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Transcription of the testis-specific Pgk2 gene is selectively activated in primary spermatocytes to provide a
source of phosphoglycerate kinase that is critical to normal motility and fertility of mammalian spermatozoa.
We examined dynamic changes in protein-DNA interactions at the Pgk2 gene promoter during murine sper-
matogenesis in vivo by performing genomic footprinting and chromatin immunoprecipitation assays with
enriched populations of murine spermatogenic cells at stages prior to, during, and following transcription of
this gene. We found that genes encoding the testis-specific homeodomain factor PBX4 and its coactivator,
PREP1, are expressed in patterns that mirror expression of the Pgk2 gene and that these factors become bound
to the Pgk2 enhancer in cells in which this gene is actively expressed. We therefore suggest that these factors,
along with CREM and SP3, direct stage- and cell type-specific transcription of the Pgk2 gene during sper-
matogenesis. We propose that binding of PBX4, plus its coactivator PREP1, is a rate-limiting step leading to
the initiation of tissue-specific transcription of the Pgk2 gene. This study provides insight into the develop-
mentally dynamic establishment of tissue-specific protein-DNA interactions in vivo. It also allows us to
speculate about the events that led to tissue-specific regulation of the Pgk2 gene during mammalian evolution.

Spermatogenesis is a highly ordered process by which the
germ cell lineage gives rise to functional gametes in the male.
Development of the spermatogenic lineage involves unique
events, including meiosis and genetic recombination, as well as
dramatic morphological changes during spermiogenesis that
give rise to the uniquely structured spermatozoon (7). As with
other specific lineages in mammalian organisms, the charac-
teristic differentiation of male germ cells proceeds as a result of
expression of unique combinations of genes (17). Recent stud-
ies have revealed that spermatogenic cells express a surpris-
ingly large proportion of genes in the murine genome. Mi-
croarray studies show that the majority of differential gene
expression observed in the developing testis occurs in spermato-
genic cells and that dynamic changes in gene expression ac-
company transitions from premeiotic to meiotic and from mei-
otic to postmeiotic stages of spermatogenesis (2, 52, 53). The
same microarray studies have also confirmed that a large num-
ber of genes are expressed exclusively in spermatogenic cells.
Thus, spermatogenesis is characterized by a unique transcrip-
tome that undergoes dynamic, stage-specific changes, and this
implies the ongoing function of mechanisms regulating tissue-
and stage-specific transcription (37, 39).

Among the many germ cell-specific genes expressed during
spermatogenesis is a set encoding isozymes that function dur-
ing glycolysis, primarily in spermatozoa. These include the
Ldhc, Gapdhs, Hkls, Pgm2, Pdha2, and Pgk2 genes, which
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encode sperm-specific isozymes of lactate dehydrogenase, glyc-
eraldehyde-3-phosphate dehydrogenase, hexokinase, phospho-
glycerate mutase, pyruvate dehydrogenase E1 alpha, and phos-
phoglycerate kinase, respectively (13, 17, 20, 42). In mammals,
two genes encode the glycolytic enzyme phosphoglycerate ki-
nase, the X-linked Pgkl gene and the autosomal Pgk2 gene
(58). The Pgkl gene is widely expressed in all somatic cells,
oogenic cells, and premeiotic spermatogenic cells, whereas the
Pgk2 gene is expressed exclusively in meiotic spermatocytes
and postmeiotic spermatids, where expression of the Pgkl gene
is repressed by meiotic sex chromosome inactivation (MSCI)
(57) and by the subsequent repressive effects of postmeiotic sex
chromatin (PMSC) (38, 45, 60).

The promoter of the Pgk2 gene is believed to have derived
from that of the Pgkl gene as part of a retroposition event that
led to the genesis of the Pgk2 gene early during mammalian
evolution (12, 40). Thus, although the Pgk2 promoter was
likely initially identical to the Pgkl promoter, it appears to
have diverged, especially in eutherian mammals, to facilitate
tissue-specific expression. Evidence favoring a common ances-
try of these two promoters includes the absence of a TATA box
and the presence of GC and CAAT box elements in both (34,
35). Although this “core promoter” region from the Pgk2 gene
is able to direct transcription of a downstream reporter gene in
transient transfection assays (12), this portion alone is insuffi-
cient to direct expression of a reporter gene in vivo in trans-
genic mice (48). Indeed, a minimum of an additional 42 bp of
enhancer sequence immediately upstream of the Pgk2 core
promoter, along with the core promoter itself, is required to
direct testis-specific expression in vivo (62). The acquisition of
tissue-specific function at this enhancer region, along with the
loss in the Pgk2 promoter of the CpG island present in the
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TABLE 1. Primers for in vivo footprinting/ligation-mediated PCR

Function and primer name

Sequence

Double stranded-linker
LP1
LP2

Pgk2 core promoter upper-strand primer set
Pgk2 promoter upper-1
Pgk2 promoter upper-2
Pgk2 promoter upper-3

Pgk2 core promoter lower-strand primer set
Pgk2 promoter lower-1
Pgk2 promoter lower-2
Pgk2 promoter lower-3

Pgk2 upstream enhancer upper-strand primer set
Pgk2 enhancer upper-1
Pgk2 enhancer upper-2
Pgk2 enhancer upper-3

5'-GAATTCAGATC-3’
5'-GTGACCCGGGAGATCTGAATTC-3’

5'-TCCACTTTGTCCAGAGTC-3'
5'-CAGAAAGAGCCATCTTGATGGTATGC-3’
5'-CTTGATGGTATGCACAACAGCCTCTTTACTGC-3’

5'-AACTCTAACCCCAAGCTC-3’
5'-CTGTTTAGTATTCTAGGCTGGCAGTTTG-3'
5'-CTAGGCTGGCAGTTTGAGTCTGTACCAGGC-3’

5'-GGTGATTTTTAACGCTTAAG-3’
5"-CCTTTCTTTGTGAGTTCAAAGTCTC-3’
5'-GTGAGTTCAAAGTCTCCTGCACAATAGCCATTGG-3’

Pgkl promoter, represents key differences that we previously
suggested may have facilitated the evolution of testis-specific
regulation of the Pgk2 gene (34, 35). We previously used a
combination of analyses in vitro and in vivo to determine that
spermatogenesis-specific expression of the Pgk2 gene is regu-
lated by a 5'-flanking region that includes enhancer and core
promoter elements that bind testis-specific and ubiquitous
transcription factors, respectively (21, 48, 62). We also showed
that demethylation of a domain encompassing this regulatory
region precedes decondensation of chromatin, factor binding,
and initiation of transcription by several days (3, 4, 22, 28,
29, 63).

The mammalian spermatogenic cell lineage is well charac-
terized with respect to the sequential appearance of specific
spermatogenic cell types, permitting a detailed study of devel-
opmental processes (37, 39). Here we have taken advantage of
this system to examine in vivo the developmental dynamics of
protein-DNA interactions that regulate the activation of the
Pgk2 gene and to identify the key factors involved. By charac-
terizing expression patterns during spermatogenesis of the
genes encoding these factors, we can suggest those most likely
to be the key regulators of tissue-specific, cell type-specific, and
developmental stage-specific transcription of the Pgk2 gene
during spermatogenesis. Our results provide the first demon-
stration of a spermatogenesis-specific gene that is regulated by
the testis-specific homeodomain factor PBX4 and form the
basis for a model of gene activation whereby this “pioneer
transcription factor” (8, 15, 16, 50) initiates an ordered cascade
of events that includes remodeling of chromatin and binding of
other transcription factors to initiate transcription of the Pgk2
gene. Finally, our results facilitate a functional comparison of
the promoter of the testis-specific Pgk2 gene with that of the
ubiquitously expressed Pgkl gene that allows us to suggest key
molecular changes that accompanied the evolution of tissue-
specific regulation of the Pgk2 gene.

MATERIALS AND METHODS

Preparation of cells. All mice were obtained from Charles River Laboratories
(Wilmington, MA), and all procedures involving animals were approved in ad-
vance by the University of Texas at San Antonio Institutional Animal Care and

Use committee. We isolated specific spermatogenic cell types using a 2 to 4%
bovine serum albumin “Sta Put” gradient with sedimentation velocity at unit
gravity as previously described (7, 38). Primitive type A spermatogonia were
isolated from the testes of male CD-1 mice at 6 days postpartum (dpp). Type A
and type B spermatogonia were isolated from testes of eight dpp CD-1 mice.
Preleptotene spermatocytes, leptotene-plus-zygotene spermatocytes, and early
(juvenile) pachytene spermatocytes were isolated from the testes of 18 dpp mice.
Pachytene spermatocytes, round spermatids, and elongated spermatids plus re-
sidual bodies were isolated from the testes of adult (=60 dpp) mice. Testicular
spermatozoa were isolated from the testes of adult mice by dissociation of tissue
and sonication to lyse all other cells (38). The purity of each cell population was
determined by morphological examination under phase optics. Purities of sper-
matogonial cell types and juvenile spermatocytes were =85%, while those of
adult spermatocytes, spermatids, and spermatozoa were =95%. Spleen cells
from adult CD-1 mice were used as a somatic control. Spleens were mechanically
teased open with hypodermic needles in phosphate-buffered saline, and the
resulting cell suspensions were filtered through 100-wm nylon mesh (Millipore,
Billerica, MA) and then treated with Tris-buffered ammonium chloride (0.017 M
Tris-HCI, pH 7.6, 0.84% NH,CI) to lyse contaminating erythrocytes.

