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Abstract

Objectives—This prospective study explored relationships between expression changes of genes
related to mitochondrial biogenesis/bioenergetics and fatigue in men with prostate cancer
receiving external beam radiation therapy (EBRT).

Methods—Fatigue and gene expression were measured before (day 0), at midpoint (days 19-21),
and at completion (days 38-42) of EBRT using the seven-item Patient Reported Outcomes
Measurement Information System-Fatigue short form (PROMIS-F), and from whole blood cell
RNA, respectively. The human mitochondria RT2 Profiler™ PCR Array system was used to
identify differential expression of mitochondrial biogenesis/bioenergetics-related genes. Mixed
linear modeling estimated the changes in fatigue and gene expression over time and determined
significant associations between gene expression and fatigue.

Results—Subjects were 50 men with prostate cancer (scheduled for EBRT = 25, active
surveillance as matched controls = 25). The mean PROMIS fatigue T-score (mean =50 + 10 ina
general population) for study subjects was 44.87 + 5.89 and for controls was 43.5 + 2.8 at
baseline. Differential expression of two genes inside the mitochondria involved in critical
mitochondrial complexes: BCSLL (B =1.30), SLC25A37 (§ = —2.44) and two genes on the outer
mitochondrial membrane vital for mitochondrial integrity: BCL2L1 (3 = -1.68), and FISL (B =
-2.35) were significantly associated with changes in fatigue scores of study subjects during
EBRT.

Conclusion—Genes related to oxidative phosphorylation, energy production and mitochondrial
membrane integrity are associated with worsening fatigue during EBRT. Further investigation of
the pathways involved with this association may explain mechanisms behind the development of
fatigue in this population.
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Introduction

Prostate cancer is the second leading cause of cancer-related deaths in the United States. In
2012, 241,740 men were newly diagnosed with the disease and 28,170 men died from it.1
Approximately 90% of all prostate cancers are low-grade tumors that have not
metastasized.? Localized external beam radiation therapy (EBRT) is one of the preferred
standard, curative treatment options for individuals with non-metastatic prostate cancer
(NMPC).3 Although EBRT has increased survival rates for these men, adverse effects
including fatigue, diarrhea, and cognitive function impairment are frequently reported
during and even after completion of the therapy.* ® Fatigue severity reported by men during
the course of the EBRT has been found to peak at midpoint and decline after completion of
the treatment. The pathophysiological mechanisms behind the worsening of fatigue
intensity during EBRT remain unknown.

Cancer-related fatigue (CRF) is reported as a distressing, persistent sense of tiredness or
exhaustion related to cancer or cancer treatment.’ Fatigue reported by patients with prostate
cancer during EBRT and survivorship has been recognized as a type of CRF.8 CRF is
associated with negative functional status and health outcomes, including depression,
impaired cognitive function, sleep disturbance, and decreased health-related quality of
life.9-11 The etiology of CRF remains unclear; 12- 13 however, a number of mechanisms
related to energy production and expenditure have been proposed. These include decreased
generation or utilization of adenosine triphosphate (ATP) and decline in neuromuscular
efficiency.13-15 Confirmation or negation of these possible causes of fatigue is needed as a
step towards identifying possible interventions that can target this prevalent symptom.

Radiation-related cellular damage causes genomic instability and a para-inflammatory
response inducing production of reactive oxygen species (ROS).16 It is also known to alter
mitochondrial metabolism, inhibit the mitochondrial respiratory chain, and form highly
reactive peroxynitrite (ONO,").17 Few longitudinal studies have investigated the
associations between biological markers and fatigue symptoms experienced by men with
NMPC receiving EBRT.18. 19 The hypothesis-generating, exploratory study described here
investigates the relationship between differential expression of genes associated with
mitochondrial biogenesis and bioenergetics and changes in fatigue experienced by the study
participants. The current study expands our initial findings on the association of differential
expression of mitochondrial-related genes with fatigue experienced by men with NMPC
before, during, and at completion of EBRT.20
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Methods

Study Samples and Recruitment

A prospective, exploratory, repeated measures design was used to investigate fatigue in men
with NMPC prior to EBRT (baseline), days 19 to 21 (midpoint of EBRT), and days 38 to 42
(completion of EBRT). The study (NCT01143467) was approved by the Institutional
Review Board (IRB) of the National Institutes of Health (NIH), Bethesda, Maryland, USA.
Recruitment and data collection were conducted at the Hatfield Clinical Research Center,
NIH, from May 2010 to August 2011.

