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Abstract

ORIG INAL ART ICLE

Background Cachexia is frequent, deadly, and untreatable for patients with pancreatic ductal adenocarcinoma
(PDAC). The reproductive hormone and cytokine Activin is a mediator of PDAC cachexia, and Activin receptor targeting
was clinically tested for cancer cachexia therapy. However, sex-specific manifestations and mechanisms are poorly un-
derstood, constraining development of effective treatments.
Methods Cachexia phenotypes, muscle gene/protein expression, and effects of the Activin blocker ACVR2B/Fc
were assessed in LSL-KrasG12D/+, LSL-Trp53R172H/+, and Pdx-1-Cre (KPC) mice with autochthonic PDAC. Effects of
PDAC and sex hormones were modelled by treating C2C12 myotubes with KPC-cell conditioned medium (CM)
and estradiol. Muscle gene expression by RNAseq and change in muscle from serial CT scans were measured in patients
with PDAC.
Results Despite equivalent tumour latency (median 17 weeks) and mortality (24.5 weeks), male KPC mice showed
earlier and more severe cachexia than females. In early PDAC, male gastrocnemius, quadriceps, and tibialis anterior
muscles were reduced (�21.7%, �18.9%, and �20.8%, respectively, all P < 0.001), with only gastrocnemius reduced
in females (�16%, P < 0.01). Sex differences disappeared in late PDAC. Plasma Activin A was similarly elevated be-
tween sexes throughout, while oestrogen and testosterone levels suggested a virilizing effect of PDAC in females. Estra-
diol partially protected myotubes from KPC-CM induced atrophy and promoted expression of the potential Activin in-
hibitor Fstl1. Early-stage female mice showed greater muscle expression of Activin inhibitors Fst, Fstl1, and Fstl3; this
sex difference disappeared by late-stage PDAC. ACVR2B/Fc initiated in early PDAC preserved muscle and fat only in
male KPC mice, with increases of 41.2%, 52.6%, 39.3%, and 348.8%, respectively, in gastrocnemius, quadriceps,
tibialis, and fat pad weights vs. vehicle controls, without effect on tumour. No protection was observed in females.
At protein and RNA levels, pro-atrophy pathways were induced more strongly in early-stage males, with sex differences
less evident in late-stage disease. As with mass, ACVR2B/Fc blunted atrophy-associated pathways only in males. In pa-
tients with resectable PDAC, muscle expression of Activin inhibitors FSTL1, FSLT3, and WFIKKN2/GASP2 were higher
in women than men. Overall, among 124 patients on first-line gemcitabine/nab-paclitaxel for PDAC, only men
displayed muscle loss (P < 0.001); average muscle wasting in men was greater (�6.63 ± 10.70% vs.
�1.62 ± 12.00% mean ± SD, P = 0.038) and more rapid (�0.0098 ± 0.0742%/day vs. �0.0466 ± 0.1066%/day,
P = 0.017) than in women.
Conclusions Pancreatic ductal adenocarcinoma cachexia displays sex-specific phenotypes in mice and humans, with
Activin a preferential driver of muscle wasting in males. Sex is a major modulator of cachexia mechanisms. Consider-
ation of sexual dimorphism is essential for discovery and development of effective treatments.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive
malignancy with the lowest 5 year survival rate relative to
all other solid tumour types that is projected to become the
second leading cause of US cancer-related deaths by 2030.1

The lethality is partly due to the high penetrance and severity
of cachexia. Indeed, mortality rates in pancreatic cancer pa-
tients with cachexia are up to 80% per year.2 Cancer cachexia
is well known to be a systemic inflammation-driven syndrome
characterized by super-induction of pro-inflammatory cyto-
kines, such as IL-1β, IL-6, and TNF-α leading to metabolic al-
terations, enhanced catabolism, and reduced anabolism.3,4

As such, patients with cancer cachexia suffer progressive loss
of body mass primarily due to muscle and adipose or fat
wasting, which severely impairs physical function and general
well-being.5 Furthermore, cancer patients with cachexia re-
spond to chemotherapy poorly and experience increased
treatment toxicity.6,7 Unfortunately, there is no widely ap-
proved, effective therapy for this syndrome, excepting
anamorelin in Japan.8

Activins A and B, as well as related family members Myo-
statin and GDF11, are pluripotent growth and differentiation
factors belonging to the TGF-β superfamily that play critical
modulatory roles in inflammation and immunity, including
stimulating the production and release of IL-1β, IL-6, and
TNF-α.9,10 While data for Myostatin and GDF11 are conflicting
or evolving, we and others have demonstrated that Activin is
a key cachexia mediator in PDAC. Activin A is overexpressed
in PDAC tumours and elevated in blood in humans and
orthotopic murine models of PDAC-cachexia, elevated plasma
Activin correlates with PDAC cachexia and mortality,11–17 and
exogenous Activin induces weight loss and muscle wasting in
mice.14,18 Activins signal by forming a ternary complex with
type I (ACVR1 and ACVR1B) and type II (ACVR2 and ACVR2B)
receptors where type II receptors, through their constitu-
tively active kinase activity, activate type I receptors
interacting with the intracellular signalling components of
the pathway.19,20 Activin A activity is opposed by
Inhibin-alpha heterodimerization, while Activin A homodimer
binding to its receptor is blocked by binding of endogenously
expressed inhibitors, including follistatin (FST), follistatin re-
lated protein-1 (FSTL1), follistatin like-3 (FSTL3),
GASP1/WFIKKN1, and GASP2/WFIKKN2.21 Activin blockade
by engineered soluble Activin receptor, ACVR2B/Fc, recombi-
nant Activin A pro-peptide, or Activin-receptor blocking anti-
body induces skeletal muscle hypertrophy and prevents or

slows cachexia in mice with cancer or other muscle wasting
conditions.22,23 The crucial role of Activin in PDAC cachexia
is further reinforced by our prior work,16 which demonstrates
that PDAC induces a systemic Activin response in mice. Fur-
ther, ACVR2B/Fc treatment reduces tumour growth, prevents
weight loss and muscle wasting, and prolongs survival in mice
with orthotopic PDAC tumours expressing low amounts of
Activin, but does not reduce mortality in tumours expressing
high amounts of Activin. Notably, Activin A might also modu-
late chemo-resistance or chemotherapy tolerance because
increased circulating Activin A associates with poor response
to platinum chemotherapy in cancer cachexia patients.24

