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ABSTRACT 

Background:Current treatment options for cachexia, which impairs disease prognosis, are 

limited. Muscle-enriched microRNAs and protein acetylation are involved in muscle wasting 

including lung cancer (LC) cachexia. Poly(ADP-ribose) polymerases (PARP) are involved in 

muscle metabolism. We hypothesized that muscle-enriched microRNA, protein 

hyperacetylation, and expression levels of myogenic transcription factors (MTFs) and 

downstream targets, muscle loss and function improve in LC cachectic Parp-1
-/-

 and Parp-2
-/-

 

mice. Methods:Body and muscle weights, grip strength, muscle phenotype, muscle-enriched 

microRNAs (miR-1, -133, -206, and -486), protein acetylation, acetylated levels of FoxO1, 

FoxO3, and PGC-1, histone deacetylases (HDACs) including SIRT1, MTFs, and 

downstream targets(-actin, PGC-1, and creatine kinase) were evaluated in diaphragm and 

gastrocnemius of LC (LP07 adenocarcinoma) wild type (WT),  Parp-1
-/-

 and Parp-2
-/-

 mice. 

Results:Compared to WT cachectic animals, in both respiratory and limb muscles of Parp-1
-/-

 

and Parp-2
-/-

 cachectic mice: downregulation of muscle-specific microRNAs was 

counterbalanced especially in gastrocnemius of Parp-1
-/-

 mice; increased protein acetylation 

was attenuated (improvement in HDAC3, SIRT-1, and acetylated FoxO3 levels in both 

muscles,acetylated FoxO1 levels in the diaphragm); reduced MTFs and creatine kinaselevels 

were mitigated; body and muscle weights, strength, and muscle fiber sizes improved, while 

tumor weight and growth decreased. Conclusions:These molecular findings may explain the 

improvements seen in body and muscle weights, limb muscle force and fiber sizes in both 

Parp-1
-/- 

and Parp-2
-/- 

cachectic mice. General significance:PARP-1 and -2 play a role in 

cancer-induced cachexia, thus selective pharmacological inhibition of PARP-1 and -2 may be 

of interest in clinical settings. Word count: 250. KEY WORDS: cancer-induced cachexia; 

muscle-enriched microRNAs; protein hyperacetylation; myogenic transcription factors; 

muscle structure and function; Parp-1
-/-

 and Parp-2
-/-

 mice. 
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1. Introduction 

Systemic manifestations of chronic conditions such as muscle mass loss and dysfunction 

further impair the patients’ prognosis and their quality of life [7,19,20]. In advanced 

malignancies, the prevalence of cachexia characterized by muscle loss and body composition 

alterations ranges from 60-80% especially in patients bearing tumors from the gastrointestinal 

and respiratory tracts[19,20,25,38,47,48,50]. Despite that progress in the etiology of cachexia 

has been recently achieved several mechanisms that could help design novel therapeutic 

strategies remain to be explored in more detail.  

Recent evidence has demonstrated that muscle-enriched microRNAs (miR-1, -133, -

206, and -486) are involved in myogenesis and muscle plasticity to environmental stimuli. For 

instance, miR-1 and -133 regulated hypertrophy in response to muscle overload [30] and 

atrophy in spaceflight and hindlimb suspension experimental models [31]. Moreover, in 

respiratory [41] and limb muscles of patients with chronic obstructive pulmonary disease 

(COPD) with a wide range of airway obstruction and body composition [26,42,43] and severe 

atrophy of fast-twitch fibers and quadriceps weakness, the expression of muscle-enriched 

microRNAs and other epigenetic events such as lysine-hyperacetylation of histones and other 

proteins [43], were shown to be differentially regulated compared to the controls.  

Recently, poly(ADP-ribosyl)ation, a post-translational modification of proteins in 

which ADP-ribose moiety of NAD
+
 molecules is transferred to acceptor residues of target 

proteins by members of the poly(ADP-ribose) polymerase (PARP) family, has emerged as a 

new regulator of epigenetic events in cells [45]. Among the seventeen members of the PARP 

family, PARP-1 and PARP-2 play a fundamental role in epigenetic processes through the 

orchestration of several chromatin-based biological activities [59]. For instance, PARP-1 

inhibition using pharmacological agents or knockout mice was shown to increase the levels of 

type III histone deacetylase SIRT1 activity and to improve oxidative metabolism in the 
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animals[5]. Moreover, inhibition of PARP-2 also induced an increase in mitochondrial 

content and SIRT1 protein levels in limb muscles of the knockout mice [4]. Collectively, 

these findings suggest that PARP seems to play a relevant role in muscle metabolism through 

specific epigenetic events. Nonetheless, identification of whether PARP-1 and -2 may 

influence body weight loss, limb strength and other epigenetic features in in vivo models of 

cancer-induced cachexia remains to be elucidated. In this regard, it would be of scientific and 

clinical interest to identify the extent to which PARP inhibition may improve muscle mass 

and force loss in cancer cachexia, for which current therapies are extremely 

limited[19,20,25,38,47,48,50]. Those findings would facilitate the design of selective PARP 

inhibitors that may promote the restoration of muscle mass and force in cachexia. Moreover, 

investigations focused on the study of whether respiratory muscles may also be affected in 

cachectic rodents are scarce [12,46]. We believe that given the relevance of these muscles in 

the body, the analysis of the diaphragm deserves further attention in models of cancer-induced 

cachexia.   

On this basis and in view of the findings reported so far on the potential role of PARP-

1 and -2 in muscle metabolism, in the current investigation, we hypothesized that Parp-1
-/-

 and 

Parp-2
-/-

 mice may develop less severe muscle wasting when transplanted with a tumor that 

induces severe cachexia. Additionally, we also hypothesized that muscle-specificmicroRNA 

and protein acetylation profile would be differentially expressed in both respiratory and limb 

muscles of Parp-1
-/-

 and Parp-2
-/-

 mice with cancer cachexia. Accordingly, the study 

objectives were to assess after a one-month study period, in diaphragm and in a limb muscle 

of similar fiber type composition (gastrocnemius) of Parp-1
-/-

 and Parp-2
-/-

 mice transplanted 

with a lung tumor (adenocarcinoma)-inducing cachexia: 1) the effects of PARP -1 and -2 

selective deletions on body and muscle weights, grip strength, muscle phenotype, and tumor 

size, 2) levels of expression of muscle-enriched microRNAs, 3) total protein 
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hyperacetylationlevels and those of transcription factors involved in muscle wasting, 4) levels 

of myogenic transcription factors(MTFs) and their downstream targets, and 5) potential 

correlations between physiological and molecular variables in cachectic wild type, Parp-1
-/-

 

and Parp-2
-/-

 mice.  

 

2. Methods 

2.1. Animal model 

Tumor. LP07 is a cell line derived from the transplantable P07 lung tumor that appeared 

spontaneously in the lung of a BALB/c mouse [12,17,18,53]. The rates of tumor growth and 

tumor kinetics have been well characterized in previous investigations aimed to specifically 

explore the effects of several drugs on identical transplanted tumors [18,37]. 

Mice. BALB/c mice were obtained from Harlan Interfauna Ibérica SL (Barcelona, Spain). 

Parp-1
-/-

 and Parp-2
-/-

 mice (strain 129/Sv x C57BL/6), kindly provided by Dr. de Murcia 

[15,16,32] (Strasbourg, France), were backcrossed on BALB/c background for twelve 

generations. Genotyping was performed by PCR analysis using tail DNA as previously 

described. All experiments were performed on two-month old littermate female mice (body 

weight ~20 g), on a BALB/c background. Mice were kept under pathogen-free conditions in 

the animal house facility at the Barcelona Biomedical Research Park (PRBB), with a 12:12 h 

light:dark cycle.  

Experimental design and Ethics. In all experimental groups (except for control rodents), LP07 

viable cells (4x10
5
) resuspended in 0.2 mL minimal essential media (MEM) were 

subcutaneously inoculated in the left flank of female BALB/c mice on day 1, and were 

studied for a period of one month. Fifty-nine mice were used in the study, which were 

subdivided into the following experimental groups: 1) control wild type (N=14), inoculation 

of 0.2 mL MEM in the left flank; 2) LC cachexia wild type group (N=13), inoculation of 

LP07 cells; 3) control Parp-1
-/- 

(N=8), inoculation of 0.2 mL MEM in the left flank; 4) LC 
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cachectic Parp-1
-/-

 mice (N=12), inoculation of LP07 cells; 5) control Parp-2
-/-

 (N=6), 

inoculation of 0.2 mL MEM in the left flank; and 6) LC cachectic Parp-2
-/-

 mice (N=6), 

inoculation of LP07 cells.  

A fraction of the diaphragm and gastrocnemius muscle specimens of the transgenic 

mice were also used in another investigation aimed to assess protein catabolism and 

anabolism and structural alterations in those muscles (data submitted).  

All animal experiments were conducted in the animal facilities at PRBB. This 

controlled study was designed in accordance with the ethical standards on animal 

experimentation (EU 2010/63 CEE, Real Decreto 53/2013 BOE 34, Spain) at PRBB and the 

Helsinki convention for the use and care of animals. Ethical approval was obtained by the 

Animal Research Committee (Animal welfare department, Catalonia, EBP-09-1228). 

2.2. In vivo measurements in the mice 

Body weight and grip strength gains were calculated as the percentage of the measurements 

performed at the end of the study period (30 days) with respect to the same measurements 

obtained at baseline. Body weight and food intake were measured every day during the entire 

duration of the study, whereas limb force (grip strength) was determined on days 0 and 30 in 

all animals as previously shown[10,12,33,51,54,57]. Moreover, the ratio of tumor weight to 

total body weight on the day of sacrifice (day 30) was also calculated.  

2.3. Sacrifice and sample collection 

Mice from all the experimental groups were sacrificed on day 30 post-inoculation of LP07 

cells or MEM (control animals). Prior to sacrifice, each mouse was inoculated 

intraperitoneally with 0.1 mL sodium pentobarbital (60 mg/Kg). In all cases, the pedal and 

blink reflexes were evaluated in order to verify total anesthetic depth. At this time, the 

following samples were obtained from all animals: diaphragm and gastrocnemius muscles and 

the subcutaneous tumor. LC cachectic mice were macroscopically of smaller size than healthy 
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control rodents [12]. Frozen tissues were used for immunoblotting and real-time polymerase 

chain reaction assay (qRT-PCR) techniques. 

2.4. Biological analyses 

Muscle RNA isolation. Total RNA was first isolated from snap-frozen skeletal muscles using 

Trizol reagent following the manufacturer’s protocol (Life technologies, Carlsbad, CA, USA). 

Total RNA concentrations were determined photometrically using the NanoDrop 1000 

(Thermo Scientific, Waltham, MA, USA).  

MicroRNA reverse transcription (RT). MicroRNA RT was performed using TaqMan® 

microRNA assays (Life Technologies) following the manufacturer’s instructions.  

Real time-PCR amplification (qRT-PCR).TaqMan based qPCR reactions were performed 

using the ABI PRISM 7900HT Sequence Detector System (Applied BioSystems, Foster City, 

CA, USA) together with a commercially available predesigned microRNA assay, and probes 

as shown in Table 1 [27].  

Immunoblotting of 1D electrophoresis in muscle and tumor samples. Protein levels of the 

different molecular markers analyzed in the study were explored by means of immunoblotting 

procedures as previously described[8,12]. Protein levels of total acetylated proteins, HDACs, 

myogenic transcription factors, signaling pathways, and downstream targets were identified 

using specific primary antibodies as thoroughly described in the online supplementary 

material. In order to validate equal protein loading among various lanes, SDS-PAGE gels 

were stained with Coomassie Blue, and the glycolytic enzyme glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as the protein loading controls in all the immunoblots 

(Figure E1, and GAPDH immunoblots accompanying each study antigen). 

Tumor specimens. Following identical procedures as described above, in the subcutaneous 

tumors from all the animals, the following markers were also analyzed with the objective to 

assess whether Parp deletion may have had an effect on tumor growth or degradation: B-cell 
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lymphoma (bcl)-2, bax, light chain (LC)3B,NAD-dependent protein deacetylase sirtuin-1 

(SIRT1), and GAPDH. Furthermore, in order to confirm that tumors express PARP-1 and 

PARP-2 proteins in each group of knockout mice (cachectic animals), those proteins were 

also detected in the actual tumors of all groups of tumor-bearing mice using selective 

antibodies: anti-PARP-1 antibody (Clon A6.4.12) and anti-PARP-2 antibody (rabbit 

polyclonal antibody raised against full length mouse PARP-2)[3]. Antigens from all samples 

were detected as described above.  

Immunohistochemistry. On 3-micrometer muscle paraffin-embedded sections from 

diaphragms and gastrocnemius muscles of all study groups, MyHC-I and –II isoforms were 

identified using specific antibodies[12,43,44].  

Furthermore, in the subcutaneous tumor of the target mice (both wild type and 

knockout rodents), cell proliferation was measured using ki-67 as a marker (anti-ki67 

antibody, Millipore Iberica, CA, USA) on the three micrometer tumor paraffin-embedded 

sections using immunohistochemical procedures as previously described [12,43,44]. 

2.5. Statistical Analysis 

Normality of the study variables were checked using the Shapiro-Wilk test. Physiologic, 

structural, and molecular results are expressed as mean (standard deviation). For the purpose 

of the study, results obtained in the diaphragm and gastrocnemius muscles were subsequently 

analyzed as follows: 1) LC cachectic wild type mice versus their respective non-tumor 

controls, 2) LC cachectic Parp-1
-/-

 animals versus their respective knockout non-tumor 

controls, 3) LC cachectic Parp-2
-/-

 mice versus their respective knockout non-tumor controls, 

and 4) any of the non-tumor knockout mice versus non-tumor wild type animals. 

Comparisons described in points 1, 2, and 3 above were analyzed using the Student’s T- test, 

while comparisons described in point 4 were assessed using one-way analysis of variance 

(ANOVA), in which Dunnett’s post hoc analysis was used to adjust for multiple comparisons 
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among the three study groups. Moreover, values of the markers quantified in the tumors were 

compared among the three different groups of cancer cachectic rodents using ANOVA, in 

which Dunnett’s post hoc analysis was also employed to adjust for multiple comparisons 

among the groups. The existence of potential correlations between different variables was 

only tested in the LC cachectic groups of mice (both wild type and knockout mice). 

Specifically, correlations between physiological and biological variables were explored using 

the Pearson’s correlation coefficient. A level of significance of P 0.05 was established. The 

sample size chosen was based on previous studies[4,5,12,21,22,28], where very similar 

approaches were employed and on assumptions of 80% power to detect an improvement of 

more than 20% in measured outcomes at a level of significance of P 0.05. 

 

3. Results 

3.1. Physiological characteristics 

LC-induced cachexia. As shown in Table 2 and Figure 1, at the end of the study period (day 

30), cachectic wild type mice exhibited a reduction in body weight gain compared to their 

respective controls. Actual body weights of animals in all study are depicted in Figure 1. Food 

intake did not differ between any of the cachectic mice and their respective control animals 

(Table 2). Diaphragm and gastrocnemius muscle weights and limb strength gain were 

significantly reduced in cachectic wild type mice. Importantly, in Parp-1
-/- 

mice, a statistically 

significant reduction in these parameters was also observed, but to a much lesser extent than 

in the wild type animals. In cachectic Parp-2
-/- 

mice, no significant differences were observed 

in muscle weights and body or limb strength gains between cachectic and non-cachectic mice. 

No significant correlations were found between muscle weight changes and fiber type sizes in 

any study muscle of the LC cachectic mice (Parp-1
-/-

and Parp-2
-/-

). 
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Effects of PARP deletion on non-cachectic control animals. As illustrated in Table 2, non-

cachectic knockout animals (Parp-1
-/-

 and Parp-2
-/-

) exhibited a reduction in the weights of 

their muscles (diaphragm and gastrocnemius) compared to wild type non-tumor animals. 

However, body weight at baseline and both body weight and limb strength gains did not 

significantly differ among any of the non-cachectic groups of mice.  

3.2. Tumor characteristics 

Effects of PARP deletion on cachectic animals. The expression of PARP-1 and PARP-2 was 

confirmed in the subcutaneous tumors of the wild type and both groups of knockout mice. 