Informed consent was obtained from all participants before collecting data. Inclusion criteria
included males =18 years of age; clinical diagnosis of NMPC; scheduled to receive EBRT
using an intensity-modulated radiation therapy technique with or without concurrent
androgen deprivation therapy (ADT); and able to provide written informed consent. Patients
were excluded if they had progressive or unstable disease of a body system causing
clinically significant fatigue; systemic infections (e.g., human immunodeficiency virus,
active hepatitis); documented history of major depression, bipolar disorder, psychosis, or
alcohol dependence/abuse within the past 5 years; uncorrected hypothyroidism or anemia;
second malignancies; concurrent chemotherapy with their EBRT; or chronic inflammatory
disease that may alter pro-inflammatory cytokine profiles (e.g., rheumatoid arthritis,
systemic lupus erythematosus, cirrhosis). Additionally, patients taking sedatives, steroids,
and non-steroidal anti-inflammatory agents were excluded because these medications are
known to change immune response and gene expression.2! At baseline, expression of genes
related to mitochondrial biogenesis/bioenergetics and fatigue symptoms of study subjects
were compared with age, gender, and race-matched controls, who were men with NMPC on
active surveillance. These matched controls were enrolled in the same protocol using the
same eligibility criteria mentioned. The fatigue scores and peripheral blood of the matched
controls were collected only in during one outpatient visit.

Demographic, Clinical and Patient-Reported Variables

Demographic and clinical characteristics of participants were retrieved by chart review.
Participants were screened for depression using the Hamilton Depression Rating Scale
(HAM-D), a 21-item, clinician-rated paper questionnaire with good internal reliability (a =
0.81 t0 0.98).22.23

Fatigue was measured at each time point using the Patient Reported Outcomes Measurement
Information System-Fatigue subscale (PROMIS-F), a 7-item questionnaire for fatigue
developed from more than 1000 datasets from multiple disease populations. Initial
psychometric properties showed an internal consistency reliability coefficient of 0.81.24 The
PROMIS measures are reported on a T-score metric that is anchored to the mean score of a
healthy American general population.2> Questionnaires were completed before clinical
procedures to avoid extraneous influences on their responses. All study measures were
obtained in an outpatient setting during the participants’ clinical visits.
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Gene Expression in Peripheral Blood

Peripheral blood (2.5 mL) were collected from each subject at each time point to explore
changes in gene expression using PAXgene blood ribonucleic acid (RNA) tubes
(PreAnalytiX, Hombrechtikon, OH). Total RNA extractions, polymerase chain reaction
(PCR), and enzyme-linked immunosorbent assay (ELISA) were processed by a single
laboratory technician following a standard protocol to minimize non-biological technical
bias. Total RNA extraction was performed according to the manufacturer’s procedure
(PreAnalytiX, Hombrechtikon, OH). Standard techniques were used for extracting RNA and
developing mitochondrial-related gene expression profiles.20

Real-Time PCR Array for Mitochondria-Related Gene Expression

The Human Mitochondria RTZ Profiler PCR Array System (SABiosciences, Frederick, MD)
was used to evaluate gene expression profiles related to mitochondrial biogenesis and
bioenergetics functions. Two Human Mitochondria RT2 Profiler PCR Arrays (PAHS-087A
and 008E, SABiosciences, Frederick, MD) were used consisting of a total of 168 genes
involved in mitochondrial structure, function, respiration, and oxidative phosphorylation
complexes. The genes evaluated in PCR Array-087A and 008E include 14 groups of
mitochondria functional genes related to specific activities such as membrane potential,
transport, membrane translocation, mitochondrial fission and fusion, mitochondrial
apoptosis, and genes related to mitochondrial respiratory and oxidative phosphorylation
(OXPHOS) complexes (http://www.sabiosciences.com/genetable, SABiosciences,
Frederick, MD).