Sex has been recognized to impact disease manifestation
and therapeutic effects in heart disease, cancer, and other
pathological conditions,25–27 yet few functional data are
available for sex effects in cachexia.28–30 Indeed, sexual di-
morphism in basic and translational research is still not being
routinely considered, with males being dominantly used in
many research fields29,31 including cancer cachexia. Because
of this bias, research funding agencies including the US Na-
tional Institutes of Health are recommending integrating
analysis of sex into preclinical research.32 Carson, Greene,
and others have documented sex differences in the ApcMin

and LLC models of cachexia,33,34 citing in part differences in
interleukin-6 effects.35 Here, we aimed to comprehensively
characterize cachexia phenotypes, molecular pathways, and
sex effects in the genetically engineered mouse model
(GEMM) LSL-KrasG12D/+, LSL-Trp53R172H/+, and Pdx-1-Cre
(KPC) mouse of pancreatic cancer,36 which is characterized
by high Activin expression.16 This model induces tumours
via pancreas-specific expression of mutant Kras and p53 al-
leles and recapitulates many of the clinical, histopathological,
and genomic features of human PDAC, including severe and
highly penetrant cachexia as shown here. Furthermore, we
evaluated the Activin pathway and sexual dimorphism in pa-
tients with pancreatic cancer. Our results add to a growing
body of literature demanding a closer look at contributions
of biological sex to cancer cachexia.

Materials and methods

Mouse studies

The GEMM KPC mouse model of PDAC is described.16,36

Briefly, the mutant Kras and p53 alleles are activated by
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Cre-recombinase expression in the pancreas, leading to
autochthonic PDAC. Tissues were collected at two stages:
Early—when tumour size was 5–7 mm and body condition
score reached 3–6 (where 0 is normal and 9 is consistent with
imminent death), and Late—when tumour size was >10 mm
and body condition score was ≥8. Body condition was scored
according to Indiana University School of Medicine Labora-
tory Animal Resources criteria as follows: body posture (0—
normal, 1—mildly hunched, 2—moderately hunched, and 3
—very hunched); activity level (0—normal, 1—slightly re-
duced, 2—moving slowly, and 3—moving reluctantly or not
at all); eye appearance (0—eye closed < 25%, 1—eye closed
25–50%, 2—eye closed 51–75%, and 3—eye closed
76–100%). The soluble Activin receptor ACVR2B/Fc was puri-
fied as described previously.16 Administration of ACVR2B/Fc
was initiated when mice met the criteria of early stage and
was administered every 5 days (15 mg/kg body weight i.p.)
with vehicle control mice receiving phosphate-buffered saline
on the same schedule. Endpoints in KPC mice were compared
with no-tumour genotype controls of age- and sex-matched
siblings, co-housed with KPC mice.

Patients

Studies involving human subjects were approved by the Insti-
tutional Review Board of Indiana University. Under IRB proto-
col 1312105608, rectus abdominus biopsies were taken at
the incision site at start of surgery for pancreatic cancer, then
flash frozen in liquid nitrogen for storage and processing. Un-
der IRB protocol 1509161309, we analysed all patients with
sufficient CT scans who were treated with first-line
gemcitabine/nab-paclitaxel for advanced/metastatic PDAC
at Indiana University from October 2009 to October 2017,
using Sliceomatic analysis averaging two L3 slices from CT
scans taken nearest the start of chemotherapy and at last fol-
low-up, similar to our published work.37

Estradiol effects on Activin inhibitor expression and
Myotube size

KPC32908 cell conditioned medium (CM) preparation, C2C12
cell culture, RT-qPCR, and myotube staining were done as
described16 with some modifications. The CM was collected
from the GEMM KPC-derived cancer cell line KPC32908 in
DMEM medium containing 10% foetal bovine serum and 1%
penicillin/streptomycin. The KPC32908 CM was diluted in dif-
ferentiation medium (DM) at a 3:7 ratio, and Estradiol (E2)
was added to the diluted KPC32908 CM at final concentra-
tions of 100 or 500 nM. The mixture of CM and E2 was added
to 4-day-old differentiated C2C12 myotube culture in 12-well
plates, and E2 only was replenished 24 and 48 h later. Total
RNA was isolated at 72 h, and endogenous Activin inhibitor

mRNA expression was quantified by real-time PCR.
Fold-change of mRNA was normalized to Inha in growth me-
dium control myotubes. C2C12 myotubes were fixed in 1:1
acetone/methanol at �20°C and blocked in 6% foetal bovine
serum in phosphate-buffered saline, followed by incubation
with myosin heavy chain primary antibody (MF 20, DSHB)
and staining with Alexa Fluor 488-conjugated secondary anti-
body (11029, Invitrogen). Shown are representative images
acquired at ×4 using a Lionheart LX imager. Myotube diame-
ters were measured on myotubes in the same localized tiles
from the tiled montages across all the four treatment condi-
tions, growth medium, CM, CM + E2 100 nM, and CM + E2
500 nM, to ensure no bias; a total of 425–496 myotubes for
each condition were measured.

