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Abstract
We have established a model system of hormone action, in an Sf9 cell transfection system, using
defined enhancer motifs and natural core promoters of metamorphosis-associated genes. The DR1
enhancer, that is an established DNA binding site for the ecdysone receptor/ultraspiracle
heterodimer, was necessary for transcriptional activation by 20-OH ecdysone. For this activated
transcription, a natural sequence closely 5′ to the TATA box is necessary. Cotreatment with
juvenile hormone III strongly suppressed the steroid activation of transcription. However, in the
absence of the sequence located closely 5′ to the TATA box, cotreatment with juvenile hormone
instead increased transcription over that occurring due to 20-hydroxy-ecdysone alone. This
sensitivity to activation by cotreatment with juvenile hormone could be transferred to a related, but
otherwise unresponsive, hexamerin core promoter simply by transferring to the unresponsive
promoter the five base transcription start site (ACAGT) from the responsive hexamerin gene.
These are the first reports that the direction of JH action on 20-OH ecdysone-activated
transcription can be reversed by removal of a sequence at the core promoter, and that modulatory
action of juvenile hormone can be transferred to a different gene by transferring the transcription
start site motif.
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1. Introduction
Physiological processes are coordinated by steroid and terpenoid regulators in both
vertebrates and invertebrates. Vertebrate fetal brain development, gonadal differentiation
and mammogenesis are all regulated by steroid hormones (Cooke et al. 1998; Hayes 1998;
Shyamala 1999). Carboxylated terpenoids, i.e., retinoids, are also proximal regulators of
differentiation and formation of tissues and limbs (Smith et al. 1998; Maden et al. 2001). In
comparison, in the invertebrates, ecdysteroid hormones (e.g., 20 OH ecdysone) time the
molting-based growth of larval insects and the cellular commitment to particular
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morphogenetic programs (Nakagawa and Henrich 2009). The methyl ester of a carboxylated
terpenoid, methyl epoxyfarnesoate (= insect ‘juvenile hormone,’ JH), is a primary regulator
of the particular morphogenetic program to which the cells become committed (Truman and
Riddiford 2007). Its central importance to cellular commitment is readily evident by the fatal
derangement and deformation of organs and appendages that occur under conditions of
juvenile hormone pathway disregulation (Liu et al. 2009; Jones et al. 2010a; Riddiford et al.
2010). Invertebrate development may also be regulated by additional juvenile hormone-
related compounds (e.g., methyl farnesoate) (Wang and LeBlanc 2009; Jones et al. 2010b).

The regulation of insect morphogenetic programs by ecdysteroids and JH provides evidence
at the physiological level of the principle of integration of hormonal signaling pathways in
the control of cellular differentiation. While exposure of cells to 20-OH ecdysone activates a
particular program of differentiation, the simultaneous exposure to both 20-OH ecdysone
and juvenile hormone suppresses expression of that program and activates another
(Riddiford 1996). In the classic model, exposure of larval cells to 20-OH ecdysone
stimulates differentiation of cells toward a pupal phenotype, except that the presence of
juvenile hormone during the larval exposure to ecdysteroid promotes a continued larval
phenotype and larval to larval molt (Truman and Riddiford 2002). In vertebrate models
systems, the observations of crosstalk between hormonal signaling pathways at the
physiological level have become now understood at the molecular level of resolution, with
the revelation that there are a number of different mechanisms by which this crosstalk is
achieved. For example, it may occur at the level of competition between different nuclear
receptors for a common binding site (Vasudevan et al. 2001a), or at the level of one
hormone receptor (e.g. thyroid hormone receptor) squelching activity of another (estrogen
receptor) by competition for coactivators (Vasudevan et al. 2001b), or by different receptors
competing for binding to the common RXR heterodimer partner (Hunter et al. 1996;
Kakizaki et al. 2002), or by direct competition of the two ligands for the same receptor (e.g.,
oxytocin and progesterone, Grazzini et al. 1998), or by the two hormones, each binding to
the respective partner of the heterodimer and modifying what would have otherwise been the
outcome of single hormone binding (Calleja et al. 2006).

