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Abstract

We examined gene expression in the blood of six females with anorexia nervosa (AN) before and
after weight restoration using RNAseq. AN cases (aged 19-39) completed clinical assessments and
had blood drawn for RNA at hospital admission (T1, < ~75% ideal body weight, IBW) and again
at discharge (T2, = ~85% IBW). To examine the relationship between weight restoration and
differential gene expression, normalized gene expression levels were analyzed using a paired
design. We found 564 genes whose expression was nominally significantly different following
weight restoration (p < 0.01, 231 increased and 333 decreased). With a more stringent significance
threshold (false discovery rate g < 0.05), 67 genes met criteria for differential expression. Of the
top 20 genes, CYP11A1, Cl6orfll, LINC00235, and CPA3were down-regulated more than two-
fold after weight restoration while multiple olfactory receptor genes (OR52J3, OR51L1, OR51A4,
OR51A2) were up-regulated more than two-fold after weight restoration. Pathway analysis
revealed up-regulation of two broad pathways with largely overlapping genes, one related to
protein secretion and signaling and the other associated with defense response to bacterial
regulation. Although results are preliminary secondary to a small sample size, these data provide
initial evidence of transcriptional alterations during weight restoration in AN.
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1. Introduction

Anorexia nervosa (AN), a severe psychiatric illness marked by extremely low body weight,
fear of weight gain, and inability to recognize the seriousness of the low weight, carries the
highest mortality rate of any psychiatric disorder (Sullivan 1995; Zipfel et al., 2000;
Birmingham et al., 2005; Millar et al., 2005; Papadopoulos et al., 2009). The DSM-/V-TR
(American Psychiatric Association, 2000) differentiates two types of AN; the restricting
type (AN-R) and the binge-purge type (AN-BP). Unlike individuals with AN-R, individuals
with AN-BP regularly engage in binge eating and/or compensatory behaviors. As in other
forms of starvation, AN is associated with biochemical, metabolic, immunologic, and
sensory abnormalities (Mira et al., 1987; Umeki 1988; Nova et al., 2002; Mont and Castro,
2003; Millar et al., 2005; Ulger et al., 2006). Individuals with AN who are less than 75%
ideal body weight (IBW) are typically hospitalized for medically supervised weight
restoration (American Psychiatric Association, 2000). Inpatient treatment is costly (Krauth
et al., 2002) and relapse is common (Carte et al., 2004). There are no robust biological
indices of risk, illness severity, or treatment response, and the identification of such
biomarkers is an urgent area of inquiry.

To be clinically useful, AN biomarkers must distinguish indices of starvation from indices
of disease. Indeed, a number of metabolic, endocrine, and neural biomarkers attributed to
malnutrition have been found in AN (e.g., alterations in neuropeptide Y, leptin, ghrelin,
orexin A, corticotrophin-releasing hormone, cholecystokinin, pancreatic polypeptide beta-
endorphin, and brain derived neurotrophic factor; Lob et al., 2003; Nakazato et al., 2003;
Connan et al., 2007; Staving et al., 2009; Bronsky et al., 2011). Other biomarkers that have
been reported to persist following renourishment in AN, and thus could represent an index
of disease status, include abnormalities of the dopamine (Kaye et al., 1999; Bergen et al.,
2005) and serotonin (Bailer et al., 2005; Galusca et al., 2008) neurotransmitter systems. The
majority of such studies, however, tested a single candidate biomarker that is a part of a
metabolic or neurochemical system believed to be related to the etiology of AN. This
candidate approach has been unsuccessful in the vast majority of complex biomedical traits,
suggesting that a more global and unbiased search is warranted.

