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Numerous responses are triggered by light in the cell. How the light signal is detected and transduced into a cellular
response is still an enigma. Each zebrafish cell has the capacity to directly detect light, making this organism particularly
suitable for the study of light dependent transcription. To gain insight into the light signalling mechanism we identified
genes that are activated by light exposure at an early embryonic stage, when specialised light sensing organs have not yet
formed. We screened over 14,900 genes using micro-array GeneChips, and identified 19 light-induced genes that function
primarily in light signalling, stress response, and DNA repair. Here we reveal that PAR Response Elements are present in all
promoters of the light-induced genes, and demonstrate a pivotal role for the PAR bZip transcription factor Thyrotroph
embryonic factor (Tef) in regulating the majority of light-induced genes. We show that teff transcription is directly regulated
by light while transcription of tefo is under circadian clock control at later stages of development. These data leads us to
propose their involvement in light-induced UV tolerance in the zebrafish embryo.
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Introduction

The daily sunlight-darkness cycle is one of the most extreme and
repetitive variations in environmental conditions that organisms
are exposed to. The necessity to adapt gave rise to light detection
mechanisms and a circadian clock, which times a variety of
physiological and cellular processes. Several circadian components
and DNA damage response proteins are closely related. For
example the Cryptochrome (Cry) proteins that transduce the light
signal to the circadian clock, either as photoreceptors or as
transcriptional repressors, belong to the same family of flavin-
containing proteins as the DNA repair enzyme Photolyase (Phr)
[1]. Photolyase may have been the first existing light-detecting
molecule [2]. Pittendrigh [3], and thereafter Gehring and Rosbash
[4], proposed that a circadian oscillator was established and
coupled to these blue light photoreceptors to anticipate damage.
Interestingly, a link between the clock and nucleotide excision
repair was recently reported [5]. Thus light detection and the
circadian clock may have originated to avoid DNA lesions [6].
How the light signal is detected in cells, and how seemingly
independent processes are integrated with the circadian clock
remains unresolved.

In mammals a centralised clock, which resides in the
hypothalamic suprachiasmatic nucleus (SCN) and is innervated
by the retina, controls temporal adaptation. This master clock
relays a signal to the peripheral clocks thereby setting their phase.
Zebrafish rely on peripheral circadian clocks that are directly
entrained by light, indicating a high degree of cell autonomy [7,8].
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The core clock mechanism consists of a self-sustained transcrip-
tion-translation auto-regulatory feedback loop [9]. The heterodi-
mer composed of Clock (Clk) and Brain muscle ARNT-like (Bmal)
binds to enhancers upstream of the period (per) and cryptochrome (cry)
genes to initiate their transcription. The repressors Per and Cry
interact with the Clk:Bmal heterodimer and thereby down-
regulate their own expression.

In zebrafish light-induced activation of the mitogen-activated
protein kinase (MAPK) pathway has been shown to regulate per2,
¢ryla and 64phr expression [10,11]. Thus the same light-signalling
pathway controls light dependent UV tolerance and circadian
clock entrainment. Also several basic leucine-zipper (bZip)
transcription factors play a role in mediating the regulation of
light dependent processes. The AP-1 (Activator Protein-1)
complex, a heterodimeric protein composed of the bZip
transcription factors c-Fos and c-Jun, exhibits light dependent
transcription. The transcription factor AP-1 is regulated by the
MAPK signal transduction pathway, and is an important
component of the mammalian UV response [12-14]. Further-
more, TEF (Thyrotroph Embryonic Factor), DBP (D-site Binding
Protein) and HLF (Hepatocyte Leukaemia Factor), belonging to
the proline- and acidic amino acid-rich (PAR) bZip subfamily,
mediate the regulation of metabolic detoxification and are under
circadian clock control in mouse [15]. These transcription factors
transactivate target genes by binding as homo or heterodimers to
the PAR Response Elements (PARRE) in their promoters [16].
However, signal-induced gene expression is not mediated by linear
signal transduction pathways targeting a single response element,
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but involves networks of signalling molecules and transcription
factors targeting multiple control elements that cooperate to
regulate gene transcription.

This study aims to attain insight into the light signalling
mechanism by screening for genes that are light activated and
subsequently identifying common regulatory networks driving
these genes. The zebrafish is a particularly suitable organism for
studying light dependent transcription due to the ability of each
cell to directly detect light. We analysed over 14,900 transcripts
using the Affymetrix micro-array GeneChip and identified 19
genes that exhibit light-induced transcription. Here we demon-
strate by computational promoter analysis in combination with
knock down experiments that the PAR bZip transcription factor
Tef plays a key role in the regulation of light-induced genes that
function primarily in DNA repair and in counteracting the adverse
effects of reactive oxygen species.
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Results and Discussion