(Figure E2A). Compared to cachectic wild type animals, subcutaneous tumor weight and 

theratio of tumor to total body weight were significantly reduced in both knockout cachectic 

mice (Parp-1
-/-

 and Parp-2
-/-

, Table 3). Moreover, ki-67 (cell proliferation marker) was 

decreased in both knockout cachectic mice (Parp-1
-/-

 and Parp-2
-/-

) compared to cachectic 

wild type rodents (Table 3). Compared to cachectic wild type mice, subcutaneous tumors of 

both cachectic Parp-1
-/-

 and Parp-2
-/-

 animals exhibited a decrease in Bcl-2 protein levels, 

while Bax protein content was increased (Table 3 and Figures E2B and E2C). LC3 II/LC3 I 

levels were significantly increased in the subcutaneous tumor of both knockout cachectic 

mice (Parp-1
-/-

 and Parp-2
-/-

) compared to cachectic wild type animals, whereasSIRT1 levels 

did not differ between wild type and either Parp-1
-/-

 or Parp-2
-/-

 cachectic animals (Table 3 

and Figure E2D and E2E).  

3.3. Muscle structure 

LC-induced cachexia. The proportions of type I and II fibers did not differ between cachectic 

and non-cachectic conditions in any experimental group of mice. The size of both slow- and 

fast-twitch fibers was significantly reduced in diaphragm and gastrocnemius of cachectic wild 

type mice compared to non-cachectic control wild type animals (Table 4). In Parp-2
-/-

mice, 

the size of type I and type II fibers in both muscles did not show any significant difference 
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between cachectic and non-cachectic animals (Table 4). Compared to Parp-1
-/-

 mice, in LC-

cachectic Parp-1
-/-

 animals, no significant differences were seen in the size of either slow- or 

fast-twitch fibers in the diaphragm, while in the gastrocnemius a tendency to improve the size 

of type I (p=0.089) and type II (p=0.067, Table 4) was observed. A significant correlation was 

found between type II fiber size and miR-133 expression in the gastrocnemius of the 

cachectic wild type mice (r=0.938, p=0.000), but not in the tumor-bearing knockout mice (r=-

0.603, p=0.114 and r=-0.101, p=0.849, Parp-1
-/-

 and Parp-2
-/- 

mice, respectively) (Figure 3E). 

No significant relationships were observed between type I fiber size and miR-133 expression 

in the gastrocnemius of any of the three groups of cachectic animals (wild type mice r=0.256, 

p=0.474; Parp-1
-/- 

mice r=-0.114, p=0.789; and Parp-2
-/-

 r=-0.142, p=0.788).  

Effects of PARP deletion on non-cachectic control animals. Proportions or sizes of type I and 

type II fibers did not differ between wild type and either Parp-1
-/- 

or Parp-2
-/- 

non-cachectic 

control mice in any study muscle (Table 4).  

3.4. Expression microRNA in respiratory and limb muscles  

LC-induced cachexia. Expression levels of miR-1 were decreased in both diaphragm and 

gastrocnemius of LC cachectic wild type, and cachectic Parp-1
-/-

 and Parp-2
-/- 

mice compared 

to their respective non-cachectic control animals (Figures 2A and 2B). Both diaphragm and 

gastrocnemius of cachectic wild type and Parp-2
-/- 

mice exhibited a decrease in miR-133 

expression compared to their respective non-tumor control mice (Figures 2C and 2D), while 

miR-133 expression was down-regulated only in the diaphragm of cachectic Parp-1
-/- 

animals 

(Figures 2C and 2D). Compared to their respective non-cachectic controls, levels of miR-206 

were downregulated in both respiratory and limb muscles of cachectic wild type rodents, 

while the expression of this myomiR was decreased only in the diaphragm of both groups of 

cachectic knockout mice (Figures 3A and 3B). Expression levels of miR-486 were down-

regulated in both muscles of cachectic wild type and Parp-2
-/-

 mice compared to their 
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respective non-tumor control animals (Figures 3C and 3D). However, miR-486 levels did not 

differ between cachectic and non-cachectic Parp-1
-/- 

mice in any muscle (Figures 3C and 3D).    

Effects of PARP deletion on non-cachectic control animals. Levels of miR-1 did not differ 

between non-cachectic Parp-1
-/- 

and non-cachectic wild type mice in any study muscle 

(Figures 2A and 2B). However, levels of miR-1 were greater in the diaphragm of non-

cachectic Parp-2
-/- 

animals compared to non-cachectic wild type controls (Figures 2A and 

2B). Expression levels of miR-133 were upregulated in the diaphragm of both groups of non-

cachectic knockout mice compared to non-cachectic wild type control animals. Nevertheless, 

in the gastrocnemius of non-cachectic Parp-1
-/-

 and Parp-2
-/-

 controls, levels of miR-133 were 

down-regulated compared to non-cachectic wild type control animals (Figures 2C and 2D). 

Compared to wild type control animals, diaphragm and gastrocnemius of both groups of non-

cachectic knockout mice showed an increase in miR-206 expression (Figures 3A and 3B). 

Levels of miR-486 were down-regulated in the diaphragm and gastrocnemius of non-

cachectic control Parp-1
-/-

 animals compared to non-cachectic control wild type rodents 

(Figures 3C and 3D). However, in the diaphragm of non-cachectic Parp-2
-/-

 animals, 

expression levels of miR-486 were increased compared to wild type mice, while in the 

gastrocnemius were decreased (Figures 3C and 3D).  

3.5. Protein acetylation levels in respiratory and limb muscles 

LC-induced cachexia. Compared to non-cachectic wild type controls, total protein acetylation 

levels were increased in both respiratory and limb muscles of cachectic wild type rodents 

(Figures 4A, 4B, and E3). Total protein acetylation levels in both muscles did not show any 

significant difference between cachectic and non-cachectic animals in any of the knockout 

groups of mice (Figures 4A, 4B, and E3). Acetylated FoxO1 content was increased in the 

diaphragm but not in the limb muscle of wild type cachectic mice compared to their non-

cachectic controls (Figures 4C, 4D, and E4). Acetylated FoxO1 levels did not differ between 
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cachectic and non-cachectic conditions in any muscle of the knockout groups of mice 

(Figures 4C, 4D, and E4).Compared to cachectic wild type controls, acetylated FoxO3 

content was increased in both diaphragm and gastrocnemius muscles of cachectic wild type 

animals (Figures 4E, 4F, and E5). In Parp-1
-/-

 mice, acetylated FoxO3 levels did not differ in 

any muscle between cachectic and non-cachectic conditions (Figures 4E, 4F, and E5). 

Compared to non-cachectic Parp-2
-/-

 mice, acetylated levels of FoxO3 were decreased in the 

diaphragm of cachectic Parp-2
-/-

 animals, while no differences between these two groups were 

seen in the gastrocnemius (Figure 4E, 4F, and E5). Acetylated levels of PGC-1 did not 

significantly differ between cachectic and non-cachectic conditions in either wild type or any 

of the two groups of knockout mice in any study muscle (Figures 4G, 4H, and E6).   

Effects of PARP deletion on non-cachectic control animals. Total protein acetylation levels, 

and acetylated levels of FoxO1, FoxO3, and PGC-1did not significantly differ between non-

cachectic wild type and either Parp-1
-/- 

or Parp-2
-/-

 non-cachectic control mice in any muscle 

(Figures 4A-4H, and E3-E6). 

3.6. Histone deacetylase levels in respiratory and limb muscles 

LC-induced cachexia. Compared to their respective non-cachectic controls, HDAC3 and 

HDAC6 levels were decreased in both respiratory and limb muscles of cachectic wild type 

rodents, whereas no differences were seen in any of the study muscles of the knockout 

cachectic animals (Figures 5A-5D, E7, and E8). SIRT1 levels were reduced in both muscles 

of cachectic wild type animals compared to their non-cachectic controls, while no differences 

were observed in any of the study muscles of the knockout cachectic animals (Parp-1
-/- 

or 

Parp-2
-/-

) compared to their respective non-cachectic rodents (Figures 5E, 5F, and E9). A 

significant positive correlation was found between HDAC3 and SIRT1 levels in the 

gastrocnemius of the cachectic wild type mice (r=0.724, p=0.042), but not in the knockout 

mice (r=0.495, p=0.259 and r=-0.036, p=0.955, Parp-1
-/-

 and Parp-2
-/- 

mice, respectively).   
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Effects of PARP deletion on non-cachectic control animals. HDAC3, HDAC6, and SIRT1 

levels did not significantly differ between non-cachectic wild type and either Parp-1
-/- 

or Parp-

2
-/-

 non-cachectic control mice in any study muscle (Figures 5A-5F, and E7-E9).    

3.7. Myogenic transcription factors and downstream markers 

LC-induced cachexia. In the diaphragm and gastrocnemius of cachectic wild type mice, 

protein levels of MEF2C and MEF2D were reduced compared to non-cachectic wild type 

controls (Figures 6A-6D, E10, and E11). MEF2C and MEF2D levels did not significantly 

differ between cachectic knockout animals and their respective non-tumor controls in any 

muscle (Figures 6A-6D, E10, and E11). YY1 levels were decreased in both muscles of the 

cachectic rodents compared to their respective non-cachectic controls (Figures 6E, 6F, and 

E12). Protein levels of -actin and total PGC-1 did not significantly differ between 

cachectic and non-cachectic conditions in either wild type or any of the two groups of 

knockout mice in any study muscle (Figures 7A-7D, E13 and E14). Creatine kinase protein 

content was diminished in both muscles of cachectic wild type animals compared to their 

non-cachectic controls (Figures 7E-7F, and E15). Creatine kinase levels were decreased in the 

diaphragm but not in the gastrocnemius of both knockout cachectic mice (Parp-1
-/-

 and Parp-

2
-/-

) compared to their respective non-cachectic controls (Figures 7E-7F, and E15). 

Effects of PARP deletion on non-cachectic control animals. Protein levels of MEF2C and 

MEF2D did not differ between either non-cachectic Parp-1
-/- 

or Parp-2
-/-

 and non-cachectic 

wild type controls in any study muscle (Figures 6A-6D, E10 and E11). Compared to non-

cachectic wild type animals, YY1 levels were reduced in the diaphragm of both groups of 

knockout mice, whereas no significant differences were observed in the gastrocnemius 

(Figures 6E, 6F and E12). Protein levels of -actin and total PGC-1 did not significantly 

differ between non-cachectic wild type and either Parp-1
-/- 

or Parp-2
-/-

 non-cachectic control 

mice in any muscle (Figures 7A-7D, E13 and E14). Compared to non-cachectic wild type 
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rodents, creatine kinase protein content was reduced in the diaphragm of both non-cachectic 

knockout mice (Parp-1
-/-

 and Parp-2
-/-

), while no significant differences were observed in the 

gastrocnemius (Figures 7E-7F, and E15). 

 

4. Discussion 

Expression levels of the muscle-enriched miR-1, -133, -206, and -486 were significantly 

downregulated in both diaphragm and gastrocnemius muscles of wild type LC cachectic mice 

compared to the non-cachectic wild type rodents. These findings are in agreement with those 

reported in previous investigations conducted on patients with severe COPD [26], in whom 

miR-1 levels were reduced in the vastus lateralis, and those of miR-1, -133, and -206 that 

were decreased in the diaphragm of patients with moderate COPD [41]. Interestingly, muscle-

enriched microRNAs target different cellular pathways that are involved in myogenesis in 

different models[9,11,41-43].  

In the current investigation, compared to the non-tumor bearing animals, the diaphragm 

of LC cachectic Parp-1
-/- 

mice showed a decreased expression of miR1, -133, or -206 while 

miR-486 expression did not differ between these two groups of rodents. In the gastrocnemius 

muscle, cachectic Parp-1
-/- 

mice only exhibited a significant downregulation of miR-1, but not 

of the other muscle-enriched microRNAs, compared to their respective non-cachectic 

controls. Moreover, a significant correlation between the size of type II fibersand miR-133 

levels, which is predominantly expressed in fast-twitch fibers together with miR-1[62], was 

also found in the gastrocnemius of LC cachectic wild type mice, and such a correlation was 

lost in the cachectic knockout animals. In the diaphragm of LC cachectic Parp-2
-/- 

mice, 

muscle-enriched miR-1, -133, -206, or -486 were also downregulated compared to their 

respective non-cachectic Parp-2
-/- 

rodents. In the limb muscle, expression of the same 
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microRNAs was also downregulated in Parp-2
-/- 

cachectic mice, except for miR-206 whose 

levels did not differ between cachectic and non-cachectic animals in the limb muscle.  

Expression of miR-133 induces myoblast proliferation by inhibiting myotube formation, 

miR-486 is involved in hypertrophy, and miR-1 and -206 promote cell differentiation and 

innervation[11,14,26,34,39]through several downstream mechanisms that favor protein 

synthesis and muscle growth [43]. The mechanisms accounting for the regulation of PARP-1 

and -2 on the expression of muscle-enriched microRNAs have not been so far demonstrated. 

Indeed, the current study is the first to report a potential association between PARP-1 and -2 

expressions and muscle-specific microRNAs in a model of cancer cachexia. Nonetheless, in 

view of the present findings, it could be hypothesized that particularly in the gastrocnemius of 

LC cachectic mice, PARP-1 inhibition most likely favorsmuscle proliferation and 

differentiation (miR-133, miR-206, and miR-486) processes, while PARP-2 may rather 

promote muscle differentiation (miR-206). In the diaphragm, PARP-1 deletion favored the 

expression of miR-486, whereas no significant effects on microRNA expression were seen in 

LC cachectic Parp-2 
-/-

 animals.  

Taken together, these findings suggest that PARP-1 rather than PARP-2 inhibition seems 

to exert more beneficial effects on muscle-enriched microRNA expression of cachectic limb 

muscles in this specific animal model of LC cachexia. In fact, PARP-1 has been demonstrated 

to interact with nuclear factor (NF)-κB [23,36], and the transcriptional activity of NF-κB was 

recently shown to increase in the gastrocnemius muscle inthe animals of the same model of 

cancer cachexia[12]. On this basis, it is likely that inhibition of PARP activity, especially of 

PARP-1, may have prevented a further decrease in the expression of muscle-specific 

microRNAs by blocking NF-κB activity, particularly in the limb muscle of the cachectic 

animals. Differences in the activity between respiratory and limb muscles, despite their 

similar fiber type composition, and in the contribution to total body and muscle mass loss of 
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each type of muscle may account for the differential pattern of muscle-specific microRNA 

expression observed in muscles of Parp-1
-/- 

mice. Conclusively, the prevention of a further 

downregulation of the expression of these muscle-specific microRNAs may partly account for 

the improvement in body weight and limb muscle force lose observed in both groups of 

knockout mice with cancer cachexia compared to tumor-bearing wild type mice.  

Interestingly, in order to assess the potential effects of either PARP-1 or -2 deficiencies 

on both types of muscles under normal conditions, levels of the different markers were also 

statistically analyzed in non-cachectic control muscles of all the study groups. In this regard, 

in the diaphragm, non-cachectic Parp-1
-/- 

mice exhibited a significant rise in miR-133 and -

206 expressions, while miR-486 levels were downregulated compared to non-cachectic wild 

type animals. In the same muscle, the expression of miR-1, -133, -206, and -486 was 

upregulated in non-cachectic control Parp-2
-/- 

mice compared to wild type mice, implying that 

both proliferation and differentiation processes were favored by PARP-2 inhibition in healthy 

diaphragms. In the gastrocnemius, PARP-1 deficiency induced a significant downregulation 

of miR-133 and -486 expressions, whereas PARP-2 deficiency led to an upregulation of miR-

206 and to a concomitant downregulation of miR-486 in non-cachectic animals compared to 

control wild type mice. PARP-2 deficiency rather than PARP-1 seemed to exert more 

beneficial effects in terms of muscle-enriched microRNA upregulation in non-cachectic 

muscles, particularly in the diaphragm. The elucidation of the mechanisms whereby either 

PARP-1 or -2 deletions may differentially regulate the expression of muscle-enriched 

microRNAs in respiratory and limb muscles under normal conditions (no underlying disease) 

is beyond the scope of the current study and should be the subject of future research.  

Hyperacetylation of proteins, which relies to a great extent on histone deacetylase 

(HDAC) activity, may lead to muscle mass loss by rendering proteins more prone to 

degradation by the action of histone acetyl transferases that may have ubiquitin-ligase activity 
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and by dissociation of proteins from cellular chaperones [1]. In the current study, in the 

respiratory and limb muscles of wild type LC cachectic animals compared to their respective 

non-cachectic controls, total protein acetylation levels were increased, while those of 

HDAC3, HDAC6, and SIRT1 were reduced. These findings are in agreement with previous 

investigations, in which levels of HDAC3 and HDAC6 and SIRT1 were also reduced in 

models of muscle wasting[2,43,49]. Collectively, these findings imply that reduced HDAC 

activity drives protein hyperacetylation in skeletal muscles in models of muscle 

wasting[2,43,49]. Importantly, in Parp-1
-/- 

and Parp-2
-/- 

mice, protein acetylation levels did not 

significantly differ between cancer cachexia and non-cachetic control conditions in 

respiratory or limb muscles, thus suggesting that PARP-1 and -2 deficiencies have prevented 

these muscles from undergoing further protein acetylation. Importantly, the content of 

HDAC3, HDAC6, and SIRT1 showed no statistically significant difference in either 

diaphragm or gastrocnemius muscles between cancer cachectic and non-cachectic controls in 

Parp-1
-/- 

and Parp-2
-/- 

mice. Clearly, these results point towards a beneficial effect of PARP-1 

and -2 deficiencies on HDAC content in skeletal muscles in LC cachexia. The absence of 

HDAC3, HDAC6, and SIRT1 downregulation together with the absence of a rise in protein 

hyperacetylation levels in Parp-1
-/- 

and Parp-2
-/- 

cancer cachectic mice may greatly account for 

the improvements seen in these animals in terms of body and muscle weights, limb muscle 

strength, and fiber sizes compared to differences observed in the wild type cachectic rodents. 