Protein Confirmation

ELISA was used to confirm proteins encoded by mitochondrial-related genes using 100 | of
diluted cell lysate samples according to the manufacturers’ guide. The cell lysates were
extracted after the cell pellets were thawed on ice and lysed in cell buffer (10 mM Tris HCI,
pH7.4, 100 mM NaCl,1mM EDTA, 1mM EGTA, 1% Triton, 0.1% SDS and 10% glycerol
with protease inhibitors) for 30 minutes with vortexing at 10 minute intervals. After
centrifugation at 13,000 rpm for 10 minutes at 4°C, the supernatant from each of the samples
was transferred to fresh tubes. Protein concentrations were determined using Pierce® BCA
protein assay kit (Thermo Scientific, Rockford, IL) for normalization. The plates were read
in a microplate reader VICTOR?2 at 450 nm, 0.1 second. All samples were tested in
triplicates. The final concentration of each sample was normalized to the amount of cell
lysate (mg).

Statistical Analyses

Descriptive statistics were calculated to describe sample characteristics, fatigue scores, and
changes in gene expressions and protein concentrations at each time point. Independent t-
tests were used to compare differences in fatigue scores and changes in gene expression
between patients and matched controls at baseline. Paired t-tests were also used to compare
fatigue scores and gene expression between time points, using baseline data as control.
Moreover, individual growth curve analysis was used to capture the trajectory of how
fatigue and gene/protein expression changed over time. Correlations between fatigue scores,
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gene expressions, and protein concentrations were determined using a mixed model
approach. Mixed model analyses were carried out to estimate the intercept and slope for the
individual growth curve based on a linear trend.

PCR data were analyzed using the delta Ct method (PCR Array Data Analysis Portal: http://
www.sabiosciences.com/pcrarraydataanalysis.php; SABiosciences Corp., Qiagen, Frederick,
MD). At least three reference genes (RPL13A, GAPDH, ACTB) were selected for
normalization of data. Efficiencies of RPL13A (reference position 940), GAPDH (reference
position 1287), and ACTB (reference position 1222) primers were between 90% and 110%.
Genes with > 1.5 fold change in expression at a p-value of < 0.05 from baseline and at either
time point (midpoint or completion of EBRT) were selected as differentially expressed
genes for inclusion in a longitudinal analysis of the association of gene expression (delta-Ct)
and fatigue score.

For each of the differentially expressed genes, a separate generalized estimating equation
(GEE) model was fit to estimate the changes in fatigue scores over time during EBRT, the
association of gene expressions with fatigue scores, and the interaction of time (during
EBRT) and gene expression. For each gene-fatigue score pair, a model was first fitted
without adjusting for any covariates, and then a model was fitted adjusting for age, baseline
hemoglobin, and time-varying depression. These covariates were chosen because each has a
well-established relationship with the experience of fatigue. For example, hemoglobin (Hb)
and hematocrit (Hct) levels are known factors associated with fatigue in cancer patients
receiving radiation therapy and chemotherapy.26

A power analysis was conducted using a previous breast cancer study to estimate needed
sample size to detect significant difference in changes of gene expression and fatigue
scores.?” All tests are two-sided. All statistical analyses were conducted using the Statistical
Analysis System (SAS) version 9.3 (SAS Institute Incorporated, Cary, NC).

Sample Demographics

Fifty participants, twenty-five patients scheduled to receive EBRT (study subjects) and 25
age- gender- and race- matched controls on active surveillance, both with NMPC were
enrolled in the study. All of the 50 study participants completed the study. Table 1 describes
the demographic and clinical characteristics of the sample. The correlations between fatigue
scores and demographic characteristics showed that hemoglobin and hematocrit levels were
significantly associated with PROMIS-F scores at endpoint of EBRT(r=-0.35, P<0.05; r=
-0.41, P<0.05, respectively). Depression scores were significantly associated with
PROMIS-F scores at midpoint of EBRT (r=—0.40, P<0.05).

Fatigue Scores

The mean PROMIS-F fatigue T-score at baseline for subjects (44.9 + 5.8) and controls (43.5
+ 2.8) were not significantly different (P = 0.31). Compared to baseline, PROMIS-F T-
scores for subjects increased significantly from baseline (44.9 £ 5.8) to midpoint (49.1 £5.3,
P =0.01) and to completion of EBRT (48.2 = 6.8, P = 0.06). There was no significant
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difference in PROMIS-F T-scores from midpoint to completion of EBRT (P = 0.64), but the
standard deviation of fatigue scores widened, reflecting increased variation in the intensity
of fatigue symptoms at completion of EBRT, with some patients complaining of very severe
fatigue (Figure 1).