Dimethyl sulfate and piperidine treatments of DNA for in vivo footprinting
and ligation-mediated PCR (LM-PCR). In vivo dimethyl sulfate (DMS) treat-
ment was performed with tissues or enriched populations of specific cell types, as
previously described by Hornstra and Yang (24). The double-stranded linker
(made from oligonucleotides LP1 and LP2 [Table 1]) used for annealing to the
piperidine-cleaved blunt ends of DMS-treated genomic DNA has been described
previously (43, 44). One pmol of gene-specific primer 1 (Table 1) was annealed
to 1 pg of treated DNA and extended using Vent (exo™) DNA polymerase (New
England Biolabs, Ipswich, MA). The reaction was performed for 1 cycle at 94°C
for 5 min followed by 1 min at each of the following temperatures, in succession:
57°C, 55°C, 54°C, 53°C, 52°C, 51°C, and 50°C. Following the annealing steps,
extension was performed at 72°C for 20 min. The double-stranded linker (150
pmol) was ligated to the genomic DNA fragments in an overnight ligation at
16°C with T4 DNA ligase (New England Biolabs). Following ligation, genomic
DNA fragments were purified by ethanol precipitation and then amplified by
using primer LP2 and a gene-specific primer 2 (Table 1). The PCR was per-
formed as follows: 94°C for 12 min, followed by 20 cycles of 94°C for 30 s, 61°C
for 2 min, and 76°C for 30 s. Following this amplification, 0.1 pmol of radiola-
beled gene-specific primer 3 (Table 1) was added to each tube, and an additional
five cycles were run, consisting of 94°C for 1 min, 69°C for 1 min, and 76°C for
2 min. The amplification products were purified by ethanol precipitation, re-
solubilized in formamide loading buffer, and denatured by boiling for 5 min.
They were then loaded, along with an aliquot of treated naked DNA (G ladder),
onto a 6% polyacrylamide gel and subjected to electrophoresis at 55 W of
constant power for 3 h. Each gel was then dried and exposed overnight to an
imaging screen (Bio-Rad, Hercules, CA) and visualized on a Molecular Imager
FX (Bio-Rad).

Chromatin immunoprecipitation assay. Chromatin immunoprecipitation
(ChIP) assays were performed using an immunoprecipitation assay kit (Upstate,
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TABLE 2. Primers for PCRs used with ChIP assays
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TABLE 3. Primers for quantitative real-time RT-PCRs

. Annealing Gene-specific Annealing
PCR primer Sequence (forward and reverse) temp (°C) PCR primer Sequence (forward and reverse) temp (°C)
Pgkl CAAT box 5'-ACTAGTCTCGTGCAGATGGACAGC-3' 62 Pgkl 5'-CAGTTGCACAGCATCTCAGC-3' 58
5'-CTCTGAGCCCAGAAAGCGAAG-3' 5'-AGACGCCCTCTACAATGCAC-3'
Pgk2 E-E, 5'-AACCCCAAGCTCTCCGTTTA-3’ 62 Pgk2 5'-TGGTGGTGGAATGGCTTACACCTTCCTG-3' 68
5'-TCTGTGATTGGTTCTCCATCC-3" 5'-TCGTGGCTCCCTCTTCATCAAACAAGG-3'
Pgk2 CAAT box 5'-GGCTGGCAGTTTGAGTCTGT-3’ 62 Pbxla 5'-AGCCCTCATCCCTATGTTGAC-3' 60
5'-TTGAAAGGAAATCCAGCTCTGT-3' 5'-CAGTGTGGTGTATTCCTGCTAAGA-3'
Pgk2 GC box 5'-CAATGGCTATTGTGCAGGAG-3’ 62 Pbx1b 5"-TCTTGTGCCATCTTTGGTGA-3' 60
5'-AGGCTGGCTTGGTGGTGA-3’ 5'-GCCTGCTTTATTGTAGACCTTGTT-3'
Pbx2 5'-TGACCCCCTCAGACATCCTC-3’ 60
5'-CCACCCTCTTCACTCCCTCA-3’
Pbx3 5'-CAAGGTGTGCTCTTCCTCTGG-3' 64
5"-TGTGTTTTGATTGGTGGGATG-3'
. . e . . : Pbx4 5'-TGCGGCTTTGCCCTTTTTCA-3’ 64
Char.lotte.swlle, VA) accordmg.to the manufacture.r s instructions, with minor 5 TCGGGTGCTCAGAATGAACAGTCC.3’
modifications. Cells were fixed in a final concentration of 1% formaldehyde for Meisl 5 - TCGGGAAGGGTGGGAAAAACTG-3' 64
10 min at room temperature, and then the reaction was stopped by addition of 5'-ACACGGCCTTTGGGTTTCCA-3'
125 mM glycine. After cells were washed once with phosphate-buffered saline, Meis2 g:é?gggggg%%%%%g%%m@rg?y 64
. . j e - :
they were resuspended in sodium dodecyl sulfat.e .(SDS) lysis bu.ﬂvef (l % SDS, 59 Meis3 5 TGACCACCAGCCTTGCACCTAA-3' 64
mM Tris-HCI, pH 8.1, 10 mM EDTA) containing protease inhibitor cocktail 5. CGTTGAATGGGGTGGGAGCTTT-3’
(Sigma-Aldrich, St. Louis, MO), 1 mM phenylmethylsulfonyl fluoride, and 5 mM Prepl 5'-CCCCGTGCACAGAGATGCTTTT-3' 64
sodium butyrate and incubated for 10 min on ice. The resulting lysate was 5"-ATGCCATTGTGCCCAGCAAG-3'
sonicated five times for 10 s each at 50% amplitude (Branson Digital Sonifier Prep2 gggégggg$g%ggégg%m3 64
model 450; Branson Ultrasonics, Danbury, CT) to reduce the size of DNA B-actin 5. CCGTGAAAAGATGACCCAG-3' 60
fragments to 100 to 1,000 bp. The sample was centrifuged to remove cell debris 5'-TAGCCACGCTCGGTCAGG-3'
and diluted 10-fold in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 18S rRNA 5'-GTAACCCGTTGAACCCCATT-3" 60

mM EDTA, 16.7 mM Tris-HCI, pH 8.1, 167 mM NaCl, protease inhibitor
cocktail, 1 mM phenylmethylsulfonyl fluoride, 5 mM sodium butyrate). After the
chromatin solution was precleared, it was subjected to immunoprecipitation with
antibodies against SP1, SP3, PBX1/2/3/4, PBX1/2/3, PREP1, CREB-1, CREM-1,
and CBF-B/NF-YA (Santa Cruz Biotechnology, Santa Cruz, CA). Normal rabbit
antiserum (Santa Cruz Biotechnology) was used as a nonspecific, negative con-
trol for binding of transcription factors. After samples were incubated overnight
with antibody at 4°C, the resulting immune complexes were collected by addition
of 60 pl of a salmon sperm DNA-protein A agarose slurry (Upstate) and incu-
bated at 4°C with agitation for 1 h. The beads were washed several times, and the
attached immune complexes were eluted with a buffer containing 1% SDS and
0.1 M NaHCO;. Cross-links were reversed by the addition of 5 M NaCl and
incubation at 65°C for 5 h. The samples were then treated with RNase A for 30
min and proteinase K for 1 h, and DNA was purified by phenol-chloroform
extraction and ethanol precipitation. After immune complexes were eluted,
DNA was quantified using PicoGreen (Invitrogen, Carlsbad, CA) and analyzed
by quantitative PCR (qPCR). Samples from at least two independent immuno-
precipitations were analyzed for each transcription factor examined. In addition
to providing a normalization standard, analysis of rabbit immunoglobulin G
(IgG) also provided a control for nonspecific binding of antibodies by establish-
ing a threshold value for such nonspecific binding at 1.0. In addition, the Pgk!
and Pgk2 genes were analyzed in the immunoprecipitated DNA samples. Thus,
each analysis also served as a control for the other.

