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Abstract

We previously used a yeast-based enhancer trap to identify a strong, retinoic acid response element
(RARE). We have now characterized testis and eye transcripts that are adjacent to this regulatory
element. Bioinformatics analysis of expressed sequence tag (EST) clones and RNase protection,
reverse transcription-PCR, and northern blot assays indicate that these two RNAs are transcribed
from the same locus on opposite template strands. This positions the RARE upstream of the testis
transcript and downstream of the eye transcript. Additionally, these two RNAs are embedded within
the third intron of the 329 kbp gene that encodes the Zinc Finger and BTB domain containing 7C
protein (Zbtb7C). We present the evidence indicating that the testis transcript is expressed primarily
in spermatocytes and/or early round spermatids. Furthermore, our analyses of transcript levels in
eyes and testes isolated from vitamin A deficient mice or from mice with defects in retinoid storage
or signaling indicate that retinoids are required for expression in vivo.
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Introduction

Retinoids (vitamin A and related compounds) are key molecules necessary for growth, vision,
reproduction, immunity and embryonic patterning and organogenesis. Testis, heart, limbs,
brain, eyes, central nervous system, and craniofacial structures are major targets of retinoid
action. Many basic cellular processes such as proliferation, migration, differentiation and
apoptosis are either positively or negatively regulated by retinoids (Chung and Wolgemuth,
2004; Clagett-Dame and Del uca, 2002; Kastner et al., 1995; Ross et al., 2000; Zile, 1998).

Retinoids exert these effects by altering gene expression via nuclear receptors, retinoic acid
receptors (RARs) and retinoid X receptors (RXRs), which act as retinoid-dependent
transcription factors. Genes that are “directly” activated by retinoid receptors initiate critical
signaling cascades controlling numerous developmental processes. Canonical retinoid
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signaling involves binding of the ligand (RA) to a heterodimer complex, containing one RAR
and one RXR. The receptor dimers recognize and bind to RA response elements (RARES) in
gene regulatory regions. Ligand binding relieves repression by coregulators and recruits
coactivator complexes to activate gene transcription. Combinatorial control by different
receptors, receptor cofactors, and RAREs contribute to the diverse effects of retinoids on
different physiological processes in different cell types (Balmer and Blomhoff, 2002; Colbert,
2002; Lonard and O'Malley, 2005; Mangelsdorf et al., 1994; McKenna and O'Malley, 2002).
Elucidating the genes that RA directly controls is essential to understanding the effect of
retinoids on embryogenesis and physiology.

Many studies have found that retinoids regulate a plethora of genes (Arima et al., 2005; Flentke
etal., 2004; Truckenmiller etal., 2001; Williams et al., 2004; Zheng et al., 2005). Experimental
analyses must focus on a limited number of cell types. Consequently, the number of genes
regulated by retinoids in one cell type or another is likely to be considerably larger than those
currently identified to date. Distinguishing the genes that are directly controlled by retinoids
from those that retinoids regulate indirectly is challenging. We developed an enhancer trap
assay in yeast, wherein RARES in the mouse genome were identified directly by virtue of their
ability to induce reporter gene expression in yeast that were co-transfected with mammalian
retinoid receptors (Glozak et al., 2003). Reporter gene analyses in yeast and mammalian cells
and electrophoretic mobility shift assays (EMSA) showed that the trapped sequences were
bona fide RAREs. Our RARE trap study (Glozak et al., 2003) and an extensive literature survey
(Balmer and Blomhoff, 2002) indicate that a relatively small fraction of RA-regulated genes
are directly regulated.

We previously showed that a motif in a trapped clone was a strong, RA-responsive enhancer
(Glozak et al., 2003). Clone C13 activated the yeast B-gal reporter gene by 10-fold in response
to RA treatment of yeast expressing RARB and RXRy. In F9 embryonal carcinoma cells, this
sequence strongly activated two different promoters (SV40 in pGL3pro and thymidine kinase
in pLUcTK?2) to induce the mammalian luciferase reporter gene by up to 9-fold in the presence
of RA. Sequencing and site-directed mutagenesis found that the C13 clone contained a motif
resembling a classical DR5 RARE (two PuG(G/T)TCA motifs separated by five nt.). In vitro
synthesized RARp and RXRy heterodimers bound wild type oligonucleotides with the DR5
element, but not to oligonucleotides with a mutated DR5 motif. These data proved that the C13
clone contained a strong RARE that could activate heterologous gene expression in response
to RA.

