immunohistochemistry

Five-micrometre paraffin-embedded tissue sections were
stained with haematoxylin and eosin according to standard
procedures. Immunohistochemistry was performed as de-
scribed previously,14 and images were analysed by a
well-trained pathologist. The gastrocnemius sections were
stained with a primary anti-IL6 antibody (#ARG56625;
1:200; Arigo Biolaboratories, Hsinchu, Taiwan), and the reac-
tions were then visualized by Novolink Polymer Detection
Systems (#RE7140-K, Buffalo Grove, IL, USA) according to
the manufacturer’s instructions.

Assessment of body composition and food intake

The whole-body composition and food intake of mice at Week
7 after tumour inoculation were assessed by Minispec LF50
TD-NMR technology and Tecniplast® Metabolic Cages (24-h
recording) from the Taiwan Mouse Clinic (Taipei, Taiwan).

Evaluation of muscle cross-sectional area

In the assessment of gastrocnemius muscle morphology and
cross-sectional area (CSA), haematoxylin and eosin staining
was used to examine muscle fibres (n = 300–400 per muscle)
using ImageJ software (NIH, Bethesda, MA, USA).18

Measurement of in vivo cytokine, albumin and
C-reactive protein levels

At the time of euthanization, mouse blood was collected by
cardiac puncture. Aliquots of collected sera were stored at
�80°C until multiplexing. One hundred microliters of serum
per sample was subjected to serum cytokine profiling by
the National Applied Research Laboratories (NARLabs,
Taipei, Taiwan). Milliplex MAP human HCYTA-60K-PX48 and
mouse MCYTMA-70K-PX32 panels (Merck KGaA, Darmstadt,
Germany) were used to determine the circulating levels of
human and murine cytokines, respectively, in sera from
cachectic mice. Serum albumin levels were detected by a
Fuji Dri-chem Nx500 (Fujifilm Co., Tokyo, Japan) according
to the manufacturer’s instructions. Serum CRP was
measured by an ELISA Kit (# ab157712, Abcam, Cambridge,
MA, USA) according to the manufacturer’s instructions.

Quantitative real-time polymerase chain reaction

Total RNA was isolated from gastrocnemius muscle using
TRIzol reagent. Quantitative real-time polymerase chain reac-
tion was performed as described previously.16 The primers
used are listed in Supporting Information, Table S1.

Western blotting

Western blotting was performed as described previously.17

Commercially available antibodies targeting the following
proteins were purchased: IL6 (#GTX110527) and GAPDH
(#GTX627408) from GeneTex (Irvine, CA, USA), STAT3
(#4904) and phospho-STAT3-Y705 (#9131) from Cell Signalling,
p38 (bs-0637R) from Bioss (Woburn, MA, USA), phospho-p38
MAPK (T180/Y182) (#3438-100) from BioVision (Milpitas, CA,
USA), and Atrogin-1 (#ab74023) from Abcam. The bound anti-
body was visualized by chemiluminescence using the UVP
BioSpectrum Imaging System (Analytic Jena US, Jena,
Germany). Band intensities were quantified by ImageJ soft-
ware (NIH) and were normalized to the GAPDH density for
each target.

Conditioned medium collection

ShIFIT2 cells were seeded into 10-cm dishes containing
DMEM with 10% FBS. After 16–18 h of incubation, the growth
medium was removed, and the cells were washed twice with
PBS. Fresh medium without FBS was added for 48 h, and the
medium was collected and centrifuged at 3000 rpm for 5 min.
Aliquots of the medium were stored at �80°C.
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Conditioned medium myotube atrophy model

The experiment was carried out as previously described19

with modifications. C2C12 cells were cultured and switched
to differentiation medium (DM) for 4 days. The DM for
C2C12 cells was high-glucose DMEM with 2% horse serum
(GE Healthcare, Chicago, Illinois, USA). After 4 days in differ-
entiation, cells were then treated with DM (as a control),
50% shIFIT2 conditioned medium (CM) in DM with or without
neutralizing IL6 Antibody (#MAB2061; R&D systems, Minne-
apolis, MN, USA) for 3 days. Control and experimental cells
were given fresh medium every 24 h. Myotubes were washed
with PBS and fixed with ice-cold 100% methanol. Fixed cells
were permeabilized with 0.3% Triton X-100, blocked in 2%
BSA-PBS for 1 h at room temperature and immuostained with
Alexa Fluor 488-conjugated Myosin 4 Monoclonal Antibody
overnight at 4°C (#53-6503-82; 1:500; Thermo Fisher
Scientific). Myotubes were photographed by a DS-Qi2 camera
with NIS-Elements Software (Nikon, Tokyo, Japan). Average
myotube diameter per well was measured in a total of 50
myotubes from at least 5 random fields using ImageJ soft-
ware (NIH). Three independent wells were used to calculate
mean values for control and treated myotubes.

