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Chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME) is a multisystem disease, the pathogenesis of
which remains undetermined. We set out to determine the precise abnormalities of gene expression in the blood
of patients with CFS/ME. We analyzed gene expression in peripheral blood from 25 patients with CFS/ME diag-
nosed according to the Centers for Disease Control and Prevention diagnostic criteria and 50 healthy blood
donors, using a microarray with a cutoff fold difference of expression of �2.5. Genes showing differential expres-
sion were further analyzed in 55 patients with CFS/ME and 75 healthy blood donors, using quantitative polymer-
ase chain reaction. Differential expression was confirmed for 88 genes; 85 were upregulated, and 3 were downreg-
ulated. Highly represented functions were hematological disease and function, immunological disease and
function, cancer, cell death, immune response, and infection. Clustering of quantitative polymerase chain reac-
tion data from patients with CFS/ME revealed 7 subtypes with distinct differences in Medical Outcomes Survey
Short Form-36 scores, clinical phenotypes, and severity.

Chronic fatigue syndrome/myalgic encephalomyelitis

(CFS/ME) is characterized by severe and debilitating fa-

tigue, abnormal sleep behavior, impaired memory and

concentration, and musculoskeletal pain [1]. In developed

nations, the population prevalence is estimated to be 0.5%

[2, 3]. Studies have identified various features relevant to

the pathogenesis of CFS/ME, such as viral infection; abnor-

mal immune function; exposure to toxins, chemicals, and

pesticides; stress; hypotension; abnormal lymphocyte lev-

els; and neuroendocrine dysfunction. However, the precise

underlying mechanisms of disease and the means by which

they interrelate in patients with CFS/ME remain to be clar-

ified [4, 5].

Various studies have analyzed gene expression in the pe-

ripheral blood of patients with CFS/ME, and in each study

genes associated with immunity and defense were promi-

nent [6–17]. Unfortunately, in several of these studies

quantitative polymerase chain reaction (PCR) confirma-

tion was not performed, so the results may be unreliable [6,

8–10, 14–17]. The genes identified in the studies that used

PCR confirmation suggest that CFS/ME has a complex

pathogenesis [7, 11–13]. However, because none of these

studies were comprehensive in terms of the number of hu-

man genes examined, our knowledge of the precise meta-

bolic pathways involved in CFS/ME remains incomplete.

The goal of this study was to determine the precise

abnormalities of gene expression in the blood of pa-

tients with CFS/ME. We enrolled patients with a rig-

orously defined CFS/ME phenotype and compared

them to healthy blood donors by means of a microar-

ray that represented the entire human genome and by
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quantitative PCR confirmation. Using this approach, we

identified differential expression of 88 human genes in pa-

tients with CFS/ME. Among these genes, highly represented

functions were hematological disease and function, immuno-

logical disease and function, cancer, cell death, immune re-

sponse, and virus infection. Clustering of gene expression

data revealed 7 CFS/ME subtypes with distinct clinical phe-

notypes and associated disease severity.

SUBJECTS, MATERIALS, AND METHODS

Subject enrollment, clinical characterization, and blood

sampling. Twenty-five patients with CFS/ME from the Dorset

CFS Service in southeast England were enrolled for the microarray

study. Patients with CFS/ME whose blood was used for subsequent

PCR studies comprised those in the microarray study along with an

additional 30 patients from clinics in 3 United Kingdom cities (Dor-

set, Bristol, and London; 1 patient from Leicester was under the care

of a clinic in London) and New York, New York. CFS/ME was di-

agnosed on the basis of Centers for Disease Control and Prevention

(CDC) criteria [1]. Patients with psychiatric disease were excluded

on the basis of findings of the Minnesota International Neuropsy-

chiatric Interview, thus ensuring that no patients had major psychi-

atric disease or were abusing alcohol or drugs. In addition, patients

who had smoked tobacco during the previous 12-month period

and/or had taken antibiotics, steroids, or antidepressants during the

previous 3-month period were excluded from the study.

Healthy blood donors were used as a comparison group for

both the microarray and real-time PCR studies. For the microar-

ray study, 50 healthy blood donors were enrolled from the Dor-

set National Blood Service (NBS) and matched to the CFS/ME

group at a ratio of 2:1 on the basis of age, sex, and geographical

location. For subsequent PCR studies, the comparison group

comprised the donors involved in the microarray study plus an

additional 25 donors, all enrolled from the NBS. Restrictions

imposed by the NBS on persons who are allowed to donate blood

are outlined elsewhere [13]. Blood donors were excluded from

the study if they had smoked tobacco during the previous 12-

month period and/or had taken antibiotics, steroids, or antide-

pressants during the previous 3-month period.

In accordance with the recommendations of the International

Chronic Fatigue Syndrome Study Group [18], the following

questionnaires were completed for all enrolled subjects (patients

and control donors): the Chalder Fatigue Scale [19], to assess the

severity of physical and mental fatigue; the Medical Outcomes

Survey Short Form-36 (SF-36), to determine the level of disabil-

ity; the Somatic and Psychological Health Report, to characterize

accompanying symptoms; the Pittsburgh Sleep Questionnaire,

to assess abnormal sleep behaviors; and the McGill Pain Ques-

tionnaire, to assess the type and severity of pain. For patients

with CFS/ME, neurocognitive testing was performed using the

Spatial Span (SSP) and Verbal Recognition Memory (VRM)

modules of Cantab software (Cambridge Cognition). In another

study, the SSP test yielded abnormal findings for patients with

CFS/ME [20], and we found similar abnormalities in patients

with CFS/ME enrolled in this study.

Patients and control subjects gave informed written consent, in

accordance with guidance of the Wandsworth Research Ethics

Committee (approval number 05/Q0803/137). For patients in New

York, approval of the local institutional review board was obtained.

Human experimentation guidelines of the US Department of

Health and Human Services were followed in this study.

Fifteen-milliliter blood samples from patients with CFS/ME

and healthy blood donors (as part of routine blood donation)

were collected into PAXgene tubes (PreAnalytix), and total RNA

was extracted using the PAXgene blood RNA kit (PreAnalytix),

according to the instructions of the manufacturer. RNA quality

and amount were confirmed by microspectrophotometry

(Nanodrop). Total RNA samples used in this study had an ab-

sorbance ratio (A260/280) of 1.9 –2.0.

