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ABSTRACT

Leydig cells are the testosterone-producing cells in the adult
male. Adult Leydig cells (ALCs) develop from stem Leydig cells
(SLCs) through at least two intermediate cells, progenitor Leydig
cells (PLCs) and immature Leydig cells (ILCs). Microarray gene
expression was used to identify the transcriptional changes that
occur with the differentiation of SLCs to PLCs and, thus, with the
entry of SLCs into the Leydig cell lineage; to comprehensively
examine differentiation through the development of ALCs; and
to relate the pattern of gene expression in SLCs to that in a well-
established stem cell, bone marrow stem cells (BSCs). We show
that the pattern of gene expression by SLCs was more similar to
the expression by BSCs, an established stem cell outside the male
reproductive tract, than to any of the cells in the Leydig cell
developmental lineage. These results indicated that the SLCs
have many of the molecular characteristics of other stem cells.
Pathway analysis indicated that development of Leydig cells
from SLCs to PLCs was associated with decreased expression of
genes related to adhesion and increased expression of genes
related to steroidogenesis. Gene expression changes between
PLCs and ILCs and between ILCs and ALCs were relatively
minimal, suggesting that these cells are highly similar. In
contrast, gene expression changes between SLCs and ALCs were
quite distinct.

gene expression, Leydig cells, stem cells, testis

INTRODUCTION

Leydig cells in the adult testis synthesize and secrete
testosterone. In the Sprague Dawley rat, cells of the adult
Leydig cell (ALC) lineage first become apparent by Day 11
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postpartum [1, 2]. These cells, the progenitor Leydig cells
(PLCs), are characterized by their spindle shape and their
expression of luteinizing hormone receptor (LHR); aldo-keto
reductase family 1, member C14 (AKR1C14; previously 3a-
hydroxysteroid dehydrogenase); and hydroxy-delta-5-steroid
dehydrogenase, 3 beta- and steroid delta-isomerase 1
(HSD3B1; previously 3B-hydroxysteroid dehydrogenase) [1,
3]. The PLCs proliferate and secrete steroids, mainly
androsterone [4]. These cells gradually enlarge, become
rounded, and give rise to another intermediate, the immature
Leydig cell (ILC). ILCs are most commonly seen in the testis
during Days 28-56 postpartum [4]. They have high lipid
content, secrete high levels of Sa-reduced androgens due to
high So-reductase activity, and have reduced proliferative
capacity compared to PLCs. ILCs undergo one or two
population doublings before ALC function develops at
Postnatal Day 56 [3]. ALCs have reduced lipid content, and
due to reduced levels of testosterone-metabolizing enzymes in
comparison to ILCs, they produce high levels of testosterone as
their major steroid product [5].

The PLCs have been shown to arise from undifferentiated
stem Leydig cells (SLCs), the latter being seen 1 wk
postpartum as spindle-shaped cells in the testicular interstitium
that differ from the PLCs in that they are HSD3B1- and LHR-
negative [6]. The SLCs were shown to be platelet-derived
growth factor receptor alpha (PDGFRA)-positive and to
contain proteins involved in Leydig cell development,
including GATA-binding protein 4, c-kit receptor, and
leukemia-inhibitory factor receptor. They were capable of
expansion for at least 6 mo without differentiating but became
HSD3B1-positive and produced testosterone when treated with
media containing thyroid hormone, insulin-like growth factor I,
and luteinizing hormone. Moreover, when transplanted into
ALC-deficient host rat testes, SLCs colonized the interstitium
and subsequently expressed HSD3B1, demonstrating their
ability to differentiate in vivo as well as in vitro.

In an early study designed to elucidate the genes that may
contribute to the development of ALCs, differential gene
expression by PLCs, ILCs, and ALCs was analyzed using
Clontech Rat Atlas ¢cDNA microarrays, an approach that
evaluated 1176 known genes [7]. The development of ALCs
was characterized by decreased expression of cell-cycle
regulators, growth factors, growth factor-related receptors,
oncogenes and transcription factors, and by increased expres-
sion of genes related to differentiated cell function, including
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steroidogenic enzymes, neurotransmitter receptors, stress
response factors, and protein turnover enzymes. At the time
of the previous study, SLCs had not yet been isolated or
characterized.

