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ABSTRACT

Cancer cachexia affects up to 80% of cancer patients and results in reduced
quality of life and survival. We previously demonstrated that the transcriptional repressor
Forkhead box P1 (FoxP1) is upregulated in skeletal muscle of cachectic mice and people
with cancer, and when overexpressed in skeletal muscle is sufficient to induce
pathological features characteristic of cachexia. However, the role of myofiber-derived
FoxP1 in both normal muscle physiology and cancer-induced muscle wasting remains
largely unexplored. To address this gap, we generated a conditional mouse line with
myofiber-specific ablation of FoxP1 (FoxP15kmKO) and found that in cancer-free mice,
deletion of FoxP1 in skeletal myofibers resulted in increased myofiber size in both males
and females, with a significant increase in muscle mass in males. In response to murine
KPC pancreatic tumor burden, we found that myofiber-derived FoxP1 is required for
cancer-induced muscle wasting and diaphragm muscle weakness in male mice. In
summary, our findings identify myofiber-specific FoxP1 as a negative regulator of skeletal

muscle with sex-specific differences in the context of cancer.

Keywords: Muscle wasting, Cancer cachexia, Forkhead box P1, Pancreatic

cancer, Biological sex.

NEW & NOTEWORTHY

Here we identify myofiber-derived FoxP1 as a negative regulator of skeletal muscle with
sex-specific effects in cancer. Under cancer-free conditions, FoxP1 knockout increased

myofiber size in male and female mice. However, in response to pancreatic cancer,
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FoxP1 was required for muscle wasting and weakness in males but not females. This
highlights the need to consider sexual dimorphism in cancer-induced muscle pathologies
and provides evidence suggesting that targeting FoxP1 could help mitigate these effects

in males.
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INTRODUCTION

Cancer cachexia is a metabolic condition characterized by progressive skeletal
muscle wasting and body weight loss?, leading to reduced physical activity and quality of
life, poor response to chemotherapy, and increased risk of developing serious
comorbidities?. Cachexia is also a strong predictor of mortality, and may cause up to 30%
of all cancer-related deaths?, in part due to respiratory and/or heart failure associated with
diaphragm and cardiac muscle atrophy and weakness*°. Despite these devastating
consequences, due to the complexity of its etiology there are currently no FDA or EMA-
approved treatments for cachexia®. One means to improve the likelihood of effective
treatments being developed is to continue to improve our understanding of the
mechanisms causative in cachexia.

Our laboratory focuses on the skeletal muscle pathology component of cancer
cachexia and has previously shown that inhibiting Forkhead box O (FoxO)-dependent
transcription prevents muscle atrophy induced by Lewis lung carcinoma (LLC) tumors’
and colon-26 adenocarcinoma (C26) tumors®. In the C26 model, this inhibition of atrophy
was linked to the suppression of well-established atrophy gene networks in skeletal
muscle®.

When probing into the specific differentially expressed genes in muscle of
cachectic C26 mice that were FoxO-dependent, we discovered that the Forkhead box
(Fox) family member FoxP1, a ubiquitously expressed transcription factor that has been
most widely studied for its role as a transcriptional repressor, is a FoxO target gene in the
muscles of C26 mice®. FoxP1 has been shown to regulate proliferation and differentiation

of various cells types, including immune cells®, mesenchymal stem cells'?, adipocytes!?


https://doi.org/10.1101/2024.09.17.613547
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.17.613547; this version posted September 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

and cardiomyocytes'?13, With regards to the latter, FoxP1 has been shown to play a
crucial role in cardiac muscle development and physiology, and thus, whole-body
Foxpl knockout is embryonically lethal in mice due to cardiac defects!2. In patients with
heart failure, FoxP1 protein levels are increased in cardiomyocytes!* and FoxP1
mutations have been found in patients with congenital heart defects'®>. However, the
physiological importance of FoxP1 in skeletal muscle tissue was largely unknown until
recently. Published work from our lab demonstrated that FoxP1 is increased in skeletal
muscle of cachectic patients with pancreatic cancer, as well as several mouse models of
cancer cachexia, including the C26, LLC, and the human L3.6pl xenograft model'¢. Based
on these findings we generated myofiber-specific FoxP1 overexpressing mice which
revealed that FoxP1l upregulation in muscle is sufficient to induce severe body and
skeletal muscle wasting, as well as myopathy and weakness, causing death in some
mice, recapitulating the pathological features and lethality of cancer cachexial’-',
Conversely, knockdown of FoxP1 in muscle tissue, using a shRNA driven by an
ubiquitous promoter, attenuated C26 tumor-induced muscle wasting. In the current work,
we extend these findings by further investigating the requirement of myofiber-derived
FoxP1 in a mouse model of pancreatic cancer. To do this, we generated conditional
skeletal myofiber-specific FoxP1 knockout (FoxP1Sk™KO) mice and orthotopically injected
them with KPC pancreatic cancer cells to determine the extent to which myofiber-specific
FoxP1 is required for pancreatic cancer-induced skeletal muscle wasting and weakness.
Importantly, since sex-specific phenotypes are documented in cachectic mice and

