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Cancer-associated bodyweight loss (cachexia) is a hallmark of many cancers and is associated
with decreased quality of life and increased mortality. Hepatic function can dramatically influence
whole-body energy expenditure and may therefore significantly influence whole-body health
during cancer progression. The purpose of this study was to examine alterations in markers of
hepatic metabolism and physiology during cachexia progression. Male C57BL/6J mice were
injected with 1 x 108 Lewis Lung Carcinoma cells dissolved in 100 uL PBS and cancer was
allowed to develop for 1, 2, 3, or 4 weeks. Control animals were injected with an equal volume of
phosphate-buffered saline. Livers were analyzed for measures of metabolism, collagen deposition,
protein turnover, and mitochondrial quality. Animals at 4 weeks had ~30% larger livers compared
with all other groups. Cancer progression was associated with altered regulators of fat metabolism.
Additionally, longer duration of cancer development was associated with ~3-fold increased
regulators of collagen deposition as well as phenotypic collagen content, suggesting increased
liver fibrosis. Mitochondrial quality control regulators appeared to be altered before any
phenotypic alterations to collagen deposition. While induction of Akt was noted, downstream
markers of protein synthesis were not altered. In conclusions, cancer cachexia progression is
associated with hepatic pathologies, specifically liver fibrosis. Alterations to mitochondrial quality
control mechanisms appear to precede this fibrotic phenotype, potentially suggesting
mitochondrial mechanisms for the development of hepatic pathologies during the development and
progression of cancer cachexia.

. Cachexia progression results in liver collagen deposition and fibrosis.
. Alterations in mitochondrial quality control may precede liver pathologies during
cachexia.
Résumeé :

La perte de poids corporel associée au cancer (cachexie) caractérise de nombreux cancers et est
associée a une baisse de la qualité de vie et a une mortalité accrue. La fonction hépatique peut
influer considérablement sur la dépense énergétique de tout le corps et, par conséquent, sur la
santé globale pendant la progression du cancer. Examiner les altérations des marqueurs du
métabolisme et de la physiologie hépatiques au cours de la progression de la cachexie. Des souris
males C57BL/6J recoivent une injection de 1 x 10° cellules de carcinome pulmonaire de Lewis
dissoutes dans 100 pL de tampon phosphate salin; le cancer se développe pendant 1, 2, 3 ou 4
semaines. Les animaux témoins regoivent une injection d’un volume égal de PBS. Les foies sont
analysés pour mesurer le méetabolisme, les dépdts de collagene, le renouvellement des protéines et
la qualité des mitochondries. Les animaux de 4 semaines ont un foie environ 30 % plus gros
comparativement aux autres groupes. La progression du cancer est associée a une altération des
régulateurs du métabolisme des graisses. En outre, une plus longue durée de développement du
cancer est associée a une augmentation d’environ 3 fois des régulateurs du dép6t de collagéne
ainsi que de la teneur en phénotype du collagéne, ce qui suggere une fibrose hépatique accrue. Les
régulateurs de contr6le de qualité mitochondriale semblent modifiés avant toute altération du dépot
en phénotype du collagéne. Bien que I’induction de I’ Akt soit notée, les marqueurs en aval de la
synthése des protéines ne sont pas altérés. En conclusion, la progression de la cachexie du cancer
est associée a des pathologies hépatiques, notamment la fibrose du foie. Des modifications des
mécanismes de contrdle de la qualité mitochondriale semblent précéder ce phénotype de la fibrose,
suggérant potentiellement des mécanismes mitochondriaux pour le développement de pathologies
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hépatiques lors du développement et de la progression de la cachexie cancéreuse. [Traduit par la

Rédaction]
. La progression de la cachexie entraine un dépot de collagene hépatique et une fibrose.
. Des altérations du contrdle de qualité mitochondriale peuvent précéder les pathologies
du foie lors de la cachexie.
Keywords

mitochondrial dynamics; mitophagy; protein synthesis; fibrosis; cachexia; fat metabolism

Mots-clés:

dynamique mitochondriale; mitophagie; synthése protéique; fibrose; cachexie; métabolisme des
graisses

Introduction

Cancer remains a significant cause of death in the United States (Centers for Disease Control
and Prevention (CDC)/National Center for Health Statistics 2015). A major proportion of
these deaths are thought to be mediated by excessive weight loss (cancer cachexia), which
often limits chemotherapeutic treatment capacity (Prado et al. 2007; van Vledder et al.
2012). This excessive weight loss is thought to be mediated by multi-organ aberrations
contributing to reduced health outcomes and increased mortality (Bennani-Baiti and Walsh
2009; Hauser et al. 2006; Wallengren et al. 2013). Due to its multi-factorial pathology,
thorough understanding of mechanisms contributing to cachexia have been challenging,
making the advent of clinical interventions for this pathology difficult. Cachexia is partially
mediated by a disparity between energy requirements and energy availability (Petruzzelli
and Wagner 2016; Ryan et al. 2016). As the liver is the predominant location of energy
production and storage, alterations in hepatic physiology may be a mediating factor for
cancer-associated body weight loss (Argilés et al. 2015). To our knowledge, few studies have
investigated the influence of cancer on liver metabolism. Narsale et al. (2015, 2016) found
cachexia in the ApcMin/+ mouse resulted in decreased liver glycogen content and increased
hepatic inflammation, as well as a more glycolytic phenotype, demonstrating that cancer has
a substantial impact on hepatic metabolism and these alterations may affect the progression
of cachexia (Narsale et al. 2015). Additionally, works using the C26 model have also found
alterations in hepatic fat and cholesterol metabolism, which appear to mediated by tumor-
secreted factors activating hepatic TSC22D4, resulting in decreased serum triglyceride and
lipids compared with healthy control mice (Jones et al. 2013).

Overall, taken together these studies appear to strongly suggest hepatic manifestations occur
with cancer associated muscle loss. However, to our knowledge, no prior study has
investigated the initial development of cancer-cachexia in relation to measures of hepatic
metabolism and health, leaving a crucial aspect in development of cancer-related pathologies
largely uninvestigated. Understanding hepatic alterations during the early stages of cancer
may be imperative for halting hepatic aberrations before they lead to irreversible
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pathologies. Therefore, the purpose of this study was to examine changes in physiologic and
metabolic processes in the liver during the development and progression of cancer cachexia.