While the integration of steroid and juvenile hormone signaling pathways at the
physiological level has been established for decades (Willis 1974; Riddiford 1996), the
underlying molecular basis for the signaling integration is only just now beginning to be
discerned at the level of participating hormone receptors (Konopova and Jindra 2007; Bitra
and Palli 2009; Li et al. 2011; Zhang et al. 2011). Even less is understood about how
information contained in DNA promoter sequences integrates with multiple hormone
signaling during insect development (Nakagawa and Henrich 2009).

A major limitation for development of a molecular paradigm for integration of larval
ecdysteroid and JH signaling pathways has been that very few core promoters have been
isolated, that are responsive to both ecdysteroid signaling and JH signaling through
identified nuclear receptor binding sites (Berger et al. 1992; 2005; Kethidi et al. 2004). We
have sought to resolve this gap by use of several related genes encoding hexamerin proteins
from a lepidopteran (Trichoplusia ni) that become very highly expressed at the onset of the
metamorphic larval instar (Jones et al. 1987, 1996). These genes appear to be induced in
vivo by 20-hydroxyecdysone (Manohar et al. 2010), and the expression of several can be
suppressed by exogenous juvenile hormone (Jones et al. 1993). We have isolated the core
promoters of these genes, as candidates for promoters that would be competent to recruit a
transcription apparatus that is responsive to JH signaling. These core promoters, and defined
hormone response elements, provide a powerful and straightforward system for elucidating a
molecular paradigm for integration of ecdysteroid and JH signaling.
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2. Materials and Methods
2.1 Cell culture, transfections and hormone treatment

Spodoptera frugiperda (Noctuidae) cell line, Sf9, was maintained and transfected, in
triplicate in each replication, as described previously (Jones et al., 1998). Test promoter
constructs were prepared in pGL2 vector (firefly luciferase reporter). Normalized activity
was calculated as the amount of firefly luciferase activity divided by the activity reported by
a cotransfected plasmid constitutively expressing Renilla luciferase, as per manufacturer
protocol (Promega). Between 24 and 48 h after the transfection, the cells were treated with 1
μM 20-OH ecdysone (“20E), or with 100 μM juvenile hormone III (“JH III”, a naturally
occurring form of JH in Noctuidae; Steinera et al., 1999), or with both hormones (both
obtained from Sigma-Aldrich), or with just EtOH carrier only (final EtOH concentration 1–
2%). At the indicated hours after hormone treatment, the cells were harvested and the
reported activity measured.

2.2 Reporter Promoter Constructs
The sequences and characteristics of the promoters of the AJHSP1, BJHSP1 and arylphorin
(ARYL) genes of the lepidopteran Trichoplusia ni (Noctuidae) were previously described
(Jones et al., 1996). Promoter regions (containing the TATA box, transcription start site (=
position +1), and 5′ untranslated region up to the first base of the translation start codon, of
AJHSP1 (−66 to + 10), BJHSP1 (−109 to +24) and arylphorin (−67 to +28) were cloned into
the Kpn I/Bgl II sites of pGL2 vector. For each of these “core” promoters, an Nhe I site was
then placed immediately 5′ to the Kpn I site, and direct repeat sequences with a single
intervening base (“DR1”) were cloned into the Nhe I site by the following method (DR1 was
used because it has been reported as a transcriptionally active EcR/USP heterodimer binding
site, e.g., Vogtlii et al., 1998; Fang et al., 2005). Complementary oligonucleotides encoding
the DR1 motif were synthesized, with each oligonucleotide possessing at its 5′ end a four
base overhang of an Nhe I restriction site (CTAG). Upon annealing, the double stranded
oligonucleotides would then have a CTAG overhang at each 5′ end. The annealed
oligonucleotides were then ligated into concatamers, fractionated by native PAGE and the
gel fractions corresponding to concatamer forms recovered and ligated into the Nhe I site.
The specific sequence for the DR1 oligonucleotide was (upper strand) : 5′-
CAAGGTCAAAGGTCAG-3′ (repeat motif underlined; CTAG on 5′ ends not shown).