Furthermore, the levels of acetylation of specific transcription factors were also 

measured in the current study. Interestingly, compared to non-cachectic animals, in wild type 

LC cachectic mice, acetylation levels of FoxO3 were significantly increased in the diaphragm 

and gastrocnemius, while a rise in acetylated FoxO1 levels was only seen in the respiratory 

muscle of the same rodents. Acetylated levels of PGC-1alpha did not vary between cachectic 

and non-cachectic mice in any of the experimental groups. Importantly, in Parp-1
-/- 

and Parp-
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2
-/- 

mice, no significant differences were seen in FoxO1 and FoxO3 acetylation levels. These 

findings suggest that acetylation of these atrophy signaling pathways, particularly of the 

latter, favors muscle protein loss as shown in other models [52], which may have been partly 

prevented by PARP1/2 inhibition in this study.  

Myogenic regulatory factors control myogenesis and muscle remodeling in response to 

injury in adult muscles. Furthermore, they may also orchestrate muscle phenotype by 

determining the fiber type of a given muscle. For instance, MEF2 family of transcription 

factors plays a relevant role in muscle phenotype determination of fast- and slow-twitch 

muscle fibers in mice [40]. Importantly, MEF2 is regulated by acetylation and deacetylation 

mediated by class II HDACs that can directly bind and inhibit MEF2-regulated transcription 

of genes [61]. In the present study, protein levels of MEF2C and MEF2D were significantly 

decreased in the wild type cachectic mice compared to the non-cachectic control rodents. 

Nonetheless, in Parp-1
-/- 

and Parp-2
-/- 

cancer cachectic mice, MEF2C and MEF2D levels did 

not significantly differ in either respiratory or limb muscles from those detected in the non-

cachectic control knockout mice. Interestingly, these findings are also in line with the lack of 

statistically significant differences in HDAC3 and HDAC6 levels observed between tumor-

bearing and control animals deficient in PARP-1 and -2 proteins. Taken together, these results 

indicate that muscle fiber type composition was not modified in any of the study groups or 

experimental conditions, and the size of slow- and fast-twitch muscle fibers improved in 

Parp-1
-/- 

and Parp-2
-/- 

cancer cachectic mice compared to the tumor-bearing wild type rodents.  

YY1 is a transcription factor involved in histone modification and in the inhibition of 

muscle regeneration through the transcriptional silencing of myofibrillar genes [56]. 

Moreover, in a previous study [35], protein levels of YY1 inversely correlated with the 

reduced size of slow- and fast-twitch muscle fibers in the vastus lateralis of patients with 

COPD. In the current investigation, YY1 levels were significantly reduced in the cachectic 
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animals compared to non-cachectic controls in the three experimental groups. Besides, as 

deficiency of PARP-1 and -2 induced an increase in the size of slow- and fast-twitch fibers in 

both muscles in cachectic animals (no significant differences were observed between cancer 

cachectic and non-cachectic control mice), it is likely that reduced levels of YY1 may have 

partly contributed to the improvement in the fiber sizes of those muscles.  

Interestingly, levels of muscle creatine kinase protein, which is regulated by YY1 [55] 

and MEF2 [60], but not those of actin or PGC-1,were significantly reduced in the 

diaphragm and gastrocnemius of wild type cachectic animals compared to the controls as 

previously shown to occur in diaphragm [29]and quadriceps of cachectic patients with COPD 

and LC [44]. Inhibition of PARP-1 and -2 induced similar effects in both muscles of the 

tumor bearing mice: while creatine kinase protein content remained significantly lower than 

in the controls, such a decrease was attenuated in the gastrocnemius of the knockout cachectic 

mice. Furthermore, creatine kinase levels also significantly decreased in the non-tumor 

knockout animals compared to the healthy wild type controls. Collectively, these findings 

suggest that the regulation of creatine kinase in the diaphragm is likely to be mediated by 

YY1 (similar pattern of expression) in both non-tumor and tumor-bearing mice of wild type 

and knockout groups, while PARP-1 and -2 predominantly restored creatine kinase levels in 

the limb muscle as shown to occur in other models [13].  

4.2. Study critique 

It is likely that the 30-40% reduction in tumor burdenobserved in both groups of knockout 

mice may have partly contributed to favoring body and muscle mass gain in the rodents, albeit 

tumors did express PARP-1 and -2 proteins. In fact, inhibition of both PARP-1 and -2 induced 

a reduction in tumor weights in the animals. Moreover, tumor growth as measured by ki-67 

(cell proliferation marker) significantly decreased in the cachectic knockout mice, while 

levels of the proapoptotic bax and autophagy marker rose in the tumors of the same rodents 



21 
 

compared to wild type mice.Tumor levels of SIRT1 protein, however, did not significantly 

differ among the study groups. It is likely that other pathways may signal autophagy in this 

study as shown in other models[24]. The mechanisms whereby PARP-1 and -2 inhibition in 

the host may contribute to reducing tumor burden of adenocarcinoma cells that express both 

molecules remain to be elucidated in future studies, as they are beyond the scope of the 

current investigation. However, recent data from our group (submitted) point towards a 

paramount role of depletion of major antioxidants and increased oxidative stress levels, which 

may have further promoted apoptosis and autophagy of the cancer cells in the Parp-1
-/- 

and 

Parp-2
-/- 

mice. On the other hand, reduction of tumor burden after cancer resection was also 

shown to improve muscle atrophy and protein catabolism in actual cancer patients [58], 

suggesting that this factor also plays a relevant role in the improvement of muscle wasting.  

Another limitation is related to the lack of measurements on the progression of tumor 

size throughout the study protocol in the tumor-bearing animals. In the study, tumor weights 

were only available at the time of sacrifice in all experimental groups. Nonetheless, the 

tumors induced by the lung adenocarcinoma cells (LP07) used in the current investigation, 

have been thoroughly characterized, especially tumor growth and kineticsin previous studies 

[17,18,37,53]. 

The study of other limb muscles would have also been of interest. However, our 

specific goal was to analyze a limb muscle of similar fiber type composition as that of the 

main respiratory muscle, the diaphragm.In the gastrocnemius of LC cachectic Parp-1
-/-

 mice, 

the large variability of the muscle fiber sizes especially of the fast-twitch fibers, which did not 

statistically differ from those in their respective non-cachectic controls, may account for the 

absence of a correspondence between these parameters and the significantly smaller size of 

the muscle.Despite that lipid or water content within the myofibers could have also been 

contributing factors, no actual water vacuoles or lipid accumulation was found within the 
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muscle fibers of the animals in the study groups (data not shown). As in previous 

investigations [4-6], the analysis of other markers involved in muscle metabolism such as 

mitochondrial respiratory chain function in response to PARP-1 and -2 inhibition will be of 

interest in future research. Indeed, a previous study from our group showed alterations of 

oxygen uptake and respiratory chain complexes in both diaphragm and gastrocnemius of wild 

type cancer cachectic mice that were partially restored in response to several pharmacological 

agents[21].  

Future research should focus on the assessment of whether selective pharmacological 

inhibitors of PARP-1 and -2 exert similar beneficial effects on muscles in models of cancer 

cachexia and eventually in patients with cancer cachexia for whom currently available 

therapies are scarce[38,47,48].  

4.3. Conclusions  

PARP-1 rather than PARP-2 inhibition seems to exert more beneficial effects on muscle-

enriched microRNA expressionparticularly in the gastrocnemius in this specific animal model 

of LC cachexia. Furthermore, in both groups of knockout animals, the rise in protein 

acetylation levels and that of transcription factors in diaphragm and gastrocnemius of the 

tumor-bearing rodents was attenuated probably through improvements in HDAC3 and SIRT1 

levels. Also, in both groups of Parp-1
-/- 

and Parp-2
-/- 

LC cachectic mice, the decrease in 

myogenic regulatory factors seen in the wild type cancer cachectic animals was mitigated in 

their respiratory and limb muscles. These molecular features may partly account for the 

improvements seen in the mouse phenotype as defined by body and muscle weights, limb 

muscle force and fiber sizes in both Parp-1
-/- 

and Parp-2
-/- 

cancer cachectic mice, which imply 

a potential clinical applicability of selective inhibition of PARP-1 and -2 to be tested in future 

studies. Indeed, currently available drugs, e.g. olaparib, inhibit PARP-1/2 activities. Evidence 
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from the present investigation should prompt research on the potential beneficial effects and 

safety concerns of pharmacological PARP-1/2 inhibitors on muscle mass loss and wasting.  
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FIGURE LEGENDS 

Figure 1: Graphical representation of the progression of body weight in mice from all 

experimental groups. The following signs have been used in each group: non-cachectic 

control wild type animals (blue diamonds, N=10), LC cachectic wild type mice (squares, 

N=10), non-cachectic control Parp-1
-/-

 rodents (triangles, N=8),  LC cachectic Parp-1
-/-

 mice 

(purple squares, N=12), non-cachectic control Parp-2
-/-

 rodents (green squares, N=6), and LC 

cachectic Parp-2
-/-

 animals (circles, N=6) over the study period (1 month). 

Figure 2: Mean values and standard deviation of miR-1 (top panels, A and B) and miR-133a 

(bottom panels, C and D) expression in the diaphragm (left panels) and gastrocnemius (right 

panels) muscles. Statistical significance is represented as follows: *, p≤0.05, **, p≤0.01, ***, 

and p≤0.001 between either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC cachectic mice and their 

respective non-cachectic control rodents; †, p≤0.05, and †††, p≤0.001 between any of the 

non-cachectic control knockout animals and non-cachectic wild type mice. 

Figure 3: Mean values and standard deviation of miR-206 (top panels, A and B) and miR-486 

(bottom panels, C and D) expression in the diaphragm (left panels) and gastrocnemius (right 

panels). Statistical significance is represented as follows: *, p≤0.05, **, p≤0.01, ***, p≤0.001, 

and n.s., non-significant differences between either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC 

cachectic mice and their respective non-cachectic control rodents; †, p≤0.05, ††, p≤0.01, and 

†††, p≤0.001 between any of the non-cachectic control knockout animals and non-cachectic 

wild type mice. A significant correlation was found between type II fiber size and miR-133 

expression in the gastrocnemius of the cachectic wild type mice. No significant correlations 

were observed between type II fiber size and miR-133 expression in the gastrocnemius of any 

of the cachectic knockout animals (panel E). 

Figure 4: Mean values and standard deviation of total acetylated proteins (panels A and B), 

acetylated FoxO1 (panels C and D),acetylated FoxO3 (panels E and F), and acetylated PGC-
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1 (panelsG and H) in the diaphragm (left panels) and gastrocnemius (right panels) muscles, 

as measured by optical densities in arbitrary units (OD, a.u.). Statistical significance is 

represented as follows: *, p≤0.05, **, p≤0.01, ***, p≤0.001, and n.s., non-significant 

differences between either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC cachectic mice and their 

respective non-cachectic control animals. 

Figure 5: Mean values and standard deviation of HDAC3 (top panels, A and B), HDAC6 

(medium panels, C and D), and SIRT1 (bottom panels, E and F) in the diaphragm (left panels) 

and gastrocnemius (right panels) muscles, as measured by optical densities in arbitrary units 

(OD, a.u.). Statistical significance is represented as follows: *, p≤0.05, **, p≤0.01, and n.s., 

non-significant differences between either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC cachectic mice 

and their respective non-cachectic control animals. 

Figure 6: Mean values and standard deviation of the transcription factors MEF2C (top panels, 

A and B), MEF2D (medium panels, C and D), and YY1 (bottom panels, E and F) protein 

content in the diaphragm (left panels) and gastrocnemius (right panels) muscles, as measured 

by optical densities in arbitrary units (OD, a.u.). Statistical significance is represented as 

follows: *, p≤0.05, **, p≤0.01, ***, p≤0.001, and n.s., non-significant differences between 

either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC cachectic mice and their respective non-cachectic 

control animals; ††, p≤0.01 between any of the non-cachectic control knockout animals and 

non-cachectic wild type mice. 

Figure 7: Mean values and standard deviation of -actin skeletal muscle (top panels, A and 

B), total PGC-1 (medium panels, C and D), and creatine kinase (bottom panels, E and F) 

protein content in the diaphragm (left panels) and gastrocnemius (right panels) muscles, as 

measured by optical densities in arbitrary units (OD, a.u.). Statistical significance is 

represented as follows: *, p≤0.05, ***, p≤0.001, and n.s., non-significant differences between 

either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC cachectic mice and their respective non-cachectic 
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control animals; ††, p≤0.01 between any of the non-cachectic control knockout animals and 

non-cachectic wild type mice.  



34 
 

Table 1.MicroRNA assays and probes used for the quantitative analyses of the target genes using 

real-time PCR. 

 

Assay Name Assay ID miRBase accession  number 

Muscle-specific, myomiRs   

hsa-miR-1 002222 MIMAT0000416 

hsa-miR-133a 002246 MIMAT0000427 

hsa-miR-206 000510 MIMAT0000462 

Other miRNAs 

(highly expressed in muscles) 

  

hsa-miR-486 001278 MIMAT0002177 

  NCBI Accession number 

U6 snRNA, housekeeping gene 001973 NR_004394 

Abbreviations: ID, identification; hsa, homo sapiens; miR, microRNA; MIMAT, mature 

microRNA; snRNA, small nuclear RNA; NR, non-coding RNA RefSeq database category.
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Table 2. Physiological characteristics of wild type, Parp-1
-/-

, and Parp-2
-/-

 mice at the end of the studyperiod. 

 Wild type mice Parp-1
-/- 

mice Parp-2
-/- 

mice 

 Control  LC cachexia  Control  LC cachexia  Control  LC cachexia  

Age at baseline (weeks) 10  10, n.s. 10 10, n.s. 10 10, n.s. 

Body weight at baseline (g) 20.30 (1.03) 19.60 (1.13), n.s. 19.28 (0.78)  18.61 (0.93), n.s. 19.25 (1.06) 19.89 (0.92), n.s. 

Body weight gain (%)  +8.35 (2.35) -6.55 (6.80), *** +6.96 (2.23) +1.55 (3.69), ** +4.34 (2.87)  +3.06 (6.81), n.s. 

Food intake (g/24h) 3.2 (0.5) 3.1 (0.4), n.s. 3.3 (0.6) 3.1 (0.4), n.s. 3.2 (0.4) 3.2 (0.3), n.s. 

Diaphragm weight (g) 0.089 (0.01) 0.069 (0.008), *** 0.073 (0.01), †† 0.062 (0.007), * 0.076 (0.012), † 0.086 (0.013), n.s. 

Gastrocnemius weight (g) 0.116 (0.005) 0.082 (0.008), *** 0.105 (0.003), †† 0.096 (0.007), *** 0.096 (0.012), ††† 0.098 (0.012), n.s. 

Limb strength gain (%)  +10.03 (8.96) -12.85 (7.14), *** +12.86 (8.13) -0.45 (6.08), ** +3.33 (1.99) +2.10 (5.40), n.s. 

 

Variables are presented as mean (standard deviation).In all animals, body weight and limb strength gains were calculated as the percentage of 

the measurements performed at the end of the study period (30 days) with respect to the same measurements obtained at baseline. 

Definition of abbreviations: Parp-1
-/-

 and Parp-2
-/-

, poly-ADP ribose polymerase-1, and -2 knockout mice;LC, lung cancer. 

Statistical significance: *, p≤0.05, **, p≤0.01, ***, p≤0.001, and n.s., non-significant differences between either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC 

cachectic mice and their respective control (non-tumor) rodents; †, p≤0.05, †† p≤0.01, and †††, p≤0.001 between any of the control knockout animals and 

control (non-tumor) wild type mice. 
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Table 3.Subcutaneous tumor characteristics of wild type, Parp-1
-/-

, and Parp-2
-/-

 mice at the end of the studyperiod. 

