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Early steps of embryo development are directed by maternal
gene products and trace levels of zygotic gene activity in
vertebrates. A major activation of zygotic transcription occurs
together with degradation of maternal mRNAs during the
midblastula transition in several vertebrate systems. How
these processes are regulated in preparation for the onset of
differentiation in the vertebrate embryo is mostly unknown.
Here, we studied the function of TATA-binding protein (TBP)
by knock down and DNA microarray analysis of gene expres-
sion in early embryo development. We show that a subset of
polymerase II-transcribed genes with ontogenic stage-depen-
dent regulation requires TBP for their zygotic activation. TBP
is also required for limiting the activation of genes during
development. We reveal that TBP plays an important role in
the degradation of a specific subset of maternal mRNAs
during late blastulation/early gastrulation, which involves
targets of the miR-430 pathway. Hence, TBP acts as a specific
regulator of the key processes underlying the transition from
maternal to zygotic regulation of embryogenesis. These
results implicate core promoter recognition as an additional
level of differential gene regulation during development.
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Introduction

In most animal models, including Drosophila, Caenorhabditis
elegans, zebrafish and Xenopus, the onset of zygotic gene
activation is delayed until the midblastula transition (MBT).
(Newport and Kirschner, 1982; Kimmel et al, 1995). Whereas
there is no MBT in mammals, here zygotic gene activity is
also delayed after fertilisation (Thompson et al, 1998). In the
zebrafish blastula, the general delay in zygotic gene activity is
followed by the sudden and broad activation of a large
number of genes representing all main gene ontologies
(Kane and Kimmel, 1993; Mathavan et al, 2005) leading to
gastrulation. The activation of the zygotic genome is paral-
lelled by an equally significant process, the differential de-
gradation of maternally inherited mRNAs (Giraldez et al,
2005; Mathavan et al, 2005; De Renzis et al, 2007).
Whereas little is known about the mechanisms of degra-
dation of maternal mRNA, they are known to involve
both transcription-dependent and -independent pathways
(Bashirullah et al, 1999; Audic et al, 2001; Giraldez et al,
2005; Schier, 2007). Dynamic changes in expression of ma-
ternally and zygotically activated genes are observed during
zygotic gene activation also in the mouse (Wang et al, 2004).
Not all maternally inherited mRNAs degrade during early
embryogenesis and many maternal mRNAs continue to in-
fluence embryo development until later developmental stages
(Wagner et al, 2004; reviewed by Pelegri (2003)).

The initiation of zygotic transcription during MBT is
believed to be regulated by a competition between chromatin
and the assembly of the transcription machinery (Newport
and Kirschner, 1982; Kimelman et al, 1987; Almouzni and
Wolffe, 1995). The TATA-binding protein (TBP) has been
implicated as a key regulator of transcription initiation in
early embryo development in vertebrates (Veenstra et al,
2000; Miiller et al, 2001; Martianov et al, 2002). TBP protein
levels have been shown to be limiting for transcription before
MBT and are dramatically upregulated at the initiation of
zygotic transcription (Prioleau et al, 1994; Veenstra et al,
1999; Bartfai et al, 2004). TBP, together with TBP-associated
factors (TAFs) are components of the TFIID complex, a key
point at which activators can control transcription through
the core promoter. Until recently, it was argued that TBP is
required for the correct initiation of all RNA polymerase (Pol
I, IT and III)-mediated transcription in eukaryotes. However,
recent reports have revealed the contrary: the composition of
Pol II core promoter-binding complexes varies and is likely to
represent a point of differential gene expression regulation
(reviewed by Davidson (2003)). Consistently, whereas TBP is
essential for early embryo development, it is not required for
all Pol II transcription as demonstrated by studies on a small
number of vertebrate genes (Veenstra et al, 2000; Miiller et al,
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2001; Martianov et al, 2002). The apparent redundancy of
TBP in vertebrates is probably due to the function of TBP-like
factors (TLF/TRF2) (Veenstra et al, 2000; Miiller et al, 2001)
and the recently described second set of TBP paralogue genes
TBP2/TRF3 (Persengiev et al, 2003; Bartfai et al, 2004; Jallow
et al, 2004). The functional requirement for different TBP
family proteins in embryogenesis suggests specific nonover-
lapping roles for these factors in regulating subsets of genes
(Moore et al, 1999; Teichmann et al, 1999; Bartfai et al, 2004;
Jallow et al, 2004).

Our objective was to investigate the transcriptional regu-
latory mechanisms that involve core promoter recognition
proteins such as TBP in the whole organism. The transition of
gene activity from maternally inherited mRNAs to zygotic
gene expression provides an ideal model for the analysis of
the control of transcription initiation (Newport and Kirschner,
1982). By using Morpholino (MO) knockdown and micro-
array expression profiling, we have addressed which genes
require TBP for their activity and what is the function of TBP
in regulating the transition from maternal to zygotic regula-
tion during early vertebrate embryo development. We show
that TBP is preferentially required for genes that exhibit
dynamic changes in their expression during ontogeny.
Furthermore, we provide evidence for a previously undocu-
mented negative regulatory role of TBP in zygotic gene
activation. Importantly, we also describe a novel biological
function of TBP: a role in the degradation of a subset of
maternal mRNAs after MBT.

