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Abstract

Background: The aim of this study was to investigate the association of gene expression profiles in subcutaneous adipose
tissue with weight change in kidney transplant recipients and to gain insights into the underlying mechanisms of weight
gain.

Methodology/Principal Findings: A secondary data analysis was done on a subgroup (n = 26) of existing clinical and gene
expression data from a larger prospective longitudinal study examining factors contributing to weight gain in transplant
recipients. Measurements taken included adipose tissue gene expression profiles at time of transplant, baseline and six-
month weight, and demographic data. Using multivariate linear regression analysis controlled for race and gender,
expression levels of 1553 genes were significantly (p,0.05) associated with weight change. Functional analysis using Gene
Ontology and Kyoto Encyclopedia of Genes and Genomes classifications identified metabolic pathways that were enriched
in this dataset. Furthermore, GeneIndexer literature mining analysis identified a subset of genes that are highly associated
with obesity in the literature and Ingenuity pathway analysis revealed several significant gene networks associated with
metabolism and endocrine function. Polymorphisms in several of these genes have previously been linked to obesity.

Conclusions/Significance: We have successfully identified a set of molecular pathways that taken together may provide
insights into the mechanisms of weight gain in kidney transplant recipients. Future work will be done to determine how
these pathways may contribute to weight gain.
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Introduction

Obesity has long been known to be a result of excessive caloric

intake and reduced energy expenditure. While some individuals

appear able to eat whatever they please with little physical activity

and still not gain weight, others gain significant weight. Despite

great efforts, researchers have thus far failed at reliably predicting

differential weight gain. Genetic variations may be a primary

factor. However, identifying a sample that will predictably gain

significant weight to test this hypothesis is difficult. Renal

transplant recipients are known to gain significant weight (one

study reporting an average of 12 kilograms (kg) [1]) during the first

year following transplantation. This rapid and large amount of

weight gain contributes to the development of cardiovascular

disease and other comorbidities, which then leads to less favorable

graft outcomes among these individuals [2]. Additionally, the

significant variation in weight gain among individuals facilitates

determination of unique associations. Many clinicians suggest that

the weight gain is related to the prednisone prescribed following

transplantation. Interestingly, studies have indicated that predni-

sone is not the primary cause of weight gain, and that steroid-free

protocols alone do not reduce the risk of obesity [3,4]. Other

clinicians suggest that dietary intake may contribute to weight

gain. A study done on 44 individuals from the same transplant

center found that 96% had a mean caloric intake well under the

recommended daily value of 2000 kcal/day, although mean

weight increased by more than 10 pounds (4.5 kg) during the six

months of the study [5].

Few studies have been conducted using microarray-based gene

expression to explore obesity in human subjects and even fewer of

these studies have a longitudinal component. Most of the previous
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work has compared expression levels in subcutaneous and visceral

adipose tissue [6,7]. In both tissues, the up-regulated genes in

obese subjects have been shown to be mostly related to

inflammation, insulin resistance, leptin signaling pathways, and

the immune response [6,7,8]. While both forms of adipose tissue

can be useful in studies of obesity, subcutaneous adipose tissue has

a higher adipogenic potential than visceral fat stores [9] and is thus

more relevant in a subject population at high likelihood of

increasing abdominal fat mass. Subcutaneous adipose tissue is also

an ideal candidate for gene expression studies because of its role in

endocrine pathways involved in appetite regulation, such as leptin

and insulin signaling [10,11]. Additionally, subcutaneous adipose

tissue can be easily obtained from kidney transplant recipients

during transplant surgery.

Although there are few microarray gene expression studies

related to obesity, there are many genome wide association studies

(GWAS) on obesity related phenotypes. Several genes have been

associated with weight gain and obesity. The most commonly cited

genes related to obesity are the fat mass and obesity associated

gene (FTO) [12,13], mitochondrial carrier homolog 2 (MTCH2)

[13], transmembrane protein 18 (TMEM18), glucosamine-6-

phosphate deaminase 2 (GNPDA2), brain derived neurotrophic

factor (BDNF), neuronal growth regulator 1(NEGR1), SH2B

adaptor protein 1(SH2B1), ETS transcription factor 5 (ETV5),

and potassium channel tetramerisation domain (KCTD15) [14].

To our knowledge, there are no published microarray studies

that examine gene expression in subcutaneous adipose tissue of

kidney transplant recipients. The goal of this study was to identify

expression profiles associated with weight gain and to explore the

underlying molecular mechanisms of weight gain in kidney

transplant recipients by gene expression profiling on subcutaneous

adipose tissue. This project was done as preliminary, exploratory

work to evaluate the feasibility of a larger scale study. Although

exploratory, the results have identified a subset of genes that are

associated with obesity that could be explored further as potential

markers for identifying at-risk groups for significant weight gain or

obesity following kidney transplantation.