 Wild type mice Parp-1
-/- 

mice Parp-2
-/- 

mice 

 LC cachexia  LC cachexia  LC cachexia  

Subcutaneous tumor weight (g) 1.88 (0.54) 1.15 (0.33), ** 1.26 (0.34), ** 

Ratio of tumor to total final body weight 

(%) 

10.2 (2.8) 6.1 (1.8), *** 6.2 (2.0), *** 

Percentage of reduction in tumor weight  39 33 

Cellular proliferation 

Ki-67 (%)  83.25 (2.8) 73.03 (7.9), ** 75.14 (3.5), * 

Apoptosis 

Bcl-2, OD (a.u.) (antiapopototic) 0.06 (0.03) 0.04 (0.01), * 0.03 (0.004), ** 

Bax, OD (a.u.) (proapoptotic) 0.010 (0.004) 0.016 (0.005),* 0.016 (0.002), * 

Autophagy 

SIRT1, OD (a.u.) 0.07 (0.02) 0.09 (0.02), n.s. 0.09 (0.02), n.s. 

LC3 II/LC3 I, OD (a.u.) 1.78 (0.6) 5.03 (2.2), * 8.30 (3.9), *** 

 

Variables are presented as mean (standard deviation). 

Definition of abbreviations: Parp-1
-/-

 and Parp-2
-/-

, poly-ADP ribose polymerase-1, and -2 knockout mice;LC, lung cancer;Bcl-2, B-cell lymphoma 

2; Bax, Bcl-associated X protein; LC3, Light chain 3. 

Statistical significance: *, p≤0.05, **, p≤0.01, ***, p≤0.001, and n.s., non-significant differences between any of the LC cachectic knockout groups 

of rodents and LC cachectic wild type mice. 
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Table 4. Muscle structural characteristics of wild type, Parp-1
-/-

, and Parp-2
-/-

 mice at the end of the study period. 

                                             Wild type mice                                          Parp-1
-/- 

mice Parp-2
-/- 

mice 

                                       Muscle                 Control      LC cachexia  Control  LC cachexia  Control  LC cachexia  

Fiber type composition 

Type I fibers 

(%) 

Diaphragm 9 (2) 8 (3), n.s. 9 (1) 9 (2), n.s. 7 (2) 9 (2), n.s. 
Gastrocnemius    

iius 

13 (3) 13 (3), n.s. 13 (2) 13 (2), n.s. 17 (4) 15 (2), n.s. 

Type II fibers 

(%) 

Diaphragm 91 (2) 92 (3), n.s. 91 (1) 91 (2), n.s. 92 (3) 90 (2), n.s. 
Gastrocnemius 87 (3) 87 (3), n.s. 87 (2) 87 (2), n.s. 83 (4) 85 (2), n.s. 

Type I fibers 

area (µm
2
) 

Diaphragm 328 (66) 233 (34), *** 325 (77) 289 (58), n.s. 292 (49) 311 (67), n.s. 
Gastrocnemius 953 (114) 644 (120), *** 864 (109) 730 (190), p=0.089 775 (128)  707 (82), n.s. 

Type II fibers 

area (µm
2
) 

Diaphragm 396 (81) 303 (69), * 384 (80) 371 (76), n.s. 344 (98) 395 (114), n.s. 
Gastrocnemius 939 (118) 728 (140), ** 885 (99) 743 (182), p=0.067 801 (69) 714 (61), n.s. 

 

Values are expressed as mean (standard deviation). 

Definition of abbreviations: Parp-1
-/- 

and Parp-2
-/-

, poly-ADP ribose polymerase-1, and -2 knockout mice; LC, lung cancer; µm, micrometer; n.s., 

non-significant. 

Statistical significance: *, p≤0.05, **, p≤0.01, ***, p≤0.001, and n.s., non-significant differences between either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC 

cachectic mice and their respective control (non-tumor) rodents. 
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ABSTRACT 

Background:Current treatment options for cachexia, which impairs disease prognosis, are 

limited. Muscle-enriched microRNAs and protein acetylation are involved in muscle wasting 

including lung cancer (LC) cachexia. Poly(ADP-ribose) polymerases (PARP) are involved in 

muscle metabolism. We hypothesized that muscle-enriched microRNA, protein 

hyperacetylation, and expression levels of myogenic transcription factors (MTFs) and 

downstream targets, muscle loss and function improve in LC cachectic Parp-1
-/-

 and Parp-2
-/-

 

mice. Methods:Body and muscle weights, grip strength, muscle phenotype, muscle-enriched 

microRNAs (miR-1, -133, -206, and -486), protein acetylation, acetylated levels of FoxO1, 

FoxO3, and PGC-1, histone deacetylases (HDACs) including SIRT1, MTFs, and 

downstream targets(-actin, PGC-1, and creatine kinase) were evaluated in diaphragm and 

gastrocnemius of LC (LP07 adenocarcinoma) wild type (WT),  Parp-1
-/-

 and Parp-2
-/-

 mice. 

Results:Compared to WT cachectic animals, in both respiratory and limb muscles of Parp-1
-/-

 

and Parp-2
-/-

 cachectic mice: downregulation of muscle-specific microRNAs was 

counterbalanced especially in gastrocnemius of Parp-1
-/-

 mice; increased protein acetylation 

was attenuated (improvement in HDAC3, SIRT-1, and acetylated FoxO3 levels in both 

muscles,acetylated FoxO1 levels in the diaphragm); reduced MTFs and creatine kinaselevels 

were mitigated; body and muscle weights, strength, and muscle fiber sizes improved, while 

tumor weight and growth decreased. Conclusions:These molecular findings may explain the 

improvements seen in body and muscle weights, limb muscle force and fiber sizes in both 

Parp-1
-/- 

and Parp-2
-/- 

cachectic mice. General significance:PARP-1 and -2 play a role in 

cancer-induced cachexia, thus selective pharmacological inhibition of PARP-1 and -2 may be 

of interest in clinical settings. Word count: 250. KEY WORDS: cancer-induced cachexia; 

muscle-enriched microRNAs; protein hyperacetylation; myogenic transcription factors; 

muscle structure and function; Parp-1
-/-

 and Parp-2
-/-

 mice. 
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1. Introduction 

Systemic manifestations of chronic conditions such as muscle mass loss and dysfunction 

further impair the patients’ prognosis and their quality of life [7,19,20]. In advanced 

malignancies, the prevalence of cachexia characterized by muscle loss and body composition 

alterations ranges from 60-80% especially in patients bearing tumors from the gastrointestinal 

and respiratory tracts[19,20,25,38,47,48,50]. Despite that progress in the etiology of cachexia 

has been recently achieved several mechanisms that could help design novel therapeutic 

strategies remain to be explored in more detail.  

Recent evidence has demonstrated that muscle-enriched microRNAs (miR-1, -133, -

206, and -486) are involved in myogenesis and muscle plasticity to environmental stimuli. For 

instance, miR-1 and -133 regulated hypertrophy in response to muscle overload [30] and 

atrophy in spaceflight and hindlimb suspension experimental models [31]. Moreover, in 

respiratory [41] and limb muscles of patients with chronic obstructive pulmonary disease 

(COPD) with a wide range of airway obstruction and body composition [26,42,43] and severe 

atrophy of fast-twitch fibers and quadriceps weakness, the expression of muscle-enriched 

microRNAs and other epigenetic events such as lysine-hyperacetylation of histones and other 

proteins [43], were shown to be differentially regulated compared to the controls.  

Recently, poly(ADP-ribosyl)ation, a post-translational modification of proteins in 

which ADP-ribose moiety of NAD
+
 molecules is transferred to acceptor residues of target 

proteins by members of the poly(ADP-ribose) polymerase (PARP) family, has emerged as a 

new regulator of epigenetic events in cells [45]. Among the seventeen members of the PARP 

family, PARP-1 and PARP-2 play a fundamental role in epigenetic processes through the 

orchestration of several chromatin-based biological activities [59]. For instance, PARP-1 

inhibition using pharmacological agents or knockout mice was shown to increase the levels of 

type III histone deacetylase SIRT1 activity and to improve oxidative metabolism in the 
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animals[5]. Moreover, inhibition of PARP-2 also induced an increase in mitochondrial 

content and SIRT1 protein levels in limb muscles of the knockout mice [4]. Collectively, 

these findings suggest that PARP seems to play a relevant role in muscle metabolism through 

specific epigenetic events. Nonetheless, identification of whether PARP-1 and -2 may 

influence body weight loss, limb strength and other epigenetic features in in vivo models of 

cancer-induced cachexia remains to be elucidated. In this regard, it would be of scientific and 

clinical interest to identify the extent to which PARP inhibition may improve muscle mass 

and force loss in cancer cachexia, for which current therapies are extremely 

limited[19,20,25,38,47,48,50]. Those findings would facilitate the design of selective PARP 

inhibitors that may promote the restoration of muscle mass and force in cachexia. Moreover, 

investigations focused on the study of whether respiratory muscles may also be affected in 

cachectic rodents are scarce [12,46]. We believe that given the relevance of these muscles in 

the body, the analysis of the diaphragm deserves further attention in models of cancer-induced 

cachexia.   

On this basis and in view of the findings reported so far on the potential role of PARP-

1 and -2 in muscle metabolism, in the current investigation, we hypothesized that Parp-1
-/-

 and 

Parp-2
-/-

 mice may develop less severe muscle wasting when transplanted with a tumor that 

induces severe cachexia. Additionally, we also hypothesized that muscle-specificmicroRNA 

and protein acetylation profile would be differentially expressed in both respiratory and limb 

muscles of Parp-1
-/-

 and Parp-2
-/-

 mice with cancer cachexia. Accordingly, the study 

objectives were to assess after a one-month study period, in diaphragm and in a limb muscle 

of similar fiber type composition (gastrocnemius) of Parp-1
-/-

 and Parp-2
-/-

 mice transplanted 

with a lung tumor (adenocarcinoma)-inducing cachexia: 1) the effects of PARP -1 and -2 

selective deletions on body and muscle weights, grip strength, muscle phenotype, and tumor 

size, 2) levels of expression of muscle-enriched microRNAs, 3) total protein 



5 
 

hyperacetylationlevels and those of transcription factors involved in muscle wasting, 4) levels 

of myogenic transcription factors(MTFs) and their downstream targets, and 5) potential 

correlations between physiological and molecular variables in cachectic wild type, Parp-1
-/-

 

and Parp-2
-/-

 mice.  

 

2. Methods 

2.1. Animal model 

Tumor. LP07 is a cell line derived from the transplantable P07 lung tumor that appeared 

spontaneously in the lung of a BALB/c mouse [12,17,18,53]. The rates of tumor growth and 

tumor kinetics have been well characterized in previous investigations aimed to specifically 

explore the effects of several drugs on identical transplanted tumors [18,37]. 

Mice. BALB/c mice were obtained from Harlan InterfaunaIbérica SL (Barcelona, Spain). 

Parp-1
-/-

 and Parp-2
-/-

 mice (strain 129/Sv x C57BL/6), kindly provided by Dr. de Murcia 

[15,16,32] (Strasbourg, France), were backcrossed on BALB/c background for twelve 

generations. Genotyping was performed by PCR analysis using tail DNA as previously 

described. All experiments were performed on two-month old littermate female mice (body 

weight ~20 g), on a BALB/c background. Mice were kept under pathogen-free conditions in 

the animal house facility at the Barcelona Biomedical Research Park (PRBB), with a 12:12 h 

light:dark cycle.  

Experimental design and Ethics. In all experimental groups (except for control rodents), LP07 

viable cells (4x10
5
) resuspended in 0.2 mL minimal essential media (MEM) were 

subcutaneously inoculated in the left flank of female BALB/c mice on day 1, and were 

studied for a period of one month. Fifty-nine mice were used in the study, which were 

subdivided into the following experimental groups: 1) control wild type (N=14), inoculation 

of 0.2 mL MEM in the left flank; 2) LC cachexia wild type group (N=13), inoculation of 

LP07 cells; 3) control Parp-1
-/- 

(N=8), inoculation of 0.2 mL MEM in the left flank; 4) LC 
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cachectic Parp-1
-/-

 mice (N=12), inoculation of LP07 cells; 5) control Parp-2
-/-

 (N=6), 

inoculation of 0.2 mL MEM in the left flank; and 6) LC cachectic Parp-2
-/-

 mice (N=6), 

inoculation of LP07 cells.  

A fraction of the diaphragm and gastrocnemius muscle specimens of the transgenic 

mice were also used in another investigation aimed to assess protein catabolism and 

anabolism and structural alterations in those muscles (data submitted).  

All animal experiments were conducted in the animal facilities at PRBB. This 

controlled study was designed in accordance with the ethical standards on animal 

experimentation (EU 2010/63 CEE, Real Decreto 53/2013 BOE 34, Spain) at PRBB and the 

Helsinki convention for the use and care of animals. Ethical approval was obtained by the 

Animal Research Committee (Animal welfare department, Catalonia, EBP-09-1228). 

2.2. In vivo measurements in the mice 

Body weight and grip strength gains were calculated as the percentage of the measurements 

performed at the end of the study period (30 days) with respect to the same measurements 

obtained at baseline. Body weight and food intake were measured every day during the entire 

duration of the study, whereas limb force (grip strength) was determined on days 0 and 30 in 

all animals as previously shown[10,12,33,51,54,57]. Moreover, the ratio of tumor weight to 

total body weight on the day of sacrifice (day 30) was also calculated. 

2.3. Sacrifice and sample collection 

Mice from all the experimental groups were sacrificed on day 30 post-inoculation of LP07 

cells or MEM (control animals). Prior to sacrifice, each mouse was inoculated 

intraperitoneally with 0.1 mL sodium pentobarbital (60 mg/Kg). In all cases, the pedal and 

blink reflexes were evaluated in order to verify total anesthetic depth. At this time, the 

following samples were obtained from all animals: diaphragm and gastrocnemius muscles and 

the subcutaneous tumor. LC cachectic mice were macroscopically of smaller size than healthy 
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control rodents [12]. Frozen tissues were used for immunoblotting and real-time polymerase 

chain reaction assay (qRT-PCR) techniques. 

2.4. Biological analyses 

Muscle RNA isolation.Total RNA was first isolated from snap-frozen skeletal muscles using 

Trizol reagent following the manufacturer’s protocol (Life technologies, Carlsbad, CA, USA). 

Total RNA concentrations were determined photometrically using the NanoDrop 1000 

(Thermo Scientific, Waltham, MA, USA).  

MicroRNA reverse transcription (RT). MicroRNA RT was performed using TaqMan® 

microRNA assays (Life Technologies) following the manufacturer’s instructions.  

Real time-PCR amplification (qRT-PCR).TaqMan based qPCR reactions were performed 

using the ABI PRISM 7900HT Sequence Detector System (Applied BioSystems, Foster City, 

CA, USA) together with a commercially available predesigned microRNA assay, and probes 

as shown in Table 1 [27].  

Immunoblotting of 1D electrophoresis in muscle and tumor samples.Protein levels of the 

different molecular markers analyzed in the study were explored by means of immunoblotting 

procedures as previously described[8,12]. Protein levels of total acetylated proteins, HDACs, 

myogenic transcription factors, signaling pathways, and downstream targets were identified 

using specific primary antibodies as thoroughly described in the online supplementary 

material. In order to validate equal protein loading among various lanes, SDS-PAGE gels 

were stained with CoomassieBlue,and the glycolytic enzyme glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as the protein loading controls in all the 

immunoblots(Figure E1, and GAPDH immunoblots accompanying each study antigen). 

Tumor specimens. Following identical procedures as described above, in the subcutaneous 

tumors from all the animals, the following markers were also analyzed with the objective to 

assess whether Parp deletion may have had an effect on tumor growth or degradation: B-cell 
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lymphoma (bcl)-2, bax, light chain (LC)3B,NAD-dependent protein deacetylase sirtuin-1 

(SIRT1), and GAPDH. Furthermore, in order to confirm that tumors express PARP-1 and 

PARP-2 proteins in each group of knockout mice (cachectic animals), those proteins were 

also detected in the actual tumors of all groups of tumor-bearing mice using selective 

antibodies: anti-PARP-1 antibody (Clon A6.4.12) and anti-PARP-2 antibody (rabbit 

polyclonal antibody raised against full length mouse PARP-2)[3]. Antigens from all samples 

were detected as described above.  

Immunohistochemistry.On 3-micrometer muscle paraffin-embedded sections from 

diaphragms and gastrocnemius muscles of all study groups, MyHC-I and –II isoforms were 

identified using specific antibodies[12,43,44].  

Furthermore, in the subcutaneous tumor of the target mice (both wild type and 

knockout rodents), cell proliferation was measured using ki-67 as a marker (anti-ki67 

antibody, Millipore Iberica, CA, USA) on the three micrometer tumor paraffin-embedded 

sections using immunohistochemical procedures as previously described [12,43,44]. 