humans with pancreatic cancer, we conducted studies in both male and female mice.
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Moreover, we also determined the extent to which myofiber-specific FoxP1 deletion

affects muscle fiber size, and muscle mass, in cancer-free male and female mice.

MATERIALS AND METHODS

Animals

The University of Florida Institutional Animal Care and Use Committee approved
all animal procedures. Animals were provided with ad libitum access to food and water
and housed in a temperature-controlled and humidity-controlled facility on a 12h of
light/dark cycle. Myofiber-specific FoxP1 knockout (FoxP1SkmKO) mice were generated by
crossing FoxP1 floxed mice (FoxP1"), which have been described extensively
elesewhere!®22, with ACTA-Cre transgenic mice (purchased from the Jackson
Laboratory, #006149) which express Cre recombinase under the control of the human
alpha-skeletal actin promoter. To note, the FoxP1" mice contain a YFP transgene
preceded by a floxed stop codon, making YFP expression a reliable reporter of successful
recombination. FoxP1" mice were used as FoxP1-expressing controls and referred as

wild-type (WT) hereafter.

Model of pancreatic cancer cachexia

Pancreatic cancer cells (KPC FC1245) isolated from the tumor of a LSL-Kras®2P/+;
LSL-Trp53R172H*: pdx-1-Cre mouse were obtained from Dr. David Tuveson (Cold Spring
Harbor Laboratory, NY, USA)?3. KPC cells were cultured in Dulbecco’s Modified Eagle
Medium supplemented with 10% fetal bovine serum, 1% penicillin and 1% streptomycin
at 37 °C in a 5% CO2 humidified incubator. 10-week old male, as well as 17-23-week old

and 1-year old female WT and FoxP1Sk™KO mice were orthotopically injected into the
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pancreas with 2.5 x 10° KPC cells diluted into 50 pl of sterile saline solution (KPC groups)
or saline alone (Control groups), as described previously?*. Male mice were euthanized
12 days (for muscle function) or 14 days after injections for tissue harvest, and female
mice were euthanized 13 days after injections. We have previously shown that KPC tumor
bearing mice injected with this cell number, in our hands, develop cachexia 12 days post-

injection and reach IACUC-mandated endpoint 15-17 days post-injection?*.

Ex vivo muscle function assessment

Ex vivo muscle function was assessed at the Physiological Assessment Core of
the University of Florida, as previously described?®. Briefly, diaphragm muscle strips were
mounted on a force transducer placed in a gas-equilibrated (95% 0O2;5% CO2) 22°C bath
of Ringers solution, attached to a dual mode force transducer (Aurora Scientific). After
determination of muscle optimal length, maximum isometric tetanic force was determined
through a 500-ms stimulation train at 150 Hz. After a 5 min of rest period, diaphragm
strips were stimulated at increasing frequencies to generate a force-frequency

relationship.

Histology

Skeletal muscle tissues were embedded in optimal cutting temperature compound
(OCT), frozen in liquid nitrogen-cooled isopentane and stored at -80°C until use. Skeletal
muscles were cut across the midbelly and sectioned at -20 °C using a Microm HM 550
Cryostat (Microm International) to obtain 10um cross-sections onto microscope slides,
that were either immediately stained with haematoxylin & eosin (as described

previously?®) or stored at -80°C. For Picrosirius Red staining, sections were fixed in
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Bouin’s fluid at 37°C for 30min then incubated in Picrosirius red solution for 90 minutes.
Subsequently, sections were rinsed sequentially in acidified water, Picric Alcohol, and
ethanol solutions of varying concentrations, before clearing in xylene and mounting with
Cytoseal XYL mounting media. Wheat germ agglutinin (WGA) antibody conjugated with
Alexa Fluor 594 (Invitrogen W11262) was used to identify myofibers for measurement of
muscle fiber cross-sectional area (CSA) as described previously®. Slides were imaged
using a Leica DM5000B microscope (Leica Microsystems).

