Original Article

The computational analysis of human testis
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ABSTRACT

AIMS: The purpose of this study was to identify the differentially expressed genes
(DEG) in human testis and also evaluate the relationship between human testis, human
Embryonic Stem Cells (hESC), mouse testis and mouse ESCs (mESC). SETTINGS AND
DESIGN: It is a prospective analysis designed computationally. Methods and Material:
The microarray data for human testis, hESCs, mouse testis and mESCs were obtained from
NCBI-GEO and analyzed for identification of DEGs. The results were then compared with
mouse testis and extended to ESCs. STATISTICAL ANALYSIS USED: Data was analyzed
in R using various Bioconductor packages. To identify DEGs, 2-fold cut-off and a False
Discovery Rate (FDR) below 0.01 criterions was used. RESULTS: A total 2868 transcripts
(DEGs) were found to be significantly up-regulated and 2011 transcripts significantly
down-regulated in human testis compared to other normal tissues. Of the up-regulated
transcripts, 232 transcripts were grouped as unclassified i.e. had unknown annotations
at the time of analysis. Gene Ontology (GO) based functional annotation of testis specific
DEGs indicate that most of the DEGs (~80%) are involved in various metabolic processes.
Pathway analysis shows over-representation of Ubiquitin-mediated proteolysis pathway.
A core group of 67 transcripts were found to be common among human testis, mouse
testis, hESCs and mESCs. CONCLUSIONS: Testis seems to be metabolically very active
relative to other normal tissues as indicated by functional annotation. The comparison of
human and mouse testis shows conserved functions and pathways involved in both species.
Large numbers of genes were found conserved between testis and ESCs suggesting very
close expression level relationship between reproductive organs and complex phenomenon
such as dedifferentiation and reprogramming.

KEY WORDS: ESC, microarray, pluripotency, spermatogenesis, testis

Access this article online

Quick Response Code:

Website:

www.jhrsonline.org

DOI:
10.4103/0974-1208.106339

INTRODUCTION

The Indian Council of Medical Research
(ICMR) recently conducted a nationwide
study on infertility and places the percentage
at 15-18. Of these, in up to 50 percent of
cases it is the male factor or the husband
who is responsible for the infertility.!'! The
mammalian testicle is the male gonad and
like ovary, testis is one of the very important
tissues of both reproductive system and
endocrine system. Testis is responsible
for number of extraordinary biological
processes. Spermatogenesis is one such
complex process that occurs in the testis and is
dependent on successful testis development
and includes mitosis of diploid germ cells,
meiosis and morphological differentiation
of post-meiotic germ cells.! Development

of viable spermatids during spermatogenesis
and production of androgens such as
testosterone are few of the pivotal roles
played by testis in fertility and reproduction.

In the recent times high throughput
technologies have taken the center stage
in biological research. Oligonucleotide
based microarray chips such as Affymetrix
GeneChips and others enable the
simultaneous measurement of the expression
levels of tens of thousands of genes
from a particular mRNA sample.! Such
high-throughput expression profiling can be
used to compare the level of gene expression
in clinical conditions in order to identify
diagnostic or prognostic biomarkers, classify
diseases, monitor response to therapies and
understand the mechanisms involved in
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the genesis of disease processes.! For these reasons DNA
microarrays are considered important tools for discovery
in clinical and molecular medicine.

In 2004, Su et al., have analyzed the transcriptomes of
many tissues including testis in both human and mouse
Although this provided valuable information about
the expression of genes in various tissues, these studies
did not present comprehensive picture of human testis
transcriptome because of limited coverage of probesets on
the chips (Affymetrix U95A platform was used in the study
which had 12675 probesets).! Attempts have been made
to address this problem using candidate gene approaches
employing RT-PCR and differential display. In addition
serial analysis of gene expression (SAGE), cDNA libraries
were generated from mouse testis and SAGE tags and
expressed sequence tags were sequenced in the testis.[!
However, these molecular approaches resulted in a small
number of genes analyzed in each sample. The current
status suggests, analysis the transcriptome generated from
recent technologies (Affymetrix HGU133plus2.0 arrays
containing 54675 probesets) and improvised algorithms
might provide more reliable and valuable additional
information about the biological phenomenon.