Microarray analysis. RNA specimens were shipped as etha-

nol precipitates to the Penn Microarray Facility (Philadelphia, PA),

where mass and qualitative assays were repeated, using the Nano-

drop spectrophotometer and Agilent Bioanalyzer, respectively. Bio-

analyzer traces indicated that intact ribosomal bands as well as var-

ious background and partial degradation bands typical of blood

RNA were present in all samples. All microarray analyses were con-

ducted with the GeneChip human genome U133�2 microarray

(Affymetrix) and the One-Cycle target labeling and control reagents

kit (Affymetrix), in accordance with the manufacturer’s recom-

mendations. The average cRNA yield was 48 �g for samples from

the control group and 51 �g for samples from patients with CFS/

ME. Samples from 10 patients with CFS/ME were randomly se-

lected as technical replicates for hybridization to a second Gene-

Chip, to assess concordance. Microarray Suite 5.0 (Affymetrix) was

used to quantitate expression levels for targeted genes; default val-

ues provided by the manufacturer were applied to all analysis pa-

rameters. A weighted mean value of probe fluorescence (corrected

for nonspecific signals by subtracting the mismatch probe value)

was calculated using the Tukey 1-step biweight estimate. This signal

value, a relative measure of the expression level, was computed for

each assayed gene. Global scaling was performed to allow compar-

ison of gene signals across multiple microarrays.

Microarray data were normalized in Excel 2003 (Microsoft) and

imported into GeneSpring 7.3 (Agilent Technologies) within a ge-

nome consisting of the entirety of the probes on the microarray

minus the probes that were specific for �1 gene (i.e., those with the

suffix “_s_at” or “_x_at”); this effectively excluded probes whose

specificity could not be assigned with certainty to any one gene and

reduced the genome to 39,174 probes. Data were analyzed by use of

a class comparison experiment to obtain a list of gene probes that

showed differences in expression between test and control groups

with a fold difference cutoff of 2.5 and a P value of �.05 (an arbi-

trary level designed to select for 5% of the probes whose values
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showed the greatest differences between the CFS/ME and control

groups). Probe values for each of these genes were reviewed, and a

gene was included only if the majority of probe values were in agree-

ment with the mean fold difference of the probe that originally

flagged the gene.

Quantitative PCR. Quantitative PCR (Applied Biosystems)

with TaqMan primers and probes was used to confirm the signifi-

cance of genes identified in array experiments by the comparative

method, using custom 384-well low-density arrays (LDAs) and the

ABI Prism 7900HT instrument (Applied Biosystems), with

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the en-

dogenous control gene. Experiments were performed in triplicate,

using a protocol described elsewhere [13]. Data were displayed us-

ing SDS software (version 2.2 [ABI]), and discordant data between

replicates were omitted. Results for each LDA were calculated and

loaded into SDS software (version 2.2, Enterprise Edition), to facil-

itate analysis of data involving up to 80–100 LDAs per experiment.

The threshold cycle (Ct) for the test gene in each sample was

compared to that of a calibrator sample to calculate a �Ct value.

�Ct values were then normalized to the Ct value for GAPDH in

respective samples to give ��Ct values. Relative quantities of

each mRNA of interest (RQ; defined as 2���Ct) were then calcu-

lated. Samples showing a difference of �100 between minimum

and maximum RQs (which is indicative of poor replicate con-

cordance) were excluded. The t test was used to compare RQs for

the patients with CFS/ME with RQs for the control subjects.

Genes with mean RQs that differed significantly (defined as a P

value of �.05) between the groups in the same direction as in the

microarray were included in our CFS/ME-associated gene sig-

nature.

Transcription factor binding sites. Promoter sequences for

each of the 83 genes identified after real-time PCR analysis were

extracted from the Mammalian Promoter Database at Cold

Spring Harbor Laboratory (Cold Spring Harbor, NY; available

Table 1. Demographic and clinical characteristics and results of diagnostic
tests for patients with chronic fatigue syndrome/myalgic encephalomyelitis (CFS/
ME) and healthy blood donors involved in microarray and real-time polymerase
chain reaction (PCR) studies.

Characteristic

Microarray study Real-time PCR study

CFS/ME
group

(n � 25)

Healthy
group

(n � 50)

CFS/ME
group

(n � 55)

Healthy
group

(n � 75)

Female sex 19 38 36 51
Age, years, mean 43.2 44.1 41.6 43.3
Disease duration, years, mean 3.33 NA 3.17 NA
Symptoms/signs

Headache 11 1 26 3
Sore throat 11 0 27 0
Poor memory/concentration 20 2 30 3
Muscle pain 18 0 37 0
Muscle weakness 12 0 36 0
Joint pain 20 1 41 2
Postexertional malaise 23 0 47 0
Sleep problem 22 2 44 4
Gastrointestinal problems 15 1 35 3
Fainting/dizziness 11 0 25 0
Numbness/tingling 10 0 24 0
Tender lymphadenopathy 12 0 27 0

Test, score, mean
Chalder Fatigue Scale

Physical 15.69 5.84 16.13 7.41
Mental 8.1 3.38 8.05 4.25

McGill Pain Questionnaire 16.11 1.08 15.28 1.22
SPHERE 12.17 1.42 11.25 1.76
SF-36 49.7 83.87 46.45 84.96
Pittsburgh Sleep Quality Index 10.31 4.36 10.22 4.40

NOTE. NA, not applicable; SF-36, Medical Outcomes Survey Short Form-36; SPHERE, So-
matic and Psychological Health Report.
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Table 2. Characteristics of differentially expressed genes in chronic fatigue syndrome/myalgic encephalomyelitis.

Gene symbol Gene name
GenBank

accession no.
TaqMan assay

identification no.a

Microarray
fold

difference

Real-time PCR

Fold
difference 2-tailed P

ABCD4b ATP-binding cassette, subfamily D
(ALD), member 4

NM_020323 Hs00245340_m1 NA 2.08 .028

ACTR3 ARP3 actin-related protein 3
homolog (yeast)

NM_005721 Hs00828586_m1 4.55 1.42 .0042

AKAP10 A-kinase (PRKA) anchor protein 10 NM_007202 Hs00183673_m1 12.5 1.54 .0011
ANAPC11b APC11 anaphase promoting complex

subunit 11 homolog (yeast)
NM_016476 Hs00212858_m1 6.3 3.32 .00033

ANAPC5 Anaphase promoting complex
subunit 5

NM_016237 Hs00212120_m1 8.25 2.36 .00016

APP Amyloid � (A4) precursor protein NM_201413 Hs00169098_m1 3.1 2.5 4.33 � 10�9

ARL4C ADP-ribosylation factor–like 4C NM_005737 Hs00255039_s1 2.23 2.96 8.90 � 10�6

ARPC5 Actin-related protein 2/3 complex,
subunit 5

NM_005717 Hs00271722_m1 4.8 3.23 6.82 � 10�8

ARSD Arylsulfatase D NM_001669 Hs00534692_m1 6.97 1.98 .001
ATP6V1C1 ATPase, H� transporting, lysosomal

