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Animals.Animal experiments were conducted in accordance with
the guidelines of the University of Tokyo. Newly hatched male
chicks were purchased from a local supplier (Ohata Shaver) and
maintained under 12-h light/12-h dark (LD) cycles for 7 d with the
light provided by white fluorescent lamps (≈300 lx at the level of
the heads of chicks). They were transferred to constant darkness
thereafter. On day 8, they were exposed to a 1-h pulse of the 300-
lx light from circadian time (CT) 2, CT6, CT10, CT14, CT18, or
CT22. CT0 and CT12 correspond to the times of lights on and
off, respectively, in the previous LD cycles. Control animals were
kept in the dark during the irradiation period of 1 h. The pineal
glands were isolated from the light-exposed and dark-kept
(control) animals at CT3, CT7, CT11, CT15, CT19, or CT23 on
day 8. All of the procedures during the dark period were per-
formed under dim red light (>640 nm).

GeneChip and Quantitative RT-PCR Analyses. Total RNA was pre-
pared from the isolated pineal glands by using TRIzol reagent
(Invitrogen). Nine micrograms of total RNA from six pineal
glands was used to synthesize biotinylated cRNA by using
Affymetrix GeneChip one-cycle cDNA synthesis kit and IVT
labeling kit (Affymetrix). Twenty micrograms of biotinylated
cRNA was hybridized to GeneChip Chicken Genome Array
(37,703 probe sets including >32,773 chicken genes) for 16 h at
45 °C. The arrays were washed and stained by using the Affy-
metrix Model 450 Fluidics Station and then scanned by the Af-
fymetrix Model 3000 scanner according to the GeneChip
Manual. The scanned array image was processed by GeneChip
Operating Software Version 1.4 (Affymetrix) to calculate the
signal intensity data for each probe set. Original data were de-
posited in Gene Expression Omnibus (GEO) (accession no.
GSE21915). Quantitative RT-PCR analysis was performed as
described (1) or by using QuantiTect SYBR Green PCR Kit
(Qiagen) and GeneAmp 5700 (Applied Biosystems). The levels
of spliced and total Xbp1 (Xbp1s and Xbp1t, respectively) were
analyzed by real-time PCR by modifying the method of Back
et al. (2). The primers and optimal cycle numbers were sum-
marized in Table S1.

Preparation of Protein Samples and Immunoblot Analysis. Thirty
pineal glands and 0.5 mg of liver of 8-d-old male chicks were
homogenized in 600 μL and 4.5 mL, respectively, of buffer I (10
mM Hepes-KOH at pH 7.6, 10 mM KCl, 1 mM EDTA, 1.5 mM
MgCl2, 0.5 mM DTT, 5 μg/mL pepstatinA, 2 μg/mL aprotinin, 10
μg/mL leupeptin, and 50 μg/mL N-acetylleucylleucylnorleucinal)
by using a Dounce homogenizer, and the homogenate was
centrifuged for 10 min at 1,000 × g. The resulting nuclear pellet
was resuspended in 80 μL (for pineal gland) or 330 μL (for liver)
of buffer II (20 mM Hepes-NaOH at pH 7.6, 0.5 M NaCl, 1 mM
EDTA, 1.5 mM MgCl2, 25% glycerol, 5 μg/mL pepstatinA, 2 μg/
mL aprotinin, 10 μg/mL leupeptin, and 50 μg/mL N-acetylleu-
cylleucylnorleucinal), and the mixture was rotated for 60 min at
4 °C, followed by a centrifugation for 30 min at 22,000 × g. The
supernatant was used as a nuclear extract. Protein concentration
of each sample was measured by the Bradford method.
Proteins were separated by SDS/PAGE and transferred to a

polyvinylidene difluoride membrane. The blot was incubated
with a blocking solution [1% skim milk in TBS (50 mM Tris·HCl
at pH 7.4, 200 mM NaCl, and 1 mM MgCl2)] for 1 h at 37 °C and
then incubated at 4 °C overnight with anti-SREBP-1 2A4 anti-
body (4 μg/mL; Santa Cruz Biotechnology), anti-cHSF1c, anti-