Materials and methods

Animals and interventions

Histology

We have published the animal interventions and muscle weights from these animals and this
particular study includes a subset of animals from our prior works (Brown et al. 20174). All
methods were approved by the University of Arkansas Institutional Animal Care and Use
Committee. Male mice were housed at the University of Arkansas animal care facility in a
secure, temperature, and humidity-controlled environment on a 12-h light/ 12-h dark cycle.
All animals had free access to chow and water for during the course of the study. Briefly, at
8 weeks of age C57BL/6J mice were anesthetized with isoflurane and injected with 1 x 106
Lewis Lung Carcinoma cells (ATCC, cat. no. CRL-1642) in the left hind flank. This is a
commonly used method for inducing cancer cachexia in mice and has previously been
demonstrated to induce a cachectic phenotype in mice (Choi et al. 2013; Iwata et al. 2016;
Wang et al. 2011). Control animals were injected with phosphate buffered saline (PBS) as a
sham control. Cancer was allowed to progress, and cohorts of animals were humanely
euthanized and tissues collected for analysis. Animals were euthanized by cervical
dislocation while under isoflurane anesthesia. Cohorts included PBS and 1, 2, 3, and 4
weeks of cancer progression. In our prior reports using these same animals we have noted
lowered muscle size at 4 weeks of cancer progression, depending on the tissue of interest
(Brown et al. 20174). PBS animals were age-matched and harvested with 4-week animals.

Histological staining was performed as previously described (Brown et al. 20174; Rosa-
Caldwell et al. 2017, 2016) with minor modifications. Sections of liver were cut at 10-12
um using a Leica CM1859 clinical cryostat (Leica Biosystems, Buffalo Grove, Ill., USA).
Sections were stained for succinate dehydrogenase (SDH), Oil Red O, Sirius Red, and
periodic acid-Schiff (PAS). Images were averaged within each sample for analysis. All
images were taken at 20x magnification.

Oil Red O stain

Oil Red O staining was completed to measure lipid content within the liver. Slides were first
fixed in 3.7% formaldehyde for 10 min at room temperature and then rinsed in 3 dips of
dH,0O water. After which, slides were placed in a 60% isopropyl alcohol: dH,O for 5 min.
Slides were then incubated in Oil Red O working solution for 10 min (working solution 2:3
dilution of dH,0:0il Red O stock solution, stock solution: 5 mg/mL Oil Red O powder
(Amresco, Solon, Ohio; cat. no. 0684-250G) in isopropyl alcohol). Slides were incubated for
30 min at room temperature in Oil Red O solution, then rinsed 3x1 min in dH,0. Slides
were mounted in 10% glycerol:PBS solution. Slides were quantified by percent area stained
with Oil Red O. Images were averaged within each animal for analysis.
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For PAS staining of glycogen, slides were first fixed in a solution containing 60 mL 100%
ethanol, 30 mL chloroform, and 10 mL clacial acetic acid for 10 min. After rinsing 3x1 min
in distilled water, slides were then incubated in 10% periodic acid solution (1 g periodic acid
powder (MilliporeSigma, St. Louis, Mo., USA; cat. no. 7878-25G) dissolved in 10 mL
dH,0 for 10 min. Slides were then rinsed with distilled water and incubated in Schiff
Reagent (MilliporeSigma, Burlington, Mass., USA; cat. no. 6073-71) for 10 min before
rinsing with tap water. Slides were then dehydrated in ascending ethanol: distilled water
solutions (50%, 70%, 80%, 95%, and 100%) and rinsed with xylenes. Slides were mounted
in 10% glycerol:PBS solution. Slides were quantified by percent area stained with PAS stain.
Images were averaged within each animal for analysis.

Sirius Red stain

SDH stain

For Sirius Red collagen staining, slides were incubated in picro-Sirius Red solution (0.5 g
Sirius Red (Spectrum, Gardena, Calif., USA; cat. no. S1066) into 500 mL picric acid (EM
Science, Hatfield, Pa.; cat. no. px1001-1) for 60 min. After which, slides were washed in
acid-alcohol solution (2.5 mL of glacial acetic acid diluted to 500 mL using dH,0). Slides
were then dehydrated and cleaned in 100% ethanol and xylenes, respectively, and then
mounted in with toluene-based mounting media. Slides were quantified for percent area
stained with Sirius Red stain per image and images were averaged within each animal for
analysis.

SDH staining was competed to determine oxidative phenotype of the liver as we have
previously described (Brown et al. 20174, Rosa-Caldwell et al. 2017). Slides were quantified
by intensity of the stain. SDH stain was quantified by the total stain intensity for each image
taken per sample (~4-5 images/sample).

All images were collected with Nikon Sight DS-Vil camera mounted on an Olympus
CKX41 inverted microscope and analyzed with Nikon Basic Research Imaging Software
(Melville, N.Y., USA). All images were mounted with a glycerol-based mounting media and
a coverslip. Total area or intensity of the stain of interest was quantified with Nikon Basic
Research Imaging Software and is expressed as average percent stained or intensity stained,
respectively.

Isolation of protein and immunoblotting

Isolation of protein and immunoblotting were performed as previously described (Greene et
al. 2015). Briefly, ~40 mg of liver was homogenized in glass Dounce-type homogenizers in
0.30 mL of complete protein loading buffer (50 mmol/L Tris-HCI, pH 6.8, 1% sodium
dodecyl sulfate (SDS), 10% glycerol, 20 mmol/L dithiothreitol, 127 mmol/L 2-
mercaptoethanol, and 0.01% bromophenol blue supplemented with protease inhibitors
(Roche) and phosphatase inhibitors (MilliporeSigma, St. Louis, Mo., USA) according to
Alliance for Cellular Signaling protocols and as described elsewhere (Greene et al. 2015).
After homogenization, samples were transferred to sterile 1.5-mL microcentrifuge tubes,
heated for 5 min at 95 °C to denature protein and then centrifuged for 5 min at 13 000 rpm

Appl Physiol Nutr Metab. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rosa-Caldwell et al.