Real-time qPCR for ChIP assay. qPCR analysis was carried out with DNA
precipitated by ChIP using SYBR Premix Ex Tag (Takara Bio USA, Madison,
WI) on a Chromo4 real-time PCR detection system (Bio-Rad). Each PCR assay
was performed in triplicate. PCR primers used are listed in Table 2. Relative
amounts of DNA in the input and bound fractions were determined from cycle
threshold (Cy) values, using a standard curve generated from DNA of known
concentrations. Values for enrichment were calculated as the average from at
least two independent ChIP experiments and multiple independent PCR analy-
ses with each antibody. Results were normalized to control values from rabbit
IgG arbitrarily set at 1.0.

Real-time quantitative reverse transcription-PCR analysis. Total RNA was
isolated from purified cell populations and tissues, using the guanidine thiocya-
nate/CsCl method as described previously (62). Before reverse transcription,
total RNA was treated with RNase-free DNase I (Invitrogen) to remove any
DNA contamination. Five hundred nanograms of total RNA were used as tem-
plate to synthesize first-strand cDNA using the GeneAmp RNA PCR kit (Ap-
plied Biosystems, Foster City, CA) according to the manufacturer’s instructions.
To control for the possibility of genomic DNA contamination, first-strand cDNA
synthesis was conducted without reverse transcriptase and exposed to PCR
amplification. cDNAs were then amplified by PCR using SYBR Premix Ex Tag
(Takara Bio USA) on a Chromo4 real-time PCR detection system (Bio-Rad).
The PCR primers used in this analysis are listed in Table 3. The relative expres-
sion of target mRNAs was calculated from target C values and B-actin or 18S
rRNA C; values using the standard curve method.

5'-CCATCCAATCGGTAGTAGCG-3'

RESULTS

Transcription kinetics of Pgk genes during spermatogenesis.
Pgk?2 transcripts are first detectable at 10 to 12 dpp in mice,
which correlates with the appearance of the first primary sper-
matocytes (38). This was confirmed using purified spermato-
genic cell preparations, as Pgk2 transcripts were found in
preleptotene spermatocytes but not in the immediately preced-
ing cell type in the spermatogenic lineage, type B spermatogo-
nia (38). Therefore, unlike the promoter-directing ubiquitous
expression of the X-linked Pgkl gene, the promoter of the
autosomal Pgk2 gene directs highly regulated expression that is
characterized by tissue-, cell type-, and stage-specific transcrip-
tion. To more accurately characterize the kinetics of transcrip-
tion of the Pgk genes during spermatogenesis, we performed
real-time qRT-PCR with RNA samples from purified popula-
tions of spermatogonia, spermatocytes, and spermatids, as well
as from whole adult testis, liver, spleen, and brain tissues (Fig.
1). As shown in Fig. 1A, moderate levels of transcript from the
Pgkl gene are present in premeiotic spermatogonia (type A
and type B) but then show a steady decline during the latter
half of the first meiotic prophase and continue to decline into
the postmeiotic spermatid stage. This reflects the effects of
MSCI and PMSC on expression of X-linked housekeeping
genes during mammalian spermatogenesis (45, 57, 60). In con-
trast, the autosomal Pgk2 gene shows the opposite pattern of
expression during spermatogenesis, with no expression in pre-
meiotic spermatogonia and then a steady increase in expres-
sion during first meiotic prophase (Fig. 1B). Surprisingly, levels
of Pgk2 transcript continued to show dramatic increases in
round and elongated spermatids relative to those seen in pri-
mary spermatocytes, despite the fact that previous studies sug-
gest that ongoing transcription of this gene in pachytene sper-
matocytes is as active as or more active than in round
spermatids (29). It is possible that the relatively higher levels of
Pgk?2 transcripts detected in our qRT-PCR analysis of sperma-
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FIG. 1. Quantitative RT-PCR analysis of Pgk gene expression during
spermatogenesis. Expression of the Pgk! (A) and Pgk2 (B) genes during
spermatogenesis and in representative somatic tissues was quantified by
real-time RT-PCR. The relative expression of target mRNA was calcu-
lated from the target C; values and B-actin mRNA C values, using the
standard curve method. Each error bar indicates standard error of the
mean. Populations of the specific spermatogenic cell types examined in-
cluded the following: Type A, type A spermatogonia; Type B, type B
spermatogonia; Prelep, preleptotene spermatocytes; Lep/Zyg, leptotene
plus zygotene spermatocytes; Ea Pachs, early (juvenile) pachytene sper-
matocytes; Pachs, pachytene spermatocytes; Round, round spermatids;
Elong/RBs, elongated spermatids plus residual bodies.

tids are due in part to an overall decrease in complexity of the
RNA pool in these cells such that persistent levels of Pgk2
transcripts then represent a greater proportion of the total
RNA pool. Nevertheless, the key point is the tightly regulated,
tissue-, cell type-, and developmental stage-specific initiation
of transcription of this gene in primary spermatocytes that is
coincident with the onset of meiosis.

Analysis of protein-DNA interactions at the Pgk2 promoter
by DMS footprinting in vivo. Previous electrophoretic mobility
shift assays (EMSAs) demonstrated the capacity in vitro for
both the CAAT and the GC box elements in the Pgk2 core
promoter to bind ubiquitous factors found in nuclear extracts
from either somatic cells or testicular cells (21). In addition,
within the Pgk2 promoter region (Fig. 2A), two putative en-
hancer sequences (E,/E, and E5/E,) located immediately up-
stream of the core promoter were shown to bind up to three
different putative activator proteins in vitro from nuclear ex-
tracts of mouse testicular cells. Specifically, two binding activ-

MoL. CELL. BIOL.

ities were detected in the E,/E, region, and a third binding
activity was detected in the E5/E, region. The E5/E, region was
also found to bind a putative repressor protein from nuclear
extracts of nonexpressing somatic cells (21).

To determine which of the protein-DNA interactions de-
tected in vitro actually occur in vivo, we performed in vivo
genomic footprinting by treating freshly isolated cells with
DMS, followed by LM-PCR-aided genomic sequencing. We
purified populations of mouse spermatogenic cell types prior
to, during, and following the period of active transcription of
the Pgk2 gene and analyzed protein-DNA interactions in vivo
in the core promoter and enhancer region (Fig. 2). We per-
formed a similar analysis using somatic (spleen) cells to deter-
mine the status in vivo of protein-DNA interactions at the Pgk2
promoter when this gene is terminally repressed.

Because transcription of the Pgk2 gene is repressed in so-
matic cells, we expected to detect few protein-DNA interac-
tions at the Pgk2 promoter in splenocytes other than those
representing putative repressors. Indeed, we detected a bind-
ing activity at position —115 that extends to —110 and that
overlaps the E5/E, region, consistent with our previous EMSA
data indicating binding of a single factor at the E5/E, region in
nonexpressing somatic cells (Fig. 2D) (21). This suggests that a
repressor is constitutively bound to the Pgk2 enhancer in non-
expressing somatic cells; however, the identity of this repressor
remains unknown. We also detected an enhancement at —12 in
splenocytes, but we suspect that this represents nonspecific
binding since it was detected in splenocytes, spermatocytes,
and spermatids but not in spermatogonia.

Active transcription of the Pgk2 gene was previously dem-
onstrated in primary spermatocytes and round spermatids by
nuclear runoff experiments (29). We detected a variety of dis-
tinct footprints at the Pgk2 promoter site in vivo in spermato-
genic cells. In the core promoter, a faint footprint first became
evident at the GC box in preleptotene spermatocytes (extend-
ing from position —30 to —24) and became much more distinct
in later spermatocytes (Fig. 2B). This footprint consisted of an
enhancement at position —24 and several protections at —25,
—27, =29, and —30 and developed gradually throughout the
progression of first meiotic prophase, coinciding with the in-
crease in Pgk2 transcriptional activity shown in Fig. 1B. In
round spermatids, the footprint at the GC box diminished
slightly (the protection at —29 disappeared) (Fig. 2B). This
may indicate the beginning of a gradual unloading of a GC
box-bound factor associated with changes in chromosomal ar-
chitecture as histones are replaced by transition proteins and
subsequently protamines during spermiogenesis (49).

The CAAT box (from position —105 to —100) lacks any
guanosines within the putative binding sequence on the upper
strand of the Pgk2 core promoter, such that factor binding in
vivo cannot be assessed directly on this strand by using DMS as
the footprinting agent (Fig. 2C). However, the guanosines
(—105, —104, and —100) on the bottom strand also showed no
significant footprint in spermatocytes and spermatids (Fig. 2E).
Therefore, although a binding activity at the CAAT box was
detected in vitro in EMSA experiments (21), we were not able
to confirm a protein-DNA interaction at this site in vivo, even
in cell types that were actively transcribing the Pgk2 gene.