Enzyme-linked immunosorbent assay

Estradiol and testosterone concentration in the plasma of
KPC and control mice were measured using 17 beta estradiol
enzyme-linked immunosorbent assay (ELISA) Kit (ab108667,
Abcam) and Testosterone ELISA Kit (TE187S-100, Calbiotech),
per the manufacturer’s protocol. Ratios were calculated for
absolute concentration of testosterone divided by estradiol
in each individual sample.

Western blotting analysis of muscle lysates

Lysates made from quadriceps skeletal muscles collected
from GEMM KPC mice and the sex-matched and
age-matched genotype control mice at early and late tumour
stages were subjected to western blotting. The primary anti-
bodies used were ubiquitin (3933) and phosphor-Stat3 (9145)
from Cell Signalling Technology, Danvers, MA, USA, and
GAPDH (ab9484) from Abcam, Cambridge, MA, USA. The sec-
ondary antibodies used were IRDye 800CW goat anti-rabbit
IgG (926-32211) and IRDye 680LT goat anti-mouse IgG2b-
specific (926-68052) from LICOR Biosciences, Lincoln, NE,
USA. Signal was detected using a LI-COR Odyssey system.

RNA sequencing and bioinformatics analysis

Mouse quadriceps skeletal muscles were snap frozen in liquid
nitrogen and stored at �80°C until use. Muscle tissues were
homogenized using the 0.9–2.0 stainless steel beads
(SSB14B-RNA) and the Bullet Blender (Next Advance) and to-
tal RNAs were extracted using the RNeasy Mini Kit (74104,
Qiagen). RNA sequencing (RNAseq) was performed using
the Illumina TruSeq Stranded mRNA standard methods. Total
RNA samples were first evaluated for their quantity, and qual-
ity using Agilent Bioanalyzer 2100. Five hundred nanograms
of total RNA was used for library preparation. Briefly, cDNA
library preparation included mRNA enrichment/purification,
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RNA fragmentation, cDNA synthesis, ligation of index adap-
tors, and amplification, following the TruSeq Stranded mRNA
Sample Preparation Guide, RS-122-9004DOC, Part# 15031047
Rev. E (Illumina, Inc.). Each resulting indexed library with av-
erage insert size of 150-200b was quantified and its quality
accessed by Qubit and Agilent Bioanalyzer, and multiple li-
braries pooled in equal molarity. Five microliters of 2 nM
pooled libraries per lane were then denatured, neutralized
and applied to the cBot for flow cell deposition and cluster
amplification, before loading to HiSeq 4000 for 75b
paired-end read sequencing (Illumina, Inc.). Approximately
30 M reads per library were generated. A Phred quality score
(Q score) was used to measure the quality of sequencing.
More than 90% of the sequencing reads reached Q30
(99.9% base call accuracy).

The reads were mapped to the mouse genome mm10
using STAR (v2.5). RNA-seq aligner with the following param-
eter: ‘--outSAMmapqUnique 60’. Uniquely mapped sequenc-
ing reads were assigned to GENCODE M15 genes using
featureCounts (v1.6.2) with the following parameters: ‘-s 2
–p –Q 10’. The data were filtered using count per million
(CPM) < 0.5 in more than four samples, normalized using
TMM (trimmed mean of M values) method and subjected
to differential expression analysis using edgeR (v3.20.8).
Paired design was used for comparisons by sex, tumour vs.
control, early or late stage, and ACVR2B/Fc or vehicle treat-
ment. The data have been deposited to NCBI’s Gene Expres-
sion Omnibus and are accessible through GEO Series acces-
sion number GSE157251 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE157251). Differentially expressed
genes (DEGs) defined based on P < 0.05 and linear fold
change |FC| > 2 are presented in Supporting Information,
Data S1 and S2. DEGs were used to enrich canonical path-
ways by the Ingenuity Pathway Analysis programme (http://
www.ingenuity.com). The online Venn diagram programme
(http://bioinformatics.psb.ugent.be/webtools/Venn/) was
used to draw the diagrams revealing the unique and overlap-
ping DEGs between sexes. The comparison analysis tool in In-
genuity Pathway Analysis was used to identify uniquely or
commonly altered pathways and regulators between males
and females.

For the study of patients, 31 males and 24 females with
pancreatic cancer (55 in total), RNA was isolated from rectus
abdominis muscle using Qiagen miRNeasy mini kit (Catalogue
#: 217004) for total RNA sequencing. cDNA libraries were
prepared using Clontech SMARTer RNA Pico Kit v2. Approxi-
mately 100 million reads per library was generated. The se-
quencing data was analysed using Partek® Flow® software
Version 9. The raw sequencing files were aligned to hg38
using STAR aligner. BAM files were mapped to GENCODE
v29 to generate the raw reads. The raw reads were normal-
ized using CPM. The CPM values generated for each tran-
script of genes involved in the Activin pathway were com-
pared between males and females.

Statistical analysis

Generally, two group comparisons of parametric data were
by unpaired two-tailed Student’s t-test. Multiple groups were
compared by analysis of variance followed by Tukey’s post
hoc test. Tests of sex effects and interactions were by
two-way analysis of variance. For non-parametric data
(testosterone levels), comparisons were by Kruskal–Wallis
test. In the patient study, tests of within-sex change from base-
line in muscle area or radiodensity was by one-sample t-test,
while comparisons between sexes were tested by unpaired
t-test. For all analyses, significance was set at P < 0.05.

