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Abstract

Background—Exacerbation of migraine with menses is common in adolescent girls and women
with migraine, occurring in up to 60% of females with migraine. These migraines are oftentimes
longer and more disabling and may be related to estrogen levels and hormonal fluctuations.

Objective—This study identifies the unique genomic expression pattern of menstrually-related
migraine (MRM) in comparison to migraine occurring outside the menstrual period and headache
free controls.

Methods—Whole blood samples were obtained from female subjects having an acute migraine
during their menstrual period (MRM) or outside of their menstrual period (nonMRM) and controls
(C) — females having a menstrual period without any history of headache. The mMRNA was isolated
from these samples and genomic profile was assessed. Affymetrix Human Exon ST 1.0 arrays
were used to examine the genomic expression pattern differences between these three groups.

Results—Blood genomic expression patterns were obtained on 56 subjects (MRM = 18,
nonMRM = 18 and C = 20). Unique genomic expression patterns were observed for both MRM
and nonMRM. For MRM, 77 genes were identified that were unique to MRM, while 61 genes
were commonly expressed for MRM and nonMRM and 127 genes appeared to have a unique
expression pattern for nonMRM. In addition, there were 279 genes that differentially expressed for
MRM compared to nonMRM that were not differentially expressed for nonMRM. Gene ontology
of these samples indicated many of these groups of genes were functionally related and included
categories of immunomodulation/inflammation, mitochondrial function and DNA homeostasis.

Conclusions—Blood genomic patterns can accurately differentiate MRM from nonMRM.
These results indicate that MRM involves a unique molecular biology pathway that can be
identified with a specific biomarker and suggest that individuals with MRM have a different
underlying genetic etiology.

Keywords

Migraine; Pediatric Headache; Adolescent Headaches; Menstrual Migraine; Gene Expression;
Microarray; Personalized Medicine

Corresponding Author: Andrew Hershey, Children's Hospital Medical Center, Department of Neurology, 3333 Burnet Avenue,
MLC 2015 Cincinnati Ohio 45229-3039, United States, T: (513) 636-4222 F: (513) 636-1888, a.hershey@cchmc.org.

Conflict of Interest: None



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hershey et al.

Page 2

Introduction

Headache and migraine are significant health problems creating disability and
socioeconomic impact.l: 2 A female predominance of migraine has long been recognized for
adults with a recent delineation of the specifics for adolescents.3 This pattern only begins to
develop once children start to enter puberty and is established once girls start menstruation
This differential presentation has been partially attributed to hormonal effects on migraine,
although the exact pathophysiological etiology is only beginning to be elucidated (for
review see Martin and Behbehani). ® One of the key effectors in this pathophysiology is the
fluctuation of estrogen throughout a woman’s lifetime and within a menstrual cycle.

Menstrually-related migraine (MRM) is defined in the appendix of the International
Classification of Headache Disorders, 2" Edition (ICHD-11),® with the criteria separating
the relationship into 3 separate disorders — pure menstrual migraine without aura (PMM),
menstrually-related migraine without aura (MRM), and non-menstrual migraine without
aura. The first two diagnoses have a temporal relationship with the migraine starting 2 days
before to 3 days after the start of menses in two-thirds of the menstrual period with the only
difference being that patients with MRM also have additional attacks at other times of the
cycle. These two are differentiated from the third in that there is no relationship to the
menstrual cycle.