There have been reports of isolating embryonic stem
cell ‘like” cells from adult human testis, indicating the
potential of testicular cells to develop into multipotent
cells when given proper niche.®! It is also known that,
testis similar to stem cells gives rise to terminally
differentiated spermatocytes. Identifying the genes in
testis that are essential for spermatogenesis, endocrine
system, gametogenesis, inducing pluripotency and other
similar functions may provide the molecular basis of tissue
specific regulation, cellular reprogramming in reproductive
and developmental biology. This opens a new therapeutic

Table 1: Datasets used in this article

opportunities relevant to reproductive biology addressing
issues such as infertility, impotency among others in males.

In this paper we performed “class comparison” experiments
i.e. identification of genes differentially expressed in a
normal testis with reference to other samples. The present
study is an attempt to understand the relationship between
normal testis, other tissues, ESC of Human and Mouse
origin.

MATERIALS AND METHODS

Microarray data

The expression datasets necessary for comparative analysis
were downloaded from NCBI-GEO.P! Further details are
furnished in Table 1. The criteria for selecting the datasets:
a) each sample should have at least three technical replicates
and b) the publication date should not be earlier to 2005.

The reference dataset for human testis was obtained from
GEO dataset GSE12034. We could not find similar kind of
reference dataset for mouse. We computationally derived a
reference dataset by calculating the median expression value
of 10 different tissues (adrenal gland, brain, diaphragm,
heart, kidney, liver, lung, muscle, pituitary gland, spleen)
not including testis (GSE9954 dataset). We selected
probesets with an expression value in mouse testis samples
that are 2 fold higher and FDR below 0.01.

Microarray data analysis

The Affymetrix CEL files containing probe intensity data
were analyzed in R using Bioconductor packages.!
Quality control analyses were carried out on probe level
model (PLM) normalized samples. Normalized Un-scaled
standard error (NUSE) boxplots, Relative Log Expression
(RLE) plots, correlation between chips were analyzed.!'>7]

Sample details GEO accession Total replicates  Platform Comments Series
number (status of (replicates published on
publication) considered) NCBI-GEO

Human testis GSE7307[unpublished] 6(3) Affymetrix Human ~ Human body index Apr 09, 2007

Genome U133 Plus  transcriptional
2.0 Array profiling
Human reference GSE12034% 3(3) Affymetrix Human  Pool of ten normal Jul 09, 2008
Genome U133 Plus  human tissues for
2.0 Array reference

Undifferentiated human GSE21668! 3(3) Affymetrix Human  Undifferentiated May 06, 2010

embryonic stem cells Genome U133 Plus  embryonic stem

(hESC) 2.0 Array cells, H9

Mouse testis and other ten ~ GSE99542 36(33) Affymetrix Mouse Large-scale analysis ~ Dec 20, 2007

tissues Genome 430 2.0 of the mouse

Array transcriptome
Mouse Embryonic Stem GSE13805!"3 3(2) Affymetrix Mouse mouse embryonic Dec 02, 2009
Cells (mESC) Genome 430 2.0 stem cell

Array
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RNA degradation procedures and other recommended
procedures for quality control were employed as explained
by Alvord ef al.'® The normalized signal intensities from
testis and reference replicates were visualized by pair wise
scatter plots in which individual chips within same group
were plotted against each other (within group). The majority
of data points representing the signal intensities for both
testis and reference chips were highly correlated for all
replicates (spearman rank correlation > 0.9).

Probe intensity data were then normalized using
Robust Multi-array Averaging (RMA), which generates
background adjustments, quantile normalization and
summarization of raw scan data in order to produce
a measure of mRNA expression levels."! It has been
demonstrated that RMA has superior precision, better

Quality Control of
chips
NUSE plot

estimation of fold change and provides high specificity and
sensitivity when analyzing fold changes to detect DEGs.®!
To identify DEGs the Linear Models for Microarray Data
(LIMMA) package was used.?! False Discovery Rates
(FDR) of pair wise comparisons were calculated using
p-values generated from LIMMA.? DEGs were selected
using a 2-fold cut-off and an FDR of <0.01 criterion.
GeneAnswers, a Bioconductor package, was used for
functional annotation of DEGs.®! The same package was
used for pathway analysis and disease ontology.* Figure 1
shows the flow chart of data analysis.