HSF2-4, or anti-HSF3γ (3) (1:1,000 dilution). Immunor-
eactivities were visualized by enhanced chemiluminescence sys-
tem (PerkinElmer Life Sciences) using a horseradish peroxidase-
conjugated antibody against mouse or rabbit Ig (0.2 μg/mL;
Kirkegaard & Perry Laboratories). The blot was reprobed with
anti-TBP antibody (0.4 μg/mL; Santa Cruz Biotechnology).

Plasmid Construction. The coding regions corresponding to amino
acids 1–461 of chicken SREBP-1 (GenBank accession no.
NP_989457) and 1–454 of chicken SREBP-2 (CAC93938) were
amplified by PCR from pineal cDNA and subcloned into
pcDNA3.1-TOPO (Invitrogen) to yield expression plasmids
nSREBP-1/pcDNA3.1 and nSREBP-2/pcDNA3.1, respectively.
The nucleotide sequence corresponding to 5′ upstream region of
chicken E4bp4 gene was determined by direct sequencing of
chicken liver genome. The determined sequence contained a re-
gion identical to the 5′ region of an EST clone isolated from the
chicken liver (GenBank accession no. BG71112, nucleotides 7–
199) that is highly similar to the first exon region of human
E4bp4 cDNA (NM_005384, nucleotides 1–223). The transcrip-
tion initiation site (+1) was estimated from the sequence
alignment between the EST clone and the genome sequence
data. A DNA fragment corresponding to –2,033 to +101 of
chicken E4bp4 (deposited in GenBank; accession no. EF221611)
was amplified by PCR from chicken genomic DNA and cloned
into pGL3 basic vector (Promega) to yield E4bp4us2.0 reporter
vector. Similarly, DNA fragments corresponding to –975 to
+101, –517 to +101, –258 to +101, –207 to +101, –154 to +101,
and –104 to +101 of E4bp4 gene were cloned into pGL3 basic
vector to create six kinds of reporter vectors termed E4bp4us1.0,
E4bp4us0.5, E4bp4us0.25, E4bp4us0.2, E4bp4us0.15, and
E4bp4us0.1, respectively. The reporter vectors containing human
HMG-CoA synthase promoter and Squalene synthase promoter
were described (4).

Transcriptional Assay.CHO-K1 cells were seeded on 24-well plates
at a density of 1.6 × 105 cells per well in DMEM/Ham’s F-12
supplemented with 10% FBS. After 24 h, the cells in each well
were transfected by using Lipofectamine 2000 (Invitrogen) with
various amounts of expression plasmid (total amount was ad-
justed to 200 ng by adding empty vector pcDNA3.1), 30 ng of
firefly luciferase reporter plasmid, and 0.3 ng of Renilla luciferase
reporter plasmid pRL-CMV (Promega) as an internal control.
The cell lysates were prepared 48 h after the transfection and
subjected to dual-luciferase assay by a luminometry (Promega).
To investigate the effect of sterol application, the cells were
seeded in the medium supplemented with 5% FBS. Four hours
after transfection, the cells were washed with PBS, and the
medium was changed to DMEM/Ham’s F-12 supplemented with
5% lipoprotein-deficient serum, 1 μg/mL 25-hydroxycholesterol,
and 10 μg/mL cholesterol.