Statistical analysis

Data are presented as the mean ± standard error of the
mean. SigmaPlot Version 13.0 (Systat Software, San Jose,
CA) was used to create the figures. Multiple comparisons
were analysed by one-way analysis of variance followed by
Tukey’s multiple comparison post hoc analysis. In cases
where there was unequal variance or an unequal n among
the three groups, a non-parametric post hoc test (Dunn’s)
was used. Survival analysis was performed using the
Kaplan–Meier log-rank test. A P value less than 0.05 was
considered to indicate significance.

Results

The i.v.-shIFIT2 tumours caused significant body
weight loss

To ascertain the effect of IFIT2 depletion on OSCC cachexia,
mice were randomized into four treatment groups
(Figure 1A). The s.c.-shIFIT2 and i.v.-shIFIT2 groups were com-
pared to clarify whether cancer cachexia induced by IFIT2 de-
pletion is associated with metastasis, whereas the i.v.-shCTRL
and i.v.-shIFIT2 were compared to determine whether cancer
cachexia is associated with IFIT2 depletion.

After an initial lag phase, i.v.-shIFIT2 tumour-bearing
mice had significantly lower body weights than mice in the
other groups, including the healthy control, s.c.-shIFIT2 and

i.v.-shCTRL groups (Figure 1B). There were no significant
differences in the body weight curves in the healthy control,
s.c.-shIFIT2 and i.v.-shCTRL groups. Consistent with the
difference in the body weight curve, the final body weight
and tumour-free body weight were significantly lower in the
i.v.-shIFIT2 group than in the healthy control group
(Figure 1C). Compared with healthy control mice, i.v.-shIFIT2
tumour-bearing mice showed a significant reduction in
weight gain (Figure 1D). By comparison with the IBW, the
weight of control mice increased by 2.85 g, the weight of s.
c.-shIFIT2 and i.v.-shCTRL mice slightly decreased (by 0.11
and 0.01 g, respectively), and the weight of i.v.-shIFIT2 mice
had decreased by 6.43 g at the time of euthanization. No
ascites was observed in s.c.-shIFIT2, i.v.-shCTRL and i.v.-shIFIT2
groups (Figure S1), indicating that weight change of
tumour-bearing mice was not due to ascites. There were no
significant differences in survival among the control, i.v.-
shCTRL and s.c.-shIFIT2 groups. However, the survival of the
i.v.-shIFIT2 group was significantly decreased (Figure 1E).

i.v.-shIFIT2 tumours cause significant muscle
weight loss

To verify that body weight loss was associated with muscle
and organ loss, several skeletal muscles were collected and
weighed. Except for the quadriceps, none of the muscles
showed a significant difference in weight between the con-
trol and s.c.-shIFIT2 mice (Figure 2A). Similarly, there was no
significant difference in muscle weight between the healthy
control and i.v.-shCTRL mice. However, the quadriceps,
gastrocnemius and tibialis anterior weights were significantly
reduced in i.v.-shIFIT2 mice compared with healthy control
mice (Figure 2A). Except for those in the s.c.-shIFIT2 group,
tumour-bearing mice showed no significant difference in liver
weight compared with healthy control mice (Figure 2B). No
significant differences in spleen weight were observed among
these four groups (Figure 2C). Histological examination re-
vealed no metastasis or obvious pathogenic alterations in
the livers and spleens of these four groups.

To assess the association of tumour burden and weight
loss in the shIFIT2 cachexia model, subcutaneous tumours
from s.c.-shIFIT2 mice and metastatic tumours formed
outside the lung from i.v.-shCTRL and i.v.-shIFIT2 mice were
collected and weighed. No metastatic tumours were found
in s.c.-shIFIT2 mice. Consistent with the results of a previous
study,14 i.v.-shCTRL tumour nodules were predominantly
localized in the lungs, whereas i.v.-shIFIT2 tumours were
present in the lungs as well as the thoracic, peritoneal and
retroperitoneal cavities (Table 1). The mean subcutaneous tu-
mour weight was 1.3 g in s.c.-shIFIT2 mice, whereas the mean
metastatic tumour weights were 0.1 and 0.67 g in i.v.-shCTRL
and i.v.-shIFIT2 mice, respectively (Figure 2D). Furthermore,
we measured the lung weight of mice in the four groups
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Figure 1 The i.v.-shIFIT2 tumours caused significant body weight loss and a poor survival rate. (A) Schematic representation of the experimental de-
sign. (B) Body weight curve over the entire experimental period. (C) Initial body weight (IBW), final body weight (FBW) and final tumour-free body
weight (TBW) of these four groups. (D) Body weight change and (E) survival of mice in these four groups, including the healthy control (n = 9), s.c.-
shIFIT2 (n = 9), i.v.-shCTRL (n = 9), and i.v.-shIFIT2 (n = 20) groups. Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01 and
***P < 0.001 compared with the control group.
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Figure 2 The i.v.-shIFIT2 tumours caused significant muscle weight loss in mice. (A) Quadriceps, gastrocnemius and tibialis weights. (B) Liver, (C) spleen,
(D) tumour and (E) lung weights and representative photomicrograph of haematoxylin and eosin-stained sections at the time of euthanization of con-
trol (n = 9), s.c.-shIFIT2 (n = 9), i.v.-shCTRL (n = 9) and i.v.-shIFIT2 (n = 20) mice. Muscle, liver and spleen weights were normalized to the IBW, and the
results are reported as weight/100 mg IBW. Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the
control group. IBW, initial body weight.
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and found that lung weight was significantly increased in i.v.-
shCTRL mice compared with healthy control mice (Figure 2E).
Interestingly, the tumour burden was higher in s.c.-shIFIT2
mice than in i.v.-shIFIT2 mice. These results indicate that tu-
mour burden may not be the critical factor determining body
weight loss in cachectic shIFIT2 mice.

