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Abstract

Objective—Higher body mass index (BMI) increases the risk of meniscus injury and knee

osteoarthritis (OA). However, it is unknown if and how obesity affects meniscus biology. We

analyzed transcriptome-wide gene expression profiles of injured human menisci to test the

hypothesis that meniscal gene expression signatures relate to patient BMI.

Methods—Meniscus samples were collected from patients undergoing arthroscopic partial

meniscectomy. Transcriptome-wide analysis of gene expression followed by validation of selected

transcripts by QuantiGene Plex assay was performed. Correlations of gene expression with BMI

and relative fold-changes in three BMI categories [lean (LN; BMI=18.5–24.9 kg/m2), overweight

(OW; BMI=25.0−29.9 kg/m2), obese (OB; BMI>30.0 kg/m2)] were analyzed and integrated

functional classifications were probed computationally.

Results—OB/OW comparison resulted in the largest set of differences (565-transcripts) followed

by OB/LN (280-transcripts) and OW/LN (125-transcripts) comparisons. Biologic reproducibility

was confirmed by cluster analysis of expressed transcripts. Differentially regulated transcripts

represented important functional classifications. Transcripts associated with oxygen-transport,

calcium-ion-binding, and cell-homeostasis were elevated with BMI while those related to

*Corresponding author Robert H. Brophy, M.D., Department of Orthopaedic Surgery, Washington University School of Medicine, at
Barnes-Jewish Hospital, 14532 South Outer Forty Drive, Chesterfield, MO 63017 United, States Ph: 314-514-3564; Fax:
314-514-3689; brophyr@wudosis.wustl.edu.

Financial conflict of interest
L.J.S. owns stock or stock options in ISTO Technologies and receives royalties from Merck/Millipore for a type IIA collagen N-
propeptide enzyme-linked immunosorbent assay. M.F.R., D.P. and R.H.B. have nothing to disclose.

Competing interests
No, there are no competing interests.

Author contributions
All authors were involved in drafting and revision of the manuscript and all authors approved the final version to be published. Dr.
Brophy had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the data
analysis.
Study conception and design: Sandell, Brophy, Rai.
Acquisition of data: Brophy, Rai, Patra.
Analysis and interpretation of data: Rai, Patra, Sandell, Brophy

NIH Public Access
Author Manuscript
Arthritis Rheumatol. Author manuscript; available in PMC 2015 August 01.

Published in final edited form as:
Arthritis Rheumatol. 2014 August ; 66(8): 2152–2164. doi:10.1002/art.38643.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



extracellular-matrix-deposition, cell-migration, and glucosamine-metabolic-processes were

repressed. While these functional classifications may play key roles in cartilage/meniscus

homeostasis, failure of extracellular-matrix-deposition and increase in calcium-ion-binding likely

contribute to OA development following meniscal injury.

Conclusion—Our results indicate greater differences in gene expression between OB/OW

category rather than OW/LN category. This may indicate that there is a weight-threshold at which

injured meniscus responds severely to increased BMI. BMI-related changes in gene expression

present a plausible explanation for the role of meniscal injury in OA development among obese

patients.

Keywords

Body mass index; Obesity; Meniscus; Transcriptome analysis; Osteoarthritis

INTRODUCTION

Obesity, a pandemic health problem characterized by high body mass index (BMI),

increases the mechanical burden on weight-bearing joints like the knee and hip (1, 2). In the

knee, increased BMI is associated with a greater risk for meniscal tears, meniscectomy (3–

5), and development of osteoarthritis (OA) (6–8). Meniscectomy, in which the torn fragment

of meniscus is resected, is extremely prevalent such that in the US alone 465,000−690,000

partial meniscectomies are performed annually (9, 10).