2.5. Statistical Analysis 

Normality of the study variables were checked using the Shapiro-Wilk test. Physiologic, 

structural, and molecular results are expressed as mean (standard deviation). For the purpose 

of the study, results obtained in the diaphragm and gastrocnemius muscles were subsequently 

analyzed as follows: 1) LC cachectic wild type mice versus their respective non-tumor 

controls, 2) LC cachectic Parp-1
-/-

 animals versus their respective knockout non-tumor 

controls, 3) LC cachectic Parp-2
-/-

 mice versus their respective knockout non-tumor controls, 

and 4) any of the non-tumor knockout mice versus non-tumor wild type animals. 

Comparisons described in points 1, 2, and 3 above were analyzed using the Student’s T- test, 

while comparisons described in point 4 were assessed using one-way analysis of variance 

(ANOVA), in which Dunnett’s post hoc analysis was used to adjust for multiple comparisons 



9 
 

among the three study groups. Moreover, values of the markers quantified in the tumors were 

compared among the three different groups of cancer cachectic rodents using ANOVA, in 

which Dunnett’s post hoc analysis was also employed to adjust for multiple comparisons 

among the groups. The existence of potential correlations between different variables was 

only tested in the LC cachectic groups of mice (both wild type and knockout mice). 

Specifically, correlations between physiological and biological variables were explored using 

the Pearson’s correlation coefficient. A level of significance of P 0.05 was established. The 

sample size chosen was based on previous studies[4,5,12,21,22,28], where very similar 

approaches were employed and on assumptions of 80% power to detect an improvement of 

more than 20% in measured outcomes at a level of significance of P 0.05. 

 

3. Results 

3.1. Physiological characteristics 

LC-induced cachexia.As shown in Table 2 and Figure 1, at the end of the study period (day 

30), cachectic wild type mice exhibited a reduction in body weight gain compared to their 

respective controls. Actual body weights of animals in all study are depicted in Figure 1.Food 

intake did not differ between any of the cachectic mice and their respective control animals 

(Table 2).Diaphragm and gastrocnemius muscle weights and limb strength gain were 

significantly reduced in cachectic wild type mice. Importantly, in Parp-1
-/- 

mice, a statistically 

significant reduction in these parameters was also observed, but to a much lesser extent than 

in the wild type animals. In cachectic Parp-2
-/- 

mice, no significant differences were observed 

in muscle weights and body or limb strength gains between cachectic and non-cachectic mice. 

No significant correlations were found between muscle weight changes and fiber type sizes in 

any study muscle of the LC cachectic mice (Parp-1
-/-

and Parp-2
-/-

). 
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Effects of PARP deletion on non-cachectic control animals.As illustrated in Table 2, non-

cachectic knockout animals (Parp-1
-/-

 and Parp-2
-/-

) exhibited a reduction in the weights of 

their muscles (diaphragm and gastrocnemius) compared to wild type non-tumor animals. 

However, body weight at baseline and both body weight and limb strength gains did not 

significantly differ among any of the non-cachectic groups of mice.  

3.2. Tumor characteristics 

Effects of PARP deletion on cachectic animals.The expression of PARP-1 and PARP-2 was 

confirmed in the subcutaneous tumors of the wild type and both groups of knockout mice. 

(Figure E2A). Compared to cachectic wild type animals, subcutaneous tumor weight and 

theratio of tumor to total body weight were significantly reduced in both knockout cachectic 

mice (Parp-1
-/-

 and Parp-2
-/-

, Table 3). Moreover, ki-67 (cell proliferation marker) was 

decreased in both knockout cachectic mice (Parp-1
-/-

 and Parp-2
-/-

) compared to cachectic 

wild type rodents (Table 3). Compared to cachectic wild type mice, subcutaneous tumors of 

both cachectic Parp-1
-/-

 and Parp-2
-/-

 animals exhibited a decrease in Bcl-2 protein levels, 

while Bax protein content was increased (Table 3 and Figures E2B and E2C). LC3 II/LC3 I 

levels were significantly increased in the subcutaneous tumor of both knockout cachectic 

mice (Parp-1
-/-

 and Parp-2
-/-

) compared to cachectic wild type animals, whereasSIRT1 levels 

did not differ between wild type and either Parp-1
-/-

 or Parp-2
-/-

 cachectic animals (Table 3 

and Figure E2D and E2E).  

3.3. Muscle structure 

LC-induced cachexia.The proportions of type I and II fibers did not differ between cachectic 

and non-cachectic conditions in any experimental group of mice. The size of both slow- and 

fast-twitch fibers was significantly reduced in diaphragm and gastrocnemius of cachectic wild 

type mice compared to non-cachectic control wild type animals (Table 4). In Parp-2
-/-

mice, 

the size of type I and type II fibers in both muscles did not show any significant difference 
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between cachectic and non-cachectic animals (Table 4). Compared to Parp-1
-/-

 mice, in LC-

cachectic Parp-1
-/-

 animals, no significant differences were seen in the size of either slow- or 

fast-twitch fibers in the diaphragm, while in the gastrocnemius a tendency to improve the size 

of type I (p=0.089) and type II (p=0.067, Table 4) was observed. A significant correlation was 

found between type II fiber size and miR-133 expression in the gastrocnemius of the 

cachectic wild type mice (r=0.938, p=0.000), but not in the tumor-bearing knockout mice (r=-

0.603, p=0.114 and r=-0.101, p=0.849, Parp-1
-/-

 and Parp-2
-/- 

mice, respectively) (Figure 

3E).No significant relationships were observed between type I fiber size and miR-133 

expression in the gastrocnemius of any of the three groups of cachectic animals (wild type 

mice r=0.256, p=0.474; Parp-1
-/- 

mice r=-0.114, p=0.789; and Parp-2
-/-

 r=-0.142, p=0.788). 

Effects of PARP deletion on non-cachectic control animals.Proportions or sizes of type I and 

type II fibers did not differ between wild type and either Parp-1
-/- 

or Parp-2
-/- 

non-cachectic 

control mice in any study muscle (Table 4).  

3.4. Expression microRNA in respiratory and limb muscles  

LC-induced cachexia.Expression levels of miR-1 were decreased in both diaphragm and 

gastrocnemius of LC cachectic wild type, and cachectic Parp-1
-/-

 and Parp-2
-/- 

mice compared 

to their respective non-cachectic control animals (Figures 2A and 2B). Both diaphragm and 

gastrocnemius of cachectic wild type and Parp-2
-/- 

mice exhibited a decrease in miR-133 

expression compared to their respective non-tumor control mice (Figures 2C and 2D), while 

miR-133 expression was down-regulated only in the diaphragm of cachectic Parp-1
-/- 

animals 

(Figures 2C and 2D). Compared to their respective non-cachectic controls, levels of miR-206 

were downregulated in both respiratory and limb muscles of cachectic wild type rodents, 

while the expression of this myomiR was decreased only in the diaphragm of both groups of 

cachectic knockout mice (Figures 3A and 3B). Expression levels of miR-486 were down-

regulated in both muscles of cachectic wild type and Parp-2
-/-

 mice compared to their 
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respective non-tumor control animals (Figures 3C and 3D). However, miR-486 levels did not 

differ between cachectic and non-cachectic Parp-1
-/- 

mice in any muscle (Figures 3C and 3D).    

Effects of PARP deletion on non-cachectic control animals. Levels of miR-1 did not differ 

between non-cachectic Parp-1
-/- 

and non-cachectic wild type mice in any study muscle 

(Figures 2A and 2B). However, levels of miR-1 were greater in the diaphragm of non-

cachectic Parp-2
-/- 

animals compared to non-cachectic wild type controls (Figures 2A and 

2B). Expression levels of miR-133 were upregulated in the diaphragm of both groups of non-

cachectic knockout mice compared to non-cachectic wild type control animals. Nevertheless, 

in the gastrocnemius of non-cachectic Parp-1
-/-

 and Parp-2
-/-

 controls, levels of miR-133 were 

down-regulated compared to non-cachectic wild type control animals (Figures 2C and 2D). 

Compared to wild type control animals, diaphragm and gastrocnemius of both groups of non-

cachectic knockout mice showed an increase in miR-206 expression (Figures 3A and 3B). 

Levels of miR-486 were down-regulated in the diaphragm and gastrocnemius of non-

cachectic control Parp-1
-/-

 animals compared to non-cachectic control wild type rodents 

(Figures 3C and 3D). However, in the diaphragm of non-cachectic Parp-2
-/-

 animals, 

expression levels of miR-486 were increased compared to wild type mice, while in the 

gastrocnemius were decreased (Figures 3C and 3D).  

3.5. Protein acetylation levels in respiratory and limb muscles 

LC-induced cachexia.Compared to non-cachectic wild type controls, total protein acetylation 

levels were increased in both respiratory and limb muscles of cachectic wild type rodents 

(Figures 4A, 4B, and E3). Total protein acetylation levels in both muscles did not show any 

significant difference between cachectic and non-cachectic animals in any of the knockout 

groups of mice (Figures 4A, 4B, and E3). Acetylated FoxO1 content was increased in the 

diaphragm but not in the limb muscle of wild type cachectic mice compared to their non-

cachectic controls (Figures 4C, 4D, and E4). Acetylated FoxO1 levels did not differ between 
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cachectic and non-cachectic conditions in any muscle of the knockout groups of mice 

(Figures 4C, 4D, and E4).Compared to cachectic wild type controls, acetylated FoxO3 

content was increased in both diaphragm and gastrocnemius muscles of cachectic wild type 

animals (Figures 4E, 4F, and E5). In Parp-1
-/-

mice, acetylated FoxO3 levels did not differ in 

any muscle between cachectic and non-cachectic conditions (Figures 4E, 4F, and E5). 

Compared to non-cachectic Parp-2
-/-

 mice, acetylated levels of FoxO3 were decreased in the 

diaphragm of cachectic Parp-2
-/-

 animals, while no differences between these two groups were 

seen in the gastrocnemius (Figure 4E, 4F, and E5). Acetylated levels of PGC-1 did not 

significantly differ between cachectic and non-cachectic conditions in either wild type or any 

of the two groups of knockout mice in any study muscle (Figures 4G, 4H, and E6).   

Effects of PARP deletion on non-cachectic control animals.Total protein acetylation levels, 

and acetylated levels of FoxO1, FoxO3, and PGC-1did not significantly differ between non-

cachectic wild type and either Parp-1
-/- 

or Parp-2
-/-

 non-cachectic control mice in any muscle 

(Figures 4A-4H, and E3-E6). 

3.6. Histone deacetylase levels in respiratory and limb muscles 

LC-induced cachexia.Compared to their respective non-cachectic controls, HDAC3 and 

HDAC6 levels were decreased in both respiratory and limb muscles of cachectic wild type 

rodents, whereas no differences were seen in any of the study muscles of the knockout 

cachectic animals (Figures 5A-5D, E7, and E8). SIRT1 levels were reduced in both muscles 

of cachectic wild type animals compared to their non-cachectic controls, while no differences 

were observed in any of the study muscles of the knockout cachectic animals (Parp-1
-/- 

or 

Parp-2
-/-

) compared to their respective non-cachectic rodents (Figures 5E, 5F, and E9). A 

significant positive correlation was found between HDAC3 and SIRT1 levels in the 

gastrocnemius of the cachectic wild type mice (r=0.724, p=0.042), but not in the knockout 

mice (r=0.495, p=0.259 and r=-0.036, p=0.955, Parp-1
-/-

 and Parp-2
-/- 

mice, respectively).   



14 
 

Effects of PARP deletion on non-cachectic control animals.HDAC3, HDAC6, and SIRT1 

levels did not significantly differ between non-cachectic wild type and either Parp-1
-/- 

or Parp-

2
-/-

 non-cachectic control mice in any study muscle (Figures 5A-5F, and E7-E9).    

3.7. Myogenic transcription factors and downstream markers 

LC-induced cachexia.In the diaphragm and gastrocnemius of cachectic wild type mice, 

protein levels of MEF2C and MEF2D were reduced compared to non-cachectic wild type 

controls (Figures 6A-6D, E10, and E11). MEF2C and MEF2D levels did not significantly 

differ between cachectic knockout animals and their respective non-tumor controls in any 

muscle (Figures 6A-6D, E10, and E11). YY1 levels were decreased in both muscles of the 

cachectic rodents compared to their respective non-cachectic controls (Figures 6E, 6F, and 

E12). Protein levels of -actin and total PGC-1 did not significantly differ between 

cachectic and non-cachectic conditions in either wild type or any of the two groups of 

knockout mice in any study muscle (Figures 7A-7D, E13 and E14).Creatine kinase protein 

content was diminished in both muscles of cachectic wild type animals compared to their 

non-cachectic controls (Figures 7E-7F, and E15). Creatine kinase levels were decreased in the 

diaphragm but not in the gastrocnemius of both knockout cachectic mice (Parp-1
-/-

 and Parp-

2
-/-

) compared to their respective non-cachectic controls (Figures 7E-7F, and E15). 

Effects of PARP deletion on non-cachectic control animals. Protein levels of MEF2C and 

MEF2D did not differ between either non-cachectic Parp-1
-/- 

or Parp-2
-/-

 and non-cachectic 

wild type controls in any study muscle (Figures 6A-6D, E10 and E11). Compared to non-

cachectic wild type animals, YY1 levels were reduced in the diaphragm of both groups of 

knockout mice, whereas no significant differences were observed in the gastrocnemius 

(Figures 6E, 6F and E12). Protein levels of -actin and total PGC-1 did not significantly 

differ between non-cachectic wild type and either Parp-1
-/- 

or Parp-2
-/-

 non-cachectic control 

mice in any muscle (Figures 7A-7D, E13 and E14). Compared to non-cachectic wild type 
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rodents, creatine kinase protein content was reduced in the diaphragm of both non-cachectic 

knockout mice (Parp-1
-/-

 and Parp-2
-/-

), while no significant differences were observed in the 

gastrocnemius (Figures 7E-7F, and E15). 

 

4. Discussion 

Expression levels of the muscle-enriched miR-1, -133, -206, and -486 were significantly 

downregulated in both diaphragm and gastrocnemius muscles of wild type LC cachectic mice 

compared to the non-cachectic wild type rodents. These findings are in agreement with those 

reported in previous investigations conducted on patients with severe COPD [26], in whom 

miR-1 levels were reduced in the vastuslateralis, and those of miR-1, -133, and -206 that were 

decreased in the diaphragm of patients with moderate COPD [41]. Interestingly, muscle-

enriched microRNAs target different cellular pathways that are involved in myogenesis in 

different models[9,11,41-43].  

In the current investigation, compared to the non-tumor bearing animals, the diaphragm 

of LC cachectic Parp-1
-/- 

mice showed a decreased expression of miR1, -133, or -206 while 

miR-486 expression did not differ between these two groups of rodents. In the gastrocnemius 

muscle, cachectic Parp-1
-/- 

mice only exhibited a significant downregulation of miR-1, but not 

of the other muscle-enriched microRNAs, compared to their respective non-cachectic 

controls. Moreover, a significant correlation between the size of type II fibersand miR-133 

levels, which is predominantly expressed in fast-twitch fibers together with miR-1[62], was 

also found in the gastrocnemius of LC cachectic wild type mice, and such a correlation was 

lost in the cachectic knockout animals. In the diaphragm of LC cachectic Parp-2
-/- 

mice, 

muscle-enriched miR-1, -133, -206, or -486 were also downregulated compared to their 

respective non-cachectic Parp-2
-/- 

rodents. In the limb muscle, expression of the same 
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microRNAs was also downregulated in Parp-2
-/- 

cachectic mice, except for miR-206 whose 

levels did not differ between cachectic and non-cachectic animals in the limb muscle.  

Expression of miR-133 induces myoblast proliferation by inhibiting myotube formation, 

miR-486 is involved in hypertrophy, and miR-1 and -206 promote cell differentiation and 

innervation[11,14,26,34,39]through several downstream mechanisms that favor protein 

synthesis and muscle growth [43]. The mechanisms accounting for the regulation of PARP-1 

and -2 on the expression of muscle-enriched microRNAs have not been so far demonstrated. 

Indeed, the current study is the first to report a potential association between PARP-1 and -2 

expressions and muscle-specific microRNAs in a model of cancer cachexia. Nonetheless, in 

view of the present findings, it could be hypothesized that particularly in the gastrocnemius of 

LC cachectic mice, PARP-1 inhibition most likely favorsmuscle proliferation and 

differentiation (miR-133, miR-206, and miR-486) processes, while PARP-2 may rather 

promote muscle differentiation (miR-206). In the diaphragm, PARP-1 deletion favored the 

expression of miR-486, whereas no significant effects on microRNA expression were seen in 

LC cachectic Parp-2 
-/-

 animals.  