Gene Expression

The expressions of a total of 168 mitochondrial-related genes were measured from study
subjects and control group. There were no significant differences between baseline
expression of genes of study subjects compared with matched controls (P = 0.30). Fourteen
of the 168 genes which were most significantly up/down regulated ( > 1.5 fold change, P <
0.05) from baseline to either midpoint or completion of EBRT were included in the
longitudinal analysis of the association of gene expression (delta-Ct) and fatigue score. Five
genes (BCL2L1, COX6BL1, FISL, SLC25A21, SL.C25A37) were significantly up-regulated
(fold-change > 1.5, P < 0.05), and nine genes (AIFM2, BCL2, BCSIL, BNIP3, FXC1,
IMMP2L, MIPEP, SL.C25A23, SLC25A4) were significantly down-regulated (fold-change <
0.6, P < 0.05), either at midpoint or completion of EBRT compared to baseline expression
levels.

To address the study’s limitations related to the small sample size and multiple comparisons,
a Bonferroni adjustment was applied to determine changes in expression of the 168 genes
(i.e. p = p*168). The analyses revealed four genes that had significant changes at midpoint
and at completion of EBRT compared to baseline levels. These genes included the BCL2
(midpoint and completion, P = 0.01), IMMP2L (midpoint P = 0.02, completion P = 0.03),

S .C24A23 (midpoint, P = 0.01), and SLC25A4 (midpoint, P = 0.03).

Association between Fatigue and Gene Expression

Results of the GEE models to determine longitudinal associations between PROMIS-F T-
scores and gene expressions for each of the 14 differentially expressed genes before
adjusting for covariates and even after adjusting for age, baseline hemoglobin, and
depression as time-varying covariates revealed that four genes (BCL2L1, BCSLL, FISL,
9_C25A37) were significantly correlated (P < 0.01) with PROMIS-F T-scores at baseline,
midpoint, and endpoint of EBRT. Table 2 presents the longitudinal association of PROMIS-
F T scores with the expression of mitochondrial-related genes using a GEE model adjusted
for age, baseline hemoglobin, and time varying depression, and Figure 2 displays scatter
plots of the correlations between expression of mitochondrial-related genes and PROMIS-F
T-scores.

Confirmatory Protein Expressions

Expressions of proteins encoded by the four differentially expressed genes that were
observed to be significantly correlated with PROMIS-F T-scores were measured using
ELISA from whole blood cell lysates. Compared to baseline concentrations, Bcl-2-like
protein 1 (R&D System, Minneapolis, Minnesota), the protein encoded by BCL2L1,
increased at midpoint (p = 0.51) and at completion of EBRT (P = 0.05); mitoferrin-1
(antibodies-online, Atlanta, Georgia), the protein encoded by SLC25A37, increased at
midpoint (P = 0.40) and at completion of EBRT (P = 0.39); mitochondrial fission 1 protein
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(Cusabio biotech, Wuhan, China), a protein encoded by FISL, increased at midpoint (P =
0.86) and at completion of EBRT (P = 0.72); and mitochondrial chaperone BCS1 protein
(antibodies-online, Atlanta, Georgia), a protein encoded by BCSLL, decreased at midpoint (P
= 0.29) and at completion of EBRT (P = 0.72). Mixed model analyses did not show
significant associations between PROMIS-F T-scores and the concentrations of the four
proteins (P = 0.58 - 0.96) overtime during EBRT, suggesting possible post-transcription
variations. Similarly, expressions (delta CT) of the four differentially expressed genes did
not show significant associations with the expressions of the proteins they encode (P = 0.13
- 0.89).

Discussion

This is the first study to explore relationships between changes in fatigue and expression of
genes related to mitochondrial biogenesis and bioenergetics in NMPC men receiving EBRT.
Results from this hypothesis-generating study suggest that pathways impairing
mitochondrial membrane integrity, the mitochondrial transport mechanism, and the
respiratory chain may contribute to the development and intensification of fatigue symptoms
in this population. Further investigation is necessary to confirm this initial observation.