Results

Subjects
As shown in Table 1, subjects gained a mean of 565.9 kilo-

grams with some gaining as much as 17.7 kilograms during the

first 6 months following kidney transplantation. About 54%

(n = 14) of subjects gained more than 5% of their baseline weight

at 6 months. While one subject had as much as a 23% weight gain

in 6 months, other subjects lost up to 5% of their total body

weight. Overall, our subjects gained an average of 6.5% of their

total pretransplant body weight in the first 6 months, a result that

is fairly consistent with other reports showing one year weight

gains between 6 and 11.8 kg [1,15]. In the current study, a higher

percentage (73%, n = 11) of African American subjects gained

weight (.5% of baseline) at 6 months post-transplantation

compared to Caucasian subjects (27%, n = 3). Seven of the 26

subjects were diagnosed with type 2 diabetes prior to transplan-

tation, one individual was diagnosed with new onset diabetes after

transplantation; thus 31% (n = 8) had diabetes at 6 months.

Gene expression profiling
Gene expression levels in adipose tissue of 26 kidney transplant

recipients were examined using Affymetrix Human Gene 1.0 ST

arrays. Using a regression model that controlled for race and

gender, we found 1936 probe targets, corresponding to 1553

unique genes, whose levels were significantly correlated with

weight change at 6 months post-transplantation (Tables 2 and 3,

Figure 1, and Table S1). It is important to note that there was

considerable variability in gene expression across this cohort. This

was demonstrated by both hierarchical clustering and principle

component analysis on the 1936 probes (Figure 2 and Figure 3).

For instance, several non-weight gainer individuals (such as #16

and #33) showed expression profiles similar to weight gainers.

Conversely, several weight-gainer individuals (such as #26 and

#61) showed expression profiles that were similar to non-gainers

based upon hierarchical clustering (Figure 2). Expression variabil-

ity was not associated with gender or race.

To gain insights into the potential mechanism(s) that underlie

weight gain, we performed functional analysis on differentially

expressed genes using two different bioinformatic approaches.

First, we determined which functional classifications in GO or

KEGG were enriched in our gene set using a publicly available

tool kit called WebGestalt (Table 4 and Table 5). Among the 1553

genes correlated with weight change, GO analysis found 38 genes

pertaining to mitochondrial inner membrane (p,0.0002) and a

number of genes pertaining to metabolic processes such as

oxidative phosphorylation (21 genes, p,0.0003), quinone cofactor

metabolism (6 genes, p,0.0002), and oxidoreductase activity (14

genes, p,0.0009) (Table 4). Interestingly, using KEGG analysis

(Table 5), we found enrichment of genes associated with a number

of neurological diseases such as Parkinson’s disease (19 genes,

p,0.0013), Alzheimer’s disease (23 genes, p,0.0033) and

Huntington’s disease (22 genes, p,0.0157). Lastly, we found a

number of sensory genes represented in our data set. For example,

olfactory transduction genes were significantly enriched (44 genes,

p,0.0035). GO analysis similarly found that there were 40 genes

related to olfactory receptor activity (p = 0.0029), and 44 genes

related to sense of smell (p = 0.0008) (Table 4).

In a second approach, we used a commercial literature mining

tool called GeneIndexer to investigate the functional relationship

of genes to a set of keyword concepts that were not included in GO

or KEGG databases. GeneIndexer contains Medline abstracts for

1170 of the 1553 differentially expressed genes. The most relevant

query words (key concepts) were chosen by the research team and

were refined iteratively by examining the output from GeneIn-

dexer. The literature association scores were used to group genes

and keywords by hierarchical clustering. For instance, several

conceptually related keywords such as BMI (body mass index),

overweight, obesity, adipose, and diabetes were clustered tightly

together based on their associated genes in the literature (Table S2

and Figure S1). On the other hand, other keyword concepts such

as addiction (chosen based on an emerging association between

obesity and food addiction), and dopamine (chosen based on GO/

KEGG analysis) were not as closely aligned with obesity concepts

in the literature (Figure S1). These results support the validity of

GeneIndexer output. We next ranked genes according to the

number of associations they had with keyword concepts above a

score threshold of 0.1 (Table S2). In GeneIndexer, a score above

0.2 generally suggests an explicit link between the keyword and

gene, whereas a score between 0.1 and 0.2 generally suggests an

implied relationship between the keyword and gene. We observed

three general groups. One group of genes (SERPINA12, CPE,

SERPINA11, MTCH2, PNPLA5, INTS1, APOM) was associated

(cosine value .0.1) with obesity and diabetes. A second group of

genes (CHRNB2, CHRNA4, DRD5, PDYN, and PNOC) was

associated with neurological concepts such as dopamine, nicotine,

and cognition. Interestingly, a third group of genes (CPE, NPY5R,

DRD3, TAS2R38, SLC18A1, G6PC3, NPY1R, and VLDLR)

was highly associated with both neurological and obesity concepts.

Expression Levels Associated with Weight Change
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Table 1. Subject characteristics (N = 26).