We now show that the C13 RARE is closely associated with previously uncharacterized testis
and eye transcripts embedded within an intron of a 329 kbp gene. We present the first
characterization of this complex locus and evidence indicating that these transcripts require
retinoids for expression in vivo.

The C13 RARE is within a complex locus

The genomic sequence flanking the C13 RARE was searched for transcripts submitted to
GenBank using Blast and UniGene (http://www.ncbi.nlm.nih.gov/dbEST, http://
www.ncbi.nlm.nih.gov/MapViewer and www.ensembl.org). This genomic analysis indicates
that the C13 RARE lies in a complexly transcribed region (Fig. 1). Six expressed sequence tag
(EST) clones generated from testis RNA map near the C13 RARE on chromosome 184. The
longest EST (AK005654) predicts two exons of 289 bp, and 284 bp. The C13 RARE lies 1,040
bp upstream of the testis mMRNA. The testis RNA contains an open reading frame with an

4Testis EST accession #: AKO005654, BU936305, BU961466, AV207841, AV039273, BY705845
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initiator methionine, but without a consensus Kozak sequence, that could encode a peptide of
38 amino acids. This putative peptide (Ensemble #, ENSMUSESTP00000002566) has no
obvious similarity to known proteins.

Fourteen ESTs® generated by the RIKEN Consortium from neonatal (day 0) eyeball RNA map
to the opposite strand relative to the testis ESTs. The longest of these (BB542970 and
BB606706) would predict a transcript with exons of at least 318 bp and 268 bp. The C13 RARE
would be 1,825 bp downstream of the 3’ end of this eye transcript. The short open reading
frames within these ESTSs did not align to any known proteins or protein motifs.

Interestingly, the testis and eye RNAs lie within the third intron of an unusually large gene
coding for the Zinc Finger and BTB domain containing 7C protein (also known as Zbtb36,
NM_145356.3). The 4,591 nt. mRNA that encodes Zbtb7C is distributed over 329 kbp.
According to an analysis of the 97 cDNA sequences submitted to GenBank, Zbtb7C is widely
expressed in brain and many other tissues. The 5" end of the Zbtbh7C transcript would be 198
kbp upstream of the C13 RARE.

Expression analysis

Because only six ESTs support the testis transcript, we performed northern blot analysis,
reverse transcription (RT)-PCR and RNase protection assays (RPAs) to confirm the predicted
expression patterns. Probes specific to the mouse testis transcript were hybridized to northern
blots of RNA from several different tissues and cell lines. These probes hybridized intensely
to a transcript in mouse testis RNA, but not to RNA from mouse or chick embryos at various
developmental stages containing diverse cell types (Fig. 2A). Nor did these probes hybridize
to murine embryonal carcinoma or embryonic stem cells grown in the presence or absence of
RA or to many adult mouse organs, including whole brain and dissected parts, uterus, liver,
kidney, and ovary (Fig. 2A and data not shown). We also used northern blot analysis (Fig. 4B)
and the more sensitive RPA and RT-PCR techniques (not shown) to test if this transcript was
present in unstaged mouse ovaries or ovaries from proestrus, metaestrus, diestrus, or estrus
stages. The absence of detectable transcript in any ovary RNA suggests that the transcript is
specific to male reproductive cells.

The migration of the testes transcript relative to the ribosomal, actin, and Rex1 (Zfp42,
NM_009556) RNAs is consistent with a transcript of 573 nt. as predicted by the longest EST
(Figs. 2A, 4B). Antisense, but not sense, RPA probes spanning the first 527 nt. of the predicted
RNA were fully protected by testis RNA (Fig. 2B), but not RNA isolated from ovaries at any
stage of estrus (not shown). Finally, RT-PCR using primer pairs within exon 1 or 2 or spanning
these exons yield fragments of the sizes predicted by the mapped ESTs only from testis RNA
(Fig. 2C). Together these data indicate that the C13 RARE is located upstream of the first exon
of a short testis transcript. Independent rapid analysis of cDNA ends (RACE) confirmed the
5" and 3’ ends of this transcript®.