There is overwhelming evidence that obesity affects both weight-bearing joints and non-

weight bearing joints through increased loading as well as over expression of

proinflammatory metabolic factors (9, 11, 12). Additionally, a general consensus is that both

mechanical and biochemical links exist between obesity and OA (12, 13). Elevated BMI is a

strong, but potentially preventable and modifiable, risk factor for OA of the knee (8, 14–16).

While biomechanical and biochemical theories abound, there is surprisingly little scientific

evidence that links molecular changes in the biology of the knee to obesity.

A recent study in our laboratory demonstrated a relatively benign effect of BMI on the

expression levels of selected obesity- and OA-related genes in injured meniscus (17).

However, it is not clear how obesity modulates overall gene expression in the meniscus,

which might in turn affect knee joint homeostasis. In the present study, we have investigated

the effects of BMI on the gene expression profile of human injured meniscus through

transcriptome-wide gene expression analysis to test the hypothesis that meniscal gene

expression signatures relate to patient BMI. If BMI is an important determinant of gene

expression changes in the meniscus, these findings could provide molecular insights into

understanding of how and why meniscus tears, and the subsequent development of OA, are

associated with obesity.
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MATERIALS AND METHODS

Patients and tissue samples

The study was approved by Institutional Review Board and a written informed consent was

obtained by study subjects. The torn segment of the injured meniscus was resected from 12

patients during their meniscal surgeries. This is the same set of tissues previously used to see

gene expression differences by age (18). For the current study, these tissues were divided

into three categories based on patients’ BMI: LN (BMI 18.5–24.9 kg/m2), OW (BMI

25.0−29.9 kg/m2) and OB (BMI >30.0 kg/m2) (19). The mean BMI of LN category was

22.20±1.68 kg/m2, of OW category was 26.32±0.32 kg/m2 and that of OB category was

34.49±3.10 kg/m2 (Table-1).

Microarray hybridization

RNA was extracted using a combination of TRIzol reagent (Invitrogen, Carlsbad, CA) and

Minispin columns (Qiagen, Valencia, CA) (17). RNA quality control was performed by

2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Microarray hybridization was

done at Washington University Genome Technology Access Center according to standard

protocols (18). Briefly, aliquots of total RNA were amplified according to the specifications

of the ABI-Ambion MessageAmp Totalprep RNA Amplification Kit (Life Technologies,

Grand Island, NY). The labeled samples were hybridized to HumanHT-12-v4 Expression

Beadchip (Illumina Inc., San Diego, CA), incubated with streptavidin-Cy3 and scanned on

the Illumina BeadArray Reader. The raw microarray data (GSE 45233) has been deposited

in the Gene Expression Omnibus (GEO, http:www.ncbi.nlm.nih.gov/projects/geo) (20).

Data mining and statistical analysis

To ensure that the data was normally distributed, all the data were converted to log-2 space.

Quantile normalization was applied to adjust gene expression values. To identify

differentially expressed genes in the injured meniscus in response to BMI two-way Analysis

of Variance (ANOVA) was performed using Partek Genomics Suite v6.6 (Partek Inc., St.

Louis, MO) in which the data was adjusted for age. We did not include an interaction term

for BMI and age. Age was added as a factor along with BMI and was treated as a nominal

variable (≤40 years or >40 years). The analysis further used Fisher’s Least Significant

Difference post hoc test to compare the gene expression differences among three BMI

categories. Genes were considered differentially expressed only with an unadjusted P value

of the comparison ≤0.05 since a false discovery rate (FDR) at 0.05 level was very restrictive.

Pearson’s correlations were computed to see which genes were significantly positively or

negatively correlated with BMI.

To restrict the number of differentially regulated transcripts to only the most significant

changes, an arbitrary cutoff of absolute fold-change of ≥1.5 was applied. Three analytical

ANOVA comparisons viz., OB versus LN (OB/LN), OW versus LN (OW/LN), and OB

versus OW (OB/OW) were made with each category having four biological replicates

(Table-1).
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From the microarray analysis the following information was extracted: 1) number of

transcripts differentially expressed between any two BMI categories and among all three

ANOVA comparisons, 2) fold-change differences of gene expression, 3) correlation

coefficients for genes correlated with BMI and 4) functional classifications based on

enrichment score and statistical significance.