Measurement of 7α-Hydroxypregnenolone Production by HPLC. The
pineal glands, diencephalons, and adrenal glands were dissected
from 7- to 8-d-old male chicks exposed to 1-h light pulse from
CT14. Their homogenates (each 10 mg of wet weight tissue) were
incubated at 40 °C in PBS containing 70 nM [7-3H]pregnenolone
[1 × 106 cpm (2 × 106 dpm)] and 0.24 mM NADPH. After in-
cubation for indicated time periods, steroids were extracted by
ethyl acetate and subjected to HPLC to analyze pregnenolone
metabolites as described (5, 6).
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Measurement of 7α-Hydroxypregnenolone Concentration by Gas
Chromatography/Mass Spectrometry (GC-MS). The entrained male
or female chicks were transferred to constant darkness on day 7,
and they were exposed to a 20-min pulse of the 300-lx white
fluorescent light from CT6, CT14, or CT22. Control animals were
kept in the dark during the irradiation period of 20 min. The
pineal glands were isolated from the light-exposed and dark-kept
(control) animals and a pool (eight pineal glands in each well)
were cultured in 450 μL of medium (Medium 199 supplemented
with 10 mM Hepes-NaOH at pH 7.4, 100 U/mL penicillin, and
100 μg/mL streptomycin) in 6-well plates at 37 °C under 5%
CO2/80% O2. After 3-h culture in the light or in the dark, ste-
roids secreted into the medium were extracted by ethyl acetate
and subjected to GC-MS analysis to measure 7α-hydroxypreg-
nenolone concentrations as described (5, 6).

7α-Hydroxypregnenolone Administration and Behavioral Analysis.All
surgery was performed under ketamine-xylazine anesthesia.
Using a stereotaxic instrument, 5-d-old male chicks were
chronically implanted with a 9-mm, 23 gauge steel guide cannula
aimed at the lateral ventricle of the brain. Five days after the
surgery, 7α-hydroxypregnenolone (0, 10, or 200 ng) dissolved in
10 μL PBS containing 0.2% DMSO was injected into the lateral

ventricle via a 12-mm, 30 gauge stainless steel injector over a
period of 30 s at Zeitgeber time (ZT) 14–16 (ZT0 and ZT12
correspond to the times of lights on and off, respectively, in the
LD cycles) under dim red light. After the injection, chicks were
placed individually in an open field apparatus (O’Hara & Co.)
for locomotor activity measurement for 20 min under infrared
light. The obtained data were analyzed by using Image OF1
software (O’Hara & Co.).

Measurement of Light Response of the Behavior. The entrained 8- to
12-d-old male chicks were transferred to constant darkness. On
the next day, they were placed individually in an open field ap-
paratus for locomotor activity measurement for 10 min under
infrared light at CT6–8, CT14–16, or CT22–24. Immediately
after the measurement, they were exposed to ≈300-lx white
fluorescent light for 10 min and then placed individually in an
open field apparatus for locomotor activity measurement for 10
min under white LED light (≈300 lx). Pinealectomy and sham
operation were performed as described (7) with slight modifi-
cation for 4-d-old male chicks under isoflurane anesthesia. After
the surgery, they were further entrained for 15 d, and their lo-
comotor activities were measured at CT14–16.
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Fig. S1. Expression profiles of the clock genes in the pineal gland. Dark-kept animals were exposed to a 1-h light pulse (open bars) from CT6, CT14, or CT22, or
kept in the dark as a control (solid bars). The GeneChip profiles of the clock genes are displayed (mean with variation, n = 2). The gene expression analysis
program indicated that the signals for Npas2 and CK1ε were “Absent”, because their signals were too low and/or unreliable. No probe set was assigned to
Per1, Dbp, Rorγ, and Rev-erbα.
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Fig. S2. Time-of-day dependence and functional classification of light-induced genes in the pineal gland. (A) Venn diagram showing time-of-day dependence
of the light induction. One hundred eleven probe sets (corresponding to 62 genes and 40 ESTs) exhibited >2.5-fold increase of their signal intensities by the
light pulse in at least a single time point. Shown are the numbers of probe sets or corresponding genes (in parentheses) induced at each time point. Two probe
sets against the gene for heat shock protein 105 kDa were included in the list, and each of them belonged to different category (CT22 group and all time
group). (B) Functional classification of the 62 light-induced genes.
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Affymetrix IDfunction
 bromodomain and PHD finger containing, 3 