In the present study, Affymetrix Rat Genome RAE230 2.0
arrays were used to conduct DNA microarray analysis of RNA
isolated from purified SLCs, PLCs, ILCs, ALCs, and bone
marrow stem cells (BSCs). This analysis complements and
expands on the previous microarray analysis through its focus
on the initial differentiation from SLCs to PLCs, the use of an
array that monitors a more complete genome, and the
comparison between SLCs and BSCs. Our objectives were to
identify the transcriptional changes that occur with the
differentiation of SLCs to PLCs and, thus, with the entry of
SLCs into the Leydig cell lineage; to comprehensively examine
differentiation through the development of ALCs; and to relate
the pattern of gene expression in SLCs to gene expression in a
well-established stem cell and determine if SLCs share
molecular characteristics of other stem cells.

MATERIALS AND METHODS

Animals

All animal protocols were approved by the Institutional Animal Care and
Use Committee of the Rockefeller University. Sprague Dawley rat dams with
litters of male pups, as well as prepubertal and adult males, were purchased
from Charles River Laboratories. Male rats were killed by asphyxiation with
CO2 on Postnatal Days 7, 21, 35, and 90.

Cell Isolation

Complete descriptions of the cell isolation procedures have been published
previously [7-9]. In brief, SLCs were isolated from 7-day-old rats, PLCs from
21-day-old rats, ILCs from 35-day-old rats, and ALCs from 90-day-old rats.
Decapsulated testes were dispersed with 0.25 mg/ml of collagenase D
(Boehringer Mannheim Biochemicals) in Gibco Medium 199 (Invitrogen).
Cells were resuspended in 55% isotonic Percoll and centrifuged. SLCs were
collected from the Percoll gradient between 1.045 and 1.090 g/ml, placed on
LHR antibody-coated plates to remove contaminating fetal Leydig cells, and
then plated on PDGFRA-coated plates [6] to further purify the PDGFRA-
positive cells. PLCs and ILCs were collected from the Percoll gradient between
densities of 1.070 and 1.088 g/ml [4, 8]. For ALCs, collagenase-dispersed
interstitial cells were elutriated in a Beckman JE-6B elutriation chamber at a
flow rate of 16 ml/min at 2000 rpm. The cells then were further purified by
Percoll density-gradient centrifugation, with collection from the gradient
between densities of 1.070 and 1.090 g/ml [10]. Leydig cell purity was
evaluated by histochemical staining for HSD3B1 activity using 0.4 mM
etiocholanolone as the steroid substrate [11]. Purities were at least 95% in all
preparations. BSCs were collected by flushing bone marrow from the femurs
and tibias of 60-day-old adult rats with Minimal Essential Media (Sigma-
Aldrich), followed by Percoll density-gradient centrifugation. BSCs were
collected from the gradient between densities of 1.070 and 1.090 g/ml (60 min)
[12]. Following their isolation, cells were solubilized in RNALater (Ambion)
and frozen at —80°C until RNA purification. Independent isolations for each
cell type were performed, resulting in five replicates for SLCs, three each for
PLCs and BSCs, and four each for ILCs and ALCs.

RNA Preparation and Processing

Total RNA was purified by TRIzol (Invitrogen Life Technologies)
extraction and further purified on an RNeasy column (Qiagen). For all
samples, RNA quantity was determined by absorbance at 260 nm (NanoDrop),
and quality was determined using an Agilent Bioanalyzer. All samples were
treated with DNase on the column and eluted with water. Labeled cRNA (10
pg) was hybridized to RAE230 2.0 arrays (Affymetrix) representing greater
than 31000 transcripts. Raw expression data can be found in the Gene
Expression Omnibus database as accession number GSE26703 (http://www.
ncbi.nlm.nih.gov/projects/geo/query/acc.cgi?acc=GSE26703). For each array,
all probe sets were normalized to a mean signal intensity value of 100. The
default Affymetrix GeneChip operating software (GCOS) statistical values
were used for all analyses [13]. Signal values and absolute detection calls were

imported into Expressionist 5.0 (GeneData). A transcript was considered to be
detectable if the normalized expression of the samples from any lineage was
greater than 20 signal units and the percentage of samples with a Present call as
determined by GCOS default settings was 80% or greater. Normalized signal
values were transformed to the log base 10, and an ANOVA analysis was
performed. Data from Expressionist 5.0 was imported into Decision Site 9.0
(Spotfire) for generation of Figures 1 and 2. A transcript was considered to be
regulated if the difference between two segments met the following criteria: 1)
the transcript was detected in at least one of the cell types, 2) the fold-change
between at least two cell types was 1.7 or greater, and 3) the P-value based on
an ANOVA test was 0.01 or less with correction for false-discovery rate. Genes
that met these criteria were visualized using hierarchical clustering.

