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PATTERNS & PHENOTYPES

dTrf2 Is Required for Transcriptional and
Developmental Responses to Ecdysone During
Drosophila Metamorphosis
Arash Bashirullah,†† Geanette Lam,† Viravuth P. Yin,° and Carl S. Thummel*

The TATA box-binding protein (TBP) related factor 2 (TRF2) has been well characterized at a biochemical
level and in cultured cells. Relatively little, however, is known about how TRF2 functions in speciﬁc
biological pathways during development. Here, we show that Drosophila TRF2 (dTRF2) plays an essential
role in responses to the steroid hormone ecdysone during the onset of metamorphosis. Hypomorphic dTrf2
mutations lead to developmental arrest during prepupal and early pupal stages with defects in major
ecdysone-triggered biological responses, including puparium formation, anterior spiracle eversion, gas
bubble translocation, adult head eversion, and larval salivary gland cell death. The transcription of key
ecdysone-regulated target genes is delayed and reduced in dTrf2 mutants. dTrf2 appears to be required for
the proper timing and levels of ecdysone-regulated gene expression required for entry into metamorphosis.
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INTRODUCTION
TFIID is a key component of the transcription preinitiation complex, directing RNA polymerase II to core promoter elements and positioning the
transcriptional machinery for subsequent gene expression. The TATA
box-binding protein (TBP) acts as a
scaffold for TFIID formation, mediating multiple protein–protein interactions between TBP-associated factors
(TAFs) and recognizing canonical
TATA elements within a subset of core
promoters (Smale and Kadonaga,
2003). Biochemical studies have
shown that alternate TBP-related fac-

tors (TRFs) can mediate the formation
of distinct TFIID complexes. Thus, for
example, TRF1 can recognize an alternate core promoter, and a TRF1:BRF
complex is required for RNA polymerase III transcription of tRNA genes
(Holmes and Tjian, 2000; Takada et
al., 2000). A third member of the TBP
family, TRF2, has been discovered in
multiple animal species (Rabenstein
et al., 1999). Like TBP and TRF1,
TRF2 can interact directly with TFIIA
and TFIIB, suggesting that it is part
of the core transcriptional machinery
and may act to target RNA polymerase II to a speciﬁc set of promoters

(Rabenstein et al., 1999; Teichmann
et al., 1999; Chong et al., 2005). Trf2 is
essential for early embryonic development in C. elegans, Xenopus, and zebraﬁsh (Dantonel et al., 2000; Kaltenbach et al., 2000; Veenstra et al., 2000;
Bartfai et al., 2004). More restricted
functions for TRF2 have been observed in mouse mutants, which show
defects in spermatogenesis (Martianov et al., 2001; Zhang et al., 2001).
In cultured cells, TRF2 interacts with
the DREF DNA replication factor and
directly regulates genes involved in
DNA replication and cell proliferation
(Hochheimer et al., 2002). A Drosoph-
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Fig. 1. Map of the dTrf2 locus. A schematic representation of the 20.7-kb dTrf2 transcribed region is depicted, extending from genomic sequence
reference number 8,303,520 to 8,324,181. Each tick on the map represents 1 kb of genomic sequence. The dTrf2 gene structure is shown below, from
5⬘ end (left) to 3⬘ end (right), with boxes as exons and lines representing introns. The transcript structure is derived from the cDNAs described by
Kapytova et al. (2006; GenBank DQ162845) and Rabenstein et al. (1999; GenBank AF136569). The locations of the P-element insertions discussed
in the text are marked above the map.

