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Abstract

Background—Fibromyalgia (FM) is a chronic condition characterized by diffused
musculoskeletal pain and overwhelming fatigue.

Purpose—To compare the gene expression profiles of fatigued FM women with different levels
of pain and catastrophizing.

Methods—Nine FM women enrolled in an active Medstar Research Institute protocol were
included in the gene expression analyses of peripheral blood RNA using Affymetrix GeneChip®
human genome U133 Plus 2.0 array. Scores from Brief Pain Inventory, Pain Catastrophizing
Scale, and Multidimensional Fatigue Inventory categorized the 9 participants into pain (high, n =
3; low, n = 6) and catastrophizing groups (high, n = 5; low, n = 4).

Discussion—Differential expression of 107 genes between the high and low pain groups and
139 genes between the high and low catastrophizing groups (over 2.0-fold change, p < 0.05) were
observed. Network analyses showed interferon signaling and interferon regulatory activation
factor pathways distinguished between the pain groups while dendritic cell maturation delineated
between the catastrophizing groups.

Conclusion—Findings provide preliminary evidence that specific physiological pathways may
possibly delineate pain and catastrophizing mechanisms. Further investigation using larger and
more homogenous sample is warranted.
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Fibromyalgia (FM) is a syndrome that is manifested by chronic, widespread bodily pain
(Low & Schweinhardt, 2012). Based on the American College of Rheumatology (ACR)
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diagnostic criteria in 1990, fibromyalgia was diagnosed by the self-report history of
widespread pain with at least 11 out of 18 tender sites on exam (Wolfe et al., 1990). While
defined by widespread pain, FM is also characterized by overwhelming fatigue, sleep
disturbance, cognitive dysfunction, and other somatic symptoms such as headache,
gastrointestinal discomfort and stiffness, bladder symptoms, diarrhea, constipation, and
paresthesia (Wolfe et al., 2010; Wolfe & Hawley, 1999). This realization led to the proposal
of revising the 1990 ACR diagnostic criteria broadening the manifestations of FM not only
with widespread pain, but also to include fatigue, non-refreshing sleep, cognitive difficulties,
and other somatic complaints (Wolfe at al., 2010). While three medications have been
approved by the United States Food and Drug Administration (FDA) to manage FM, no
treatment has been shown to be particularly effective to date.

Fatigue is a common symptom in FM, seen in close to 70% of patients (White, Speechley,
Harth, & Ostbye, 2000). This fatigue is not alleviated by rest and sleep (Humphrey et al.,
2010) and is often reported as the most bothersome FM symptom, significantly contributing
to the decline in the patients’ health-related quality of life (Arnold et al., 2008). Gene
expression profiles have been used to explore biologic underpinnings of disease (Finnan, et
al., 2011; Gursoy, et al., 2003; Macedo, et al., 2008) and also in the development of
predictive algorithms of treatment/disease outcomes (Andersen & Skorpen, 2009; Neckley,
et al., 2007). Considering the burden of symptoms in the lives of individuals with FM
(Bellato, et al., 2012; Mease, 2005), this study attempted to explore the distinct biologic
underpinnings of specific symptoms that define FM. This study compared the gene
expression profiles of fatigued FM subjects with high and low pain, as well as the gene
expression profiles of the same FM subjects with high and low catastrophizing, or their
exaggerated, negative attention to their symptoms (Edwards, Chalan, Mensing, Smith, &
Haythornthwaite, 2011).

The cause of FM is unknown; however, its etiology is assumed to be related to the
combination of inherited susceptibility and traumatic or stressful environmental exposure
(Ablin & Buskila, 2006; Ablin, Cohen, & Buskila, 2006a; Ablin, Shoenfeld, & Buskila,
2006b). The symptom experience of individuals with FM is thought to be influenced by both
physiological and psychological factors. Suspected physiological factors include dysfunction
in the stress systems, such as the sympathetic (adrenergic) and hypothalamic-pituitary-
adrenal (HPA) pathways (Sabban, 2007). Altered central mechanisms that are related to pain
transmission, sleep regulation, and depression may also be involved in the pathogenesis of
FM fatigue (Finan et al., 2010).