RESULTS

Overall Pattern of Developmental Changes from SLCs
to ALCs

Microarray analysis was conducted using purified SLCs,
PLCs, ILCs, ALCs, and BSCs. Highly correlated gene
expression patterns were seen between BSCs and SLCs (> =
0.87) (Fig. 1A), indicating that the transcriptome of the SLCs is
quite similar to that of BSCs. Highly correlated expression
patterns also were seen between PLCs and ILCs (* = 0.96)
(Fig. 1C) and between ILCs and ALCs (*=0.87) (Fig. 1D). In
contrast, greater differences were seen in gene expression
between SLCs and PLCs (r2 = 0.67) (Fig. 1B) and between
SLCs and ALCs (> = 0.51) (Fig. 1E). Two-way hierarchical
clustering using a Euclidean distance metric indicated a closer
relationship of the SLCs to the BSCs than to any of the cells in
the Leydig cell lineage (Fig. 1F). The more differentiated
PLCs, ILCs, and ALCs, on the other hand, shared a distinct
branch with a subbranching pattern that reiterated the intimate
relationship between PLCs and ILCs.

More than 11470 transcripts were found to be differentially
regulated (ANOVA, P < 0.01; fold-change, >1.7) between at
least two of the five cell types under study (SLCs, PLCs, ILCs,
ALCs, and BSCs), representing approximately 37% of the
transcripts that were monitored on the array. A heat map of the
regulated transcripts, ordered by maximal expression and cell
type, identified transcripts with selective expression in a
specific cell type and highlighted the similarities and
differences among the five cell types (Fig. 2). Gene expression
patterns in SLCs and ALCs differed considerably, but those in
PLCs and ILCs appeared to be quite similar. Moreover, as also
suggested by the correlation analysis (Fig. 1, A-E), the gene
expression patterns in SLCs and BSCs were far more similar to
each other than those between SLCs and any of the cell types in
the Leydig cell lineage (PLCs, ILCs, and ALCs).

Comparison of SLCs to BSCs

Most genes expressed in SLCs also were expressed in
BSCs. However, we found that the expression of 2418
transcripts differed quantitatively between SLCs and BSCs,
including 1258 with higher expression in BSCs and 1160 with
higher expression in SLCs. The expression of a number of
these genes differed by greater than 50-fold (Supplemental
Table S1, all Supplemental Data are available online at www.
biolreprod.org). Gene-by-gene and pathway analyses identi-
fied a number of pathways that were differentially expressed
between SLCs and BSCs, including the higher expression in
SLCs of genes involved in extracellular matrix (ECM; Col6a3
and Fbn2) and adhesion (Cdh2). BSCs showed higher
expression of marker genes for leukocytes (Cd53 and Lspl),
monocytes (Cd68), myeloid cells (Trem2), and others
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involved in immune response (Cfh). In addition, SLCs had
higher expression of the Notch signaling genes Furin, Fhil,
and Mcam, whereas the BSCs had higher expression of the
Notch signaling genes Notchl and Mfap5 (Supplemental
Table S2).

Gene Expression Profiling from SLCs Through ALC
Differentiation

Our analysis identified 5701 transcripts that were regulated
through the three transitions involved in producing ALCs:
SLCs to PLCs, PLCs to ILCs, and ILCs to ALCs (Fig. 3).
Among these, 4456 transcripts were regulated in the SLC-to-
PLC transition, with 3594 specific to this transition (i.e., not
regulated in the other transitions). The PLC-to-ILC transition
had 160 regulated transcripts, with 57 specific to that transition,
and 2002 genes were regulated in the ILC-to-ALC transition,
with 1161 specific to that transition. The most regulated genes
for each transition are shown in Supplemental Table S3. Only
28 transcripts were regulated in each of the three transitions
from SLCs to ALCs.