To enhance the biological interpretation of large set of genes derived from microarray,

grouping of genes based on functional similarity was achieved using the Database for

Annotation, Visualization and Integrated Discovery (DAVID; http://david.abcc.ncifcrf.gov/

home.jsp) (21). These tools generated a gene-to-gene similarity matrix based on a shared

functional annotation using more than 75,000 terms from 14 functional annotation sources.

The clustering algorithms classified highly related genes into functionally related groups.

Summary information provided by the Functional Classification Tool is extensively linked

to DAVID Functional Annotation Tools and to external databases allowing further detailed

exploration of gene and term information. The Functional Classification Tool provides a

rapid means to organize large lists of genes into functionally related groups to help unravel

the biological content captured by high throughput technologies. The significance of the

association between the differentially expressed transcripts and the specific biological

processes in DAVID was analyzed using highest stringency so that only highly significant

and most relevant functional classifications could be identified. In addition, selecting high

stringency removed the otherwise loose, broader and larger numbers of clusters and kept

only the more tightly associated genes in each cluster.

Heat maps, Venn diagrams and volcano plots were generated to get a pictorial overview of

the differentially expressed genes. Heat maps used a grid linked by a dendrogram to

hierarchically cluster genes. Venn diagrams are graphic techniques commonly used to

illustrate overlap of genes among various groups. The volcano plots were used to visualize

both P values and fold changes of genes at the same time. These plots also allowed for quick

identification of differentially expressed genes with a quantifiable level of expression.

QuantiGene Plex assay validation

To validate the differences in gene expression variation by BMI by ANOVA, we used

Affymetrix QuantiGene Plex assay (Panomics Inc., Fremont, CA) (18), a branched-chain

DNA-based technology. The quantification of RNA was carried out in biological and

technical replicates using the QuantiGene Plex 2.0 assay kit (Plex set # 312184, http://

www.panomics.com).

RESULTS

Quantitative transcriptomic differences based on BMI

The largest significant differences in age adjusted gene expression among the three BMI

categories was seen between OB and OW comparison (2213, 4.6%; 1113 up-regulated, 1100

down-regulated followed by OB/LN (1614, 3.4%; 809 up-regulated, 805 down-regulated)

and OW/LN comparisons (1306, 2.7%; 659 up-regulated, 647 down-regulated). The

numbers of genes up-regulated or down-regulated were relatively similar within each
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comparison (Fig. 1A). This accounted to a total of 5133 transcripts differentially regulated

across all three BMI categories. There were 914 transcripts common to OB/LN and OB/OW

comparisons, 649 transcripts common to OB/OW and OW/LN, and 379 transcripts common

to OB/LN and OW/LN comparisons (Fig. 1B). To identify transcripts with the highest

significant difference, the analysis was restricted to transcripts showing fold-changes ≥1.5

and P< 0.05. By these criteria, the number of differentially regulated transcripts was reduced

to about 19% (970 transcripts from 5133 transcripts). The largest set of differences in

number of transcripts was again seen in OB and OW comparison (565), followed by OB and

LN (280) and OW and LN comparisons (125) (Fig. 1C). Table 2 lists the top 15 genes

exclusively regulated for each comparison.

After fold-change adjustment at 1.5, the number of down-regulated transcripts for OB/LN

and OB/OW comparisons was lower than the number of up-regulated transcripts. However,

in OW/LN comparison less transcripts (51) were up-regulated than down-regulated (74)

(Fig. 1C). The number and overlaps of differentially expressed transcripts for each

comparison are shown in Fig. 1D. The number in the overlapping parts of the circles

represents transcripts common to both comparisons. Interestingly, only one gene, CHST15

[carbohydrate (N-acetylgalactosamine 4-sulfate 6-O) sulfotransferase 15] was found to be

significantly differentially regulated in all three BMI categories.