ila ortholog of TRF2, dTRF2, has also
been identiﬁed (Rabenstein et al.,
1999). dTrf2 encodes two protein
products, 75 kDa and 175 kDa, that
appear to have redundant functions
and that are found in high molecular
weight protein complexes, as expected
for a TFIID subunit (Kopytova et al.,
2006). Weak dTrf2 mutations are associated with anterior spiracle eversion defects in pupae (Shima et al.,
2007) as well as a range of developmental defects in mutant adults, including ectopic bristles, rough eyes,
and wing defects (Kopytova et al.,
2006).
Here, we describe roles for dTrf2 in
responses to the steroid hormone ecdysone during metamorphosis. Pulses
of ecdysone act as critical temporal
signals that direct each of the major
developmental transitions in the Drosophila life cycle, including molting
and metamorphosis (Riddiford, 1993).
A high titer pulse of ecdysone at the
end of the third larval instar acts
through the EcR/USP nuclear receptor heterodimer to trigger puparium
formation, initiating metamorphosis
and the prepupal stage of development (Riddiford et al., 2000). A second
ecdysone pulse approximately 10 hr
after pupariation triggers adult head
eversion and marks pupation, the prepupal-to-pupal transition. Progenitors
of speciﬁc adult structures respond to
each of these ecdysone pulses by undergoing morphogenesis and differen-

tiation, replacing obsolete larval tissues that undergo massive ecdysonetriggered programmed cell death.
Detailed functional studies have
shown that ecdysone exerts its effects
through multiple primary-response
transcription factors. These include
the zinc ﬁnger proteins encoded by the
Broad-Complex (BR-C), the E74 ETSdomain proteins, and E75A nuclear
receptor (Burtis et al., 1990; Segraves
and Hogness, 1990; DiBello et al.,
1991). These transcription factors, in
turn, regulate batteries of downstream secondary-response effector
genes that direct the appropriate
stage- and tissue-speciﬁc biological responses to the hormone (Thummel,
1996; Henrich, 2005).
The original description of dTrf2 reported multiple binding sites for this
factor in the giant larval salivary
gland polytene chromosomes, including the ecdysone-inducible puffs that
correspond to BR-C, E74, and E75A
(Rabenstein et al., 1999). This observation raised the interesting possibility that this alternate TBP may play a
role in directing transcriptional responses to ecdysone during the onset
of metamorphosis. We show here that
weak dTrf2 mutations result in lethality during metamorphosis, with most
animals dying during pupation. These
mutants display defects in puparium
formation, adult head eversion, and
salivary gland cell death— characteristic biological responses to ecdysone.

Analysis of key ecdysone-regulated
target genes shows that many of the
transcription factor-encoding genes
are delayed and submaximally induced in dTrf2 mutants. These studies indicate that dTrf2 plays an essential role in mediating responses to the
steroid ecdysone during the early
stages of Drosophila metamorphosis.

RESULTS AND DISCUSSION
Isolation of dTrf2 Mutant
Alleles
By screening a collection of P-element–induced lethal mutations (Peter
et al., 2002), we identiﬁed several
complementation groups that display
lethality late during development
along with persistent larval salivary
glands (A.B. and C.S.T., unpublished
results). Of these, one complementation group of four alleles mapped to
the dTrf2 locus (Fig. 1). Three of these
alleles, dTrf2G0039, dTrf2G0295, and
dTrf2G0425, map to the second exon of
dTrf2, as determined from available
cDNA sequences (Rabenstein et al.,
1999; Kopytova et al., 2006). The
fourth allele, dTrf2G0071, maps further downstream, approximately halfway through the dTrf2 locus (Fig. 1).
Subsequent studies revealed a total of
nine P-element insertions located
within an ⬃500-bp region near the insertion site for dTrf2G0039, dTrf2G0295,
and dTrf2G0425, deﬁning this as a hot-
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Fig. 2. Temporal pattern of dTrf2 transcription. Total RNA isolated from staged w1118 control animals was analyzed by Northern blot hybridization to
detect dTrf2 mRNA. Hybridization to detect rp49 was used as a control for loading and transfer. Embryos were staged in hours after egg laying, as
depicted. First instar (L1) and second instar (L2) larvae were staged as either early (ﬁrst half of instar) or late (second half of instar). Third instar larvae
(L3) were staged as either blue gut mid-third instar larvae (mid) or clear gut late third instar larvae (late) (Andres and Thummel, 1994). Prepupae (PP)
were staged in hours after puparium formation. The approximate sizes of the three dTrf2 mRNAs are shown on the left, in kilobases (kb).