RESULTS AND DISCUSSIONS

Quality assessment of the chips
In a recent study, it is shown that approximately 10

RLE piot
Correlation between

Affymetrix Human
Genome U133 Plus 2.0 Array
54675

P NO |Ignored from | NO
FC>2; FC>2;

YES

common genes
(human testis and mouse
testis)

/FC>2; NO |ignored from | NO FC>2‘;
g 28,

YES YES

common genes
(mouse testis and mESC)

Figure 1: Flowchart of analysis process

Journal of Human Reproductive Sciences Volume 5 Issue 3 Sep - Dec 2012



Anand and Prasad: The transcriptome analysis of human testis

percent of the Affymetrix GeneChip data, available in
the public domain, is of poor quality, which emphasizes
the importance of the quality of the data obtained from
chips.®! As yet there are no standard procedures which
strictly can be followed in order to contain the artefacts,
errors and noise in microarray data. However, after
thorough literature survey, we employed the procedures
recommended by Alvord et.al for quality assessment.
NUSE, RLE, RNA degradation and other plots were plotted
and analyzed for the quality (provided as additional
material). The chips which failed to satisfy the criterion
were ignored from further analysis. Currently, quality
assessment procedures of microarray data are an active
area of research. Hence, some of the quality assessment
procedures are questioned for their efficiency. For example,
there are no clear guidelines on how large a degradation
slope must be in RNA degradation plots to categorize a
chip as good or bad chip. Our analysis shows plots that
appear to be reasonably parallel indicating good quality
chips. In addition to the chip level quality assessment,
we also implemented probe level quality check by
calling, MAS5 calls procedure to remove all probe sets
which were flagged absent. Of 54675 probe sets found on
HGU133plus 2.0 array, an average of 68% of probes had
presence calls, in both testis and reference samples. The
number of DEGs is shown in Table 2.

DEGs in human testis

The combination of 2 fold cut off and FDR < 0.01 criterion
resulted in 2868 transcripts to be differentially up-regulated
and 2011 transcripts to be differentially down-regulated
between testis and reference. The fold change of DEGs
ranged between 2.0 fold (minimum fold change) and
9.0 fold. Protamine-2, a testis specific gene involved in
condensing the sperm DNA into highly condensed, stable
and inactive complex is expressed 9 fold higher in testis.
Other testis specific genes such as Transition Protein-1
(TNP1), Capping protein muscle 2 line-alpha 3(CAP2A3)
are also found to have significant fold change (8.63 and
6.97 respectively).

One of the primary queries in the current analysis was to
understand the status of cellular reprogramming genes in
testicular cells. We examined the expression profiles of a
set of known reprogramming genes.”*! Interestingly, we
observed that ALDH1A1, KLF5, KLF11, SOX30, and SOX5

Table 2: Number of DEGs in each sample compared with
reference

Tissue Number of DEGs (up-regulated +

down-regulated)

Human testis 4879 (2868 +2011)
4792 (3139 + 1653)
6343 (4005 + 2338)

4038 (3308 + 730)

Mouse testis
hESC
mESC
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were significantly up-regulated [Figure 2]. LIN28B, shown
to be a marker of undifferentiated ESCs, was found with
a fold change of 2.63.%1 Also TAF7L, down regulation of
which causes oligospermia in men, was identified with a
fold change of 4.7

Similarly among down-regulated genes, majority of the
genes were related to defence response, immune response
and immune response system. This list includes some
well known genes such as CD36, AMBP, CRP, APOA2 and
AQP4. Expression of some of the selected down-regulated
transcripts is as shown Figure 3.