Results

TBP regulates specifically a subset of mRNAs in the
dome-stage embryo

In the early embryo, the steady-state levels of mRNA result
from a dynamic process of gradual degradation of maternal
mRNAs and the delayed initiation of zygotic gene expression
at the MBT (Figure 1A). To investigate the role of TBP in
regulating genes expressed in the early zebrafish embryo, we
carried out a microarray analysis of 10501 genes at the dome
stage in embryos in which TBP function was blocked using
MO antisense oligonucleotides as described previously
(Miiller et al, 2001). The dome stage occurs 1.3h after the
start of the global initiation of zygotic transcription at the
MBT (Kane and Kimmel, 1993) and any TBP-dependent
changes in gene activity detected at this stage are still
expected to be mostly direct transcriptional effects. Loss of
protein was confirmed by Western blot (Figure 1B). A total
of 1927 genes from the 10501 represented on the
microarray were selected, having applied stringent but com-
monly used criteria (FDR cut off of 0.05) to eliminate
potential false positives and false negatives from the
analysis (see Materials and methods). Three distinct response
groups of genes were identified: downregulated genes
(< —2-fold change), genes with low variability in expression
(values between >—2 and < + 2-fold-change); upregulated
genes (= + 2-fold change) (Figure 1C and Supplementary
Table I). The three groups thus identified were further
validated by semiquantitative RT-PCR experiments; out of a
total of 39 genes representing the above groups, 37 showed
comparable activity to that observed in the microarray ex-
periments (Supplementary Figure S1). The specificity of the
effects detected was confirmed by microinjecting a second
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MO targeting TBP mRNA (TBP MO2), which resulted
in comparable gene expression changes to the above TBP
MO injection when analysed by RT-PCR of 28 genes
(Supplementary Figure S2). Furthermore, the gene expression
changes caused by TBP MO injection could be reverted by
injecting a form of TBP mRNA that could not be targeted by
the MO (Supplementary Figure S2).

Within the 1927 genes that were used for this analysis,
a large proportion of genes expressed in the dome-stage
embryo (65.3%) showed no significant difference in signal
strength between TBP MO- and control MO (c MO)-injected
embryos, indicating that their steady-state mRNA levels are
independent of TBP function. A smaller group of genes
showed a significant reduction of expression demonstrating
that these genes require TBP directly or indirectly for their
activation (17.5%). A similar number of genes (17.1%)
showed increased levels of transcripts in TBP MO injected
embryos, suggesting that TBP is required for controlling their
steady-state levels by reducing their transcription and/or by
enhancing mRNA degradation.

Most TBP-activated genes are dynamically regulated
during zebrafish ontogeny

To characterise further the genes affected by loss of TBP
function, we tested whether genes in the three response
groups described above showed discrete expression dy-
namics during zebrafish ontogeny. To this end, we compared
the data set described above to an ontogenic stage-dependent
expression profiling experiment on the zebrafish transcrip-
tome (Konantz M, Otto G-W, Weller C, Saric M, Geisler R.
Microarray analysis of gene expression in zebrafish develop-
ment, manuscript in preparation). The two gene sets share
717 genes (Figure 1D and E) and the proportions of the three
TBP morphant response groups among these 717 genes
are similar to those of the total TBP microarray data set
(Figure 1C and E).

Meta-analysis of the ontogenic stage-dependent gene ex-
pression array was carried out to define two classes of genes.
Genes showing stage specific peaks of expression activity
during zebrafish ontogeny were classified as ‘stage-depen-
dent’ and genes that showed no significant variation in gene
expression during ontogeny were considered as constitutively
active genes (Supplementary Figure S3, see Materials and
methods). Nearly half of the 717 genes (46.9%) that overlap
between the two microarray data sets were shown to be
constitutively expressed genes. The remaining genes
belonged to the stage-dependent class (53.1%) showing
dynamic activity during zebrafish ontogeny (Figure 1F and
Supplementary Figure S3).

Applying the ‘constitutive versus stage-dependent’
classification to the TBP microarray gene response
groups revealed that genes that require TBP for their activa-
tion were predominantly stage-dependent (77 %, Figure 1F),
whereas upregulated genes in TBP morphants showed
the opposite tendency. The low-variable group of genes
did not show a bias to either stage-dependent or consti-
tutively expressed genes. These results indicate that
TBP-dependent activation tends to be a property of genes
that show dynamic activity during ontogeny. Moreover,

TBP tends to negatively regulate steady-state levels of
constitutively active genes.
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Figure 1 TBP is selectively required for both activation and repression of genes in the early zebrafish embryo. (A) Schematic diagram of the
dynamics of mRNA degradation and zygotic gene activation during the MBT in the zebrafish embryo. Shades of blue indicate differential
degradation of maternal mRNAs before the MBT. The red curve indicates the dynamics of zygotic gene activation. Time after fertilisation is
indicated in hpf. Schematic drawing of respective stages of embryo development are shown below. The arrow indicates time point for collection
of embryos for microarray analysis. (B) Western blot analysis of TBP protein levels in dome-stage zebrafish embryos injected with TBP
(MOTBP MO) and control MO antisense oligonucleotides. (C) Pie chart diagram summary of expression profiling data of 1927 probes from
microarray experiments carried out in dome-stage zebrafish embryos. (D) Schematic diagram of the protocol for identification of the
intersection of genes analysed for TBP dependence among genes analysed for their expression dynamics during zebrafish development via the
Unigene database. (E) Pie chart diagram of the proportion of genes found in the three response groups following TBP knockdown and overlap
with the stage-dependent expression microarray. (F) Pie chart diagrams showing the distribution of constitutive and stage-specific genes among
the total and the three response groups of genes in TBP morphant embryos. Numbers below the charts indicate the number of overlapping
genes between the two data sets compared and y? analysis of the gene distributions.