A screen for genes that display light dependent
transcription

Zebrafish embryos become light responsive around 5 hours post
fertilisation (h.p.f.), and light sensitivity increases during the
following 4 hours [17,18]. The far from fully differentiated cells
at this early stage of development are an appealing model as one
can select for genes that display light dependent transcription
before specialised light sensing organs have formed. We screened
with the Affymetrix micro-array GeneChip for light regulated
genes by comparing the differential expression between embryos
exposed for the first 9 hours of development to light (LL) and
siblings maintained in constant darkness (DD) (Figure 1A, Table 1).
All genes that have a differential expression of 2-fold or more on
the micro-array chip were validated by quantitative Polymerase
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Figure 1. Screen for genes that display light-induced transcription. (A) Scatter plot showing the fold change in transcript level between
embryos (9 h.p.f.) that were exposed to light and siblings maintained in darkness. Each dot represents one transcript of 14,900 genes screened. The
reliability of the data is indicated by a green to red colour scale, with only the red dots representing transcripts that have a trustworthy differential
expression. The outer blue lines demarcate the 2.0 fold boundaries when related to the average (central blue line). (B) Pie chart representing the
ratios of the different processes in which light-induced genes function. (C) Validation by qPCR (n=7) of the 19 light-induced transcripts that were
identified by the Affymetrix micro-array GeneChip (n =3, fold change >2). Grey bars indicate micro-array fold change and orange bars indicate qPCR
fold change. Error bars indicate the standard deviation in all experiments. The qPCR fold changes shown were normalised using DD transcript levels,
and differences between samples were corrected with B-actin mRNA levels.

doi:10.1371/journal.pone.0012542.9001
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Chain Reaction (qPCR) (Table 1, Figure 1C), thereby confirming
19 transcripts to be significantly induced by light in zebrafish early
embryonic cells. Interestingly, this light-induced gene set shows no
similarity with light-induced transcripts in the mouse SCN [14],
the specialized direct light responsive cells in a mammal
Furthermore, the genes that are suppressed by light, apart from
the circadian clock regulated gene eg/n3 [19], could not be
reproduced by qPCR (Table S1). The light-induced genes
identified function in DNA repair, stress response, and light
signalling (Figure 1B, Table 1).

A large proportion of the light-induced genes belong to the
family of Cryptochromes. Many responses to light are mediated by
CRYs [20,21], a subset acts as photopigments [10] while others
play a role in light signalling or may take part in the core circadian
oscillator, as is the case in mammals. Seven ¢y genes have so far
been reported in zebrafish [22]. In particular, zebrafish Cryla has
been shown to reset the clock [23], and also has been reported to
play a role in oxidative stress response [24].

Several genes with a function in DNA repair are expressed at
high levels in light exposed embryos, including the nucleotide
excision repair gene ddb2 and its homologue wdr76. In humans the
WDRY76 protein is associated with the CUL4-DDBI1 ubiquitin
ligase complex [25]. Interestingly, an increase in WDR76
expression is observed during DNA replication [26], which is
under circadian clock control in zebrafish [27,12]. We also
observed an increase in transcript level of the DNA glycosylase
Neill, which initiates the first step in base excision repair by
cleaving bases damaged by oxygen radicals [28]. Furthermore we
demonstrate light-induction of a photolyase-like gene, ¢pd-phr, that
removes cyclobutane pyrimidine dimers [29]. ap-1 is light induced
in adult zebrafish [12], however it was not detected by the micro-
array chip at an early stage of development.
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Table 1. Genes that display light-induced transcription.

Gene

Symbol Gene Name GeneChip Fold Change Real-Time PCR Fold Change Process GenBank No.
wdr76 WD40-repeat protein 76 9.2+3.6 17.2%3.2 DNA repair XM_693494
cryla cryptochrome 1a* 2.9+0.1 11.1+0.6 Light signalling NM_131789
per2 period 2 [35,36] 7.1£3.7 10.6+1.5 Light signalling NM_182857
cry2b cryptochrome 2b 2.5+0.6 10.5*+1.8 Light signalling NM_131792
msrb3 methionine sulfoxide reductase B3 2.5+0.8 9.7%£1.9 Stress response NM_001002094
ddb2 UV damage DNA binding protein 2 53+2.0 9.3*+3.1 DNA repair NM_001083061
cry5 cryptochrome 5 [17] 51%26 7.0£1.6 Light signalling NM_131788
prxI2 peroxiredoxin-like 2 5.6+1.7 6.4+1.3 Unknown NM_213313
lonrf1 LON-protease ring finger 1 3.2+1.0 6.120.7 Unknown XM_684170
neill nei endonuclease VllI-like 1 3.0+1.0 56+1.0 DNA repair NM_200283
tefo thyrotroph embryonic factor o 3.4+0.9 3.4+0.8 Transcription NM_131400
gstp1 glutathione S-transferase p1 33+0.8 2.9+0.6 Stress response NM_131734
teffs thyrotroph embryonic factor 3.9+03 29+04 Transcription U96848

cry2a cryptochrome 2a 24+0.7 2.9+03 Light signalling NM_131791
bzrp1 benzodiazepine receptor 1 2.1%£0.5 25+04 Stress response NM_001006032
cpd-phr cpd-photolyase-like 2.1+03 25+03 DNA repair NM_201064
nrid2b nuclear receptor 1D2b 23+0.5 25+0.5 Transcription NM_131065
hig1 hypoxia induced gene 1 1.9%+0.1 2.2+0.2 Stress response NM_200100
hsp90u heat shock protein 90a 2.3+0.1 1.9+04 Stress response NM_001045073
*Note that the light-induced gene products could function in several different processes, for instance Cry1la also plays a role in stress response [24].
doi:10.1371/journal.pone.0012542.t001