The development and pathophysiology of the menstrual relationship to migraine is
beginning to be clarified (reviewed).* ® 7 One of the key underlying components of this
pathophysiology is the estrogen levels with the migraine appearing to be triggered when the
estrogen level drops prior to the start of menses. What remains to be answered is why this
results in the only time that some women have migraine (PMM), while in others it occurs
both during their menses as well as other times of their cycle (MRM) and furthermore in
~40% of women there is no consistent relationship with their menstrual cycle. These
differences suggest that there is an underlying pathophysiological difference among these
three groups of women

New molecular biology techniques can assist in identifying the genetic and environmental
influences on disease. Gene expression profiling using microarray technology is a powerful
technique that can quickly and efficiently screen expression levels in the entire human
genome8 and has helped in diagnosing and classifying cancers.%-11 Blood cells inherit the
same genetic information as brain cells and blood genomic profiling patterns for
neurological diseases have been described for both rats and humans.12-24 Recently, we have
demonstrated the use of this technique in migraine by differentiating chronic migraine
without mediation overuse from those patients with medication overuse.?® The ability to
detect disease-specific gene expression changes in the blood of patients with neurological
diseases greatly increases the likelihood of identifying biochemical pathways involved in the
pathophysiology of polygenetic, neurological diseases such as migraine where brain tissue
samples are not readily available.

Based on the observation of differences in MRM and nonMRM and the ability to assess
differences at the gene expression level, we speculated that blood genomic profiling could
be used to identify underlying molecular differences and potential biomarkers for the
identification of MRM. In the future, this genomic fingerprint may allow for unique
diagnosis and treatment of MRM, resulting in a personalized approach to the management
with improved response and outcome.
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Materials and Methods

Subjects

As part of their standard, multidisciplinary headache care, patients complete a detailed
questionnaire with confirmatory history, physical examination, neurological examination,
and comprehensive headache examination that is maintained in an extensive, relational
database, allowing for screening of complex phenotypes.28 In addition, patients with acute
headache exacerbations during the clinic visit or patients with acute headaches that are
unresponsive to at-home therapies requiring infusion therapies complete an additional
questionnaire that details the features of the acute headache. One component of this acute
headache questionnaire is the relationship to a girl’s menstrual period. Female patients with
an established menstrual cycle and an acute headache were asked to participate in genomic
expression analysis. This group was representative of the entire female adolescent
population seen based on analysis of the larger clinic population® and no additional selection
criteria were applied. These subjects were recruited in a balanced manner to obtain an equal
number of females with an acute migraine during their menstrual period with those having
an acute migraine, but not having a menstrual period and outside the defined risk period for
MRM. Inclusion criteria for females with MRM were 1) females with MRM must be
actively having or recovering from their menstrual period; 2) must have an acute migraine
attack during a menstrual cycle; and 3) age greater than 11 years old and less than 18 years
old. Inclusion criteria for non-MRM were 1) females with non-MRM must not be actively
having or recovering from or have their menstrual period start within 5 days of sample; 2)
must have an acute migraine attack; and 3) age greater than 11 years old and less than 18
years old.

Age and race matched controls were obtained from the Cincinnati Children’s Hospital
Genomic Cohort of females that did not have a history of headaches based on completion of
a questionnaire and validated by direct interview, but were having an menstrual period at the
time of the sampling. The Cincinnati Children’s Hospital Genomic Cohort is a population
based control that is representative of the general population and the healthy controls (i.e.,
lacking recurrent illness) from this study were selected by age and race matching. Whole
blood was obtained prior to acute treatment and processed for mRNA isolation as previously
described.2> Patients and their parents gave informed consent/assent, based on age and
institutional policy. Patients and parents also authorized the use of medical information for
research purposes including data collection and analysis as approved by the Institutional
Review Board at Cincinnati Children’s Hospital Medical Center.

Blood sample collection, RNA isolation, and Microarray hybridization

Blood sample collection, RNA isolation, microarray hybridization, and normalization were
performed as previously described.?> 27 Whole blood was collected into 6 Paxgene Blood
RNA tubes, RNA isolated using Paxgene Blood RNA Kit and concentrated using RNeasy
MinElute Cleanup Kit (Qiagen, Valencia, CA, USA,
http://www.preanalytix.com/RNA-Instr.asp). mMRNA was assessed for concentration by
spectrophotometry (1 pg/ul total RNA) and for quality using the ratio of 28S:18S ribosomal
RNA with Agilent Bioanalyzer 2100 (http://www.chem.agilent.com).