In spermatocytes and round spermatids, protein-DNA inter-
actions were also detected in the Pgk2 enhancer region, spe-
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FIG. 2. Invivo footprinting of the Pgk2 promoter during spermatogenesis in the mouse. (A) Schematic representation of putative regulatory elements
in the Pgk2 gene promoter. The transcription start site is represented as a bent arrow. The core promoter includes a GC box and a CAAT box (open
boxes). Immediately upstream from the core promoter is enhancer region E,/E, and the E;/E, subregions that have been shown to bind up to four
anonymous factors. These sites are represented, respectively, as oval light and dark gray boxes. The location of amplimers analyzed by LM-PCR for in
vivo footprinting are depicted as horizontal lines with numbers representing nucleotide positions relative to the transcription start site. Amplimers shown
above and below the line represent analysis of upper and lower DNA strands, respectively. (B through E) DMS modification and LM-PCR were used
to in vivo footprint the core promoter and enhancer regions of the Pgk2 promoter in purified populations of mouse spermatogenic cells. Open circles
adjacent to bands represent protected cleavage sites, whereas filled circles represent enhanced cleavage sites. Numbers represent nucleotide positions
relative to the transcriptional initiation site. Vertical lines represent the location of known or putative factor-binding elements. Prim. type A, primitive
type A spermatogonia; type A, type A spermatogonia; type B, type B spermatogonia; Lep/Zyg, leptotene plus zygotene spermatocytes; early pachs, early
(juvenile) pachytene spermatocytes; pachytene, pachytene spermatocytes; round, round spermatids; testis sperm, testicular sperm.

cifically in the E5/E, region at about the same stage as factor tion at —110. Subsequently, in a mixture of leptotene and
binding developed in the core promoter (Fig. 2D). This was zygotene spermatocytes, an additional protection became vis-
indicated by the appearance, initially in preleptotene sper- ible at —119. These factor-binding activities persisted through
matocytes, of an enhancement at position —115 and a protec- the round spermatid stage. We conclude that this footprint is
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distinct from that seen in this same region in somatic spleno-
cytes for two reasons. First, the footprint detectable in sper-
matocytes extends from —110 to —119 and, as such, is more
expansive than the footprint detected in splenocytes that ex-
tends from —110 to only —115. Second, the footprint detected
in splenocytes indicative of a putative repressor is not observed
in spermatogonia, indicating that the putative repressor be-
comes dissociated from the E5/E, region prior to activation
and is subsequently replaced by an activator that binds to this
same region in spermatocytes and spermatids.

While we were able to detect a protein-DNA interaction at
the E5/E, region of the Pgk2 enhancer in expressing spermato-
cytes and spermatids in vivo, we detected no binding activity at
the E,/E, region in these same cell types (Fig. 2D). Thus, as
with the CAAT box, we found that certain sequence elements
that demonstrated the capacity to bind nuclear factors in re-
constitution EMSA experiments in vitro are, in fact, not bound
by proteins in vivo. This demonstrates the need to confirm
results obtained in vitro with analyses performed in vivo.

Interestingly, even though the GC box is bound in spermato-
cytes and spermatids by a ubiquitously expressed factor, we
detected no evidence of protein binding at this site in any of
the spermatogonial cell types we examined (Fig. 2B). This
suggests that the Pgk2 promoter exists in a condensed (re-
pressed) chromatin state in spermatogonia, such that factors
that are already present at this stage are prevented from ac-
cessing their cognate binding sites. Similarly, we observed no
evidence of factor binding in the Pgk2 enhancer region in
spermatogonia (Fig. 2D). However, we did detect several ap-
parent protein-DNA interactions in the form of protections in
the region between the CAAT box and the GC box, specifically
on the lower strand in primitive type A and type A spermato-
gonia (at positions —100, —93, —80, —74, —70, —56, and —40)
and, to a lesser extent, in type B spermatogonia (only at posi-
tions —74, —56, and —40) (Fig. 2E). The pattern of these
footprints suggests a periodicity of about 20 bp that could
represent a phased nucleosome, but we have no other data to
confirm this. If a phased nucleosome is present in this position
in spermatogonia, then it apparently becomes displaced coin-
cident with the subsequent initiation of active transcription of
the Pgk2 gene in spermatocytes and spermatids.

Postmeiotic spermatogenic cells undergo the unique differ-
entiative process of spermiogenesis that includes, among other
things, significant chromatin condensation as histones associ-
ated with DNA in earlier spermatogenic cells are ultimately
replaced by protamines (49). As a result, global transcription
ceases, presumably due to restricted access of the transcrip-
tional machinery to promoter sequences. Therefore, we ex-
pected to observe a reduction in protein-DNA interactions
associated with the Pgk2 promoter in spermatozoa. Indeed, the
protections and enhancements seen at the GC box and en-
hancer region in expressing spermatocytes and spermatids
largely disappeared in testicular spermatozoa, wherein we ob-
served a footprint pattern similar to that seen in nonexpressing
somatic cells (Fig. 2B to D).

Identification by ChIP analysis of factors regulating Pgk
gene transcription in vivo. The GC box is well characterized as
an SP/KLF family binding site and is a common cis regulatory
element present in the promoters of several genes expressed in
a developmentally specific manner in differentiating mouse
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germ cells (11, 25, 54, 56, 61). The SP/KLF family of transcrip-
tion factors is united by a particular combination of three
conserved C,H, zinc fingers that form the sequence-specific
DNA-binding domain (31). Within the SP/KLF family of tran-
scription factors, SP1 and SP3 are ubiquitously expressed in
mammalian cells, including spermatogenic cells (56) and so
were primary candidates for the factors responsible for the
footprint at the Pgk2 GC box in spermatocytes and spermatids.

To examine the association of the SP1 and SP3 factors with
GC boxes in the Pgkl and Pgk2 promoters in vivo, we con-
ducted ChIP experiments on cells from adult mouse testis and
spleen. In contrast to the Pgk2 promoter, which contains a single
GC box, the murine Pgkl promoter has five GC box elements
located within a CpG island (as revealed by TFSEARCH [http:
/fwww.cbre.jp/research/db/TFSEARCH.html]). We observed an
association of both SP1 and SP3 with the Pgk! promoter in so-
matic splenocytes (Fig. 3A and B). Similarly, in adult mouse testis,
which contains both somatic and germ cells, we also detected
both SP1 and SP3 in association with the Pgk! promoter (Fig.
3A and B). In contrast, the Pgk2 promoter showed only back-
ground levels of association with either factor in splenocytes
(where this gene is not expressed) but showed a significant
association with SP3, but not SP1, in the testis (where this gene
is expressed) (Fig. 3A and B).

A portion of the E;/E, enhancer element (5'-AGATAGAC
AG-3') in the Pgk2 gene shows consensus homology with a
bipartite PBX-HOX binding site (5'-AGATTGATCG-3’) that
is essential for tissue-specific enhancer activity in the Hoxb2
gene (18). Heterodimerization of PBX and PREP1 (also
known as PKNOX1) yields a complex with strong binding
affinity for the sequence 5'-TGACAG-3’ (9, 10, 19), and this
site is also found within the E;/E, enhancer element in the
Pgk2 gene. Furthermore, a recently reported, expanded con-
sensus MEISTA-HOXAY heterodimeric binding sequence (5'-
TGACAGKTTWAYGA-3’; http://www.cbil.upenn.edu/cgi-bin
/tess/tess) matches the 3’ half of the E;/E, enhancer element as
noted above plus an additional 8 bp that match the sequence in
the Pgk2 promoter immediately 3’ to the E5/E, enhancer ele-
ment, yielding a total potential binding site in the Pgk2 en-
hancer for the PBX-MEIS, the PBX-HOX, or the HOX-MEIS
complex of 18 bp (5'-AGATAGACAGGATGGAGA-3').
PBX and PREP1 are members of the TALE homeodomain
family, with homeodomains most closely related to the PBC
and MEIS subfamilies, respectively (41). Wagner et al. (59)
identified PBX4 as a novel testis-specific member of the PBX
family. Note that the mammalian Pbx4 gene expressed exclu-
sively in the mammalian testis is not orthologous to the zebra
fish pbx4 gene required for the development of the hindbrain
(41). Expression of the mammalian Pbx4 gene is first detect-
able in the prepuberal testis coincident with the onset of the
first wave of spermatogenesis (59). Therefore, PBX4 repre-
sented a strong candidate for the factor responsible for the
footprint at the Pgk2 E,/E, enhancer element in spermatocytes
and spermatids. The Prepl gene is also expressed predomi-
nantly in the testis (19) and so represented a candidate for a
coactivator that could function in a complex with PBX4 to
regulate testis-specific activation of the Pgk2 gene.