Baseline 6 months

Characteristic Mean (SD) Range n (%) Mean (SD) Range n (%)

Age at start (years) 51.5 (13.7) 19.4–68.2 N/A

Male 11 (42) N/A

Caucasian 11 (42)

Gained weight .5% N/A 3 (27)

African American 15 (58) N/A

Gained weight .5% N/A 11 (73)

Weight (kg) 77.4 (16.0) 57.7–117.2 84.4 (17.9) 60.5–118.4

BMI (kg/m2) 26.7 (3.13) 22.3–33.5 28.54 (3.80) 22.3–34.6

Weight gain (kg) N/A 5 (5.9) -3.2–17.7

Hypertension 24 (92) 24 (92)

Diabetes 7 (27) 8 (31)

Abbreviation: BMI, body mass index.
doi:10.1371/journal.pone.0059962.t001

Figure 1. Genes correlated with relative weight change. A set of 12 and 21 obesity related genes that are positively (A) and negatively (B)
correlated with relative weight change, respectively. Each line represents the mean normalized expression value (vertical axis) for a given gene across
26 kidney transplant recipients ordered with respect to weight loss/gain (horizontal axis) at 6 months after transplantation.
doi:10.1371/journal.pone.0059962.g001
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Next, we examined the molecular interaction networks using

Ingenuity Pathway Analysis tool (Ingenuity systems, www.

ingenuity.com) for the top 41 genes that were either explicitly or

implicitly associated with ‘‘obesity’’ keyword in GeneIndexer. The

top ranked network included 22 out of the 41 obesity related genes

(Figure 4). Of note, this network shows direct interactions between

CPE, APOM, SERPINA12, CRP, NPY1R, and NPY5R genes

with leptin (LEP). In general, these and other genes in the network

seem to converge on insulin, vascular endothelial growth factor

(VEGF), growth hormone, and IL-1 signaling pathways, which are

known to play an important role in regulation of metabolism.

Discussion

Weight gain in kidney transplant recipients
We, and others, have shown that kidney transplant recipients

differentially gain weight after transplantation [15,16]. Approxi-

mately 50% of kidney transplant recipients will gain weight after

the surgery [2]. Excessive weight gain after kidney transplant is

particularly problematic because the resulting obesity contributes

to the development of cardiovascular disease, the primary cause of

death in this group [17]. Diabetes is another comorbidity

commonly associated with weight gain in this population [18].

To date, a few studies have examined cross-sectional gene

expression levels in adipose tissue of obese and non-obese subjects.

These studies have identified genes related to adipogenesis [19], as

well as glucose and insulin regulation pathways and inflammatory

responses [6]. In our longitudinal study, gene expression was

examined at baseline and correlated with weight change at 6

months post-transplantation. Our study also found changes in the

expression of genes associated with insulin and inflammatory

signaling pathways, as well as changes in the expression of leptin.

We found a total of 1553 unique genes whose expression levels

were significantly correlated with weight change in kidney

transplant recipients. Among these, regression analysis found four

well-established obesity associated genes that were positively

correlated (CPE, LEP, NPY1R, and NPY5R), and two genes

(APOM, and CRP) that were negatively correlated with weight

gain. Taken together, these results suggest that the individuals in

our study may have differences in insulin response genes and leptin

Figure 2. Hierarchical clustering of 1936 genes across 26 kidney transplant recipients. Heatmap representation of expression values for
genes (rows) across recipients (columns), whereby low expression is denoted by green and high expression by red. The expression of each gene was
normalized across all samples. Recipients were categorized into weight gainers (G, peach color) or non-gainers (G, blue color) if their net weight
change was greater or less than 5%, respectively, at 6 months post-transplantation.
doi:10.1371/journal.pone.0059962.g002

Expression Levels Associated with Weight Change
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signaling prior to transplant, and prior to any post-transplant

weight gain. Due to our small sample size, we cannot ascertain

whether this result is solely due to some subjects having

pretransplant diabetes (31% of the population, or seven individ-

uals), but we suspect that these differences participate in a feed

forward process that leads to post-transplant weight gain. Pre-

existing differences in insulin and leptin signaling may increase the

susceptibility of individuals to gain weight after transplant. Below,

we summarize some experimental evidence supporting the

potential involvement of specific genes in the feed-forward process

of weight gain.

CPE. The CPE gene encodes carboxypeptidase E enzyme

which is highly expressed in visceral fat deposits in obese subjects

[20]. CPE cleaves peptide bonds and is involved in the

biosynthesis of several peptide hormones involved in energy

balance, including insulin. It also has been suggested that CPE

alters proopiomelanocortin (POMC) processing in the hypothal-

amus, which helps to regulate energy balance in response to

circulating leptin and insulin levels [21]. Alterations in any of these

signaling pathways can cause increased weight. Indeed, CPE

knockout mice have nearly twice the body fat of wild type

littermates, have reductions in the breakdown of that fat for

energy, and have higher circulating levels of leptin and proinsulin

[22].

CPE is also associated with dopamine transporter activity [23].

Dopamine is a neurotransmitter that can play a role in the

pleasurable (rewarding) aspects of eating. Thus, not only does CPE

play a role in energy balance, it also plays a role in the emotional

aspects of eating. From gene ontology analysis, our kidney

transplant recipients showed statistically significant increased

expression in 5 other genes (p,0.0004) involved in dopaminergic

activity (Table 4). Imaging studies have shown that obese subjects

may have impairments in dopamine signaling that reduce reward

sensitivity [24]. Thus, it is possible that increased expression of the

CPE gene could cause alterations in dopamine sensitivity, which in

turn causes a decrease in the pleasurable feelings associated with

eating. We hypothesize that kidney transplant recipients with

enhanced CPE expression may overeat, or choose different foods,

in an effort to increase pleasurable feelings associated with eating,

Figure 3. Principle component analysis of 26 transplant
recipients using 1936 significantly correlated transcripts with
weight change. Approximately 64%, 17% and 10% of the variability
was attributed to principle components 1, 2, and 3, respectively.
Legend: weight change great .5% at 6 months post-transplantation,
Red; Weight change ,5% at 6 months post-transplantation, blue; Male,
square; Female, triangle.
doi:10.1371/journal.pone.0059962.g003

Table 2. Expression p-values for genes whose expression levels were positively correlated with weight gain.