RNA was prepared and hybridized to Affymetrix Human Exon ST 1.0 microarrays28
(http://www.affymetrix,com) using standard Affymetrix labeling protocol
(http://www.affymetrix.com/support/technical/manual/expression_manual.affx) in batches
of 12 samples with 4 samples representing MRM, 4 samples matched by age and race
representing nonMRM and 4 samples of controls matched by age and race. This generated
cell intensity (CEL) files containing the raw data. The quality and identification of array
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outliers in the CEL files were assessed using dChip, version. 2005 (DNA-Chip analyzer,
http://www.dchip.org). The perfect match-only (PM-only) model was used in dChip. All
microarrays found to have greater than 5% array outliers were excluded from further
analysis. These were due to technical issues due to microarray binding of the labeled
samples. Microarrays that passed quality control criteria were then normalized using
RMA.2®

Microarray Analysis

RESULTS

Samples were grouped by MRM, nonMRM, and controls. Differences between all three
groups as well as individual comparison between each group were assessed using
Genespring GX version 11 (Agilent Technologies, Santa Clara, CA). Minimum average fold
change cutoffs were established, and lists of probesets generated for difference. Group
analysis was performed to minimize individual variation including variation due to age or
timing of cycle. On the Affymetrix microarray each gene’s probeset is represented by
approximately 40 probes across the exon regions of each gene with approximately 4 probes
per exon. Thus, these probesets can be correlated as gene expression. A t-test with
Benjamini and Hochberg False Discovery Rate multiple testing correction was performed on
each fold change list. Further analysis was performed on all probesets that were significantly
different (p < 0.05).

Identified gene lists were analyzed for overrepresentation in tissue expression, biological
pathway and gene ontology using DAVID 2008 (Database for Annotation, Visualization and
Integrated Discovery, NIAID / NIH, http://david.abcc.ncifcrf.gov/). DAVID compares the
experimental list with databases of probesets shown to be expressed within specific tissues,
pathways, or ontology categories, and determines whether the experimental lists contains
more probesets than would statistically be expected by chance alone using an EASE score (a
modified Fishers Exact Test).

Genomic patient demographics

A total of 56 subjects were enrolled (18 with MRM, 18 with non-MRM, and 20 controls).
Demographic features of subjects did not significantly vary. All were female, mean age for
the entire group was 15.2 + 1.7 years (MRM - 15.3 + 1.6, nonMRM - 15.0 + 2.0, and
control 15.3 £ 1.6) and racial distribution was proportional to the regional population (white
— 87.5%, black — 10.7%, and biracial — 1.8%). All subjects with headache met the ICHD-II
for migraine without aura, while the controls did not have a history of headache. Of note,
none of the MRM subjectgs had pure MRM.

After mRNA isolation, 13 samples had either insufficient or poor quality n(RNA (MRM -5,
nonMRM - 6, and controls — 2). The remainder of the samples were matched for age and
race for all three parameters to generate 3 balanced batches for Affymetrix microarray
processing (4 of MRM, 4 of non-MRM and 4 controls). This resulted in 1 MRM and 6
controls not being processed. After GeneSpring analysis, 4 probesets were determined to be
outliers and restricted from further analysis.

Genomic expression patterns

Statistically significant gene expression differences between MRM, nonMRM, and controls
were determined by filtering all of microarrays probesets by average fold change of greater
than 1.3. When all three conditions were compared, 270 genes were identified with a p
<0.05. The hierarchal distribution demonstrated groups of subjects with the largest grouping
consisting of all but 2 MRM subjects clustered together (Figure 1).
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Genomic expression patterns — MRM vs. controls

Females with MRM were compared to female controls that were having a menstrual period
to determine the migraine specific genes during a menstrual period. At a 1.3 fold change or
higher with a p <0.05, 431 genes differed between MRM and controls — 340 expressed at a
higher level in MRM compared to controls. Hierarchal analysis demonstrated a clear
separation (Figure 2). As all of these subjects had a menstrual period at the time of the blood
draw, the genes expression differences represent those genes that are differentially expressed
due to migraine (whether MRM or nonMRM). This gene set is represented by the lower
circle in the Venn diagram (Figure 5).