Although the number of studies is limited, changes in the expression of candidate genes
have been reported in individuals with AN (Frieling et al., 2008; Ehrlich et al., 2010).
Ehrlich et al. (2010) used quantitative polymerase chain reaction (PCR) to examine
proopiomelanocortin (POMC) splice variant levels in peripheral blood ribonucleic acid
(RNA). The long POMC splice variant was higher in underweight women with AN than
weight-recovered individuals and healthy controls. Alterations in POMC expression were
interpreted to be the result of malnutrition, rather than a persisting trait marker of AN.
Similarly, Kahl et al. (2004) examined expression of tumor necrosis factor-a ( TNF-q),
interferon-y (/NF-p), interleukin-6 (/L-6), and interleukin-10 (/L-10). An increase in TNF-a
and /L-6 expression was found in individuals with AN at hospital admission compared with
controls, and the expression of 7A/F-a remained significantly higher in those with AN who
were weight restored, while /L-6 expression decreased. The authors concluded that 7AVF-a
may contribute to metabolic abnormalities in AN even following weight restoration. Janas-
Kozik et al. (2008) found that a leptin receptor transcript showed statistically significant
differences between individuals with AN and controls. Several other investigations
compared expression of P-glycoprotein (Storch et al., 2008) and prohormone
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preproenkephalin (Weiss et al., 2010), failed to find significant differences. Although
limited in number, these studies have provided some preliminary information regarding
transcriptomic profiling in AN. However, these investigations have been hampered by the
study of small numbers of candidate genes and a lack of within-subjects longitudinal data.

Whole transcriptome expression profiling is a powerful, unbiased method capable of
identifying genes and biological pathways correlated with a phenotypic trait or
environmental perturbation. As such, gene expression levels can serve as a biomarker for a
biomedically relevant state. Whole blood is an attractive tissue source for the identification
of gene expression biomarkers related to AN for two main reasons. First, blood is easily
accessible whereas the target organ of interest (brain) is not. Second, genes expression levels
in peripheral blood are well correlated with multiple central nervous system tissues (median
non-parametric correlation of 0.5; Sullivan et al., 2006), suggesting cross-tissue relevance
for expression changes.

An important next step towards generating candidate biomarkers for further exploration in
AN is to determine how transcriptome expression patterns change as patients gain weight.
Given the profound physiological changes that occur with starvation and renourishment, as
well as numerous reports from the animal literature citing transcriptomic changes secondary
to starvation and caloric restriction (Narnaware and Peter, 2001; Drew et al., 2008; Dhahbi
etal., 2012; Mitchell et al., 2012; Plank et al., 2012), we expected to see transcriptomic
changes during renourishment in AN. Although weight gain is not the only index of
recovery, it is an essential first step in treatment, and identifying differential expression
between the acutely underweight and weight restored state is an essential component of our
ultimate goal to differentiate biomarkers of starvation from biomarkers of disease. Thus, the
purpose of this proof-of-concept investigation was to determine whether RNA-sequencing
(RNAseq) interrogation of the peripheral blood transcriptome in AN can identify genes that
differ before and after weight restoration. Specifically, this investigation tested for
differential gene expression in the same individuals with AN at T1 (<~75% IBW) and T2 (=
~85% IBW).

2. Methods
2.1 Participants

Full methods and participant information are included in the Supplementary Material (Table
S1). Briefly, the participants were six females ages 19-39 who met DSM-/V-TR (American
Psychiatric Association, 2000) criteria for AN and were admitted for inpatient treatment.
Diagnosis was verified with the Structured Clinical Interview for DSM-1V (SCID-I/P; First
et al., 2002). Five participants met criteria for AN-R type and one participant met criteria for
AN-BP type. This study was approved by the Biomedical Institutional Review Board at the
University of North Carolina at Chapel Hill and all participants provided written informed
consent.

2.2 Body Composition

Height (assessed at T1 only) and weight were assessed using a stadiometer and a calibrated
digital scale. Body mass index (BMI) was calculated as the standard Quetelet index. Body
fat percent was determined by dual x-ray absorptiometry (DXA). IBW and BMI varied
somewhat across participants due to the complexities associated with hospital admission
(meeting medical necessity criteria for inpatient) and discharge (variation due to insurance
coverage and availability of step-down treatment options).
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2.3 Laboratory

Venous blood samples were drawn twice: within one week of admission (T1, <~75% IBW)
and at discharge (T2, >~85% IBW). The sample was obtained from each participant 2-3
hours following a morning meal. The timing of the blood draw was based on when it was
feasible for the patients to leave the inpatient unit to participate in the study. One tube of
blood was used to generate both a complete blood count (CBC) and measure a panel of
metabolic analytes. A second tube of blood was drawn into PAXgene Blood RNA
(PreAnalytiX, Qiagen BD, Valencia, CA) tubes to stabilize RNA and then frozen at —80°C
until RNA extraction. RNA concentration was measured by fluorometry (Qubit 2.0
Fluorometer, Life Technologies Corp., Carlsbad, CA) and RNA quality was verified using a
microfluidics platform (Bioanalyzer, Agilent Technologies, Santa Clara, CA).