Page 6

(10 000g). Protein concentrations were determined using a commercially available RC/DC
assay kit following manufacturer instructions (Bio-Rad, Hercules, Calif., USA). Forty
micrograms of liver protein were loaded into 6%—15% SDS-polyacrylamide gels, depending
on size of protein of interest, and transferred onto polyvinylidene fluoride membranes
(Thermo Scientific, Rockford, Ill., USA). Membranes were blocked for an hour in 5% milk
solution in 0.5% Tris-buffered saline - Tween 20 (TBS-T), and then incubated in primary
antibody blocking solution at 4 °C. After 12-48 h of primary incubation, membranes were
washed in 0.5% TBS-T and incubated with appropriate secondary antibody solutions for 1 h
(Li-Cor Biosciences, Lincoln, Nebr., USA). Membranes were imaged using a FlourChem M
(Protein Simple, San Jose, Calif., USA) and protein content normalized to Ponceau S.
Additionally, prior to analysis, we measured Ponceau stain for the entire lane and ensured
that variability between groups was within an acceptable range (<10%-14%). Primary
antibodies included COX-1V (Cell Signaling, Danvers, Mass., USA; cat. no. 4850), BCL2
interacting protein 3 (BNIP3) (Cell Signaling; cat. no. 44060), Akt (Cell Signaling; cat. no.
4685), phosphorylated (p)-AktSer473 (Cell Signaling; cat. no. 4060), p70 (Cell Signaling; cat.
no. 2708), p-p707389 (Cell Signaling, cat. no. 9234), 4EBP-1 (Cell Signaling; cat. no.
9644), p-4EBP-1Thr37/46 (Cel| Signaling; cat. no. 9459), light-chain 3 (LC3) (Cell Signaling,
cat. no. 3868), p62 (MilliporeSigma, St. Louis, Mo., USA; cat. no. P0O067).

RNA isolation, complementary DNA (cDNA) synthesis, and qualitative real-time
polymerase chain reaction

Tissues were homogenized, RNA isolated, and reverse transcribed into cDNA as we have
previously described (Rosa-Caldwell et al. 2016). cDNA was analyzed by the 2ACT method
as we have previously described (Brown et al. 2017b; Greene et al. 2015; Rosa-Caldwell et
al. 2016). Tagman probes or SYBR primers for stearoy/l-coenzyme A desaturase-1 (Scdl),
Srebpl, 3-hydroxy-3-methylglutaril coenzyme A (HMG-CoA) reductase, peroxisome
proliferator activated receptor alpha (Ppara), cytochrome c oxidase 4 (Cox4),
proliferatoractivated receptor-y coactivator-1a (Pgc-1a), mitochondrial transcription factor
A (Tfam), Bnip3, mitofusin 1 (Mifn1), mitofusin 2 (Mfn2), optic atrophy protein 1 (Opal),
aynamin-1-like protein (Drpl1), mitochondrial fission factor (Mf), mitochondrial fission 1
protein (Fis1), Beclin, autophagy related 7 (Atg7), Lc3, p62, Deptor, Collagen 1, Collagen 3,
matrix metalloproteinase 9 (Mmp9), matrix metalloproteinase 2 (MmpZ), TIMP
metallopeptidase inhibitor 1 (Timp1), and transforming growth factor beta (Tgf-B) were
analyzed. SYBR primers have previously been reported (Greene et al. 2015; Rosa-Caldwell
et al. 2016).

Statistical analysis

Independent variables included time groups (PBS vs. 1 week vs. 2 weeks vs. 3 weeks vs. 4
weeks). Results were analyzed by 1-way ANOVA, with a set at 0.05. Additionally, due to
the time course nature of the data an additional trend analysis was performed as described
(Maxwell and Delany 2004). This specific analysis differs from traditional regression
analysis through key overall goals of the analysis and mathematical computations used for
significance testing. Simple regression analysis seeks predict the dependent variable based
on an independent variable (typically both independent and dependent variables are
continuous). Trend analysis is a specific extension of the general linear model, using
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orthogonal contrast statements to test for polynomial relationships between a quantitative but
not necessarily continuous independent variable (in this case weeks of cancer progression)
and the dependent variable. Mathematically, simple regression has a model degrees of
freedom of 1 for calculating the Fstatistic. For this particular design, a model degrees of
freedom of 1 is not appropriate because we have 5 distinct groups, therefore our model
degrees of freedom is 4. Trend analysis first utilizes a general linear model ANOVA and ~
test to determine if the variance between groups exceeds the variance within groups, using
the appropriate degrees of freedom. If the global Ftest is significant, then trend analysis
attempts to explain how the dependent variable changes between different factors of the
independent variable (in this experiment how dependent variables change with increased
duration of cancer progression). Specifically, higher order polynomial functions (quadratic,
cubic, quartic etc.) are only added into the model when they increase the explanatory power
of the overall model more than a simple linear trend. This analysis was utilized as an
additional measure to delineate fluctuations in the data that appeared dependent on
development of cancer that did not reach statistical significance for pairwise comparisons.
When significant F~tests were noted, ~tables were used to determine deviation from
linearity to determine if higher order polynomials explained more variance than simple
linear models (Maxwell and Delany, 2004). All data were analyzed using the Statistical
Analysis System (SAS; version 9.3, Cary, N.C., USA) and expressed as means + SEM.
When significant trends were noted (p < 0.05), the trend line was overlaid on bar graphs of
means with 95% confidence intervals for that specific trend analysis. All graphs have the
ratio of sum of squares of the model to the total sum of squares (/%) noted to distinguish the
strength of association between dependent variables and the duration of cancer progression.

Cancer-cachexia development and progression induced marked alterations in hepatic size
and overall phenotype

We have previously published phenotypic data on these animals, demonstrating larger tumor
masses (0.8-3.5 g) in our 3-week and 4-week animals as well as 10%—-15% lower muscle
masses of the tibialis anterior, gastrocnemius, plantaris, and soleus in 4-week animals
compared with all other groups, validating a cachectic phenotype in our 4-week animals
(Brown et al. 2017a). Here, we report that liver weights were ~35% greater in 4-week
animals compared with all other groups, no further differences were noted and liver weights
across time demonstrated a quadratic trend with cancer development (/2 = 0.38, p< 0.001,
Fig. 1A). PAS staining demonstrated a cubic trend in glycogen content with approximately
50% stained at 1 and 2 weeks of cancer development compared with approximately 40%
stained in control animals. PAS area was then dramatically lower in 3- and 4-week animals,
(~15%-20% stained, A2 = 0.29, p= 0.027, Fig. 1B and 1F). Oil Red O staining was not
altered across any of the groups with approximately 1.5%-2% stained with Oil Red O. (/2 =
0.06, p=0.750, Fig. 1C and 1F). Slight aberrations were noted in SDH intensity, with a
quadratic trend noted across groups; however, no pairwise comparisons reached statistical
significance (/2 = 0.18, p=0.043, Fig. 1D and 1F). Finally, Sirius Red stain, a marker of
collagen deposition, became progressively greater across cancer groups, with duration of
cancer development having an exponential relationship with collagen content. Collagen
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deposition a was ~500% larger in 4-week animals compared with all other groups (~1.5%
compared with 7.5% collagen deposition) with no further statistical differences noted (/2 =
0.78, p<0.001, Fig. 1E and 1F).