The 14 RIKEN eye ESTs from this region were unusual in that each EST was only 90 to 94%
identical to the mouse genomic sequence. The sequence mismatches occurred in specific
nucleotides suggesting RNA editing; however, the changes do not adhere to known editing
rules (Keegan et al., 2001). To confirm that RNA was indeed transcribed from the strand
opposite to the testes transcript, we used an RPA probe derived exclusively from the testes
intron (Fig. 3A). A 261 nt. fragment of this probe was protected in day 10 neonatal mouse eye
RNA, but not in mouse testis or ovary RNA (Fig. 3B) as would be predicted by an mRNA with

5Eye EST accession #: BB542970, BB606706, BB542698, BB606627, BB542898, BB606659, BB542849, BB606644, BB606926,
BB542900, BB6066655, BB543815, BB544354, BB544384

BH. Lim, personal communication
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a 3’ end at the position shown in Fig. 1. Probes from this region that were antisense to the testes
mRNA were completely unprotected by RNA from any tissue, including testes. RT-PCR using
primer pairs specific to the eye transcript, but not the testis transcript, within exon 1 or 2 or
spanning these exons yield fragments of the sizes predicted by the mapped ESTs only from
eye RNA (Fig. 3C). The sequence variation observed in the 14 RIKEN ESTs could have been
due to RNA editing or to sequence error. Because we were unable to obtain the EST clones
from RIKEN, we sequenced six independent clones derived from an RT-PCR using the F4 to
R4 primers shown in Fig. 3C. The sequences of these clones from both ends were 100%
identical to the genomic sequence and to each other (DQ367877). Thus, our empirical data
indicate that this region is transcribed in eye.

In summary, a 573 nt. transcript located downstream of the C13 RARE is transcribed
exclusively in testis. In eye, but not in testis, another short transcript is transcribed from the
opposite strand. The eye RNA is transcribed from the same template strand as the Zbth7C
mRNA. After splicing, none of these RNAs would overlap or be anti-sense to each other.
Because we have a long-standing interest in the role of retinoids in spermatogenesis, we chose
to analyze the testicular transcript at this time.

The testis transcript is expressed in secondary spermatocytes—The adult testis
is composed of many different cell types, including somatic cells and germ cells at various
stages of differentiation. Spermatogenesis occurs in the seminiferous tubules in which the
Sertoli cell and germ cells are located, from the outer edge towards the central lumen of the
tubules. Mitotically renewing spermatogonial stem cells are located in the outermost layer of
the tubule. The primary and secondary spermatocytes undergo meiosis I and Il in more interior
layers. Finally, the post-meiotic spermatids undergo spermiogenesis in the most central layers
prior to extrusion into the lumen as spermatozoa. These germ cells are intimately associated
with somatic cells, called the Sertoli cells, throughout their development. The somatic Leydig
cells are located in the interstitial space outside of the tubules. To localize the C13 RARE
associated RNA in the testis, in situ hybridization was performed on adult testicular sections
using a C13 testis-specific probe. Fig. 4A shows a representative cross-section of testis
hybridized to probes specific to the testis transcript. The highest level of hybridization was
localized over the central layers occupied by spermatocytes and round spermatids.

The germ cells within the seminiferous epithelium form defined cellular associations, the
complete set of which is termed a spermatogenic cycle. In mice, the spermatogenic cycle is
composed of 12 cellular associations or stages (Leblond and Clermont, 1952; Oakberg,
1956). For example, primary spermatocytes in the last stages of meiosis | (diplotene and
diakinesis), secondary spermatocytes, and early round spermatids are limited to few specific
stages of the spermatogenic cycle (Oakberg, 1956). An RNA expressed specifically in these
cells would be present in some but not all cross-sections. As seen in Fig 4A, we observed that
some cross-sections of tubules hybridized strongly while others did not. This suggests that the
RNA is synthesized by germ cells that are restricted to particular stages of the spermatogenic
cycle. The staining pattern also suggests that the RNA is not located in Sertoli cells, which are
present in all stages of the spermatogenic cycle.

To clarify this issue, we isolated RNA from testes obtained from mice at various days following
birth. This method has been used to determine gene expression in specific developing germ
cells as the mouse approaches sexual maturity (Bellvé et al., 1977). The data shown in Fig. 4B
indicate that the transcript was not detected at day 10, but was observed at day 16 and day 21.
In contrast, the mMRNA of Rex1 (Zfp42, NM_009556), a transcription factor expressed in
primary spermatocytes (Hosler etal., 1993; Rogers etal., 1991), was present in the testismMRNA
samples from day 10 mice, 6 days before C13 transcript expression. Additionally, the germ
cell-specific actin transcript was not detected until day 21, when round spermatids are present
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in the seminiferous tubules. These data together with the in situ hybridization signal in the
central layers of the tubules, but not in all cross-sections suggest that the RARE-associated,
testis transcript is expressed primarily in late spermatocytes and/or round spermatids7.