Genomic expression patterns — nonMRM vs. controls

Females with an acute migraine not occurring during their menstrual were compared with
females having their menstrual period to determine both gene expression related to migraine
(nonMRM expressed) and menstrual (controls). At a 1.3 fold change or higher with a p
<0.05, 356 genes differed between nonMRM and controls — 238 expressed at a higher level
in nonMRM compared to controls. Hierarchal analysis demonstrated a clear separation
(Figure 3). As this comparison includes the presence (honMRM) or absence (controls) of
migraine and the presence (controls) or absence (nonMRM) of a menstrual period, these
gene expression alterations represent those genes due to both migraine not occurring during
a menstrual period and the genes due to a menstrual period. This is represented by the upper
left circle in the Venn diagram (Figure 5).

Genomic expression patterns — MRM vs. nonMRM

Females with acute migraine either during their menstrual period (MRM) or outside of their
menstrual period (honMRM) were compared to determine both the contribution of the
menstrual period (MRM) as well as any unique difference in the two types of migraine. At a
1.3 fold change or higher with a p <0.05, 1021 genes differed between nonMRM and
controls — 739 expressed at a higher level in MRM compared to nonMRM. Hierarchal
analysis demonstrated a clear separation (Figure 4). This comparison includes the effects of
comparing MRM with nonMRM, as well as menstrual period effects (MRM) with those
subjects without a menstrual period. The former comparison would be anticipated to identify
the differential expression of genes due to a difference between MRM and nonMRM, while
the latter would detect those gene expression patterns due to menstrual cycling. This is
represented by the upper right circle in the Venn diagram (Figure 5).

Genomic expression patterns — Composite

In order to determine the gene expression contribution that were unique to each of the
potential features (i.e. pure menstrual-related migraine effects, pure non-menstrual migraine
effects, combined migraine effects, and pure menstrual effects), the three sets of gene
expression patterns (pairwise comparison) were compared for common genes using a VVenn
diagram (Figure 5).

In the overlap between the gene list for non-MRM/controls (upper left circle) and the MRM/
controls (lower circle), 75 genes were identified including 14 common to the entire
population of genes. As the MRM/controls neutralize all of the effects of menstrual period,
the overlapping genes must represent those genes commonly altered for both MRM and
nonMRM (migraine non-specific genes). This group of genes represents the genes
commonly expressed for migraine independent of the menstrual effect, while the remaining
genes in the non-MRM/control represent genes due to both a difference in migraine and
menstrual effects. In contrast, in the MRM/control the remaining genes represent MRM
related unique genes and thus are the pure MRM genes.
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For the nonMRM/control (upper left circle) comparison to the nonMRM/MRM (upper right
circle), there were 168 overlapping genes that had altered expression in common between
these two comparisons. The common feature between these two comparisons was changes
due to both menstrual effects and non-MRM changes. This is due to both the nonMRM/
control and nonMRM/MRM having half the subjects having a menstrual period (MRM and
control) and half the subjects in both comparisons having nonMRM. However, the migraine
related genes in these overlapping areas only represent those genes that are not expressed in
MRM. The remaining genes in the nonMRM)/controls thus represent nonMRM genes (127
unique to nonMRM and 61 common for both MRM and nonMRM), while the remaining
genes in the nonMRM/MRM represent those genes due to either menstrual periods or MRM.