 similar to G protein-coupled receptor 35 

 MHC class II antigen B-F minor heavy chain 

 similar to solute carrier family 26, member 9 isoform a; anion transporter/exchanger-9 

 similar to Protein FAM13A1 

 Finished cDNA, clone ChEST945i16 

 ENSEMBL Prediction

 sodium channel, voltage-gated, type I, alpha 

 phosphoenolpyruvate carboxykinase 1 (soluble) 

 similar to Ubiquitin carboxyl-terminal hydrolase 8 

 Finished cDNA, clone ChEST840c20 

 similar to hypothetical protein 

 Finished cDNA, clone ChEST578i21 

 similar to ATP synthase mitochondrial F1 complex assembly factor 1 

 deiodinase, iodothyronine, type II 

 bone morphogenetic protein 2 

 Finished cDNA, clone ChEST31m24 

 Finished cDNA, clone ChEST485k2 

 Similar to ceramide kinase isoform a; lipid kinase LK4 

 similar to TBX2 protein ; ADP-ribosylation factor-like 6 interacting protein 

 Finished cDNA, clone ChEST48d15 

 similar to RIKEN cDNA 6030419C18 gene 

 solute carrier family 4, sodium bicarbonate cotransporter, member 7 

 similar to Stac protein (SRC homology 3 and cysteine-rich domain protein) 

 Finished cDNA, clone ChEST283k8 

 Finished cDNA, clone ChEST295h22 

 zinc finger CCCH-type, antiviral 1 

 Finished cDNA, clone ChEST279o4 

 tRNA splicing endonuclease 54 homolog (SEN54, S. cerevisiae) 

 glutamate receptor, ionotrophic, AMPA 3 

 Finished cDNA, clone ChEST238m5 

 Finished cDNA, clone ChEST63d8 

 Finished cDNA, clone ChEST546d12 

 Finished cDNA, clone ChEST258o16 

 EST

 sal-like 1 (Drosophila) 

 chemokine (C-X-C motif) receptor 4 

 solute carrier family 4, sodium bicarbonate cotransporter, member 7 

 AHA1, activator of heat shock 90kDa protein ATPase homolog 1 (yeast) 

 ENSEMBL Prediction

 Finished cDNA, clone ChEST734i19 

 similar to ADMP 

 melanotransferrin/EOS47 

 similar to KIAA0433 (Histidine acid phosphatase domain containing 1) 

 Finished cDNA, clone ChEST769a21 

 Finished cDNA, clone ChEST127b12 

 similar to LOC126731 

 period homolog 2 (Drosophila) 

 similar to hypothetical protein FLJ10324 

 adenylate cyclase activating polypeptide 1 (pituitary) 

 ENSEMBL Prediction

 similar to brain adenylate cyclase 1 

 C-type lectin domain family 3, member A 

 similar to TBC1 domain family member 1 

 Finished cDNA, clone ChEST133m4 

 similar to protein kinase related to Raf protein kinases 

 Finished cDNA, clone ChEST625e21 

 LON peptidase N-terminal domain and ring finger 3 

 similar to hypothetical protein FLJ23749 (LON peptidase N-terminal domain and ring finger 1) 

 similar to hypothetical protein FLJ23749 (LON peptidase N-terminal domain and ring finger 1) 

 similar to Pleckstrin homology domain containing family G member 1 

 adenylate cyclase activating polypeptide 1 (pituitary) 

 protein phosphatase 2 (formerly 2A), regulatory subunit B’’, alpha 

 EST

 Finished cDNA, clone ChEST505j21 

 ENSEMBL Prediction

 Finished cDNA, clone ChEST334c21 

 nucleophosmin 

 insulin induced gene 1 [Insig-1] 

 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 (soluble) [HMG-CoA synthase] 

 Finished cDNA, clone ChEST690b10 

 nuclear factor, interleukin 3 regulated [E4bp4] 

 ChaC, cation transport regulator-like 1 (E. coli) 

 heat shock protein 25 [Hsp25] 

 heat shock protein 25 [Hsp25] 