Gene ID Gene Symbol Gene Title p-value

2888 GRB14 Growth factor receptor bound protein 14 0.00249

1363 CPE Carboxypeptidase E 0.00467

9563 H6PD Hexose-6-phosphate dehydrogenase 0.00731

2132 EXT2 Exostoses (multiple) 2 0.0142

80724 ACAD10 Acyl-coenzyme A dehydrogenase family, member 10 0.02042

373156 GSTK1 Glutathione S-transferase kappa 1 0.0235

23452 ANGPTL2 Angiopoietin-like 2 0.02598

284119 PTRF Polymerase 1 and transcript release factor 0.02863

4482 MSRA Methionine sulfoxide reductase A 0.02915

9453 GGPS1 Geranylgeranyl Diphosphate synthase 1 0.03223

4889 NPY5R Neuropeptide Y receptor Y5 0.03482

3952 LEP Leptin 0.03605

29803 REPIN1 Replication initiator 1 0.0386

5507 PPP1R3C Protein phosphatase 1, regulatory (inhibitor) subunit 3C 0.03872

55527 FEM1A Fem-1 homolog a (C. elegans) 0.045

4886 NPY1R Neuropeptide Y receptor Y1 0.04621

23788 MTCH2 Mitochondrial carrier homolog 2 (C. elegans) 0.04785

1050 CEBPA CCAAT/enhancer binding protein (C/EBP), alpha 0.04816

doi:10.1371/journal.pone.0059962.t002

Expression Levels Associated with Weight Change
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Table 3. Expression p-values for genes whose expression levels were negatively correlated with weight gain.

Gene ID Gene Symbol Gene Title p-value

123722 FSD2 Fibronectin type III and SPRY domain containing 2 0.00481645

374918 IGFL1 IGF-like family member 1 0.00714389

84669 CREB3L3 cAMP responsive element binding protein 3-like 3 0.0081399

54979 HRASLS2 HRAS-like suppressor 2 0.00927293

154 ADRB2 Adrenergic, beta-2, receptor, surface 0.01013697

139760 GPR119 G protein-coupled receptor 119 0.0123002

145264 SERPINA12 Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase,
antitrypsin), member 12

0.01684975

5726 TAS2R38 Taste receptor, type 2, member 38 0.01731357

169841 ZNF169 Zinc finger protein 169 0.01758989

2867 FFAR2 Free fatty acid receptor 2 0.01984576

256394 SERPINA11 Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase,
antitrypsin), member 11

0.02007965

53630 BCMO1 Beta-carotene 15, 159-monooxygenase 1 0.02337747

169792 GLIS3 GLIS family zinc finger 3 0.02474613

150379 PNPLA5 Patatin-like phospholipase domain containing 5 0.02854462

1401 CRP C-reactive protein, pentraxin-related 0.02956737

434 ASIP Agouti signaling protein, nonagouti homolog (mouse) 0.0311821

2691 GHRH Growth hormone releasing hormone 0.03308533

619373 MBOAT4 Membrane bound O-acyltransferase domain containing 4 0.03865589

56923 NMUR2 Neuromedin U receptor 2 0.04210583

7021 TFAP2B Transcription factor AP-2 beta (activating enhancer binding
protein 2 beta)

0.04236

55937 APOM Apolipoprotein M 0.04513979

390259 BSX Brain specific homeobox 0.04660706

922 CD5L CD5 molecule-like 0.04777909

doi:10.1371/journal.pone.0059962.t003

Table 4. Functional categories in Gene Ontology that were significantly enriched in the genes associated with weight gain.

Gene Ontology category # of genes p-value

Quinone cofactor metabolic process 6 0.0002

Mitochondrial inner membrane 38 0.0002

Regulation of dopamine secretion genes 5 0.0004

Phosphoprotein binding 8 0.0006

2 iron 2 sulfur cluster binding 6 0.0007

Sensory perception of smell 44 0.0008

Oxidoreductase activity acting on NACH or NADPH 14 0.0009

G protein coupled receptor protein signaling pathway 11 0.0019

Olfactory receptor activity 40 0.0029

Integral to organelle membrane 18 0.0031

Nicotinic acetylcholine-activated cation-selective channel
activity

5 0.0037

Acetylglucosamirlytransferase activity 8 0.0053

Neurotransmitter binding 12 0.0086

Notes: Enrichment p-values were calculated using a hypergeometric test for the number of genes expected in each category by chance. Benjamini-Hochberg
adjustment was used to correct for multiple testing error.
doi:10.1371/journal.pone.0059962.t004
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which in turn contributes to the weight gain. Support for this idea

has been shown in an observational study from the same

transplant center [5]. In this study, although nearly all were

eating less than 2000 kcal/day, 91% consumed more fat than the

daily recommended allowance (35 g), 86% consumed more than

the recommended daily carbohydrate allowance (130 g). The

study sample as a whole exhibited a mean weight gain of over 10

pounds (4.5 kg) in six months [5].