spot for P integration. These alleles,
together with dTrf2G0071, all displayed similar lethal phenotypes during the onset of metamorphosis. The
dTrf2G0071 mutation appeared to have
fewer mutant animals that survive to
puparium formation, suggesting that
it might represent a stronger dTrf2
loss-of-function allele.

dTrf2 Is Required During
the Early Stages of
Metamorphosis
RNA isolated from staged embryos,
larvae, and prepupae was analyzed by
Northern blot hybridization to determine the temporal proﬁle of dTrf2 expression (Fig. 2). dTrf2 is expressed at
low levels throughout these stages,
with a peak in abundance in early embryos. There are three apparent size
classes of dTrf2 mRNA, approximately 9.4, 8.8, and 6.8 kb in length.
The 8.8 kb and 6.8 kb dTrf2 mRNAs
are deposited maternally and drop to
low levels by mid-embryogenesis. The
9.4-kb zygotic mRNA is up-regulated
at 4 – 6 hr after egg laying and remains the most abundant isoform
throughout larval and early prepupal
stages. There is no apparent increase
in dTrf2 mRNA levels at puparium
formation, suggesting that this gene is
not transcriptionally regulated by ecdysone.
Two dTrf2 mutant alleles were selected to characterize dTrf2 function.
One of these, dTrf2G0071, results in
only a few animals that survive to pu-

Fig. 3. Effects of dTrf2 mutations on dTrf2 transcript levels. Total RNA isolated from w1118
controls, dTrf2G0039 mutants, or dTrf2G0071 mutants, was analyzed by Northern blot hybridization to
detect dTrf2 mRNA. Hybridization to detect rp49 was used as a control for loading and transfer.
Animals were staged as either clear gut late third instar larvae (⫺4 hr), newly formed prepupae (0
hr), or 4-hr prepupae (Andres and Thummel, 1994).

parium formation while the other allele, dTrf2G0039, has a higher proportion of mutants that survive to the
early stages of metamorphosis. These
observations were conﬁrmed by lethal
phase analysis. No embryonic lethality was observed in either mutant
stock, with 98% of dTrf2G0039 mutant
embryos (n ⫽ 189) and 97% of
dTrf2G0071 mutant embryos (n ⫽ 184)
hatching into ﬁrst instar larvae. A distinct difference between these alleles,
however, was observed in the number
of mutants that survived larval
stages. Of 60 dTrf2G0039 mutant larvae, 55 survived to the third instar
and 51 pupariated (85%), with 13 of
these mutants arresting development as prepupae (22% of the mutant larvae) and 38 dying as pupae

(63% of the mutant larvae). In contrast, almost all dTrf2G0071 mutant
larvae died as ﬁrst instars, with only
one animal surviving to the third instar (1% of the mutant larvae; n ⫽
85). Thus, although both of these alleles are hypomorphic, dTrf2G0071
appears to be a stronger loss-of-function mutation than dTrf2G0039.
This conclusion is consistent with
Northern blot analysis of RNA isolated from dTrf2G0039 and dTrf2G0071
mutants, using animals staged as late
third instar larvae, newly formed prepupae, or 4-hr prepupae (Fig. 3). The
9.4-kb mRNA is reduced in dTrf2G0039
mutants, with an increase in the
6.8-kb mRNA. Signiﬁcantly lower levels of all dTrf2 mRNAs, however, are
evident in dTrf2G0071 mutants, consis-
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Fig. 4. dTrf2 mutant phenotypes at the onset of metamorphosis. A–J: Control (w1118) prepupae
(A,B) and pupae (C–E) are depicted, from either a ventral (A,C,E) or dorsal (B,D) perspective, along
with dTrf2G0039 mutant prepupae (F,G) and pupae (H–J), from a ventral (F,H,J) or dorsal (G,I)
perspective. E,J: Salivary glands were detected using a salivary gland-speciﬁc GAL4 driver in
combination with a UAS– green ﬂuorescent protein reporter (Ward et al., 2003). C,D,F,G: Gas,
trapped at the posterior end of the dTrf2G0039 prepupa (arrows, F,G), fails to translocate to the
anterior end as seen in controls (arrows, C,D). H: Spiracle eversion defects can be seen in mutant
pupae (arrow), compared with controls. The arrows in panel I show the demarcations between the
head, thorax, and abdomen.