Previous genomic studies in FM were limited in focus and investigated the expression of
genes specific to the proposed pathways of interest (e.g., sympathetic nervous system and
inflammation) using reverse transcriptase polymerase chain reaction (RT-PCR) and real
time, quantitative PCR (qPCR) (Salemi et al., 2003; Light, White, Hughen & Light, 2009).
For example, down regulation of Catechol-O-Methyl-Transferase (COMT) gene by qPCR
was associated with severe psychological distress (Desmeules et al., 2012). Low COMT in
high catastrophizing individuals was also reported to increase risk for the development of
chronic pain syndromes (George et al., 2008). Genes related to immune modulation,
oxidative stress, and apoptosis were also shown to be differentially expressed in fatigued
patients post infection (Gow et al., 2009). An unbiased approach of investigating genes that
are associated with FM symptoms has not been conducted previously.

Psychological factors, such as negative personality traits, are also suspected to play a role in
FM pathogenesis (Clauw, 2009). Catastrophizing has been well-established as a predictor of
the severity of a pain experience (Aaron, 1999; Buenaver, Edwards, & Haythornthwaite,
2007; Buitenhuis, De Jong, Jaspers, & Groothoff, 2008; Burckhardt, Clark, & Bennett,
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2001; Burckhardt, Clark, O'Reilly, & Bennett, 1997). In addition, pain catastrophizing is
thought to influence the experience of FM symptoms (Burgmer et al., 2011). Being able to
distinguish the biological mechanisms responsible for these known physiologic and
psychological contributors to FM symptoms would be a major advance in the field, because
identification of physiologic pathways related to specific symptoms defining FM will
provide a foundation for new interventions. This study report is on a preliminary finding
from a subset analysis of an ongoing study that seeks to differentiate the gene expression
profiles between women who are healthy and those with fibromyalgia.

The data were derived from a prospective, longitudinal, observational study from an
Institutional Review Board-approved Medstar Health Research Institute protocol.
Participants diagnosed with FM using the 1990 (self-report history of widespread pain with
at least 11 out of 18 tender sites on exam) or the 2010 American College of Rheumatology
criteria (Widespread Pain Index (WPI) = 7 and Symptom Severity (SS) =5, or WPI =3 -6
and the SS = 9) were included in the analyses. Data analyzed in this study were obtained
during one outpatient visit.

All participants were evaluated for the following:

Fatigue was measured by the Multidimensional Fatigue Inventory (MFI), a 20-item, self-
report questionnaire composed of five subscales: general fatigue, physical fatigue, reduced
activity, reduced motivation, and mental fatigue (Smets, Garssen, Bonke, & De Haes, 1995).
Each of the five subscales was measured with 4 items using a rating scale of 1 (completely
true) to 5 (no, not true), which have been found to have acceptable internal consistency
reliability (Cronbach’s alpha > 0.80) (Smets, Garssen, Bonke, De Haes, 1995). Scores that
are greater than 13 on the general fatigue subscale or higher than 10 on the reduced activity
subscale were suggested as cutoff scores for clinically significant fatigue (Reeves et al.,
2005).

Pain was measured by the Brief Pain Inventory-Short Form (BPI-SF) (Cleeland, Ladinsky,
Serlin, & Nugyen, 1988). This self-report instrument measures two concepts: pain intensity
(4 items) and pain interference (7 items) using a numeric rating scale of 0 (no pain/
interference) to 10 (pain as bad as you can imagine / complete interference). The BPI-SF
was found to have very good internal consistency, both for pain intensity (Cronbach’s alpha
=0.88) and pain interference (Cronbach’s alpha = 0.87) (Kapstad, Rokne, & Stavem, 2010).
Findings from a longitudinal study in the prediction of worsening health outcomes provided
empirical support for setting the cut point score for clinically significant pain intensity at
five for the BPI-SF (Castel et al., 2007).

Catastrophizing was measured using the Pain Catastrophizing Scale (PCS), a 13-item, self-
report questionnaire consisting of three subscales: rumination, magnification, and
helplessness. Participants were asked to rate their thoughts and feelings on a 0 (not at all) to
4 (all the time) numeric scale. The PCS total score had acceptable internal consistency in
past research (Cronbach’s alpha = 0.87) (Osman et al., 2000; Osman et al., 1997). A PCS
score of 16 or higher has been considered to be the cutoff for high catastrophizing (Riddle,
Wade, Jiranek, & Kong, 2010).
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Biological Sample Collection

Results

Peripheral blood (2.5 mL) was collected from each patient using PAXgene™ Blood RNA
tubes (Qiagen, Frederick, Maryland) containing red blood cell lysis buffer and a RNA-
stabilizing solution. The collected blood was stored at —80°C until ready for RNA
extraction.