TBP dependence of transcription from isolated zebrafish
promoters
TBP could influence steady-state levels of mRNA in zebrafish
embryos both through transcriptional as well as post-tran-
scriptional processes. To address the former, we tested 23
GFP constructs using promoters of zebrafish genes expressed
at the sphere/dome-stage and representing various gene
ontology classes (O’Boyle et al, 2007). TBP-dependent pro-
moter activation was evident for seven promoters, including
the otxI gene promoter (Figure 2A and Supplementary Figure
S4 and Supplementary Table II). This result is consistent with
the proposed role of TBP in activating zygotic transcription of
many genes during development. On the other hand, 12
promoters, including the apoeb gene promoter, did not
show significant changes of activity upon loss of TBP func-
tion (Figure 2A and Supplementary Figure S4). TBP indepen-
dence of apoeb transcription was further confirmed by its
mRNA levels (Supplementary Figure S1) and the utilisation of
its TSS (data not shown) in TBP morphants. No correlation
was found between known promoter motifs (such as TATA
boxes, CpG islands, etc.) and TBP response (data not shown).
Several promoters (4 out of 23) showed a clear increase of
promoter activity upon loss of TBP, including the 1.4-kb
promoter of the tbp gene (Figure 2A and Supplementary
Figure S4). This finding suggests negative regulatory role of
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TBP on the tbp gene promoter and is in line with the inverse
correlation between tbp mRNA and TBP protein levels at the
late blastula and early gastrula stages (Bartfai et al, 2004;
Supplementary Figure S4D). Co-injection of a synthetic TBP
MO-resistant Xenopus (x) tbp mRNA, but not of bacterial IS30
transposase control mRNA rescued the epiboly movements of
the animal cap (Figure 2C-F, bright field view) and tbp:yfp
activity (Figure 2C-F, fluorescence views). Finally, the injec-
tion of TBP MO2 resulted in comparable effects to TBP MO
both in blocking epiboly movements and in the increased
activity of the tbp:yfp promoter construct (Figure 2G). These
results demonstrate that the specific loss of TBP protein is the
reason for the observed upregulation of the tbp promoter in
TBP MO-injected embryos.

TBP is required for degradation of a large number of
maternal mRNAs

It is known that degradation of many maternal mRNAs
involves zygotic transcription-dependent mechanisms,
which may be specifically regulated by TBP. Thus, the
steady-state levels of maternal mRNAs may appear increased
in TBP morphants. To test if the inhibition of the degradation
of maternal mRNA occurs in TBP morphants, we searched for
maternally expressed genes in the TBP morphant microarray
gene sets.

The EMBO Journal VOL 26 | NO 17 | 2007
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Figure 2 TBP is required for both activation as well as repression of zebrafish promoters. (A) Representative samples of whole-mount
immunochemical staining of embryos injected with promoter:gfp constructs (view on animal pole) with brown staining indicating mosaic
pattern of GFP activity. (B-F) Rescue of the TBP morphant phenotype by overexpression of recombinant TBP. (B) Noninjected embryos, (C-G)
Injection of tbp:yfp reporter construct carried out together with MO oligonucleotides as indicated above the images. Injected embryos were split
into separate batches and exposed to a subsequent injection of water, tbp or is30 mRNA, as indicated below the horizontal line (D-F). Lateral
views of 7 hpf embryos in bright field (top) or fluorescence views under YFP (bottom).

We classified genes as being maternal or zygotic through
another microarray experiment utilizing mRNA pre- and post-
MBT; those showing a decrease of mRNA levels from pre- to
post-MBT (MBT down) were classified as prevalently mater-
nal and vice versa (MBT up) for prevalently zygotic ones
(Supplementary Tables III and IV). We then compared this
experiment with the TBP morphants data set, which resulted
in an overlap of 131 genes (Supplementary Tables III and IV).
The overlap showed that maternal mRNAs were enriched
among the upregulated genes of TBP morphants (Figure 3A,
MBT down) and the inverse was observed for zygotic mRNAs
(Figure 3A, MBT up). A side by side hierarchical clustering
analysis of gene activity fold changes in the MBT experiment
versus the TBP MO experiment demonstrates further the
inverse correlation between the levels of mRNAs before or
after MBT as compared to mRNA levels in TBP morphants
versus controls (Figure 3B).

We further verified our findings by intersecting the TBP
MO microarray experiment with an independent set of 622
maternal mRNAs (Mathavan et al, 2005), which resulted in
an overlap of 143 genes (Supplementary Table V). As shown
in Figure 3C, maternally inherited transcripts were signifi-
cantly (P-value 1.043e—11) enriched among mRNAs upregu-
lated in TBP morphants and underrepresented in the
downregulated gene set (P-value 3.483e—5). Together, these
results suggest that the upregulation of genes observed in
TBP morphants could be in large part due to the specific loss
of degradation of many maternal mRNAs.

Identification of TBP-dependent maternal transcripts

To validate the predicted involvement of TBP in the degrada-
tion of maternal mRNAs, we investigated the fate of indivi-
dual maternal mRNAs. Zorba is a maternally expressed gene
(Bally-Cuif et al, 1998), which is upregulated 2.51-fold in TBP
MO embryos. We analysed the expression of zorba in wild-
type and TBP-morphant embryos at regular intervals for the
first 6 h of development by whole-mount in situ hybridisation
(WISH). We found high levels of zorba expression in fertilised
wild-type eggs and early embryos before MBT, followed by a
sharp decrease soon after the MBT, followed by a slight
increase at the dome stage (Figure 3D). In contrast, in TBP
morphant embryos, zorba mRNA levels showed similar levels
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throughout early development, consistent with the assump-
tion that degradation of maternal mRNA was impaired. We
verified that the lack of degradation of zorba mRNA in TBP
morphants was not due to a general delay in embryo devel-
opment by observing the expression of two zygotically ex-
pressed genes: the TBP-independent gene no tail (Schulte-
Merker et al, 1994), which correctly initiated transcription
after the sphere stage in TBP morphants (Supplementary
Figure S5A); and the TBP-dependent goosecoid (Schulte-
Merker et al, 1994), whose activity was lost in TBP mor-
phants (Supplementary Figure S5B). These results suggest
efficient depletion of TBP at dome stage. To further verify the
defect in maternal mRNA degradation, RT-PCR analysis was
carried out on several maternally expressed genes that
showed upregulation in TBP morphants. Zorba and smad2
(expressed both maternally and zygotically; Muller et al,
1999) showed elevated levels at dome stage in comparison
to ¢ MO-injected embryos, suggesting loss of degradation of
maternal mRNA, as opposed to the control gene B-actin,
which did not show a change in its steady-state levels
(Figure 3E, lanes 1-4). RT-PCR analysis of zygotic genes
was also carried out; the TBP-independent ntl showed no
change in its mRNA levels, whereas zygotic activity of gsc
dropped (data not shown) as shown previously by WISH.