Point mutations to the BJHSP1 promoter made from the TATA box to the translation start
codon were done with the Quick Change Site Directed Mutagenesis kit (Stratagene).
Truncation of AJSHP1 and BJHSP1 to 9 bases 5′ to the start of the TATA box and
extending to the first base of the translation start codon, was accomplished by chemical
synthesis of the complimentary DNA strands, with the appropriate overhangs for cloning
into NheI, HindIII cut pGL2, and ligating the annealed oligos into that vector in those sites.
Next, complimentary oligos containing two tandem copies of the DR1 motif were prepared
with flanking, overhanging sequences for a 5′ KpnI site and 3′ NheI site (Upper strand:
CCTAGAGGTCAAAGGTCACCTAGGTCAAAGGTCAG), for cloning into KpnI/NheI
cut pGL2 containing the truncated AJHSP1 or BJHSP1 core promoters. The same procedure
of core promoter preparation with a 5′-placed tandem DR1 was used to prepare constructs in
which the AJHSP1 was mutated to possess the BJHSP1 initiator motif (ACAGT), and the
BJHSP1 was made to possess the AJHSP1 initiator motif (ACTGG). All constructs were
confirmed by sequencing.
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3. Results
3.1 Potential Regulatory Motifs in Core Hexamerin Promoters

Previous studies have established the transcription start point and corresponding TATA
boxes of the three JH-sensitive hexamerin promoters in T. ni (Jones et al. 1996). The
BJHSP1, BJHSP2 and ARYL genes possess exactly the same motif that contains the
transcription start point: ACAGT (the italicized first A is the start point). The AJHSP1 gene
instead has the sequence ACTGG. Sequence alignment of the core promoters shows a
number of motifs that are conserved in by BJHSP1, BJHSP2 and ARYL that are not
conserved by AJHSP1 (Fig. 1). Our further experiments here focused on how the differences
in core promoter sequence between BJHSP1 and AJHSP1 might contribute to modulation of
core promoter transcriptional activity by the hormones 20E and JH III.

3.2 20E-induction of the DR1-enhanced core promoter
The pGL2-firefly luciferase reporter vector into which the core promoters were cloned does
not itself transcriptionally respond to treatment of the transfected cells with 20E, JH III, or
20E/JH III (Fig. 2A). Similarly, the core promoters of AJHSP1 and BJHSP1 do not
themselves transcriptionally respond to treatment of the SF9 cells with any of these hormone
regimens (Fig. 2B, Fig. 2D). Hence, particular motifs in the core promoters may be
necessary (see below), but are not sufficient, for transcriptional response to any of these
hormone regimens.

In view of previous reports that these genes respond in vivo to 20E (Manohar et al., 2010),
we placed the DR1 enhancer (an established EcR/USP heterodimer binding site) 5′ to each
promoter and assessed hormone responsiveness. The DR1AJHSP1 construct (with two
tandem DR1 copies) remained unresponsive to any hormone regimen (Fig. 2C), verified
over a 24 h time course (Fig. 3D). However, the DR1 enhancer imparted a marked
transcriptional activation of the BJHSP1 core promoter by 20E, with just one copy of the
enhancer (ca. 40 fold, Fig. 3B). Increasing the number of the DR1 enhancer to four copies
yielded an even greater increase in transcriptional induction (ca. 400 fold, Fig. 3B). In
addition, the induction was evident within 2 h of treatment, consistent with a direct
induction of the promoter by the EcR/USP heterodimer through the DR1 binding motif (not
shown).

3.3 Contribution of Core Promoter Motifs
The above results showed that the presence of the DR1 motif enabled the BJHSP1 core
promoter segment to be activated by 20E, however, the AJHSP1 core promoter fragment
remained unresponsive even in the presence of the same DR1 enhancer motif. Hence, the
difference in 20E response appeared to reside to information in the core promoter segment,
rather than in DR1 enhancer motif. Inspection of the sequence of the four related hexamerin
genes shows the region from the TATA box to the transcription start point of the BJHSP1,
BJHSP2 and ARYL genes share several motifs, that are not conserved with AJHSP1 (Fig.
1). This conservation of sequences prompted our mutational testing of the contribution of
these motifs to the observed 20E-modulation (through a DR1) of the BJHSP1 promoter.