In the comparison between nonMRM/MRM (upper right circle) and MRM/control (lower
circle), both groups compared MRM to either nonMRM or controls, while the nonMRM/
MRM also compared menstrual to non-menstrual effects. Thus, the overlapping region
represents those genes due to MRM differentially expressed from nonMRM, yet do not
include those genes that are uniquely expressed in MRM from controls (i.e., the 77 genes
uniquely represented in the lower circle). The remaining genes in the nonMRM/MRM thus
represent genes with altered expression due to menstrual effects or due to genes
differentially expressed in nonMRM.

Putting the all three comparison together (Figure 5) identifies 7 distinct areas that can serve
as potential biomarkers for separating MRM from nonMRM and controls. The 77 genes in
the lower circle represent the MRM specific genes that are either not expressed in nonMRM
or do not differentiate from nonMRM. The 61 genes in the convergence between MRM/
control and nonMRM/control represent the genes that are commonly expressed in migraine
compared to control. The 127 genes expressed in the nonMRM/control most likely represent
nonMRM genes that are not expressed in MRM. The 279 genes in the convergence between
nonMRM/MRM and MRM/controls are most likely those genes that are expressed
differentially in MRM from nonMRM are the genes that are most likely to lead to a
separation of the two conditions. The remaining sections are affected by the influences of
menstruation, with the 574 genes in the upper right most likely to represent this effect.

Functional Annotation Clustering

The probeset identified in three way comparison were analyzed to identify genes expressed
at a higher level than would be expected by chance alone with DAVID. Using the
Functional Annotation Clustering tool in David for each unique set of genes, distinct clusters
of gene functions were identified. This tool analyzes all of the genes that were differentially
expressed and groups them by reported function including gene pathways, tissue
localization, diseases described and gene similarity.

For the MRM related genes sets, in the 77 genes that were identified to be unique to MRM,
17 functional clusters were identified with an overall enrichment score ranging from 2.18 to
0.02. The enrichment score for the group is based on the EASE score for each member of
the group with the EASE score representing a more conservative measure than the Fisher
Exact test to determine the degree of gene enrichment in the functional group. The group
with the highest enrichment were expressed in epithelium and related to phosphoproteins.
There were multiple groups related to DNA and RNA metabolism. Of particular interest to
migraine pathophysiology was a functional group related to mitochondrial functioning,
oxidative phosphorylation and metal ion binding.

In the 61 genes that had altered expression for both MRM and nonMRM (i.e., migraine
genes that were not specific to MRM), only 5 annotation groups were identified (enrichment
score between 2.11 and 0.44). The highest group was related to immune function with genes
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that have been demonstrated in infections and diabetic processes, including mitochondrial
involvement, adenyl nucleotide and ribonucleotide binding and acetylation. Two of the
additional groups were also involved with immune function.

For the 127 genes that appeared to represent nonMRM gene expression, 27 functional
annotation groups were identified (enrichment score — 2.38 to 0.04). The highest functional
group was focused on cell to cell signaling including signaling peptides,
glycophosphorylation and disulfide bonding. The next highest group were consistent with
adaptive immunity responses with many of the genes involved immunoglobin presentation
and function. Many of the remaining groups were involved with membrane signaling
processes. Of particular interest to migraine, several of the groups were related to
neurological function including mitochondrial functioning, cell signaling including G-
protein signaling and cell death/apoptosis, all of which we have previously observed for
gene processes involved in migraine.

In the 279 genes that appeared to be differentially expressed in MRM, but not in nonMRM,
59 functional annotation groups were identified (enrichment score — 9.65 to <0.01(3
groups)). The highest group was related to zinc finger processing in the nucleus and related
to gene expression. This also influenced many of the other groups as they were related to
neoplasms and high nuclear turnover and ribosomal processing.

In the 154 gene expression group that represented the nonMRM genes, there were also a
large number of functional groups with 47 groups identified (enrichment score — 3.22 to
0.01). As was seen for the uniqgue nonMRM genes, the highest group here was in immune
response genes followed by glycoprotein signaling and disulfide bonding. In addition,
several of the groups were related to cellular signaling especially in relationship to
phosphorylation and G-protein coupled binding. In addition, apoptosis genes were also
noted.