To test directly the fate of mRNAs deposited in the egg,
we utilised a synthetic smad2 mRNA microinjected into
the fertilised eggs (Figure 3E, smad2 (s)). This mRNA
could be readily distinguished from endogenous smadZ2 by
reducing the cycles in the RT-PCR reaction (Figure 3E,
compare lanes 1-2 to 5-6 of smad2 (s)). Microinjected
smad2 mRNA was more efficiently degraded in ¢ MO- than
in TBP MO-injected embryos (Figure 3E, compare lanes 6 and
8) and similar results were obtained by WISH (data not
shown). Thus, the apparent increase of smad2 mRNA levels
in TBP morphants is not due to premature activation of
zygotic smad2 expression, but due to the loss of degradation
of smad2 mRNAs.

To verify the specificity of the maternal mRNA degradation
phenotype to loss of TBP protein function, the ability of a
MO-insensitive TBP mRNA to rescue the phenotype in TBP
MO-injected embryos was tested. TBP MO and smad2 (s)
co-injected embryos were split after injection and separate

©2007 European Molecular Biology Organization
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Figure 3 A programme of maternal mRNA degradation requires TBP function. (A) Distribution of TBP MO response genes given as percentage
of the genes expressed primarily at pre- or post-MBT stages. The number of overlapping genes between the microarray data sets is shown in the
columns. Genes showing a higher abundance in pre-MBT stages (primarily maternal) are termed MBT down, genes showing a higher
abundance in post-MBT stages (primarily zygotic) are termed MBT up. (B) Hierarchical clustering of genes based on their fold change values
derived from the intersection of two microarray experiments. In the left column, the change of gene activities at post-MBT stages is shown in
comparison to pre MBT (MBT). On the right, the response of the same genes is shown upon TBP knockdown (TBP). The fold change values for
each gene are demonstrated as lines with colour intensities where red indicates higher expression. (C) Distribution of maternally expressed
genes showing highest accumulation in the unfertilised egg (Mathavan et al, 2005) among significantly regulated genes present on the TBP-
knockdown microarray given as percentages of the respective TBP response groups. The number of overlapping genes are given in the
respective bars. (D) The expression patterns and levels of the maternally expressed zorba gene before (64 cells) and after MBT (sphere, dome).
WISH of randomly oriented groups of embryos with DIG-labelled riboprobes against zorba are shown in MO injected embryos. Dark blue/
purple staining in the animal pole (arrows) indicate specific gene activity in individual embryos. Arrowheads indicate loss of zorba mRNA
signal. (E) RT-PCR analysis of selected maternally expressed genes before MBT and after MBT. Injection of MOs xtbp or is30 transposase
mRNAs are indicated by ‘4’ symbol. Abbreviations, hpf, hours post fertilisation; up, upregulated; down, downregulated; low var, low variable
expression in TBP MO injected embryos; c, cycle number of PCR reactions; s, synthetic mRNA; E, early embryos before MBT; L, late embryos
after MBT.

batches were injected for a second time either by xtbp
mRNA or is30 mRNA. Expression of recombinant TBP
resulted in increase of degradation of zorba (Figure 3E,
compare lanes 7, 8 with 9, 10) as well as that of microinjected
synthetic smad2 mRNA. In contrast, is30 tpase control mRNA
did not result in rescue of the degradation phenotype of TBP
morphants (Figure 3E, compare lanes 8 and 10). These results
demonstrate that the effect of TBP MO on maternal mRNA
degradation is directly attributable to the loss of TBP protein
function.

©2007 European Molecular Biology Organization

TBP regulates a zygotic transcription-dependent mRNA
degradation process

Little is known about the mechanisms of maternal mRNA
degradation in zebrafish, however, it is likely to involve
several maternal as well as zygotic transcription-dependent
mechanisms. Not all maternal mRNAs were degraded in TBP
morphants (Figure 3A and C). This may be due to different
regulatory mechanisms acting in parallel during maternal
mRNA degradation. To investigate this further, we verified
the kinetics of mRNA degradation by exploiting a published

The EMBO Journal VOL 26 | NO 17 | 2007 3949
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Figure 4 TBP is required for the degradation of a subset of mater-
nal mRNAs. (A) Schematic representation of early gene activities of
the zebrafish embryo as shown in Figure 1A. (B) Degradation
pattern of maternally accumulated genes during early zebrafish
development until gastrulation (Mathavan et al, 2005). The ‘fast’
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blue. (C) Degradation pattern of genes upregulated in TBP
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RNA in control and a-amanitin-injected embryos as compared to ¢
MO- and TBP MO-injected embryos before MBT and after MBT.
Abbreviations, as in Figure 3.
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microarray data set on maternal mRNAs (Mathavan et al,
2005) and compared it to our TBP morphant data set. We
established three classes of mRNAs based on the time of their
degradation (see Figure 4A and B and Supplementary Table
X): a ‘fast’ group of mRNAs, which degrade transcription
independently or in a transcription dependent manner im-
mediately after initiation of zygotic transcription; a ‘medium’
group which is mostly degraded after MBT by early gastrula
stage; and a ‘late’ group degraded during neurulation and
somitogenesis. The comparison of these groups with the TBP-
morphant experiment (Figure 4C) showed that maternal
mRNAs upregulated in TBP morphants follow the pattern
of expression dynamics of the ‘medium’ group (P-value=
2.205e—06). TBP-dependent maternal mRNAs showed mini-
mal degradation until MBT (3 h post-fertilisation (hpf)) and
accelerated degradation by early gastrulation (4.5 hpf), sug-
gesting that zygotic transcription-dependent mechanisms are
involved in their degradation.