mouse RNAs are regulated by RA in vivo

To test the hypothesis that the C13 RARE functioned to transmit a retinoid signal in vivo, we
compared the expression of the eye RNA in lecithin:retinol acyltransferase (LRAT) knockout
mice (Liu and Gudas, 2005) fed a vitamin A sufficient diet relative to mice that were fed a
vitamin A-deficient (VAD) diet. Unlike normal mice that resist vitamin A depletion,
LRAT " mice are much more susceptible to vitamin A deficiency and thus, are a more
convenient VAD model (Liu and Gudas, 2005; O'Byrne et al., 2005). As shown in Fig. 5A, we
were unable to detect the eye transcript in RNA extracted from the eyes of VAD LRAT /-
mice using RT-PCR (lane 1). In contrast, an amplified product was readily detected in eye
RNA from both LRAT~ and LRAT*/* mice fed a vitamin A-sufficient diet (lanes 4, 7).
LRAT " mice fed a vitamin A-sufficient diet appear normal, but have been reported to have
significantly reduced retinoid stores compared to well-fed LRAT */* mice (Liu and Gudas,
2005; O'Byrne et al., 2005). Consistent with a requirement for retinoid signaling in inducing
the C13 RARE-associated eye transcript, LRAT** mice express more of the eye transcript
relative to well-fed LRAT '~ mice (compare lanes 4 and 7). This is in contrast to the observed
levels of the constitutive actin RNA (lanes 3, 6, 9). Together, these results strongly suggest
that the decreased retinoid levels in the LRAT/~ mice reduced the expression of the C13 RNA.

Similarly, real time RT-PCR analyses showed that the testis transcript was significantly
reduced in RNA isolated from the testis of VAD (LRAT**) mice generated by standard
methods (Fig. 5B). Vitamin A deficiency blocks spermatogenesis at an early stage of meiosis
(Griswold et al., 1989;Ismail et al., 1990;Morales and Griswold, 1987;Wolbach and Howe,
1925). Because VAD testes have mainly Sertoli cells, spermatogonia, and early spermatocytes,
this result is consistent with the hypothesis that the C13 testis transcript is expressed in
spermatocytes or round spermatids. The levels of C13 mRNA increased by 89% in the testes
from retinol replenished VAD mice after 24 hrs compared with those observed in the testes
from VAD mice. Because late spermatocytes and round spermatids require over a week to
differentiate (Bellvé et al., 1977), these data are consistent with the hypothesis that retinoids
induce the testis transcript in the few remaining spermatocytes.

Mice with adisrupted RARa gene have been reported to have a testicular phenotype resembling
that of VAD animals (Lufkin et al., 1993), although in our hands the degeneration of the
germinal epithelium in RARa knockout mice varies from moderate to severe (unpublished
data). Thus, although other retinoid receptors (Kim and Griswold, 1990) can partially
compensate for the loss of RARa, these mice provide a genetic alternative to our nutritional
test of the C13 RARE's functionality. After normalizing the C13 mRNA level to an internal
control in each sample (the S2 ribosomal protein mRNA), we found that testicular C13 mRNA
levels in RARa heterozygous (+/-) and knockout (/=) mice were significantly decreased by
26% and 45%, respectively (p < 0.05), compared with those from the normal (+/+) mice. The
dissociation curves showing the melting temperature for the C13 and S2 real-time PCR
products indicated that each primer set generated a single product (data not shown). Together,
the absence of the eye and testis transcripts in VAD mice and the down-regulation of the testis
transcript in RARa knockout mice suggests that retinoids are required to induce these two
transcripts in vivo.

TThis RNA was independently identified in a screen for peroxisome proliferators activated receptor (PPAR) response elements (H. Lim,
personal communication). After obtaining in situ hybridization results consistent with our analyses, the sequence was entered in GenBank
under the name Secondary Spermatocyte-Specific Marker (Ssm, DQ284430).
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Discussion

Retinoids bind RARs and RXRs to directly activate genes. Separating the genes induced
directly by retinoid bound receptors from those induced subsequently by other regulatory
factors is laborious. The loose consensus defining known RARESs further complicates this
effort. We developed a yeast-based system to trap functional RARESs in the mouse genome
(Glozak et al., 2003). Out of 11 RARES chosen for expression analysis, we have so far mapped
five near RA-regulated transcripts. Four of these genes encoded known proteins: the
nonclassical MHC class I gene, T20d; the spermatid-specific RING zinc-finger protein coding
gene (sperizin/Zinc and ring finger 4, Znrf4) ; the highly conserved trinucleotide repeat
containing 5 gene (Tnrc5); and Pax3, a transcription factor in which mutations cause
Waardenburg syndrome (Pruitt, 1992).