V1 subunit C1, 42 kDa
NM_001695 Hs00184625_m1 3.8 2.03 .00029

BCOR BCL6 corepressor NM_017745 Hs00372369_m1 2.95 1.6 .0098
BMP2K BMP2 inducible kinase NM_198892 Hs00214079_m1 1.67 1.3 .014
BRMS1b Breast cancer metastasis suppressor 1 NM_015399 Hs00363036_m1 4 2.68 .0014
CD2BP2 b CD2 (cytoplasmic tail) binding protein 2 NM_006110 Hs00272036_m1 3.6 1.8 5.35 � 10�6

CD47 CD47 molecule NM_198793 Hs00179953_m1 1.62 2.2 .00013
CEP350 Centrosomal protein, 350 kDa NM_014810 Hs00402774_m1 2.05 2.02 .0048
CITED2 Cbp/p300-interacting transactivator,

with Glu/Asp-rich carboxy terminal
domain, 2

NM_006079 Hs00366696_m1 7.05 2.39 4.45 � 10�6

CMTM6 CKLF-like MARVEL transmembrane
domain containing 6

NM_017801 Hs00215083_m1 1.6 1.41 .012

CREBBP CREB binding protein (Rubinstein-
Taybi syndrome)

NM_004380 Hs00231733_m1 2.37 1.43 .016

CRK v-crk sarcoma virus CT10 oncogene
homolog (avian)

NM_016823 Hs00180418_m1 2.2 2.51 1.11 � 10�5

CTBP1 C-terminal binding protein 1 NM_001328 Hs00179922_m1 2.85 1.45 .062
CXCR4 C-terminal binding protein 1 NM_003467 Hs00607978_s1 2.7 1.67 7.80 � 10�5

EBI2 Epstein-Barr virus–induced gene
2 (lymphocyte-specific GPCR)

NM_004951 Hs00270639_s1 1.3 3.44 .0012

EIF2B4b Eukaryotic translation initiation factor
2B, subunit 4 �, 67 kDa

NM_172195 Hs00248984_m1 2.06 .025

EIF3S10 Eukaryotic translation initiation factor
3, subunit 10 �, 150/170kDa

NM_003750 Hs00186707_m1 1.7 3.58 .0029

EIF4G1b Eukaryotic translation initiation factor
4A, isoform 2

NM_198241 Hs00191933_m1 3.05 .0033

EIF4G3 Eukaryotic translation initiation factor
4 �, 3

NM_003760 Hs00186804_m1 1.4 1.67 1.37 � 10�5

FAM126B Family with sequence similarity 126,
member B

NM_173822 Hs00545158_m1 2.35 1.64 .0034

FNTA Farnesyltransferase, CAAX box, � NM_002027 Hs00357739_m1 2.6 2.18 3.82 � 10�6

GABARAPL1b GABA(A) receptor associated
protein–like 1

NM_031412 Hs00744468_s1 1.65 5.64 6.10 � 10�5

GCN1L1 GCN1 general control of amino acid
synthesis 1–like 1 (yeast)

NM_006836 Hs00412445_m1 2.45 2.05 .00052

GLTSCR2 Glioma tumor suppressor candidate
region gene 2

NM_015710 Hs00414236_m1 3.7 1.24 .026

(continued)
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Table 2. (Continued.)

Gene symbol Gene name
GenBank

accession no.
TaqMan assay

identification no.a

Microarray
fold

difference

Real-time PCR

Fold
difference 2-tailed P

GNAS GNAS complex locus NM_080425 Hs00255603_m1 1.7 1.7 1.09 � 10�7

GSN b Gelsolin (amyloidosis, Finnish type) NM_198252 Hs00609276_m1 3.62 2.93 .00017
GTF2A2 General transcription factor IIA, 2, 12

kDa
NM_004492 Hs00362112_m1 1.25 1.79 .03

HIF1A Hypoxia-inducible factor 1, � subunit NM_001530 Hs00153153_m1 0.6 0.81 .016
IFNAR1 Interferon (-�, -�, and -�) receptor 1 NM_000629 Hs00265057_m1 2.2 1.76 .00073
IL10RAb Interleukin-10 receptor, � NM_001558 Hs00387004_m1 1.7 1.73 9.87 � 10�6

IL6R Interleukin-6 receptor NM_000565 Hs00794121_m1 1.45 1.19 .06
IL6ST Interleukin-6 signal transducer NM_002184 Hs00174360_m1 2.12 1.8 .002
IL7R Interleukin-7 receptor NM_002185 Hs00233682_m1 0.45 0.82 .032
JAK1 Janus kinase 1 (a protein tyrosine

kinase)
NM_002227 Hs00233820_m1 1.85 1.91 1.86 � 10�8

KHSRP b KH-type splicing regulatory protein
(FUSE binding protein 2)

NM_003685 Hs00269352_m1 6.5 1.67 .00026

MAPK9 Mitogen-activated protein kinase 9 NM_139070 Hs00177102_m1 2.75 1.4 .045
METTL3 Methyltransferase-like 3 NM_019852 Hs00219820_m1 2.55 2.06 .0001
MRPL23 b Mitochondrial ribosomal protein L23 NM_021134 Hs00221699_m1 3.4 2.06 .001
MRPS6 Mitochondrial ribosomal protein S6 NM_032476 Hs00606808_m1 1.47 1.53 .025
MRRF Mitochondrial ribosome recycling

factor
NM_138777 Hs00751845_s1 4.6 8.91 .0004

MSNc Moesin NM_002444 Hs00792607_mH 2.1 1.33 .0016
MTMR6 Myotubularin-related protein 6 NM_004685 Hs00395064_m1 2.95 1.71 .0025
NFKB1 Nuclear factor of � light polypeptide

gene enhancer in B-cells 1 (p105)
NM_003998 Hs00231653_m1 2.8 1.59 4.04 � 10�5

NR1D2 Nuclear receptor subfamily 1, group
D, member 2

NM_005126 Hs00233309_m1 2.1 2.44 .00076

NTE b Neuropathy target esterase NM_006702 Hs00198648_m1 3.5 1.7 .04
NUFIP2 Nuclear fragile X mental retardation

protein interacting protein 2
NM_020772 Hs00325168_m1 5.6 1.5 .00036

PAPOLA Poly(A) polymerase � NM_032632 Hs00413685_m1 1.74 1.32 .00194
PDCD2 b Programmed cell death 2 NM_002598 Hs00751277_sH 2.55 6.76 .0096
PDCD6 Programmed cell death 6 NM_013232 Hs00737034_m1 2.6 1.74 .00019
PEX16 b Peroxisomal biogenesis factor 16 NM_004813 Hs00191337_m1 4.2 1.74 .0034
PGM2 Phosphoglucomutase 2 NM_018290 Hs00217619_m1 2.05 2.17 1.68 � 10�6