These results suggest that TBP is only acting on a subset of
mRNAs and that these mRNAs require transcription for their
degradation. To test the transcriptional requirement for
degradation of maternal mRNAs, we treated embryos with
o-amanitin at a concentration that inhibits Pol II activity
(Miiller et al, 2001) and carried out RT-PCR analysis of
gene expression. High levels of zorba, zgc:55891 and smad2
mRNAs were retained after MBT in a-amanitin-injected em-
bryos similarly to TBP morphants (Figure 4D), demonstrating
that these mRNAs require transcription and TBP for their
degradation. These results taken together with the results
obtained using synthetic smad2 mRNAs (Figure 3E) suggest
that the sustained levels of maternal mRNAs in TBP mor-
phants are due to the inhibition of maternal mRNA degrada-
tion rather than ectopic activation of zygotic transcription of
the respective genes. Not all maternal mRNAs require zygotic
transcription (and TBP) for their degradation as confirmed by
the fact that degradation of the dnl2 gene is unaffected by
a-amanitin and TBP MO (Figure 4D) and its degradation is
primarily mediated by mechanisms acting before MBT
(Figure 4C). Thus, TBP appears to function within a tran-
scription dependent mechanism directing the degradation of
a subset of maternal mRNAs eliminated in a tight time
window after MBT during early gastrulation.

Degradation of maternal mRNA by the miR-430
microRNA is specifically affected in TBP morphants
Recently, a novel mechanism for maternal mRNA degradation
has been described, which involves the zygotically tran-
scribed miR-430 microRNA (Giraldez et al, 2006).
Importantly, the maternally inherited zorba and smad2 tran-
scripts have been shown to be targets of miR-430 regulation
(Giraldez et al, 2006), suggesting a potential link between
TBP and miR-430 function in mRNA degradation. Therefore,
we explored the relationship between miR-430- and TBP-
dependent mRNA degradation mechanisms.

We first addressed the question whether TBP-dependent
maternally inherited transcripts represent targets of miR-430-
mediated mRNA degradation in general. We compared the
overlap between experimentally verified miR-430 target genes
(Giraldez et al, 2006) and our TBP morphant microarray gene
sets (see Supplementary Tables XI, XII and Materials and
methods). As shown in Figure 5A, a significant enrichment of
miR-430 target genes among the upregulated genes of TBP
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morphants was observed (P=0.002074). The proportion of
miR-430 target genes was found to be higher among TBP-
upregulated genes (20%) than among maternal genes in
general (14%, P=0.0276). This difference is significant also
after 100 randomisation experiments in which we randomly
selected 100 maternal genes (15% s.d.=3, P=0.0507). This
suggests that the enrichment of miR-430 targets among the
upregulated genes of TBP morphants is not simply reflecting
the high proportion of maternal genes among miR-430 targets
and upregulated genes in TBP morphants.

Subsequently, we have checked the degradation patterns
of miR-430 target genes by analysing the overlap between the
maternal genes with known degradation kinetics (Mathavan
et al, 2005) and miR-430 target genes (Supplementary Table
VI). The degradation kinetics of miR-430 target genes largely
but not exclusively overlap with that of the maternal
genes degraded by TBP-dependent mechanisms (Figure 5B).
Taken together, these results indicate a correlation between
miR-430- and TBP-dependent mRNA degradation.

We next tested whether miR-430-dependent mRNA degra-
dation requires TBP function. Embryos were injected at the
zygote stage with a combination of synthetic mRNAs contain-
ing UTR sequences with or without miR-430 target sites
(Giraldez et al, 2006) together with TBP MO or ¢ MO, and
mRNA distribution was detected by WISH before and after
the MBT. A synthetic gfp mRNA containing the 3’ UTR region
from SV40 that lacks miR-430 target sequences was not
degraded until the 50% epiboly stage (Figure 5D, E and I
and Supplementary Table VIII), suggesting that they are not
degraded by the miR-430 pathway. In contrast, gfp mRNA
linked to the UTR from the zgc:103420 gene containing a miR-
430 target site is degraded by the 50% epiboly stage in ¢ MO-
injected embryos, but not in TBP MO-injected embryos
(Figure 5C-E and I). Similar results were obtained with gfp
mRNA fused to the 3’ UTR sequences of the zgc:63825 and
gstm genes containing miR-430 target sites or when only the
miR430 target site sequences were added to gfp (Figure 5C-E
and I). These results suggest that TBP is required for miR-430-
dependent degradation of several mRNAs. Upon injection
of a transcript containing a mutated 3’ UTR sequence of
zgc:103420 lacking the miR-430 target site, the mRNA became
insensitive to degradation until the 50% epiboly stage (Figure
SC-E and I), indicating that the degradation of these synthetic
mRNAs are indeed miR-430-dependent. The defects in miR-
430-dependent degradation of mRNA in TBP morphants was
also rescued by overexpression of recombinant TBP. Co-
injection of synthetic tbp mRNA with gfp-zgc:103420 and
TBP MO resulted in reversal of the mRNA degradation
phenotype of TBP morphants, indicating that the mRNA
degradation effects relate directly to loss of TBP (Figure 5F
and I and Supplementary Table VIII). As miRNA genes are
known to be transcribed by polymerase II (Lee et al, 2004)
miR-430 may be a candidate target of TBP-dependent tran-
scription regulation. However, miR-430 expression in TBP
morphants is unaffected (Supplementary Figure SSD), sug-
gesting that TBP functions downstream of miR-430 produc-
tion in the mRNA degradation process. We investigated
further whether TBP is involved in general microRNA func-
tion or the mir-430 pathway specifically. Thus, we co-injected
miR-430 and miR-1 with their respective target mRNAs
(Giraldez et al, 2006) with TBP and ¢ MO. miR-430-mediated
mRNA degradation was blocked in TBP morphants, as
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opposed to that by miR-1, confirming the specificity of
TBP function to a subset of miRNA-dependent processes
(Supplementary Figure S6).