Four genes (BCL2L1, BCSIL, S_.C25A37, and Fis 1) demonstrated changes in expression
that were significantly associated with changes in fatigue during EBRT. BCL2L1
(unadjusted r = -1.68, P = 0.002; adjusted r = —-1.61, P = 0.006) encodes proteins that
belong to the BCL-2 family. BCL2L1 are located on the mitochondrial outer membrane
(MOM) and regulate the opening of the membrane’s voltage-dependent anion channel
(VDAC).28 This channel regulates the mitochondrial membrane potential by binding with
BCL-2 family of proteins, therefore controlling the production of ROS and release of
cytochrome c, both of which are potent inducers of cellular apoptosis.2? The concept of
autophagy may be able to explain the significant association between the changes in fatigue
and the expression of the BCL2L1 gene.

Autophagy is a programmed physiological cell death or self-degradation process, distinct
from apoptosis.3? Autophagy is used as a protective response of cells to reestablish
homeostasis in response to stress or limited nutrients.31 Animal studies have shown that in
order to upregulate autophagy, the formation of the beclin 1-Bcl-2 complex, brought about
by the direct interaction of BCL-2, must be disrupted.3% Autophagy activation was observed
in multiple tissues from mice subjected to physical exercise. Activated autophagy was
observed by an increase in the dissociation of beclin 1 from its inhibitory interactions with
Bcl-2 proteins. The disruption in the interaction between beclinl and Bcl-2 proteins was
associated with improvement in physical endurance of these mice.3?

The bcl synthesis like gene (BCSLL: unadjusted r = 1.30, P = 0.002; adjusted r = 1.34, P =
0.006) encodes one of the two chaperone proteins necessary to assemble the mitochondrial
cytochrome bc 1 complex (complex 111). Decreased BCSIL protein has been associated with
a deficient incorporation of the Rieske iron sulphur protein (RISP) into complex I11. A
decrease of complex 111 activity leads to a functional deficit in the respiratory chain.33: 34
Impairment of the respiratory chain’s ability to respond to metabolic demands caused by a
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deficiency of complex 111 has been associated with life-long exercise intolerance and chronic
lactic acidosis.3® The increased production of ROS observed in complex 111 deficiency has
been observed to be BCSIL mutation-dependent.36

Another hemoprotein associated with fatigue in this study is the S.C25A37 or mitoferrin-1
(unadjusted r = -2.44, P < 0.001; adjusted r = —=2.31, P < 0.001). Mitoferrin is a protein in
the mitochondrial inner membrane that serves as the principal iron importer in the
mitochondria.3” It is a critical protein necessary for mitochondrial iron-consuming processes
including heme synthesis or Fe-S cluster synthesis.

There is limited information on the roles of BCSLL and S.C25A37/mitoferrin-1 in
autophagy. Autophagy and mitochondrial fission are well coordinated in mammalian cells.
When damaged mitochondria lose membrane potential, fission is activated to segregate them
from the mitochondrial network where they can be recycled through autophagy.38

The tail-anchored outer membrane protein, Fisl (unadjusted r = —2.35, P < 0.001; adjusted r
=-2.03, P =10.01) is evenly distributed on the mitochondrial surface serving as a rate-
limiting fission factor.3? Inhibition of fission using an ex vivo Fisl knockdown model
showed an accumulation of damaged mitochondrial material, decreased metabolic function,
and reduction in insulin secretion.* The differential expressions of these four genes
(BCL2L1, BCSIL, SLC25A37, FISL) suggest that mitochondrial autophagy and processes
involving iron synthesis or storage might be associated with the changes in fatigue
symptoms experienced by the study subjects.

This is the first study to report the utility of the PROMIS-F 7-item short form as a sensitive
tool in measuring changes of fatigue overtime during cancer treatment and as a reliable
measure to detect possible biologic correlates of fatigue. Despite the variability in subjects’
fatigue scores, with some experiencing bothersome fatigue and others having little fatigue, a
clinically significant change in fatigue score between 3.3 and 4.2 was observed at midpoint
and at the completion of EBRT compared to baseline scores.#? Furthermore, an effect size
was estimated to evaluate whether the changes in fatigue over time were substantial since
the mean fatigue score of this group of patients was not higher than the general population.
The partial eta squared of PROMIS-F scores was 0.45, showing that time in relation to
EBRT can account for 45% of the variance of fatigue scores after removing the effect of
between-subject differences.