To determine CSA, WGA-stained muscle images were processed using cellpose
and the ‘LabelsToRois’ ImageJ plug-in?¢. ImageJ ROI color coder was used to generate
representative images where myofibers are colored on a gradient based on their CSA.
The percentage of muscle area positive for WGA staining was used to examine

differences in extracellular matrix.

RNA isolation and RT-gPCR

RNA isolation was performed by bead homogenization (BEAD MILL4, Fisher
Scientific) of whole TA muscle in TRizol (Invitrogen) followed by extraction with chloroform
and precipitation with isopropanol. RNA samples were treated with DNase | then reverse-
transcribed to generate cDNA using the SuperScript IV Reverse Transcriptase kit
(Thermofisher). TagMan primers (Applied Biosystems) were used to amplify cDNA and
detect expression levels of FoxP1 (Mm00474848 ml) and YFP (Mr04097229 mr).
gPCR was done on QuantStudio3 (Applied Biosystems) and quantification was performed

using the standard curve or AACt method.
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Statistical analyses

Data normality was tested by the Shapiro-Wilk test to determine the use of
parametric or non-parametric statistical tests. Two-tailed unpaired t-tests or Mann—
Whitney U tests were performed accordingly for comparing two groups. Significance level
was set at 0.05. CSA data were binned and fit with a Gaussian least squares regression
and significance was determined by calculating the extra sum-of-squares F test. Two-way
mixed ANOVA was used to test for differences in forces produced at increasing
frequencies. Data are presented as mean * standard error. Statistical analyses and

generation of figures were performed using Prism 10 software (GraphPad Software).

RESULTS

Confirmation of myofiber-specific FoxP1 knockout

To test for successful Cre-mediated recombination in muscle we measured YFP
mRNA, which was induced in FoxP1Sk™O mijce, but not in FoxP1" mice (Figure 1A).
FoxP1 mRNA levels were significantly lower in the muscles of FoxP1SkmKO mice
compared to WT mice (Figure 1B), but still detectable. This residual FoxP1 likely derives
from non-myofiber cells since FoxP1 mRNA is highly expressed in all cell types identified
in mouse TA muscle (Figure 1C — data extracted from Myoatlas?’). Together, these data

support deletion of myofiber-specific FoxP1 in FoxP1SkmKO mice used in this study.
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Muscle-specific FoxP1 knockout increases muscle fiber size in male and female

mice.

To determine the effect of FoxP1 deletion in skeletal myofibers on muscle mass,
we harvested tissue samples from 10-week old FoxP1Sk™KO and WT male and female
mice (Figure 2A-D). Both TA and soleus (SOL) muscle mass were significantly larger in
male FoxP15kmKO mice compared to WT mice (TA: 48.2 + 1.2mg vs. 44.5 + 0.9mg, SOL
10.7 £ 0.4mg vs. 8.6 £ 0.3mg). While TA (p=0.152) and SOL (p=0.1143) were numerically
larger in FoxP1Sk™KO compared to WT in female mice, they did not reach statistical
significance (TA: 39.1 £ 2.0mg vs. 35.3 +1.3mg, SOL 9.1 £1.0mg vs. 6.9 £ 0.5mg). There
were no differences between genotypes in heart, spleen, and gonadal adipose tissue
masses in either sex (Supplementary Figure 1). Myofiber CSA analysis of TA and SOL
muscles from FoxP1SmKO male and female mice showed a rightward shift in their fiber
size distribution curves, indicating a greater number of larger fibers compared to their WT
counterparts (Figure 2B-D). No difference in fiber count was observed between
genotypes (Supplementary Table 1). To further explore whether FoxP1Sk™KO mice show
any evidence of altered muscle morphology, extracellular matrix, or collagen content we
stained the diaphragm, TA, and SOL muscles using H&E, WGA, and Picrosirius Red,
respectively, which revealed no differences between genotypes (Supplementary Figure
2). Overall, these data show that life-long skeletal myofiber-specific FoxP1 deletion
increases myofiber size in both male and female mice, resulting in a statistically significant
increase in muscle mass in male mice, without affecting the mass of other tissues

measured.
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Myofiber-specific FoxP1 knockout attenuates cancer-induced muscle atrophy and

weakness in male mice.