PIK3R1 Phosphoinositide-3-kinase, regulatory
subunit 1 (p85 �)

NM_181523 Hs00236128_m1 0.45 0.68 .025

PKN1b Protein kinase N1 NM_213560 Hs00177028_m1 1.7 1.56 9.40 � 10�5

POLR2G b Polymerase (RNA) II (DNA-directed)
polypeptide G

NM_002696 Hs00275738_m1 2.3 2.58 .0078

PPP2R5C Protein phosphatase 2, regulatory
subunit B (B56), � isoform

NM_002719 Hs00604902_m1 1.83 1.38 .022

PRKAA1 Protein kinase, AMP-activated, � 1
catalytic subunit

NM_006251 Hs01562315_m1 2.22 1.72 .00052

PRKAR1A Protein kinase, cAMP-dependent,
regulatory, type I, �

NM_002734 Hs00267597_m1 1.3 2.63 2.91 � 10�8

PUM2 Pumilio homolog 2 (Drosophila) NM_015317 Hs00209677_m1 2.7 1.39 .00064
RAP2C RAP2C, member of RAS oncogene

family
NM_021183 Hs00221801_m1 1.85 2.1 .015

RNF141 Ring finger protein 141 NM_16422 Hs00212656_m1 2.17 2.37 1.62 � 10�6

SELENBP1 Selenium binding protein 1 NM_003944 Hs00187625_m1 2.8 1.92 .002
SFXN1 Sideroflexin 1 NM_022754 Hs00224259_m1 3 1.6 .022

(continued)
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at: http://rulai.cshl.edu/cgi-bin/CSHLmpd2/hspd.pl) and analyzed

for overrepresentation of transcription factor binding sites, using

tools from the Institute of Bioinformatics (Beijing, China; available

at: http://www.bioinfo.tsinghua.edu.cn/	zhengjsh/OTFBS); this

analysis is described elsewhere [21]. Human transcription factors

identified by this approach were tested in the same samples, using

available real-time PCR assays (ABI 7500 Fast PCR System [Applied

Biosystems]) performed in accordance with the method described

above but in a 96-well format.

Analysis of gene function and interaction. Mean RQs

from TaqMan real-time PCR testing of the 88 CFS/ME-

associated genes were analyzed with Ingenuity Pathways

Analysis (IPA) (Ingenuity) to link CFS/ME-associated genes

into networks based on recognized interactions. IPA was also

performed to discern the top associated diseases and disor-

ders, molecular and cellular functions, associated physiolog-

ical system development and function, and canonical path-

ways on the basis of over-representation analysis, in which,

for each pathway, the fraction of CFS/ME-associated genes

involved in that pathway was compared to the fraction of

human genes involved in that pathway. For each pathway, the

probability of involvement of the respective number of CFS/

Table 2. (Continued.)

Gene symbol Gene name
GenBank

accession no.
TaqMan assay

identification no.a

Microarray
fold

difference

Real-time PCR

Fold
difference 2-tailed P

SHPRH SNF2 histone-linker PHD RING
helicase

NM_173082 Hs00542737_m1 3.35 1.77 .05

SNAP23 Synaptosomal-associated protein, 23
kDa

NM_003825 Hs00187075_m1 1.9 2.02 .00018

SORL1 Sortilin-related receptor, L(DLR class)
A repeats–containing

NM_003105 Hs00268342_m1 1.57 1.54 4.10 � 10�8

SOS1 Son of sevenless homolog 1
(Drosophila)

NM_005633 Hs00362308_m1 1.6 2.31 .002

TAF11 TAF11 RNA polymerase II, TATA
box–binding protein
(TBP)–associated factor, 28 kDa

NM_005643 Hs00194573_m1 3.1 1.87 .05

TCF3 Transcription factor 3 (E2A
immunoglobulin enhancer binding
factors E12/E47)

NM_003200 Hs00413032_m1 1.8 1.44 .023

TDP1 Tyrosyl-DNA phosphodiesterase 1 NM_018319 Hs00217832_m1 2.1 1.67 .0099
TNFRSF1A Tumor necrosis factor receptor

superfamily, member 1A
NM_001065 Hs00533560_m1 1.46 1.37 .016

UBTF Upstream binding transcription
factor, RNA polymerase I

NM_014233 Hs00610729_g1 1.95 2.26 .024

USP38 Ubiquitin-specific peptidase 38 NM_032557 Hs00261419_m1 3.3 1.71 .0021
WAPAL Wings apart–like homolog

(Drosophila)
NM_015045 Hs00386162_m1 1.97 1.69 .027

WDR26 WD repeat domain 26 NM_025160 Hs00228535_m1 2.12 2.62 .00012
Transcription

factor
NFKB1 nuclear factor of kappa light

polypeptide gene enhancer in B
cells 1 (p105)

NM_003998 Hs00231653_m1 2.8 1.59 4.04 � 10�5

NHLH1 Nescient helix loop helix 1 NM_005589 Hs00271582_s1 NA 11.51 7.00 � 10�4

REPIN1 Replication initiator 1 NM_013400 Hs00274221_s1 NA 3.62 6.00 � 10�6

GABPA GA binding protein transcription
factor, � subunit, 60 kDa

NM_002031 Hs00745591_s1 NA 8.06 3.00 � 10�4

ETS1 v-ets erythroblastosis virus E26
oncogene homolog 1 (avian)

NM_005238 Hs00901425_m1 NA 2.11 1.00 � 10�5

EGR1 Early growth response 1 NM_001955 Hs00152928_m1 NA 2.82 .015
EGR3 Early growth response 3 NM_004421 Hs00231780_m1 NA 1.92 .017

NOTE. A graphic representation of these data appears in figure 1. Fold differences are defined as the relative quantity of mRNA transcripts for patients with
CFS/ME divided by the value for healthy control subjects. NA, not available; PCR, polymerase chain reaction.

a Assays were predesigned by Applied Biosystems.
b Genes found in pilot study [13].
c Genes found by means of differential display polymerase chain reaction [7].
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ME-associated genes was expressed as a P value; values of

�.05 were taken to be significant.

Clustering of quantitative PCR– generated gene values for

patients with CFS/ME. RQs for all 88 CFS/ME-associated genes

were normalized and clustered by use of Genesis software [22]. For

each of the 7 CFS/ME subtypes identified by means of this ap-

proach, mean RQs were calculated for each gene and used to gen-

erate fold differences (defined as the value for patients with CFS/ME

divided by the value for healthy control subjects) for each gene in

each CFS/ME subtype. Mean fold differences for each gene in each

CFS/ME subtype were then clustered with and without normaliza-

tion/median centering by use of Cluster software, version 2.11, and

visualized by use of Treeview software, version 1.60 [23].