RNA extraction and microarray experiments—Total RNA was extracted using the
PAXgene™ Blood RNA system (Qiagen, Frederick, Maryland) according to manufacturer’s
instructions. The quantity of total RNA was measured by a spectrophotometer at optical
density of 260 nanometers. RNA quality was assessed using the RNA 6000 Nano LabChip®
on a Bioanalyzer Agilent 2100 (Agilent Technologies, Palo Alto, CA). RNA purification,
cDNA and cRNA synthesis, amplication, hybridization, scanning and data analyses were
conducted by one laboratory technician following standard protocols as previously described
(Wang et al., 2007). Affymetrix microarray chips (HG-U133 Plus 2.0, Santa Clara,
California) were used for gene expression analysis. The Affymetrix HG-U133 Plus 2.0
microarray chip is comprised of more than 54,000 probe sets and 1,3000,000 distinct
oligonucleotide features, which analyzed the expression level of over 47,000 transcripts,
including 38,500 well characterized human genes. Affymetrix GeneChip Command Console
(AGCC, 3.0 V) was used to scan the images for data acquisition.

Gene expression analysis—Affrymetrix CEL files (the file format that store the results
of the intensity calculations of the pixel values of the scanned image from a microarray chip)
were imported into Partek® Genomic Suite™ (Partek Inc., St. Louis, MO) using the default
Partek® normalization parameters. Probe-level data or transcripts were pre-processed,
background corrected, normalized, and summarized, using the robust multi-array average
(RMA) method (Wu & Irizarry, 2007). Differential gene expression analysis using two-way
analysis of variance (ANOVA) was performed between the high and low pain and the high
and low catastrophizing groups. Batch effects were controlled in the analysis by including
the scanned dates. Pairwise comparison was used to determine the differential gene
expression between the high and low pain and high and low catastrophizing groups. The
differentially expressed gene lists for the pain and catastrophizing groups were developed
based on the filtering criteria of a > 2.0 or < —2.0 fold change and an unadjusted p-value of <
0.05. Quality assurance and quality control of the microarray data was confirmed by
examining the histograms of the microarray data from the samples, which showed no outlier.
Ingenuity Pathway analysis (IPA) (Ingenuity® Systems, www.ingenuity.com, Redwood
City, California) identified functional networks of the differentially expressed probesets
from the Ingenuity’s Knowledge Base. Right-tailed Fisher’s exact test was used to calculate
p-values determining the probability that each biological function and/or disease assigned to
these networks was not due to chance alone. A Monte Carlo simulation method was used to
confirm the results obtained from the Ingenuity pathway analyses.

Sample Characteristics

Nine Caucasian women (26 to 50 years old, mean = 41.22) diagnosed with FM (based on the
1990 or 2010 diagnostic criteria) who scored greater than 13 on the MFI general fatigue
subscale or more than 10 on the MFI reduced activity subscale were included in the
analyses. Their pain (BPI-SF) scores ranged from 0.5 — 6.3 (mean = 4.11) and
catastrophizing (PCS) scores ranged from 4 — 36 (mean = 17) (table 1).

Using the pain score of 5 as a cut point for clinical significance, six of the nine FM women
were categorized into the low pain group (mean= 3.12 £+ 1.5), and three subjects into the
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high pain group (mean=6.08 + 0.1). Table 2 shows symptom characteristics of the two pain
groups. The high pain group had significantly higher pain severity than the low pain group ¢
(7) = -3.245, p=0.015. However, no significant differences in pain interference, pain
threshold, symptoms severity, widespread pain index, general fatigue, tender points,
physical activity, motivation, or mental fatigue were found between the high and low pain
groups.

Using the catastrophizing score of 16 as a cut point for clinical significance, based on a
previous study (Riddle, Wade, Jiranek & Kong, 2010), four of the same nine FM women
were categorized into the low catastrophizing group (mean = 8.75 * 4.4), and five subjects
into the high catastrophizing group (mean = 23.60 £ 7.4). Subjects in the high
catastrophizing group (n = 5) reported higher scores in almost all of the symptoms reported
and had significantly higher mental fatigue than the low catastrophizing group (n = 4) £(7) =
—-2.447, p=0.044 (table 2).