Immediately 3′ to the TATA box (TATAAA), the BJHSP1, BJHSP2 and ARYL core
promoters conserve the sequence AAGG(G/C)G, while the AJSHP1 core promoter is very
dissimilar. Immediately 5′ to the TATA box, the BJHSP1, BJHSP2 and ARYL core
promoters conserve an “AG” motif, while again the AJHSP1 gene is dissimilar.
Transversion mutation of these two motifs did not each significantly change the level of
20E-induction of transcriptional activity (p > 0.05, Fig. 4A). However, doubly-mutating
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both of these 3′-to TATA and 5′-to-TATA motifs did reduce the level of 20E-induced
transcriptional activity (p < 0.05, Fig. 4).

The other area of strong conservation in the core promoter sequences is around the
transcription start point. The sequence at this location for the BJHSP1, BJHSP2 and ARYL
genes is conserved as ACAGT, with the first base being the actual transcription start point
(Jones et al. 1996). In contrast, the sequence at the AJHSP1 transcription start point is
different at two bases (underlined): ACTGGC. We tested the functional significance of this
difference by mutating this transcription start motif of the BJHSP1 promoter to be that of the
AJHSP1 promoter. This mutation very severely reduced the ability of 20E to induce
transcriptional activity of the DR1-enhanced BJHSP1 (p < 0.05, Fig. 4). Hence, the
transcription start site sequence itself of the AJSHP1 promoter cannot enable the marked
20E-inducibility of a core promoter (of BJHSP1) that otherwise is strongly 20E sensitive.

Finally, we noted that the 5′ untranslated region, from the transcription start site to the ATG
translation initiation codon, is longer in the BJHSP1, BJHSP2 and ARYL genes. That region
also contains a GTGG motif in common for these three genes, that is not present in the
region between the transcription start point and the ATG codon of the AJHSP1 gene. When
that GTGG was mutationally altered for the DR1BJHSP1 construct, it also severely reduced
the 20E-inducibility (p < 0.05, Fig. 4A).

3.4 JH III Suppression of 20E-Activation
The constituitive activities of the core promoters of AJHSP1 or BJHSP1 were not affected
by JH III (p > 0.05), nor did the presence of the DR1 motif confer positive or negative
sensitivity of either to JH III alone (p > 0.05, Fig. 2, 3). However, the 20E induction of DR1-
enhanced BJHSP1 promoter construct was sensitive to being suppressed by the cotreatment
with JH III (p < 0.05, Fig. 3A, B). The suppression of the 20E activation of the BJHSP1 was
greater in the presence of four DR1 enhancers (Fig. 3A) than with a single DR1 enhancer (p
< 0.05, Fig. 3B).

The ARYL promoter that is similar in sequence to the BJHSP1 from the TATA box to the
initiator (Fig. 1), is made 20E-inducible by the presence of a DR1, but that induced activity
is not suppressed by cotreatment with JH III (Fig. 3C). Hence, the presence of the DR1 is
insufficient in and of itself to confer vulnerability for its 20E-induced activity to be
suppressed by cotreatment with JH III (a similar hormone response pattern was seen when
an IR1 motif was used instead of an IR1 motif, unp. obs.). Further, as mentioned above,
mutation of the motifs in BJHSP1 that are in common to the BJHSP1 and ARYL promoters
at immediately 5′ and 3′ to the TATA box, and 3′ to the initiator (Fig. 1) did reduce the
level of 20E activation of DR1BJHSP1 (Fig. 4A). However, those mutations did not
eliminate the sensitivity of the remaining induced activity to being suppressed by
cotreatment with JH III (Fig. 4B).