Finally, in the 574 genes that appeared to represent menstrual only effects, only 5 annotation
groups were identified (enrichment score — 1.84 to 0.44). The highest group here was related
to genes expressed in the uterus and included genes involved with nuclear turnover and
nucleotide binding. The remaining groups were related to membrane formation and
catabolic processes.

DISCUSSION

MRM occurs commonly in adolescent females with migraine. The ICHD-II defines MRM in
the appendix with the need for further study. Although the age of our subjects was
predominantly in the adolescent age range, the patterns of MRM we observed is similar to
that noted for adults based on our previous reports of adolescent menstrual migraine
patterns.3 Therefore, the potential biomarkers in terms of gene expression alterations that we
have identified have the potential to be broadly applied and lead to investigation to identify
specific biomarkers that may identify disease risk or progression.

Clinically, patients with MRM describe the migraines that occur during their menstrual
period tend to be more severe and of longer duration with more notable migraine associated
symptoms.3 This perceived difference may represent a unique or differential phenotype for
MRM as compared to nonMRM. These patients often require more aggressive treatment for
these particular migraines and may progress to the need of intermittent prophylaxis. 30-44

From epidemiology studies in adults, it is well recognized that females are more prone to
migraine than males. Based on the American Migraine Prevalence and Prevention
study, 45 46 17.1% of females 12 years of age and older and 5.6% of men have migraine.
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Approximately 50% of these females have a menstrual pattern to their migraine.’
Subtracting this percentage from the total results in approximately the same number of
males and females have headaches that are not related to menstrual periods. This further
supports the hypothesis that females with a menstrual pattern to their migraines have a
different underlying pathophysiology from migraines that do not occur with menstrual
periods. Further analysis into the phenotypic and molecular expression of male and females
with or without MRM needs be to done to confirm this speculation.

The results of this gene expression study clearly demonstrate that there are unique genes
expressed during MRM that are not expressed during nonMRM. Further studies are needed
to replicate these findings both in adolescents and adults, as well as address the changes in
individual genes using alternative methods such as quantitative PCR. In addition, there are
also a group of genes that are uniquely expressed in nonMRM that are not expressed in
MRM. This observation provides support not only for a unique pathophysiological
mechanism for MRM that differentiates it from typical migraine. The observation that there
is overlapping gene expression also demonstrates the common pathophysiology between
MRM and nonMRM.

This observation is clearly influenced by the gene expression effects related to menstruation.
Adolescents may lack regular menstrual cycles and potentially limit the generalizability of
these finding, the differential gene expression patterns, suggest that the biological changes
are due to the acute effects of the menstrual period. These gene effects may represent the
pathways that are regulated that lead to the sensitivity for MRM on those females prone to
MRM. This is limited by the lack of a comparison of females with nonMRM with controls
outside of their menstrual period. This comparison would detect migraine only gene
expression.

In addition to these limitations, gene expression profiling itself is inherently limited by the
potential of other influences on gene expression that may reflect difference in sample
attainment and processing. To minimize this, group analysis was utilized rather than
individual sample comparison and all samples were processed in balanced batches.

The functional annotation analysis begins to reveal some of the underlying
pathophysiological. The gene expression patterns that are unique for MRM demonstrate that
there are alterations in the phosphorylation state of several proteins. Changes in
phosphorylation are often used to alter cell signaling sensitivity and protein functioning.
This observation suggests that there may be alterations in particular signaling pathways that
are sensitized during an acute MRM that leads to its progression. The involvement of
mitochondrial genes combines with earlier observations that migraine may be related to
energy dysfunction and this may be exacerbated in MRM.

In the nonMRM unique gene expression patterns, the underlying functional annotation
clustering also appears to be related to signaling processes, but in a different underlying
mechanism that includes alterations in disulfide bonds and changes in glycophosphorylation.
This observation demonstrates that for both MRM and nonMRM, cell signaling is integrally
involved in the pathogenesis of acute migraine attacks and may be responsible for the
progression of an attack.