RESULTS

Subjects and clinical characterization. Fifty-five patients

with CFS/ME who fulfilled CDC diagnostic criteria and 82

healthy blood donors were enrolled in the study; 25 patients and

50 donors were evaluated in the microarray study, and 55 pa-

tients and 75 healthy donors were evaluated in the quantitative

PCR study. Patient and clinical details are summarized in table 1.

This study included several patients with CFS/ME whose disease

was severe and necessitated bed rest for much of the day and

patients who were able to attend an outpatient clinic (table 1).

Microarray analysis. Although overall RNA quality was

similar between the 2 groups, as indicated by Bioanalyzer traces,

cRNA amplification yields, and GAPDH integrity, the microar-

rays from patients with CFS/ME showed half as many genes that

met the Microarray Suite 5.0 “Present” detection threshold, but

the average level of expression of these genes was 1.9 times the

average level in control samples. Technical microarray replicates

showed a concordance correlation coefficient of 0.978. Gene-

Spring analysis of microarray data identified 1789 probes with a

differential expression in patients with CFS/ME that was statis-

tically significantly different from that in healthy controls at a

fold difference cutoff of �2.5. However, when all probe values

Table 3. Top gene networks associated with the chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME) signature, according
to Ingenuity Pathways Analysis.

Networka
No. of
genes Scoreb Gene symbol

Hematological disease, cell development, hematological
system development and function

17 33 CD47, CRK, CXCR4, GNAS, HIF1A, IFNAR1, IL10RA, IL6R,
IL6ST, IL7R, JAK1, PIK3R1, PKN11, POLR2G, PRKAA1,
SOS1, TNFRSF1A

Cell morphology, gene expression, cellular assembly and
organization

17 21 AKAP10, APP, BRMS1, CITED2, CREBBP, ETS1, GABPA,
GSN, GTF2A2, MAPK9, MSN, NFKB1, PRKAR1A,
SNAP23, SORL1, TCF3, UBTF

Protein synthesis, cell cycle, gene expression 12 21 ACTR3, ARPC5, CD2BP2, EIF3S10, EIF4G1, EIF4G3, FNTA,
GLTSCR2, PAPOLA, PDCD6, PPP2R5C, TAF11

Gene expression, cellular development, hematological
system development and function

9 14 ARL4C, BCOR, CEP350, CTBP1, EGR3, NHLH1, NR1D2,
PNPLA6, SELENBP1

Cell cycle, protein degradation, protein synthesis 6 9 ANAPC5, ANAPC11, EBI2, EIF2B4, GCN1L1, PDCD2
a See figure 2.
b Indicates significance of the network in terms of overrepresentation of network-eligible genes.

Figure 1. Mean relative quantity of mRNA transcripts (RQ) in patients with chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME; hatched
bars) and healthy control subjects (black bars) for 88 genes that were differentially expressed in patients with CFS/ME. Error bars indicate variance from
the mean in each case. The chart is truncated at an RQ of 34, to enhance the clarity of data for the greatest number of genes.
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for each of these genes were reviewed, for only 182 genes were the

majority of probe values in agreement with the mean fold differ-

ence of the probe that originally flagged that gene.

Quantitative PCR. Statistically significant differential ex-

pression with the same profile as that in gene arrays was con-

firmed for 82 of 182 genes tested, with upregulation of 79 genes

and downregulation of 3 genes (PIK3R1, IL7R, and HIF1A) (ta-

ble 2 and figure 1).

Transcription factors. Analysis of the promoter sequences of

the 82 human genes specified above revealed over-representation of

binding sites for the following transcription factor genes: REPIN1,

SP1, ETS1, GABPA, GTF3A, EGR1, EGR2, EGR3, NFKB1, NHLH1,

EGR4, REST, and the Epstein-Barr virus (EBV) R transactivator

gene BRLF1. Of these 13 transcription factor genes, results of real-

time PCR assays were available for all except BRLF1; NFKB1 had

already been tested because it was one of the original 82 genes. Real-

time TaqMan PCR was used to test the remaining 11 genes in 25

patients with CFS/ME and 25 healthy controls, and significant up-

regulation in patients with CFS/ME was confirmed for 7 genes

(REPIN1, ETS1, GABPA, NFKB1, EGR1, EGR3, and NHLH1) in

patients with CFS/ME (table 2 and figure 1), suggesting that upreg-

ulation of these genes may be key to the overall gene signature ob-

Figure 2. Five large and distinct gene networks (A–E) identified using Ingenuity Pathways Analysis (Ingenuity); functional themes of each are shown
in tables 3–5. Genes are colored according to levels of expression determined in the present study: red denotes upregulation, and blue denotes
downregulation. Color intensity reflects the magnitude of the fold difference between patients with CFS/ME and healthy subjects.
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served in the CFS/ME group. This is supported by the fact that the

fold differences for transcription factors were higher than those for

most of the other genes. The transcription factor genes EGR2,

GTF3A, and SP1 were also upregulated in patients with CFS/ME;

however, P values ranged from .18 to .09. Assays for REST and

EGR4 did not provide usable data for the cDNA concentrations

used.

Analysis of gene function and interaction. Eighty-eight

CFS/ME-associated genes were analyzed using IPA. The fol-

lowing 5 networks were revealed (table 3), all of which could

Table 4. Top gene functions associated with the chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME) signature,
according to Ingenuity Pathways Analysis.

Gene function
No. of
genes P Gene symbol

Diseases and disorders

Hematological disease 22 1.37 � 10�9 to 1.04 � 10�2 APP, CD47, CRK, CTBP1, CXCR4, GNAS, HIF1A, IFNAR1, IL6ST,
NFKB1, PIK3R1, TNFRSF1A, CREBBP, FNTA, IL6R, EGR3, GSN,
IL7R, MAPK9, TCF3, MSN, PRKAR1A

Immunological disease 14 1.27 � 10�6 to 1.04 � 10�2 CD47, CXCR4, EGR3, GNAS, GSN, IL6R, IL6ST, IL7R, MAPK9, NFKB1,
PIK3R1, TNFRSF1A, ETS1, IFNAR1

Cancer 31 2.19 � 10�5 to 8.81 � 10�3 CD47, CXCR4, GSN, CREBBP, CRK, EIF4G1, ETS1, MAPK9, NFKB1,
PIK3R1, PRKAR1A, SOS1, UBTF, CRK, TCF3, IL6ST, GNAS, HIF1A,
IFNAR1, IL6R, FNTA, TNFRSF1A, MSN, CTBP1, WAPAL, APP, JAK1,
MTMR6, PPP2R5C, PRKAA1, BRMS1