Differential Gene Expression

The gene list was obtained from the microarray analysis comparing the gene expression
profiles from peripheral blood of subjects with high and low pain, and those with high and
low catastrophizing groups. Using the filtering criteria, 107 probesets were differentially
expressed between high and low pain groups. Table 3 lists the top 10 differentially
expressed genes between subjects in the high and low pain severity group. Based on the p-
values (the statistical significance of the occurrence of genes), the most up regulated genes
in the high pain group are the basic leucine zipper protein (BATF2) and two immune
response genes (CASP5and CCRI).

There were 139 probesets that were differentially expressed between subjects in the high and
low catastrophizing groups, after the filtering criteria were applied. In the high
catastrophizing group, the genes involved in chemokine activity and heparin binding
(PF4V1I) and the GABA regulation gene (USP46) were found to be down regulated and the
genes involved in actin binding ( 7A/S2), ferric iron binding (L 7F), and cytokinesis (SPPI)
were found to be up regulated, based on the p values (table 4).

Network and Pathway Analyses

The 107 differentially expressed probesets between the high and low pain severity groups
were analyzed using Ingenuity Pathway analysis and revealed several common
physiological networks: dermatological diseases and conditions; inflammatory disease;
neurological disease; cellular growth, movement, and proliferation; infectious disease;
skeletal and muscular disorders; and hematological system development and function (figure
1A). Further Ingenuity Pathway analysis of the differentially expressed probesets, revealed
distinct canonical pathways between the high and low pain groups to include: role of pattern
recognition of bacteria and viruses, activation of interferon regulatory factor (IRF) cytosolic
pattern recognition receptors, interferon signaling, role of retinoic acid-inducible 1 (RI1G1)-
like receptors in antiviral innate immunity, and the role of hypercytokinemia /
hyperchemokinemia in the pathogenesis of influenza (figure 1B). Overlay of physiological
networks and canonical pathways revealed the activation of IRF by cytosolic pattern
recognition receptor, interferon signaling, and glucocorticoid receptor signaling as the
networks that were associated with the differentially expressed probesets between the high
and low pain groups (figure 1C).

The 139 differentially expressed probesets between the high and low castratrophizing groups
were analyzed by IPA and revealed four common physiologic networks to include: cellular
movement / hematological system development and function / immune cell trafficking;
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amino acid metabolism / small molecular biochemistry / cellular movement; cell death /
cancer / hereditary disorder; and cellular development/ gene expression (figure 2A). Top
canonical pathways associated with the differentially expressed probesets between the two
catastrophizing groups included type 2 diabetes signaling; valine, leucine, and isoleucine
biosynthesis; pantothenate and coenzyme A (CoA) biosynthesis; role of Janus kinases
(JAK2) in hormone-like cytokine signaling; and inhibition of angiogenesis by
thrombospondin-1 (TSP1) (figure 2B). Overlay of the physiologic networks and canonical
pathways revealed pathways related to dendritic cell maturation and glucocorticoid receptor
signaling as common networks that were associated with the differentially expressed genes
between the catastrophizing groups (figure 2C).

To confirm that physiologic pathways were not influenced by outlying conditions (e.qg.,
acute viral infection from one of the study subjects), especially between the pain groups, a
Monte Carlo stimulation method was performed by randomly excluding one subject at a
time and re-running the differential gene expression analysis and determining if physiologic
pathways remain consistently the same during the analyses. The Monte Carlo simulation
method confirmed that the top 5 canonical pathways (role of pattern recognition of bacteria
and viruses, activation of interferon regulatory factor [IRF] cytosolic pattern recognition
receptors, interferon signaling, role of retinoic acid-inducible 1 [RIG1]-like receptors in
antiviral innate immunity, and the role of hypercytokinemia / hyperchemokinemia in the
pathogenesis of influenza) remain consistently observed in the high pain group.

Making causative associations between these genes and the occurrence of FM symptoms or
their etiologies is premature because of the small sample and the preliminary nature of this
study. Findings from this preliminary study do not assert accurate detection of specific genes
that are directly associated with the symptom categories mentioned.

Discussion

This is the first study to our knowledge that investigated the whole genome differential gene
expression of FM subjects according to self-reported clinical pain and catastrophization.
This gap in knowledge may be related to the use of limited methodological genomic
approaches used in previous studies and the new changes in the diagnostic criteria for FM.
Results from this preliminary study suggest potential physiologic pathways that might
delineate biologic mechanisms between pain and catastrophization. Physiologic pathways
involving interferon signaling and activation of interferon regulatory factor can potentially
distinguish between high and low pain experiences while dendritic cell maturation may
possibly delineate between the high and low catastrophizing subjects. Enhanced
glucocorticoid receptor signaling, which has been previously implicated in FM (Maletic &
Raison, 2009), was found in both the high pain and catastrophizing categories and appears to
be a potentially shared pathway.

