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ABSTRACT The circadian hormone melatonin is synthe-
sized predominantly in the pineal gland by the actions of two
pineal-specific enzymes: serotonin N-acetyltransferase (NAT)
and hydroxyindole-O-methyltransferase (HIOMT). Pineal
night-specific ATPase (PINA), another pineal- and night-
specific protein we recently identified, is produced as a
truncated form of the Wilson disease gene (Atp7b) product. To
identify the regulatory elements required for pineal-specific
gene expression, we isolated sequences upstream of the rat
PINA gene and discovered a cis-acting element that is recog-
nized by a novel pinealyretina-specific nuclear factor. This
pineal regulatory element (PIRE) has a consensus of TA-
ATCyT and is present in six copies in the 5* regulatory region
of the PINA gene, at least three copies in the rat NAT
promoter, and at least one copy in each of the putative HIOMT
promoters A and B. A recently identified retina-specific
protein, cone rod homeobox (CRX), binds to PIRE in vitro and
transactivates PIRE-reporter constructs. These data suggest
that Crx may play a crucial role in regulating pineal gene
expression through interactions with PIRE.

The pineal gland functions to transduce photoperiodic infor-
mation into the rhythmic synthesis and release of the neuro-
hormone melatonin. Melatonin, which also is expressed to a
limited extent in the retina, is generated from serotonin by the
sequential actions of two pineal-specific enzymes (1), seroto-
nin N-acetyltransferase (NAT) and hydroxyindole-O-
methyltransferase (HIOMT). Although the upstream regions
of both rat NAT (2, 3) and human HIOMT (4) genes have been
isolated, little is known about the molecular basis of their
pineal-specific expression.

Using a night subtracted pineal cDNA library, we identified
an alternatively spliced form (J.B., unpublished data) of Atp7b,
a copper transporter disrupted in Wilson disease (5), a disor-
der of copper metabolism. This novel protein, designated
pineal night-specific ATPase (PINA), is uniquely expressed in
the pineal gland and shares an identical temporal expression
pattern (J.B., unpublished data) with that of NAT (6). The
dramatic diurnal variation of NAT and PINA expression
during the circadian cycle imply a tightly regulated, pineal-
specific transcriptional apparatus.

In the present study we have identified a conserved sequence
TAATCyT, termed pineal regulatory element (PIRE), which
is present in multiple copies in the upstream region of the
PINA, NAT, and HIOMT genes. The PIRE sequence is rec-
ognized by a novel pinealyretina-specific nuclear protein,
which is identical to the cone-rod homeobox (CRX), an
otx-like homeobox protein isolated independently by Fu-
rukawa et al. (7), Chen et al. (8), and Freund et al. (9). In

retina, CRX transactivates photoreceptor cell-specific genes
and regulates photoreceptor differentiation (7, 8), and is
crucial for photoreceptor survival (9, 10). Our data suggest
that CRX also is involved in pineal-specific gene expression
and may be important in circadian rhythm regulation.

MATERIALS AND METHODS

Experimental Animals. Sprague–Dawley male rats (Zivic–
Miller) were housed under lightydark 14:10 lighting condition
(night from 21:00 to 07:00) for at least 1 week before use.
Daytime animals were killed at 14:00; nighttime animals were
killed in the dark under safe light between 01:00 and 05:00.

Electrophoretic Mobility Shift and DNase I Footprint As-
says. Nuclear extracts were prepared as described (8). Protein
concentration was determined by using a Pierce protein assay
kit. Probes for electrophoretic mobility shift assay (EMSA)
were prepared according to Wang and Reed (11). EMSAs
were performed by using a Stratagene Gelshift Assay kit.
DNase I footprints were performed essentially as described
previously (8), except that 32P-end-labeled DNA fragments
were generated by phosphorylation using T4 polynucleotide
kinase. A rat PINA upstream fragment (2238 to 21) was used
as probe.

Northern Blot Analysis. Total RNA was isolated from fresh
rat tissues by using either TRIZOL reagent (GIBCOyBRL) or
RNeasy kit (Qiagen). Northern analysis was performed as
previously described (6).