Results

GEMM KPC mice of PDAC develop cachexia in a
sex-specific manner

The GEMM KPC mouse model of PDAC16,36 was used to as-
sess the impact of sex on cachexia symptom onset and pro-
gression. As shown in Figure 1A, male KPC mice ceased
gaining lean mass by 20 weeks and fat mass by 11 weeks
compared with sex-matched and age-matched no-tumour ge-
notype controls. In contrast, female KPC mice did not lose
lean mass; in fact, lean mass was slightly increased over time,
which was probably due to tumour mass and splenomegaly
(Figure 1). In females, fat mass was lost later (at ~20 weeks)
than in males. However, there was no sex difference in PDAC
tumour latency and survival; male and female KPC mice had
the same median latency to tumour palpation of 17 weeks
and the same median survival of 24.5 weeks (Figure 1B).

Organ weights at euthanasia showed sex differences. Most
of the organs in the male KPC mice were significantly wasted
at the early stage of tumour growth (Figure 1C, top panel).
For example, gastrocnemius, quadriceps, and tibialis anterior
muscle were reduced by 21.7% (P < 0.0001), 18.9%
(P < 0.0001), and 20.8% (P < 0.001), respectively, while car-
diac muscle, epididymal fat, and kidney were reduced by
16.5% (P < 0.05), 73.7% (P < 0.0001), and 17.4%
(P < 0.05), respectively. Pronounced hepatosplenomegaly
was evident with spleen enlarged by 497.7% (P < 0.01) and
liver by 44.4% (P < 0.05). In contrast, early female KPC mice
had much less organ wasting with only gastrocnemius re-
duced by 16.0% (P < 0.01) and fat by 59.0% (P < 0.05), less
severe splenomegaly (enlarged by 223.0%; P < 0.01), and no
hepatomegaly (second panel). At late stage, both males and
females experienced skeletal muscle and fat wasting with
similar severity, suggesting a later, rapid wasting progression
in females except for heart and kidney which were spared
in females throughout tumour progression. However, spleno-
megaly in males declined from early stage 497.7% (P < 0.01)
to late stage 96.8% (P < 0.05) and hepatomegaly from 44.4%
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Figure 1 GEMM KPC mice with PDAC develop cachexia in a sex-specific manner. (A) Male and female KPC and their age-matched, no-tumour genotype
control mice were monitored for body composition assessed by EchoMRI. Sample size: n = 12–34 per group. (B) Tumour initiation was determined by
palpation. For the survival analysis, mice were euthanized when tumour size was >10 mm and body condition score was ≥8. NS (C) Skeletal muscle,
heart, adipose and kidney wasting was detectable and greater in males in early-stage PDAC than in females. Organ wasting was similar in severity be-
tween sexes in late-stage PDAC except spleen; also, neither early nor late PDAC induces heart or kidney wasting in females. ‘Early’ indicates when tu-
mour size was 5–7 mm and/or body condition score reached 3–6 (where 0 is normal and 9 is consistent with imminent death), while ‘late’ indicates
when tumour size was >10 mm and body condition score was ≥8. Sample size: n = 5–12 as shown. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001. (D) Tumour weights were taken at euthanasia. NS (E) Plasma Activin A concentrations measured by ELISA method using the R&D
systems Quantikine human/mouse/rat Activin A kit (Cat# DAC00B). ***P < 0.001 by ANOVA with post-test.
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(P < 0.05) to normal (top panel vs. third panel), while in fe-
males, splenomegaly did not attenuate and hepatomegaly
was absent throughout (second vs. bottom). Terminal tu-
mours did not show significant differences in weights be-
tween sexes (Figure 1D); free water (ascites), determined by
EchoMRI, was significantly increased in both male and female
KPC mice at late stage (P < 0.01 & P < 0.001) (Figure S1).

Because Activin is known to mediate PDAC cancer ca-
chexia, we measured plasma Activin A concentration. Male
and female control mice had similar levels of Activin A, while
Activin A in male and female KPC mice was elevated by
14.1-fold and 11.0-fold, respectively, in early-stage and
54.4-fold and 47.7-fold, respectively, in late-stage cachexia
(Figure 1E). However, there were no sex differences, sug-
gesting that the sex differences in cachexia onset and sever-
ity was not due to differential presence of circulating Activin
protein.

Factors from KPC cells inhibit expression of
myocellular Activin inhibitors, which is partly
blocked by oestrogen

We then explored mechanisms behind why similarly elevated
plasma Activin between sexes failed to exert a cachectic ef-
fect in females with early-stage tumours. We hypothesized
that sex differences in PDAC cachexia could be due in part
to hormonal regulation of Activin inhibitors and interrogated
potential protective effects of estradiol. KPC CM treatment
reduced C2C12 myotube diameter (Figure 2CA–2), at least
partly due to catabolism as demonstrated by induction of
the muscle specific E3 ligase gene, Atrogin1 (not shown).
KPC CM also down-regulated the Activin-binding protein
genes Fst and Fstl1, with no effect on Inha, Fstl3, or Wfikkn2
(Figure 2D). Treatment with estradiol (E2) blunted loss of
myotube diameter (Figure 2B and 2C) and increased only ex-
pression of Fstl1 among the Activin inhibitors (Figure 2D), al-
though without restoring either to normal. These results sug-
gest a hormonally responsive mechanism of Fstl1 gene
expression and a potentially protective effect of oestrogen
in PDAC cachexia.