Identification of tumour-derived and host-derived
cytokines in the shIFIT2 cachexia model

Animal cachexia score is a scoring system to classify the degree
of cachexia in experimental animals.20 Among the five compo-
nents of Animal cachexia score, weight loss and the inflamma-
tory response are the main components of the cachectic
response. Inflammatory cytokine profiling was performed.
Tumour-derived cytokine levels in control, s.c.-shIFIT2, i.v.-
shCTRL and i.v.-shIFIT2 mice are shown in Table 2. With the ex-
ception of FGF-2, fractalkine, IL27 and PDGF-AB/BB, the other
cytokines in the 48-factor panel were either not detected or at
low levels in healthy control mice, suggesting little crosstalk
between human and mouse cytokines. There were no signifi-
cant differences in these tumour-derived cytokines between
i.v.-shCTRL and healthy control mice. The levels of IL8, inter-
feron-γ-induced protein 10 (IP10), and CCL2 were significantly
increased in s.c.-shIFIT2 mice compared with healthy control
mice. Granulocyte-macrophage colony-stimulating factor
(GM-CSF), growth-related oncogene alpha protein (GROα),
IL6, IL8, IL18, IP10, CCL2, CCL22 and TNFα levels were signifi-
cantly higher in i.v.-shIFIT2 mice than in healthy control mice,
showing that these tumour-derived cytokines are critical in
the shIFIT2 cachexia model (Figure 3A).

In addition, we profiled the levels of 32 circulating murine
cytokines in control, s.c.-shIFIT2, i.v.-shCTRL and i.v.-shIFIT2
mice (Table 3). No significant differences in host-derived
cytokine levels were observed among s.c.-shIFIT2, i.v.-shCTRL
and healthy control mice. Granulocyte colony-stimulating
factor (G-CSF) and IL6 levels were significantly elevated in
i.v.-shIFIT2 mice compared with healthy control mice
(Figure 3B), indicating that IL6 is a critical factor potentially
derived from tumours and hosts in the shIFIT2 cachexia
model. The level of serum CRP, an inflammation indicator,20

was significantly increased in i.v.-shIFIT2 mice (Figure 3C).
Moreover, the level of serum albumin, an indicator of meta-
bolic disturbance,20 was significantly decreased in i.v.-shIFIT2
mice compared with healthy control mice (Figure 3D).

We found no significant difference in weight loss or the in-
flammatory response between i.v.-shCTRL and healthy control
mice, suggesting that the i.v.-shCTRL group was noncachectic.
Similar to i.v.-shCTRLmice, s.c.-shIFIT2mice were not cachectic
but had a significantly lower quadriceps muscle weight and
significantly higher levels of the tumour-derived cytokines
IL8, IP10 and CCL2 than healthy control mice. The i.v.-shIFIT2
mice exhibited severe cachexia symptoms, including lowerTa
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body and muscle weights, higher levels of tumour-derived and
host-derived cytokines, such as IL6, and a worse survival rate
than healthy control mice. Accordingly, we suggest that
IFIT2-depletedmetastatic tumour-induced cachexia is strongly
associated with inflammation.