Taken together, these findings suggest that PARP-1 rather than PARP-2 inhibition seems 

to exert more beneficial effects on muscle-enriched microRNA expression of cachectic limb 

muscles in this specific animal model of LC cachexia. In fact, PARP-1 has been demonstrated 

to interact with nuclear factor (NF)-κB[23,36], and the transcriptional activity of NF-κB was 

recently shown to increase in the gastrocnemius muscle inthe animals of the same model of 

cancer cachexia[12]. On this basis, it is likely that inhibition of PARP activity, especially of 

PARP-1, may have prevented a further decrease in the expression of muscle-specific 

microRNAs by blocking NF-κB activity, particularly in the limb muscle of the cachectic 

animals. Differences in the activity between respiratory and limb muscles, despite their 

similar fiber type composition, and in the contribution to total body and muscle mass loss of 
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each type of muscle may account for the differential pattern of muscle-specific microRNA 

expression observed in muscles of Parp-1
-/- 

mice. Conclusively, the prevention of a further 

downregulationof the expression of these muscle-specific microRNAs may partly account for 

the improvement in body weight and limb muscle force lose observed in both groups of 

knockout mice with cancer cachexia compared to tumor-bearing wild type mice.  

Interestingly, in order to assess the potential effects of either PARP-1 or -2 deficiencies 

on both types of muscles under normal conditions, levels of the different markers were also 

statistically analyzed in non-cachectic control muscles of all the study groups. In this regard, 

in the diaphragm, non-cachectic Parp-1
-/- 

mice exhibited a significant rise in miR-133 and -

206 expressions, while miR-486 levels were downregulated compared to non-cachectic wild 

type animals. In the same muscle, the expression of miR-1, -133, -206, and -486 was 

upregulated in non-cachectic control Parp-2
-/- 

mice compared to wild type mice, implying that 

both proliferation and differentiation processes were favored by PARP-2 inhibition in healthy 

diaphragms. In the gastrocnemius, PARP-1 deficiency induced a significant downregulation 

of miR-133 and -486 expressions, whereas PARP-2 deficiency led to an upregulation of miR-

206 and to a concomitant downregulation of miR-486 in non-cachectic animals compared to 

control wild type mice. PARP-2 deficiency rather than PARP-1 seemed to exert more 

beneficial effects in terms of muscle-enriched microRNA upregulation in non-cachectic 

muscles, particularly in the diaphragm. The elucidation of the mechanisms whereby either 

PARP-1 or -2 deletions may differentially regulate the expression of muscle-enriched 

microRNAs in respiratory and limb muscles under normal conditions (no underlying disease) 

is beyond the scope of the current study and should be the subject of future research.  

Hyperacetylation of proteins, which relies to a great extent on histone deacetylase 

(HDAC) activity, may lead to muscle mass loss by rendering proteins more prone to 

degradation by the action of histone acetyl transferases that may have ubiquitin-ligase activity 
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and by dissociation of proteins from cellular chaperones [1]. In the current study, in the 

respiratory and limb muscles of wild type LC cachectic animals compared to their respective 

non-cachectic controls, total protein acetylation levels were increased, while those of 

HDAC3, HDAC6, and SIRT1 were reduced. These findings are in agreement with previous 

investigations, in which levels of HDAC3 and HDAC6 and SIRT1 were also reduced in 

models of muscle wasting[2,43,49]. Collectively, these findings imply that reduced HDAC 

activity drives protein hyperacetylation in skeletal muscles in models of muscle 

wasting[2,43,49]. Importantly, in Parp-1
-/- 

and Parp-2
-/- 

mice, protein acetylation levels did not 

significantly differ between cancer cachexia and non-cachetic control conditions in 

respiratory or limb muscles, thus suggesting that PARP-1 and -2 deficiencies have prevented 

these muscles from undergoing further protein acetylation. Importantly, the content of 

HDAC3, HDAC6, and SIRT1 showed no statistically significant difference in either 

diaphragm or gastrocnemius muscles between cancer cachectic and non-cachectic controls in 

Parp-1
-/- 

and Parp-2
-/- 

mice. Clearly, these results point towards a beneficial effect of PARP-1 

and -2 deficiencies on HDAC content in skeletal muscles in LC cachexia. The absence of 

HDAC3, HDAC6, and SIRT1 downregulation together with the absence of a rise in protein 

hyperacetylation levels in Parp-1
-/- 

and Parp-2
-/- 

cancer cachectic mice may greatly account for 

the improvements seen in these animals in terms of body and muscle weights, limb muscle 

strength, and fiber sizes compared to differences observed in the wild type cachectic rodents. 

Furthermore, the levels of acetylation of specific transcription factors were also 

measured in the current study. Interestingly, compared to non-cachectic animals, in wild type 

LC cachectic mice, acetylation levels of FoxO3 were significantly increased in the diaphragm 

and gastrocnemius, while a rise in acetylated FoxO1 levels was only seen in the respiratory 

muscle of the same rodents. Acetylated levels of PGC-1alpha did not vary between cachectic 

and non-cachectic mice in any of the experimental groups. Importantly, in Parp-1
-/- 

and Parp-
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2
-/- 

mice, no significant differences were seen in FoxO1 and FoxO3 acetylation levels. These 

findings suggest that acetylation of these atrophy signaling pathways, particularly of the 

latter, favors muscle protein loss as shown in other models [52], which may have been partly 

prevented by PARP1/2 inhibition in this study.  

Myogenic regulatory factors control myogenesis and muscle remodeling in response to 

injury in adult muscles. Furthermore, they may also orchestrate muscle phenotype by 

determining the fiber type of a given muscle. For instance, MEF2 family of transcription 

factors plays a relevant role in muscle phenotype determination of fast- and slow-twitch 

muscle fibers in mice [40]. Importantly, MEF2 is regulated by acetylation and deacetylation 

mediated by class II HDACs that can directly bind and inhibit MEF2-regulated transcription 

of genes [61]. In the present study, protein levels of MEF2C and MEF2D were significantly 

decreased in the wild type cachectic mice compared to the non-cachectic control rodents. 

Nonetheless, in Parp-1
-/- 

and Parp-2
-/- 

cancer cachectic mice, MEF2C and MEF2D levels did 

not significantly differ in either respiratory or limb muscles from those detected in the non-

cachectic control knockout mice. Interestingly, these findings are also in line with the lack of 

statistically significant differences in HDAC3 and HDAC6 levels observed between tumor-

bearing and control animals deficient in PARP-1 and -2 proteins. Taken together, these results 

indicate that muscle fiber type composition was not modified in any of the study groups or 

experimental conditions, and the size of slow- and fast-twitch muscle fibers improved in 

Parp-1
-/- 

and Parp-2
-/- 

cancer cachectic mice compared to the tumor-bearing wild type rodents.  

YY1 is a transcription factor involved in histone modification and in the inhibition of 

muscle regeneration through the transcriptional silencing of myofibrillar genes [56]. 

Moreover, in a previous study [35], protein levels of YY1 inversely correlated with the 

reduced size of slow- and fast-twitch muscle fibers in the vastuslateralis of patients with 

COPD. In the current investigation, YY1 levels were significantly reduced in the cachectic 
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animals compared to non-cachectic controls in the three experimental groups. Besides, as 

deficiency of PARP-1 and -2 induced an increase in the size of slow- and fast-twitch fibers in 

both muscles in cachectic animals (no significant differences were observed between cancer 

cachectic and non-cachectic control mice), it is likely that reduced levels of YY1 may have 

partly contributed to the improvement in the fiber sizes of those muscles.  

Interestingly, levels of muscle creatine kinase protein, which is regulated by YY1 [55] 

and MEF2 [60], but not those of actin or PGC-1,were significantly reduced in the 

diaphragm and gastrocnemius of wild type cachectic animals compared to the controls as 

previously shown to occur in diaphragm [29]and quadriceps of cachectic patients with COPD 

and LC [44]. Inhibition of PARP-1 and -2 induced similar effects in both muscles of the 

tumor bearing mice: while creatine kinase protein content remained significantly lower than 

in the controls, such a decrease was attenuated in the gastrocnemius of the knockout cachectic 

mice. Furthermore, creatine kinase levels also significantly decreased in the non-tumor 

knockout animals compared to the healthy wild type controls. Collectively, these findings 

suggest that the regulation of creatine kinase in the diaphragm is likely to be mediated by 

YY1 (similar pattern of expression) in both non-tumor and tumor-bearing mice of wild type 

and knockout groups, while PARP-1 and -2 predominantly restoredcreatine kinase levels in 

the limb muscle as shown to occur in other models [13].  

4.2. Study critique 

It is likely that the 30-40% reduction in tumor burdenobserved in both groups of knockout 

mice may have partly contributed to favoring body and muscle mass gain in the rodents, albeit 

tumors did express PARP-1 and -2 proteins. In fact, inhibition of both PARP-1 and -2 induced 

a reduction in tumor weights in the animals. Moreover, tumor growth as measured by ki-67 

(cell proliferation marker) significantly decreased in the cachectic knockout mice, while 

levels of the proapoptoticbax and autophagy marker rose in the tumors of the same rodents 
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compared to wild type mice.Tumor levels of SIRT1 protein, however, did not significantly 

differ among the study groups. It is likely that other pathways may signal autophagy in this 

study as shown in other models[24]. The mechanisms whereby PARP-1 and -2 inhibition in 

the host may contribute to reducing tumor burden of adenocarcinoma cells that express both 

molecules remain to be elucidatedin future studies, as they are beyond the scope of the current 

investigation.However, recent data from our group (submitted) point towards a paramount 

role of depletion of major antioxidants and increased oxidative stress levels, which may have 

further promoted apoptosis and autophagy of the cancer cells in the Parp-1
-/- 

and Parp-2
-/- 

mice. On the other hand, reduction of tumor burden after cancer resection was also shown to 

improve muscle atrophy and protein catabolism in actual cancer patients [58], suggesting that 

this factor also plays a relevant role in the improvement of muscle wasting.  

Another limitation is related to the lack of measurements on the progression of tumor 

size throughout the study protocol in the tumor-bearing animals. In the study, tumor weights 

were only available at the time of sacrifice in all experimental groups. Nonetheless, the 

tumors induced by the lung adenocarcinoma cells (LP07) used in the current investigation, 

have been thoroughly characterized, especially tumor growth and kineticsin previous studies 

[17,18,37,53]. 

The study of other limb muscles would have also been of interest. However, our 

specific goal was to analyze a limb muscle of similar fiber type composition as that of the 

main respiratory muscle, the diaphragm.In the gastrocnemius of LC cachectic Parp-1
-/-

 mice, 

the large variability of the muscle fiber sizes especially of the fast-twitch fibers, which did not 

statistically differ from those in their respective non-cachectic controls, may account for the 

absence of a correspondence between these parameters and the significantly smaller size of 

the muscle.Despite that lipid or water content within the myofibers could have also been 

contributing factors, no actual water vacuoles or lipid accumulation was found within the 
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muscle fibers of the animals in the study groups (data not shown).As in previous 

investigations [4-6], the analysis of other markers involved in muscle metabolism such as 

mitochondrial respiratory chain function in response to PARP-1 and -2 inhibition will be of 

interest in future research. Indeed, a previous study from our group showed alterations of 

oxygen uptake and respiratory chain complexes in both diaphragm and gastrocnemius of wild 

type cancer cachectic mice that were partially restored in response to several pharmacological 

agents[21].  

Future research should focus on the assessment of whether selective pharmacological 

inhibitors of PARP-1 and -2 exert similar beneficial effects on muscles in models of cancer 

cachexia and eventually in patients with cancer cachexia for whom currently available 

therapies are scarce[38,47,48].  

4.3. Conclusions  

PARP-1 rather than PARP-2 inhibition seems to exert more beneficial effects on muscle-

enriched microRNA expressionparticularly in the gastrocnemius in this specific animal model 

of LC cachexia. Furthermore, in both groups of knockout animals, the rise in protein 

acetylation levels and that of transcription factors in diaphragm and gastrocnemius of the 

tumor-bearing rodents was attenuated probably through improvements in HDAC3 and SIRT1 

levels. Also, in both groups of Parp-1
-/- 

and Parp-2
-/- 

LC cachectic mice, the decrease in 

myogenic regulatory factors seen in the wild type cancer cachectic animals was mitigated in 

their respiratory and limb muscles. These molecular features may partly account for the 

improvements seen in the mouse phenotype as defined by body and muscle weights, limb 

muscle force and fiber sizes in both Parp-1
-/- 

and Parp-2
-/- 

cancer cachectic mice, which imply 

a potential clinical applicability of selective inhibition of PARP-1 and -2 to be tested in future 

studies. Indeed, currently available drugs, e.g. olaparib, inhibit PARP-1/2 activities. Evidence 
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from the present investigation should prompt research on the potential beneficial effects and 

safety concernsof pharmacological PARP-1/2 inhibitors on muscle mass loss and wasting.  
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FIGURE LEGENDS 

Figure 1: Graphical representation of the progression of body weight in mice from all 

experimental groups. The following signs have been used in each group: non-cachectic 

control wild type animals (blue diamonds, N=10), LC cachectic wild type mice (squares, 

N=10), non-cachectic control Parp-1
-/-

 rodents (triangles, N=8),  LC cachectic Parp-1
-/-

 mice 

(purple squares, N=12), non-cachectic control Parp-2
-/-

 rodents (green squares, N=6), and LC 

cachectic Parp-2
-/-

 animals (circles, N=6) over the study period (1 month). 

Figure 2: Mean values and standard deviation of miR-1 (top panels, A and B) and miR-133a 

(bottom panels, C and D) expression in the diaphragm (left panels) and gastrocnemius (right 

panels) muscles. Statistical significance is represented as follows: *, p≤0.05, **, p≤0.01, ***, 

and p≤0.001 between either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC cachectic mice and their 

respective non-cachectic control rodents; †, p≤0.05, and †††, p≤0.001 between any of the 

non-cachectic control knockout animals and non-cachectic wild type mice. 

Figure 3: Mean values and standard deviation of miR-206 (top panels, A and B) and miR-486 

(bottom panels, C and D) expression in the diaphragm (left panels) and gastrocnemius (right 

panels). Statistical significance is represented as follows: *, p≤0.05, **, p≤0.01, ***, p≤0.001, 

and n.s., non-significant differences between either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC 

cachectic mice and their respective non-cachectic control rodents; †, p≤0.05, ††, p≤0.01, and 

†††, p≤0.001 between any of the non-cachectic control knockout animals and non-cachectic 

wild type mice.A significant correlation was found between type II fiber size and miR-133 

expression in the gastrocnemius of the cachectic wild type mice. No significant correlations 

were observed between type II fiber size and miR-133 expression in the gastrocnemius of any 

of the cachectic knockout animals (panel E). 

Figure 4: Mean values and standard deviation of total acetylated proteins (panels A and B), 

acetylated FoxO1 (panels C and D),acetylated FoxO3 (panels E and F), and acetylated PGC-
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1 (panelsG and H) in the diaphragm (left panels) and gastrocnemius (right panels) muscles, 

as measured by optical densities in arbitrary units (OD, a.u.). Statistical significance is 

represented as follows: *, p≤0.05, **, p≤0.01, ***, p≤0.001, and n.s., non-significant 

differences between either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC cachectic mice and their 

respective non-cachectic control animals. 

Figure 5: Mean values and standard deviation of HDAC3 (top panels, A and B), HDAC6 

(medium panels, C and D), and SIRT1 (bottom panels, E and F) in the diaphragm (left panels) 

and gastrocnemius (right panels) muscles, as measured by optical densities in arbitrary units 

(OD, a.u.). Statistical significance is represented as follows: *, p≤0.05, **, p≤0.01, and n.s., 

non-significant differences between either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC cachectic mice 

and their respective non-cachectic control animals. 

Figure 6: Mean values and standard deviation of the transcription factors MEF2C (top panels, 

A and B), MEF2D (medium panels, C and D), and YY1 (bottom panels, E and F) protein 

content in the diaphragm (left panels) and gastrocnemius (right panels) muscles, as measured 

by optical densities in arbitrary units (OD, a.u.). Statistical significance is represented as 

follows: *, p≤0.05, **, p≤0.01, ***, p≤0.001, and n.s., non-significant differences between 

either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC cachectic mice and their respective non-cachectic 

control animals; ††, p≤0.01 between any of the non-cachectic control knockout animals and 

non-cachectic wild type mice. 

Figure 7: Mean values and standard deviation of -actin skeletal muscle (top panels, A and 

B), total PGC-1 (medium panels, C and D), and creatine kinase (bottom panels, E and F) 

protein content in the diaphragm (left panels) and gastrocnemius (right panels) muscles, as 

measured by optical densities in arbitrary units (OD, a.u.). Statistical significance is 

represented as follows: *, p≤0.05, ***, p≤0.001, and n.s., non-significant differences between 

either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC cachectic mice and their respective non-cachectic 
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control animals; ††, p≤0.01 between any of the non-cachectic control knockout animals and 

non-cachectic wild type mice.  
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Table 1.MicroRNA assays and probes used for the quantitative analyses of the target genes using 

real-time PCR. 