2.4 RNA sequencing

Twelve RNA samples were sequenced (6 subjects x 2 time points/subject), using one
microgram of total RNA as input. The 12 samples were randomized and sequencing libraries
were prepared using the Illumina (San Diego, CA) TruSeq RNA Sample Preparation Kit v2
with 12 unique indexed adapters (AD001-ADO012). Libraries were quantitated using
fluorometry and all 12 samples were pooled at equimolar concentrations prior to sequencing,
which helps to control for lane and batch effects (Leek et al., 2010). Two lanes of an
Illumina HiSeq 2000 instrument were used to generate a total of 381 million 100 bp paired-
end reads.

Following extensive quality control, we used a standard RNAseq alignment and analysis
pipeline to examine differential expression (Oshlack et al., 2010). First, sequencing reads
were mapped to the UCSC hg19 reference genome using Tophat2 (Trapnell et al., 2009).
Second, mapped reads for each sample were summarized into gene-level expression counts.
Third, the summarized data were normalized, and analyzed to detect differential gene
expression. To test for differential expression, we summarized and aggregated reads at the
gene-level using Rsamtools (http://bioconductor.org) by counting the number of reads
overlapping each gene. Gene locations were defined using GenomeFeatures (http://
www.hioconductor.org) and refGene information from UCSC genome browser (downloaded
May, 2012).

Our study design had two explanatory factors: participants (six levels) and time (two levels
per participant). Therefore, the study was a paired design in which participants were used as
a blocking factor. Our main goal was to identify genes that were differentially expressed
between the two time points. Finally, we performed pathway analysis to gain biological
insight from the list of differentially expressed genes. In order to find pathways or functional
categories that were over represented among differentially expressed genes, we examined
the top 100 differentially expressed genes using the Database for Annotation, Visualization
and Integrated Discovery (DAVID; Dennis et al., 2003).

3. Results

3.1 Laboratory

Results for the CBC and comprehensive metabolic panel for each participant at T1 and T2
can be found in Table S2. Laboratory values revealed limited abnormalities with no clear
pattern across T1 and T2. Three individuals had a low white blood cell (WBC) count at T1
and two of these individuals had a low WBC count at T2. Four and three individuals had
low absolute lymphocytes at T1 and T2, respectively. Only one individual had an elevated
erythrocyte sedimentation rate (ESR) at T1 and her ESR was not available at T2. One
individual had elevated Asparatate Amino Transferase (AST) at T1 but not at T2. Two
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individuals had elevated Alanine Amino Transferase (ALT) values at T1 but not at T2. No
individuals had an abnormal total bilirubin value. Four individuals had abnormal lactate
dehydrogenase (LDH) at T1, and one of these individuals had elevated LDH at T2.

3.2 Body Composition

BMI and adiposity (determined by DXA) for each participant at T1 and T2 are reported in
Table S1. Weight restoration was verified in all six participants, with a mean increase of 3.2
BMI units (range 1.9 - 5.1).

3.2 Quality control of RNAseq data

We used multiple approaches to evaluate sequence quality and to confirm subject identify.
We used FastQC to verify that the raw fastq files had no major issues (e.g., no prominent
adaptor overrepresentation and similar read counts for samples between lanes). The
alignment results showed that 77-93% of reads from each sample were properly mapped to
the human genome (Figure S1). After mapping, we removed reads when the mate (paired-
end) sequence was unmapped as well as PCR duplicates. To ensure that samples were
correctly identified, we called SNPs from the RNAseq data and verified the consistent
identity of all subjects across lanes and across time. Read counts for chromosome Y
transcripts verified that all subjects were female. High-level descriptions of gene expression
using hierarchical clustering (Figure S2) demonstrated that gene expression for the same
individual at two time points clustered well.