The i.v.-shIFIT2 mice exhibited a loss of body
composition and decreased food intake

To understand the effects of shIFIT2 tumours on body com-
position, control, s.c.-shIFIT2 and i.v.-shIFIT2 mice were

assessed. The amount of total fat was significantly reduced
in i.v.-shIFIT2 mice compared with healthy control mice
(Figure 4A), and the amount of lean tissue was significantly
reduced in i.v.-shIFIT2 mice compared with healthy control
and s.c.-shIFIT2 mice (Figure 4B). The role of anorexia and re-
duced food intake varies among animal models of cachexia.21

Therefore, the effects of shIFIT2 tumours on food and water
intake were further examined. The 24-h average dry food in-
take of i.v.-shIFIT2 mice was significantly reduced compared
with that of healthy control mice (Figure 4C). In addition,
the 24-h average water intake of i.v.-shIFIT2 mice was signif-
icantly reduced compared with that of s.c.-shIFIT2 mice

Table 2 Human cytokine concentrations in sera of control, s.c.-shIFIT2, i.v.-shCTRL and i.v.-shIFIT2 hosts

Cytokine
(pg/mL)

Control (n = 4) s.c.-shIFIT2 (n = 6) i.v.-shCTRL (n = 7) i.v.-shIFIT2 (n = 7)
Mean (SEM) Mean (SEM) Mean (SEM) Mean (SEM)

sCD40L n.d. (<0.13) 37.56 (9.67) 52.95 (19.46) 40.50 (5.5)
EGF 7.50 (1.32) 6.76 (0.88) 5.59 (1.24) 4.52 (0.54)
Eotaxin n.d. (<2.04) 4.74 (0.6) 7.24 (0.89) 9.26 (2.82)
FGF-2 227.73 (196.16) 18.06 (2.11) 161.57 (89.36) 386.34 (254.61)
FLT-3L 5.19 (0.58) 4.82 (0.29) 6.48 (0.94) 3.30 (0.46)
Fractalkine 50.71 (13.67) 56.12 (6.39) 127.03 (27.95) 83.87 (11.43)
G-CSF n.d. (<2.52) n.d. (<2.52) n.d. (<2.52) n.d. (<2.52)
GM-CSF n.d. (<0.16) n.d. (<0.16) n.d. (<0.16) 123.55 (70.95)
GROα n.d. (<0.11) 28.56 (9.53) 2.98 (0.45) 141.21 (92.14)
IFNα2 n.d. (<2.11) 3.61 (0.71) 6.58 (1.3) 8.15 (1.67)
IFNr n.d. (<0.77) n.d. (<0.77) n.d. (<0.77) n.d. (<0.77)
IL1α n.d. (<0.2) 0.60 (0.2) n.d. (<0.2) 11.73 (8.6)
IL1β n.d. (<0.87) n.d. (<0.87) 9.44 (2.26) n.d. (<0.87)
IL1RA n.d. (<0.23) 0.62 (0.21) 1.99 (0.31) 2.08 (0.74)
IL2 n.d. (<0.67) n.d. (<0.67) n.d. (<0.67) n.d. (<0.67)
IL3 n.d. (<2.75) n.d. (<2.75) n.d. (<2.75) n.d. (<2.75)
IL4 n.d. (<0.52) n.d. (<0.52) n.d. (<0.52) n.d. (<0.52)
IL5 n.d. (<0.01) 0.15 (0.06) 0.31 (0.08) 0.40 (0.07)
IL6 n.d. (<0.79) 7.97 (4.31) 1.63 (0.37) 194.19 (96.98)
IL7 n.d. (<1.3) n.d. (<1.3) n.d. (<1.3) n.d. (<1.3)
IL8 n.d. (<0.72) 107.73 (32.91) 27.08 (5.42) 444.17 (193.16)
IL9 n.d. (<0.02) n.d. (<0.02) 1.43 (0.52) n.d. (<0.02)
IL10 n.d. (<0.29) 0.96 (0.26) 1.64 (0.37) 0.86 (0.16)
IL12 (p40) 2.41 (0.81) 2.79 (0.31) 4.17 (1.02) 77.82 (72.93)
IL12 (p70) n.d. (<0.33) n.d. (<0.33) 3.82 (0.92) 1.06 (0.33)
IL13 9.05 (4.33) 4.29 (1.37) 18.51 (4.72) 9.12 (2.35)
IL15 n.d. (<0.07) 0.58 (0.24) 0.98 (0.34) 4.75 (1.33)
IL17A n.d. (<0.93) n.d. (<0.93) 3.14 (0.76) n.d. (<0.93)
IL17E/IL-25 9.16 (2.92) 8.95 (2.50) 10.45 (3.22) 11.59 (2.99)
IL17F n.d. (<0.86) n.d. (<0.86) 2.74 (0.75) n.d. (<0.86)
IL18 n.d. (<0.67) 7.33 (0.60) 8.68 (2.14) 16.08 (7.07)
IL22 n.d. (<10.32) n.d. (<10.32) n.d. (<10.32) n.d. (<10.32)
IL27 36.13 (17.01) 29.26 (12.33) 68.64 (15.87) 6.22 (1.61)
IP10 2.63 (0.51) 21.66 (3.94) 6.54 (0.69) 49.38 (15.52)
CCL2 1.57 (0.61) 249.76 (62.8) 8.37 (1.75) 689.54 (162.19)
MCP-3 2.53 (0.24) n.d. (<1.98) 7.47 (1.81) n.d. (<1.98)
M-CSF n.d. (<0.58) 1.12 (0.26) 3.32 (0.83) 7.30 (4.67)
CCL22 n.d. (<0.56) 2.19 (0.7) n.d. (<0.56) 5.11 (1.38)
MIG n.d. (<1.27) n.d. (<1.27) 8.51 (2.14) 4.80 (1.19)
MIP1α n.d. (<8.09) n.d. (<8.09) n.d. (<8.09) n.d. (<8.09)
MIP1β n.d. (<0.67) 1.46 (0.15) 1.95 (0.31) 1.33 (0.13)
PDGF-AA 5.49 (2.79) 9.14 (0.71) 18.41 (4.92) 6.19 (1.54)
PDGF-AB/BB 552.33 (60.8) 511.07 (23.82) 605.10 (72.61) 373.81 (55.3)
RANTES 1.71 (0.15) 1.39 (0.09) 1.36 (0.26) 1.28 (0.38)
TGFα n.d. (<1.31) n.d. (<1.31) n.d. (<1.31) n.d. (<1.31)
TNFα n.d. (<0.06) 3.03 (0.48) 2.13 (0.61) 11.81 (3.96)
TNFβ n.d. (<1.4) n.d. (<1.4) n.d. (<1.4) n.d. (<1.4)
VEGFα 12.21 (5.06) 4.14 (0.94) 3.22 (0.84) n.d. (<0.47)