Cancer-cachexia development and progression resulted in alterations to messenger RNA
(mRNA) content of lipid and cholesterol metabolism

The liver serves as one of the primary energy mediators in the body, serving as both a
storage and synthesis site for many energy substrates. Therefore, alterations in these
metabolic processes may contribute to cancer-induced body weight loss. More so, recent
works have characterized serum metabolites associated with lipid and cholesterol altered in
both cachectic and pre-cachectic patients (Der-Torossian et al. 2013; Yang et al. 2018).
Therefore, we first measured markers of fatty acid and cholesterol metabolism to investigate
possible phenotypic outcomes of the development and progression of cancer cachexia. Scd,
a catalyst for the synthesis of phospholipids and triglycerides, mRNA content demonstrated
a linear trend downward with 4-week animals having ~60% less ScaZ mRNA content (/2 =
0.24, p=0.001, Fig. 2A). Similarly, Srebp1, an important transcription factor for lipid and
cholesterol synthesis, mMRNA content also demonstrated a linear decrease with cancer
progression, with statistical differences only detected between PBS and 1-week and 3-week
animals (/2 = 0.33, p= 00.004, Fig. 2B). HMG-C0A reductase, a significant mediator for
cholesterol synthesis, mRNA content demonstrated a quadratic relationship with cancer
progression, with a trough at 1 wk of cancer development, that gradually became greater in
2, 3, and 4-week animals (/2 = 0.16, p= 0.032, Fig. 2C). Ppara, a transcription factor
important for lipid catabolism and usage, mRNA content also demonstrated a quadratic
trend during cancer progression; however, there was a peak in Ppara mRNA content in 2-
week animals that then became lower in 3- and 4-week animals (&2 = 0.27, p= 0.002, Fig.
2D).

Cancer progression resulted in large increases in mediators of collagen deposition and
degradation

Collagen deposition can lead to hepatic fibrosis and eventually liver failure (Bataller and
Brenner 2005). Due to the strong relationship noted between collagen deposition and
duration of cancer progression (Fig. 1E and 1F), we measured potential mediators of
collagen deposition. Collagen 1, associated as the more flexible structural component of
collagen, mRNA content demonstrated a cubic relationship with cancer progression, with 4-
week animals having 3.5-fold more Collagen 2 mRNA content compared with all other
groups (A2 = 0.48, p=0.001, Fig. 3A). Similarly, Collagen 3, typically regarded as the more
stiff structural component of collagen, mRNA content also demonstrated a cubic relationship
with cancer progression, and 4-week animals having ~4-fold more Collagen 3 mRNA
content compared with all other groups (A2 = 0.57, p= 0.002, Fig. 3B). The ratio of
Collagen 1/3 can provide insight of the fibrotic phenotype of a tissue. In the current study,
we find that Collagen 1/3ratio did not have any trends or differences with cancer
progression in the liver (R, = 0.07, p=0.590, Fig. 3C). Next, to determine regulation or
Collagen turnover we investigated extracellular matrix (ECM) degradative regulators matrix
metalloproteinases (MmpZ2and Mmp9) and associated inhibitor of Mmp9, Timpl. A
quadratic relationship was noted between Mmp9 mRNA content and cancer progression,
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with 4-week animals having ~20-fold more mRNA content of Mmp9 compared with PBS
and 1-week and 2-week animals and ~10-fold content compared with 3-week animals (/2 =
0.54, p=0.003, Fig. 3D). Mmp2 content did not differ between any cancer groups (R2 =
0.16, p=0.095, Fig. 3E). 7impI mRNA content demonstrated a quadratic relationship with
cancer progression with 4-week animals having ~4-fold more 77mpZ mRNA content
compared with all other groups (/2 = 0.50, p < 0.001, Fig. 3F). Finally, as collagen
deposition is generally a response to inflammatory stimuli, we investigated markers of
inflammation, including 7gf-Band tumor necrosis factor alpha (Tnf-a). Tgf-B mRNA
content progressively became greater with cancer progression (/2 = 0.19, p = 0.028, Fig.
3G). Additionally, 7nf-a mRNA content demonstrated a similar trend with 7nfa content
linearly increasing with cachexia progression (A2 = 0.39, p= 0.002, Fig. 3H). Due to our
findings of exponential increases in measures of mediators of collagen content as well as
phenotypic alterations to collagen deposition, we next sought to investigate potential
mechanisms contributing to the increases in these measures of collagen deposition and
fibrosis.

Cancer progression caused increases in Akt content and phosphorylation without
dramatically influencing downstream measures of protein synthesis

The liver serves as one of the primary sites for whole-body protein metabolism, allowing for
the synthesis of new amino acids from various substrates (Sunny et al. 2015). Patients with
chronic liver disease exhibit significant alterations to protein and amino acid turnover, which
appears to result in chronic protein deficiencies (Charlton 1996; Miwa and Moriwaki 2004)
and changes in serum branched-chain amino acids have been associated with poorer
prognosis of liver patients (Tajiri and Shimizu 2013). Therefore, alterations in hepatic
protein turnover could have significant implications for maintenance of muscle mass in
patients with cancer. We find Depfor mRNA content progressively decreased with cancer
progression without any pairwise comparisons reaching statistical significance (/% = 0.14, p
=0.023, Fig. 4A). Akt protein content and p-Akter473 appeared to be linearly related to
weeks of cancer progression, with 4-week animals having 2—7-fold more Akt or p-Akt,
respectively (Akt: /2 = 0.43, p< 0.001, Fig. 4B and 4K; p-Aktse473: £2=0.28, p=0.008,
Fig. 4C and 4K). p-Aktse73/Akt ratio was altered quadratically in relation to cancer
progression, with 1, 2, 3, and 4-week animals having 50%—-60% less p-Aktser473/Akt
compared with PBS animals. Downstream marker of protein synthesis p70, p-p7071r389, and
p-p70Thr389/n70 ratio did not change with cancer progression (p70: A% =0.12, p=0.193,
Fig. 4E and 4K; p-p70Thr389: /2 = 0.09, p=0.129, Fig. 5F and 5K; p-p70Thr389/p70 ratio:
R2=0.129, p= 0.647, Fig. 4G and 4K). 4E-BP1 protein content did not demonstrate
alterations with cancer progression (/2 = 0.10, p= 0.211, Fig. 4H and 4K). p-4E-
BP1Thr37/38 content did demonstrate a linear relationship with cancer progression, with 4-
week animals having ~2.5-fold more p-4E-BP1Thr37/38 content compared with PBS animals
(R2=0.21, p=0.013, Fig. 41 and 4K). However, p-4E-BP1Thr37/38/4E-BP1 content did not
demonstrate any differences or trends with cancer progression (/, = 0.18, p=0.210, Fig. 4]
and 4K).
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Cancer progression corresponded to decreases in autophagy machinery as well as
decreased autophagy initiation and resolution