Functional annotation of genes over-expressed in human
testis

Under “Biological Processes” category of Gene Ontology
(GO) classification, top over-represented processes were
related to various “metabolic processes” (based on number
of genes found) [Figure 4]. The sum of genes within the
subcategories of every major category may exceed 100%
because some transcripts were classified into more than
one sub-category in each of the three major categories. It
can be construed from annotation results that the human
testicular cells are active in development and constantly
undergoing active metabolism, consistent with the high
energy requirements of spermatogenesis. Further analysis
revealed that around 80% of the unique genes were
involved in various metabolic processes. The biological
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Figure 2: Normalized intensity values of specific up-regulated
transcripts in all reference and human testis microarray replicates.
Note that reference and testis microarrays are labeled as ref-(n) and
testis-(n) respectively
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Figure 3: Normalized intensity values of specific down-regulated
transcripts in all reference and human testis microarray replicates.
Note that reference and testis microarrays are labeled as ref-(n) and

testis-(n) respectively
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process - “regulation of metabolic process” was also
found to be over-represented correlating with the above
“metabolic processes”.

Another biological process - “Regulation of gene
expression” was also over-represented, owing to the fact
that gene expression is tightly regulated in testis.”! The
over-representation of testis specific biological processes
such as Gamete generation, Spermatogenesis, Sexual
reproduction, male gamete generation was statistically
significant (P < 0.01).

Spermatogenesis occurring in testicular cells involves
production of mature spermatozoa with haploid DNA,
involving conformational changes of chromatin. This
process is highly dependent on chromatin re-modeling
genes and these genes were found to be significantly
expressed in the human testis. Genes in this category
include DNA methyltransferases (DNMT1, CDHC, and
LDHCL6B), ATP dependent remodelling complexes
(SMARCA4, SMARCA1, and SMARCA?2), Chromatin
modifying genes (HMGB4, HMGXB4, HMMR, and
HMGNS5), Histone methyl transferases (EHMT1, SETX,
SETDB2, and SETD2) and other chromatin modifying genes
(ASH family, ARID2, ASXL1). The in-depth analysis of GO
results revealed that most of the genes were distributed
among those subcategories indicating active role in growth
and development.

Within the Gene Ontology category of “cellular
components”, the subcategory — “intracellular components”
contained the largest amount of differentially expressed
genes in comparison to extracellular components. Cellular
components that have abundant transcripts included those
associated with cytoplasm and nucleus [Figure 4]. Also a
large number of transcripts found to be associated with
chromosome (123 transcripts), centrosome (80 transcripts),
microtubule (70 transcripts), chromatin (51 transcripts)
and cilium (50 transcripts), indicating high activity within
nuclear region.

The molecular function subcategories are most notably
associated with various “binding” functions such as protein
binding, nucleic acid binding, DNA binding and nucleotide
binding, maximum of which are representing cell-division
and cell-death, accounting for nearly 52% of total genes.

The GO based annotation not only validates our
transcriptome analysis, more importantly, it’s shedding
new light into large number of biological processes (333
GO BP categories in this case) that take place in human
testis.

Disease ontology studies shows the up regulation of

diseases specific to testis such as infertility in male, testicular
dysfunction, further validating our analysis [Figure 5].

Pathway analysis

Pathways involved in testis are analyzed using
GeneAnswers package. According to our pathway analysis
results, 209 genes were assigned to specific pathways.
A cluster of genes are found to be expressed within the
Ubiquitin mediated proteolysis pathway.

Ubiquitin is a small, highly-conserved regulatory protein
which is ubiquitously expressed in eukaryotes. Its most
prominent function is to label proteins for proteasomal
degradation. Ubiquitin and proteosomal subunits are
found in human sperm centromere. It undergoes dramatic
reduction during spermatid elongation. Ubiquitin also

Number of Genes
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Figure 4: Functional annotation of differentially expressed genes
found in human testis with known Gene Ontology annotations

Top 5 Categories Distribution based on p value

Ataxia telangiectasia .