A fifth RARE, C13, is adjacent to polyadenylated RNAs expressed in eye and testis. Most
importantly, we have presented data derived from VAD mice and mice that are defective in
retinoid signaling consistent with the hypothesis that the C13 RARE regulates these transcripts.
Vitamin A and its metabolites are essential for both eye development and function, and for
spermatogenesis (Chung and Wolgemuth, 2004; Ross et al., 2000). We have now trapped
RARES that appear to control two genes expressed in male germ cells (sperizin (Glozak et al.,
2003) and the C13-associated testis RNA). Thus, the trap approach can identify genes regulated
by RA in complex organs, like testis and eye, which would be challenging to identify by other
means.

The longest open reading frame in the testis RNA would encode a novel peptide of 38 residues.
The sequence leading up to the methionine in this peptide does not conform to the Kozak
consensus sequence nor were we able to detect a peptide after in vitro transcription and
translation (not shown). Therefore, it is also possible that this MRNA is non-coding. We
confirmed the gene structure of this RNA and that of the small RNA transcribed from the
opposite strand in eye using RPAs, RT-PCRs, and computational analyses of EST clones. The
mature testis and eye RNAs predicted by our analysis do not overlap, although their primary
transcripts do. Interestingly, the testis and eye RNAs lie entirely within the intron of an
unusually large gene (329 kb) coding for the Zinc Finger and BTB domain containing 7C
protein (Zbtb7C). The absence of mMRNA complementarity would rule out regulation of one
RNA by another via an anti-sense or RNA interference-mediated cytoplasmic process such as
translational repression. The significance of small transcripts within the introns of large
transcripts remains to be determined. However, analyses of the genomes from diverse
organisms have begun to reveal many examples of such complex transcription patterns
(Mattick, 2005; Willingham and Gingeras, 2006).

Indeed, genomic analyses indicate that much more of the genome is transcribed than had been
predicted. Furthermore, diverse classes of transcripts have been identified. These include
mRNAs that encode short, but functional, open reading frames (Basrai et al., 1997; Brent,
2005), and non-coding RNAs including essential regulators such as micro RNAs and
riboswitches (Katayama et al., 2005; Reichow and Varani, 2006; Shendure and Church,
2002). Non-coding RNAs are highly tissue specific. For example, an abundant class of small
RNAs that bind protein regulators of stem cell maintenance and meiosis are uniquely expressed
in germ line cells (Girard et al., 2006). Indeed, half of the transcripts synthesized by cells may
not code for proteins (Mattick, 2005; Willingham and Gingeras, 2006). These developmentally
regulated non-coding RNAs are likely to play specific signaling roles (Willingham et al.,
2005). Given that RA initiates signaling cascades, it is not surprising that RA would regulate
non-coding RNAs. Indeed, one genomic study found that RA regulated nearly a quarter of non-
coding RNAs (Cawley et al., 2004). Our trap may have identified the first RARE to control
non-coding RNAs.
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Experimental Procedures

Animals

To generate vitamin A-deficient (VAD) mice for testis RNA analysis, adult female B6-129
mice (LRAT*/*) were placed on a VAD diet (Harland Teklad, Madison, W1) for 3 wk before
they were mated with males that had been maintained on a normal diet. The females were
continued on a VAD diet through gestation and until pups were weaned. After weaning, male
offspring were fed the VAD diet for an additional 12 wk to obtain VAD male mice. Histology
of testicular sections from the VAD and the retinol-replenished mice showed typical germ cell
degeneration (data not shown). Retinol-replenished VAD male mice were generated by treating
the VAD male mice once with 17 mg/kg retinol (Sigma) in 50% ethanol by i.p. injection. Mice
heterozygous for RARa were acquired from Dr. Pierre Chambon (CNRS INSERM Universite
Louis Pasteur, Strashourg, France) (Lufkin et al., 1993) and mated to produce the RARa wild
type, heterozygous, and knockout mice. RNA from VAD eyes was obtained from Drs. L. Liu
and L.J. Gudas. Briefly, lecithin:retinol acyltransferase (LRAT /") knockout mice were fed a
normal vitamin A-sufficient diet (Harlan Teklad, Madison, WI) or a vitamin A-deficient diet
(Harlan Teklad, Madison, WI) as described in (Liu and Gudas, 2005). Serum samples were
analyzed to confirm that retinol and retinyl esters were depleted at 6 weeks. Animal
experimentation was approved by the Institutional Animal Care and Use Committees of
UMDNJ-NJ Medical School, Washington State University, and Weill Medical College of
Cornell University, and conducted in accordance with the highest standards of humane animal
care as outlined in the National Institutes of Health guide for the Care and Use of Laboratory
Animals.