NPY1R and NPY5R. Neuropeptide Y has strong appetite

stimulating effects. Continuous administration to the hypothala-

mus of normal rats has been shown to induce obesity, with reversal

of the effects 20 days after discontinuation [25]. In particular,

neuropeptide Y receptors 1 and 5 (NPY1R and NPY5R) have

been associated with weight gain, and these genes were also found

to be highly expressed in the adipose tissue of our transplant

recipients. It has been proposed that leptin normally prevents

neuropeptide Y from being released from the arcuate nucleus to

suppress appetite [26]. If these neuropeptide Y receptors are not

sensitive to the effects of leptin, obesity can result [26].

APOM. Apolipoprotein M (APOM) is a high density lipopro-

tein that has been negatively associated with cholesterol level and

positively correlated with leptin in humans [27]. Both circulating

leptin and leptin receptors are needed for expression of APOM in

vivo, although the exact nature of the relationship between obesity

and APOM itself is not fully understood [28]. In our study, we

have found that expression of APOM is inversely correlated with

weight gain in kidney transplant recipients. This result seems to

agree with other, plasma-based studies that have found that

APOM expression levels are inversely associated with BMI [29],

and reduced in those with metabolic syndrome [30], although

further work is needed to explore the exact nature of these

associations in adipose tissue.

Future directions
One long-term goal of the parent study is to identify genetic

factors that contribute to weight gain in kidney transplant

recipients and to test whether those factors could serve as markers

for predicting weight gain in this cohort. This analysis should be

extended to a larger group that would allow subgroup analysis, for

instance between diabetes and weight gain with respect to gene

expression changes. Additionally, this pilot study has highlighted

the extent of heterogeneity in gene expression profiles among

human subjects. In spite of this heterogeneity well-established

obesity related genes were found to be associated with weight gain

in our study.

This pilot study establishes the feasibility of our methods for

identification of candidate genes that may contribute to weight

gain in kidney transplant recipients. Future investigations will

focus on determining how the genes and pathways identified in

this study contribute to weight gain in a much larger kidney

transplant population. For instance, we are particularly interested

in the alterations of dopaminergic pathways and olfactory

pathways related to weight gain. In addition, we plan to compare

gene expression profiles in adipose tissue with those in blood to

explore a less invasive strategy for predictive expression profiling.

It is important to also acknowledge the role of dietary habits and

activity levels in preventing obesity following transplantation.

While our center encourages our kidney transplant recipients to

adhere to a healthy lifestyle (diet and physical activity) and

provides dietary counseling when needed, we realize that obesity

prevention can be a difficult goal to achieve. As we further refine

our list of genes associated with weight gain, we could use this

knowledge to better tailor lifestyle changes to prevent the weight

gain documented during the first year posttransplant.

Conclusion
Taken together, the identification of these genes could provide

insights into the underlying causes of weight gain in kidney

transplant recipients and may lead to discovery of genetic markers

for identification of individuals who are at risk of gaining weight

after transplantation.

Materials and Methods

Ethics Statement
This research was approved by the University of Tennessee

Health Science Center Institutional Review Board. Written

informed consent was obtained from all subjects.

Study subjects and data collection
From 2006–2011 investigators from a regional MidSouth

transplant institute recruited 153 kidney transplant recipients to

participate in a study examining genetic and environmental factors

(eg. diet and physical activity) associated with weight gain

following transplantation. This paper presents a substudy second-

ary analysis of data. Institutional Review Board approval was

obtained and informed consent was signed by all subjects. All

adults approved for kidney transplantation surgery at the

transplant institute were eligible for participation in the parent

study regardless of race or gender. However, subjects were

excluded if prior to kidney transplantation they were taking

prednisone or other immunosuppressant therapy. This controlled

for any effect of pre-transplantation immunosuppressant therapy

on gene expression profiles and baseline weight. Subcutaneous

adipose tissue was obtained from a standardized location during

the transplantation operation (baseline) and processed for later

ribonucleic acid (RNA) transcript analysis. Demographic and

clinical data were collected at time of transplantation (baseline)

and at 3 months, 6 months, and 12 months.

Thirty subjects who had RNA transcript data, and baseline and

6 months timepoint demographic data, were considered for this

substudy. Additional inclusion criteria for the substudy were

complete clinical (i.e., immunosuppressant therapy, laboratory

values, co-morbidities) and weight data at time of transplantation

and at 6 months post-transplant. Of the 30 potential subjects, three

had excessive weight loss at 6 months and were excluded from

further analysis as it was determined that they experienced an

Table 5. Functional categories in KEGG that were significantly
enriched in the genes associated with weight gain.

KEGG category # of genes p-value

Glycosylphosphatidylinositol(GPI)-
anchor biosynthesis

8 0.0005

Oxidative phosphorylation 21 0.0003

Parkinson’s disease 19 0.0013

Alzheimer’s disease 23 0.0033

Olfactory transduction 44 0.0035

Dorso-ventral axis formation 6 0.0102

Huntington’s disease 22 0.0157

O-Mannosyl glycan biosynthesis 2 0.0183

Notes: Enrichment p-values were calculated using a hypergeometric test for the
number of genes expected in each category by chance. Benjamini-Hochberg
adjustment was used to correct for multiple testing error.
doi:10.1371/journal.pone.0059962.t005
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abnormal recovery trajectory. One subject was removed due to

technical problems in the RNA measurements as indicated by our

quality control procedures. Thus, 26 subjects from the parent

study that had a ‘‘normal’’ post-operative course, weight data at

baseline and 6 months, and transcript data were included in the

secondary analysis. This enabled correlation of baseline transcript

expression data with relative weight change over a 6 month

period.