Reactive oxygen species have been reported to induce the
transcription of direct light responsive genes in zebrafish [24]. We
show here that the expression levels of many stress response genes
are elevated during light exposure, such as msrb3, which has a
function in the repair of oxidized proteins [30], and gstp!, which
has a catalytic function in the detoxification of electrophiles
thereby neutralizing products of reactive oxygen species [31]. The
light-induced peripheral bzrpl gene opposes apoptosis during
oxidative stress by controlling mitochondrial membrane perme-
ability [32]. Also the stress response gene /ug/ has an anti-apoptotic
function [33]. Furthermore we observe higher transcript levels of
hsp90a., its gene product being essential for refolding of denatured
proteins [34].

We applied i situ hybridization to several of the light-induced
genes during retinal development to determine if any of the genes
display enriched expression in specialized light sensing tissues
(Figure 2A-]). Published i situ patterns of light-induced transcripts
were not examined [17,35,36]. All transcripts are ubiquitously
expressed, and the transcripts of wdr76, cryla, msrb3, nell, and tef
show higher levels in the retina, and the £sp90x and tef transcripts are
present at a higher level in the pineal (Figure 2A, 2B, 2C, 2F, 2G, 2]).

The micro RNAs (miRNAs), a class of small non-coding
transcripts, play a key role in post-transcriptional gene regulation.
Since the zebrafish genome array GeneChip did not include the
detection of miRNAs, we extended the screen by testing reported
oscillating mouse and Drosophila miRNAs for rhythmic expression
in zebrafish. Animals were entrained on light-dark (LD) cycles and
samples were taken during the first four days post fertilisation. We
show by qPCR that miR132 and miR219 are rhythmically
expressed during zebrafish development (p<<0.05; Figure 3A and
3B). Interestingly, the miRNAs show peak and trough transcript
levels at opposite zeitgeber times (zt) as reported for mouse [37].
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Figure 2. Light-induced transcripts are expressed ubiquitously. (A) In situ hybridizations of embryos (at 25 h.p.f.) that were exposed to light
(left) or maintained in darkness (right) for the probe against wdr76, (B) cry1a, (C) msrb3, (D) ddb2, (E) prxI2, (F) neil1, (G) tef, (H) gstp1, (I) bzrp1, and (J)
hsp90a. All light-induced transcripts are expressed ubiquitously at the early stages of zebrafish development. For most transcripts a gradient is
observed with the highest level of expression at the anterior. The wdr76, cryla, msrb3, tef, and neil1 transcripts are present at substantially higher
levels in the retina. The hsp90a and tef transcripts show a distinctive presence in the pineal (indicated by arrowhead).

doi:10.1371/journal.pone.0012542.9002

Tef mediates the regulation of light-induced
transcription

Given that Tef and Nr1D2b are the only transcription factors
identified by the screen, we hypothesized whether they could play
a central role in the activation of light-induced transcription. The
tef gene encodes a PAR bZip transcription factor that binds to
PARREs (PAR Response Elements) in the promoters of target
genes, and is under circadian clock control in mouse [38]. The
nrld2b (rev-erbf) gene encodes an orphan nuclear receptor that
binds to ROR (RAR-related Orphan Receptor) elements in the
promoters of target genes, and is a paralog of a regulatory
component of the circadian clock (nrldl or rev-erbor) [39]. To
further investigate their role, we used phylogenetic promoter
analysis software (GenomatixSuite) to screen for regulatory
sequences in the light-induced gene set. This predicted the
presence of PAR response elements (puTTApyGTAApy) in the
promoters of all light-induced genes (Figure 4), however only a few
promoters include E-box and ROR elements. Since all promoters
contain PARRUES, this points to Tef being an evident candidate for
the regulation of light-induced transcription.