tent with this representing a stronger loss-of-function mutation. Although the location of the dTrf2G0071
P-element in the middle of the gene
is consistent with its effects on all
dTrf2 mRNA isoforms (Fig. 1), the
reason for the apparent decrease in
the 9.4-kb RNA and increase in the
6.8-kb RNA in dTrf2G0039 mutants
requires further characterization of
the dTrf2 locus. Taken together,
these results suggest that the 6.8-kb
dTrf2 mRNA is required for survival
during larval stages, and thus its reduced expression in dTrf2G0071 mutants accounts for the high degree of
larval lethality associated with this
allele. In contrast, presence of the
9.4 kb mRNA, which is reduced in
both dTrf2G0039 and dTrf2G0071 mutants, is correlated with survival
through the early stages of metamorphosis.

dTrf2 Mutants Display
Defects in Major EcdysoneTriggered Biological
Responses
To determine what roles dTrf2 might
play during the onset of metamorphosis, dTrf2G0039 and dTrf2G0071 mutants were selected as prepupae and
followed through their development.
Of 88 dTrf2G0039 mutant prepupae, 63
(72%) progressed to pupal stages, with
61 displaying defects in head eversion
(69%) and dying as early pupae, while
two mutants displayed some aspects
of adult development before arresting
(bristles on the thorax or eye pigmentation). Interestingly, despite its more
severe effect on survival during larval
development, dTrf2G0071 displayed a
similar proportion of mutants that
failed to progress beyond the prepupal
stage. Of 20 dTrf2G0071 mutant prepu-

pae, 15 (75%) progressed to pupal
stages, with 13 displaying defects in
head eversion (65%) and dying as
early pupae, while two escapers arrested development at later pupal
stages. Thus, both dTrf2G0039 and
dTrf2G0071 have similar effects on survival through the early stages of metamorphosis, with most lethality occurring during early pupal stages.
Representative dTrf2 mutant phenotypes are depicted in Figure 4. Whereas
wild-type prepupae (Fig. 4A,B) and pupae
(Fig. 4C,D) have a characteristic barrel
shape, dTrf2G0039 mutant prepupae (Fig.
4F,G) and pupae (Fig. 4H,I) are elongated and malformed. dTrf2G0039 mutants also display defects in gas bubble translocation. A gas bubble
normally appears in the center of the
prepupa and translocates to the posterior end of the animal (Chadﬁeld
and Sparrow, 1985). Rhythmic contractions of the abdominal muscles,
accompanied by a swaying motion of
the prepupa, then move the gas bubble along the sides of the animal toward the anterior end, driving larval–
pupal apolysis and creating a space at
the anterior end of the puparium for
subsequent adult head eversion.
While this space is apparent at the
anterior end of wild-type animals (Fig.
4C,D, arrows), it is reduced in
dTrf2G0039 mutants (Fig. 4F–I), with
gas aberrantly accumulating at the
posterior end of the puparium (Fig.
4F,G, arrows). As mentioned above,
some dTrf2G0039 mutants progress to
pupal stages and display a distinct
head, thorax, and abdomen (Fig. 4I,
arrows). These mutants are, however,
malformed, and often display incomplete adult head eversion. In addition,
as reported previously (Shima et al.,
2007), dTrf2G0039 mutants display defects in anterior spiracle eversion (Fig.
4H, arrow). Finally, by using a salivary gland-speciﬁc GAL4 driver in
combination with a GAL4-responsive
green ﬂuorescent protein (GFP) reporter transgene, we could follow the
fate of larval salivary glands in living
wild-type and dTrf2G0039 mutant pupae (Ward et al., 2003). Whereas only
residual GFP is evident in control pupae at ⬃20 hr after puparium formation (Fig. 4E), consistent with the normal destruction of the salivary glands
at ⬃14 hr after puparium formation
(Jiang et al., 1997), dTrf2G0039 mu-
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tants have persistent larval salivary
glands (Fig. 4J). Dissection of dTrf2
mutant prepupae also revealed a defect
in larval midgut cell death, which normally occurs in early prepupae (data
not shown). dTrf2G0071 mutant prepupae and pupae display a similar range
of phenotypes (data not shown). Taken
together, these defects—an elongated
and misshapen puparium, improper anterior spiracle eversion, gas bubble
translocation defects, adult head eversion defects, and a block in salivary
gland and midgut cell death—all involve major ecdysone-regulated biological responses associated with entry into
metamorphosis. These observations deﬁne dTrf2 as essential for proper developmental responses to the steroid hormone ecdysone.