There were 280 transcripts (Supplementary Table-1) differentially regulated in OB/LN

comparison. Since this comparison represents two extremes of BMI, we assumed that an

OB/LN comparison would allow for the largest change in the number of transcripts

differentially expressed than in other comparisons, and that the changes between OW and

LN or between OB and OW categories would be subsets of the changes between OB and LN

categories. However, this was only partially true for differentially expressed genes for

OB/OW comparison since 30% of the transcripts (194) were common between OB/LN and

OB/OW comparisons while only a small (< 4%) number of transcripts (14) were common

between OB/LN and OW/LN comparisons (Fig. 1D). This indicates that more changes in

gene expression exist between LN and OB categories and between OB and OW categories

with fewer differences between OW and LN subjects. In addition, the highest number of

differentially regulated transcripts was observed for OB/OW comparison (565,

Supplementary Table-2) with a lower number of transcripts (118) in OW/LN comparison

(Supplementary Table-3). There were 64 transcripts common to both OB/OW and OW/LN

comparisons (Fig. 1D).

We found 3086 transcripts differentially regulated by BMI indicating that gene signatures in

meniscus diverge based on BMI. To visualize the trend of differentially regulated transcripts

and to appreciate the differences among the three BMI categories, we generated a heat-map.

The hierarchical clustering showed that based on gene expression signatures, the three BMI

categories indeed clustered uniquely (Fig. 1E).

To pictorially depict P values and the fold-changes simultaneously for the differentially

regulated transcripts, volcano plots were generated (Fig. 1F–H). These plots indicate the

trend of transcript expression in both direction and significance. The transcripts landing on

upper right or left regions have the smallest P value with larger absolute fold-change. In
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contrast, the transcripts landing on the upper middle region have a smaller fold-change

though with significant P values (P < 0.05). The transcripts appearing on the lower left or

right regions have larger fold-changes (biologically significant) though with higher yet

statistically significant P values.

Genes commonly regulated among the three BMI categories

Several genes were commonly regulated in any comparison between any two BMI

categories. There were 52 genes common to all three BMI categories without restriction of

fold change (Fig. 1B). However, after the fold-change adjustment only a single gene

(CHST15) was found to be significantly differentially regulated (P=0.003) by BMI in all

three categories. CHST15 was found to be down-regulated (1.53-fold) in OW category

compared to LN (P=0.033) and up-regulated in OB category compared to both OW (2.31-

fold, P=0.0009) and LN (1.51-fold, P=0.038) categories.

There were 194 transcripts (Supplementary Table-4) common to OB/LN and OB/OW

comparisons. Among these, 130 transcripts were up-regulated while 64 were down-

regulated in OB compared to both LN and OW categories. The up-regulated transcripts were

mainly associated with oxygen transport (enrichment score = 4.93; P < 0.001), oxygen

carrier (enrichment score = 4.11; P < 0.001) and calcium binding region (enrichment score =

3.28; P <0.001). The down-regulated transcripts in OB mainly represented extracellular

matrix (enrichment score = 2.09; P=0.0035) and cell morphogenesis involved in cell

differentiation (enrichment score = 1.36; P = 0.02). Between OB/OW and OW/LN

comparisons, 64 transcripts were commonly regulated (Supplementary Table-5) with 14

transcripts being up-regulated and 50 transcripts being down-regulated in OW compared to

both OB and LN categories. No significant differences by biological process were identified

when analyzed by DAVID. Finally, only 14 transcripts (supplementary Table-6) were

common to both OB/LN and OW/LN comparisons of which 4 transcripts were up-regulated

in LN and 10 transcripts were down-regulated in LN category compared to both OB and

OW categories. Again, none of these transcripts represented a common biological process.