To verify the computational data, we next tested whether knock
down of tef, by injecting morpholino-modified anti-sense oligonu-
cleotides in light exposed embryos, reduces the transcript levels of
light-induced genes. Two zebrafish isoforms have been reported,
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tefo and tefB, which are transcribed from separate promoters [40].
Knock down of fo results in strongly reduced transcript levels of:
bzipl, cpd-phr, cryla, cry2b, cryd, ddb2, gstipl, lonifl, msrb3, neill, per2,
prxl2, and wdr76 (p<0.05; Figure 5A). Interestingly, a zebrafish
per2 promoter study showed this gene to be regulated by Tef [41],
and thus supports the data presented here. Furthermore, a
reduced gstpl transcript level has been reported in Hif/ Dbp/ Tef
triple knock out mice [15]. ffo knock down does not significantly
affect miR132 and miR219 expression levels, consistent with the
absence of PARRESs in their promoters (data not shown). Knock
down of f¢ff mildly reduced expression of: ¢ryla, ddb2, higl, per2,
and strongly reduced expression of: ¢ry2b, lonifl, msrb3, and prxl2
(p<<0.05; Figure 5B). Double knock down of #efor and #ff produces
the same effect as single #fx knock down, but results in even lower
levels of ¢p2b and ddb2 (p<<0.05; Figure 5C). The reduced
transcript level in fgf knock down embryos is consistent with direct
regulation by transcriptional activation, as suggested by the
PARREs present in the promoters of the light-induced genes.
However, it cannot be ruled out that Tef indirectly regulates these
genes. Since the transcript levels of light regulated genes in tef
knock down LL embryos are rarely reduced to their DD levels,
other factors must also play a role in controlling light dependent
processes. Importantly, several other members of the bZip family
have the capacity to bind the PARRE. In all knock down
experiments, ff mRINA levels are not affected, implying that tef
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Figure 3. miR219 and miR132 temporal expression pattern. (A)
qPCR analysis showing the temporal oscillation of miR132 and (B)
miR219 transcription during the first four days of development in
embryos raised under a 12:12 LD cycle. (C) Expression of period1 under
the same conditions. White bars indicate the light and black bars the
dark intervals. Note that low cycle quantification (Cq) values indicate
high transcript levels and vice versa.
doi:10.1371/journal.pone.0012542.g003
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does not regulate itself although PARREs are present in the #f
promoters. To confirm the knock down data we over expressed
tefx. by microinjecting mRNA in DD embryos, this results in a
significant increase in the levels of: bzrpl, cpd-phr, cry2a, gsipl, hgl,
lonrf1, msrb3, neill, and prxl2 (p<0.05; Figure 5D). Thus we
demonstrate #fo to play a crucial role in the regulation of many
light-induced genes, while #ff has a less prominent function.

Tefa is under circadian clock control

Based on the regulation of #f in mouse, we hypothesised
whether the two isoforms of Tef are under circadian clock control.
We entrained zebrafish larvae to LD cycles for the first four days of
development and analysed f mRNA levels. This revealed that #efa
and /P transcription oscillate during development, showing peak
and trough transcript levels at opposite zt’s as reported for mouse
[42]. The tef transcript level reaches its peak during the light
period, as expected from its role in mediating the regulation of
light-induced transcription (Figure 6A and 6B, note that low cycle
quantification values indicate high transcript levels and vice versa).
To investigate if ff is under circadian clock control, larvae were
subjected to LD cycles during the first 3 days of development
followed by DD over the consecutive days. A rhythm of #fx
transcription is observed on the days following the LD cycles
(Figure 6C). The observed light entrainment reflects f¢f& regulation
through an oscillator. As it is currently technically not feasible to
determine how fgfor is regulated at the earliest stages of
development, the possibility exists that fefx is initially directly
induced by light. The difference in #ff transcript levels is not
significant on the first and second day in DD (p>0.05; Figure 6D),
thus suggesting a direct light driven mechanism during the first
days of development, however this gene may later on become
under circadian clock control. The role for Tefot in the regulation
of stress response and DNA repair genes may imply the circadian
clock in their regulation. Gachon and colleagues [15] demonstrat-
ed a role for the circadian transcription factors TEF, DBP, and
HLF in the regulation of various processes in mouse, including
metabolic detoxification. TEF, DBP, and HLF are expected to
regulate different target genes as they have different target
promoter preferences [38,42]. Triple knock out of all PAR bZip
family members in mouse results in epilepsy and accelerated
ageing, but does not lead to developmental defects [43]. In the
mouse embryo 7T¢f expression is only present in the anterior
pituitary [44], while in the zebrafish embryo it is ubiquitously
transcribed. This may imply centralized regulation during
development for the mouse 7¢f gene in contrast to the zebrafish
embryo.

Light-induced UV tolerance

Zebrafish spawn at light onset in shallow rivers, thus the
embryos are already exposed to sunlight at the earliest stage of
development. Here we demonstrate that visual light induces genes
that function in light signalling, stress response or DNA repair in
zebrafish embryonic cells. We used a light source that only emits
low radiation in the UV-A and no radiation in the harmful UV-B
and UV-C range of the spectrum (Figure S1), and the embryos
were separated from the source by a 4 mm Perspex plate and at
least 5 cm water. Therefore it is not possible that the identified
DNA repair genes were induced by UV damage. Interestingly,
embryos maintained in constant darkness and subsequently UV-
irradiated show a lower survival rate when compared to UV-
treated embryos that were previously exposed to light [17]. The
superior survival in the latter case can be explained by the increase
in transcription of stress response and DNA repair genes. Several
mechanisms that relay the light signal directly or via the circadian
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Figure 4. All promoters of the light-induced genes contain PAR elements. Genomatix software was used to predict PAR response elements
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the Genomatix database this gene was analysed separately. Start codons are indicated with red arrows, and the locations of predicted PAR elements

are marked with green boxes.
doi:10.1371/journal.pone.0012542.g004

clock can be envisaged. Light-induced activation of the MAPK
signalling pathway plays an important role in 64Phr expression
[11], which has the capacity to repair DNA in zebrafish. Cryla
can convey the light signal to the circadian clock as it binds
directly to the core clock components Clk and Bmal [23,45]. We
demonstrate fff expression to be directly driven by light in the
zebrafish embryo, and #fo transcription to be under circadian
clock control at later stages of development. Although the #f genes
seem to be differently regulated, it is most likely that both #f genes
are initially directly regulated by light and later on become under
the control of the circadian clock. In addition, it is plausible that tgf
is regulated through the circadian clock as well as a direct light
pathway. Since more DNA lesions are induced when cells are
exposed to sunlight than during the night, the number of
mutations could most likely be reduced if DNA damage were
anticipated. Indeed DNA excision repair was demonstrated to be
under circadian clock control in mammals [5]. We show here that
the Tef transcription factors play a pivotal role in regulating DNA
damage and stress response processes in the zebrafish embryo, and