Sex specific changes in sex hormones and Activin
binding protein gene expression in muscle

In mice, plasma estradiol levels were similar among across
male groups and stages (Figure 2E). As expected, estradiol
was significantly higher in female control mice than in male
control mice. Oestrogen fell significantly from early control
levels in late KPC females, although this was not different
from late control; testosterone was also significantly elevated
only between early controls and late KPC females. Of all fe-
male groups, the testosterone : estradiol ratio was elevated

in late-stage female KPC mice vs. all female groups, including
same stage controls. These results suggest a virilizing effect of
PDAC exposure on female mice.

Consistent with sex-specific regulation of the Activin path-
way, muscle Fst, Fstl, and Fstl3 were all down-regulated in
early male KPC mice (Figure 2F). In contrast, only Fst was
down-regulated in early female KPC mouse muscle vs. early
controls (Figure 2F). Importantly, these three potential
Activin inhibitors were also all significantly lower in male
mice than in females in early stage PDAC. This relative advan-
tage in females was not sustained. Inha, Fst, and Fstl1 in fe-
male KPC mice were all down-regulated in late cachexia
(Figure 2G) when sex differences disappeared.

Activin blockade by ACVR2B/Fc preserved muscle
and fat in male KPC mice but not in females

Given this evidence for Activin imbalance between the sexes,
ACVR2B/Fc, an exogenous Activin blocker, was used to assess
the potential sex-specificity of its therapeutic potential. The
treatment schema and the doses administered are shown in
Figure 3A, left and right, respectively. There was no age dif-
ference between sexes at the onset of treatment, averaging
19.0 weeks (range 10–26 weeks) in males and 19.2 weeks
(range 11–32 weeks) in females (unpaired t-test,
P = 0.8462). Male and female KPC mice received an average
of 4.0 and 4.2 doses of ACVR2B/Fc, respectively. Although
there was greater variability in females than males, there
was no statistically significant difference (unpaired t-test,
P = 0.8100).

Intraperitoneal administration of ACVR2B/Fc reduced
body weight loss and lean and fat mass loss over time in
males (Figure 3B, top), but had no effect in females
(bottom). ACVR2B/Fc did not significantly affect survival or
tumour weight in either sex (Figure 3C). However,
ACVR2B/Fc-treated male KPC mice showed an increase of
41.2% in gastrocnemius (P < 0.001), 52.6% in quadriceps
(P < 0.001), 39.3% in tibialis (P < 0.01), and 348.8% in
fat (P < 0.01) at late stage compared with the vehicle con-
trols. Heart and kidney were not protected, and spleen and
liver were further enlarged by ACVR2B/Fc in males (Figure
3D, top). In contrast, ACVR2B/Fc did not preserve skeletal
muscle or fat mass in females or significantly affect kidney,
spleen, or liver weight (bottom). Thus, the protection of
skeletal muscle conferred by ACVR2B/Fc was confined to
males.

Molecular pathways are unfavourably altered in
the muscle of early male KPC mice but not females

Muscle wasting in cancer is mainly mediated by enhanced
protein catabolism through the ubiquitin-proteasome and
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Figure 2 Regulation of Activin pathway members and wasting by PDAC-produced factors and estradiol (E2). (A) Growth medium (GM) or KPC32908
pancreatic cancer cell-derived conditioned medium (CM) was added at 30% concentration in differentiation medium (DM), E2 at 100 or 500 nM final
concentration to 4-day-old differentiated C2C12 myotubes cultured in 12-well plates, at time 0 h. E2 was replenished at 24 and 48 h. RNA was isolated
and myotube diameter was measured at 72 h. (B) C2C12 myotubes were fixed in 1:1 acetone/methanol and blocked in 6% foetal bovine serum
phosphate-buffered saline, followed by incubation with the myosin heavy chain (MyHC) primary antibody and staining with the Alexa Fluor
488-conjugated secondary antibody. Shown are images acquired at ×4 using the Lionheart LX imager. (C) KPC CM induced atrophy, which was partly
blocked by E2. Average myotube diameters were measured from a total of 425–496 myotubes for each group. *P < 0.05, ***P < 0.001.
(D) Endogenous Activin inhibitor mRNA expression quantified in C2C12 cultures by real-time PCR showed Fstl1 was the most abundant among
the inhibitors, and was repressed by KPC CM and upregulated by E2. (E) Estradiol (left) and testosterone (middle) concentrations in the plasma of
mice were measured by the ELISA method. Testosterone over estradiol ratio was calculated (right). (F) Endogenous Activin inhibitor mRNA in
KPC GEMM muscle by real-time PCR showed sex-specific and stage-specific expression in muscle from male and female mice with early-stage and
(G) late-stage PDAC.
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Figure 3 Activin blockade by ACVR2B/Fc preserved muscle and fat in male KPC mice but not in females. (A) Treatment schema and number of doses.
Administration of ACVR2B/Fc (2B/Fc) was initiated when mice met early criteria and was administered every 5 days (15 mg/kg body weight i.p.) with
vehicle control mice receiving PBS on the same schedule. (B) ACVR2B/Fc prevented wasting with tumour progress in male KPC mice but not the female
counterpart. (C) ACVR2B/Fc did not significantly affect survival and tumour weight in either sex. (D) ACVR2B/Fc preserved skeletal muscle and fat mass
in males. Sample size: n = 6–11; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4 Molecular pathways were unfavourably altered in the muscle of early KPC male mice but fewer changes occurred in females. PDAC increased
(A) protein ubiquitination and (B) phosphorylation of the cytokine-activated transcription factor STAT3 with greater effect on males than females.
**P < 0.01. (C) Quadriceps muscles were subjected to total RNA sequencing, and the data are expressed as fold change of KPC vs. control or differ-
entially expressed genes (DEG). Cut-off for DEG identification: linear fold change |FC| > 2; P < 0.05. There are more dysregulated genes in male KPC
mice than female KPC mice at early stage with few overlapping DEGs. (D) PDAC increased the muscle-specific E3 ligase genes Fbxo32/Atrogin1 and
Trim63/MuRF1 in males but not in females. *P < 0.05. (E) Comparison of enriched pathways between male KPC vs. male no-tumour control or female
KPC vs. female no-tumour control. Each row represents a pathway with blue rectangle indicating inhibition and orange indicating activation deter-
mined by |Z| ≥ 2 and P < 0.05. Dots, |Z| < 2. The pathways were sorted based on the male KPC vs. control; the most inhibited pathway is on the
top and most activated one on the bottom in this group. All dysregulated pathways were inhibited in male KPC mice while fewer changes were seen
in females. (F) RNAseq showed greater overlap between male and female DEGs in late-stage PDAC cachexia.
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autophagy-lysosome pathways, although it is less clear
whether these processes occur equally in males and females
of PDAC. Here, we show that in early-stage cachexia, total
ubiquitinated proteins were higher in males than in females
(P < 0.01) (Figure 4A). Furthermore, the pro-atrophy tran-
scription factor STAT338 was phosphorylated (activated)
(P < 0.01) in male KPC mice while female KPC mice only
trended STAT3 activation (Figure 4B).