Characteristics for the 26 subjects are shown in Table 1. Of the

26 subjects, 24 (92%) were diagnosed with hypertension prior to

transplantation. Five of the subjects (19%) had a BMI of greater

than 30 kg/m2 prior to transplant and thus were classified as obese

by the National Institutes for Health guidelines for BMI. All

subjects were on similar immunosuppressant therapy protocols

during the 6 months following transplantation. Immediately

following transplantation, 80% (n = 21) were on 20 milligrams

(mg) of prednisone, 8% (n = 2) were on 10 mg of prednisone, 8%

(n = 2) were on 15 mg of prednisone, and 4% (n = 1) were on

50 mg of prednisone. At 6 months 92% (n = 24) were on 5 mg of

prednisone, and 8% (n = 2) were not taking prednisone.

RNA expression analysis
Abdominal subcutaneous adipose tissue collection, processing,

and storage were described in detail previously [31]. Briefly,

specimens were collected intra-operatively from a standardized site

Figure 4. Gene network. Network identified by Ingenuity software from the analysis of the 41 top ranked genes identified to be correlated with
weight gain from microarray data and also highly associated with obesity in the literature by GeneIndexer. The genes CPE, NPY1R, NPY5R, and APOM
suggest that these subjects may show changes in leptin and insulin response genes prior to post-transplant weight gain.
doi:10.1371/journal.pone.0059962.g004
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in kidney transplant recipients at the time of kidney transplanta-

tion. Adipose samples were obtained from the abdominal incision

by the transplant surgeon using scalpels. Samples were immedi-

ately placed in a Petri dish on ice, moved outside the operating

room, cut into 10 sections, placed into individual cryo vials, and

then flash frozen in liquid nitrogen. To maintain RNA integrity,

the time from collection until freezing was less than two minutes.

Specimens flash frozen in liquid nitrogen were then transported to

a facility and maintained at 280uC for storage. RNA was isolated

using TRizol plus RNeasy Lipid Kit. Quantity of RNA was tested

by a NanoDropH ND-1000 Spectrophotometer (NanoDrop

Technologies, Inc., Wilmington, DE). The purity of the RNA

was tested by an Agilent 2100 Bioanalyzer (Agilent Technologies,

Santa Clara, CA). Finally, RNA expression levels were measured

using the Affymetrix Human Gene 1.0 ST GeneChipsH (Santa

Clara, CA).

qPCR was used to validate the microarray results. RNA was

extracted using the Trizol method from additional frozen samples

from each of the 26 subjects, and cDNA was made from the

Transcriptor First Strand cDNA Synthesis Kit (Roche Applied

Science, Indianapolis, IN). qPCR was done using the TaqmanH
method on the LightcyclerH480. Five of the lowest p-value genes

from microarray and two target genes of interest from the

microarray findings were used to validate the results [32]. Each

gene was normalized to the reference gene using the DCt method

[33], and then averaged across all 26 subjects to give an average

DCt. This average DCt was then correlated using Pearson product

correlation to the microarray results. These results are displayed in

Table S3.

Data Analysis
The relative weight change of the subjects at 6 months after

transplantation was regressed on the gene expression levels at

baseline while controlling for gender and race. The (marginal) p-

values of the regression coefficient associated to the gene

expression levels were used to compute q-values using the software

available in R [34]. The q-value is the positive false discovery rate

(FDR) analog of the p-value and is defined as the expected

proportion of false positives among all rejections of the null

hypothesis. We found 1936 probes (corresponding to 1553 unique

genes) which had a regression p-value,0.05 and a corresponding

q-value of 0.48.

Functional analysis of genes was performed using the suite of

tools available at WebGestalt (http://bioinfo.vanderbilt.edu/

webgestalt/) [35,36]. Enrichment p-values were calculated for

each of the classifications in Gene Ontology (GO) and the Kyoto

Encyclopedia of Genes and Genomes (KEGG) using a hypergeo-

metric test with Benjamini-Hochberg FDR correction for multiple

testing. Additionally, we used GeneIndexer software (www.

computablegenomix.com, Memphis, TN) to rank genes based on

relevancy to keyword queries using functional information in

Medline abstracts up to March, 2011[37]. GeneIndexer contains

over 1.5 million Medline abstracts corresponding to over 21,000

mammalian genes. For this study, GeneIndexer contained

abstracts for 1170 (75%) out of 1553 significantly correlated

genes. GeneIndexer extracts both explicit and implicit gene-to-

keyword relationships from the literature using an information

retrieval model called Latent Semantic Indexing [37]. This model

ranks genes according to the strength of the association with the

keyword query, whereby a score .0.2 typically indicates an

explicit association (e.g., the word actually appears in the gene

abstracts) and a score between 0.1 and 0.2 typically indicates an

implied relationship [37]. A set of 14 neurological and obesity

related keyword concepts were manually chosen by the research

team and evaluated by clustering using Partek software (St Louis,

MO) based on the literature association scores derived by

GeneIndexer (Figure S1). We then used Ingenuity software to

perform network analysis of the 41 top ranked genes identified by

GeneIndexer as having explicit or implicit relationships to obesity

keywords. The most prominent network is shown in Figure 4.