We used ChIP to investigate the interactions in vivo between
PBX4 and PREP1 and the Pgk2 enhancer elements E5/E,.
Because an antibody that solely recognizes PBX4 was not com-
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FIG. 3. In vivo binding of transcription factors to the Pgkl and Pgk2 promoters. ChIP analyses were performed with testicular germ cells and
splenocytes, using antibodies specific for SP1 (A), SP3 (B), PBX1/2/3/4 (C), PBX1/2/3 (D), PREP1 (E), CREB (F), CREM (G), and CBF-B/
NF-YA (H). Precipitated DNA was subjected to real-time PCR with the use of specific primers for the Pgkl and Pgk2 promoters (see below), and
relative enrichment of amplified regions in immunoprecipitated DNA (bound fractions; BO) was determined and compared to that in input (IP)
DNA. All results were normalized to values for normal rabbit IgG, with that level arbitrarily set to 1.0. Each error bar indicates standard error
of the mean. All PCR primers used are listed in Table 2. The PCR primer set named “Pgk! CAAT box” was used to analyze the binding of all
transcription factors examined in the Pgkl promoter. This primer set amplified the “NF1-like region” (from position —180 to —77) (14, 47),
including the consensus binding site for PBX factors and the CAAT box element (the binding site for CBF-B/NF-YA) in the Pgkl promoter.
Because of the size of the sonication fragments, amplification of this region was also used to examine the binding of SP factors to the nearby GC
boxes at positions —66 and —254 in the Pgkl promoter. Similarly, the PCR primer sets named “Pgk2 E,-E,,” “Pgk2 CAAT box,” and “Pgk2 GC
box” (Table 2) were used to selectively amplify specific regions in the Pgk2 promoter, including a region containing the E,/E,-plus-E5/E, enhancer
sites, a region containing the CAAT box, and a region containing the GC box, respectively. The “Pgk2 GC box” primer set was also used to analyze
the binding of CREB and/or CREM to the putative CRE site (+333). Deduction of specificity of binding of each factor to each element was based

on the fact that, except where noted otherwise, each putative binding element represented the only candidate consensus binding sequence for each
factor within at least 1 kb in each direction in each promoter.

mercially available, we performed ChIP assays using an anti- both spleen and testis and Pgk2 sequences from testis only. The
PBX1/2/3/4 antibody, which recognizes all four isoforms of the anti-PBX1/2/3 antibody also precipitated Pgkl sequences at
PBX family, and an anti-PBX1/2/3 antibody that recognizes high levels from spleen but only at very low levels from testis.
the first three but not the fourth isoform (Fig. 3C and D). The Pgk2 sequences were not precipitated from either spleen or
anti-PBX1/2/3/4 antibody precipitated Pgk! sequences from testis, using the anti-PBX1/2/3 antibody. This suggests that
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PBX4 is the sole PBX isoform bound to the Pgk2 gene and is
the predominant isoform bound to the Pgkl gene in the testis.
We also confirmed that PREP1 localizes to the Pgk2 promoter
in the testis, but not in spleen, and to the Pgkl gene in both
spleen and testis (Fig. 3E). These associations support the
contention that PBX factors function as activators in conjunc-
tion with the coactivator PREP1 to stimulate transcription
from Pgk promoters.

Although they were not indicated by our footprinting exper-
iments, two other candidate regulators of Pgk transcription
were the cyclic AMP-responsive element modulator (CREM)
and its family member the cyclic AMP-responsive element
binding protein (CREB). CREM is a transcription factor
known to be critically required for spermatogenesis (26). A
microarray study of gene expression in testes of CREM-defi-
cient mice revealed a 2.8-fold decrease in the level of Pgk2
transcripts  (http://www.dkfz.de/tbi_old/crem/index.html) (6).
Indeed, half CRE sites (5'-TGACG-3’ and/or 5'-CGTCA-3")
are found at —1632 and +333 of the murine Pgk2 gene (http:
//natural.salk.edu/CREBY/) (64). CREB is known to function in
glucose homeostasis, for which the glycolytic enzyme phospho-
glycerate kinase, encoded by the Pgkl and Pgk2 genes, is cru-
cial (33). Previous studies showed that the human PGKI pro-
moter is occupied by CREB in primary hepatocytes and in the
human embryonic kidney cell line HEK293T (64).

We examined the association of CREM and CREB with the
Pgkl and Pgk2 promoters in testis and spleen. We confirmed
the binding of CREB to the Pgkl promoter in both spleen and
testis, but no significant association of CREB with the Pgk2
promoter was observed in either tissue (Fig. 3F). However,
CREM, a master regulator of spermatogenesis (26), was found
to be associated with both the Pgkl and Pgk2 promoters in the
testis (Fig. 3G). Thus, both CREB and CREM are bound to
the Pgkl gene in the testis, but only CREM is bound to the
Pgk2 gene in this same tissue. There are both activating and
repressing isoforms of CREM (26). Because a microarray
study of gene expression during spermatogenesis in a CREM-
deficient mouse revealed a 2.8-fold decrease in expression of
the Pgk2 gene (6), we assume there are normally activating
isoforms of CREM bound to this gene in spermatocytes and
spermatids in vivo.

Finally, we examined the association of CBF-B/NF-YA in
both the Pgkl and Pgk2 promoters, because it is the most likely
factor to bind to a CAAT box (55). Pfeifer et al. (46) and Dai
et al. (14) used genomic sequencing to detect a footprint in
vivo at the CAAT box in the actively expressed human PGKI1
gene, and our ChIP analysis revealed an association of CBF-
B/NF-YA with the mouse Pgkl promoter in somatic (spleen)
cells where the Pgkl gene is actively expressed (Fig. 3H). How-
ever, as noted above, our in vivo footprinting analysis of the
Pgk2 gene in spermatocytes and spermatids revealed no pro-
tein-DNA interaction at the Pgk2 CAAT box (Fig. 2C and E).
This is consistent with our ChIP analysis that revealed no
association of CBF-B/NF-YA with the Pgk2 promoter in tes-
ticular cells (Fig. 3H).

Spermatogenic stage-specific binding of transcription fac-
tors to the Pgk2 gene. Having identified the key transcriptional
regulators of the Pgk2 gene, we next sought to determine the
developmental kinetics by which these factors interact with the
Pgk2 promoter during spermatogenesis in vivo. We performed
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ChIP assays for PBX4, SP3, and CREM on highly enriched
populations of specific mouse spermatogenic cell types at
stages prior to, during, and following the period of active
transcription of the Pgk2 gene. As shown in Fig. 1B, transcrip-
tion of the Pgk2 gene begins at the onset of meiosis, and levels
of Pgk2 transcript then increase steadily throughout spermato-
genesis. On the other hand, the X-linked Pgkl gene is ex-
pressed in all somatic cells and in premeiotic spermatogonia,
but transcription of this gene ceases in primary spermatocytes
due to MSCI (57) and continues to be repressed in spermatids
due to the effects of PMSC (Fig. 1A) (45, 60). We found that
PBX4, SP3, and CREM are all recruited to the Pgk2 promoter
predominantly at the onset of meiosis and then remain present
throughout meiosis and the subsequent differentiation of sper-
matogenic cells to the round spermatid stage (Fig. 4A to C, left
side), coinciding exactly with the pattern of active transcription
of the Pgk2 gene during spermatogenesis.

In contrast, the binding of PBX factors and SP3 to the Pgk/
promoter was prominent in premeiotic type A and type B
spermatogonia but then declined rapidly at the onset of mei-
osis, correlating with the cessation of transcription of the Pgk/
gene due to MSCI (Fig. 4A and B, right side). CREM re-
mained associated with the Pgkl promoter at relatively low
levels throughout spermatogenesis, except in leptotene-plus-
zygotene spermatocytes, which showed a striking transient in-
crease (Fig. 4C, right side), possibly indicating a role for this
factor in initiating MSCI.