, Coronavirus infection

“Infertility, Male”

pvalue

!
Testicular dysfunction

Figure 5: Disease ontology of testis up-regulated genes based on
P values
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plays important role in replacement of histones with
protamines in spermatids, and in promoting maternal
inheritance of mitochondrial DNA (mtDNA) in mammals.
Defective spermatozoa become surface ubiquitinated
during sperm descent down the epididymis.B!Y A total
of 23 genes involved in ubiquitin mediated proteolysis
pathways were found to be up regulated. In addition, all
three classes of ubiqutin enzymes - E1, E2 and E3 are found
to be active in testis. The observations of high activity in
metabolic processes perfectly correlates to the function of
testis i.e. spermatogenesis.

The higher abundance of E3 czlass of enzymes, which are
known as “ubiquitin protein ligases”, was found followed
by E2 class of enzymes, known as “Ubiquitin conjugating
enzymes”. A Total of 23 genes of the Ubiquitin mediated
proteolysis pathway are differentially expressed with fold
change greater than 2. The general descriptions of pathway
and genes up-regulated along with corresponding fold
change are shown in Figure 6.

Comparison of human testis and mouse testis transcriptome
In order to find the similarity between human and mouse
testis, we compared human testis transcriptome with mouse
testis transcriptome (further details in Methodology section).
Mouse transcriptome had 3139 trascripts up-regulated
(FDR<0.01 and fold change>2), against 2868 transcripts in
human. We compared differentially up-regulated genes
in human and mouse testis and found 634 genes to be
common. Functional annotation of these 634 homologous
genes reproduced the same results as that of human testis
data, with almost same number of genes over-represented in
testis specific biological processes such as spermatogenesis,
male gamete generation, gamete generation and sexual
reproduction [Figure 7]. Top 20 categories according to GO
Biological process of the homologous genes are represented
by pie chart in Figure 8. Pathway analysis reproduced the
same results showing over-representation of genes involved
in Ubiquitin mediated proteolysis. The homologous genes
of this pathway include Cb1, Pias2, Ubc2jl, Fzrl, Pias4,
Trim37, Smurfl, Ubc2s, and Ubc2u. Our analysis shows
the conserved function of testicular genes and pathways
in mouse and human.

Considering the high degree of similarity between mouse
and human, these 634 genes deserve particular attention
and must be considered for future candidate gene approach
studies related to Spermatogenesis, Oligospermia,
Azoospermia and other developmental defects. Furthermore
mouse model will continue to provide a platform for
functional characterization of highly conserved genes that
may bear significance in understanding germ cell formation,
spermatogenesis and its associated disorders.

DUB's Degradation
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cro
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E2: Ubiquitin Conjugating Enzyme E3: Ubiquitin Ligase

HECT type 3 ‘single RING-finger type E3 Cullin Target recognizing subunit

Figure 6: Ubiquitin mediated proteolysis pathway. Genes shown in
red are up-regulated in human testis
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Figure 7: Distribution of up-regulated genes in human testis, mouse
testis and homologous genes between human and mouse into testis
specific categories: spermatogenesis, male gamete generation, sexual
reproduction and gamete generation

Top 20 Categories Distribution based on genes in Category
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alization of cell
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" reproduction
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multicelular organism reproduction
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Figure 8: Top 20 categories according GO Biological processes of
homologous genes between human testis and mouse testis

Comparison between testis and ESC transcriptome

There have been studies on isolation and discovery of
molecular signature of spermatogonial stem cells.??
To identify the genes common between testis and stem
cells, differentially up-regulated genes from human
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testis are compared with the differentially up-regulated
genes in stem cells. Our analysis of human ESC (hESC)
transcriptome revealed 4005 differentially up-regulated
trascripts. On comparing hESC up-regulated genes with
human testis data (2868 genes), we found an overlap of
658 transcripts.