Of the 14345 transcripts detected in SLCs and the 14418
transcripts detected in PLCs, 4456 were significantly different,
with 2350 increased and 2106 decreased in expression in the
PLCs. The transition from SLCs to PLCs was characterized by
decreased expression of genes involved in adhesion, ECM,
vascular endothelial growth factor (VEGF) signaling, cell-cycle
progression, and lipid metabolism (Supplemental Tables S4
and S5). This transition also was characterized by increased
expression of genes involved in steroid biosynthesis, including
Cypl7al, Cypllal, Hsd3bl, Lhcgr, Srd5al, and Hsdl7b4
(Fig. 4; also see Supplemental Table S5). Genes involved in
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FIG. 1. Correlative relationships through
Leydig development. Scatterplots and cor-
relation analysis of expression profiling data
as determined by microarray analysis for
SLCs to BSCs (A), SLCs to PLCs (B), PLCs to
ILCs (C), ILCs to ALCs (D), and ALCs to SLCs
(E) are shown. r* = 1 indicates perfect
correlation. A dendrogram (F) is also shown
to visualize the hierarchy of relationships for

all cells.
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FIG. 2. The 11470 transcripts regulated (ANOVA, P < 0.01; fold-
change, >1.7) through Leydig cell differentiation are ordered based on the
cell type with the highest expression. Expression data were z-score
normalized and color coded (red indicates relatively high expression, and
blue indicates relatively low expression).
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ILC vs ALC (2002)

PLC vs ILC (160) SLC vs PLC (4456)

FIG. 3. Genes regulated through the Leydig cell pathway. Venn diagram
shows the number of genes regulated in each of the three transitions of
Leydig cell development: SLCs to PLCs, PLCs to ILCs, and ILCs to ALCs.
The numbers of regulated genes that are unique to each transition, and
overlapping with others, are depicted.

lipid transport, arachidonic acid metabolism, mitochondrial
function, fatty acid metabolism, and lipase activity, among
others, also were increased (Supplemental Tables S4 and S5).
A subset of these genes was selectively expressed in SLCs
(Supplemental Table S4); therefore, we reasoned that at least
some might be among those responsible for maintaining
“stemness.”’” We reasoned further that genes expressed at
higher levels in PLCs compared to SLCs might be involved in
the commitment of stem cells to the Leydig cell differentiation
pathway. Of the 2350 genes that were up-regulated in the SLC-
to-PLC transition, more than 70% remained up-regulated in
ILCs and ALCs (Supplemental Table S5).

FIG. 4. Fold-increases in genes involved in
testosterone synthesis in the transition from
SLCs to PLCs.

Yoo [Lhcer ]

DISCUSSION

The postnatal development of Leydig cells in the rat
involves four distinct stages: SLCs, PLCs, ILCs, and ALCs.
SLCs do not express steroidogenic enzymes or produce
steroids [6]. PLCs express LHR and HSD3BI1, though
steroidogenic activity in these cells is low [4]. ILCs produce
increased steroid levels, but due to the presence of Sa-
reductase, these cells secrete higher levels of Sa-reduced
androgen than testosterone [4]. The primary steroid product of
ALCs is testosterone. In addition to steroidogenic enzyme
activity differences, mitotic activity also differs in the four cell
types, with SLCs typically showing relatively low activity,
PLCs high mitotic activity, ILCs much lower activity, and
ALCs virtually none [5, 6] (for review, see [14]).

The factors controlling the proliferation and differentiation
of Leydig cells remain largely unknown. A previous study [7]
addressed changes in gene expression during Leydig cell
development from PLCs to ALCs through the use of cDNA
microarrays with a limited number of genes. The current study
expands on this earlier study through the use of a much more
comprehensive array and a focus on the recently discovered
SLCs. Many, though not all, of the previously identified
changes in gene expression through PLCs to ALCs were
mirrored in our study. Some genes, including Cdc20, Ptma,
Igf2r, and Hmgb2, decreased in expression from SLCs or PLCs
to ALCs in both studies, whereas others, including Chrna4,
Gsta4, Hsd3bl, and Cypl7al, increased in expression from
SLCs to ALCs in the current study and from PLCs to ALCs in
the previous array study. It should be noted that the previous
study used an assay system (Clontech) comprised of only 6%
of the gene coverage of the Affymetrix arrays used in the
current study and that more rigorous criteria, including a P-
value of 0.01 with correction for false-discovery rate, were
used in the present study to identify regulated genes.