We next aimed to determine the effect of myofiber-specific FoxP1 deletion on
pancreatic cancer-induced muscle wasting. To do this, we orthotopically injected male
FoxP1SkmKO or WT mice with KPC pancreatic cancer cells, or saline as a control, and
harvested tissues 14 days later. There was no difference in tumor mass between
genotypes (Figure 3A) indicating that FoxP1 deletion in muscle did not affect tumor
growth. Body mass was consistently lower in WT KPC mice, but highly variable in
FoxP1SkmKO KPC mice (Figure 3B). Mass of the TA and SOL were significantly decreased
in WT KPC mice compared to controls, which was attenuated in male FoxP1SkmKO mice
(Figure 3C-E). Consistent with the reduced muscle mass observed in male WT KPC mice
vs. control, measurement of TA myofiber CSA revealed a leftward shiftin fiber size
distribution, indicating a greater number of smaller fibers in WT KPC mice (Figure 3F, H).
No such shift was observed in male FoxP1Sk™KO mice (Figure 4G-H), implicating the
requirement of myofiber FoxP1 for KPC-induced muscle fiber atrophy in males. Given the
protection observed in FoxP1Sk™O KPC mice and our previous findings that FoxP1
overexpression is sufficient to cause muscle weakness?®, we also tested whether FoxP1
is required for cancer-induced muscle weakness of the diaphragm. Maximum specific
tetanic force was decreased by 14.2%, and the force—frequency relationship was lower
in WT KPC mice compared to WT control mice (Figure 3I-J). This muscle weakness

induced by KPC tumors was prevented in FoxP15<mKO mice (Figure 3I,K).
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Myofiber-specific FoxP1 knockout does not protect against cancer-induced

muscle atrophy in female mice.

Lastly, to determine the extent to which any sexual dimorphism exists in the
requirement of FoxP1 for cancer-induced muscle wasting, we injected adult (20-week old)
female FoxP1SkmKO and WT mice with KPC cells and evaluated tissue mass. Tumor size
was no different between genotypes (Figure 4A), and body and tissue masses were
similarly decreased in WT KPC and FoxP1SkmKO KPC mice (Figure 4B-D). Since these
results diverged from our findings in male mice and suggested that FoxP1 is not required
for cancer-induced muscle atrophy in female mice, we repeated the experiment in female
mice, this time using slightly older mice (1-year old). These experiments confirmed our
original findings, with comparable tissue wasting in WT and FoxP1SkmKO KPC mice

(Supplementary Figure 3).

DISCUSSION

The present study aimed to investigate the requirement of myofiber-specific FoxP1
in regulating skeletal muscle mass in male and female mice under both normal control
conditions and in response to pancreatic cancer. This aim was based, at least in part, on
previous findings from our lab which showed that FoxP1 levels are increased in the
muscles of cachectic mice and people with pancreatic cancer, and that myofiber-specific
FoxP1 overexpression is sufficient to cause muscle wasting, myopathy, and muscle
weakness in normal, control conditions'®. The current study extends these findings by
demonstrating that life-long myofiber-specific FoxP1 deletion in normal control mice

increases muscle fiber size, with similar effects observed in males and females,
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suggesting that the role of FoxP1 in skeletal muscle of normal control mice may be
independent of biological sex. Taken together, these findings identify myofiber-derived
FoxP1 as a negative regulator of skeletal muscle fiber size, as evidenced by the reduction
in muscle fiber size with FoxP1 overexpression and the increase in muscle fiber size with
FoxP1 deletion.

In the context of cancer, we recently demonstrated that knockdown of FoxP1, via
intramuscular injection of an AAV9-U6-FoxP1-shRNA vector, attenuates muscle wasting
induced by C26 tumors in male mice'®. However, the U6 promoter driving the shRNA is
not cell type-specific and therefore could knockdown FoxP1 levels in both myofibers and
other cell types within skeletal muscle. Moreover, our previous finding that FoxP1 levels
are increased in cachectic cancer patients derive from pancreatic cancer patients. Herein
we demonstrate the requirement of myofiber-derived FoxP1l for pancreatic cancer-
induced muscle fiber atrophy in male mice. Interestingly, however, when exploring sex as
a biological variable we found that myofiber-specific FoxP1 deletion was not protective
against KPC-induced muscle wasting in female mice. Interestingly, similar sex-specific
differences were recently identified with the Activin pathway in KPC mice, with
administration of the engineered soluble Activin receptor, ACVR2B/Fc, attenuating
cachexia in male, but not female, mice?®. Moreover, when exploring the molecular
phenotype of muscle from early-stage male vs. female KPC mice, Zhong and colleagues
found only 2.6% overlap in differentially expressed genes (DEGs)?2. Although the authors
found greater overlap in DEGs in late-stage cachexia, it is these early changes that likely
drive the subsequent pathologies such as muscle wasting and weakness observed at

later stage. Thus, the biological processes which drive KPC-induced muscle wasting
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appear to be different between sexes, which may therefore explain our divergent findings
with myofiber-specific FoxP1 knockout in male versus female KPC mice. Future studies
investigating myofiber-specific FoxP1 target genes in male vs. female KPC mice are
therefore warranted.