3.3 Differential gene expression before and after renourishment

Using a paired design, we tested for differential expression before and after weight
restoration, in a manner similar to computing a paired t-test for each gene but adapted for
count data. Quantile-quantile plots of the p values (Figure 1a) indicated that a small subset
of genes was differentially expressed. A total of 564 genes had unadjusted p-values < 0.01
between the two time points, and 67 had false discovery rate-adjusted g-values < 0.05. Table
S3 summarizes the top 20 genes. The raw read counts for the top nine genes before and after
weight restoration are shown in Figure S3. Four genes (CYP11A1, C16orfl1, LINC0O0235,
CPA?3) were down-regulated more than two-fold after weight restoration, and four olfactory
receptor genes (OR52J3, OR51L1, OR51A4, OR51A2) were up-regulated more than two-
fold after renourishment. Figure 1b depicts, for every gene, the relationship between average
expression level and fold change between T2 and T1. Transcripts with read counts of zero at
T1 or T2 showed large fold-changes and statistical significance, but are likely to be false
positives. To avoid overlooking biologically interesting genes, we manually checked their
raw counts and annotation before removing them from the list of differentially expressed
genes.

3.4 Correlation between gene expression and weight gain

In order to evaluate whether differential gene expression was secondary to increased body
weight at T2, we examined the correlation between weight change and expression change
across subjects. This analysis included each of the 231 up-regulated and 333 down-regulated
genes (unadjusted p-value < 0.01) between T1 and T2. Only four up-regulated genes yielded
correlations greater than 0.8, with the majority of genes showing no significant relationship
(Figure S4). The majority of the 333 down-regulated genes also showed weak relationships
between weight change and expression change (Figure S5) with, again, four genes yielding
correlations greater than 0.8. The correlation between BMI change and expression change
showed a similar pattern (data not shown).

Psychiatry Res. Author manuscript; available in PMC 2014 November 30.



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

1duasnuey Joyiny vd-HIN

Kim et al. Page 6

3.5 Pathway analysis

To interpret the observed pattern of differential gene expression for biological relevance, we
selected the top 100 most significant genes (48 down, 52 up) for functional clustering
analysis via DAVID. We found modest evidence of enrichment in two broad pathways
(Table 1). For these particular pathways, genes tended to be up-regulated with weight
restoration.

3.6 Chromosome x inactivation skewing

We also used the RNAseq data to evaluate chromosome x inactivation skewing (Gribnau
and Grootegoed 2012). Although the expectations are that the maternally and paternally
inherited x chromosomes will be inactivated randomly, marked deviation from the expected
50:50 ratio can be observed and could conceivably track with weight restoration. We
focused on chromosome x transcripts with read counts > 10 and with good evidence for the
presence of heterozygous SNPs. Although we could not phase the alleles or differentiate
maternal from paternal inheritance, we could track consistency over time. The expression
levels of alternative alleles were similar between T1 and T2 in all samples combined (Figure
S6) and for each participant (Figure S7). These results are consistent with random x
inactivation and the absence of skewing during short-term weight restoration.

4. Discussion

Eight genes were up or down-regulated more than two-fold after renourishment in these
patients with AN. Laboratory results revealed limited abnormalities that likely had minimal
influence on differences in gene expression between T1 and T2. Expression of both up and
down-regulated genes was only weakly correlated with changes in weight status, suggesting
that subsequent studies with larger samples sizes may have the ability to detect biomarkers
of illness rather than biomarkers that simply reflect changes in weight status. However,
starvation and subsequent renourishment can impact every major organ system in the body
(Fairburn and Harrison, 2003), leading to hormonal aberrations and dramatic effects on
normal growth, bone turnover, and nutrient metabolism (Usdan et al., 2008). In addition,
although normalization of biological parameters and improvement in health may be
associated with renourishment, the timing of these improvements may not precisely coincide
with improved weight status. In fact, studies have shown that normalization of many
biological parameters including metabolism, bone mineral density, and reproductive
function (Kaye et al., 1986; Delvenne et al., 1996; Brambilla et al., 2003; Mika et al., 2007)
can take months or even years following weight restoration.