To understand the molecular basis more comprehensively
for the phenotypic sex differences, we compared the global
transcriptome in muscles from KPC mice and their
age-matched and sex-matched littermate genotype controls
by RNAseq. DEGs were defined as those with linear fold
change |FC| > 2 and P < 0.05 between KPC mice and the
controls. A total of 527 DEGs were identified in early male
KPC mice with 414 down-regulated and 113 up-regulated;
154 DEGs in early female KPC mice with 54 down-regulated
and 100 up-regulated. The overlapping DEGs between sexes
account for only 2.6% (Figure 4C) with the majority either
unique to male or female KPC mice. Overall, early PDAC in-
duced dysregulation of 3.4-fold more genes in males than in
females, likely laying the foundation for the earlier and more
severe cachexia manifestation. The muscle-specific E3 ligase
genes Fbxo32/Atrogin1 and Trim63/MuRF1 as well as ubiqui-
tin genes Ubb and Ubc in male early KPC mouse muscle were
upregulated by 1.5-fold to 2.9-fold; in contrast, all but Ubb in
female counterparts trended downward by 1.3-fold to 1.9-
fold (Figure 4D). Z-score of overlap was used to identify the
directionality (activation or inhibition) of implicated molecu-
lar pathways; |Z| ≥ 2 and P < 0.05 were defined as signifi-
cant. Many canonical pathways were altered in male KPC
mice vs. controls—all inhibited, while fewer were enriched
in females (Figure 4E).

ACVR2B/Fc prevents the PDAC-induced
dysregulation of many canonical pathways in
males but makes fewer changes in females

In late-stage cachexia, molecular changes were more similar
in magnitude, with 1836 DEGs (1117 down-regulated and
719 up-regulated) in males and 1467 DEGs (853
down-regulated and 614 up-regulated) in females, with
34.6% overlapping between sexes (Figure 4F). Males and fe-
males shared many dysregulated canonical pathways in late
stage (Figure 5, columns 1 & 2). ACVR2B/Fc treatment re-
versed many pathways in male KPC mice, such as the top five
activated ones and those related to IL-6, inflammation, can-
cer progression, gluconeogenesis, and glycolysis (Figure 5,
column 3 vs. 1). Far fewer pathways in females were reversed
by ACVR2B/Fc (Figure 5, column 4 vs. 2). Thus, females did
not respond to ACVR2B/Fc therapy either at the organ level
or the molecular level.

Sex differences in expression of Activin inhibitors in
muscle of patients with PDAC

To determine whether similar sex differences in the muscle
molecular response to PDAC might be evident in patients,
we quantified Activin inhibitor gene expression in muscle bi-
opsies from patients undergoing surgery with curative intent
for resectable PDAC. The endogenous inhibitors FSTL1, FSTL3,
and WFIKKN2/GASP2 of the Activin family ligands (Activin,
Myostatin, and GDF11) were more abundant in women with
PDAC than in men with PDAC (Figure 6A). No differences
were observed for expression of FST or WFIKKN1. Notably,
as in mouse muscle and C2C12 myotubes, FSTL1 was the
most abundant among the mRNAs, suggesting that FSTL1
could plays a key role in resisting cachexia effects of Activin
in women with PDAC.

Sex differences in muscle wasting in patients on
treatment for PDAC

To determine whether cachexia phenotypes might be differ-
ent between the sexes, we measured change in skeletal mus-
cle from serial CT scans of 124 patients treated with first-line
gemcitabine/nab-paclitaxel for locally advanced or metastatic
PDAC at our institution (Table 1). Our analysis demonstrates
men lost greater quantity and percentage of skeletal muscle
vs. women (Figure 6B) and at a higher rate (as defined as
change from first to last CT over days of treatment) (Figure
6C). This was true when defining change as skeletal muscle
area or percentage skeletal muscle area (Figure 6B and 6C),
or skeletal muscle index (muscle normalized to height) or per-
centage skeletal muscle index (not shown). This sex differ-
ence was observed in the complete cohort as well as within
the subset of patients with metastatic PDAC at diagnosis, al-
though not in the subset of those with locally advanced PDAC
at diagnosis (Figure 6D), potentially due to small sample size.
While some women lost muscle, others gained (mean
�1.62%) and average muscle change of �6.63% ± 10.70%
was significantly different from 0 only for men (P < 0.001,
one-sample t-test) (Table 1). Change in average muscle
radiodensity by Hounsfield units (Figure 6E) and survival from
diagnosis (Figure 6F) were not different between the sexes.
Thus, as in mice, patients with PDAC exhibit sexually dimor-
phic cachexia clinical phenotypes, with men losing more mus-
cle than women.