Given the tight temporal control of TBP-dependent mRNA
degradation, we hypothesised that those miR-430 target
mRNAs are degraded in a TBP-dependent manner, which
are eliminated at a ‘medium’ rate during late blastulation/
early gastrulation. To test this hypothesis, we utilised the
overlap between miR-430 target genes and maternal genes
and identified those, which show either medium or fast
degradation (Figure 5G). Then we tested both fast- and
medium-degrading miR430 target genes for TBP dependence
of their degradation. The results indicate that medium-de-
grading mRNAs are more likely to be TBP-dependent (in-
creased accumulation in TBP MO injected embryos) than
fast-degrading mRNAs (5 of 7 versus 1 of 6, respectively,
Figure SH). Taken together, our results indicate that TBP is
specifically required for the degradation of a subset of miR-
430-dependent mRNAs that are eliminated at late blastula/
early gastrula stages.

Discussion

In summary, we have demonstrated a differential require-
ment for TBP in the regulation of mRNA levels in the early
zebrafish embryo and pinpointed three levels of regulatory
activities associated with TBP function. The approach to
block TBP function by MO oligonucleotides resulted in the
efficient depletion of TBP in the embryo before the MBT, and
thus allowed the detection of the earliest effects of loss of TBP
protein on zygotic transcription and associated maternal
degradation processes. The extensive use of a second TBP
targeting MO and rescue experiments with a MO-insensitive
recombinant TBP in this study provided strong experimental
verification of the specificity of our key findings to loss of
TBP function.

Redundant and specific function of TBP in the activation
of subsets of genes at MBT
In this study of the transcriptome of the early zebrafish
embryo, we have found that the expression of most genes
remains weakly or not affected in TBP morphants. It is
tempting to speculate that the TBP paralogue TBP2/TRF3,
which has similar DNA-binding properties to TBP and is
expressed at high levels in ovaries (Bartfai et al, 2004) may
contribute to the control of steady-state levels of mRNAs
before gastrulation, thus complementing TBP function.
However, due to the presence of maternally inherited TBP2
protein in the early zebrafish embryo, MO knockdown of
TBP2 is inefficient before gastrulation (Bartfai et al, 2004)
and new ways of interfering with TBP2 function in the oocyte
will have to be developed to address TBP2 function in the
early zebrafish embryo. Another TBP-related factor (TLF/
TLP/TRF2) has also been shown to affect transcription
regulation (Veenstra et al, 2000; Miiller et al, 2001).
Together, these alternative transcription initiation mechan-
isms may explain the large number of unaffected gene
activities in TBP morphants and emphasise the need to define
the boundaries of TBP-regulatory mechanisms.

The differential regulation of genes during early develop-
ment by TBP raises the question of which genes are specifi-
cally regulated by TBP and what promoter properties do they
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possess. Among genes requiring TBP for their activation,
there was an enrichment for genes with stage-dependent
activity during ontogeny. This observation suggests that
TBP is required for genes that are expressed in a tightly
regulated manner and demonstrates an important regulatory

role for TBP as a core promoter-binding factor during onto-
geny. Does the correlation between TBP function and the type
of genes regulated by TBP mean a correlation between TBP
dependence and core promoter motif composition? The re-
cent genome-wide analysis of mouse and human promoters
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revealed that the binding site for TBP, known as the TATA
box, is more likely to be present in genes associated with
tightly regulated transcription and tissue specificity (Carninci
et al, 2006). Our results, which show that ontogenic stage-
dependent genes preferentially require TBP, are in line with
the observations in mammals. However, our failure to detect
a direct correlation between the presence of a TATA box and
TBP dependence of gene activation in zebrafish is possibly
due to the small set of genes available for this analysis. The
small number of promoters analysed combined with the very
low number of TATA boxes encountered in zebrafish promo-
ters (for less than 10% of genes verified, unpublished data) is
consistent with findings in mammals (Carninci et al, 2006)
and hampers the establishment of statistically significant
correlations.

TBP limits certain gene expression activities in the
zebrafish embryo

The striking presence of upregulated genes in TBP morphants
could be attributed to two distinct mechanisms: the direct or
indirect negative regulatory role of TBP on zygotic transcrip-
tion as well as the block of maternal mRNA degradation. In
this paper, we show evidence for both mechanisms, thus
revealing the complexity of regulatory roles played by TBP
during the maternal to zygotic transition in zebrafish.

The observed negative regulatory role of TBP in zygotic
gene activation is consistent with recent observations made
in cultured cells. Inverse correlation between TBP occupancy
and gene activity has been reported recently in Drosophila
cells (Lebedeva et al, 2005). Moreover, TBP was found to
inhibit transcription of the NF1 promoter in transfection
experiments (Chong et al, 2005). Thus, published biochem-
ical evidence (Chong et al, 2005) together with our observa-
tions on the biological roles of TBP together make it feasible
to hypothesise that TBP may repress promoters directly
during embryogenesis. To test this possibility, as well as to
assess the direct effects of TBP in early development, will
require the establishment of assays of promoter occupancy by
TBP in vivo during zebrafish embryonic development.

The mRNA degradation machinery active during
maternal to zygotic transition requires TBP function
The temporally regulated degradation of maternal mRNAs at
and after the MBT is part of a general mechanism to regulate
the maternal to zygotic transition and is required for normal
development of the zebrafish embryo (Giraldez et al, 2006;
Schier, 2007). We showed here that TBP is required for a
zygotic developmental programme, which facilitates the
regulated degradation of a subset of maternally deposited
mRNAs during late blastula/early gastrula stages in the
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zebrafish. This finding is one of the few currently available
explanations for the interplay between zygotic transcription
and mRNA degradation during early embryogenesis (De
Renzis et al, 2007).