Although little is known regarding the function of the significantly down-regulated genes
Cl6orfll, LINC0O0235and CPA3, CPY11Al encodes for cholesterol side-chain cleavage
enzyme (CYPP450scc), a member of the cytochrome P450 (CYP450) super family of
enzymes and the first and rate-limiting step for the synthesis of steroids (Tuckey, 2005). The
xenobiotic-metabolizing P450 enzymes, such as CYP11A1, play a central role in the
oxidative metabolism of a wide variety of endogenous and exogenous compounds including
environmental carcinogens, plant toxins, and a wide range of pharmaceuticals (Gonzalez and
Gelboin, 1994; Gut et al., 2000; Huang et al., 2000). CYP11A1 mRNA and protein have
been found in several regions of the nervous system including the cerebellum, retina, and
hippocampus; however, the transcriptional regulation and cellular and anatomical
distribution of CYP11A1in the brain have not been clearly determined (Wu et al., 2007;
Chiang et al., 2011).

There are several possible explanations for the down-regulation of CYP11A1 following
renourishment in AN. The expression of CYP450 enzymes is influenced by a variety of
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factors including drugs, hormones, and diet. There is some evidence to suggest that
cytokines, which are involved in inflammation and relay information among cells of the
immune system to other major systems (Raymond et al., 2000), may impact the
transcriptional activation of the CYP11A1 gene. For example, many studies have shown
down-regulation of various P450 mRNAs with inflammation (Turecki et al., 1997). During
renourishment, weight gain is secondary to a disproportionate increase in adipose tissue
(Morgan et al., 1999; Scalfi et al., 2002), which secretes numerous bioactive substances,
including several proinflammatory cytokines, such as TNF-a and IL-6 (Hotamisligil, 2006;
Tilg and Moschen, 2006). Thus, one plausible hypothesis is that there may be an association
between an increase in proinflammatory cytokines, secondary to an increase in adipose
tissue during renourishment, and the down-regulation of CYPI1A1.

Another interesting finding was that four olfactory receptor genes (OR52J3, OR51L 1,
OR51A4, OR51A2), which are involved in the perception of smell, were up-regulated after
renourishment. Genes encoding olfactory receptors represent the largest family of genes in
the human genome, comprising approximately 3% (Choquette et al., 2012). Further,
olfactory gene receptors have been found to have additional functions in the brain,
associated with their direct anatomical connection to the limbic system (Ortega-Hernandez
et al., 2009). Genetic variants in olfactory receptors have been associated with adiposity
levels, cognitive dietary restraint, and susceptibility to hunger (Choquette et al., 2012).
Interestingly, although findings have not been entirely consistent (Goldzak-Kunik et al.,
2012; Schecklmann et al., 2012), several studies have also found olfactory deficits in
individuals with AN (Fedoroff et al., 1995; Aschenbrenner et al., 2009; Rapps et al., 2010)
and have proposed that these deficits may be associated with weight loss and food aversion
observed in AN (Schecklmann et al., 2012). Further, several of these studies also found a
significant positive correlation between olfactory sensitivities and BMI in AN
(Aschenbrenner et al., 2009; Rapps et al., 2010). Thus, one hypothesis is that olfactory
dysfunction in AN may improve with weight restoration and may be associated with up-
regulation of olfactory genes, as seen in this investigation.

Up-regulation of two broad pathways, one related to protein secretion and signaling and the
other associated with defense response to bacterial regulation, was also identified. One
hypothesis is that these pathways may represent a return to improved immune function
following weight restoration. This hypothesis is consistent with robust literature suggesting
that inadequate nutrition can severely limit the immune system’s ability to fight infection,
illness and disease (Marcos et al., 2003). However, individuals with AN are less prone to
infection than individuals experiencing other forms of malnutrition (Silber and Chan, 1996)
and studies on the impact of malnutrition secondary to AN on immune function have yielded
conflicting findings (Nova et al., 2002; Brown et al., 2005). This hypothesis is also
consistent with the finding in this investigation that CYP11A1, which may be related to
inflammation and the immune response, is down-regulated following renourishment.