 

Assay Name Assay ID miRBase accession  number 

Muscle-specific, myomiRs   

hsa-miR-1 002222 MIMAT0000416 

hsa-miR-133a 002246 MIMAT0000427 

hsa-miR-206 000510 MIMAT0000462 

Other miRNAs 

(highly expressed in muscles) 

  

hsa-miR-486 001278 MIMAT0002177 

  NCBI Accessionnumber 

U6 snRNA, housekeeping gene 001973 NR_004394 

Abbreviations: ID, identification; hsa, homo sapiens; miR, microRNA; MIMAT, mature 

microRNA; snRNA, small nuclear RNA; NR, non-coding RNA RefSeq database category.
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Table 2. Physiological characteristics of wild type, Parp-1
-/-

, and Parp-2
-/-

 mice at the end of the studyperiod. 

 Wild type mice Parp-1
-/- 

mice Parp-2
-/- 

mice 

 Control  LC cachexia  Control  LC cachexia  Control  LC cachexia  

Age at baseline (weeks) 10  10, n.s. 10 10, n.s. 10 10, n.s. 

Body weight at baseline (g) 20.30 (1.03) 19.60 (1.13), n.s. 19.28 (0.78)  18.61 (0.93), n.s. 19.25 (1.06) 19.89 (0.92), n.s. 

Bodyweightgain (%)  +8.35 (2.35) -6.55 (6.80), *** +6.96 (2.23) +1.55 (3.69), ** +4.34 (2.87)  +3.06 (6.81), n.s. 

Foodintake (g/24h) 3.2 (0.5) 3.1 (0.4), n.s. 3.3 (0.6) 3.1 (0.4), n.s. 3.2 (0.4) 3.2 (0.3), n.s. 

Diaphragmweight (g) 0.089 (0.01) 0.069 (0.008), *** 0.073 (0.01), †† 0.062 (0.007), * 0.076 (0.012), † 0.086 (0.013), n.s. 

Gastrocnemiusweight (g) 0.116 (0.005) 0.082 (0.008), *** 0.105 (0.003), †† 0.096 (0.007), *** 0.096 (0.012), ††† 0.098 (0.012), n.s. 

Limbstrengthgain (%)  +10.03 (8.96) -12.85 (7.14), *** +12.86 (8.13) -0.45 (6.08), ** +3.33 (1.99) +2.10 (5.40), n.s. 

 

Variables are presented as mean(standard deviation).In all animals, body weight and limb strength gains were calculated as the percentage of 

the measurements performed at the end of the study period (30 days) with respect to the same measurements obtained at baseline. 

Definition of abbreviations: Parp-1
-/-

 and Parp-2
-/-

, poly-ADP ribose polymerase-1, and -2 knockout mice;LC, lung cancer. 

Statistical significance: *, p≤0.05, **, p≤0.01, ***, p≤0.001, and n.s., non-significant differences between either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC 

cachectic mice and their respective control (non-tumor) rodents; †, p≤0.05, †† p≤0.01, and †††, p≤0.001 between any of the control knockout animals and 

control (non-tumor) wild type mice. 
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Table 3.Subcutaneous tumor characteristics of wild type, Parp-1
-/-

, and Parp-2
-/-

 mice at the end of the studyperiod. 

 Wild type mice Parp-1
-/- 

mice Parp-2
-/- 

mice 

 LC cachexia  LC cachexia  LC cachexia  

Subcutaneous tumor weight (g) 1.88 (0.54) 1.15 (0.33), ** 1.26 (0.34), ** 

Ratio of tumor to total finalbody weight 

(%) 

10.2 (2.8) 6.1 (1.8), *** 6.2 (2.0), *** 

Percentage of reduction in tumor weight  39 33 

Cellular proliferation 

Ki-67 (%)  83.25 (2.8) 73.03 (7.9), ** 75.14 (3.5), * 

Apoptosis 

Bcl-2, OD (a.u.) (antiapopototic) 0.06 (0.03) 0.04 (0.01), * 0.03 (0.004), ** 

Bax, OD (a.u.) (proapoptotic) 0.010 (0.004) 0.016 (0.005),* 0.016 (0.002), * 

Autophagy 

SIRT1, OD (a.u.) 0.07 (0.02) 0.09 (0.02), n.s. 0.09 (0.02), n.s. 

LC3 II/LC3 I, OD (a.u.) 1.78 (0.6) 5.03 (2.2), * 8.30 (3.9), *** 

 

Variables are presented as mean(standard deviation). 

Definition of abbreviations: Parp-1
-/-

 and Parp-2
-/-

, poly-ADP ribose polymerase-1, and -2 knockout mice;LC, lung cancer;Bcl-2, B-cell lymphoma 

2; Bax, Bcl-associated X protein; LC3, Light chain 3. 

Statistical significance: *, p≤0.05, **, p≤0.01, ***, p≤0.001, and n.s., non-significant differences between any of the LC cachectic knockout groups 

of rodents and LC cachectic wild type mice. 
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Table 4. Muscle structural characteristics of wild type, Parp-1
-/-

, and Parp-2
-/-

 mice at the end of the study period. 

Wild type mice                                          Parp-1
-/- 

mice Parp-2
-/- 

mice 

Muscle                 Control      LC cachexia Control  LC cachexia Control  LC cachexia 

Fibertypecomposition 

Type I fibers 

(%) 

Diaphragm 9 (2) 8 (3), n.s. 9 (1) 9 (2), n.s. 7 (2) 9 (2), n.s. 
Gastrocnemiusiiu

s 

13 (3) 13 (3), n.s. 13 (2) 13 (2), n.s. 17 (4) 15 (2), n.s. 

Type II fibers 

(%) 

Diaphragm 91 (2) 92 (3), n.s. 91 (1) 91 (2), n.s. 92 (3) 90 (2), n.s. 
Gastrocnemius 87 (3) 87 (3), n.s. 87 (2) 87 (2), n.s. 83 (4) 85 (2), n.s. 

Type I fibers 

area (µm
2
) 

Diaphragm 328 (66) 233 (34), *** 325 (77) 289 (58), n.s. 292 (49) 311 (67), n.s. 
Gastrocnemius 953 (114) 644 (120), *** 864 (109) 730 (190), p=0.089 775 (128)  707 (82), n.s. 

Type II fibers 

area (µm
2
) 

Diaphragm 396 (81) 303 (69), * 384 (80) 371 (76), n.s. 344 (98) 395 (114), n.s. 
Gastrocnemius 939 (118) 728 (140), ** 885 (99) 743 (182), p=0.067 801 (69) 714 (61), n.s. 

 

Values are expressed as mean (standard deviation). 

Definition of abbreviations: Parp-1
-/- 

and Parp-2
-/-

, poly-ADP ribose polymerase-1, and -2 knockout mice; LC, lung cancer; µm, micrometer; n.s., 

non-significant. 

Statistical significance: *, p≤0.05, **, p≤0.01, ***, p≤0.001, and n.s., non-significant differences between either wild type, Parp-1
-/-

, or Parp-2
-/-

 LC 

cachectic mice and their respective control (non-tumor) rodents. 
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METHODS 

Animal model 

Tumor. LP07 is a cell line derived from the transplantable P07 lung tumor that appeared 

spontaneously in the lung of a BALB/c mouse [12]. Aftersuccessivepassages of a P07 primary 

culture, the LP07 cell line was previously obtained in vitro [25]. LP07 cell line shares 

identical characteristics regarding lung tumor incidence and histology, and cachexia with its 

parental P07 tumor [12,13,25]. It has also been consistently demonstrated that one month after 

tumor transplantation, all animals developed lung metastasis, spleen enlargement, and severe 

cachexia without affecting any other organs [9,12,13,25]. Importantly, in this model, the rate 

of tumor growth and tumor kinetics have been well characterized in previous investigations 

aimed to specifically explore the effects of several drugs on the transplanted tumors [13,20]. 

Mice. BALB/c mice were obtained from Harlan InterfaunaIbérica SL (Barcelona, Spain). 

Parp-1
-/-

 and Parp-2
-/-

 mice (strain 129/Sv x C57BL/6), kindly provided by Dr. de Murcia 

[10,11,18] (Strasbourg, France), were backcrossed on BALB/c background for twelve 

generations. Genotyping was performed by PCR analysis using tail DNA as previously 

described. All experiments were performed on two-month old littermate female mice(body 

weight ~20g), on a BALB/c background. Mice were kept under pathogen-free conditions in 

the animal house facility at the Barcelona Biomedical Research Park (PRBB), with a 12:12 h 

light:dark cycle.  

Experimental design and Ethics. In all experimental groups (except for control rodents), LP07 

viable cells (4x10
5
) resuspended in 0.2 mL minimal essential media (MEM) were 

subcutaneously inoculated in the left flank of female BALB/c mice on day 1, and were 

studied for a period of one month. Fifty-nine mice were used in the study, which were 

subdivided into the following experimental groups: 1) control wild type (N=14), inoculation 

of 0.2 mL MEM in the left flank; 2) LC cachexia wild type group (N=13), inoculation of 

LP07 cells; 3) control Parp-1
-/- 

(N=8), inoculation of 0.2 mL MEM in the left flank; 4) LC 



3 

 

cachectic Parp-1
-/-

 mice (N=12), inoculation of LP07 cells; 5) control Parp-2
-/-

 (N=6), 

inoculation of 0.2 mL MEM in the left flank; and 6) LC cachectic Parp-2
-/-

 mice (N=6), 

inoculation of LP07 cells.  

A fraction of the diaphragm and gastrocnemius muscle specimens from the transgenic 

mice were also used in another investigation aimed to assess protein catabolism and 

anabolism and structural alterations in those muscles (data submitted).  

All animal experiments were conducted in the animal facilities at PRBB. This 

controlled study was designed in accordance with the ethical standards on animal 

experimentation (EU 2010/63 CEE, Real Decreto 53/2013 BOE 34, Spain) at PRBB and the 

Helsinki convention for the use and care of animals. Ethical approval was obtained by the 

Animal Research Committee (Animal welfare department, Catalonia, EBP-09-1228). 

In vivo measurements in the mice 

Body weight and food intake were determined every day during the entire duration of the 

study. Food and water were supplied ad libitum for the entire duration of the study protocol in 

the tumor-bearing mice. Control animals were paired-fed according to the amount of food 

eaten by the cachectic rodents. Limb strength was determined at day 0 and 30 using a strength 

grip meter (Bioseb, Chaville, France) following previously published methodologies, in 

which grip strength was also the end-point parameter in several experimental models of 

cancer cachexia in mice as previously shown [5,9,19,24,26,27]. Additionally, body and limb 

strength gains were calculated as the percentage of the corresponding measurements 

performed at the end of the study period (30 days) with respect to the same measurements 

obtained at baseline. Moreover, the ratio of tumor weight to total body weight on the day of 

sacrifice (day 30) was also calculated. 

Sacrifice and sample collection 

Mice from all the experimental groups were sacrificed on day 30 post-inoculation of LP07 
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cells or MEM (control animals). Prior to sacrifice, each mouse was inoculated 

intraperitoneally with 0.1 mL sodium pentobarbital (60 mg/Kg). In all cases, the pedal and 

blink reflexes were evaluated in order to verify total anesthetic depth. At this time, the 

following samples were obtained from all animals: diaphragm and gastrocnemius muscles and 

the subcutaneous tumor. LC cachectic mice were macroscopically of smaller size than healthy 

control rodents [9]. Frozen tissues were used for immunoblotting and real-time polymerase 

chain reaction assay (qRT-PCR) techniques. 

Biological analyses 

MicroRNA reverse transcription (RT). MicroRNA RT was performed using TaqMan® 

microRNA assays (Life Technologies) following the manufacturer’s instructions.  

Real time-PCR amplification (qRT-PCR).TaqMan based qPCR reactions were performed 

using the ABI PRISM 7900HT Sequence Detector System (Applied BioSystems, Foster City, 

CA, USA) together with a commercially available predesigned microRNA assay, and probes 

as shown in Table 1.Taqman microRNA assay for small nuclear RNA U6 (snU6) was used to 

normalize the miRNAs amplifications. MicroRNA data was collected and subsequently 

analyzed using the SDS Relative Quantification Software version 2.1 (Applied BioSystems), 

in which the comparative CT method (2-ΔΔCT) for relative quantification was employed[16].  

Immunoblotting of 1D electrophoresis in muscle and tumor samples.Protein levels of the 

different molecular markers analyzed in the study were explored by means of immunoblotting 

procedures as previously described [2,6,9,14,15,17]. Briefly, frozen muscle samples from the 

diaphragm and gastrocnemius muscles of all mouse experimental groups were homogenized 

in a buffer containing HEPES 50 mM, NaCl 150 mM, NaF 100 mM, Na pyrophosphate 10 

mM, EDTA 5 mM, Triton-X 0.5%, leupeptin 2 g/ml, PMSF 100 g/ml, aprotinin 2 g/ml 

and pepstatin A 10 g/ml [14,17]. The entire procedures were always conducted at 4ºC. 

Protein levels in crude homogenates were spectrophotometrically determined with the 
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Bradford method [8] using triplicates in each case and bovine serum albumin (BSA) as the 

standard (Bio-Rad protein reagent, Bio-Rad Inc., Hercules, CA, USA). The final protein 

concentration in each sample was calculated from at least two Bradford measurements that 

were almost identical. Equal amounts of total protein (ranging from 5 to 100 micrograms, 

depending on the antigen and antibody) from crude muscle homogenates were always loaded 

onto the gels, as well as identical sample volumes/lanes. For the purpose of comparisons 

among the different groups of experimental and control rodents, muscle sample specimens 

were always run together and kept in the same order. Two independent sets of immunoblots 

were conducted in which diaphragm and gastrocnemius muscle specimens were run 

separately.  

Four fresh 10-well mini-gels were always simultaneously loaded for each of the antigens. 

Experiments were confirmed twice for all the antigens analyzed in the investigation. 

Experimental and control mice were unevenly distributed across gels in order to attenuate 

eventual loading problems in a specific area of the gels which might lead to misinterpretation 

of the measurements. Fresh gels were specifically loaded for each of the antigens in muscle 

specimens of all mice in most of cases. However, in a few cases, antigens were identified 

from stripped membranes.   

Proteins were then separated by electrophoresis, transferred to polyvinylidenedifluoride 

(PVDF) membranes, blocked with bovine serum albumin and incubated overnight with 

selective primary antibodies. Protein levels of total acetylated proteins, HDACs, myogenic 

transcription factors,signaling pathways, and downstream targets were identified using 

specific primary antibodies: Total acetylated proteins (anti-acetyl lysine antibody, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), histone deacetylases (HDAC)3 (anti-HDAC3 

antibody, Santa Cruz Biotechnology, Santa Cruz), HDAC6 (anti-HDAC6 antibody, 

Epigentek, Farmingdale, NY, USA), NAD-dependent protein deacetylase sirtuin-1 (SIRT1) 
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(anti-SIRT1 antibody, ProteinTech Group Inc., Chicago, IL, USA), myocyte-enhancer factor 

(MEF)2C (anti-MEF2C antibody, Santa Cruz Biotechnology, Santa Cruz, CA, USA), MEF2D 

(anti-MEF2D antibody, Santa Cruz Biotechnology, Santa Cruz, CA, USA), Yin Yang (YY)1 

(anti-YY1 antibody, Santa Cruz Biotechnology, Santa Cruz, CA, USA),transcription factor 

fork-head box O (FoxO)-1 (anti-FoxO-1 antibody, Millipore, Darmstadt, Germany), FoxO-3 

(anti-FoxO-3 antibody, Acris, Herford, Germany), Peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha (PGC-1α) (anti-PGC-1α antibody, Santa Cruz Biotechnology),-

actin (anti--actin skeletal muscle antibody, Sigma-Aldrich, Saint Louis, MO, USA), creatine 

kinase (anti-creatine kinase antibody, Santa Cruz Biotechnology),and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) (anti-GAPDH antibody, Santa Cruz Biotechnology,). 

Positive controls were used in order to identify FoxO1, AcFoxO1, FoxO3, AcFoxO3, PGC-

1, AcPGC-1, HDAC3, HDAC6, SIRT1, MEF2C, MEF2D, and YY1 proteins in the 

corresponding immunoblots. Antigens from all samples were detected with horseradish 

peroxidase (HRP)-conjugated secondary antibodies and a chemiluminescence kit. For each 

antigen, samples from the different groups were always detected in the same picture under 

identical exposure times. Acetylated levels of the target markers werecalculated as the ratio of 

the acetylated-to-total protein content for each of the markers. 