 Finished cDNA, clone ChEST650e20 

 similar to Heat-shock protein 105 kDa (Heat shock 110 kDa protein) 

 similar to Heat-shock protein beta-8 (HspB8) 

 homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like domain member 1 

 EST

 procollagen-proline, 2-oxoglutarate 4-dioxygenase (proline 4-hydroxylase), alpha polypeptide II 

 homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like domain member 1 

 homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like domain member 1 

 BCL2-associated athanogene 3 

 BCL2-associated athanogene 3 

 similar to pDJA1 chaperone 

 similar to pDJA1 chaperone 

 heat shock protein 70 [Hsp70] 

 cysteine and histidine-rich domain (CHORD)-containing 1 

 DnaJ (Hsp40) homolog, subfamily A, member 1 

 RASD family, member 2 

 polymerase (DNA directed) sigma 

 similar to dual specificity phosphatase-like 15 isoform a 

 similar to Heat-shock protein 105 kDa (Heat shock 110 kDa protein) 

 Finished cDNA, clone ChEST632f24 

 similar to transcription factor MLR1 

 Finished cDNA, clone ChEST591i18 

 Finished cDNA, clone ChEST214c10 

 similar to sodium-dependent high-affinity dicarboxylate transporter 

 beaded filament structural protein 1, filensin 

 ENSEMBL Prediction

 Finished cDNA, clone ChEST357p9 

 ENSEMBL Prediction

 ENSEMBL Prediction

 similar to hypothetical protein LOC130576 

 ENSEMBL Prediction

 DD1 protein 

 ENSEMBL Prediction

 SH3-domain GRB2-like 3 

 EST

 Finished cDNA, clone ChEST46k24 

gene name

[Herpud1]

[Herpud1]

Fig. S3. Light-induced genes in the chicken pineal gland. See Fig. 1 legend for details. Gene clusters containing stress–response genes (cluster A), and E4bp4
(cluster B) are highlighted by pink.
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Fig. S4. (Continued)
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Fig. S4. Expression profiles of ATF4-, ATF6-, XBP1-, and SREBP-target genes in the pineal gland. (A) ATF4-, ATF6-, and XBP1-target genes. (B) SREBP-target
genes. Dark-kept animals were exposed to the 1-h light pulse (open bars) from CT6, CT14, or CT22, or kept in the dark as a control (solid bars). The GeneChip
profiles of the genes listed in Figs. 2C and 3B are displayed (mean with variation, n = 2).
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Fig. S5. Daily expression profile and feeding response of spliced Xbp1 mRNA levels. (A) Daily expression profile. Mice were housed in 12-h light/12-h dark
cycles with foods and water freely available, and the liver was isolated at the indicated time point. (B) Feeding response. Mice were housed in 12-h light/12-h
dark cycles with water freely available and foods available only at nighttime (ZT12–24) for a week. On day 7, foods were provided (open bars) or not (solid bars)
from ZT12, and the liver was isolated at the indicated time point. Relative mRNA levels of Xbp1s and Xbp1t were determined by RT-PCR analysis. The lowest
value (A) or the value at ZT12 (B) was set to 1. Data are the mean ± SEM (n = 3).