Prior works have strongly suggested the importance of autophagy for hepatic functionality,
whereby decreased autophagy is typically associated with poorer outcomes (Baena et al.
2015; Gonzéalez-Rodriguez et al. 2014; Jiang et al. 2013). Beclin mRNA content did not
demonstrate any relationship to cancer progression (A2 = 0.07, p= 0.212, Fig. 5A). Atg7
MRNA content had a linear relationship with cancer progression with 3- and 4-week animals
having 30%—40% less Atg7 content compared with PBS animals (/2 = 0.31, p < 0.001, Fig.
5B). Lc3 mRNA content also demonstrated a linear decrease with cancer progression, with
4-week animals having ~40% less L¢3 content compared with PBS animals (/, =0.27, p=
0.008, Fig. 5C). However, total LC3 protein content did not appear affected by cancer
progression (A2 = 0.02, p= 0.78, Fig. 5D and 5H). LC3II/I ratio, a surrogate measure of
autophagosome formation (Klionsky et al. 2016), demonstrated a quadratic relationship with
cancer progression with 1-, 2-, and 3-week animals having 40%-50% less LC3I1/I (reaching
statistical significance at 3 weeks), which then began to become greater in 4-week animals
(R%2=0.26, p=0.044, Fig. 5E and 5H). p62 mRNA content did not differ across any cancer
group (A2 = 0.10, p= 0.871, Fig. 5F); however, p62 protein content progressively became
greater with longer durations of cancer progression (A2 = 0.24, p= 0.036; Fig. 5G and 5H).

Cancer progression altered mRNA content of mitochondrial biogenesis and mitophagy
without altering total mitochondrial content

It is generally well accepted that mitochondrial health is a strong mediator of cellular and
overall hepatic health (Grattagliano et al. 2011; Gusdon et al. 2014). Broadly, mitochondrial
function, measured by efficiency of adenosine triphosphate production, can be influenced by
mitochondrial quality control mechanisms, such as mitochondrial biogenesis and total
content, the fusion of healthy mitochondria for more efficient energy production, and the
fission and removal of unhealthy mitochondrial components for removal by autophagy
(mitophagy) (Yan et al. 2012). Aberrations in any of these processes can influence
mitochondrial function and lead to excessive reactive oxygen species (ROS) production and
subsequent reductions in overall cellular health (Auger et al. 2015; Meyer et al. 2017). Prior
work has shown that disruptions to mitochondrial health are hallmark features of many
chronic hepatic diseases, such as nonalcoholic fatty liver disease (NAFLD) (Garcia-Ruiz et
al. 2013) and liver cirrhosis (Lane et al. 2016), and moderate aberrations to hepatic
mitochondrial quality control markers can be seen in a pre-NAFLD state (Rosa-Caldwell et
al. 2016). Therefore, disruptions to measures of mitochondrial quality control measures and
associated metabolism may underlie liver pathologies during the development of cancer
cachexia. Indeed, we find marked alterations in many measures of mitochondrial quality
control mechanisms. A quadratic relationship between Cox4 mRNA content and cancer
progression was noted, with a slight peak in Cox4 content in 2-week animals that then
became progressively lower in 3- and 4-week animals (A2 = 0.34, p= 0.004, Fig. 6A).
However, these differences in mRNA content did not translate to differences in COX-I1V
protein content (a surrogate marker of mitochondrial content), as no differences or trends
were detected in COX-IV protein content (/2 = 0.09, p= 0.700, Fig. 6B and 6G). Pgcla
mRNA content demonstrated a gradual linear trend downward with cancer progression (&2 =
0.19, p=0.018, Fig. 6C). T7fam mRNA content had a quadratic relationship with cancer
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progression, with 2-week animals having 50% greater 77am mRNA content compared with
PBS animals, which then progressively decreased in 3- and 4-week animals (/% = 0.20, p=
0.013, Fig. 6D). A quadratic trend was also found between Bnijp3 mRNA content and cancer
progression, peaking in 2-week animals, having ~75% more Bnip3 content compared with
PBS, then gradually becoming lower in 3- and 4-week animals back to PBS levels (/2 =
0.30, p=0.003, Fig. 6E). In BNIP3 protein, there was a cubic relationship noted, with 3-
week animals having ~2-fold more BNIP3 content compared with any other group (/2 =
0.39, p=0.002, Fig. 6F and 6G).

During cancer progression, mRNA content of mitochondrial fusion progressively became
lower, while mMRNA content of markers of mitochondrial fission demonstrated quadratic
relationship with cancer progression

Mitochondrial dynamics refers to the fusion of the mitochondrial network for more efficient
energy production and fission of unhealthy mitochondria from the mitochondrial network
(YYan et al. 2012). Mitochondrial fusion is mediated by the protein Mfn1, Mfn2, and Opal,
whereas fission is mediated by Drpl, Mff, and Fis1 (Yan et al. 2012). These specific
processes have been reviewed elsewhere, but broadly, increased mitochondrial fusion is
related to a healthier cell phenotype and increased fission is related to an unhealthy cell
phenotype (Yan et al. 2012). mRNA content of Mfn1 progressively became lower during
cancer development, with 4-week animals having ~40% less Mfn1 mRNA content (/2 =
0.21, p=0.031, Fig. 7A). Mfn2 mRNA content similarly became reduced with cancer
progression, with 4-week animals also having ~40% less M2 mRNA content (/2 = 0.31, p
< 0.001, Fig. 7B). Opal mRNA content also had a linear decrease with cancer progression,
with 3- and 4-week animals having ~50% and 55% less OpaZ mRNA content compared with
PBS animals (A% = 0.29, p< 0.001, Fig. 7C). Regarding mitochondrial fission, DrpZ mRNA
content did not differ across any cancer timepoints (A2 = 0.13, p= 0.14, Fig. 7D). However,
Mff and Fis1 both demonstrated quadratic relationships with cancer progression. With 2-
week animals having ~25%—-40% greater Mffand FisI mRNA content compared with PBS
animals, which then progressively became lower in 3- and 4-week animals (Mff: R2 = 0.30,
p=0.004, Fig. 7E; FisI: R = 0.39, p = 0.004, Fig. 7F).