The immunoreactivity of interferon-gamma receptor has been linked to the spinal
nociceptive pathways in animal studies. One study observed that the stimulation of the
interferon-gamma receptor signaling activates the spinal microglia producing long-lasting
pain hypersensitivity (Tsuda et al., 2009). An earlier study demonstrated a functional
interferon-gamma receptor in spinal nociceptive pathways that were associated with
neuropathic pain (Brita et al., 1997). Further investigation of the role of interferon signaling
in defining mechanisms behind pain symptoms in FM is worthwhile to pursue.

Although no studies have linked neuronal dendritic cell maturation with catastrophizing, an
animal study reported suppression of dendritic maturation of immature neurons by light
deprivation is observed in individuals with seasonal affective disorder (Lau, Jongstra-Bilen,
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& Cybulsky, 2011). Another animal study detected the association of the inhibition of
hippocampal neurogenesis and neuronal dendritic spine formation with an increase in
depression-like behaviors (Zhang, Tonelli, Regenold, & McCarthy, 2010). Catastrophizing
is highly associated with depression (Edwards et al., 2011). Further investigation of a
potential role of dendritic cell maturation in the development of behavior may provide
insight into the physiologic mechanisms behind catastrophizing.

Previous studies have attempted to identify FM subgroups, based on pain and
catastrophizing symptoms (de Souza et al., 2009; Giesecke et al., 2003; Rehm et al., 2010;
Turk, Okifuji, Sinclair, & Starz, 1996, 1998). Some studies found significant roles of
specific genes on the relationship of catastrophizing and pain intensity (Finan et al., 2011,
George et al., 2008; Demeules et al., 2012). One chronic fatigue syndrome study found
differential genes related to immune response, oxidative stress, and apoptosis expressed
when compared with healthy controls (Gow et al., 2009). However, no studies have included
fatigue, catastrophizing, and pain and explored the genomic associations distinct or shared
by these FM symptoms. These studies suggest that psychological distress can influence the
symptom responses of individuals with FM (de Souza et al., 2009; Giesecke et al., 2003).
Individuals with high catastrophizing were found to also report high pain (Burckhardt et al.,
2001; Burckhardt et al., 1997; Gracely et al., 2004) and fatigue (Jacobsen, Andrykowski, &
Thors, 2004; Jacobsen, Azzarello, & Hann, 1999; Sohl & Friedberg, 2008).

Results of this preliminary study are limited because of the small sample size. The study
findings should be interpreted with caution because of the major limitations mentioned.
Careful selection of a similar homogenous sample will be necessary to confirm the findings
reported in this study. However, our results demonstrate the potential application of a
genomic approach to an illness defined only by a subjective complaint. Moreover, our
findings highlighted potential physiologic pathways of interest, stimulating questions and
suggesting a specific direction for continued investigation. It seems possible to use our
techniques to understand the distinct mechanisms that delineate particular FM symptoms as
well as common mechanisms that are shared by multiple symptoms.

Conclusion and Implications

This study provides preliminary evidence that a genomic approach can assist in
understanding the etiology of an illness that is defined by its symptoms. Possible
physiologic pathways such as interferon signaling and activation of interferon regulatory
factor may potentially distinguish between individuals with FM experiencing high and low
pain symptoms. Genes related to dendritic cell maturation may possibly delineate between
the high and low catastrophizing FM subjects, while high pain and high catastrophizing
subjects showed potentially differential expression of genes related to glucocorticoid
receptor signaling. Further research is necessary to confirm these preliminary findings,
taking particular attention to addressing the major limitations of this analysis and the
inherent challenges phenotyping individuals with FM.
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Top networks and top canonical pathways for the differentially expressed probesets between
high and low pain groups. The interferon signaling, glucocorticoid receptor signaling and
activation of IRF by cytosolic pattern recognition receptors pathways were associated with

differentially expressed probesets between high and low pain groups
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Figure 2.

Top networks and top canonical pathways for the differentially expressed probesets between
high and low catastrophizing groups. The dendritic cell maturation and glucocorticoid
receptor signaling pathways were associated with differentially expressed probesets between
high and low catastrophizing groups.
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