Validation of microarray

To confirm the accuracy of the microarray data, 26 of the differentially expressed transcripts

were validated by QuantiGene Plex assay. The criterion for their selection was significant

differential expression in any two comparisons. A microarray transcript was validated if the

fold-change obtained for the analysis of the QuantiGene Plex assay was in the same

direction as the fold-change obtained from microarray analysis for the 26 selected genes.

Overall the QuantiGene Plex assay results were highly concordant with microarray data. The

differential expression of 25 out of 26 transcripts demonstrated by QuantiGene Plex assay

showed their expression to be in the same direction as that indicated by microarray

suggesting that the expression of these genes was truly different between the different BMI

categories (Table-3).

Transcript correlations with BMI

To further investigate genes highly correlated with BMI, we calculated Pearson’s correlation

coefficients. We found that a total of 2841 transcripts were correlated with BMI. Among
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these, 1360 transcripts were positively correlated with BMI i.e. their expression increased

with rise in BMI and 1481 transcripts were negatively correlated with BMI i.e. their

expression decreased with rise in BMI. The top 20 transcripts in each correlation are shown

in Table 4.

Functional classification

To identify the most meaningful biological processes linked to BMI-dependent changes in

transcript expression, we performed functional classification of genes, which were

exclusively regulated in each comparison (Fig. 1D). In OB/LN comparison, transcripts

related to extracellular matrix (enrichment score = 2.90; P < 0.001) and metal ion binding

(enrichment score = 1.33; P = 0.041) were found to be significantly down-regulated while

those involved in oxygen transport (enrichment score = 4.51; P < 0.001), oxygen carrier

(enrichment score = 3.78; P < 0.001) and calcium binding region (enrichment score = 2.97;

P < 0.001) were up-regulated. In OW/LN comparison, transcripts related to axon guidance

(enrichment score = 0.84; P = 0.031) were down-regulated in OW category while no

significant processes up-regulated in OW category were recognized. Lastly, in OB/OW

comparison, several biological processes including oxygen transport (enrichment score =

4.33; P < 0.001), oxygen carrier (enrichment score = 3.762; P < 0.001) and calcium binding

region (enrichment score = 2.39; P = 0.002) were significantly up-regulated. Three

processes were significantly down-regulated: glucosamine metabolic process (enrichment

score = 1.99; P = 0.009), cell morphogenesis involved in differentiation (enrichment score =

1.33; P = 0.031) and regulation of leukocyte migration (enrichment score = 1.24; P = 0.009).

The functional classifications and relevant transcripts are summarized in Table 5.

DISCUSSION

This study is the first that compares comprehensive gene expression profiles of injured

human meniscus in relation to patients’ BMI. The most important finding is that both

individual genes and sets of coordinately expressed genes diverge based on BMI.

Interestingly, the greatest difference in gene expression was between OB and OW

individuals. This finding suggests that weight gain sufficient to convert overweight patients

to obese could have a very detrimental effect on the biology of the meniscus. Several studies

have suggested that loss in weight results in reduced incidence of OA in the knee (14–16,

22). Our study suggests that losing weight when obese could have a beneficial molecular

and biological effect on the meniscus, perhaps reducing the risk for meniscal injury and

subsequent progression to OA. Clinically, it has been shown that weight loss due to bariatric

surgery or by other means leads to decreased knee pain and improved knee function in obese

patients with OA (22, 23).