Discussion

To our knowledge, this is one of the early studies to time-course hepatic pathophysiological
alterations during the development of cancer cachexia. We find hepatic hypertrophy with
longer durations of cancer development that corresponds to increased hepatic fibrosis. This
hepatic fibrosis also corresponds to alterations in markers of hepatic metabolism.
Interestingly, we also note alterations in mitochondrial quality control mechanisms that
preceded the development of hepatic hypertrophy and associated maladies. Taken together,
these results suggest potential mitochondrial maladies preceding the development of hepatic
fibrosis and growth and warrant further investigation on hepatic alterations during the
development of cancer cachexia.
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Cancer cachexia development and progression corresponds to alterations in markers of
fatty acid and glucose metabolism

The tissue weights from these animals has been previously reported with animals showing
reductions in muscle size and cross-sectional area after 3—4 weeks of cancer development
(Brown et al. 2018; Brown et al. 20174). In the current study, we find 4 weeks of cancer
development results in hepatic hypertrophy, which is similar to prior works using a
colorectal cancer model (Narsale et al. 2015). As the liver is one of the primary regulators of
whole-body metabolism, we began by first investigating markers of fatty acid and glucose
metabolism. Oil Red O did not detect alterations in overall fat storage; however, because of
the catabolic stimuli associated with the experimental design, it is likely that our method was
not sensitive to detect fat losses in an atrophic model. However, we find marked alterations
in various regulators of fatty acid metabolism and cholesterol synthesis. With a progressive
decrease in Scdl and Srebpl and an increase in HMG CoA reductase mRNA content with
cancer progression. These results suggest progressive aberrations to hepatic fatty acid
mobilization and utilization and complements prior works in the C26 model finding lowered
levels of these fatty acid regulators in cachectic mice (Jones et al. 2013). As the liver is one
of the key organs for fatty acid metabolism and the primary site of fatty acid synthesis, these
results imply hepatic alterations could contribute to energy deficits associated with cancer
cachexia. More so, due to reduced fatty acid mobilization, and subsequent reduced
circulating lipids (Jones et al. 2013), it is plausible the liver may then shift to more readily
available energy sources, such as glucose. Indeed, we find marked depletion in hepatic
glycogen content, suggesting a shift towards a more glycolytic phenotype. This aligns with
prior work finding shifts in hepatic metabolism towards a more glycolytic phenotype using
an ApcMin/+ model of colorectal cancer (Narsale et al. 2015) and potentially suggests a
conserved mechanism across different cancer types for hepatic alterations. Additionally,
increased cholesterol production has been linked to excessive cholesterol accumulation in
the mitochondrial membrane and decrease in mitochondrial function (Garcia-Ruiz et al.
2017; Martin et al. 2016). As such, our results, may also suggest excessive cholesterol
synthesis that may contribute to hepatic mitochondrial deficits. However, more direct
measures of cholesterol accumulation and mitochondrial function in relation to cancer
progression are necessary to fully understand these relationships.

Cancer progression corresponds to increases in hepatic fibrosis, despite greater content
of collagen degradative genes

We noted large increases in mRNA content of collagen 1 and collagen 3 as well as
subsequent increase in deposition of collagen in the liver as measured by Sirius Red
staining. These data demonstrate a clear fibrotic phenotype with the progression of cancer-
cachexia, which is similar to works found in human models (Judge et al. 2018; Pinter et al.
2016). More so, this collagen deposition appears to occur concurrently with increased
MRNA content of genes responsible for remodeling ECM, Mmp9and Timpl, suggestive of
degradation of ECM regulatory system. Collagen deposition is predominantly facilitated by
hepatic stellate cells (HSCs), which account for 5%—8% of liver cells (Yin et al. 2013).
During liver injury, HSCs activate to accumulate hepatic ECM as a protective mechanism
from further damage (Puche et al. 2013). However, with continuous trauma, increased HSC
activation causes pathological fibrosis and sinusoidal contraction with a concurrent
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disruption in hepatic endothelial function and blood flow (Mallat 1998; Zhang et al. 1994,
1995). These alterations in vasculature integrity can lead to decreased oxygen transport
within the liver and have direct impacts on nutrient exchange and metabolism (Marra and
Pinzani 2002). For example, advanced liver fibrosis is known to increase energy demand of
the tissue (Ganapathy-Kanniappan et al. 2014), which could intensify the energy deficiency
characteristic of cancer cachexia. Additionally, recent works have tied the alterations in
muscle metabolism to collagen deposition in muscle (Graae et al. 2019). As such metabolic
alterations may have largely contributed to the hepatic fibrosis noted in our works; therefore,
based on our findings regarding hepatic fibrosis, we further investigated hepatic cellular
processes that plausibly could contribute to the development of this fibrotic phenotype.

Cancer cachexia progression had limited impacts on markers of protein synthesis and
degradation

Overall, the progression of cancer cachexia did not appear to influence hepatic protein
synthesis but may have influenced autophagic degradation of proteins. While we noted a
small decrease in Deptor mMRNA content and a decrease in p-Aktser473/Akt ratios, these
relationships did not appear to hold to further downstream markers of protein synthesis such
p-p707hr389/p70 or pAEBP-1TN37/46/EBP1 ratios, which overall suggest negligible
alterations to the cellular signaling mechanisms of protein synthesis. While increased p-
Aktse473 and Akt can be suggestive of increased protein synthetic signaling, Akt serves as a
major signaler for many metabolic processes including glycogen synthesis and storage
(Morales-Ruiz et al. 2017). Taken in aggregate with our histological data, the linear increase
in Akt and p-AktSer473 content may suggest an attempted protective mechanism against
glycogen depletion, whereby Akt content and activity increases to meet energetic demands
of tumor growth. However, the increase in tumor development and energy expenditure likely
outpaces the increases in Akt activation, as despite increased Akt and p-Aktse™73 at 4 weeks
of tumor development, we still see lowered hepatic glycogen content. However, we did not
directly measure energy expenditure of these mice in relation to tumor development, as such
this hypothesis requires further evaluation.