The significant associations between gene expressions and fatigue scores were not similarly
observed between protein expressions and fatigue scores. This observation may be related to
the variability in protein concentration in the cell lysates, considering that the proteins
encoded by these differentially expressed genes are intracellularly located. Previous studies
also identified a similar dissociation in gene and protein expressions, which was attributed to
many factors, including age. Aging has been associated with the dissociation of gene and
protein expressions, where protein concentrations vary with age, independent of mMRNA
levels.42 Further investigation is necessary to explain the differences in the association of
gene and protein expressions with fatigue as observed in this study, particularly examining
age group differences that may exist in the level of soluble forms of the four proteins.

J Pain Symptom Manage. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hsiao et al.

Limitations

Page 9

Results of this study are limited because of the small sample size. Careful selection of a
more homogeneous sample, such as, sample with a single diagnosis with a single treatment
regimen (i.e., NMPC men receiving EBRT without concurrent androgen deprivation
therapy), will be necessary to confirm the findings reported in this study. Compared to the
general population, the mean fatigue score for our study sample was less than 50. Exercise is
one of the interventions recommended by the National Comprehensive Cancer Network to
improve fatigue, and unmeasured levels of exercise in our subjects may have influenced the
moderate level of fatigue reported by our subjects. Although the study findings do not
establish a causative relationship between the four differentially expressed genes and the
development of fatigue, they stimulate important questions that warrant further investigation
to understand the role of specific mechanisms such as autophagy and iron synthesis in the
development of fatigue. In addition, other available mitochondrial arrays must be considered
for follow-up studies.

Conclusion

This study provides evidence that genes related to mitochondrial biogenesis and
bioenergetics not only were differentially expressed during EBRT, but were also
significantly related to the changes in fatigue reported by study subjects. Pathways pertinent
to the maintenance of mitochondrial integrity, mitochondrial transport mechanism, and the
respiratory chain may provide some explanation of how fatigue develops in cancer patients
receiving radiation therapy. Further investigations to deepen our understanding of the
etiology of fatigue development during cancer therapy are warranted in order to identify
opportunities for intervention to reduce this distressing symptom.
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Figure 1.
PROMIS-Fatigue scores for subjects receiving EBRT (n = 25)

Patient Reported Outcomes Measurement Information System-fatigue (PROMIS-F) T
scores significantly increased from baseline (day 0, 44.9 + 5.8, p = 0.01) to midpoint (day
21, 49.1 + 5.3) and stayed elevated until the end of external beam radiation therapy (EBRT,
day 42, 48.2 £ 6.8, p = 0.06).
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Figure 2.
Correlations between expression of mitochondrial-related genes (BCL2L1, SLC25A37, FISL,

and BCS1L) and PROMIS-F T-scores

The generalized estimating equation model shows significant correlations between
expressions of BCL2L1 (B = -1.61, p=.006), S .C25A37 (p = -2.31, p<.001), FISL (B =
-2.03, p=.01), BCSLL (§ =1.34, p=.007) and Patient Reported Outcomes Measurement
Information System-fatigue (PROMIS-F) T scores at baseline (day0), midpoint (day21), and
endpoint (day42) of external beam radiation therapy (EBRT). X-axis indicates the value of
delta-Ct number and the more delta Ct number the less expression of the gene
(downregulation). Y-axis indicates fatigue score and the higher the score the more fatigue
symptom. Graphics of BCL2L1, S_.C25A37 and FISL1 present a negative correlation between
delta-cycle number of gene expression and PROMIS-F score, which mean the higher fatigue
symptom the less delta Ct number of gene expression (indicating overexpression of the
gene). While the delta Ct number of BCSLL is positively associated with fatigue score,
indicating the higher fatigue score the more delta Ct number and down-regulation of BCSLL.
These findings suggest that higher expressions of BCL2L1, S_C25A37, FISL and down-
regulation of BCSLL are associated with worsening fatigue symptoms during EBRT.
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