@ PLoS ONE | www.plosone.org

we suggest their involvement in light-induced UV tolerance. At
later stages Tef could play a key role in coupling the circadian
clock to repair processes, as several of the light-induced repair
genes are rhythmically transcribed during development. Consid-
ering its crucial function in regulating various processes, ranging
from metabolic detoxification to DNA repair, this transcription
factor will be of high interest for future research.

Materials and Methods

Experimental setup

Zebrafish were raised following standard protocols [46].
Embryos were transferred to tissue culture flasks and submerged
in thermostatically controlled water baths to maintain a constant
temperature of 28°C. The setup is positioned within a light-sealed
and air conditioned box. Embryos were illuminated with a
compact fluorescent lamp (140 UW/cm?, Figure S1) connected to
a timer. The spectrum of the light source was determined using a
fiber optic spectrometer (USB2000, OceanOptics Inc).
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Figure 5. Tef regulates light-induced transcription. (A) Transcript level analysis by qPCR after 9 hours of light exposure in morpholino
microinjected tefa. knock down embryos (grey bars) compared to untreated embryos (white bars). Asterisks indicate significant difference in
expression level. (B) Experiment as in A for morpholino-mediated knock down of teff in light exposed embryos. Demonstrating the reduced effect of
teffy knock down on the levels of most light-induced transcripts when compared with tefo. knock down. (C) Morpholino-mediated double knock down
of tefa and teff in light exposed embryos matches the tefo knock down result. (D) Embryos microinjected with tefo. mRNA and directly transferred to
DD. tef over expression results in elevated transcript levels when compared to untreated embryos maintained in DD. Fold changes were normalized
with DD transcript levels, thus the knock down, over expression, and wild type light exposed transcript levels are compared to the wild type
expression level in DD, which is set at zero on the Y-axis within each bar. Differences between samples were corrected with f-actin mRNA levels.
These data clearly demonstrate that Tef mediates the regulation of light-induced transcription.

doi:10.1371/journal.pone.0012542.9005

Micro-array hybridization assay

Differential gene expression was determined by comparing two
conditions: one group of sibling embryos was exposed to light,
while the other group of siblings was transferred to constant
darkness within 30 min after being laid. Embryos were harvested
at 9 hppf. (ZT/CT9), and total RNA was extracted from 50
embryos per group using TRIzol Reagent (Gibco BRL) according
to the manufacturer’s instructions. From each condition 3 ug total
RINA was used to synthesize biotinylated cRNA according to the
one-cycle protocol, followed by hybridization to the Affymetrix
GeneChip Zebrafish Genome Array. All procedures were
conducted using Affymetrix equipment, protocols, and GeneChip
Operating Software. GeneSpring GX7.3 software (Agilent Tech-
nologies) was used for CEL file data analysis. The MAS5
algorithm was applied for condensation, and median normaliza-
tion was used. The micro-array result presented is the average of
three independent experiments. All data is MIAME compliant and
deposited in the MIAME database. Transcripts are considered
differentially expressed when the average change was 2 fold or
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more. GenomatixSuite (Genomatix) software was used for
subsequent phylogenetic promoter analysis. The light-induced
and light-suppressed gene sets were separately analysed. The
analysis was performed with selected promoter elements and

limited to the first 500 bps upstream of the start codon.

Quantitative PCR analysis

cDNA was obtained by transcribing 1 pg of total RNA using
QuantiTect reverse transcription components (Qiagen). Absolute
levels of transcript were determined with fluorescence based Real-
Time PCR using Sybr Green PCR Master Mix and thermocyclers
from Applied Biosystems (AB). Primers were designed to generate
amplicons that cross exon junctions to eliminate contamination
through genomic DNA amplification (Universal Probe Library
software from Roche; http://www.roche-applied-science.com/
sis/rtpcr/upl/ezhome.html). A list of primer sequences for all
transcripts is given in Table S2. gPCR was performed using the
following thermal cycling parameters: 95°C for 10 min, followed
by 40 two-step cycles of 95°C for 15 sec and 60°C for 1 min. All
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Figure 6. Transcription of tefu is under circadian clock control. (A) gPCR analysis showing the temporal transcript levels of tefo and (B) teff}
during the first four days of development in embryos raised under a 12:12 LD cycle. White bars indicate the light and black bars the dark intervals. (C)
tefo. mRNA levels on days 3, 4 and 5 in embryos entrained to LD cycles for the first 3 days followed by DD. Grey bars indicate the subjective light
interval. The continuation of rhythmic expression in DD demonstrates that tefa transcription is regulated through an oscillator. (D) teff mRNA levels
under the same experimental conditions as C. In all experiments the differences between samples were corrected with f-actin mRNA levels. Note that