The transcripts up-regulated in OB compared to both LN and OW categories represented

increased oxygen transport and calcium ion binding, and suppression of extracellular matrix

deposition. Interestingly, only one transcript (CHST15) was common to all three

comparisons. CHST15 is a sulfotransferase, which sulfates the GalNAc residues of

chondroitin polymers (24) and transfers sulfate to the carbon-6 of an already 4-O sulfated

GalNAc residue producing over-sulfated chondroitin sulfate E (25). Genome-wide
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association studies, designed to study the genetic contribution to OA have recently shown

that a related gene CHST11 is a candidate for association with OA (26). Transcripts

associated with extracellular matrix synthesis were down-regulated in OB category

suggesting a higher risk of developing meniscus degeneration from the excessive

mechanical stress on the knee joint in the obese population. Increased degenerative changes

in the meniscus are associated with aging and obesity and may be driven by the inability to

maintain extracellular matrix deposition. Thus, it seems that obese people may be at a

disadvantage because of the inability to synthesize extracellular matrix compounded by the

up-regulation of calcium-ion binding seen in the meniscus following injury. This speculation

is in line with several other experimental studies in which it has been shown that under

specific conditions overload may trigger both inhibition of extracellular matrix synthesis and

degradation of articular cartilage (11, 22, 27).

It is interesting that the extracellular matrix components identified in this study that change

with obesity are not COL2A1 or ACAN, the classical markers for hyaline cartilage, which

were shown by our analysis to be down-regulated in the aging meniscus (18). Here, other

matrix components e.g. MMP28, CTHRC1, ZP4, LAMB1, NID2, MFAP2, and ADAMTSL1

were dysregulated. In addition, we have previously shown that the expression of

extracellular matrix genes also varied based on age and, whether or not the anterior cruciate

ligament was also injured (28). Thus, with increasing age and BMI both structural

components of the meniscus deteriorate, making a combination of increased BMI and age

particularly detrimental to meniscus homeostasis.

In addition to the down-regulation of extracellular matrix biological process, patients with

higher BMI were found to exhibit higher calcium ion binding. Elevated calcium ion binding

has previously been reported in meniscus tissues from OA knees (29). Several lines of

evidence suggest that an increased deposition of calcium crystals promotes joint degradation

(30–32). Furthermore, a reduction in the amount of calcium deposition has also been shown

to decrease cartilage degradation in guinea pigs (33). Small calcium-binding S100 proteins

have been implicated in a variety of inflammatory conditions, including OA. Therefore, it is

likely that increased calcium ion binding in obese individuals due to higher BMI could

foster the initiation and progression of OA. This situation is further augmented by loss of

extracellular matrix deposition, commonly observed in the presence of calcium crystals (30–

32).

A set of genes (HBG1, HBG2, HBD, HBM, HBQ1) associated with oxygen transport and

oxygen carrier (i.e. blood gas transport) was elevated in OB category. These genes have also

been reported to be up-regulated in peripheral blood mononucleated cells obtained from

patients with pulmonary hypertension (34) which is associated with obesity (35). This

observation is consistent with our analysis and suggests the involvement of these genes in

pathophysiological changes associated with obesity.

Gene correlation analysis showed that NAIP (an apoptosis inhibitory protein) was strongly

and significantly associated with BMI. Other apoptosis inhibitor genes such apoptosis

inhibitor of macrophage (AIM) is involved in obesity-associated recruitment of

inflammatory macrophages into adipose tissue where it induces inflammation in adipocytes
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(36). Since both obesity and OA are low grade inflammatory conditions [reviewed in (37)],

elevated NAIP may contribute to higher inflammation in obesity and OA.

Because the gene expression signatures from samples obtained from OB category are the

most different (even compared to that of OW patients), it may suggest that either there is a

weight threshold at which the meniscus responds severely or that the metabolic syndrome or

amount and quality of adipose tissue present in OB patients drives meniscal gene expression

changes in OB patients. There is little if any understanding of the molecular response of

meniscus to altered loading. Previous studies (38–40) have shown that the meniscus

experiences a broad range of compressive stress both in terms of space and time, which

could be an important confounding factor for meniscal gene expression. In addition, some

studies have demonstrated zonal differences in the molecular profile of the meniscus,

perhaps resulting from differences in weight bearing across the zones of the meniscus (41,

42). However, no previous study has established a weight threshold at which major changes

in gene expression occur. Our study is the first to provide strong evidence that an increase in

body weight from OW to OB has a profound effect on meniscus gene expression.