n.d., not detected; SEM, standard error of the mean.
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Figure 3 Elevated inflammatory response in cachectic i.v.-shIFIT2 mice. (A) Human and (B) murine cytokine levels in sera from control (n = 4), s.c.-
shIFIT2 (n = 6), i.v.-shCTRL (n = 7) and i.v.-shIFIT2 mice (n = 7). (C) Serum CRP and (D) serum albumin levels in control, s.c.-shIFIT2, i.v.-shCTRL and i.
v.-shIFIT2 mice. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control group. #P < 0.05 compared with the s.c.-shIFIT2 group.
†
P < 0.05, and

††
P < 0.01 compared with the i.v.-shCTRL group.
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(Figure 4D). These results indicate that body weight loss in ca-
chectic i.v.-shIFIT2 mice may be associated with anorexia.
Moreover, we found that lean body mass may be a significant
predictor of cachexia in the shIFIT2 cachexia model.

IL6/p38 signalling is associated with muscle
atrophy in the shIFIT2 cachexia model

To address whether the muscle weight loss of cachectic
shIFIT2 mice was due to muscle atrophy, the gastrocnemius
muscle fibre CSA was examined, and we found significant
myofibre atrophy in i.v.-shIFIT2 mice, with a 23.3% decrease
in the mean gastrocnemius muscle fibre CSA (Figure 5A).
Myogenic dysregulation may promote cancer-induced muscle
wasting5; thus, we assessed the expression of myogenic
markers, such as MyoG, that are induced by MyoD. We ob-
served that MyoG and MyoD expression did not significantly
change in muscle from cachectic i.v.-shIFIT2 mice (Figure 5B),
indicating that myogenic dysfunction may not be involved in
muscle wasting in the shIFIT2 cachexia model. Simulta-
neously, the gastrocnemius mRNA expression levels of E3
ubiquitin ligases MuRF-1 and atrogin-1 were significantly

increased in i.v.-shIFIT2 mice compared with healthy control
mice (Figure 5B), indicating that ubiquitin proteasome system
is critically necessary for muscle wasting in the shIFIT2
cachexia model.

IL6 has emerged as a critical factor related to muscle
wasting in cachexia mice. Thus, to link IL6 to muscle wasting,
we examined IL6 expression in the fast glycolytic fibres of
gastrocnemius muscles, which are sensitive to cachectic
stimuli.20 IL6 protein levels in the gastrocnemius muscle were
increased in shIFIT2 mice, especially in i.v.-shIFIT2 mice, as
determined by immunohistochemistry and western blotting
(Figure 5C and D). Moreover, the protein levels of
phospho-p38 and atrogin-1 in the gastrocnemius muscle
were significantly increased in i.v.-shIFIT2 mice compared
with healthy control and s.c.-shIFIT2 mice (Figure 5D). Consis-
tently, we found that shIFIT2 CM-treated differentiated
C2C12 myotubes had significantly smaller diameters com-
pared with those treated with control, whereas treatment
with anti-IL6 antibody (0.2 μg/mL) rescued shIFIT2
CM-induced myotube atrophy (Figure 5E and F). These results
indicate that IL6 signalling may play an important role in me-
diating the skeletal muscle atrophy in the shIFIT2 cachexia
model.