Plasmid constructs and genomic PCR cloning

Various murine-specific primers (see below for sequences) were designed from exons 1 and 2
of the testis or eye transcripts for PCR. 100 pl PCR reactions contained 1 unit Tag recombinant
DNA polymerase (Sigma), 100 ng genomic DNA, 50 pmols of each primer, 0.25 mM dNTPs,
1.5 mM MgCls, and buffer conditions as recommended by the manufacturer (Sigma).
Reactions were incubated as follows in a Mastercycler gradient PCR machine (Eppendorf):
denaturation 94°C, 2 min; annealing 59°C, 90 secs; extension, 72°C, 60 secs for 25 cycles,
followed by a final extension at 72°C for 5 min. PCR products were separated by 6%
polyacrylamide gel electrophoresis (37.5:1 acrylamide: bis-acrylamide), visualized by
ethidium bromide staining and confirmed by restriction enzyme digestion and Southern
blotting. The PCR products were cloned into the pCRII TA cloning vector (Invitrogen)
according to the manufacturer's instructions and further sequenced (Molecular Resource
Facility, UMDNJ). An EST containing the testis transcript (BU936305; pDNRIib, Clontech)
was digested with EcoRI and ligated into the EcoRI site of pPGEM4 (Promega) for in vitro
transcription of probes for RNase Protection Assays (RPAS) and in situ hybridization.

Northern Blotting

Total RNA was isolated from prepuberty and mature mouse testis using the standard guanidium
isothiocyanate gradient method (Ausubel et al., 1997) and hybridized to mouse cDNA clones
as described previously (Fritz et al., 2004; Rogers et al., 1991; Rogers et al., 1992). The
hybridized bands were quantified using a Molecular Dynamics Phosphorimager and
ImageQuant software.

Reverse transcriptase-polymerase chain reactions (RT-PCR)

Oligo d(T) primed or random hexamer primed testis cDNA was used as a template for
amplification. Forward and reverse primer pairs specific to the testis transcript (diagrammed
in fig. 2C) were designed from exon 1 (F2: 5’ GCAGAAAGGTAGAGGGGAGCA 3'; R2: &
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CTGGACCTGAAGAGGGTAGCG 3'), exon 2 (F3: 5' ACAAAGGGCTGACAGTGCAGA
3';R3:5' TGGCAAACCGTTGAGGTATTG 3') and exon 1 and 2 spanning the intronic region
(F1: 5" AAACATTGCCTTGCCTCTTGG 3'; R1: 5 CTCCCCTGTGGTAGGAAGCAC 3)).
Forward and reverse primer pairs specific to the eye transcript (diagrammed in fig. 3A) were
designed from exon 1 (F5: 5’GTGGAGTACAGCAGAGGGCT3' and R5:
AGAGCCCACCTTCCGATTTC); exon 2 (F4: 5’CAAGTCTTCAAGGGAGTGC 3’ and R4:
5TTGGCTCACTCTGCCTACCT?'); and exon 1 and 2 spanning the intronic region (F6: 5
CTCTTGGGGCTGGAGCAGGCCAT3 and R6: 5’ACTTCACCGCATTTTGGTTC3)).
Mouse B-actin primers or water as template were used for positive or negative controls,
respectively. The primers for actin were (F 5’ GGGAAATCGTGCGTGACATCAAAGAG 3
and R 5 CATGGTGCTAGGAGCCAGAGCAGTAA 3). Minus RT reactions also were
performed to check for genomic DNA contamination in the RNA preparations. 20 ul RT
reactions contained 4 ul Gibco buffer, 0.5 mM dNTP mixture, 0.05 pg/ul random hexamers or
oligo d(T), 0.01 M DTT, 0.5 ul RNasin (Promega), 0.5 ul MMLV RT, and 1 pg total RNA.
100 pl PCR reactions contained 10 pl buffer (Applied Biosystems, 500 ng of each primer, 0.2
mM dNTPs, 1.5 mM MgCly, 1 unit Tagq recombinant DNA polymerase (Sigma), and 5 ul RT
template. Reactions were incubated as follows: denaturation 94°C, 1.5 min; annealing 59°C,
2 min; extension, 72°C, 3 min for 25 cycles, followed by a final extension at 72°C for 10 min.
The PCR products were electrophoresed and analyzed as described above.