PINA Promoter Analysis. The DNA fragment between exon
8 and exon 9 of rat Atp7b (X.L. and J.B., unpublished data) was
PCR-amplified by using rat genomic DNA as template, and
used as probe to screen an EMBL3-SP6yT7 genomic phage
library. A 4.5-kb EcoRI fragment was obtained. Primer ex-
tension (Promega Primer Extension kit) and 59-rapid ampli-
fication of cDNA ends (CLONTECH) assays were performed
according to the manufacturer’s instructions. A 238-bp PINA
upstream fragment was subcloned into the KpnI–EcoRI sites
of vector pSEAP2-Basic (CLONTECH) to generate pPINA-
SEAP (secreted alkaline phosphatase). Double-stranded oli-
gonucleotides containing three repeats of PIRE (59-CACTA-
ATCTCCCCACTAATCTCCCCACTAATCTCCC-39) or
PIRE mutant (59-CACTCATCTCCCCACTCATCTCCCCA-
CTCATCTCCC-39) were cloned into the KpnI–BglII sites of
vector pGL3-Promoter (Promega) to generate pPIRE-GL3P
and pPIRE-M-GL3P. HEK293 cells were transfected with the
constructs using Lipofectamine reagents (GIBCOyBRL) and
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assayed for alkaline phosphatase or luciferase activity 24 hr
after transfection by using the CLONTECH Chemilumines-
cent SEAP Assay kit or Promega Dual-Luciferase Reporter
Assay system.

RESULTS

Characterization of the PINA Upstream Regulatory Region.
Recently we identified PINA as an alternatively spliced form
of the Wilson disease protein. The diurnal variations in PINA
expression closely resemble those of NAT with the nighttime
peak of PINA expression being 100 times greater than its
midday trough (J.B., unpublished data). Northern blot analysis
of rat tissues at night reveals that PINA expression is essen-
tially pineal specific (Fig. 1A), though low levels are detected
in the eye (J.B., unpublished data).

To uncover molecular mechanisms that determine the tem-
poral and tissue specificities of PINA and NAT expression, we
characterized the upstream regulatory sequence of the PINA
gene. As determined by primer extension and 59-rapid ampli-

fication of cDNA ends (data not shown), the transcription
initiation sites of PINA reside in between exons 8 and 9 of the
rat Atp7b gene. Thus, we speculated that the intronic fragment
immediate upstream of PINA may contain elements directing
night- and pineal-specific PINA expression. We isolated the
PINA upstream region by screening a rat genomic library using
a PCR-amplified intronic sequence between exons 8 and 9 of
Atp7b as a probe. The position of this region in the Atp7b gene
(Fig. 1B) was further confirmed by sequencing the isolated
genomic clone. The 238-bp intronic sequence contains a
cAMP response element (CRE)-like element (TGAAGTCA).
EMSA demonstrates that this element specifically binds in vitro
to the CRE-binding protein ICER (inducible cAMP early
repressor) (data not shown). Because the temporal expression
pattern of PINA resembles that of NAT, which is thought to
be directed by elevated cAMP levels at night through the CRE
element in its promoter (2, 3), the CRE element in PINA
upstream region may function analogously.

Identification of PIRE Within the PINA Upstream Region.
To isolate the molecular components that direct the tissue
specificity of PINA expression, we performed EMSA with
nuclear extracts from pineal and various other tissues. A 28-bp
sequence from the PINA upstream region recognizes a pinealy
retina-specific nuclear factor (Fig. 2A, band A). In the pineal,
there is an additional complex observed (band B), which is not
found in retina or any other tissue examined. Both complexes
appear to recognize the same sequence. There are no obvious
diurnal variations in levels of this pinealyretina-specific bind-
ing activity (data not shown).

To identify the sequence within the 28-bp probe that exhibits
pinealyretina-specific binding, we conducted EMSA analysis
with pineal nuclear extract and a series of seven overlapping
probes from the PINA promoter (Fig. 2B). A 12-nt sequence,
CACTAATCTCCC, appears to be sufficient for the binding
activity. To ascertain the relative importance of the nucleo-
tides within this sequence, we mutagenized each nucleotide
and performed EMSA analysis on each with pineal extracts
(Fig. 2C). Changes at four independent positions completely
abolish the binding, indicating the importance of these nucle-
otides at the defined positions for binding activity. We have
designated sequences capable of interacting with this pinealy
retina-specific factor the PIRE, based on functional data
below.