Table 3 Murine cytokine concentrations in sera of control, s.c.-shIFIT2, i.v.-shCTRL and i.v.-shIFIT2 hosts

Cytokine
(pg/mL)

Control (n = 4) s.c.-shIFIT2 (n = 6) i.v.-shCTRL (n = 7) i.v.-shIFIT2 (n = 7)
Mean (SEM) Mean (SEM) Mean (SEM) Mean (SEM)

G-CSF 109.82 (17.82) 1930.21 (604.5) 1003.83 (517.89) 6743.28 (2527.3)
Eotaxin 1200.95 (102.13) 1445.83 (56.64) 1238.71 (167.78) 1308.95 (152.79)
GM-CSF n.d. (<17.8) 52.44 (3.84) 60.70 (4.11) 17.79 (3.39)
IFNr n.d. (<6.18) 14.88 (1.13) 17.10 (0.76) n.d. (<6.18)
IL1α 1201.13 (300.51) 272.88 (27.54) 238.08 (18.5) 911.66 (176.06)
IL1β 4.1 (0.55) 8.60 (1.88) 9.04 (0.74) 4.76 (0.39)
IL2 n.d. (<3.6) 11.22 (2.7) 9.08 (1.77) 7.94 (2.01)
IL4 n.d. (<5.88) 14.73 (2.07) 7.5 (1.35) n.d. (<5.88)
IL3 n.d. (<3.26) 3.07 (0.52) 2.97 (0.55) n.d. (<3.26)
IL5 n.d. (<6.6) 12.74 (1.26) 13.49 (1.06) n.d. (<6.6)
IL6 7.69(1.04) 135.10 (46.49) 311.87 (142.26) 852.35 (368.56)
IL7 n.d. (<5.54) n.d. (<5.61) n.d. (<5.61) n.d. (<5.54)
IL9 156.74 (41.57) 508.29 (109.52) 684.27 (111.44) 254.52 (39.99)
IL10 n.d. (<6.64) 14.17 (1.94) 14.06 (0.6) 18.51 (4.1)
IL12 (p40) 7.08 (0.52) 6.98 (1.16) 8.97 (2.02) 7.89 (0.75)
IL12 (p70) n.d. (<7.96) 67.06 (6.02) 58.36 (3.17) 14.41 (2.93)
LIF n.d. (<5.92) n.d. (<6.01) 70 (18.01) 13.82 (1.97)
IL13 34.30 (2.29) 176.58 (4.61) 179.70 (6.9) 50.15 (2.6)
LIX n.d. (>20134) 4586 (420.32) 4129.57 (393.73) 17147.5 (3470.28)
IL15 n.d. (<52.92) 58.29 (5.55) 59.44 (7.06) n.d. (<52.92)
IL17 11.35 (0.57) 9.90 (0.74) 10.60 (1.72) 12.59 (2.75)
IP10 308.35 (34.55) 527.50 (22.66) 668.76 (36.21) 308.29 (28.19)
GROα 194.27 (49.18) 451.31 (28.77) 426.66 (23.25) 122.27 (29.98)
CCL2 58.34 (10.39) 179.01 (24.35) 156.32 (18.16) 155.60 (27.71)
MIP1α 39.87 (6.38) 104.24 (4.57) 105.09 (3.66) 57.66 (5.39)
MIP1β 63.79 (7.67) 112.03 (2.85) 122.16 (4.31) 53.40 (8.01)
M-CSF 8.85 (0.73) 29.23 (2.11) 31.15 (1.4) 10.19 (0.77)
MIP-2 273.02 (19.1) 164.0 (6.75) 197.31 (18.73) 210.51 (12.64)
MIG 95.34 (13.71) 196.69 (13.71) 160.75 (26.18) 80.82 (12.07)
RANTES 79.78 (10.13) 68.30 (3.18) 84.29 (11.12) 36.89 (4.92)
VEGF n.d. (<4.02) 8.89 (0.44) 10.19 (1.23) n.d. (<4.12)
TNFα 11.73 (0.68) 15.35 (0.87) 18.00 (0.84) 15.04 (1.08)

n.d., not detected; SEM, standard error of the mean.
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Discussion