Expression profile of transcriptional activators of the Pgk2
gene during spermatogenesis. Our factor- and stage-specific
ChIP assays revealed the identities of key factors regulating
transcription of the Pgk2 gene but did not reveal which of these
factors might be the primary regulator(s) of the tissue- and
stage-specific transcription of this gene during spermatogene-
sis. To gain further insight into this aspect, we analyzed ex-
pression profiles during spermatogenesis of Pbx4 and Prepl,
along with other members of the Pbx (PbxI, Pbx2, Pbx3) and
Meis (Meis1, Meis2, Meis3, and Prep2) families of genes encod-
ing transcription factors. Using real-time RT-PCR, we exam-
ined total RNA from highly enriched populations of specific
spermatogenic cell types, as well as from whole adult testis,
liver, spleen, and brain tissues (Fig. 5). The relative expression
levels of Pbxla and Pbx1b, alternative splicing variants of tran-
scripts from the PbxI gene, were consistently low at all stages
of spermatogenesis and in all tissues examined, except for the
expression level of PbxIb in the brain (Fig. 5A and B), while
the Pbx2 and Pbx3 genes were expressed at various levels
throughout spermatogenesis, with the Pbx2 expression level
showing a decrease during meiosis (Fig. 5C and D). However,
the testis-specific Pbx4 gene showed a tightly regulated expres-
sion pattern during spermatogenesis, initiating transcription in
meiotic spermatocytes and continuing in postmeiotic sperma-
tids (Fig. SE), mirroring the initial expression profile of the
Pgk2 gene (Fig. 1B). MeisI was also expressed at various levels
during spermatogenesis (Fig. 5F), while the Meis2 and Meis3
genes were repressed in male germ cells, although these genes
were expressed at high levels in the brain (Fig. 5G and H).
Expression of the Prepl and Prep2 genes was upregulated in
the testis. Prepl showed increasing expression beginning at the
onset of meiosis in a pattern similar to that of the Pbx4 gene
(Fig. 5I), whereas Prep2 was expressed almost exclusively in
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FIG. 4. Developmental stage- and cell type-specific recruitment of transcription factors to the Pgkl and Pgk2 promoters. ChIP analyses were
performed with relatively pure populations of specific spermatogenic cell types prior to, during, and following the period of active transcription
of the Pgk2 gene, using antibodies specific for PBX1/2/3/4 (A), SP3 (B), and CREM (C). Precipitated DNA was subjected to real-time PCR with
the use of specific primers for the Pgk2 (left side panels) and Pgkl (right side panels) promoters, and enrichment of immunoprecipitated DNA
(bound fractions, BO) relative to input (IP) DNA was calculated in each case. All results were normalized to values for normal rabbit IgG, with
that level arbitrarily set to 1.0. Each error bar indicates standard error of the mean. Type A, type A spermatogonia; Type B, type B spermatogonia;
Prelep, preleptotene spermatocytes; Lep/Zyg, leptotene plus zygotene spermatocytes; Ea Pachs, early (juvenile) pachytene spermatocytes; Pachs,

pachytene spermatocytes; Round, round spermatids.

postmeiotic spermatids (Fig. 5J). These findings are comple-
mented by the results of previous studies in which PBX4 pro-
tein was detected in a subnuclear domain in pachytene sper-
matocytes (59) and the PREP1 protein was detected in the
adult testis (19). Because the expression patterns of the Pbx4
and Prepl genes mirror that of Pgk2 and because our ChIP
analysis demonstrates that these factors associate with the Pgk2
promoter in an appropriate stage-specific pattern, we suggest
that a complex of PBX4 and PREP1 is likely to be the primary
factor involved in initiating stage- and cell type-specific tran-
scription of the Pgk2 gene during spermatogenesis.

DISCUSSION

By taking advantage of the uniquely accessible spermato-
genic cell lineage, we were able to capture a rare glimpse into
the developmental dynamics of the establishment of key pro-
tein-DNA interactions associated with transcriptional activa-
tion of the testis-specific Pgk2 gene in vivo. A single footprint
was detected in the E;/E, enhancer region in somatic cells,
where the Pgk2 gene is terminally repressed (Fig. 2D). We
assume this represents binding of a repressor, although the
identity of this repressor remains unknown. Interestingly, this
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interaction was not observed in spermatogonia, suggesting that
the somatic repressor is either not expressed in spermatogenic
cells or is present but no longer bound to the Pgk2 gene in
these cells. Previous EMSA studies with nuclear extracts from
prepuberal testes did show a band attributable to the E5/E,
site, favoring the latter alternative (21). We previously chron-
icled demethylation of DNA in a domain that encompasses the
Pgk2 promoter (22). This demethylation takes place in fetal
(type T,) and neonatal (type T,) prospermatogonia and there-
fore precedes the spermatogonial stage of spermatogenesis.
Thus, it is possible that one direct or indirect effect of this
spermatogenesis-specific demethylation event is to release or
prevent binding of this repressor. The fact that the footprint of
this putative repressor overlaps with that of the tissue-specific
activator (PBX4) suggests a possible switch mechanism oper-
ating at the E5/E, element based on differential binding of
these two factors (see below).

Although transcription of the Pgk2 gene does not begin until
the meiotic spermatocyte stage (Fig. 1B), we observed unique
footprints within the Pgk2 promoter region in premeiotic sper-
matogonia (Fig. 2E). These footprints, located between the
CAAT and GC boxes in the Pgk2 core promoter, were ob-
served for premeiotic spermatogonia but not for subsequent
spermatocytes or spermatids and were most prominent in
primitive type A spermatogonia isolated from prepuberal
males at 6 dpp and in type A spermatogonia isolated at 8 dpp
and less prevalent in differentiating type B spermatogonia, also
isolated from males at 8 dpp. Because these footprints were
observed prior to but not during active transcription of the
Pgk2 gene, we envision two potential explanations for what
they represent. One possibility, supported by the ~20-bp pe-
riodicity of these footprints, is that they represent the presence
of a single, phased nucleosome positioned in this region just
prior to the activation of transcription that then becomes dis-
placed to facilitate factor binding required for the initiation of
transcription. A second possibility is that these footprints could
represent the presence of chromatin remodeling complexes
involved in initiating critical changes in chromatin structure to
potentiate the initiation of transcription of this gene in sper-
matocytes, although detectable decondensation of chromatin
and formation of a DNase I hypersensitive site in the Pgk2
promoter do not occur until late in the spermatogonia type B
stage (28, 29).

A distinct set of footprints was detected uniquely in those
spermatogenic cell types in which the Pgk2 gene is known to be
actively transcribed (Fig. 1B) (29, 38). Thus, in meiotic sper-
matocytes and postmeiotic round spermatids, we observed
unique footprints at the GC box and in the E;/E, enhancer
region (Fig. 2B and D). Based on our ChIP assays, we report
here, for the first time, the putative identity of the transcription
factors responsible for initiation of transcription of the Pgk2
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gene during spermatogenesis. We find that the SP3 factor is
preferentially bound to the GC box in the Pgk2 core promoter
in spermatocytes and spermatids and that the PBX4 factor is
bound to the E5/E, region in the Pgk2 enhancer in these same
cells (Fig. 3 and 4). Mammalian PBX factors have been shown
to independently dimerize with either HOX proteins or MEIS/
PREP proteins (41). Trimeric complexes encompassing all
three homeoproteins, PBX-HOX-MEIS/PREP, have also been
characterized (41). Our ChIP assays detected PREP1 at the
Pgk2 promoter in the testis (Fig. 3). Therefore, initiation of
Pgk?2 transcription appears to be driven by a complex involving
the PBX4 and PREP1 factors bound to the E;/E, enhancer
region, and this complex presumably interacts with other fac-
tors bound to the Pgk2 promoter, including SP3 and CREM, to
form an enhanceosome-like structure that directs the initiation
of transcription of the Pgk2 gene (62). Interestingly, the activity
of certain tissue-specific genes activated by PBX-containing
complexes was previously shown to be regulated by a balance,
or switch, between activator and repressor complexes (5, 51).
The alternate protein-DNA interactions we observed at the
E5/E, enhancer in somatic cells, where the Pgk2 gene is re-
pressed, and spermatocytes and spermatids, where the Pgk2
gene is actively transcribed, could represent the function of
such a switch mechanism.

Our developmental analysis demonstrated that occupation
of the Pgk2 enhancer site by the PBX4-PREP1 complex first
occurs coincidentally with the onset of meiosis in primary sper-
matocytes and that the initial occupation of the GC box by SP3
in the Pgk2 core promoter and the association of CREM with
the Pgk2 gene also occur at approximately this same time. This
is despite the fact that SP3 and CREM are present in earlier,
premeiotic spermatogonia, as are other members of the PBX
and MEIS transcription factor families. This suggests that prior
to the early primary spermatocyte stage, the Pgk2 promoter is
inaccessible to binding by most transcription factors, consistent
with our previous observations that chromatin in this region
remains relatively condensed in spermatogonia and then de-
condenses in spermatocytes (28, 29). The stage-specific expres-
sion patterns during spermatogenesis of the genes encoding
the PBX4 and PREP1 factors suggest that the initial formation
of this complex directly regulates the coincident, stage-specific
transcriptional activation of the Pgk2 gene.