Multiple Functional PIRE Sites Occur in the Upstream
Regions of PINA, NAT, and HIOMT. Examination of the
upstream regions of PINA, NAT, and HIOMT (4) reveals
multiple potential PIRE sites based on sequence homology to
the PINA PIRE (Fig. 3A). The PINA upstream region con-
tains seven putative sequences, the NAT promoter contains at
least three, the HIOMT promoter A four, and the HIOMT
promoter B three.

To examine whether the potential sites are able to bind the
same protein as the PINA PIRE, we tested each of them,
together with their native flanking sequences, as competitors
for PIRE binding to pineal nuclear extracts (Fig. 3B). When
used as competitors, six of the seven sequences in PINA
upstream region (E2-E7) abolish binding of the pineal nuclear
protein to the labeled PIRE probe, and all three of the
sequences in the NAT promoter compete for the binding.
Elements E4 within the HIOMT promoter A and E3 within the
HIOMT promoter B appear to compete effectively with the
labeled probe for binding. Comparison of the competitor
sequences from the PINA, NAT, and HIOMT promoters
reveals a consensus binding site, TAATCyT. Thus, all the
known pineal-specific genes contain at least one PIRE se-
quence, which suggests a role for PIRE in the coordinate
regulation of pineal-specific genes.

CRX Accounts for the PinealyRetina-Specific PIRE Bind-
ing Activity. During the course of these studies, CRX was
identified as a photoreceptor-specific transcription factor (7–

FIG. 1. Tissue specificity of PINA and its upstream intronic se-
quence. (A) Northern blot analysis of a panel of rat tissue total RNAs
(10 mg each) at night (02:00) with PINA cDNA as probe. Equal loading
and quality of RNAs were confirmed by glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) controls. (B) The PINA upstream intronic
sequence. Schematic representation of the exon-intron organization of
the PINA upstream region. Open boxes represent exons 8 and 9 of the
rat Atp7b gene. The black box represents the part of the PINA exon 1
that belongs to intron 8 in Atp7b gene. The DNA sequence shown
includes the PINA intronic promoter and small portions of flanking
exons (bold italic). The arrow indicates the most upstream transcrip-
tion initiation site as determined by primer extension and 59-rapid
amplification of cDNA ends (data not shown). The 28-bp sequence
used as probe for EMSA (Fig. 2 A) is underlined with the CRE in bold.
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9). The PIRE sequence is essentially the same as the CRX
recognition site. To ascertain whether CRX accounts for
PIRE binding activity in pineal extracts, we conducted a
supershift assay using an antiserum raised against CRX (8)
(Fig. 4A). The antiserum elicited a supershift with both pineal
and retina extracts, indicating that at least part of the binding
activity is attributable to CRX. To determine whether the
partial supershift is caused by low antiserum titer or to other
proteins capable of binding PIRE that comigrate with CRX,
recombinant CRX protein produced in HEK-293 cells were
used in a supershift analysis. Again only a partial shift is
observed with a magnitude similar to the shift in pineal and
retinal extracts, suggesting that the antibody is limiting and
CRX may account for all of the PIRE binding activity in the
pineal and retina extracts.

To ascertain whether CRX binds to the multiple PIRE sites
within the 238-bp DNA fragment 59 to the PINA gene, we
conducted a DNase I footprint analysis (Fig. 4B). The se-
quences protected by CrxHD-glutathione S-transferase (8)
correspond to the PIRE sequences in the PINA upstream
region that compete for binding to pineal extracts (Fig. 3B).
Thus, CRX binds to all six identified PIRE sites within the
PINA upstream region.