Of particular interest in the nonMRM is the involvement of immune related pathways.
Inflammatory processes have long been noted for migraine and the observation that these
pathways are expressed at distinctly differently levels from controls demonstrates that the
immune system is altered during an acute migraine. This immune response may lead to the
neurovascular inflammation and platelet responses that have been historically reported for
migraine.
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Cell signaling appears to be a critical component of the migraine pathophysiology. The
involvement of G-protein coupled activation and adenyl cyclase compounds is intriguing
given the responsiveness of migraine to triptans with the serotonin receptors being G-protein
coupled receptors, as well as the evolution of migraine treatment to new compounds
including CGRP and adenosine agonists.

For the group of genes that are differentially expressed from controls for both nonMRM and
MRM, inflammatory and mitochondrial processing appears to be the common
pathophysiological features. These changes may be regulated at the nuclear level with
alterations in ribonucleotide binding and thus mRNA production that leads to the common
pathophysiology of energy and inflammatory processes. This ultimately leads to a common
phenotype expression.

This study raises the issue of differential gene expression patterns as a method to assess the
differences that are occurring during acute migraine with our without menstrual periods.
Further studies are needed to validate this in adolescents as well as adults. In addition, the
genes with altered expression may lead to the identification of biomarkers in the future.
Additional groups that would be of interest to compare include within subject comparison (a
migraine during menses in comparison to another part of the cycle) as well as in subjects
with pure menstrual migraine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cluster analysis of MRM (blue) vs nonMRM (brown) vs controls (red)
Hierarchical cluster analysis of expression patterns of all genes expressed at a significantly
different level in at three way comparison between MRM, nonMRM and controls.
Individual subjects are represented in each column. Individual probesets are represented by
each row. Hierarchical cluster analysis groups subjects and probesets that are most alike
together and presented as a branching pattern of subjects (top) and probesets (left). Subjects
within the same branch are the most similar. For individual probesets, red indicates that the
probeset is expressed at a higher level of expression than the average expression for that
probeset, while blue represents a lower level of expression. MRM subjects are represented

by blue boxes at the bottom with 10 subjects clustered together with nonMRM indicated by
brown boxes and controls by red boxes.
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Figure 2. MRM vs controls
Hierarchical cluster analysis of expression patterns of MRM (blue boxes at bottom)
compared to controls (red boxes at bottom).
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Figure 3. nonMRM vs controls
Hierarchical cluster analysis of expression patterns of nonMRM (blue boxes at bottom)
compared to controls (red boxes at bottom).
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Figure 4. MRM vs nonMRM
Hierarchical cluster analysis of expression patterns of MRM (red boxes at bottom) compared
to nonMRM (blue boxes at bottom).
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nonMRM vs
Control

Page 16

MRM vs honMRM

MRM vs Control

Figure 5. Composite comparison of gene expression profiles

The top Venn diagrams represents three groups of genes that are differentially expressed
with a Fold Change > 1.3 between pairs of groups. The top left circle contains the genes that
are differentially expressed between the Control and the Non-MMR groups, the top right
circle contains those between the Non-MMR and MMR groups, and the bottom circle
contains those between the Controls and the MMR groups.

The bottom Venn diagram represents three groups of genes that are differentially expressed
with a Fold Change > 1.3 for each group vs. the other two groups combined. The top left
circle contains the genes that are differentially expressed between the MMR group and the
combined Non-MMR and Control groups, the top right circle contains those for the Non-
MMR group and the combined MMR and Control groups, and the bottom circle contains
those for the Control group and the combined MMR and Non-MMR groups.
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Demographics of Subjects with Medication Overuse Headaches

Genomic Sample

MRM nonMRM | controls
n 18 18 20
Age 153+16 | 15.0+20 | 153+1.6
Race
White 15 16 18
Black 3 1 2
Mixed 1
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