In this regard, it is interesting to note that somatic isoforms
of the PBX factor family have been implicated in the activation
of muscle-specific gene expression (8, 15, 27). In muscle, PBX
forms a complex with MEIS and penetrates repressive chro-
matin in the myogenin promoter to recruit MYOD, which then
interacts with histone acetyltransferases to promote the acet-
ylation of histones and the association of SWI/SNF complexes
that then initiate chromatin remodeling, and this, in turn, fa-
cilitates access for stable binding of additional activator com-

FIG. 5. qRT-PCR analysis of expression during spermatogenesis of genes encoding PBX and MEIS factors. Expression of different members
of the Pbx family of genes, Pbxla (A), Pbx1b (B), Pbx2 (C), Pbx3 (D), and Pbx4 (E), and the Meis family of genes, Meis! (F), Meis2 (G), Meis3 (H),
Prepl (1), and Prep2 (J), was quantitated by real-time RT-PCR. The relative expression of each target mRNA was calculated from the target C;-
values and the 18S rRNA C; values, using the standard curve method. Each error bar indicates standard error of the mean. Type A, type A
spermatogonia; Type B, type B spermatogonia; Prelep, preleptotene spermatocytes; Lep/Zyg, leptotene plus zygotene spermatocytes; Ea Pachs,
early (juvenile) pachytene spermatocytes; Pachs, pachytene spermatocytes; Round, round spermatids; Elong/RBs, elongated spermatids plus

residual bodies.
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A Pgkl:

Human
Dog
Mouse
Rat

Human
Dog
Mouse
Rat

Human
Dog
Mouse
Rat

Human
Dog
Mouse
Rat

Human
Dog
Mouse

Human
Dog
Mouse
Rat

Human
Dog
Mouse
Rat

B Pgk2:

GC-box
GGCCCCCCGGCGACGCTTCCTGLTCCGCCCCTAAGTCGGGAAGGTTCC-————~~ TTGCG
AA*XT**GT** ACCGA**C*AGCIIC*x***x * ¥ TC*x*x * * XACA* * * * *CTTGG--————— EETN
*k Kk kK KPPCh A XCHAXCKTH KAk k*kThkkkkk_*k kXA *x*k*k * *T*C*k*CCCCGCCCC**A
*kkkkXKTTCh*kChAXCKTHh X APk kPhkdkkk ko k[ k kA Pk kT o *kR

GTTCGCGGCGTGCCGGACGTGACAAACGGAAGCCGCACGTCTCACTAGTACCCTCGCAGA
HOKTHhRTA*R KKK KK AKAK Kk k kA kK KTHAXKAK Kk kkkkkkkkk kCk Kk kGTh*k kP k ko k%

Elel Ty R T e v T T e\ o 2

HOK* AR KThh kA Thhkkhkkkhkk kA PTAAX K,k ThhkkkkkkkChkkkkkk—*TrGTk * k%

NF1-Like Region CAAT-box

CGGACAGCGCCAGGGAGCAATGGCAGCGCGCCGACOGCGATGGGCTGTGECCAATAGCGG
KAK KKK KTAAKTCR Kk kkkkkk kXX XGXT* ¥ T*GrkGCKTTHCK ¥ *CGCH Tk * * * kkk k%
Thkkkkkk Ak kGOTh Ak kkkkkk Ak k kX GATAKXGH MTTTG—* ***k Ak Ck k% ok ok ok ok ok k[A*
ThkkkkkkA*kGCCK Ak kK kkkkAKTh kG K AKXGH HTTTG—* * % % Ak Ck Al % % ok & ok k *[A*

GC-box
CTGCTCAGCAGGGCGCGCCGAGAGCAGCGGCCEEGAAGGGGCGETGCGGGAGGCGGGGT -
[ T ——— DR R LR T L2 S — i e o e e o e kG ek o ok ek Tk —

**kPTG*XTCHTTC**TTT*T*G*XCT** ¥ A* k¥ Tk % %k * %k * T* KGT*C* *G* *CGGGCTC
* K TTG*TH*TTCH X TTTXTHGAX ¥ *k Xk A* Xk TA Ak k kX k kX Xk kGO K CHA A GrCH**k————

+1
———————— GTGGGGCGGTAGTGTGGGCCCTGTTCCTGCCCGCGCGETGTTCCGCATTCTG
_______________ KA CGhGR A h K _kkKKGKKCKCTCRATA* ¥ ¥ % %Ok

AGGGGCGG*CTCA*G**CG*G*C****G*C-CGAAG*T**T*CG*AG*CC*XG* ¥ ¥ ¥ k%%
_________ CTTA*G**CG*G*XCAX* ¥ A*C—C*TAGKT* ¥ T*C**CG*XCCKGh ¥ * % % % %%

CAAGCCTCCGGAGCGCACGTCGGCAGTCGGCTCCCTCGTTGACCGAATCACCGACCTCTC
*KCHAGGTT*T***k*k***kkCA*Xk*GXCTTT**T*TCk*Crk* TTTA*GCTCT*AG* k¥ *G*
*HCHKTHRAAAK KKKk KKk k kK Thk*CXCGCTG*THTC*XTCXTCHTCHTCTCHG*GX ¥ ¥ Tx %
*KCHATARAAAKR KKk Kk kkkk kT X TXCAXTG*T*TC*kTCXTCYTCTCCTC*G*Gr*k* k% %

TCCCCAGCTGTATTTCCAARATG!  +97
AR***TTH - —kkkkGhkkkGhexx +95
GA**TCA*XG**G**Ghxkkkkkk* +97
GAX*XTCAXG *Gr*Gr*kxkxxx|  +97

E//E:

Human CCACTACATGACCCTCTGCCCAGGAAGTTGGAATCTT CTAGCAAC--ACAGTTCRGA
Chimp **********G***********************T*** [% % J d K ok d ok ke — — K k% Kk ok ko ok
Dog **GGATT*GH G, —— Xk k kK AKXTAXChkkkTh Ak kk*kGr HAGGRCOh % —* — _*k *T*CxA*
Mouse ~ TT***GTT*AGTATH* *AGGHT**Ck ** KTk *G* * ¥ GTH* ¥AGH***AAA**GT*CHka*
Rat TT***GTT*AGTAT* ¥ *TGGAT* *C * * ¥ Tk *G¥ * ¥ GTH* ¥ ACKTG*A-—**TT*CHpka*
Es/Eq4 CAAT-box
Human  TCGAGATTGACAGGAICCATGAGECAATCACAAAGCTAGATTTGCTTT---CCAGTCTAA-
Chimp ******************************************C****———*********—
Dog e e Qe ok ok ok ok e e Jy ok ok ok Tk ke ok ok ok ok ke Gk kK CHAGH Kk Ok Kk kA PCCh k% kX PCh* T
Mouse *hD kR AR KAk kK TGGA* kAR Ak kkk k kk Ghk k kGh Ak k kChkkk——_*kAXAXTCT*C
Rat *RPkkkkCh Rk kk kK TGCGA*GAR ¥ k¥ * ¥ ¥ GG*A*kCGA*X * ¥ *Ck ¥ * % - _*A*AGTCT*C
GC-box
Human  CAGTGGCCGTTGTGCTGGAGACAGTGA--GGAGAAGAAAGIEGGCGGAACAAGGGCARAGG
Chimp *******T***‘k***CC**********——****************** J %k d ke ke ke ko ok ok
Dog **A**T*T*CCC*ATGTT*A*******——T***************** dhkkdkhkk—kkkkk
Mouse **A****TA******A******TT***ACTC*C**AG**A**_**** *C*A*A*TT*A*
Rat **A****TA****ACA******TT***ACTC*C**AGG*A******* *C*A*A*TT*A*
+1
1
Human  CGTTAGAAGTCACCACCGACCCAGCCCCTCAACAGCA---AGTTGGTTCTTCAGCATTAA
Chimp dhkkkhkkkhkhkhkhkhhkkhhhkhhhkhhkkhhhhkhkkhhkkhhk———kkkkkkkkkhkkhkhkkkhkkkkk
Dog ****G***AG*****T*T*T******T****G*****GTA*AGC***********T**G*
Mouse *****A**A********A*G******T*c**G*****GTA*AGA**C*G**GT****—*C
Rat *****A**A***T******GA*****T*C*GG*** _____ **G*T**CAC*******_*C
Human GATCCAGGTGTCAGCCTATGTCTTTATATTGTCAAGEI‘d +85
Chimp ************************c*********** * %k +85
Dog ****T**C*T*****T*c*******G**_—****GA{k**l +86
Mouse ~ CHR**A** oo oo *x% 458
Rat CH**AK A ———m———mmm e e +53
C Pgkl NF1-Like Region
) 1
Human PGK] CGCAGACGGACAGCGCCAGGGAGCAATGGCAGCGCGCCGACCG
—kkkkk kAR Ak —k ke —kk ok kA Ak Ak ko hk—k——h_hk
Mouse Pgkl ~ TGCAGATGGACAGCACCGCTGAGCAATGGAAGCGGGTAGGCCT
*H | * | = Xk | X | -
Human PGK2 CAGATCGAGATTGACAGGAC
Kk _kkk_—hkhkhkhk_dkkkkkk_—
Mouse Pgk? ~ CARATCAAGATAGACAGGAT

Pgk2 E3/Es Region

-218
-173
-224
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-158
-113
-165
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+14
+14
+14
+14
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+74
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plexes to the myogenin promoter (8, 15). Indeed, it has been
suggested that PBX-related complexes act as “pioneer” tran-
scription factors to enter repressed (condensed) chromatin and
initiate remodeling to facilitate initiation of transcription of
tissue-specific genes (8, 15, 16, 50). Our observations of mo-
lecular changes in the Pgk2 promoter at the beginning of the
spermatocyte stage, including the disappearance of a potential
phased nucleosome (Fig. 2E), decondensation of chromatin
(28, 29), and changes in histone modifications (H. Yoshioka,
J. L. Hornecker, and J. R. McCarrey, unpublished data), all
support the contention that chromatin remodeling is indeed
induced in the Pgk2 promoter at this stage. The contention that
binding of the PBX4-PREP1 complex to the Pgk2 enhancer is
critical for the activation of Pgk2 transcription is further sup-
ported by our earlier observations that the E5/E, region is
required to direct the testis-specific expression in vivo of Pgk2
promoter/CAT reporter transgenes (48, 62) and that this re-
gion is also required to direct changes in histone modifications
in the Pgk2 promoter (H. Yoshioka et al., unpublished data).
Thus, these observations are consistent with a model in which
the PBX4-PREP1 complex binds to the Pgk2 promoter and
recruits histone-modifying enzymes and chromatin remodeling
factors to facilitate decondensation of chromatin, reconfigura-
tion of nucleosomes, and binding of transcription factors in-
cluding SP3 and CREM to initiate spermatogenesis-specific
transcription of the Pgk2 gene.