Many clinical conditions, such as food intake, chronic disease
and treatment, can interfere with the classification of cancer
cachexia and the identification of related inflammatory cyto-
kines. Therefore, cancer cachexia is mainly studied in animal
models, such as C26 and Mac16 mouse models.22,23 However,
the existing cachexia animal models have several limitations.
In humans, the tumour burden is often <1% when there is
profound cachexia.5 However, in many cachexia animal
models, tumours reach >10% of body mass, acting as a
‘nitrogen trap’.24 On the other hand, these cachexia animal
models are allografts; it is difficult to clarify tumour-derived
factors from the host response. In the present study, the
smaller tumour size in i.v.-shIFIT2 mice (mean 0.67 g,
approximately 1.9% of IBW) compared with s.c.-shIFIT2 mice
(mean 1.3 g, approximately 3.8% of IBW) could underlie
the cachectic phenotype, indicating that tumour burden is
an independent factor in shIFIT2 depletion-induced cachexia.
In addition, the shIFIT2 cachexia model is a xenograft mouse
model; therefore, it is easier to differentiate tumour-derived
and host-derived factors involved in cachexia pathogenesis.
Thus, the shIFIT2 cachexia model may better mimic clinical
cachexia and be a useful animal model for exploring the
mechanisms of metastasis-related cachexia.

No significant changes in spleen and liver weight were ob-
served in the cachectic i.v.-shIFIT2 mice. However, s.c.-shIFIT2

mice had higher spleen and liver weights than did healthy
control mice. Histological examination revealed no metastasis
or obvious pathogenic alterations in the livers and spleens of
these four groups, suggesting that the higher liver and spleen
weights in the s.c.-shIFIT2 group were not due to metastasis
or pathogenic alterations. Splenomegaly commonly occurs
in tumour cell transplantable models, including in C26
model.23 Spleen weight has been identified to be positively
correlated with tumour weight.25 Of these four groups, mice
in the s.c.-shIFIT2 group had the highest tumour weight;
therefore, we suggest that the higher spleen weight in
s.c.-shIFIT2 mice may be associated with the higher tumour
weight, which may be positively correlated with the percent-
age of tumour-promoting immune cells, such as
myeloid-derived suppressor cells (MDSCs).25

The liver plays a pivotal role in systemic inflammation,
acute phase protein synthesis and gluconeogenesis, which
have been documented in advanced cancer.26 Compared with
healthy control mice, s.c.-shCTRL mice showed no significant
difference in serum CRP and albumin levels, indicating that
systemic inflammation is not the major cause of liver weight
gain. One mechanism that potentially contributed to the liver
weight gain in s.c.-shIFIT2 mice is energy imbalance. The
presence of a tumour may induce aberrant resting energy
expenditure, in part due to futile substrate cycles, and
thereby alter liver weight.27 The energetic demands of a tu-
mour, therefore, have the potential to substantially impact
energy expenditure in tumour-bearing mice. Additional anal-

Figure 4 The i.v.-shIFIT2 tumours caused a significant loss of body composition and anorexia in mice. (A) Fat and (B) lean weights of control, s.c.-
shIFIT2 and i.v.-shIFIT2 mice. (C) Average 24-h food and (D) water intake by control, s.c.-shIFIT2 and i.v.-shIFIT2 mice. Data are presented as the
mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control group. ###P < 0.001 compared with the s.c.-shIFIT2 group.
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Figure 5 Muscle atrophy is associated with IL6/p38 signalling in the shIFIT2 cachexia model. (A) Representative photomicrograph of haematoxylin and
eosin-stained sections of gastrocnemius muscle and quantification of the cross-sectional area (CSA) from each group. Scale bar = 50 μm. (B) The mRNA
levels of MyoD, MyoG, ubiquitin, MuRF1 and atrogin-1 in gastrocnemius muscles from each group were examined by Q-PCR. Gene expression was
normalized to GAPDH levels. (C) Immunohistochemistry of IL6 expression in control, s.c.-shIFIT2 and i.v.-shIFIT2 mice (n = 3 per group). Scale
bar = 2 mm. (D) The protein levels of IL6, phospho-p38, p38, phospho-STAT3, STAT3 and atrogin-1 in gastrocnemius muscle in each group were de-
termined by western blotting (n = 3 per group). GAPDH served as a loading control. (E) Diameter and (F) representative images of fluorescent myo-
tubes from 72-h control, shIFIT2 conditioned medium (shIFIT2 CM) with or without IL6 Ab. Green indicates myosin 4 staining. Scale bar = 100 μm.
Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control group. #P < 0.05, ##P < 0.01 and
###

P < 0.001 compared with the s.c.-shIFIT2 or the shIFIT2 CM group.
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yses, such as those of hepatic triglycerides, inflammatory
gene expression, energy metabolism and resting energy ex-
penditure, will be needed to address the cause of increased
liver weight in the s.c.-shIFIT2 model.