low Cq values indicate high transcript levels and vice versa.
doi:10.1371/journal.pone.0012542.g006

gPCR reactions were carried out in duplicate so that average cycle
quantification values could be obtained. The absolute fold change
was determined by normalising the level of transcription with the
corresponding level in DD, and both levels were corrected for
random errors with the f-actin level. The abundance of miRNA
was also determined by qPCR. miRNAs were transcribed from
10 ng of total RNA using the TagMan MicroRNA Reverse
Transcript Kit (AB) and the human primers and probes for miR-
132 [5'-UAACAGUCUACAGCCAUGGUCG-3'] and miR-219
[5'-UGAUUGUCCAAACGCAAUUCU-3'] (AB), followed by
Real-Time PCR using the TagMan Universal PCR Master Mix
(AB) as indicated by the manufacturer. The absolute fold change
was calculated using the comparative A(ACq) method (Relative
Expression Software Tool) [47], and for all other experiments ACq
was applied. The significance of the difference observed between
two treatments within one experiment was determined with the
Bayesian t-test.

In situ hybridization

In situ hybridisations were performed with anti-sense RNA
fragments according to standard protocols. Probe synthesis was
conducted with the components of the DIG RNA Labelling Kit
(Roche). Embryos were fixed and subjected to methanol (Merck)
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and proteinase K (Roche) steps to enhance probe absorption.
Embryos were hybridised with probe at 67°C overnight, followed
by washing and labelling with sheep o-DIG AP-coupled Fab
fragments (Roche) in 2% blocking reagent (Roche) and 10% goat
serum (Sigma). The substrate NBT/BCIP (Roche) in 1 M Tris was
used for detection.

Transient knock down and over expression

Transient knock down of ffxx or/and ffff was performed by
microinjecting zygotes with 0.3 mM morpholino-modified ant-
sense oligonucleotide (Gene Tools) [48], designed to match the Zefo
[teforaueMO: 5'-CGTGATGGAAATAGGCTTCATGTCC-3']
or l‘?fB [Z/B(AUG)MO: 5'-CTGAAGACATCTCAGAACGGTT-
TCA-3'] initiation of translation regions. In the case of double
knock down a final concentration of 0.5 mM was used. No
significant difference in mRINA level was observed between mock
injected and untreated embryos. As a control the ATG region of tf
was cloned in frame of ¢gfp lacking its endogenous start codon. The
chimeric tef-¢gfp mRNA was co-injected with the corresponding
morpholino. We observed suppression of EGFP expression for
both morpholinos (Figure S2). For transient over expression fefo
was cloned into pCS2+ and synthesis of capped mRNA was
performed with the SP6 mMessage mMachine components
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(Ambion). The transcript was column purified (Qiagen) and
100 pg tefx mRNA was microinjected into each zygote.

Supporting Information

Table S1 Genes that display light suppressed transcription.
Found at: do1:10.1371/journal.pone.0012542.s001 (0.03 MB
DOC)

Table 82 Exon junction crossing Real-Time PCR primers.
Found at: doi:10.1371/journal.pone.0012542.s002 (0.05 MB
DOC)

Figure S1 Spectrum of compact fluorescent lamp. (A) Spectrum
of the light source that was used for all experiments, showing no
emission in the hazardous UV-C (below 280nm), and B (320nm-
280nm) class, and minimal emission of least harmful UV-A light
(range 400nm-320nm). (B) Experimental setup.

Found at: doi:10.1371/journal.pone.0012542.s003 (1.07 MB TTF)

Figure 82 #f knock down control experiment. To assess the
capability of the morpholino to knock down its target, the ATG
region of #f'was cloned in front of gfp lacking its endogenous start

References

1. Sancar A (2004) Photolyase and cryptochrome blue-light photoreceptors. Adv
Protein Chem 69: 73-100.

2. Essen LO (2006) Photolyases and cryptochromes: common mechanisms of DNA
repair and light-driven signaling? Curr Opin Struct Biol 16: 51-59.

3. Pittendrigh CS (1993) Temporal organization: reflections of a Darwinian clock-
watcher. Annu Rev Physiol 55: 16-54.

4. Gehring W, Rosbash M (2003) The coevolution of blue-light photoreception and
circadian rhythms. J Mol Evol 57: S286-289.

5. Kang TH, Reardon JT, Kemp M, Sancar A (2009) Circadian oscillation of
nucleotide excision repair in mammalian brain. Proc Natl Acad Sci USA 106:
2864-2867.

6. Chen Z, McKnight SL (2007) A conserved DNA damage response pathway
responsible for coupling the cell division cycle to the circadian and metabolic
cycles. Cell Cycle 6: 2906-2912.

7. Whitmore D, Foulkes NS, Sassone-Corsi P (2000) Light acts directly on organs
and cells in culture to set the vertebrate circadian clock. Nature 404: 87-91.

8. Carr AJ, Whitmore D (2005) Imaging of single light-responsive clock cells reveals
fluctuating free-running periods. Nat Cell Biol 7: 319-321.