Diurnal Variation of Crx Expression in the Pineal Gland.
Northern blot analysis using Crx full-length cDNA as probe
reveals a single band of identical mobility in both pineal and
retina (data not shown). We examined pineal Crx expression
over a 24-hr period (Fig. 5). Crx displays a diurnal variation
with peak levels at 02:00 being 3-fold greater than levels at

16:00. The peak of Crx expression in pineal precedes the peak
of NAT expression by 1–2 hr.

CRX Transactivates Reporter Expression Through PIRE.
To examine the functional relevance of the CRX-PIRE inter-
action, a Crx expression construct was cotransfected into
HEK293 cells with various reporter constructs (Fig. 6A), and
reporter expression was assayed during the period of transient
expression (Fig. 6B). First, we tested reporter plasmids con-
taining the luciferase gene under the control of a simian virus
40 promoter linked to either three repeats of wild-type PIRE
or PIRE mutant, which differs from PIRE by a single nucle-
otide and does not bind CRX (Fig. 2C). CRX elicits a 4- to
5-fold transactivation activity only in the presence of PIRE.
When the reporter construct containing mutant PIRE is
cotransfected with CRX, no activation is evident. In other
experiments we have demonstrated that CRX also transacti-
vates the 238-bp PINA upstream sequence in HEK293 cells
(data not shown), indicating that the 238-bp intronic fragment
upstream of the PINA transcription start site is a functional
promoter. Our findings resemble observations of Furukawa et
al. (7) and Chen et al. (8).

DISCUSSION

We have identified a conserved nucleotide sequence, PIRE, in
the upstream regions of three pineal-specific genes, NAT,
HIOMT, and PINA. Binding activity for this sequence occurs
in pineal and retina but in no other tissue examined. The newly
discovered Crx gene product (7–9) binds to PIRE and is
capable of activating transcription of PIRE-reporter construct.

FIG. 2. Identification of PIRE. (A) EMSA with a panel of rat tissue nuclear extracts (5 mg total protein each) and probe as indicated. The CRE
site is underlined and the positions of shifted bands are indicated by arrows. (B) Result of EMSAs with pineal nuclear extract and a series of seven
overlapping oligonucleotides. The sequence shared among the oligonucleotides used for EMSAs is in bold. (C) Mutation analysis of the 12
nucleotides sufficient for binding. All probes used have EcoRI sites at their 59 termini and XbaI sites at their 39 termini, plus a 12-nt sequence as
indicated. The 12 nucleotides sufficient for binding were mutagenized one at a time, and each mutant was used as the core sequence of a probe.
Arrows indicate the positions of shifted bands. The four nucleotides essential for binding are underlined.
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Crx mRNA expression is found abundantly during the day and
displays a moderate diurnal rhythm in the pineal gland with

elevated transcription at night. These results demonstrate that
CRX is a pinealyretina-specific transcription factor that may
be important in regulating the expression of PINA, NAT, and
HIOMT. Its increased expression at night may facilitate the
dramatic up-regulation of NAT and PINA.

The site of the Crx expression in pineal is likely to be the
pinealocytes (8), the cell type expressing melatonin (12).
Mammalian pinealocytes are phylogenetically derived from
pineal photoreceptor cells. In lower vertebrates, pineal pho-
toreceptors are similar to retinal cones and have outer and
inner segments as well as synapses with afferent nerve fibers
(13). During development, the pinealocytes of rodent pineal
express a set of genes involved in phototransduction (14). Even
in adult mammals, certain ‘‘photoreceptor-specific’’ genes still

FIG. 3. Multiple PIRE sites in PINA, NAT, and HIOMT upstream
regions. (A) Upstream sequences of rat PINA, NAT, and human
HIOMT with putative PIREs underlined. Functional binding sites as
determined by EMSA competition test (B) are further indicated in
bold. Transcription initiation sites for PINA and NAT, as determined
by primer extension and 59-rapid amplification of cDNA ends (data not
shown), and HIOMT (4) are indicated by arrows. (B) EMSA compe-
tition test with pineal nuclear extract and putative PIREs as compet-
itors. The probe contains the 12-nt core sequence (CACTA-
ATCTCCC) flanked by a 59 EcoRI site and a 39 XbaI site. The putative
PIREs are numbered in order from 39 to 59. Sequences of double-
stranded probes and competitors are indicated with the cores of PIREs
in uppercase. Each competitor was in 100-fold excess of the concen-
tration of probe. When no competitor was added, an equivalent
amount of poly(dI-dC) was used as nonspecific competitor. p, PIREs
as indicated are in reversed sequence.