The present study used an experimental metastasis animal
model that lacks a primary tumour to compare the i.v.-shIFIT2
and i.v.-shCTRL groups. It has been reported that the lungs
are the primary location of experimental metastasis in animal
models, as we found in the i.v.-shCTRL group. Interestingly,
we found that i.v.-shCTRL mice had multiple metastatic nod-
ules in the lungs but did not develop cachexia symptoms.
However, IFIT2-depleted cells effectively extravasated from
vascular and lymphatic vessels, thereby enhancing the meta-
static tropism of OSCC cells to multiple sites in mice.14 More-
over, we found that cachexia syndrome is not related to
specific metastasis sites (Table 1), indicating that cachexia in-
duced by IFIT2-depleted metastatic tumours is not induced
by the presence of metastasis at specific sites. These results
indicate that IFIT2 depletion may be a trigger during
metastasis-induced cachexia.

In the shIFIT2 cachexia model, several tumour-derived and
host-derived cytokines were identified, including GM-CSF,
GROα, IL6, IL8, IL18, IP10, CCL2, CCL22, TNFα and G-CSF.
The levels of TNFα, IL6, IL8, IP10 and CCL2 are elevated in ca-
chectic cancer patients.6,28,29 In addition, increased circulat-
ing CRP levels and decreased albumin levels, which serve as
cancer cachexia biomarkers,30 were observed in cachectic i.
v.-shIFIT2 mice. These results suggest the strong association
of inflammation and the cachexia phenotype in the shIFIT2
cachexia model. Leukaemia inhibitory factor (LIF), an IL6 fam-
ily cytokine, is a cachectic factor in various animal cachexia
models.19,31,32 LIF has been linked to cachexia-associated
muscle wasting, lipolysis, IL6 and G-CSF increase.19,32,33 In
the present study, we found that no significant difference in
host-derived LIF level between there four groups (Table 3).
However, we did not examine the tumour-derived LIF
level between there four groups. Whether tumour-derived
LIF is required for the production of IL6 and G-CSF, muscle
wasting, lipolysis in the shIFIT2 cachexia model will be further
studied.

IL6 is a key link between chronic inflammation and tumour
progression. IL6 is produced in the tumour by tumour-
infiltrating immune cells, stromal cells and the tumour cells
themselves.34 IL6 also induces the production of proinflam-
matory and angiogenesis-promoting factors, such as IL8,
CCL2, GM-CSF and VEGF, which act in an autocrine and/or
paracrine fashion on immune and non-immune cells within
the tumour microenvironment.35 A previous study detected
significantly higher level of IL6 in HNC patients than in
controls.36 IL6 has been found to play roles in EMT in HNC cell
lines thereby promoting regional and distant metastasis.37 In
the present study, we demonstrate that the IL6/p38/Atrogin-
1 axis may be associated with muscle atrophy in the cachectic
shIFIT2 mice. Future studies inhibiting IL6 signalling by means

of monoclonal Ab or genetic approaches will be needed to
explore the involvement of IL6 on inflammation, metastasis
and cachexia in the shIFIT2 cachexia model.

The limitation of this study is the lack of a thorough mech-
anism linking IFIT2 to cachexia. Our past studies demon-
strated that IFIT2 depletion through genetic silencing in
non-metastatic CAL27 cells results in metastasis linked to
EMT, TNFα overexpression and in vivo angiogenesis.14,16 Clin-
ically, OSCC patients expressing low levels of IFIT2 have a
poor prognosis than those expressing high levels13; the me-
dian postsurgery survival for stage IV patients with high IFIT2
expression was reported to be 66.5 months, whereas that for
patients with low IFIT2 expression was 13.6 months
(P < 0.01). A negative relationship between IFIT2 expression
and distant metastasis rate was observed in a clinical study.14

In the present study, we further demonstrate that inflamma-
tion may be the key cause of cachexia in i.v.-shIFIT2 mice.
IFIT2 may play a key role in regulating the inflammatory
tumour environment during metastasis, which leads to
cachexia. IFIT2 is a critical signalling intermediate for lipopoly-
saccharide (LPS)-induced inflammation, including the secre-
tion of TNFα and IL6.38 IFIT2 overexpression represses LPS
induced TNFα expression at posttranscriptional levels.39

However, the in vivo function of IFIT2 in the inflammatory
response during cancer metastasis and cachexia is still un-
known, indicating the need for more studies. In addition to
IFIT2 silencing in nonmetastatic OSCC cells, additional strate-
gies such as IFIT2 overexpression in metastatic OSCC cells,
such as UMSCC240 should be applied to clarify the involve-
ment of IFIT2 in metastasis and cachexia.

Cachexia could be considered a hallmark of metastatic
cancer because these two conditions are well correlated in
the clinic. However, few studies have used animal models to
define the involvement of metastasis in cachexia. Our model
will aid in identifying molecular mediators that could be ef-
fectively targeted to improve cachexia associated with
metastasis.
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