Our in vivo analysis of protein-DNA interactions in specific
spermatogenic cell types allowed us to examine the develop-
mental sequence of events leading to the initiation of transcrip-
tion of the Pgk2 gene. Previous developmental studies of mo-
lecular events at the promoters of the HNF-4a (23), the
collagenase (32), the IFN-B (1), and the chicken lysozyme (30)
genes suggest that the order in which histone modifications,
chromatin remodeling, and factor binding normally occur var-
ies among different tissue-specific genes undergoing transcrip-
tional activation. Our results indicate that recruitment of the
PBX4-PREP1 complex, SP3, and CREM to the Pgk2 promoter
occurs at approximately the same time as chromatin decon-
densation (28) and the formation of a DNase I hypersensitive
site (29), as well as changes in histone modifications (H.
Yoshioka et al., unpublished data), all of which occur coinci-
dent with the spermatogonium-spermatocyte transition. Im-
portantly, however, the resolution of our developmental anal-
yses in vivo was limited to days rather than minutes or hours.
Thus, we cannot distinguish between truly simultaneous events
and sequential events that occur in rapid succession. Never-
theless, we have shown that these parameters all undergo sig-
nificant changes at this stage and none (other than demethy-
lation of DNA [22]) is preset significantly prior to the stage at
which transcription of the Pgk2 gene is first initiated.

As noted in the introduction, the intronless Pgk2 gene is
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believed to have arisen in the mammalian genome as a retro-
posed copy of an intron-containing PgkI-like progenitor gene
early during mammalian evolution (12, 40). Transcription of
the newly formed Pgk2 gene was most likely facilitated by the
inclusion of a portion of the promoter from the Pgkl-like
progenitor gene as part of the retroposed sequence (34-36).
Thus, we previously speculated that the Pgk2 gene initially
carried a housekeeping promoter sequence that directed ubig-
uitous low-level transcription and that this regulatory sequence
has subsequently undergone a transition to direct, high-level,
testis-specific transcription, at least in eutherian mammals (34—
36). A comparison of mammalian Pgk/ and Pgk2 promoter
sequences is shown in Fig. 6. One potentially important dis-
tinction not specifically shown in this figure is that the Pgkl
promoter is embedded in a CpG island, whereas the Pgk2
promoter has lost the density of CpG dinucleotides required to
be considered an island and has retained only dispersed CpG
dinucleotides (35). This difference is likely responsible in part
for the fact that the Pgkl promoter region typically remains
constitutively hypomethylated (except on the inactive X chro-
mosome) (47), whereas the Pgk2 promoter undergoes highly
regulated demethylation in a tissue-, stage-, and cell type-
specific manner uniquely in spermatogenic cells (22).

Multiple conserved regions are evident within each Pgk pro-
moter (Fig. 6). As confirmed by the results presented here,
differential expression of the mammalian Pgk genes is clearly
related to unique protein-DNA interactions associated with
each Pgk gene. Surprisingly, CREM appears to bind both the
Pgkl and the Pgk2 genes and so is not likely to be primarily
responsible for their differential expression. Although a GC
box is common to both the Pgkl and the Pgk2 promoters and
binds SP transcription factors in both cases, we observed pref-
erential binding of SP1 to the Pgk/ promoter in somatic cells
and SP3 to the Pgk2 promoter in spermatogenic cells. All other
protein-DNA interactions we observed were unique to one or
the other of these genes. Not surprisingly, the GC box element
is well conserved in both promoters (Fig. 6A and B). Some-
what more surprising is the similar conservation of the CAAT
box element in each promoter, given the fact that we detected
a bound protein at this site in the Pgk/ gene but not in the Pgk2
gene. However, this element may play a role in directing gene-
and tissue-specific demethylation of the Pgk2 gene in prosper-
matogonia during fetal and perinatal stages (22), and that
could be the reason for its conservation in this gene.

A key distinction between the Pgkl and Pgk2 promoters is
found in the region just upstream from the CAAT box in each.
In the Pgkl promoter, there is a region of 41 bp that has been
termed an “NF1-like” binding sequence and has been shown to
bind factors found in somatic cells (14, 46). This sequence is
relatively well conserved among the four mammalian Pgkl
promoters, as shown in Fig. 6A, but is not found intact in the

FIG. 6. Pgk promoter sequences in mammals. Comparisons are shown among promoter sequences for the Pgk! (A) and Pgk2 (B) genes from
various mammalian species. Alignment of sequences upstream from the translational start codon (ATG, dashed rectangle) of each Pgk gene was
done using CLUSTALW (http://align.genome.jp/). Identical nucleotides are represented by asterisks, and dashes indicate a gap. The numbers to
the right of each sequence are relative to the transcription start site, which is designated +1. Highly conserved sequences for which potential
binding functions are known are surrounded by rectangles. (C) An alignment is shown of the NF1-like region from the human and mouse Pgk!
genes and the E5/E, region from the human and mouse Pgk2 genes and the potential relationship among these regions. Asterisks indicate sequence
identity, dashes indicate a lack of identity, and vertical lines indicate partial identity.
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Pgk2 promoter. Rather, in the equivalent position, the Pgk2
gene shows a different conserved element of 18 bp that we
previously termed the E5/E, region (Fig. 6B) and showed by
EMSA to have the capacity to bind one or more testis-specific
factors (21). The results presented in this study indicate that
this is the site of binding of the testis-specific PBX4-PREP1
complex. Interestingly, the E;/E, enhancer element in the Pgk2
promoter shows some similarity to the 5’ half of the NF1-like
element in the Pgkl promoter (Fig. 6C). We assume that this
portion of the Pgkl promoter is responsible for binding so-
matic members of the PBX family, as indicated by precipita-
tion of the Pgkl promoter by the PBX1/2/3 antibody in spleno-
cytes (Fig. 3C and D). However, the extensive conservation of
sequence in the E;/E, region among mammalian Pgk2 genes
suggests that it has undergone selection for optimal binding of
the PBX4-PREP1 complex.

This information allows us to speculate that the Pgkl-like
promoter included in the original Pgk2 retroposon may have
diverged to facilitate its transition from a housekeeping pro-
moter to its present status as a tissue-specific promoter which
functions uniquely in spermatogenic cells. It is noteworthy that
the differences in protein-DNA interactions associated with
each of the Pgk promoters are based largely on the preferential
binding of different members of similar families of transcrip-
tion factors. In particular, it would appear that the evolution of
testis-specific members of the PBX activator and MEIS/PREP
coactivator families, along with the optimization of a binding
sequence to preferentially bind the testis-specific isoform of
the PBX activator family (PBX4), have combined to impose
testis-specific regulation onto the Pgk2 retroposon in eutherian
mammals. As genomic sequences for additional mammalian
species become available, it will be of interest to recapitulate
this evolutionary process to determine if, as we suspect, the
appearance of testis-specific members of the PBX and MEIS
factor families coevolved in mammals with the appearance of
an optimal binding site for this complex in the Pgk2 promoter.

In conclusion, we have identified key transcription factors
that are associated with the actively transcribed Pgk2 gene in
spermatocytes and spermatids, including CREM, SP3, and the
testis-specific PBX4 activator and PREP1 coactivator. We have
exploited the highly accessible spermatogenic cell lineage to
characterize the developmental kinetics of associations be-
tween these factors and the Pgk2 promoter. Finally, we have
suggested how the Pgk2 promoter may have evolved from a
Pgkl-like housekeeping promoter to the tightly regulated, tes-
tis-specific promoter now associated with this gene in euthe-
rian mammals.
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