Additionally, we found a slight decrease in autophagic capacity as well as a decrease in
autophagy resolution measured by Lc3 mRNA, LC3I1/I ratio, and p62 protein content. As
autophagy is well known to be dysregulated in many forms of liver disease (Lavallard and
Gual 2014; Levine and Kroemer 2008; Werling 2011), this suggests a progressive decrease
in autophagy activation and resolution with the progression of cancer cachexia, which likely
contributes to decreased hepatic health. Importantly, we observed an increase in p62 protein
content, a surrogate measure of autophagy resolution where increased p62 in the absence of
lysosomal inhibition is indicative of impaired autophagy resolution (Klionsky et al. 2016),
without any change in 062 mMRNA content. This accumulation of p62 protein suggests an
impediment in the autophagy resolution process. However, based on the current study it is
difficult to directly delineate how these aberrations in autophagy directly influence hepatic
function and warrant further investigation.
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Aberrations of mitochondrial quality control occurred during the progression of cachexia,
specifically alterations to mitochondrial dynamics preceded hepatic pathologies

Of note, we observed multiple alterations in makers of mitochondrial quality control.
Pgc-1a, the master regulator of mitochondrial biogenesis, exhibited a small but steady
decrease in mMRNA content throughout the duration of cancer progression. However, this was
not accompanied by a decrease of mitochondrial content, measured by COX-1V protein.
Interestingly, COX-IV protein did not change despite a quadratic relationship between
cancer progression and Cox4 mRNA content, with a peak at 2 weeks of cancer progression
suggesting alterations to hepatic Cox4 transcript through the development of cancer. This
may be partially accounted for by increases in Bnip3 mRNA and protein content at 2 weeks
and 3 weeks of cancer development, respectively, which may indicate enhanced autophagic
removal of mitochondria. Of note, multiple measures of mitochondrial quality control
demonstrated this quadratic relationship, including Cox4 mRNA, Tfam mRNA, Bnip3
mMRNA, MfmRNA, and F/sI mRNA. Phenotypically, we also noted this same relationship
in SDH stain intensity. Taken together these aberrations at 2 weeks strongly suggest
significant metabolic and mitochondrial shifts occurring before significant phenotypic
changes in liver size or fibrotic phenotype. There are multiple possible interpretations for
this finding. First, the increase in mitochondrial fission markers and mitophagy may be a
compensatory response to inflammatory or pathological stimuli signaling coming from
within the liver or from other tissues. This increase in mitophagic signaling may serve as a
protective mechanism to remove dysfunctional mitochondrial components to preserve
mitochondrial function. Prior work has demonstrated mitophagy may serve as a protective
mechanism for mitochondrial function (Glick et al. 2012); therefore, this increase in
mitophagy and fission markers may be a protective mechanism against cancer-associated
pathologies. However, an alternative interpretation is that the increase in mitophagic
signaling in conjunction with the progressive decrease in mitochondrial fusion and
biogenesis may be indicative of an already degenerating mitochondrial network and a
predecessor to hepatic pathologies such as fibrosis. This finding would be in agreement with
our prior works finding mitochondrial degeneration preceding significant muscle pathologies
in this model (Brown et al. 20174). More so, mitochondrial function has been strongly
related to liver injury and subsequent fibrosis (Sokol et al. 2001), whereby alterations to
mitochondrial morphology cause a fibrotic phenotype (Kang et al. 2016). This aberration in
the mitochondrial network then potentiates increased ROS formation, facilitating fibrosis
(Vilaseca et al. 2017). Prior work has found increased hepatic mitochondrial fission elicits
hepatocyte apoptosis while decreasing fission is protective against hepatocyte death (Frank
et al. 2001; Lee et al. 2004; Yu et al. 2014). As such, it is plausible that increased fission at 2
weeks may be the first initiating signal in hepatic pathologies during the progression of
cancer cachexia. Importantly, we note increases in mitochondrial fission and mitophagy
precede the increase in collagen mRNA content and collagen deposition. Although not
directly causative, this appears to suggest a temporal relationship between increased
alterations in mitochondrial dynamics, specifically mitochondrial fission, mediating the
development of a fibrotic phenotype during the progression of cancer-cachexia. We have
previously demonstrated muscle mitochondrial function and quality can begin to deteriorate
at 1-2 weeks of cancer development in the muscle (Brown et al. 20174) and recent works
have demonstrated strong interplay between muscle metabolism and muscle collagen
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accumulation (Graae et al. 2019). As such it is plausible that mitochondrial degeneration
may be the first initiating step in the development of cancer-associated pathologies in other
tissues. It should be noted that we did not directly measure mitochondrial function or
directly measure the process of mitochondrial fission or mitophagy in these livers.
Therefore, more work investigating early stages of cancer development are needed to more
thoroughly validate the role of mitochondrial function and fission in the progression of
hepatic pathologies during the progression of cancer.

Trend analysis as a novel tool for time-course experimental designs

To our knowledge, this is also one of the first studies in biomedical sciences to utilize trend
analysis as a statistical modeling tool for the analysis of data. As the field of biomedical
sciences advances, so to do statistical techniques necessary to appropriately model the
experimental design. As noted, many markers of hepatic physiology are altered prior to the
development of hepatic hypertrophy and fibrosis. Therefore, more studies will likely be
needed utilizing a time-course based experimental design to more thoroughly elucidate these
time-course aberrations. Trend modeling statistics allows for investigating overall patterns
within the data that normal ANOVAs with pairwise comparisons are unable and not
designed to detect. Therefore, moving forward, the use of these statistical techniques may
allow new insight to data interpretation in future research utilizing similar time-course-based
experimental designs.