Where does TBP function in maternal mRNA degradation?
The most likely scenario is that TBP is required for the
expression of a zygotic gene product, which acts in the
mRNA degradation mechanism. The components of the
mRNA degradation pathway(s) in the embryo that may be
affected by TBP function are largely unknown. However, our
analysis of the temporal regulation of maternal mRNA de-
gradation allowed us to characterise the set of mRNAs that
require TBP for their elimination and provides useful tools for
future research into the molecular mechanisms involved in
the control of mRNA degradation by transcription-dependent
mechanisms. We concluded that TBP-dependent mRNAs are
specifically degraded after the MBT but before the end of
gastrulation in a transcription-dependent manner. The zygo-
tically expressed miR-430 becomes active at the MBT and was
recently shown to regulate the degradation of many mRNAs
in zebrafish (Giraldez et al, 2006). In our study, TBP was
found to affect miR-430 target mRNAs but only a subset of
them. Importantly, we were able to pinpoint the set of miR-
430-dependent maternal mRNAs degraded during late blas-
tula early gastrula that require TBP. Thus, TBP may act on yet
unidentified components of a pathway feeding into or func-
tioning genetically downstream to the miR-430-dependent
maternal mRNA degradation pathway. The pursuit for other
factors in this pathway, including other potential TBP-depen-
dent miRNAs, remains an urgent subject for future investiga-
tion. It will be important to address whether the restricted
role TBP plays in the degradation of a subset of mRNAs can
be associated with a particular developmental programme
such as the various aspects of spatial and temporal control of
gene activities during gastrulation. Another interesting ques-
tion is whether TBP-dependent degradation of maternal
mRNAs is a general feature of vertebrate development.
Whereas it is premature to make direct comparisons with
other vertebrates, there are indications for similarities in
mRNA degradation dynamics. For example, smad2 is a
maternally expressed gene in the mouse with a similar
early degradation pattern to that described here for zebrafish
(Wang et al, 2004).

The role of TBP in regulating specific subsets of genes
during early embryo development demonstrates that promo-
ter recognition proteins, once considered as constitutive
components of transcription initiation, play specialised roles
in differential gene expression regulation and may explain the
diversity of core promoters (Butler and Kadonaga, 2002). Our
findings support the model that promoter recognition by

Figure 5 TBP is required for miR-430-dependent maternal mRNA degradation. (A) Distribution of miR-430 target genes among the different
response groups of genes regulated in TBP Morphant embryos is shown as percentage of the respective TBP MO response groups. The number
of overlapping genes between the two microarray data sets compared is indicated in the columns. (B) Degradation dynamics of miR-430 target
maternal mRNAs during early zebrafish development (yellow) in comparison to the maternal mRNAs upregulated in TBP Morphants (red) and
all maternal mRNAs (grey). (C-F) MiR-430 target mRNAs are degraded by a TBP-dependent mechanism. Synthetic mRNAs injected into
zebrafish embryos are shown (A). Microinjected GFP mRNAs are detected by WISH (arrows) in randomly oriented representative groups of
early embryos before MBT (D) and several hours after MBT). (F) Injection of TBP mRNA rescues the mRNA degradation phenotype. Detection
of microinjected synthetic gfp-zgc:103420 mRNA by WISH using a gfp antisense probe. Embryos are shown at the indicated stages in random
orientation. (G) Degradation dynamics of maternal miR-430 target genes. Representative examples of ‘fast’- and ‘medium’-degrading mRNAs
used in RT-PCR analyses (H) are shown. (H) RT-PCR analysis of the mRNAs at 16-cell stage and at 30% epiboly stage in embryos injected with
¢ MO or TBP MO. (I) Degradation of synthetic mRNAs injected in zebrafish embryos. Embryos were injected with mRNAs indicated above the
bar chart. Percentage of embryos with different signal levels after in situ hybridisation using a gfp probe are shown. The numbers of embryos
injected are shown in Supplementary Table III. Abbreviations are as in Figure 3.
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general transcription factors represents an additional regula-
tory level in transcription, which may provide flexibility for
the cells of the animal to respond to signals at the core
promoter level during ontogeny.

Materials and methods

Embryo injection experiments

Wild-type embryos (Tubingen AB) were collected after fertilisation
and dechorionated by pronase treatment as described previously
(Westerfield, 1995). The TBP-specific MO (TBP MO) used was
described previously (Miiller et al, 2001). TBP2 MO was CAAA
AGACGTAAACGATAATTCGCA. Embryos were injected also
with a ¢ MO with five mismatches relative to the TBP-specific
MO (GACGTACGCTGTTCTTCTCCTCGAT) or a standard ¢ MO
(CCTCTTACCTCAGTTACAATTTATA) provided by Gene-tools LLC
(Phylomath, USA). MOs were injected into the cytoplasm of
zebrafish embryos at the one cell stage. A total of 1200 embryos
were collected for microarray analysis at the dome stage. Embryos
were co-injected with combinations of MOs and mRNAs for analysis
of gene expression. For synthetic tbp mRNA production, the
pCS2+ xcTBP was used containing as a Xhol-Xbal fragment of
the biologically active core domain (aa 104-297) (Schmidt et al,
2003) of the Xenopus laevis TBP (Veenstra et al, 1999). The
PFOL876 plasmid in a pCS2 + vector with an Escherichia coli IS30
transposase gene was used to make control mRNA (Szabo et al,
2003). Both mRNAs were injected at 100ng/ml concentration.
mRNAs were produced by in vitro transcription of linearised
plasmids using the mMESSAGE mMACHINE Kit (Ambion, UK).
Plasmids for the production of synthetic gfp mRNAs with various
miR-430 target sequences were described by Giraldez et al (2006).
In co-injection experiments, MOs were co-injected with 20ng/ml
gfp-UTR mRNAs followed by injection with tbp or is30 tpase
mRNAs.