FIG. 4. CRX accounts for the pineal-retina specific binding activ-
ity. (A) Supershift assay with an anti-CRX antiserum. The same probe
as in Fig. 3B was used. The antiserum was incorporated in EMSAs with
a series of nuclear extracts indicated. The arrow indicates the position
of supershifted band that is absent when no antibody or no nuclear
extracts was incorporated. (B) DNase I footprint assay of PINA
intronic promoter. A 32P end-labeled PINA promoter fragment was
incubated with or without CrxHD-glutathione S-transferase fusion
protein (8). Protected regions are indicated by brackets with the
nucleotide positions indicated. The positions of PIREs are indicated
by solid bars.
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are found in abundance in the pineal (14, 15). Conversely, the
known ‘‘pineal-specific’’ genes such as NAT (6, 16), PINA (J.B.,
unpublished data), and HIOMT (4, 17, 18) also are detected in
adult retina, though at much lower levels. This cross-tissue
expression suggests the existence of a common pinealyretina-
specific transcriptional apparatus in which Crx may play a
central role.

The extraordinarily precipitous rise and fall in NAT levels
that parallel changes in NAT enzymatic activity (6, 19) indicate
that transcriptional regulation is a primary determinant of
NAT function in rat. The rhythmic nocturnal increase in NAT
mRNA level is caused by nightly increase in pineal cAMP,
which results in up-regulation of NAT enzyme activity and
melatonin synthesis (20, 21). Consistent with the crucial role
of cAMP in regulating NAT transcription, a CRE site, which
is found in the promoter region of the rat NAT gene, appears

to mediate cAMP-dependent modulation of NAT gene expres-
sion in pineal both in vitro (3) and in vivo (2). Thus cAMP-
dependent transcriptional control seems to be necessary for
the induction and attenuation of night-specific messages,
including NAT. However, the cAMP inducibility of NAT gene
expression is a unique feature of the pineal, as cAMP alone is
not sufficient for induction of pineal genes in other systems.
This finding indicates in addition to cAMP responsive nuclear
factors such as CREB (cAMP response element binding
protein) and ICER (inducible cAMP early repressor) (22),
other nuclear factors function to activate tissue-specific tran-
scription in the pineal. The unique tissue-specificity in Crx
expression and the ability of Crx to activate PINA promoter-
reporter expression suggest that Crx is one component of such
machinery important in determining pineal-specific gene ex-
pression. The nocturnal expression of NAT and PINA may
reflect a synergy between CRX and cAMP responsive nuclear
factor(s), analogous to the synergy between CRX and neural
retina leucine zipper protein (8) in transactivating opsin genes.
Just as dramatic as the nighttime increase in pineal gene
expression is the precipitous decline of the expression during
the day. Crx levels are fairly substantial during the day in the
pineal, suggesting that CRX cannot act alone to activate
transcription of pineal-specific genes.

Recently mutations in Crx have been documented in human
patients with cone-rod dystrophy (9, 10), an autosomal dom-
inant inherited retina disease leading to progressive loss of
photoreceptor cell function, suggesting that CRX is essential
for the maintenance of mammalian photoreceptors. Analysis
of pineal function in patients with cone-rod dystrophy and
defined Crx mutations may clarify the in vivo role of Crx in
regulating pineal-specific gene expression.

Unlike the retina, which is composed of several very differ-
ent cell types, the pineal gland contains a largely homogeneous
population of pinealocytes with a small number of astrocytes.
In addition, both pineal cells and the entire gland can be
cultured in vitro and expression of night-specific messages such
as NAT can be induced in these preparations with agents
activating the cAMP-dependent signal transduction pathway
(ref. 19; J.B., unpublished data). Pineal preparations thus may
be particularly useful in studying the role of Crx in coordinating
gene expression.
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