Dermatological diseases and
conditions

3 2.19 � 10�5 to 9.48 � 10�4 CD47, CXCR4, GSN

Endocrine system disorders 9 6.31 � 10�5 to 7.6 � 10�3 CREBBP, GNAS, IL6ST, MAPK9, NFKB1, PIK3R1, TNFRSF1A, APP,
CXCR4

Neurological disease 8 2.03 � 10�3 to 1.04 � 10�2 APP, NFKB1, CITED2, MAPK9, EGR3, GNAS, HIF1A, TNFRSF1A

Nervous system development
and function

12 7.31 � 10�5 to 9.41 � 10�3 APP, CD47, NFKB1, CREBBP, IL6R, IL6ST, CXCR4, EGR3, MAPK9,
NHLH1, CITED2, EIF2B4

Inflammatory disease 9 1.41 � 10�4 to 1.03 � 10�2 APP, CXCR4, IFNAR1, IL6R, IL6ST, MAPK9, NFKB1, PIK3R1,
TNFRSF1A

Infectious disease 5 4.54 � 10�3 to 9.26 � 10�3 IFNAR1, NFKB1, PIK3R1, APP, CXCR4

Molecular and cellular functions

Cell development 26 5.47 � 10�10 to 9.57 � 10�3 CREBBP, CXCR4, EGR3, ETS1, HIF1A, IL6R, IL6ST, IL7R, JAK1,
NFKB1, PIK3R1, TCF3, TNFRSF1A, CD47, CRK, EIF2B4, GSN, SOS1,
IFNAR1, IL10RA, APP, PNPLA6, PRKAR1A, SFXN1, FNTA, MSN

Cell death 33 8.6 � 10�7 to 1.04 � 10�2 CD47, CXCR4, EGR3, GNAS, GSN, IL6R, IL6ST, IL7R, MAPK9, NFKB1,
PIK3R1, TNFRSF1A, APP, CITED2, CREBBP, CRK, CTBP1, ETS1,
HIF1A, MSN, PDCD2, PDCD6, PRKAA1, PRKAR1A, TCF3, MSN,
FNTA, UBTF, WAPAL, PNPLA6, PPP2R5C, JAK1, MTMR6

Gene expression 31 8.77 � 10�7 to 1.04 � 10�2 APP, CEP350, CITED2, CREBBP, EGR3, ETS1, GABPA, HIF1A, JAK1,
NFKB1, PKN1, PPP2R5C, TAF11, TCF3, UBTF, CRK, PRKAR1A,
TNFRSF1A, BCOR, EBI2, GTF2A2, IL6R, IL6ST, MAPK9, NR1D2,
POLR2G, UBTF, RNF141, CD47, SOS1, CTBP1

Cellular growth and proliferation 31 2.55 � 10�6 to 7.48 � 10�3 ANAPC5, CRK, CTBP1, CXCR4, EIF4G1, ETS1, GLTSCR2, GSN, HIF1A,
IFNAR1, IL10RA, IL6R, IL6ST, IL7R, MAPK9, METTL3, NFKB1,
PIK3R1, PKN1, PPP2R5C, PRKAR1A, SOS1, TCF3, TNFRSF1A, UBTF,
CD47, CITED2, EGR3, APP, JAK1

Cellular assembly and organization 15 3.53 � 10�6 to 9.99 � 10�3 GNAS, SNAP23, APP, CD47, MSN, GSN, EIF3S10, UBTF, CXCR4,
ACTR3, ARPC5, TNFRSF1A, IL6R, IL6ST, CRK

Physiological system development
and function

Hematological system development
and function

22 5.08 � 10�9 to 1.04 � 10�2 CXCR4, TNFRSF1A, IL6R, IL6ST, APP, IL7R, CD47, NFKB1, PIK3R1,
TCF3, CTBP1, ETS1, MAPK9, SFXN1, IFNAR1, JAK1, GNAS, IL10RA,
EGR3, GSN, HIF1A, FNTA

Immune and lymphatic system
development and function

18 3.02 � 10�7 to 1.04 � 10�2 IL6ST, CXCR4, IL7R, NFKB1, CD47, PIK3R1, TCF3, IFNAR1, TNFRSF1A,
CTBP1, IL10RA, EGR3, MAPK9, ETS1, CREBBP, JAK1, HIF1A, IL6R

Tissue morphology 18 3.02 � 10�7 to 9.99 � 10�3 GNAS, APP, CITED2, IL6ST, NFKB1, ETS1, GSN, IL6R, TNFRSF1A,
HIF1A, IL7R, CXCR4, CD47, PIK3R1, IFNAR1, TCF3, CREBBP, EGR3

Organismal survival 17 6.27 � 10�7 to 1.17 � 10�6 APP, CITED2, CREBBP, CXCR4, EGR3, GNAS, HIF1A, IFNAR1, IL6ST,
JAK1, MAPK9, NFKB1, NHLH1, PIK3R1, PNPLA6, TCF3, TNFRSF1A

Immune response 20 4.93 � 10�5 to 1.04 � 10�2 IL6ST, IL6R, IL7R, IL10RA, CXCR4, TNFRSF1A, ETS1, IFNAR1, CD47,
JAK1, APP, GNAS, PIK3R1, TCF3, NFKB1, CTBP1, EGR3, MAPK9,
EBI2, GSN
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be linked together in a single network (data not shown): he-

matological disease, cell development, and hematological sys-

tem development and function (figure 2A); cell morphology,

gene expression, and cellular assembly and organization

(figure 2B); protein synthesis, cell cycle, and gene expression

(figure 2C); gene expression, cellular development, and he-

matological system development and function (figure 2D);

and cell cycle, protein degradation, and protein synthesis

(figure 2E).

Diseases and disorders, molecular and cellular functions, and

physiological systems for these genes are shown in table 4. Prom-

inent functional features involved immunity, inflammation, ap-

Table 5. Top canonical pathways associated with the chronic fatigue syndrome/myalgic encephalomyelitis
(CFS/ME) signature, according to Ingenuity Pathways Analysis.