Ribonuclease Protection Assay (RPA)

RPAs were done as described in (Strijker et al., 1989) with slight modifications. Linearized
plasmids were transcribed with SP6 or T7 RNA polymerase (New England Biolabs) in the
presence of a32P-UTP for antisense and sense transcripts. Briefly, gel-purified radiolabeled
RNA probe, total RNA, and yeast tRNA were co-precipitated with ethanol, denatured at 80°
C for 10 min, and hybridized overnight at 45°C. After 20 min RNase A/T1 (Ambion) digestion
at 37°C, reactions were inactivated with SDS and proteinase K, followed by phenol-chloroform
extraction. Subsequently, RNAs were ethanol precipitated, dissolved in 15 pl of gel loading
buffer, and electrophoresed on denaturing 5% polyacrylamide gels (8 M urea; 37.5:1,
acrylamide:bis-acrylamide). Protected RNAs were visualized using autoradiography.

In situ hybridization

Plasmids were transcribed as described above except digoxygenin d-UTP was used to label
the synthetic RNAs. In situ hybridization was done as described in (Shen, 2001).

Realtime PCR

RNA from testes of vitamin A-deficient (VAD) and RARa knockout mice was collected using
an RNaqueous kit (Ambion RNA Company). Real-time PCR primers were designed using
Primer Express software version 2.0 (Applied Biosystems). The primers used to amplify exon
1 of the testis RNA (F2-R2) were 5’ GCAGAAAGGTAGAGGGGAGCA 3'and &'
CTGGACCTGAAGAGGGTAGCG 3'. The primers used to amplify exon 2 of the testis RNA
(F3-R3) were 5 CCAAGGAAGTCACAAAGGGCT 3'and 5’
TGGCAAACCGTTGAGGTATTG 3'. The forward and reverse primers for the housekeeping
gene encoding the ribosomal S2 protein were 5 CTGACTCCCGACCTCTGGAA 3'and 5
GAGCCTGGGTCC TCTGAACA 3, respectively. Complementary DNA was synthesized
from 500 ng RNA samples using iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules,
CA) according to the manufacturer's protocol. Subsequently, 20 ng cDNA was used as template
for real-time PCR assays of mRNAs isolated from wild type, heterozygote, RARa knockout,
VAD, and retinol replenished testis with a Gene Amp 7000 thermocycler (Applied
Biosystems). Threshold (Ct) values for C13 and S2 were determined using Prism SDS software
version 1.2 (Applied Biosystems), and the level of C13 real-time PCR product was evaluated
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using the 2-AACt method (Livak and Schmittgen, 2001). Specifically, the Ct value for C13 real-
time PCR product was normalized to that for S2 real-time PCR product in each sample, and
then the fold change for C13 real-time PCR product was calculated relative to the C13 real-
time PCR product level in RARa wild-type mice or to the C13 real-time PCR product level in
VAD mice. The real-time PCR was conducted on cDNA in triplicate. Statistical analysis of
C13 real-time PCR product levels consisted of one-way ANOVA followed by pair wise
comparison of the means by the Tukey method (JMP 5.1, SAS Institute Inc., Cary, NC).
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Fig. 1.

The C13 RARE lies within a complex genomic region. A diagram illustrating the relative
locations of the RARE and RNAs transcribed in testes, neonatal eyes, and the Zinc finger and
BTB domain containing 7C (Zbtb7C) protein-coding gene. The RARE is indicated relative to
each transcription unit and has been lined up between individual transcript diagrams. The testis
and eye RNAs lie entirely within intron 3 of Zbtb7C.
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The C13 RARE lies upstream of an RNA expressed only in testis. A. Northern blot of RNA
isolated from P19 embryonal carcinoma (EC) grown as monolayers (lanes 1, 2) or aggregates
(lanes 3, 4) in the presence (lanes 2, 4) or absence (lanes 1, 3) of 0.5 uM RA, D3 embryonic
stem (ES) cells grown as aggregates in the presence (lane 6) or absence (lane 5) of 0.5 uM RA,
whole day 10 mouse embryos (lane 7), day 12 mouse embryo heads (lane 8) and torso (lane
9), day 14 mouse embryo torso (lane 10), day 14 placenta (lane 11), 48 hr or 72 hour chick
embryos (lanes 12, 13), and adult strain 129 testis (lane 14). The same blot was probed with
Rex1 (Zfp-42, expressed in stem cells, placenta, and spermatocytes (Rogers et al., 1991) and
the constitutively expressed Actin (Act). Actin has both somatic (Soma.) and germ cell mMRNA
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isoforms as illustrated by the two bands in testis RNA. B. A probe that is anti-sense to nt. 1 -
527 of testis EST BU936305, but not sense, protected an RNA of this size in RNA isolated
from testis. The same probes failed to protect any RNAs from unstaged ovaries or proestrus,
metaestrus, diestrus, or estrus ovaries (not shown). C. An RT-PCR using the primer pairs shown
in the diagram amplified the products predicted by the alignment of the ESTSs to the genome.
Primers spanning the intron between exon 1 (E1) and 2 (E2) (F1 and R1) yielded a fragment
of 181 nt., but not the fragment of 1064 bp that would have been generated from genomic DNA
or unspliced RNA. Primers F2 and R2 in exon 1 and primers F3 and R3 in exon 2 yielded
fragments of 85 nt and 99 nt. No amplification occurred in reactions lacking reverse
transcriptase (-RT) or RNA (H20) or in reactions with ovary RNA (not shown).
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Fig. 3.