dTrf2 Mutants Display
Defects in EcdysoneRegulated Gene Expression
at the Onset of
Metamorphosis
The widespread effects of dTrf2 mutations at the onset of metamorphosis
raised the possibility that these defects might be accompanied by
changes in the expression of key ecdysone-regulated target genes. To test
this hypothesis, RNA was isolated
from both control and dTrf2G0039 mutants staged as either mid-third instar
larvae (⫺18 hr), late third instar larvae (⫺4 hr), newly formed prepupae (0
hr), or at 2-hr intervals thereafter until 18 hr after puparium formation.
These RNA samples were analyzed by
Northern blot hybridization to detect
the expression of EcR as well as ﬁve
ecdysone-regulated transcription factor-encoding genes: BR-C, E74, E75A,
E93, and ␤FTZ-F1 (Fig. 5). dTrf2
mRNA shows no signiﬁcant changes
in abundance as control animals enter
metamorphosis, indicating that this
gene is not transcriptionally regulated
by ecdysone. Only the 6.8-kb dTrf2
mRNA is clearly detectable in
dTrf2G0039 mutants, consistent with
the hypomorphic nature of this allele
(Figs. 3, 5). Despite this effect on
dTrf2 activity, EcR, BR-C, E74A,
E75A, E93, and ␤FTZ-F1 are expressed in dTrf2G0039 mutants, although they are reduced in abundance
compared with controls, and delayed

Fig. 5. Delayed and reduced expression of ecdysone-regulated genes in dTrf2G0039 mutants.
Total RNA from staged control (w1118) and dTrf2G0039 mutant third instar larvae, prepupae, or early
pupae was analyzed by Northern blot hybridization to detect dTrf2, EcR, BR-C, E74, E75A, E93,
and ␤FTZ-F1 transcription. Hybridization to detect rp49 was used as a control for loading and
transfer. Numbers at the top indicate hours relative to puparium formation. A,B: The two E74
isoforms (Burtis et al., 1990). Mutant and control blots were treated together to allow direct
comparison. The 12-hr control RNA sample is lower due to partial RNA degradation.

by several hours (Fig. 5). No major
defects, however, are observed in the
expression of these key ecdysone-reg-

ulated genes. The apparent absence of
EcR, BR-C, and E74B mRNA in ⫺18
hr third instar larvae is difﬁcult to
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interpret because both control and
mutant animals can be asynchronous
at this stage. Of the transcripts surveyed, only E74B displayed a signiﬁcant change in expression level in
dTrf2G0039 mutants, with reduced
mRNA levels in mutant mid-prepupae
(Fig. 5, 6 – 8 hr) and early pupae (Fig.
5, 14 –18 hr). E74B mRNA can, however, be detected in dTrf2G0039 (Fig. 5)
and dTrf2G0071 mutants (data not
shown), indicating that its reduction
alone is not sufﬁcient to explain the
lethal phenotypes associated with a
loss of dTrf2 function. BR-C and E74
transcription is reduced and delayed
in dTrf2G0071 mutants in a manner
similar to that seen in dTrf2G0039 mutants (data not shown), consistent
with the essentially identical effects of
the dTrf2G0039 and dTrf2G0071 mutant
alleles on progression through early
metamorphosis. Thus, the overall effect of these dTrf2 alleles appears to
be a general reduction in the ﬁdelity of
ecdysone-regulated transcription, culminating in lethal defects during the
onset of metamorphosis.