Supporting Information

Table S1 Expression p-values and q-values for 1936
significant probe sets. Expression p-values and q-values for

1936 probe sets whose expression levels were significantly

(p,0.05, multivariate regression model controlling for race and

gender) associated with weight change in 26 kidney transplant

recipients.

(XLS)

Table S2 Top ranked genes associated with keyword
concepts. Genes were ranked according to the number of

associations they had with keyword concepts above a score

threshold of 0.1. Scores above 0.2 generally suggest an explicit link

between the keyword and gene, whereas a score between 0.1 and

0.2 generally suggests an implied relationship between the

keyword and gene.

(XLS)

Table S3 Pearson correlation coefficients between mi-
croarray and qPCR. Pearson correlation coefficients between

microarray and qPCR for the top five lowest p-value genes, two

target genes of interest, and a reference gene. qPCR was

conducted on RNA extracted from adipose tissue samples from

the same subjects (using the Trizol method), and cDNA was made

using a commercially available kit. qPCR was done using the

TaqmanH method on the LightcyclerH480.

(XLS)

Figure S1 Hierarchical clustering of genes based on
literature associations with keyword concepts derived
by GeneIndexer. Heatmap representation of similarity values

for genes (rows) across keywords (columns), whereby low

association score is denoted by green and high score by red.

(TIF)

Acknowledgments

The authors would like to thank the members of Methodist University

Transplant Institute, including Dr. Nosratollah Nezakatgoo, Dr. Jason

Vanatta, Dr. Luis Campos, and Dr. Kian Modanlou for their help in

adipose tissue collection. We would also like to thank Deborah Gibson and

Robin Bloodworth, who were instrumental in processing of samples and

data management. A special thanks goes to Dr. Donna Hathaway, PhD,

RN, FAAN for her editing assistance with this paper.

Author Contributions

Conceived and designed the experiments: AC AS FT LX TS JE ME RH.

Performed the experiments: AC AS FT LX TS JE ME RH. Analyzed the

data: AC AS FT LX TS JE ME RH. Contributed reagents/materials/

analysis tools: AC FT TS JE RH. Wrote the paper: AC AS FT LX TS JE

ME RH.

References

1. Patel MG (1998) The effect of dietary intervention on weight gains after renal

transplantation. J Ren Nutr 8: 137–141.

2. Baum CL (2001) Weight gain and cardiovascular risk after organ transplanta-

tion. JPEN J Parenter Enteral Nutr 25: 114–119.

Expression Levels Associated with Weight Change

PLOS ONE | www.plosone.org 9 March 2013 | Volume 8 | Issue 3 | e59962



3. van den Ham EC, Kooman JP, Christiaans MH, Nieman FH, van Hooff JP

(2003) Weight changes after renal transplantation: a comparison between

patients on 5-mg maintenance steroid therapy and those on steroid-free

immunosuppressive therapy. Transpl Int 16: 300–306.

4. Elster EA, Leeser DB, Morrissette C, Pepek JM, Quiko A, et al. (2008) Obesity

following kidney transplantation and steroid avoidance immunosuppression.

Clin Transplant 22: 354–359.

5. Cupples CK, Cashion AK, Cowan PA, Tutor RS, Wicks MN, et al. (2012)

Characterizing dietary intake and physical activity affecting weight gain in

kidney transplant recipients. Prog Transplant 22: 62–70.

6. Dolinkova M, Dostalova I, Lacinova Z, Michalsky D, Haluzikova D, et al. (2008)

The endocrine profile of subcutaneous and visceral adipose tissue of obese

patients. Mol Cell Endocrinol 291: 63–70.

7. Klimcakova E, Roussel B, Marquez-Quinones A, Kovacova Z, Kovacikova M,

et al. (2011) Worsening of obesity and metabolic status yields similar molecular

adaptations in human subcutaneous and visceral adipose tissue: decreased

metabolism and increased immune response. J Clin Endocrinol Metab 96: E73–

82.

8. Dahlman I, Arner P (2007) Obesity and polymorphisms in genes regulating

human adipose tissue. Int J Obes (Lond) 31: 1629–1641.

9. Baglioni S, Cantini G, Poli G, Francalanci M, Squecco R, et al. (2012)

Functional differences in visceral and subcutaneous fat pads originate from

differences in the adipose stem cell. PLoS one 7: e36569.

10. Pratley RE, Ren K, Milner MR, Sell SM (2000) Insulin increases leptin mRNA

expression in abdominal subcutaneous adipose tissue in humans. Mol Genet

Metab 70: 19–26.

11. Korsic M, Gotovac K, Nikolac M, Dusek T, Skegro M, et al. (2012) Gene

expression in visceral and subcutaneous adipose tissue in overweight women.

Front Biosci (Elite Ed) 4: 2834–2844.

12. Cheung CY, Tso AW, Cheung BM, Xu A, Ong KL, et al. (2010) Obesity

susceptibility genetic variants identified from recent genome-wide association

studies: implications in a chinese population. J Clin Endocrinol Metab 95: 1395–

1403.