BSCs Versus SLCs

One of our objectives was to determine the extent to which
the SLCs have molecular characteristics that also typify other
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stem cells. The SLCs were found to have a molecular profile
very similar to that of the well-established BSCs [15, 16], with
gene expression patterns very well correlated (> = 0.87). In
fact, the patterns of gene expression were more similar between
SLCs and BSCs than between SLCs and any of the other cell
types in the Leydig cell lineage (PLCs, ILCs, or ALCs).
However, though the genes expressed by SLCs and BSCs were
similar, quantitative differences were found in the expression
of approximately 2400 transcripts. Among these, SLCs were
found to have higher expression levels of ECM and adhesion
molecules, which may imply a necessity for high levels of
adherence by SLCs to elements in their niche. In addition,
Notch signaling was increased in the SLCs compared to the
BSCs. A main regulator in Notch signaling, Hes!, was found to
be expressed by both SLCs and BSCs, though at higher levels
in SLCs (6.3-fold, P < 0.039). HES1 is a transcriptional
repressor that, when overexpressed in various stem cells,
decreases stem cell differentiation (for review, see [17, 18]).
Activation of the Notch receptor causes receptor cleavage and
allows the intracellular domain to initiate transcription of Hes/
[19, 20]. Transcription of Hes! in other tissues has been shown
to negatively regulate differentiation [21]. The high levels of
Hesl seen in SLCs suggest an inhibitory mechanism for
maintenance in the SLC population. It also indicates that Notch
signaling may be among the regulatory mechanisms involved
in maintaining the undifferentiated state of SLCs. Notch
signaling also has been implicated in the development of
precursors in the fetal testis [22]. We do not mean to imply that
fetal Leydig cells and ALCs are derived from the same
precursor cell, but mechanisms for the maintenance and
differentiation of these cells may be shared.

The higher expression in SLCs compared to BSCs of genes
related to steroidogenesis, including Star and nuclear receptor
subfamily 5 group A member 1 (Nr5al, also known as SF-1),
suggests that SLCs already express some Leydig cell-related
genes and implies that SLCs may be more likely than BSCs to
undergo steroidogenic differentiation. It is important to note
that Lhcgr, Hsd3bl, and Cypllal (also known as P450scc),
but not Star or Nr5al, are the genes that are classically used to
define cells in the Leydig cell lineage (for review, see [3, 14])
and are not expressed in the SLCs. This indicates that the SLCs
are undifferentiated cells that have not yet entered the Leydig
cell lineage. Nr5al is a transcription factor that has been shown
to be necessary for adrenal and gonadal development [23].
STAR is involved in cholesterol transport to and into the
mitochondria in steroidogenic cells (for review, see [24]), and
Star homologues are found in cells throughout the body,
including brain, intestines, breast, and skin (for review, see
[25]). An interesting finding was that whereas Star levels were
higher in SLCs, StAR-related lipid transfer domain 3 (Stard3)
levels were expressed approximately 2.0-fold higher in BSCs.
STARD3 has been shown to bind cholesterol and to be closely
related to STAR, but it is proposed to be involved in
cholesterol transport from mitochondria to endosomes (for
review, see [25]). When overexpressed, STARD3 has also been
shown to be capable of inducing steroidogenesis. This could
indicate that cholesterol transport within stem cell populations
may be important for other processes.

Leydig Cell Differentiation

The differentiation of the SLCs to PLCs signals the onset of
ALC differentiation. In contrast to SLCs, the PLCs express
HSD3B1 [6]. Due to high levels of Sa-reductase and
AKRIC14 activity as well as low levels of HSD17Bl1,
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androsterone is the major steroid product of the PLCs [3].
The mechanism by which SLCs are stimulated to differentiate
to PLC:s is currently unclear. Our study begins to elucidate the
changes that occur and to identify candidate regulatory genes
associated with the transition. Increased expression was seen in
PLCs of genes involved in mitochondrial function and in
steroid biosynthesis. Many of these changes have been well
established in Leydig cell development. For example, we
observed a significant, greater than 300-fold increase in
Hsd3bl mRNA expression from SLCs to PLCs, which
correlates well with previous immunohistochemistry and
enzymatic activity studies [6]. In addition, the well-established
Leydig cell markers Lhcgr, Cypl7al, and Hsdl7b4 (for
review, see [3, 14]) also were up-regulated in the PLCs
compared to the SLCs. The consistency of these results with
those obtained by other methods supports the validity of the
array analysis approach.