dTrf2 Is Required for
Proper Genetic and
Biological Responses to
Ecdysone at the Onset of
Metamorphosis
The characterization of dTrf2 mutant alleles presented here expands
our understanding of TRF2 function
in Drosophila. Our phenotypic analysis indicates that there are two
temporally distinct zygotic requirements for dTrf2 function during development. There is an initial zygotic requirement for dTrf2 in late
embryos or early ﬁrst instar larvae
that is essential for progression beyond the ﬁrst instar. dTrf2 function
is next required during the early
stages of metamorphosis, when it
plays a central role in the major ecdysone-triggered
biological
responses that drive the larval-to-pupal transition (Fig. 4). It is possible
that there is also an essential requirement for dTrf2 during embryogenesis that is masked by maternally deposited wild-type gene
product. A test of this hypothesis
would require the future character-

ization of mutants derived from female germline clones.
The lethal defects observed in dTrf2
mutant prepupae and pupae are accompanied by reduced and delayed expression of key ecdysone-regulated
transcription factor-encoding genes
(Fig. 5). Although it remains possible
that a complete loss of dTrf2 function
would result in more dramatic effects
on gene expression at the onset of
metamorphosis, our studies indicate
that the essential role for dTrf2 at this
stage is not manifested by major overall changes in ecdysone-regulated
gene expression, as has been seen for
other mutants with similar lethal phenotypes (e.g., Fletcher et al., 1995;
Broadus et al., 1999). Rather, dTrf2
appears to be required to maintain the
ﬁdelity of ecdysone-regulated transcription, ensuring the proper levels
and timing of gene induction. It is interesting to note that TRF2 protein is
bound to the ecdysone-inducible puffs
that correspond to BR-C (2B5), E74
(74EF), and E75A (75B) in the giant
larval salivary gland polytene chromosomes, as well as many other loci
(Rabenstein et al., 1999; Kopytova et
al., 2006). This ﬁnding indicates that
dTRF2 may be targeted to these ecdysone-regulated promoters and,
thus, directly regulate their activity.
In addition, subunits of the NURF
chromatin remodeling complex are associated with dTRF2 (Hochheimer et
al., 2002), and NURF can bind directly
to EcR and enhance the phenotypes
associated with a dominant-negative
EcR mutation (Badenhorst et al.,
2005). These observations raise the
possibility that dTrf2 may exert its
effects on ecdysone responses, at least
in part, through the NURF complex.
Further biochemical and genetic characterization of dTrf2 should provide a
molecular basis for understanding its
essential stage-speciﬁc functions during development.

EXPERIMENTAL
PROCEDURES
Stocks and Developmental
Staging
The dTrf2 mutant stocks are available
from the Bloomington stock center:
dTrf2G0039 (stock #11546), dTrf2G0295
(stock #12236), dTrf2G0425 (stock #

12254), and dTrf2G0071 (stock #11739).
Embryos were collected in 2- to 6-hr
intervals on molasses/agar plates supplemented with yeast paste, and allowed to age as necessary. Third instar
larvae were staged by maintaining
them on standard cornmeal agar food
supplemented with 0.05% bromophenol
blue, and selecting animals after the
cessation of feeding based on their degree of dye clearance in the gut (Andres
and Thummel, 1994). Mutant animals
were identiﬁed by the use of GFPmarked balancer chromosomes.

Northern Blot
Hybridizations
RNA was isolated from staged animals using Tripure (Roche). Equal
amounts of total RNA were fractionated on 1% formaldehyde gels and
transferred to nylon membranes for
Northern blot hybridization. Probes
were prepared as described (Andres et
al., 1993). The probe to detect dTrf2
mRNA was generated by PCR using
the following primers: Trf2-5: 5⬘ TCTGATAGACGCGATCATTCG 3⬘ and
Trf2-3A 5⬘ ACCAGTGCAGGTAATCCTCC 3⬘.
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