Fig. S6. Light-response of Srebp-1 and Srebp-2 genes in the pineal gland. (A) Expression of Srebp-1 and Srebp-2 in the pineal gland and liver. Total RNA
extracted from the tissues were subjected to reverse transcription with (+) or without (–) reverse transcriptase (RTase), followed by PCR amplification of Srebp-
1, Srebp-2, Pinopsin, NAT, and Tbp. Pinopsin and NAT were expressed in the pineal gland. (B) Effect of light on the mRNA levels of Srebp-1 and Srebp-2. Dark-
kept animals were exposed to a 1-h light pulse (open bars) or kept in the dark for 1 h (solid bars) at each time point, and the pineal glands were isolated for RT-
PCR analysis as in Fig. 2A.
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Fig. S8. Steroid production in the adrenal gland and 7α-hydroxypregnenolone release from the female pineal gland. (A) Production of steroids from
pregnenolone in adrenal gland and pineal gland lysates. The homogenate from the adrenal gland or the pineal gland were incubated with [3H]pregnenolone
for indicated time periods, and each extract was subjected to the reversed-phase HPLC. The elution positions of metabolites are indicated by vertical broken
lines. (B) Comparison of 7α-hydroxypregnenolone release from the pineal glands between male and female chicks. The chicks were exposed to 20-min light
pulse (≈300 lx with white fluorescent lamps) from CT14, and then the pineal glands were isolated and cultured in 450 μL of medium as a pool (8 pineal glands
per well) for 3 h under the light condition. For dark control group, all procedures were performed in the dark. The amounts of 7α-hydroxypregnenolone
released into the medium were measured by gas chromatography/mass spectrometric (GC-MS) analysis. Data are the mean ± SEM (n = 4–5). **P < 0.01 and
***P < 0.005 by Student’s t test. Data for the male sample are reproduced from Fig. 5E.
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Table S1. Primers and cycle numbers for PCR analyses

Gene Forward primer sequence (5′->3′) Reverse primer sequence (5′->3′) PCR cycle numbers

Per2 GGAAGTCCTTGCAGTGCATAC ACAGGAAGCGGATATGCAG 24
E4bp4 CCTTTCTCAGTTCAGGTGAC TGAAATGACATCATGAGTCCAG 21
StarD4 TACCACAGCATCGCCGACAG TCCTTAAGAGGGACGCAGAACC 24
Insig-1 TGCCCAAAGGAAGTAGATCG AAAGCCCTGACTCAAACAGG 20
Srebp-1 GTACCTTCAGCTGCTCAACG TCCTGCTTGCTCAACATGG 26
Srebp-2 CTAAGCAGTCTGGTTGACAACG AGAGGCACAGGAATGTCAGG 24
Pinopsin CTGAAGGGTTGAGGACATCG CTGCAGTGACATCTGCATGG 24
NAT ATGAGATCCGCCACTTCCTAAC AATCCTCGCACATGAGCACG 21
StAR AATCACTCAGCATCCTCGG GGACCTGGTTGATGATGGTC 27
P450scc TGCAGGTTGGTCTCTACGC CTCCAGGATGTGCATGAGG 24
P4507α ATGAACATTCGCATCAGCC TCATCTCATTCATTGCGAGG 26
Tbp GTCGAATATAATCCCAAGCG TCTGCTCGAACTTTAGCACC 24
Hsp25 CCAAGGATGGAGCTGTCAGC CGATGCAGACCGTTGTTCC *
Hsp70 ACCGAAACCAGATGGCAGAG TTGTGACAATCGGGTTGCAG *
Herpud1 ACGTCGGTGAGCTTGAGTCC CAGTGAAGGCCAGAGAAATGC *
Hspa5 ATCAGAATCGGCTAACACCAGAG TCCTCAGCAAACTTCTCAGCATC *
Xbp1s GAGTCCGCAGCAGGTG ACTGCCATCAGAATCCATG *
Xbp1t AGTGCGAGTCTACGGATGTGAAG CCGGTCACCAACCTGATGTC *
Tbp AGCAAGGAAGTACGCAAGAGTTG AGCTGCCCACCATGTTCTG *
Mouse Xbp1s GAGTCCGCAGCAGGTG GTGTCAGAGTCCATGGGA *
Mouse Xbp1t AAGAACACGCTTGGGAATGG ACTCCCCTTGGCCTCCAC *
Mouse Gapdh TGCACCACCAACTGCTTAGC ACAGTCTTCTGGGTGGCAGTG *

*Real-time PCR.

Hatori et al. www.pnas.org/cgi/content/short/1015959108 9 of 9

www.pnas.org/cgi/content/short/1015959108