A general consensus is that genes related to inflammation and lipid metabolism are up-

regulated in the adipose tissues (or fat pad) of obese individuals compared to non-obese ones

(43, 44). The studies supporting this notion were conducted primarily on adipose tissues and

demonstrate that genes related to inflammation and metabolic processes are up-regulated in

these tissues. While it might be reasonable to expect similar changes in meniscal tissue, we

could not detect any. Since gene expression related to inflammation and lipid metabolism

did not differ in the meniscus based on BMI, it suggests other mechanisms mediate the

effect of body weight on the meniscus.

A major limitation of the current study is a lack of data pertaining to the uninjured meniscus.

However, given the association between obesity, meniscus injury and the development of

OA, the injured meniscus may be the optimal model to study this relationship. While the

focus of the current study is to provide a list of transcripts that are differentially regulated

among various BMI categories, it would be of great value in the future to perform

histological analysis of the injured and uninjured meniscus tissues to confirm these

pathways and biological processes differ at the protein level by use of other techniques such

as immunohistochemistry.

Another limitation is that we did not filter the data based on FDR. There is a tradeoff

between increasingly stringent criteria to avoid false-positive discoveries and making

criteria so strict that true effects are not identified (45). In the current investigation, similar

to previous studies (46,47), we have independently validated the microarray gene expression

differences using RNA from the same patient cohort through QuantiGene Plex Assay,

suggesting this assay can be used to validate a subset of transcripts identified from

microarray platforms with unparalleled precision. A higher-powered study could identify

potential false-positive findings, if any, associated with the current analysis.

Also concerning is the possibility that transcripts may have a biologically significant

increase in expression without a statistically significant change in expression. Transcripts,

Rai et al. Page 9

Arthritis Rheumatol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



which are differentially expressed at very high fold change but without a significant P value

(<0.05) indicate a large inter-group or inter-sample variation. Since modern methods may

identify genes with arbitrarily small fold change as statistically significant, it has become

increasingly common to require that differentially expressed transcripts satisfy both p value

and fold-change criteria simultaneously (48–50). To circumvent the potential limitations

associated with filtering criterion and to interpret the true biological significance of the fold

change differences, an entirely new validation cohort could be helpful in the future.

In summary, computational cluster analysis revealed that gene expression in human injured

meniscus relates to patient BMI in this hypothesis generating study. Interestingly a larger set

of differentially expressed transcripts was identified between OB and OW categories than

OB and LN categories. The differentially expressed transcripts identify important biological

processes that could explain the biological impact of BMI on the generalized response of

meniscus to injury and contribute to the elevated risk for development of OA in obese

patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Pictorial representation of microarray data
Transcriptome analysis of human injured meniscus from lean (LN, BMI 18.5–24.9 kg/m2),

overweight (OW, BMI 25–29.9 kg/m2) and obese (OB, BMI ≥30 kg/m2) patients was

performed. The numbers of up-regulated and down-regulated genes in the three comparisons

(OB/LN, OB/OW, and OW/LN) without (A) or with (C) restriction of fold-change are

shown. Venn diagrams representing the number of differentially expressed genes in each

comparison and the overlaps between the three comparisons are shown for any fold-change

(B) or at a fold-change set at ≥1.5 only (D), with the numbers of differentially expressed

genes shown in parenthesis for all three comparisons. The numbers shown in overlapping

areas depict the number of genes common to two or more comparisons. Hierarchical

clustering representing the transcripts that were significantly (P<0.05) and differentially

regulated by BMI is shown (E). Each vertical row represents a sample and each horizontal

line represents a single gene. Down-regulated genes are shown in green while up-regulated

genes are shown in red. The volcano plots of differentially expressed genes (P<0.05) for the

three comparisons are also shown (F–H). The X-axis represents the fold-change and Y-axis