PVDF membranes were scanned with the Molecular Imager Chemidoc XRS System 

(Bio–Rad Laboratories, Hercules, CA, USA) using the software Quantity One version 4.6.5 

(Bio–Rad Laboratories). Optical densities of specific proteins were quantified using the 

software Image Lab version 2.0.1 (Bio-Rad Laboratories). Final optical densities obtained in 

each specific group of subjects and muscle corresponded to the mean values of the different 

samples (lanes) of each of the antigens studied. In order to validate equal protein loading 

among various lanes, SDS-PAGE gels were stained with CoomassieBlue,and the glycolytic 

enzyme GAPDH was used as the protein loading controls in all the immunoblots(Figure 
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E1,and Figures corresponding to all the immunoblots performed in the study for all of the 

antigens). 

Standard stripping methodologies were employed when detection of the antigens required 

the loading of a relatively greater amount of total muscle protein. Very briefly, membranes 

were stripped of primary and secondary antibodies through one 30-minute washes with a 

stripping solution (25 mM glycine, pH 2.0 and 1% SDS) followed by two consecutive 10-

minute washes containing phosphate buffered saline with tween (PBST) at room temperature. 

Membranes were blocked with bovine serum albumin and reincubated with primary and 

secondary antibodies following the procedures described above.  

Tumor specimens. Following identical procedures as described above, in the subcutaneous 

tumors from all the animals, the following markers were also analyzed with the objective to 

assess whether PARP deletion may have had an effect on tumor growth or degradation: B-cell 

lymphoma 2 (Bcl-2) (anti-bcl-2 antibody, Santa Cruz Biotechnology), Bcl-associated X (bax) 

(anti-Bax antibody, Santa Cruz Biotechnology), light chain 3 B (LC3)B (anti-LC3B antibody, 

Cell Signaling Technology, Inc., Danvers, MA), NAD-dependent protein deacetylase sirtuin-1 

(SIRT1) (anti-SIRT1 antibody, ProteinTech Group Inc.), -actin (anti--actin antibody, Santa 

Cruz Biotechnology),and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (anti-

GAPDH antibody, Santa Cruz Biotechnology). Furthermore, in order to confirm that tumors 

express PARP-1 and PARP-2 proteins in each group of knockout mice (cachectic animals), 

those proteins were also detected in the actual tumors of all groups of tumor-bearing mice 

using selective antibodies: anti-PARP-1 antibody (Clon A6.4.12) and anti-PARP-2 antibody 

(rabbit polyclonal antibody raised against full length mouse PARP-2)[1]. Antigens from all 

samples were detected as described above.  

Immunohistochemistry.On 3-micrometer muscle paraffin-embedded sections from 

diaphragms and gastrocnemius muscles of all study groups, myosin heavy chain (MyHC)-I 
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and –II isoforms were identified using anti-MyHC-I (clone MHC, Biogenesis Inc., Poole, 

England, UK) and anti-MyHC-II antibodies (clone MY-32, Sigma, Saint Louis, MO), 

respectively, as published elsewhere [2,7,9,14]. The cross-sectional area, mean least diameter, 

and proportions of type I and type II fibers were assessed using a light microscope (Olympus, 

Series BX50F3, Olympus Optical Co., Hamburg, Germany) coupled with an image-digitizing 

camera (Pixera Studio, version 1.0.4, Pixera Corporation, Los Gatos, CA, USA) and a 

morphometry program (NIH Image, version 1.60, Scion Corporation, Frederick, MD, USA). 

At least 100 fibers were measured and counted in each type of muscle specimen from all 

groups of mice. 

Furthermore, in the subcutaneous tumor of the target mice (both wild type and knockout 

rodents), cell proliferation was measured using ki-67 as a marker (anti-ki67 antibody, 

Millipore Iberica, CA, USA) on the three micrometer tumor paraffin-embedded sections using 

immunohistochemical procedures as previously described in our group [4]. Images of the 

stained tumors were taken as described above. The number of positively stained nuclei for ki-

67 was counted in tumors from the target animal groups. Data are expressed as the percentage 

of positively-stained nuclei in each group of mice. It should also be mentioned that in the 

present study, the antigens quantified in the tumors were also used in the investigation on the 

assessment of the effects of PARP-1 and -2 deletions on muscle protein breakdown (data 

submitted).  

Statistical Analysis 

Normality of the study variables were checked using the Shapiro-Wilk test. Physiologic, 

structural, and molecular results are expressed as mean (standard deviation). For the purpose 

of the study, results obtained in the diaphragm and gastrocnemius muscles were subsequently 

analyzed as follows: 1) LC cachectic wild type mice versus their respective non-tumor 

controls, 2) LC cachectic Parp-1
-/-

 animals versus their respective knockout non-tumor 
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controls, 3) LC cachectic Parp-2
-/-

 mice versus their respective knockout non-tumor controls, 

and 4) any of the non-tumor knockout mice versus non-tumor wild type animals. 

Comparisons described in points 1, 2, and 3 above were analyzed using the Student’s T- test, 

while comparisons described in point 4 were assessed using one-way analysis of variance 

(ANOVA), in which Dunnett’s post hoc analysis was used to adjust for multiple comparisons 

among the three study groups. Moreover, values of the markers quantified in the tumors were 

compared among the three different groups of cancer cachectic rodents using ANOVA, in 

which Dunnett’s post hoc analysis was also employed to adjust for multiple comparisons 

among the groups. The existence of potential correlations between different variables was 

only tested in the LC cachectic groups of mice (both wild type and knockout mice). 

Specifically, correlations between physiological and biological variables were explored using 

the Pearson’s correlation coefficient. A level of significance of P 0.05 was established. The 

sample size chosen was based on previous studies [2,3,6,9,14,15,17,21-23], where very 

similar approaches were employed and on assumptions of 80% power to detect an 

improvement of more than 20% in measured outcomes at a level of significance of P 0.05. 
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FIGURE LEGENDS 

Figure E1: Examples of SDS-PAGE gels stained with Coomassie Blue corresponding to the 

diaphragm (panel A) and gastrocnemius (panel B) muscles of the following experimental 

groups: non-cachectic control wild type,LC cachectic wild type,non-cachectic control Parp-1
-

/-
, LC cachectic Parp-1

-/-
,non-cachectic control Parp-2

-/-
, and LC cachectic Parp-2

-/-
.   

Figure E2: Immunoblots ofPARP-1 and -2 expression (panel A), and Bcl-2 (panel B), Bax 

(panel C), LC3 II/LC3 I (panel D), and SIRT1 (panel E) protein content in the subcutaneous 

tumor of the following experimental groups: LC cachectic wild type, LC cachectic Parp-1
-/-

, 

and LC cachectic Parp-2
-/-

. Note that in SIRT1 immunoblot, a positive control was run in the 

last lane. Actin or GAPDH are shown as loading controls. Definition of abbreviations: Bax, 

Bcl-associated X protein; LC3, Light chain 3; SIRT1, Sirtuin 1;+C, positive control; LC, 

Lung cancer; PARP, poly-ADP ribose polymerase; GAPDH, glyceraldehyde-3-phospate 

dehydrogenase; OD, optical densities; a.u., arbitrary units; MW, molecular weights; KDa, 

kilodaltons.  

Figure E3: Immunoblots of total acetylated proteins in the diaphragm (panel A) and 

gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control 

wild type, LC cachectic wild type, non-cachectic control Parp-1
-/-

, LC cachectic Parp-1
-/-

, 

non-cachectic control Parp-2
-/-

, and LC cachectic Parp-2
-/-

.GAPDH is shown as loading 

control. Definition of abbreviations: LC, Lung cancer; PARP, poly-ADP ribose polymerase; 

GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., arbitrary 

units; MW, molecular weights; KDa, kilodaltons.  

Figure E4: Immunoblots of FoxO1and acetylated FoxO1 in the diaphragm (panel A) and 

gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control 

wild type, LC cachectic wild type, non-cachectic control Parp-1
-/-

, LC cachectic Parp-1
-/-

, 

non-cachectic control Parp-2
-/-

, and LC cachectic Parp-2
-/-

. Note that in both FoxO1 and 
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acetylated FoxO1immunoblots, a positive control was run in the first lane. GAPDH is shown 

as loading control. Definition of abbreviations: FoxO1, Forkhead box protein O-1; AcFoxO1, 

acetylated FoxO1; +C, positive control;LC, Lung cancer; PARP, poly-ADP ribose 

polymerase; GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., 

arbitrary units; MW, molecular weights; KDa, kilodaltons.  

Figure E5: Immunoblots of  FoxO3 and acetylated FoxO3 in the diaphragm (panel A) and 

gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control 

wild type, LC cachectic wild type, non-cachectic control Parp-1
-/-

, LC cachectic Parp-1
-/-

, 

non-cachectic control Parp-2
-/-

, and LC cachectic Parp-2
-/-

. Note that in both FoxO3 and 

acetylated FoxO3 immunoblots, a positive control was run in the first lane. GAPDH is shown 

as loading control. Definition of abbreviations: FoxO3, Forkhead box protein O-3; AcFoxO3, 

acetylated FoxO3; +C, positive control; LC, Lung cancer; PARP, poly-ADP ribose 

polymerase; GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., 

arbitrary units; MW, molecular weights; KDa, kilodaltons. 

Figure E6: Immunoblots of PGC-1and acetylated PGC-1in the diaphragm (panel A) and 

gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control 

wild type, LC cachectic wild type, non-cachectic control Parp-1
-/-

, LC cachectic Parp-1
-/-

, 

non-cachectic control Parp-2
-/-

, and LC cachectic Parp-2
-/-

.  Note that in both PGC-1and 

acetylated PGC-1immunoblots, a positive control was run in the first lane. GAPDH is 

shown as loading control. Definition of abbreviations: PGC-1, Peroxisome proliferator-

activated receptor gamma coactivator 1-alpha; AcPGC-1, acetylated PGC-1; +C, positive 

control; LC, Lung cancer; PARP, poly-ADP ribose polymerase; GAPDH, glyceraldehyde-3-

phospate dehydrogenase; OD, optical densities; a.u., arbitrary units; MW, molecular weights; 

KDa, kilodaltons.  
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Figure E7:Immunoblots of HDAC3 protein content in the diaphragm (panel A) and 

gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control 

wild type, LC cachectic wild type, non-cachectic control Parp-1
-/-

, LC cachectic Parp-1
-/-

, 

non-cachectic control Parp-2
-/-

, and LC cachectic Parp-2
-/-

. Note that in the HDAC3 

immunoblots, a positive control was run in the first lane. GAPDH is shown as loading control.  

Definition of abbreviations: HDAC3, Histone deacetylase 3; +C, positive control; LC, Lung 

cancer; PARP, poly-ADP ribose polymerase; GAPDH, glyceraldehyde-3-phospate 

dehydrogenase; OD, optical densities; a.u., arbitrary units; MW, molecular weights; KDa, 

kilodaltons.  

Figure E8:Immunoblots of HDAC6 protein content in the diaphragm (panel A) and 

gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control 

wild type, LC cachectic wild type, non-cachectic control Parp-1
-/-

, LC cachectic Parp-1
-/-

, 

non-cachectic control Parp-2
-/-

, and LC cachectic Parp-2
-/-

. Note that in the HDAC6 

immunoblots, a positive control was run in the first lane.GAPDH is shown as loading control. 

Definition of abbreviations: HDAC6, Histone deacetylase 6; +C, positive control;LC, Lung 

cancer; PARP, poly-ADP ribose polymerase; GAPDH, glyceraldehyde-3-phospate 

dehydrogenase; OD, optical densities; a.u., arbitrary units; MW, molecular weights; KDa, 

kilodaltons.  

Figure E9: Immunoblots of SIRT1protein content in the diaphragm (panel A) and 

gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control 

wild type, LC cachectic wild type, non-cachectic controlParp-1
-/-

, LC cachectic Parp-1
-/-

, non-

cachectic control Parp-2
-/-

, and LC cachectic Parp-2
-/-

. Note that in the SIRT1 immunoblots, a 

positive control was run in the first lane. GAPDH is shown as loading control. Definition of 

abbreviations: SIRT1,Sirtuin 1; +C, positive control;LC, Lung cancer; PARP, poly-ADP 
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ribose polymerase; GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical 

densities; a.u., arbitrary units; MW, molecular weights; KDa, kilodaltons.  

Figure E10:Immunoblots of MEF2C protein content in the diaphragm (panel A) and 

gastrocnemius (panel B) muscles of the following experimental groups:non-cachectic control 

wild type, LC cachectic wild type, non-cachectic controlParp-1
-/-

, LC cachectic Parp-1
-/-

, non-

cachectic control Parp-2
-/-

, and LC cachectic Parp-2
-/-

. Note that in the MEF2C immunoblots, 

a positive control was run in the first lane. GAPDH is shown as loading control. Definition of 

abbreviations: MEF2C, myocyte enhancer factor 2C; +C, positive control;LC, Lung cancer; 

PARP, poly-ADP ribose polymerase; GAPDH, glyceraldehyde-3-phospate dehydrogenase; 

OD, optical densities; a.u., arbitrary units; MW, molecular weights; KDa, kilodaltons.    

Figure E11:Immunoblots of MEF2D protein content in the diaphragm (panel A) and 

gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control 

wild type, LC cachectic wild type, non-cachectic controlParp-1
-/-

, LC cachectic Parp-1
-/-

, non-

cachectic control Parp-2
-/-

, and LC cachectic Parp-2
-/- 

. Note that in the MEF2D immunoblots, 

a positive control was run in the first lane. GAPDH is shown as loading control. Definition of 

abbreviations: MEF2D, myocyte enhancer factor 2D; +C, positive control;LC, Lung cancer; 

PARP, poly-ADP ribose polymerase; GAPDH, glyceraldehyde-3-phospate dehydrogenase; 

OD, optical densities; a.u., arbitrary units; MW, molecular weights; KDa, kilodaltons.    

Figure E12:Immunoblots of YY1 in diaphragm (panel A) and gastrocnemius (panel B) 

muscles of the following experimental groups: non-cachectic control wild type, LC cachectic 

wild type, non-cachectic control Parp-1
-/-

, LC cachectic Parp-1
-/-

, non-cachectic control Parp-

2
-/-

, and LC cachectic Parp-2
-/-

. Note that in the YY1 immunoblots, a positive control was run 

in the first lane. GAPDH is shown as loading control. Definition of abbreviations: YY1, Yin 

Yang 1; +C, positive control;LC, Lung cancer; PARP, poly-ADP ribose polymerase; 

GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., arbitrary 
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units; MW, molecular weights; KDa, kilodaltons.  

Figure E13: Immunoblots of -actin skeletal muscle protein content in the diaphragm (panel 

A) and gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic 

control wild type, LC cachectic wild type, non-cachectic control Parp-1
-/-

, LC cachectic Parp-

1
-/-

, non-cachectic control Parp-2
-/-

, and LC cachectic Parp-2
-/-

. GAPDH is shown as loading 

control. Definition of abbreviations:LC, Lung cancer; PARP, poly-ADP ribose polymerase; 

GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., arbitrary 

units; MW, molecular weights; KDa, kilodaltons.  

Figure E14: Immunoblots of total PGC-1in the diaphragm (panel A) and gastrocnemius 

(panel B) muscles of the following experimental groups: non-cachectic control wild type, LC 

cachectic wild type, non-cachectic control Parp-1
-/-

, LC cachectic Parp-1
-/-

, non-cachectic 

control Parp-2
-/-

, and LC cachectic Parp-2
-/-

.  Note that in PGC-1immunoblots, a positive 

control was run in the first lane. GAPDH is shown as loading control. Definition of 

abbreviations: PGC-1, Peroxisome proliferator-activated receptor gamma coactivator 1-

alpha; +C, positive control; LC, Lung cancer; PARP, poly-ADP ribose polymerase; GAPDH, 

glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., arbitrary units; MW, 

molecular weights; KDa, kilodaltons.  

Figure E15: Immunoblots of creatine kinase protein content in the diaphragm (panel A) and 

gastrocnemius (panel B) muscles of the following experimental groups: non-cachectic control 

wild type, LC cachectic wild type, non-cachectic control Parp-1
-/-

, LC cachectic Parp-1
-/-

, 

non-cachectic control Parp-2
-/-

, and LC cachectic Parp-2
-/-

. GAPDH is shown as loading 

control. Definition of abbreviations:LC, Lung cancer; PARP, poly-ADP ribose polymerase; 

GAPDH, glyceraldehyde-3-phospate dehydrogenase; OD, optical densities; a.u., arbitrary 

units; MW, molecular weights; KDa, kilodaltons.  
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