3.5 Location of Sequences for JH Modulation of 20E in DR1BJHSP1/−109
The above results indicated that the conserved sequences at or between the TATA box and
initiator are not necessary for the JH III effect to suppress 20E-induced activity. Nor is the
DR1 motif in and of itself sufficient for the JH III suppression of 20E-induced transcription.
Hence, we reasoned that it could be that motifs in the BJHSP1 construct between the TATA
box and the 5′ upstream boundary (at −109) contain regulatory information for JH
suppression of 20E response. Thus, we made a BJHSP1 promoter construct truncated at 9
bases 5′ to the TATA (position −41), enhanced by a pair of tandem DR1 motifs placed
immediately 5′ to the core promoter segment (Fig. 1). As a control, we created the
corresponding construct for the AJHSP1 core promoter. The DR1-enhanced “−41” AJHSP1
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core promoter retained its 20E and JH insensitivity (Fig. 5). The DR1 enhanced “−41”
BJHSP1, while much reduced in overall transcriptional activity, and insensitive to JH alone,
remarkably this time possessed a property for activity in presence of 20E to become
significantly increased by JH III, not suppressed by JH III (p < 0.05, Fig. 5). Interestingly,
when the initiator of the DR1-enhanced “−41” BJHSP1 core promoter was mutationally
made to instead possess the initiator of the unresponsive AJHSP1, the DR1BJHSP1 became
similarly transcriptionally inactive (Fig. 5, P > 0.05). Conversely, when the DR1-enhanced
“−41” AJHSP1 core promoter was made to possess the common initiator of the ARYL/
BJHSP1 promoters, it newly gained the property of the DR1”−41” BJHSP1, by exhibiting
the greatest activity in the presence of both 20E and JH III (Fig. 5, p < 0.05). Hence, when
the sequence between −109 and −41 of the BJHSP1 gene was not present, the initiator
sequence of the DR1-enhanced BJHSP1 core promoter imparted information that the highest
transcriptional induction would in the combined 20E/JH III treatment.

4. Discussion
There has been much research on the properties of various EcR/USP heterodimer binding
sites. Such studies typically use very heterologous core promoters (e.g., bacterial thymidine
kinase promoter enhanced with eukaryotic nuclear hormone receptor binding sites).
Additional research has been done on physical parameters affecting 20E-mediated EcR
association with USP, often using chimeric receptor constructs (part bacterial, part
eukaryotic). While these approaches have much utility in addressing particular aspects of
ligand-mediated nuclear hormone receptor action, there are questions that these techniques
do not experimentally reach. For example, such approaches do not assess whether
information is present in the sequence of the core promoter, that can control the nature of the
promoter response to nuclear receptor-mediated hormone regulation. In addition,
transcriptional cofactors that are necessary for a particular direction of ligand-regulated
nuclear receptor action at a particular promoter may not be present in highly heterologous
cell transfection systems. In the present study, we have tested specific questions on ligand-
mediated transcriptional regulation using an established EcR/USP heterodimer binding site
(DR1; Antoniewski et al., 1996; Vogtlii et al., 1998; Fang et al., 2005) to probe regulatory
information in the promoter sequence of several related noctuid genes, using a noctuid cell
line environment.

4.1 DR1 is necessary but not sufficient for 20E response
As a starting control, none of the three natural AJHSP1, BJHSP1 and ARYl promoter
constructs responded to 20E treatment. The DR1 enhanced BJHSP1 ‘−109’ promoter
construct was transcriptionally activated by 20E, much more so from four DR1 motifs than
from a single DR1 motif (as would be anticipated, Antoniewski et al., 1996; Fang et al.,
2005; Heneghan et al., 2006). The DR1 also enhanced transcription by the ARYL promoter.
However, the presence of the same DR1 motif did not enable 20E activation of the core
promoter of the related AJHSP1. Hence, an enhancer binding site for EcR/USP (DR1) was
necessary, but was not sufficient, to cause even a related core promoter to be
transcriptionally activated by 20E.

4.2 Sequence immediately 5′ to TATA necessary but not sufficient for DR1-transducing
20E response

When sequences immediately 5′ to the TATA box (to −109) were present, even just a single
DR1 motif enabled a nearly 40-fold activation of transcription by 20E treatment. When the
sequence between −109 and −41 was removed, then even two tandem DR1 motifs were not
able to effectuate a significant increase in transcription over the EtOH control (p > 0.05).
Further, when this 5′ sequence out to −109 was present, but without the presence of DR1,
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there was no significant response of the promoter to 20E treatment (p > 0.05). These results
indicate that a sequence(s) within −109 to −41 is necessary for the DR1 motif to be able to
transduce the promoter response to 20E. We infer that this necessary sequence is not itself a
conventional EcR/USP heterodimer binding site because no such site is discerning within
that region.