Discussion

Finding effective treatments for cancer cachexia requires un-
derstanding mechanisms. Here, we provide evidence for
sex-specific cachexia phenotypes and molecular drivers of
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muscle wasting, with specific implications for anti-Activin
therapies. Using the KPC genetic mouse model of PDAC, we
evaluated peripheral effects of tumour, the molecular alter-
ations driving phenotypes in muscle, and therapeutic effects
of blocking the Activin signalling pathway using ACVR2B/Fc.
We found that sex significantly impacts all these aspects. Spe-
cifically, male PDAC mice experience earlier cachexia;
ACVR2B/Fc treatment alleviates cachexia in males but not
in females; early alterations in metabolic pathways support
the early cachexia manifestation in males; and upregulation
of inhibitors of the Activin family ligand partly accounts for

the late cachexia-onset and lower response to ACVR2B/Fc
treatment in females. We interrogate these pathways using
available data in patients and further show that women ex-
press higher levels of Activin inhibitors in muscle than men
and that men under treatment for PDAC experience greater
and more rapid muscle loss than women. Thus, we conclude
that (1) cachexia is sexually dimorphic and should be treated
as such in pre-clinical and clinical studies; (2) anti-cachexia in-
terventions likely require sex-specific approaches; (3) early in-
tervention is important; (4) targeting the Activin pathway is a
rational therapeutic strategy in male PDAC-induced cachexia;

Figure 5 ACVR2B/Fc prevented the PDAC-induced dysregulation of many atrophy-associated pathways in males but caused fewer changes in females.
Comparison of enriched pathways: Column 1, male KPC vs. male controls; 2, female KPC vs. female controls; 3, male ACVR2B/Fc (2B) treated KPC vs.
vehicle treated KPC (V); 4, female ACVR2B/fc (2B) treated KPC vs. vehicle treated KPC (V). Cut-off for pathway enrichment analysis: |Z| ≥ 2 and
P< 0.05. Dots, |Z|< 2. The pathways were sorted based on the male KPC vs. control; the most activated pathway is on the top and the most inhibited
pathway is on the bottom in this group.
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and (5) enhancing the antagonizing mechanism, potentially
through hormone modulation, might be a promising
anti-cachexia approach in both sexes.

Based on our findings and the state of knowledge, we pro-
vide a summary and model of the mechanisms mediating sex

differences in cancer cachexia manifestations and ACVR2B/Fc
therapeutic effects (Figure 7). PDAC tumour in both males
and females releases Activin A into circulation. In males,
PDAC tumours also reduces muscle inhibitor expression,
de-repressing Activin action; the excess Activin A binds to

Figure 6 Sexual dimorphism in Activin inhibitor expression (A) and cachexia phenotype (B–F) in two cohorts of patients with PDAC. (A) Cohort 1 shows
sex differences in the endogenous inhibitors of the Activin family ligand in the muscles of PDAC patients. Muscle specimens obtained from patients
undergoing surgery for pancreatic cancer at Indiana University [n = 31 males (M); n = 24 females (F)] were subjected to RNAseq. FSTL1, FSTL3, and
WFIKKN2/GASP2 were more abundant in females. (B–F) Measurement of muscle area in Cohort 2, 124 patients with usable CT scans treated with
first-line gemcitabine/nab-paclitaxel at Indiana University, shows (B) greater loss of skeletal muscle area and percentage area and (C) greater rate
of skeletal muscle loss in men vs. women in the entire cohort. (D) The subset of patients with locally advanced disease at treatment onset showed
no difference; however, those with metastatic disease demonstrated sexually dimorphic muscle loss, which was greater in males. (E) Change in skeletal
muscle radiodensity was not different between the sexes, nor was survival (F).
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its ACVR2B receptor on the membrane of muscle fibre, acti-
vating signalling and early muscle wasting, with wasting later
becoming more severe due to tumour growth and increased
circulating Activin A. ACVR2B/Fc treatment would block this
tumour-activated Activin in early-stage disease in males. In
contrast, by this model females do not experience early
muscle wasting because of the higher level of several endog-
enous Activin inhibitors. With tumour progression, females
experience accelerated muscle wasting ultimately to reach
the same severity and mortality as males, potentially due to
reduced expression of multiple endogenous inhibitors in the
setting of tumour-induced Activin. This model suggests there
is a threshold of tolerance for cachexia factors in females,
which once crossed, results in rapid muscle loss and survival
endpoints similar to men.

The strengths of this study include the use of the genetic
model of PDAC and the use of both an early timepoint when
mice were relatively fit and tumour burden was smaller as
well as a later timepoint when mice showed morbidity and
greater tumour size, thus revealing differences that would
not have been evident at an endpoint analysis. Further, phe-
notypes were assessed against sex-matched, age-matched,
and in-cage genotype controls. Molecular analysis confirms
the earlier onset of muscle wasting pathways in males, de-
spite similar tumour burden in females. The study also com-
pares the murine data with relevant human data and
biospecimens. The patient data, collected on reasonably large
sample sizes of people with the same histological diagnosis
and treatment regimens, support a similar Activin-pathway
and phenotypic sexual dimorphism in humans as in mice with
PDAC.