Canonical pathway Ratio P Gene symbols

Interferon signaling 2/29 8.69 � 10�3 IFNAR1, JAK1
Interleukin (IL)–6 signaling 6/93 7.77 � 10�6 IL6R, IL6ST, MAPK9, NFKB1, TNFRSF1A, SOS1
EGF signaling 3/47 1.88 � 10�3 JAK1, PIK3R1, SOS1
IL-2 signaling 3/53 2.52 � 10�3 JAK1, PIK3R1, SOS1
PPAR signaling 5/90 9.00 � 10�5 CITED2, CREBBP, NFKB1, TNFRSF1A, SOS1
PDGF signaling 4/75 6.00 � 10�4 CRK, JAK1, PIK3R1, SOS1
JAK-STAT signaling 3/59 3.44 � 10�3 JAK1, PIK3R1, SOS1
GM-CSF signaling 3/62 3.79 � 10�3 ETS1, PIK3R1, SOS1
Insulin receptor signaling 6/125 4.34 � 10�5 CRK, EIF2B4, JAK1, PIK3R1, PRKAR1A, SOS1
IL-4 signaling 3/64 4.16 � 10�3 JAK1, PIK3R1, SOS1
VEGF signaling 4/90 1.06 � 10�3 EIF2B4, HIF1A, PIK3R1, SOS1
Estrogen receptor signaling 5/115 2.29 � 10�4 CREBBP, CTBP1, SOS1, TAF11, POLR2G
IL-10 signaling 3/70 5.39 � 10�3 IL10RA, JAK1, NFKB1
Amyloid processing 2/51 2.91 � 10�2 APP, PRKAR1A
FGF signaling 3/84 9.34 � 10�3 CRK, PIK3R1, SOS1
PI3K/AKT signaling 5/142 6.74 � 10�4 JAK1, PPP2R5C, PIK3R1, SOS1, NFKB1
Neuregulin signaling 3/89 1.03 � 10�2 CRK, PIK3R1, SOS1
B cell receptor signaling 5/149 9.9 � 10�4 ETS1, PIK3R1, SOS1, MAPK9, NFKB1
IGF-1 signaling 3/90 9.97 � 10�3 PIK3R1, SOS1, PRKAR1A
SAPK/JNK signaling 4/124 3.68 � 10�3 PIK3R1, SOS1, MAPK9, CRK
Death receptor signaling 2/62 3.93 � 10�2 TNFRSF1A, NFKB1
Cardiac �-adrenergic signaling 4/131 4.38 � 10�3 GNAS, PPP2R5C, AKAP10, PRKAR1A
ERK/MAPK signaling 6/199 5.09 � 10�4 ETS1, PPP2R5C, PIK3R1, SOS1, CRK, PRKAR1A
Fc-	 RI signaling 3/100 1.5 � 10�2 PIK3R1, SOS1, MAPK9
Ephrin receptor signaling 6/206 4.95 � 10�4 GNAS, ACTR3, CXCR4, ARPC5, SOS1, CRK
TGF-� signaling 3/104 1.42 � 10�2 SOS1, CREBBP, MAPK9
T cell receptor signaling 3/104 1.63 � 10�2 PIK3R1, SOS1, NFKB1
Actin cytoskeleton signaling 7/247 2.05 � 10�4 ACTR3, PIK3R1, ARPC5, SOS1, CRK, GSN, MSN
NFKB signaling 4/142 5.87 � 10�3 TNFRSF1A, PIK3R1, CREBBP, NFKB1
Neurotrophin/TRK signaling 2/72 4.79 � 10�2 PIK3R1, SOS1
PTEN signaling 3/109 1.76 � 10�2 PIK3R1, SOS1, NFKB1
Leukocyte extravasation signaling 5/192 3.22 � 10�3 CXCR4, PIK3R1, MAPK9, CRK, MSN
Xenobiotic metabolism signaling 6/231 1.16 � 10�3 PPP2R5C, PIK3R1, CREBBP, MAPK9, NFKB1, CITED2
G-protein coupled receptor signaling 5/200 3.75 � 10�3 GNAS, PIK3R1, SOS1, NFKB1, PRKAR1A
Nicotinate and nicotinamide metabolism 3/129 2.13 � 10�2 PRKAA1, MAPK9, PKN1
Inositol phosphate metabolism 4/177 4.11 � 10�2 PIK3R1, PRKAA1, MAPK9, PKN1
Dopamine receptor signaling 2/91 8.2 � 10�2 PPP2R5C, PRKAR1A
Huntington disease signaling 5/239 6.3 � 10�3 POLR2G, PIK3R1, SOS1, CREBBP, MAPK9
Axonal guidance signaling 8/398 6.74 � 10�4 GNAS, ACTR3, CXCR4, PIK3R1, ARPC5, SOS1, CRK,

PRKAR1A
Integrin signaling 4/210 2.2 � 10�2 ACTR3, PIK3R1, ARPC5, SOS1
cAMP-mediated signaling 3/159 4.82 � 10�2 GNAS, AKAP10, PRKAR1A
Wnt/�-catenin signaling 3/162 4.75 � 10�2 PPP2R5C, CREBBP, TCF3

NOTE. Ratios denote the total number of genes in the CFS/ME signature divided by the total number of genes in the human genome.
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optosis, neurological disease and function, infectious disease,

and cancer. Many canonical pathways were implicated by these

genes (table 5); the most important themes were immunity, in-

flammation, apoptosis, and neurological disease and function.

Genomic CFS/ME subtypes. Clustering of RQs from pa-

tients with CFS/ME identified 7 subtypes consisting of 2, 5, 2, 19,

7, 14, and 3 patients. Clustering of mean fold differences (calcu-

lated as the mean subtype RQ of patients divided by the mean

RQ for control subjects) for the 88 CFS/ME-associated genes

revealed a distinct profile of gene expression in each subtype and

clustering of genes with similar profiles of expression in the dif-

ferent subtypes (figure 3). Clustering of normalized/median

centered fold differences for each gene in each subtype is shown

in figure 3A, which highlights the distinct nature of the gene

signature for each CFS/ME subtype. Clustering of logarithm

(base 2) fold differences are shown in figure 3B, which empha-

sizes the predominance of upregulation for most genes in all

CFS/ME subtypes.

Analysis of mean age and sex ratios for each subtype revealed that

subtypes 3, 5, and 7 occurred only in females, subtype 2 was pre-

Figure 3. A, Clustering of normalized/median centered fold differences, calculated as the mean relative quantity of mRNA transcripts (RQ) in patients
with chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME) for each subtype divided by the mean RQ in healthy control subjects, for 88 genes
associated with CFS/ME. B, Clustering of logarithm (base 2) fold differences, calculated as the mean RQ in patients with CFS/ME for each subtype
divided by the mean RQ in healthy controls, for 88 genes associated with CFS/ME.
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dominantly male, and the remaining subtypes occurred in both

males and females; age differences were less clearly demarcated. The

clinical phenotype was distinct between subtypes; subtypes 1 and 7

were the most severe, followed sequentially by subtypes 2, 4, 5, 6,

and 3. Analysis of variance testing revealed significant differences in

the SF-36 total score (P 
 .016), social functioning (P 
 .03),

and emotional role (P 
 .003) between the groups, whereas the

difference between groups approached statistical significance for

general health (P 
 .08) and mental health (P 
 .08).