The C13RARE is downstream of an RNA expressed in neonatal eye. A. A diagram showing
the relative locations of the RPA probe and RT-PCR primers used in B and C. E1 and E2 refer
to exons 1 and 2 of each transcript. B. RPAs using probes derived from the intron of the testes
RNA were performed on RNAs from day 10 eyes and mature testes and ovary. These RNAS
overlapped the last 261 nt. of the eye transcript. Sense probes relative to the testis transcript,
but not anti-sense probes, protected an ~261 nt. RNA in eye, but not ovary or testis, RNA.
C. An RT-PCR using the primer pairs shown in the diagram amplified the products predicted
by the alignment of the ESTs to the genome. Primers spanning the intron between exon 1
(E1) and 2 (E2) (F6 and R6) yielded the expected fragment of 415 nt., but not the greater than
two kb fragment that would have been generated from genomic DNA or unspliced RNA.
Primers F4 and R4 in exon 2 of the eye transcript yielded the expected fragments of 260 nt.
Primers F5 and R5 in exon 1 of the eye transcript yielded the expected fragments of 271 nt.
This reaction is representative of several reactions. No amplification ever occurred in reactions
containing RNA but lacking reverse transcriptase (-RT) or in those lacking RNA (not shown).
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Testicular expression of the RNA associated with the C13 RARE. A. Cryosections of
mature mouse testis hybridized to anti-sense testis transcripts labeled with digoxygenin-UTP
and detected with alkaline phosphatase-conjugated antibodies. (100X) B. Northern blot of
RNA isolated from day 10, 16, 21, and adult (Ad.) testes and adult ovaries (Ov) was probed
with cDNA probes for the C13 testis transcript, Rex1 (Zfp-42), and Actin. Rex1 is a
spermatocyte marker (Rogers et al., 1991). In the actin panel, the upper bands are the somatic
(Soma.) mRNAs expressed in Sertoli and Leydig cells and ovaries and the lower bands are the
germ cell MRNAs expressed in developing spermatids. The onset of C13 testis RNA expression
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at day 16 after the expression of Rex1, but before the expression of the germ cell actin isoform,
suggests that this RNA is produced in secondary spermatocytes or early round spermatids.
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Expression of the eye and testis transcripts depends on normal retinoid signaling. A. RT-
PCR reactions using the primer pairs F4 and R4 (C13) shown in Fig. 3 amplified products of
the expected size in eye RNA isolated from LRAT ™~ or LRAT*/* mice fed a vitamin A
(VA)-sufficient diet (lanes 4, 7) but not in vitamin A-deficient (VAD) LRAT/~ mice (lane 1).
No amplification occurred in reactions containing RNA and primers but lacking reverse
transcriptase (-RT, lanes 2, 5, 8). Similar levels of amplified products were obtained from each
RNA sample using actin-specific primers (Act, lanes 3, 6, 9). B. The relative level of CL3 RNA
isolated from the testes of RARa wild type (+/+), heterozygous (+/-), and knockout (—/-)
RARa mice and of vitamin A-deficient (VAD) and retinol-replenished mice was measured
using real-time PCR (means = S.D.). The data are representative of two primer sets and at least
two mice. The real-time PCR was conducted on cDNA in triplicate. The heterozygous,
knockout, and vitamin A-deficient values differed significantly from wild type (p <0.05). The
24 hour retinol repletion values differed significantly from VAD (p < 0.05).
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