In conclusion, to our knowledge, this is the first study to directly investigate time-course
alterations in hepatic physiology during the development and progression of cancer-
cachexia. Interestingly, we have observed the development of hepatic fibrosis across cancer
development. We find that multiple aspects of mitochondrial quality control, specifically
fission and mitophagy, are then altered before the development of the hepatic fibrotic
phenotype. Overall, these data potentially suggest mitochondrial mechanisms may underlie
liver pathologies during the development and progression of cancer cachexia and these
aberrations in mitochondrial quality control may in fact occur before any noticeable hepatic
damage. Taken together, this strongly suggests the need for more research into early
interventions for the treatment of hepatic cancer-cachexia associated maladies prior to the
onset of fibrosis.
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Phenotypic data from the present study. (A) Liver mass. (B) Glycogen content of the liver
measured by periodic acid Schiff (PAS) stain. (C) Lipid content of the liver measured by Oil
Red O. (D) Oxidative capacity of the liver measured by intensity of succinate dehydrogenase
(SDH) stain. (E) Collagen deposition measured by Sirius Red staining. (F) Representative
images of PAS, Oil Red O, SDH, and Sirius Red. All images were taken at 20x
magnification. All graphs are means + SEM, 7= 7-10/group for each analysis. Significant
trends are plotted against means with 95% confidence intervals. 1wk, 2wk, 3wk, 4wk, 1, 2,
3, and 4 weeks of cancer progression, respectively; PBS, phosphate-buffered saline.
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+ SEM, n=7-10/group for each analysis. Significant trends are plotted against means with
95% confidence intervals. 1wk, 2wk, 3wk, 4wk, 1, 2, 3, and 4 weeks of cancer progression,

respectively; PBS, phosphate-buffered saline.
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RIE\;IA content of markers of collagen deposition and breakdown. (A) Collagen 1 content. (B)
Collagen 3 content. (C) Collagen 1/3ratio. (D) Mmp9 content. (E) Mmp 2 content. (F)
Timp1 content. (G) Tgf-g content; (H) 7nf-a content. All graphs are means = SEM, n=7-
10/group for each analysis. Significant trends are plotted against means with 95%
confidence intervals. 1wk, 2wk, 3wk, 4wk, 1, 2, 3, and 4 weeks of cancer progression,
respectively; PBS, phosphate-buffered saline.

Appl Physiol Nutr Metab. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rosa-Caldwell et al.

Page 23

A

57 R=0.14, p=0.023 157 R=043, p<0.001

o

157 R=0.46 p<0.001

Akt:PonceauS

Deptor:18s

(2] K4 K4 E 3 K4
E G K m 3 3 3 3
o b N ™ <
. 15 g 209000950120 5 @ . 20R=0.129, p=0.647 Akt 60 kDa
3 2
gm 5 . I & p-AktSer73 . cner- SN 60 kDa
[ a
5 & 2w PT0| et Wt i S S (70kDa
Q. g 2 -
% £ os En.s p-p70TI89 | o e WS W |70 kDa
2
5
& by o»&% P 4EBP-1| Wil o e - 15kDa
AEBP-ATh7H6 | N e — “- 15 kDa
H I J Ponceau S| -
(2]
] -
¥ R=0.10, p=0.211 3 & 207 g 15, p=0.210
2 g 8
3 S s ?
Q2 o g
< = £
g & 3 os :
@ M &
g B g,
& & S 1 =
Fig. 4.

Markers of protein synthesis and inhibitor of protein synthesis Deptor. (A) RNA content of
Deptor. (B) Protein content of Akt. (C) Protein content of p-AktS€r473, (D) p-AktSer473/Akt
ratio. (E) p70 protein content. (F) p-p70Th"389 protein content. (G) p70/p-p7071r389 protein
content. (H) 4EBP-1 protein content. (1) p-4EBP-1T"37/46 protein content. (J) 4EBP-1/
p-4EBP-1TNr37/46 protein content. (K) Representative images for measured Western blot
targets. All graphs are means + SEM, 1= 7-10/group for each analysis. Significant trends
are plotted against means with 95% confidence intervals. 1wk, 2wk, 3wk, 4wk, 1, 2, 3, and 4
weeks of cancer progression, respectively; PBS, phosphate-buffered saline.

Appl Physiol Nutr Metab. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rosa-Caldwell et al.

Beclin1 : 18s >

(@

Lc3:18s

LC3 ll/l:Ponceau S m

@

p62:PonceauS

Fig. 5.

R?=0.07, p=0.212

-
o

0.5

15
R?=0.27, p=0.008

a, ab

1.0

0.5

0.0

IR R
Q0,\~$q:"r§‘ux‘

159 R2=0.26, p=0.044

1.0 a,b

) 'I

-
o
i

1.0

¥ N N
& & oad

R?=0.10, p=0.871

LC3I
LC3ll

p62

Ponceau S

16 kDa
14 kDa

62 kDa

Page 24

Markers of autophagy initiation, autophagsomal formation and resolution. (A) RNA content
of Beclin. (B) RNA content of Afg7. (C) RNA content of L¢3, (D) Total LC3 protein. (E)
LC3Il/1 ratio. (F) p62 RNA content. (G) p62 protein content. (H) Representative images for

measured Western blot targets. All graphs are means + SEM, n= 7-10/group for each

analysis. Significant trends are plotted against means with 95% confidence intervals. 1wk,
2wk, 3wk, 4wk, 1, 2, 3, and 4 weeks of cancer progression, respectively; PBS, phosphate-
buffered saline.
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Fig. 6.

Mgrkers for mitochondrial turnover. (A) Cox4 RNA content. (B) COX-IV protein content.
(C) Pgc-1a RNA content. (D) 77am RNA content. (E) Bnip3RNA content. (F) BNIP3
protein content. (G) Representative images for measured Western blot targets. All graphs are
means + SEM, 7= 7-10/group for each analysis. Significant trends are plotted against
means with 95% confidence intervals. 1wk, 2wk, 3wk, 4wk, 1, 2, 3, and 4 weeks of cancer
progression, respectively; PBS, phosphate-buffered saline.
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Fig. 7.
Makers for mitochondrial dynamics. (A) RNA content of Mfn1. (B) RNA content of Mfn2.

(C) RNA content of Opal. (D) RNA content of Drpl. (E) RNA content of Mff.(F) RNA
content of Fis1. All graphs are means = SEM, n= 7-10/group for each analysis. Significant
trends are plotted against means with 95% confidence intervals. 1wk, 2wk, 3wk, 4wk, 1, 2,
3, and 4 weeks of cancer progression, respectively; PBS, phosphate-buffered saline.
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