Since a primary goal of preserving muscle and myofiber size is to maintain muscle
function, we further extended our studies in male mice to measure muscle force
production. We performed these experiments in the diaphragm — a muscle essential to
respiratory function and survival, and which we have previously shown exhibits significant
weakness in mice bearing both KPC and C26 tumors?422:39, Our data show that myofiber-
specific FoxP1 knockout prevented the KPC-induced decrease in maximal tetanic force
and the downward shift in the force-frequency relationship measured in WT mice,
demonstrating a key role of myofiber-specific FoxP1 in KPC-induced muscle weakness.
These findings also align with our recent results which showed that myofiber-specific
FoxP1 overexpression is sufficient to induce skeletal muscle weakness in normal control
mice?s,

In summary, these data provide support for myofiber-derived FoxP1 as a negative
regulator of skeletal muscle fiber size during normal control conditions. Further, our
results suggest that FoxP1l expression in myofibers of male, but not female, mice
mediates KPC-induced muscle fiber atrophy. These findings provide pre-clinical evidence
of sex-specific differences on the role of FoxP1 in myofibers of mice bearing pancreatic
tumors, and suggest that the modulation of FoxP1 could be an effective strategy to
prevent pancreatic cancer-induced muscle atrophy and weakness in males. Based on

these findings, and those of others, future studies should continue to explore sexual
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dimorphism in cancer-induced muscle pathologies, in both pre-clinical and clinical

samples.
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Figure 1: Myofiber-specific FoxP1 knockout. YFP (A) and FoxP1 (B) mRNA levels in
mouse TA muscle from WT and FoxP1Sk™KO mjce. Difference between groups were
tested using two-tailed unpaired t-tests (* p<0.05; **** p<0.0001). Data are reported as
mean + SEM. N=5-6 mice/group. C) Single-nucleus RNA-sequencing data in TA muscle
of 5-month extracted from the Myoatlas?’ demonstrate that FoxP1 mRNA is expressed in

cell types identified.
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Figure 2: Myofiber-specific FoxP1 knockout increases myofiber size. A) Body and
muscle masses from male and female FoxP1Sk™KO mice and WT littermates. B)
Quantification of TA and soleus muscle fiber cross-sectional area (CSA) reveal significant
rightward shift towards larger fibers in FoxP1SkmKO mice. C) Representative images of TA
(left) and soleus (right) cross-sections stained for wheat germ agglutinin (WGA),
processed for CSA quantification and color-coded based on fiber size. Whole muscle

sections (scale bar: 500um) and zoomed-in inserts (scale bar: 100um) are displayed.
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Data are reported as mean + SEM. Difference between groups were tested using two-

tailed unpaired t-tests or Mann—-Whitney U tests (* p<0.05). N = 4-7 mice/group.
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Figure 3: Myofiber-specific FoxP1 deletion protects against pancreatic cancer-
induced muscle atrophy and weakness in male mice. A) Tumor weight from WT and
FoxP1SkmKO mice at experimental endpoint. B-E) Change in body and skeletal muscle
weights of KPC tumor bearing WT and FoxP1Sk™KO mice relative to their respective
cancer-free genetic controls. F-G) Quantification of TA muscle fiber cross-sectional area
(CSA) in WT KPC compared to WT controls (F) and FoxP1Sk™KO KPC mice compared to
FoxP1SkmKO controls (G). CSA data binned and fit with a Gaussian least squares

regression. Significance was determined by calculating the extra sum-of-squares F test.
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H) Representative images of muscle sections, with fibers color-coded based on CSA.
Scale bar: 100um. I-K) Ex vivo muscle function assessment of diaphragms strips from
WT and FoxP1SkmKO mijce injected with KPC cells or saline. Data displayed are specific
tetanic force (I) and force—frequency relationships (J-K). Two-way mixed ANOVA was
used to test for differences in forces produced at increasing frequencies. Data are

reported as mean + SEM. * p<0.05; ** p<0.01. N = 4-10 mice/group.
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Figure 4: Myofiber-specific FoxP1 deletion does not protect against pancreatic
cancer-induced muscle atrophy in female adult mice. A) Tumor mass was no different
between genotypes. Change in body mass (B) and skeletal muscle masses (C-D) of KPC
tumor bearing WT and FoxP1S™KO mice normalized to their cancer-free genotype
controls. Difference between groups were tested using two-tailed unpaired t-tests. N =

4-5 mice/group. Data are reported as mean = SEM. All mice were aged 17-23 weeks.
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