The limitations of the study include the modest sample
sizes in the mouse studies, which constrains our power to de-
tect differences in endpoints such as hormone levels. As well,
the focus on Activin signalling and skeletal muscle as end-
points for cachexia is overly simplistic, given the known in-
volvement of other molecular drivers and non-muscle organs,
including liver, adipose, heart, and tumour. Moreover, we
functionally queried only one potential sexually dimorphic

feature, estradiol, and showed a somewhat modest effect,
on C2C12 cells, which are female. A more detailed analysis
would require modulating both oestrogen and testosterone
in male and female myotubes. Murine quadriceps and human
rectus abdominus muscles are different in fibre type compo-
sition, and thus the comparison between species is indirect.
Moreover, due to our institutional referral pattern and clinical
practices, we were unable to query body composition
changes, hormone levels, other markers of cachexia, and
muscle gene expression in a single cohort of patients. The
surgical patients we profiled for gene expression generally re-
ceive chemotherapy at distant sites and are thus lost to our
follow-up, while those on chemotherapy were seldom cap-
tured in our surgical biorepository due to late presentation
and/or timing. Thus, correlation of gene expression to skele-
tal muscle loss was not possible in the surgical cohort due to
lack of CT scans prior to diagnosis of pancreatic cancer; corre-
lation of muscle loss with muscle gene expression was not
possible in the retrospective analysis of patients with
advanced/metastatic disease on chemotherapy due to lack
of muscle biopsies. Nevertheless, these two human studies
support sexual dimorphism in the muscle Activin pathway
and sex differences in the clinical phenotype of pancreatic
cancer cachexia in patients.

Here we document differences in phenotype and offer a
plausible molecular pathway leading to sexual dimorphism
in PDAC cachexia—Activin released from the tumour and in
peripheral tissues by the host response16 contributes to acti-
vation of skeletal muscle wasting, which is initially countered
by greater expression of Activin inhibitors in skeletal muscle
in females. As in our mice, higher plasma Activin A levels
are reported for PDAC patients at later stage and with >5%
weight loss, a definition of cachexia, as well as in a mixed co-
hort of non-small cell lung cancer and PDAC although results
were not sex-stratified.11,12,17,39,40 Whether Activin acts di-
rectly on muscle and/or only on muscle to initiate wasting
is unclear, although mice with muscle-specific expression of
a dominant negative ACVR2B show reduced weight loss, sug-
gesting at least part of the effect could be direct.16 Why

Table 1 Characteristics of Cohort 2, patients on first-line gemcitabine/nab-paclitaxel

Female (n = 49) Male (n = 75) F vs. M (P)a

Age, years (SD) 62.6 (11.98) 62.4 (10.72) 0.9085
BMI, kg/m2 (SD) 24.8 (5.03) 26.9 (5.14) 0.0238
Disease response (%) NS
Stable 4 (8.2) 8 (10.5)
Partial 27 (55.1) 40 (52.6)
Progression 17 (34.5) 27 (36.8)

Disease extent (% metastatic) 32 (65.3) 63 (84.0) 0.0162
Days between first and last CT scan (range) 318 (39–1071) 313 (29–1010) 0.70
Mean change in muscle area, cm2 (SEM) �2.45 (11.83) �10.56*** (16.50) 0.0035
Mean change in muscle area, % (SEM) �1.62 (12.00) �6.63*** (10.70) 0.0166
Mean rate of change in muscle area, cm2/day (SEM) �0.014 (0.0758) �0.075*** (0.1830) 0.0299
Mean rate of change in muscle area, %/day (SEM) �0.0098 (0.0742) �0.0466*** (0.1066) 0.0377
aUnpaired t-test.
***P < 0.001, one sample t-test.
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Activin inhibitors are more highly expressed in females re-
mains to be determined, but our data in the C2C12 myotube
in vitro atrophy model show potential for hormonal regula-
tion of the Activin axis, which orchestrates male and female
fertility41 in addition to pancreatic cancer and cachexia. Of
course, the majority of patients in this study are likely to be
postmenopausal women and hypogonadal men, given the
age of onset of PDAC. Thus, differences between the sexes
in the Activin response to PDAC could be due to virilizing ef-
fects of PDAC, as opposed to loss of estradiol alone, or to sex
chromosome-specific mechanisms. Moreover, the

contributions of other sex-specific characteristics such as tu-
mour gene expression, body composition, muscle fibre com-
position, and sickness behaviour (appetite and activity) re-
main to be determined. Regardless, our results demonstrate
that sex is a major consideration for discovery work and de-
velopment of targeted therapeutics.

Overall, our study supports a growing body of work dem-
onstrating sex as a key consideration for studies of cancer ca-
chexia and for precision therapy for cancer cachexia and sug-
gests re-evaluation of the design and analysis of cachexia
clinical trials using anti-Activin therapies.42

Figure 7 Model for the sex-specificity of Activin in progression of PDAC cachexia. Based on our findings and the state of knowledge, we provide a
summary and model of the mechanisms mediating sex differences in cancer cachexia manifestations and ACVR2B/Fc therapeutic effects (Figure 7).
In the absence of cancer, Activin signalling on muscle is restrained by FST family, the endogenous Activin family inhibitors. PDAC tumour in both males
and females releases Activin A into circulation. In males, PDAC tumours also reduces muscle FST family expression, de-repressing Activin action; the
excess Activin A binds to its ACVR2B receptor on the membrane of muscle fibre, activating signalling and early muscle wasting, with wasting later be-
coming more severe due to tumour growth and increased circulating Activin A. ACVR2B/Fc treatment would block this tumour-activated Activin in
early stage disease in males. In contrast, females do not experience early muscle wasting because of the higher level of FSTs. With tumour progression,
females experience rapid muscle wasting ultimately to reach the same severity as males, potentially due to reduced expression of multiple endoge-
nous inhibitors in the setting of tumour-induced Activin.
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