After adjustment for multiple comparisons, significant asso-

ciations were found between specific subtypes and clinical phe-

notypes. Subtype 7 had the most pain, the lowest SF-36 scores

(along with subtype 1), and the most-severe individual symp-

toms, including swollen glands, sore throat, and headaches; sub-

type 1 had the worst cognition and mental health and poor sleep,

despite being associated with the least pain; subtype 4 had mod-

erate neurocognitive function and cognitive defects, combined

with moderate levels of bodily pain and sleep problems; subtype

5 had the best mental health but poor neurocognitive function,

gastrointestinal complaints, and the most marked muscle weak-

ness and postexertional malaise; and subtype 2 had marked post-

exertional malaise, muscle pain, and joint pain but poor mental

health (figures 4A and 4B).

Subtypes 4 and 6 were predominant in Dorset, subtype 4 was

predominant in London and New York, and subtype 5 was pre-

dominant in Bristol (figure 4C).

DISCUSSION

In this article, we document the differential expression of 88

human genes in CFS/ME. We have confirmed involvement of all

16 genes reported in our pilot study [13] in the same direction as

Figure 4. A, Medical Outcomes Survey Short Form-36 (SF-36) domain and total scores for each chronic fatigue syndrome/myalgic encephalomyelitis
(CFS/ME) subtype: physical function (PF), physical role (RP), bodily pain (BP), general health (GH), vitality (VIT), social functioning (SF), emotional role
(RE), mental health (MH), and total score (Total). B, Scores indicating the occurrence and severity of the following 11 clinical symptoms and 2
neurocognitive functions for each CFS/ME subtype: headache (HA), sore throat (ST), swollen glands (GLA), cognitive defect (COG), muscle pain (MP),
joint pain (JP), muscle weakness (MW), postexertional malaise (PEM), sleep problems (SLE), fainting/dizziness (F/D), gastrointestinal complaints (GI),
numbness/tingling (N/T), spatial span (SSP), and verbal recognition memory (VRM). C, Histogram showing the number of patients with CFS/ME of each
subtype, by geographical location.
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previously reported, except IL10RA, which was downregulated

in the previous study [13] but upregulated in the present study.

This discrepancy remains unexplained, but because IL10RA is a

critical gene required for T cell activation and since IL10RA lev-

els correlate with measures of general health, we believe it to be

particularly important.

The functions of these genes present a complex picture with

links to several diseases and pathways (tables 3–5). Prominent

themes that are well recognized in patients with CFS/ME are

immunity, inflammation, and infection [5, 13]; cell death [13,

24]; cancer [25, 26]; and neurological disease [13, 27–29].

One of the most important viral triggers of CFS/ME is EBV,

and this virus very likely plays an important role in perpetuation

of disease, because it is reactivated by stress [30]. Within the gene

signature identified in this study, the following 12 human genes

that we found to be upregulated in patients with CFS/ME have

been shown elsewhere to be upregulated, either directly or indi-

rectly, by EBV infection: NFKB1, EGR1, ETS1, GABPA,

CREBBP, CXCR4, and EBI2 [31]; HIF1A; JAK1; IL6R; IL7R; and

PIK3R1. A particularly interesting gene is EBI2, which was up-

regulated in 55% of patients with CFS/ME, one of whom was a

26-year-old woman with CFS/ME triggered by laboratory-

documented EBV infection 10 years earlier. The EBV genes

BRLF1 and BZLF1 mediate the switch from latent to lytic phases

of EBV infection, and during this process they transactivate

many human genes. It is interesting that BRLF1 was identified as

being overrepresented in the transcription factor analysis and

that IgG specific to the Zebra protein (the BZLF1 gene product)

has been reported previously in patients with CFS/ME [32].

Enteroviruses are another very important viral trigger of

CFS/ME [33]. Upregulation of EIF4G1 transcript variant 5,

which was found in this study and elsewhere [8, 13], is targeted

during infection by various viruses, including enteroviruses, to

subvert cellular machinery for the production of viral proteins.

The theme of neurological disease and function was promi-

nent among the 88 CFS/ME-associated genes, almost all of

which are expressed in multiple areas of the human brain (data

not shown). Involvement of specific genes highlights the impor-

tance of neuregulin signaling, neurotrophin/TRK signaling, ax-

onal guidance signaling, dopamine receptor signaling, and Hun-

tington disease signaling (table 5). NTE was upregulated in

blood of patients with CFS/ME, both in this study and our pilot

study [13]. NTE is the primary site of action of organophosphate

(OP) compounds, such as sarin, which cause axonal degenera-

tion and paralysis due to inactivation of its serine esterase activ-

ity [34]. In the nervous system of adult chickens, OP-modified

NTE initiates neurodegeneration. NTE probably regulates

neuron-glial interactions during development and possibly also

during adult life [35]. Exposure to OPs may trigger CFS/ME [36]

and Gulf War illness [37]. Furthermore, the heterogeneity of

NTE levels seen in patients with CFS/ME is consistent with a role

for OPs in only a subset of patients with CFS/ME. In this study,

3 of 28 patients with CFS/ME for whom NTE data passed quality

control analysis had high NTE levels, compared with uniformly

low levels in healthy blood donors. This is in contrast to data

from our pilot study, in which 10 of 17 patients with CFS/ME

showed high NTE levels [13]. The discrepancy between the stud-

ies is interesting, given that in our pilot study all patients with

individual PCR results for NTE were from Dorset, whereas in the

present study 11 patients were from Dorset; 1 was from Leices-

ter, United Kingdom; 5 were from Bristol; 5 were from London;

and 6 were from New York.

Another interesting gene that affects neurological function is

EIF2B4, mutations within which are associated with vanishing

white matter disease [38]. This is interesting in view of the white

matter hyperintensity lesions that have been documented in pa-

tients with CFS/ME [27–29].

We have identified involvement of several genes of the

interleukin-6 (IL-6) signaling pathway, consistent with the find-

ings of several previous studies [39, 40]. Although we found up-

regulation of the genes encoding IL-6R and IL-6ST, the 2 IL-6

receptors, we did not find evidence for upregulation of the gene

encoding IL-6 itself, which may explain the inconsistent findings

by different groups in this area.

It is intriguing that it is possible to identify CFS/ME subtypes

on the basis of expression values for these 88 genes and even

more so that these subtypes have distinct clinical phenotypes,

with such marked differences in the occurrence of particular

symptoms and their severity. It has been recognized for some

time that subtypes of CFS/ME exist, and it has been thought that

these subtypes may, at least in part, reflect particular etiological

factors [41]. A symptom-based approach has had some success

in identifying musculoskeletal, inflammatory, and neurological

subtypes [42]; however, these groups had only minor differences

between them in overall functional severity, in contrast to the

subtypes in the present study. A more detailed analysis of clinical

and molecular features of these subtypes will be presented in a

separate article. Further work is urgently required to validate and

develop these findings.
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