9. Wager-Smith K, Kay SA (2000) Circadian rhythm genetics: From flies to mice
to humans. Nat Genet 26: 23-27.

10. Cermakian N, Pando MP, Thompson CL, Pinchak AB, Selby CP, et al. (2002)
Light induction of a vertebrate clock gene involves signaling through blue-light
receptors and MAP kinases. Curr Biol 12: 844-848.

11. Hirayama J, Miyamura N, Uchida Y, Asaoka Y, Honda R, et al. (2009)
Common light signaling pathways controlling DNA repair and circadian clock
entrainment in zebrafish. Cell Cycle 8: 2794-801.

12. Hirayama J, Cardone L, Doi M, Sassone-Corsi P (2005) Common pathways in
circadian and cell cycle clocks: light-dependent activation of Fos/AP-1 in
zebrafish controls CRY-la and WEE-1. Proc Natl Acad Sci U S A 102:
10194-10199.

13. Whitmarsh AJ, Davis RJ (1996) Transcription factor AP-1 regulation by
mitogen-activated protein kinase signal transduction pathways. J Mol Med 10:
589-607.

14. Porterfield VM, Piontkivska H, Mintz, EM (2007) Identification of novel light-
induced genes in the suprachiasmatic nucleus. BMC Neurosci 8: 98-107.

15. Gachon F, Olela FF, Schaad O, Descombes P, Schibler U (2006) The circadian
PAR-domain basic leucine zipper transcription factors DBP, TEF, and HLF
modulate basal and inducible xenobiotic detoxification. Cell Metab 4: 25-36.

16. Haas NB, Cantwell CA, Johnson PF, Burch JB (1995) DNA-binding specificity
of the PAR basic leucine zipper protein VBP partially overlaps those of the C/
EBP and CREB/ATT families and is influenced by domains that flank the core
basic region. Mol Cell Biol 15: 1923-1932.

17. Tamai TK, Vardhanabhuti V, Foulkes NS, Whitmore D (2004) Early
embryonic light detection improves survival. Curr Biol 14: R104-105.

18. Dekens MPS, Whitmore D (2008) Autonomous onset of the circadian clock in
the zebrafish embryo. EMBO J 27: 2757-2765.

19. Menger GJ, Lu K, Thomas T, Cassone VM, Earnest DJ (2005) Circadian
profiling of the transcriptome in immortalized rat SCN cells. Physiol Genomics
21: 370-381.

20. Todo T, Ryo H, Yamamoto K, Toh H, Inui T, et al. (1996) Similarity among
the Drosophila (6-4)photolyase, a human photolyase homolog, and the DNA
photolyase-blue-light photoreceptor family. Science 272: 109-112.

@ PLoS ONE | www.plosone.org

Light-Induced Transcription

codon, and the #f-gfp mRNA was co-injected with the morpholino.
(A) tefanra-glp expression. (B) tefoaarg-g/p co-injected with corre-
sponding morpholino. (C) tfBarc-gfp expression. (D) tefBarc-gfp
co-injected with corresponding morpholino.

Found at: doi:10.1371/journal.pone.0012542.5004 (1.74 MB TIF)

Acknowledgments

We are grateful to Carl Neumann and Wilhelmina Baauw for their
support. We thank Sabina Radeva for technical assistance, Henry Werner
for co-designing and constructing the experimental setup, Jonathon Blake
for advice on the computational analysis, and Dan Edvardsson for excellent
animal care. We thank Henry Roehl, Florian Maderspacher, and Margot
Scheffer for their comments on several versions of this manuscript.

Author Contributions

Conceived and designed the experiments: DG MPSD. Performed the
experiments: DG SF TT JS MPSD. Analyzed the data: DG VB MPSD.
Contributed reagents/materials/analysis tools: VB MPSD. Wrote the
paper: MPSD.

21. Thresher R]J, Vitaterna MH, Miyamoto Y, Kazantsev A, Hsu DS, et al. (1998)
Role of mouse cryptochrome blue-light photoreceptor in circadian photo-
responses. Science 282: 1490-1494.

22. Kobayashi Y, Ishikawa T, Hirayama J, Daiyasu H, Kanai S, et al. (2000)
Molecular analysis of zebrafish photolyase/cryptochrome family: two types of
cryptochromes present in zebrafish. Genes Cells 5: 725-738.

23. Tamai TK, Young LC, Whitmore D (2007) Light signaling to the zebrafish
circadian clock by Cryptochrome la. Proc Natl Acad Sci USA 104: 14712
14717.

24. Hirayama ], Cho S, Sassone-Corsi P (2007) Circadian control by the reduction/
oxidation pathway: catalase represses light-dependent clock gene expression in
the zebrafish. Proc Natl Acad Sci USA 104: 15747-15752.

25. Higa LA, Wu M, Ye T, Kobayashi R, Sun H, Zhang H (2006) CUL4-DDB1
ubiquitin ligase interacts with multiple WD40-repeat proteins and regulates
histone methylation. Nat Cell Biol 8: 1277-1283.

26. Whitfield ML, Sherlock G, Saldanha AJ, Murray JI, Ball CA, et al. (2002)
Identification of genes periodically expressed in the human cell cycle and their
expression in tumors. Mol Biol Cell 13: 1977-2000.