Limitations of this study should be considered. First, the sample size in this investigation
was small. Thus, results should be considered preliminary pending additional investigations
with larger samples. Second, this investigation included only Caucasian women between the
ages of 19 and 39 and results might differ for men or for different ancestry and age groups.
Third, this study did not take into account AN type. Although all participants, except one,
met criteria for AN-R type, it is plausible that transcriptomic changes during renourishment
may differ between AN types. Fourth, although every effort was made to control extraneous
variables, due to the constraints of working with individuals undergoing inpatient treatment,
all patients in this investigation did not experience the same time lapse or weight gain
between T1 and T2, which may have impacted findings. Fifth, this investigation did not
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include healthy control participants, which would have provided important control
information about transcriptomic changes overtime in unaffected individuals.

Despite these limitations, the genes and genetic pathways identified in this investigation
warrant further exploration as potential candidates involved in recovery from AN.
Identifying alterations in transcriptome expression before and after weight restoration in AN
is of clinical and scientific importance. The long-term goal will be to identify abnormalities
in the transcriptome profile of individuals with AN that are not a direct result of starvation,
but rather indices of disease. Understanding of the biological processes that occur during
acute weight restoration may also help elucidate biologically mediated aspects of the
patients’ experience and provide novel information to inform how to improve the experience
of renourishment which is both psychologically difficult and physically uncomfortable for
patients with AN. For example, understanding transcriptomic changes of CYP11A1 during
renourishment could have important implications for facilitating pharmacotherapy treatment
and dosage in individuals acutely ill with AN. Similarly, understanding transcriptomic
changes in olfactory genes during renourishment may generate ideas about buffering
patients from “olfactory rebound” reducing their reactivity to smell cues when undergoing
renourishment. An obvious empirical next step would be to evaluate actual changes in
olfactory sensitivity over the course of renourishment.

Although preliminary, these data provide initial evidence of transcriptional alterations
during weight restoration in AN and support further investigations with larger samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

QQ plot and visualization of differentially expressed genes.

Left panel (a): It shows a quantile-quantile (QQ) plot in which the expected distribution of
-log1o(p-value) is compared to the observed distribution. The gray area denotes 95%
confidence bands for the expected distribution. The observed distribution deviates sharply
from the expected, consistent with a small number of genes with differential expression.
Right panel (b): The top 100 differentially expressed genes identified using gene-wise
dispersion are highlighted in red. The orange points on the left represent transcripts with
counts of zero at either T1 or T2. Blue lines denote log,FC of +2. (FC is fold change.)
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Table 1

Top two functional clusters from gene-set enrichment analysis of top 100 genes using DAVID.

Annotation Cluster 1

Enrichment Score: 4.62

bacterium

Category Term count€ | PValue Pop Fold FDR Up vs.
Hits | Enrichment Down?
SP_PIR_KEYWORDS | disulfide bond 26 5.86E-08 | 2924 3.10975 7.01E-05 17/2
UP_SEQ_FEATURE disulfide bond 25 1.57E-07 | 2819 | 3.081847 2.00E-04 17/8
SP_PIR_KEYWORDS | signal 22 9.75E-05 | 3250 | 2.367385 | 0.116642 14/8
UP_SEQ_FEATURE signal peptide 22 1.07E-04 | 3250 | 2.352369 | 0.136868 14/8
GOTERM_CC_FAT G0:0005576~extracellular 16 9.13E-04 | 2010 | 2.422554 | 1.016557 13/3
region
SP_PIR_KEYWORDS | Secreted 13 0.002134 | 1689 | 2.691803 2.524341 10/3
Annotation Cluster 2 Enrichment Score: 2.58
Category Term Count PValue Pop Fold FDR Up vs.
Hits | Enrichment Down
GOTERM_BP_FAT G0:0006952~defense 9 8.46E-04 | 615 4.303712 1.271136 712
response
SP_PIR_KEYWORDS | antibiotic 4 9.21E-04 68 20.57219 1.097168 4/0
SP_PIR_KEYWORDS | Antimicrobial 4 0.001044 71 19.70294 1.243026 4/0
GOTERM_BP_FAT G0:0042742~defense 4 0.006089 | 112 10.50311 8.819647 4/0
response to bacterium
GOTERM_BP_FAT G0:0009617~response to 4 0.026167 | 193 6.095066 33.02563 4/0

€ . .
number of genes in each functional category

£
Number of up-regulated genes versus down-regulated genes
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