represents the P value of the ANOVA analysis. Using a stringent criterion (P<0.05, fold-

change ≥1.5-fold), there were 257, 118 and 508(after removing duplicate and non-annotated

genes) for OB/LN, OW/LN and OB/OW categories respectively were selected. Gene x has

the lowest P value in this category and therefore is statistically the most significant, while

gene y is around 8-fold up-regulated depicting its biological significance. Green circles

represent down-regulated genes whereas red circles denote up-regulated genes. N/C = no

change
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Table 4*

Pearson correlation coefficients for genes correlated with BMI

Genes positively correlated with BMI

Symbol Gene name r P

NAIP NLR family, apoptosis inhibitory protein 0.89 <0.001

GPR98 G protein-coupled receptor 98 0.87 <0.001

IGLL1 immunoglobulin lambda-like polypeptide 1 0.86 <0.001

ADAM10 ADAM metallopeptidase domain 10 0.86 <0.001

BMF Bcl2 modifying factor 0.85 <0.001

KRTAP9–8 keratin associated protein 9-8 0.85 <0.001

STEAP1 six transmembrane epithelial antigen of the prostate 1 0.85 0.001

PASK PAS domain containing serine/threonine kinase 0.84 0.001

S100A8 S100 calcium binding protein A8 0.83 0.001

HBG2 hemoglobin, gamma G 0.83 0.001

S100A9 S100 calcium binding protein A9 0.83 0.001

CA1 carbonic anhydrase I 0.82 0.001

SELL selectin L 0.82 0.001

RAD51AP2 RAD51 associated protein 2 0.82 0.001

SNORA2A small nucleolar RNA, H/ACA box 2A 0.82 0.001

ANKRD42 ankyrin repeat domain 42 0.82 0.001

HBM hemoglobin, mu 0.82 0.001

FSCN2 fascin homolog 2, actin-bundling protein, retinal 0.82 0.001

LTB lymphotoxin beta 0.82 0.001

FFAR2 free fatty acid receptor 2 0.82 0.001

Genes negatively correlated with BMI

PBOV1 prostate and breast cancer overexpressed 1 −0.89 <0.001

ISG20L2 interferon stimulated exonuclease gene 20kDa-like 2 −0.89 <0.001

G6PC glucose-6-phosphatase, catalytic subunit −0.88 <0.001

EPS15L1 epidermal growth factor receptor pathway substrate 15-like 1 −0.88 <0.001

ENHO energy homeostasis associated −0.86 <0.001

YY1 YY1 transcription factor −0.85 <0.001

PCDHGB7 protocadherin gamma subfamily B, 7 −0.85 <0.001

PLEKHG2 pleckstrin homology domain containing, family G (with RhoGef domain) member 2 −0.84 0.001

TNFSF12-TNFSF13 tumor necrosis factor (ligand) superfamily, member 12 , 13 −0.84 0.001

NID2 nidogen 2 −0.84 0.001

ZFP64 zinc finger protein 64 −0.84 0.001

ZNF212 zinc finger protein 212 −0.84 0.001

HIATL1 hippocampus abundant transcript-like 1 −0.83 0.001

U2AF1 U2 small nuclear RNA auxiliary factor 1 −0.83 0.001

TNFSF15 tumor necrosis factor (ligand) superfamily, member 15 −0.82 0.001
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Genes positively correlated with BMI

Symbol Gene name r P

PI15 peptidase inhibitor 15 −0.82 0.001

RPUSD2 RNA pseudouridylate synthase domain containing 2 −0.82 0.001

ARHGAP8 Rho GTPase activating protein 8 −0.82 0.001

WHAMM WAS protein homolog associated with actin, golgi membranes and microtubules −0.82 0.001

SNAI2 snail family zinc finger 2 −0.82 0.001

BMI = body mass index; r = correlation coefficient;

*
only top 20 genes from each category are shown here.
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