The transition from SLCs to PLCs was found to be
associated with the altered expression of genes involved in
VEGF signaling. SLCs expressed higher levels of Vegfa,
Vegfb, Vegfc, and Fms-like tyrosine kinase 1 (FitI), but PLCs
had increased expression of kinase domain region receptor
(Kdr) and neuropilinl (Nrpl). VEGF signaling is an important
signaling pathway for the development of the testis; VEGF and
one of the receptors, KDR, are expressed by Sertoli cells before
cord formation [26] (for review, see [27]). FLTI1, another
receptor for VEGF signaling, is a decoy receptor that acts as a
negative regulator and attenuates the binding of VEGFA to
KDR [28, 29]. NRP, a coreceptor for VEGFA, helps to
stabilize binding to KDR. The VEGF signaling expression
pattern is similar to the expression pattern during testis
formation, in which KDR and NRP are expressed and FLT1
is not (for review, see [27]). These results imply that VEGF
signaling may be important for the initiation of differentiation
into the Leydig cell line or for the maintenance of the SLCs.

Genes involved in cellular adhesion decreased in PLCs
compared to SLCs. For example, integrin alpha 5 (/tga$), the
alpha subunit of the fibronectin receptor, and the ligand
fibronectin had significantly lower expression in PLCs than in
SLCs (12.9- and 4.4-fold, respectively). ITGAS colocalizes
with integrin beta 1 (ITGB1) to form a functional receptor [30],
whereas fibronectin is a large component of the ECM and
surrounds the peritubular myoid cells [31]. The large decrease
seen in PLCs suggests that there may be a loss of functional
dimerized receptor and a loss of adhesion to fibronectin and to
the ECM of the tubule. It may be that a loss of adhesion signals
the cells to initiate differentiation. Alternatively, loss of
adhesion could be a consequence of differentiation, allowing
the cells to expand into the interstitial space. Regardless of how
adhesion is changed, the coordinated decrease in transcripts for
cell adhesion, ECM, and actin cytoskeleton may be indicative
of a transition away from physical attachment to the cells and/
or structures of the niche. One widely held view on stem cell
differentiation has been that asymmetric division leads to one
daughter cell no longer being physically attached to the niche,
thus initiating differentiation [32]. Our data do not prove this
relationship, but they do imply this type of mechanism.

More than 2000 genes were found to be selectively
expressed in SLCs, and some may prove to be markers to
specifically identify the SLCs in future studies. Analysis of the
differentiation of SLCs to PLCs identified genes with relatively
low expression in SLCs and increased expression in PLCs
through ALCs. Among these were genes specific to steroido-
genesis, including those involved in lipid metabolism, whereas

‘610" poidal|oiq Mmm Wol) peapeojumoq




1166 STANLEY ET AL.

others, including those in the immune response and inflam-
matory response pathways, had broader involvement in cell
differentiation. Still others likely are responsible for initiating
the differentiation of SLCs into steroidogenic cells.

We were surprised by the low number of genes regulated in
the transition from PLCs to ILCs. Of the 57 genes regulated
specifically in this transition, several were down-regulated and
associated with immune response. Two of these genes,
complement component 4B (C4b) and complement component
2 (C2), encode proteins involved in the formation of a complex
that activates the complement pathway (for review, see [33]).
Complement is important in the immune response and is
involved in antigen presentation, humoral immune response,
and inflammatory response. The identification of C2 and C4b
is the first identification of complement components in the
Leydig cells. The decrease in transcription for these genes in
the PLC-to-ILC transition may indicate a potential role for
immune response in PLCs.

The final stage in the differentiation of ALCs is the
transition from ILCs. This transition was characterized by 1161
genes regulated exclusively in the differentiation of ILCs to
ALCs. Genes involved in cellular assembly and organization
and in cell cycle were down-regulated in this transition. These
genes are typically found in dividing cells; because ALCs do
not divide, the decrease in these functions is consistent with the
quiescence of these cells. The genes that were up-regulated in
the final transition to ALCs were involved in lipid metabolism,
small molecule biochemistry, and vitamin and mineral
metabolism. These functions likely support steroid production.
Because ALCs produce more testosterone than ILCs, this
increase is not surprising. Steroid production increases reactive
oxygen species in the ALCs [34, 35]. Thus, as might be
expected, increases in genes to deal with the additional
oxidative stress also were seen.

In summary, the data reported herein reveal differential gene
expression in cells as they progress from the earliest phases of
the Leydig cell developmental lineage to the ALCs. Impor-
tantly, the data indicate clearly that the SLCs are very similar to
the BSCs. Distinctive changes occur as the SLCs differentiate
to the first cells of the Leydig cell lineage, the PLCs.
Thereafter, gradual changes ultimately result in testosterone-
producing ALCs. Our data indicate potential pathways to
investigate, but the mechanisms that ultimately regulate these
transitions remain uncertain.
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