4.3 DR1 is not sufficient for JH suppression of 20E response
Although treatment with JH III alone did not significantly regulate any of the DR1-enhanced
core promoters, cotreatment of JH III with 20E did cause suppression in the level of 20E-
induced activity. The degree to which JH III suppressed the 20E activity was greater when
more DR1 motifs were present (Fig. 3A, B). The phenomenon of synergistic increase in
transcriptional activation with increasing number of nuclear hormone receptor binding sites
has been reported for a number of single hormone systems, e.g., the homodimerizing class
of vertebrate steroid receptors (Heneghan et al. 2006). In addition, synergistic increase in
response to 20E in transfection reporter assay by the insect heterodimer EcR/USP has also
been associated with an increase in number of synthetic heterodimer binding sites
(Antonieweski et al., 1996). Similarly, a greater number of direct repeat binding sites
yielded a greater transcriptional activation of the JH esterase core promoter by JH III alone
(Xu et al., 2002). So far as we are aware, the present data are the first report, for the insect
two-hormone system, that the level of JH suppression of 20E-induced transcription can be
made a function of the number of DR1 motifs located at the regulated core promoter.

4.4 Regulatory Information Contained in Transcription Initiator Motif
When the region of the BJHSP1 core promoter from −41 to the translation start codon was
enhanced by DR1, it responded to cotreatment with JH III by increasing transcription
significantly above the level occurring in the presence of 20E alone (p < 0.05). When the
DR1 was missing from this construct, no such effect of JH III and 20E treatment was
observed. Hence, sequence between −41 to the translation start codon of the BJHSP1 core
promoter was the target of the DR1 modulatory effect. We noted that the related AJHSP1
core promoter, from its −41 to translation start codon, did not respond to cotreatment with
JH III and 20E even when the same DR1 was placed immediately 5′ to the AJSHP1 core
promoter. We further noted that the five bases starting from the transcription start point (+1
to +5) were absolutely conserved in the BJHSP1, BJHSP2 and ARYL promoters (ACAGT),
but that the motif for AJHSP1 was uniquely different (ACTGG). We hypothesized that the
initiator motif for BJHSP1 might contain the information that enabled the DR1 BJHSP1
“−41” construct to exhibit hormone response that the AJHSP1 (“−41”) construct did not
exhibit. To test this hypothesis, we mutationally swapped the BJHSP1 initiator motif to the
AJHSP1, and vice versa. Intriguingly, the BJHSP1 construct then exhibited the
nonresponsiveness previously exhibited by the AJHSP1 construct, while the AJHSP1 then
exhibited the hormonal response previously shown by the BJHSP1 promoter (Fig. 5). These
results suggest that the initiator motif contains regulatory information that communicates
with the transcription-enhancing mechanism of the DR1. So far as we are aware, these
results are the first to report juvenile hormone-response regulatory information to be
contained in the transcription initiation motif.

4.5 Caution When Using Heterologous ‘Reporter Core Promoters’
It is a common approach in the study of hormone action to test a putative ligand’s
interaction with a nuclear hormone receptor by a transfection assay, in which a nuclear
hormone receptor binding site is placed in tandem with a minimal heterologous promoter.
Such an approach has even commonly extended to testing hypotheses on eukaryotic nuclear
hormone receptor action using a bacterial minimal core promoter as the assay reporter (e.g.,
Solomin et al., 1998; Raucy ad Lasker, 2010). It is sometimes asserted that if a putative
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nuclear receptor ligand fails to activate transcription of the minimal heterologous promoter,
it can be inferred as disproving that the putative ligand naturally interacts in vivo with that
nuclear hormone receptor. Our studies here and reported previously have shown that the
same DR1 enhancer, in the same cell line (Sf9), either (a) increases minimal core promoter
activity in response to JH III alone (JH esterase, Xu et al., 2002), or (b) increases response to
20E but suppresses 20E-activation when cotreated with JH III, (c) has no response to JH III
alone but increases minimal core promoter activity in response to cotreatment with both JH
III and 20E (−41″ “BJHSP1), or (d) increases response to 20E alone but does not respond to
JH III alone or together with 20E (ARYL), or (d) has no response to either JH III alone, or
JH III in cotreatment with 20E (AJHSP1). Hence, our results provide a caution to the use of
heterologous minimal core promoters as the ‘litmus test’ for action of a potential ligand
through a nuclear receptor that binds to the 5′-placed enhancer in such plasmid constructs.
A lack of transcriptional activation by hormone treatment may simply be the result of an
inappropriate core promoter, rather than a lack of cognancy between the test ligand and
target nuclear receptor.