27. Dekens MPS, Santoriello C, Vallone D, Grassi G, Whitmore D, et al. (2003)
Light regulates the cell cycle in zebrafish. Curr Biol 13: 2051-2057.

28. Bandaru V, Sunkara S, Wallace SS, Bond JP (2002) A novel human DNA
glycosylase that removes oxidative DNA damage and is homologous to
Escherichia coli endonuclease VIII. DNA Repair 1: 517-529.

29. Tanida H, Tahara E, Mochizuki M, Yamane Y, Ryoji M (2005) Purification,
c¢DNA cloning, and expression profiles of the cyclobutane pyrimidine dimer
photolyase of Xenopus laevis. FEBS J 272: 6098-6108.

30. Weissbach H, Etienne F, Hoshi T, Heinemann SH, Lowther WT, et al. (2002)
Peptide methionine sulfoxide reductase: structure, mechanism of action, and
biological function. Arch Biochem Biophys 397: 172-178.

31. Tew KD (2007) Redox in redux: Emergent roles for glutathione S-transferase P
(GSTP) in regulation of cell signaling and S-glutathionylation. Biochem
Pharmacol 73: 1257-1269.

32. Carayon P, Portier M, Dussossoy D, Bord A, Petitprétre G, et al. (1996)
Involvement of peripheral benzodiazepine receptors in the protection of
hematopoietic cells against oxygen radical damage. Blood 87: 3170-3178.

33. Bedo G, Vargas M, Ferreiro MJ, Chalar C, Agrati D (2005) Characterization of
hypoxia induced gene 1: expression during rat central nervous system
maturation and evidence of antisense RNA expression. Int J Dev Biol 49:
431-436.

34. Wandinger SK, Richter K, Buchner J (2008) The Hsp90 chaperone machinery.
J Biol Chem 283: 18473-18477.

35. Delaunay F, Thisse C, Thisse B, Laudet V (2003) Differential regulation of
Period 2 and Period 3 expression during development of the zebrafish circadian
clock. Gene Expr Patterns 3: 319-324.

36. Ziv L, Levkovitz S, Toyama R, Falcon J, Gothilf Y (2005) Functional
development of the zebrafish pineal gland: light-induced expression of period2
is required for onset of the circadian clock. ] Neuroendocrinol 17: 314-320.

37. Cheng HY, Papp JW, Varlamova O, Dziema H, Russell B, et al. (2007)
microRNA modulation of circadian-clock period and entrainment. Neuron 54:
813-829.

38. TFonjallaz P, Ossipow V, Wanner G, Schibler U (1996) The two PAR leucine
zipper proteins, TEF and DBP, display similar circadian and tissue-specific

September 2010 | Volume 5 | Issue 9 | e12542



39.

40.

41.

42.

expression, but have different target promoter preferences. EMBO J 15:
351-362.

Preitner N, Damiola F, Lopez-Molina L, Zakany J, Duboule D, et al. (2002) The
orphan nuclear receptor REV-ERBalpha controls circadian transcription within
the positive limb of the mammalian circadian oscillator. Cell 110: 251-260.
Xu X, Liu L, Wong KC, Ge R (1998) Cloning and characterization of two
isoforms of the zebrafish thyrotroph embryonic factor (tef alpha and tef beta).
Biochim Biophys Acta 1395: 13-20.

Vatine G, Vallone D, Appelbaum L, Mracek P, Ben-Moshe Z, et al. (2009) Light
directs zebrafish period2 expression via conserved D and E boxes. PLoS Biol 7:
€1000223.

Falvey E, Fleury-Olela F, Schibler U (1995) The rat hepatic leukemia factor
(HLF) gene encodes two transcriptional activators with distinct circadian
rhythms, tissue distributions and target preferences. EMBO J 14: 4307-4317.

. Gachon F, Fonjallaz P, Damiola F, Gos P, Kodama T, et al. (2004) The loss of

circadian PAR bZip transcription factors results in epilepsy. Genes Dev 18:
1397-1412.

@ PLoS ONE | www.plosone.org

10

44.

46.

47.

48.

Light-Induced Transcription

Drolet DW, Scully KM, Simmons DM, Wegner M, Chu KT, et al. (1991) TEF,
a transcription factor expressed specifically in the anterior pituitary during
embryogenesis, defines a new class of leucine zipper proteins. Genes Dev 5:
1739-1753.

. Ishikawa T, Hirayama J, Kobayashi Y, Todo T (2002) Zebrafish CRY represses

transcription mediated by CLOCK-BMAL heterodimer without inhibiting its
binding to DNA. Genes Cells 7: 1073-1086.

Mullins MC, Hammerschmidt M, Haffter P, Niisslein-Volhard C (1994) Large-
scale mutagenesis in the zebrafish: in search of genes controlling development in
a vertebrate. Curr Biol 4: 189-202.

Pfaffl MW, Horgan GW, Dempfle L (2002) Relative expression software tool
(REST) for group-wise comparison and statistical analysis of relative expression
results in real-time PCR. Nucleic Acids Res 30: e36.

Nasevicius A, Ekker SC (2000) Effective targeted gene ‘knockdown’ in zebrafish.
Nat Genet 26: 216-220.

September 2010 | Volume 5 | Issue 9 | e12542