13. Bauer F, Elbers CC, Adan RA, Loos RJ, Onland-Moret NC, et al. (2009)

Obesity genes identified in genome-wide association studies are associated with

adiposity measures and potentially with nutrient-specific food preference.

Am J Clin Nutr 90: 951–959.

14. Speliotes EK, Willer CJ, Berndt SI, Monda KL, Thorleifsson G, et al. (2010)

Association analyses of 249,796 individuals reveal 18 new loci associated with

body mass index. Nat Genet 42: 937–948.

15. Cashion A, Sánchez Z, Cowan P, Hathaway D, Costello A, et al. (2007) Changes

in weight during the first year after kidney transplantation. Prog Transplant 17:

40–47.

16. Clunk JM, Lin CY, Curtis JJ (2001) Variables affecting weight gain in renal

transplant recipients. Am J Kidney Dis 38: 349–353.

17. US Renal Data System (2007) USRDS 2007 Annual Data Report.

18. Kasiske BL, Snyder JJ, Gilbertson D, Matas AJ (2003) Diabetes mellitus after

kidney transplantation in the United States. American Journal of Transplanta-

tion 3: 178–185.

19. Rodriguez-Acebes S, Palacios N, Botella-Carretero JI, Olea N, Crespo L, et al.

(2010) Gene expression profiling of subcutaneous adipose tissue in morbid
obesity using a focused microarray: distinct expression of cell-cycle- and

differentiation-related genes. BMC Med Genomics 3: 61.

20. Ramis JM, Franssen-van Hal NL, Kramer E, Llado I, Bouillaud F, et al. (2002)
Carboxypeptidase E and thrombospondin-1 are differently expressed in

subcutaneous and visceral fat of obese subjects. Cell Mol Life Sci 59: 1960–1971.
21. Wardlaw SL (2011) Hypothalamic proopiomelanocortin processing and the

regulation of energy balance. Eur J Pharmacol 660: 213–219.

22. Cawley NX, Zhou J, Hill JM, Abebe D, Romboz S, et al. (2004) The
carboxypeptidase E knockout mouse exhibits endocrinological and behavioral

deficits. Endocrinology 145: 5807–5819.
23. Zhang H, Li S, Wang M, Vukusic B, Pristupa ZB, et al. (2009) Regulation of

dopamine transporter activity by carboxypeptidase E. Mol Brain 2: 10.
24. Wang GJ, Volkow ND, Logan J, Pappas NR, Wong CT, et al. (2001) Brain

dopamine and obesity. Lancet 357: 354–357.

25. Stanley BG, Kyrkouli SE, Lampert S, Leibowitz SF (1986) Neuropeptide Y
chronically injected into the hypothalamus: a powerful neurochemical inducer of

hyperphagia and obesity. Peptides 7: 1189–1192.
26. Kalra SP (2008) Disruption in the leptin-NPY link underlies the pandemic of

diabetes and metabolic syndrome: new therapeutic approaches. Nutrition 24:

820–826.
27. Xu N, Nilsson-Ehle P, Ahren B (2004) Correlation of apolipoprotein M with

leptin and cholesterol in normal and obese subjects. J Nutr Biochem 15: 579–
582.

28. Luo G, Zhang X, Nilsson-Ehle P, Xu N (2004) Apolipoprotein M. Lipids Health
Dis 3: 21.

29. Ooi EM, Watts GF, Chan DC, Nielsen LB, Plomgaard P, et al. (2010)

Association of apolipoprotein M with high-density lipoprotein kinetics in
overweight-obese men. Atherosclerosis 210: 326–330.

30. Dullaart RP, Plomgaard P, de Vries R, Dahlback B, Nielsen LB (2009) Plasma
apolipoprotein M is reduced in metabolic syndrome but does not predict intima

media thickness. Clin Chim Acta 406: 129–133.

31. Cashion A, Umberger R, Goodwin S, Sutter T (2011) Collection and storage of
human blood and adipose for genomic analysis of clinical sample. Res Nurs

Health 34: 408–418.
32. Mehta R, Birerdinc A, Hossain N, Afendy A, Chandhoke V, et al. (2010)

Validation of endogenous reference genes for qRT-PCR analysis of human
visceral adipose samples. BMC Mol Biol 11: 39.

33. Yuan JS, Wang D, Stewart CN, Jr. (2008) Statistical methods for efficiency

adjusted real-time PCR quantification. Biotechnol J 3: 112–123.
34. Storey JD, Tibshirani R (2003) Statistical methods for identifying differentially

expressed genes in DNA microarrays. Methods Mol Biol 224: 149–157.
35. Zhang B, Kirov S, Snoddy J (2005) WebGestalt: an integrated system for

exploring gene sets in various biological contexts. Nucleic Acids Res 33: W741–

748.
36. Duncan D, Prodduturi N, Zhang B (2010) WebGestalt2: An updated and

expanded web-based gene set analysis toolkit. BMC Bioinformatics 11: P10.
37. Homayouni R, Heinrich K, Wei L, Berry MW (2005) Gene clustering by latent

semantic indexing of MEDLINE abstracts. Bioinformatics 21: 104–115.

Expression Levels Associated with Weight Change

PLOS ONE | www.plosone.org 10 March 2013 | Volume 8 | Issue 3 | e59962