Similar procedure was performed on mouse testis
transcriptome and mouse ESC (mESC) transcriptome
which resulted in 250 common transcripts. To find the set
of common genes which are common among testis and
ESCs of both the species, we compared the 658 human
transcripts and 250 mouse transcripts. A final set of 67
common genes were obtained [Figure 9] (The list of these
67 genes is provided as supporting information). ESCs
are characterized by two properties, the ability to self-
renew and the ability to differentiate into multiple cell
lineages (pluripotency). These properties are associated
with different states of chromatin structure, which are
established, maintained, and eventually altered by the
activities of chromatin remodeling enzymes.?! Among
the 67 genes, chromatin and DNA remodeling genes
(such as HELLS, MLFIP, NASP, OIP5, SUV39H2) and cell
proliferation genes (such as CDK1, MCM7, NASP, STIL,
TTK, NUP62) were found in high abundance(around 25%).
This strongly suggests similar gene regulation in testis and
ESC. The over-representation further suggests the potential
of testicular cells to behave like pluripotent cells when given
proper niche.

Comparison between testis and oocyte transcriptome
Similar kind of analyses was done by Kocabas et.al, who
found 66 unique genes common between human oocyte,

(c)

Figure 9: Venn diagrams showing the intersection between
differentially up-regulated genes in the mouse in the human testis
and mouse testis (634 transcripts were found to be common in both
species) (a); human testis and hESC (658 transcripts were found to be
common in both cell type) (b); mouse testis and mMESC (250 transcripts
were found to be common in both cell type) (c); human testis/hESC and
human testis/mouse testis (67 transcripts were found to be common
in all three cell types) (d)

hESCs, mouse oocyte and mESCs.'! In order to narrow
down a common gene list, we compared the above 66
unique genes with our set of 67 common genes. This
resulted in total of ten genes that are common between
testis, oocyte and ESCs in both the species — human and
mouse. These genes along with description are shown in
Table 3. These genes are involved in various pluripotency
related processes as shown in a concept network, generated
based upon biological processes in which they are involved
in Figure 10.

CONCLUSION

Our report provides a comprehensive expression baseline
of gene transcripts present in in vivo human testis. We
have identified 2868 transcripts that are highly expressed
in human testis, including well known genes such as
SOX5, SOX30, KLF5, ALDH1A1, and LIN28B. Functional

germ cell development

Figure 10: Gene interaction network of common genes found among
testis, ESC and oocyte of both human and mouse. (Node size indicates
the number of genes involved in each process)

Table 3: Genes found common among human testis,
mouse testis, hESC, mESC, human oocyte and mouse
oocyte

Gene symbol Entrez gene ID Gene title

CCNBI1 891 Cyclin B1

NASP 4678 Nuclear autoantigenic sperm
protein (histone-binding)

TTK 7272 TTK protein kinase

TRIP13 9319 Thyroid hormone receptor
interactor 13

BUBI 699 BUBI budding uninhibited
by benzimidazoles 1 homolog
(yeast)

BIRCS 332 Baculoviral IAP repeat-
containing 5 (survivin)

MCM7 4176 MCM?7 minichromosome
maintenance deficient 7
(Saccharomyces cerevisiae)

KIF2C 11004 Kinesin family member 2C

CCNB2 9133 Cyclin B2

ECT2 1894 Epithelial cell-transforming
sequence 2 oncogene

CDCA3 83461 Cell division cycle associated 3
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annotation of these genes shows over-representation
of various metabolic activities, indicating high energy
requirements for spermatogenesis. Pathway analysis of
up-regulated genes shows over-representation of Ubiquitin
mediated proteolysis pathway. We also compared human
testis genes with mouse testis to find a large number of
homologous genes involved in conserved functions and
pathways. More importantly 232 transcripts of testis up-
regulated transcripts have unknown functions, arguing for
the need for further studies aimed to elucidate the functional
role of these genes in human testis.

Also we have identified 67 conserved genes common
between testis and ESCs, from both human and mouse
species. Such genes may provide missing link between ESC
and testicular cells and may serve as genetic resources to
identify ESCs that have full potential for differentiation
into testicular cells.

Further understanding of the biological roles of these genes
may expand our knowledge of spermatogenesis, chromatin
remodelling, lineage commitment, pluripotency and
endocrine system involved in the production of androgens
such as testosterone. Also the practical implications may
provide solutions to infertility related disorders.
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