Twenty-three promoter constructs were made which contained
1-2 kb upstream and 30-300 bp downstream sequence around the
predicted (9 promoters) or 5RACE verified (14 promoters)
transcriptional start site (TSS) linked to a GFP reporter. Promoter
fragments were amplified from genomic DNA using TripleMaster
Enzyme Mix (Eppendorf, Germany) and cloned into the pGlow-
TOPO vector (Invitrogen, Germany). The promoter constructs were
injected into the cytoplasm of one-cell stage embryos. At 50%
epiboly, embryos were fixed overnight in 4% PFA. TBP-dependence
analysis of promoters was carried out by co-injecting MOs in a
concentration of 1 mM with 100 ng/ul of mRNA. For recombinant
TBP rescue experiments, the tbp promoter was PCR-amplified and
subcloned into the pCS2 + yfp replacing the CMV promoter by using
Sall and Ncol sites. Yellow fluorescence protein was visualised by
using a Leica MZI16F fluorescent stereo microscope and digital
image recording. Western blotting with the 3G3 antibody against
TBP was carried out as described previously (Miiller et al, 2001).

Whole-mount in situ hybridisation and immunostaining
Fixed embryos were incubated overnight at 4°C with wild-type GFP
(1:500) (Torrey Pines Biolabs, USA) or cycle3 GFP antibodies
(1:200) (Invitrogen, Germany). Embryos were incubated with goat-
anti-rabbit HRP secondary antibody in PBT (1:500) (DakoCytoma-
tion, Denmark) for detection by diaminobenzidine solution accord-
ing to manufacturer’s instruction (Vector, USA). An LNA
oligonucleotide probe was used in WISH to detect miR-430 miRNA
as described previously (Giraldez et al, 2006). WISHs were carried
out with standard protocols (Westerfield, 1995).

RT-PCR analysis of maternal mRNA degradation

Analysis of a selected set of genes by RT-PCR was carried out using
50 embryos for each treatment group. Microinjected and wild-type
embryos were collected at the 512-cell stage and shield stage. Total
RNA was extracted using Trizol (Invitrogen) following manufac-
turer instructions. A 1pg portion of total RNA was reverse
transcribed (M-MLV Reverse Transcriptase, Promega, Germany)
and PCR was carried out from several targets using the oligonucleo-
tide primers specified in Supplementary Table IX. PCR products
were separated in a 2% agarose gel.
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Gene identification and statistical analysis of EST microarray
data

Three developmental stages around MBT were analysed on
microarrays containing the primary set of 16177 oligos (16k set).
RNA was obtained from freshly laid eggs (zygotic target), 1k-stage
embryos (1k target) and 30% epiboly embryos (30% epiboly
target). The following hybridisations were performed with dye
swap each: zygotic versus 1k, zygotic versus 30% epiboly and 1k
versus 30% epiboly. Microarray chips representing 10501 non-
redundant Genbank ESTs of the primary 16416 set of 65-mer
oligonucleotides were used in the subsequent hybridisations. Two
independent hybridisations were carried out for three biological
repeats of treatment groups (TBP MO- versus c MO-injected
embryos), resulting in a maximum of 12 data points per gene.
The reliability of the fold changes was assessed using a regularised
t-test (Baldi and Long, 2001) and the adjustment of P-values to
control the false discovery rate (FDR) (Benjamini and Hochberg,
1995) selecting genes with FDR smaller than 0.05 (minimum 5 data
points). This cut-off value of FDR is the minimal widely used (Shi
et al, 2006) and results in a good balance of quality versus quantity
in the selected gene lists.

Annotation of ESTs of the TBP microarray, in relation to the
stage-dependence array and to the zebrafish genome

Several meta-analyses of different, unrelated microarray experi-
ments were carried out as has been described previously (Cavallo
et al, 2005). Gene sets of the TBP morphant microarray were
compared with existing gene sets (Mathavan et al, 2005) generated
on the same platform (Compugen microarray), with the experiment
GSE4201, http://www.ncbi.nlm.nih.gov/projects/geo  (Giraldez
et al, 2006) and the experiment E-TABM-33 from http://www.
ebi.ac.uk/arrayexpress (Konantz M, Otto G-W, Weller C, Saric M,
Geisler R. Microarray analysis of gene expression in zebrafish
development, manuscript in preparation) executed on the Affyme-
trix platform (See Supplementary data for details). The outdated
gene annotation by Compugene (Mathavan et al, 2005) was
updated by converting all Entrez Nucleotide identifiers of the
probes to their respective Unigene identifiers using a custom Perl
script and release 91 of Unigene. The heatmap and hierarchical
clustering of microarray experiments was created using the R
programming language version 2.2.0. The clustering of fold changes
is based on the ‘complete linkage’ method provided by R. See
http://cran.r-project.org/ for details.

Degradation pattern of maternal transcripts

Maternal genes present in the TBP-knockdown and miR-430 targets
gene sets (Giraldez et al, 2006) were identified by utilizing an
existing data set of transcripts accumulated in the unfertilised egg
(Mathavan et al, 2005). The variation of steady-state mRNA levels
over developmental time was determined by comparing fold
changes as described in (Mathavan et al, 2005) and was visualised
by plotting their values in the unfertilised egg and at 3, 4.5 and
6 hpf). For a clustering of maternal mRNAs into fast-, medium- and
slow-degrading subgroups the following criteria were used: fast-
degrading, >200% decrease of fold change from 0 to 3hpf;
medium-degrading, <100% from 0 to 3hpf, >100% from 3 to
4.5 hpf; slow-degrading, <50% decrease of fold change till 4.5 hpf).

Identification of miR-430 targets among the genes of the TBP
microarray

We downloaded the raw data of the experiments (Giraldez et al,
2006; wild type, MZ Dicer and MZ Dicer miR-430-injected)
by the GEO database (http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc = GSE4201). The probe summaries were generated by
using RMA from the BioConductor collection of packages. The
Limma package was used to perform the statistical analysis and
select differentially expressed genes. The following comparisons
were made: MZ Dicer versus wild type; MZ Dicer versus MZ Dicer
miR-430-injected; wild type versus MZ Dicer miR-430-injected. We
selected as differentially expressed genes all the genes resulting in at
least one comparison with a corrected P-value <0.05. All the genes
significantly upregulated in MZ DICER compared to both wild type
and MZ DICER miR-430-injected were considered as potential miR-
430 target (1650 probes).
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Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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