5. Conclusions
Our use here of related core promoters has enabled discernment of specific features of DR1,
core promoter, and immediately proximal sequences in controlling the nature of the
transcriptional response to single and multiple hormones. The molecular mechanism by
which JH and 20E signaling become integrated into modulation of a transcriptional response
is still an active area of research, though precise molecular models have not yet been within
reach (Konopova and Jindra, 2007; Bitra and Palli, 2009; Abdou et al. 2011; Li et al., 2011;
Zhang et al., 2011). Whether the JH III applied in the present study is acting by directly
binding to USP (Jones et al., 2006), or by binding to the bHLH/PAS factor “MET” (Miura et
al. 2005) that in turn is in complex with the EcR/USP heterodimer (Bitra and Palli, 2009), or
is binding directly to both USP and MET, remains to be ascertained. While the system here
is one performance in a cell line of a model enhancer synthetically placed with the core
promoters, this system offers a characterized nuclear hormone binding site, with differential
modulatory effects on defined and closely related promoter sequences. This ‘tight’ model
system offers much potential in furthering our understanding of the specific DNA
sequences, and the factors binding to them, that enable these two important hormones act to
regulate particular genes during insect larval development.
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Abbreviations

20E 20-hydroxy ecdysone

JH III juvenile hormone III

AJHSP1 acidic juvenile hormone suppressible protein 1

BJHSP1 basic juvenile hormone suppressible protein 1

BJHSHP2 basic juvenile hormone suppressible protein 2
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Figure 1.
Alignment of the regions of the four hexamerin genes of Trichoplusia ni, from the TATA
box (bold, underlined) to the first base (A) of the ATG translation start codon. The
transcription start point (italicized A) and the four subsequent bases are underlined. A region
of similarity of three genes immediately 5′ to the TATA box is in italics, whereas a region
of similarly on the 3′ side is shown in bold only. A motif common to the three genes that is
between the transcription and translation start points is shown in underline only. Shown
above (AJHSP1) and below (BJHSP1) the specific wild type bases are the mutations to
those bases that were prepared in certain experiments.
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Figure 2.
Transcriptional activities of the pGL2 basic vector (“pGL2”, luciferase reporter), AJHSP1
core promoter (“AJHSP1core”), BJHSP1 core promoter (“BJHSP1core”) and AJHSP1core
with DR1 enhancer (two tandem copies) placed immediately 5′ to the AJHSP1core
(“DR1AJHSP1”). Shown are means and standard error of transcriptional activities, 24–48 h
after hormone treatment, relative to the ethanol carrier control (“EtOH, which is shown as
value of 1.0). Experimental treatments were 1 μM 20-hydroxy ecdysone (“20E”), 100 μM
juvenile hormone III (“JH III”), or a combined treatment of the two hormones at these
concentrations (“20E/JH”). For each of the four constructs in panels A–D, none of the three
hormone regimens exerted a significant effect on transcription different than the EtOH
control (ANOVA, p > 0.05, for each panel).
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Figure 3.
Panels A and B) Transcriptional activities of the BJHSP1 core promoter with DR1 enhancer
(four tandem copies, “DR1g”, 24 h hormone treatment, or a single copy, “DR1a,” placed
immediately 5′ to the BJHSP1core. Panel C) Transcriptional activities of the ARYL core
promoter with a DR1 enhancer (two tandem copies) placed immediately 5′ to the core
promoter (24 h hormone treatment). Shown are means and standard error of reported
transcriptional activities relative to ethanol (“EtOH”) carrier control treatment, which is
shown as value of 1.0. Experimental treatments are 1 μM 20-hydroxy ecdysone (“20E”),
100 μM juvenile hormone III (“JH III”), or a combined treatment of the two hormones at
these concentrations (“20E/JH”). For either DR1-enhanced BJHSP1 promoter construct,
ANOVA was significant (p < 0.05); 20E significantly induced transcriptional activity (p<
0.01 for both DR1aBJHSP1 and DR1gBJHSP1); JH III alone had no significant effect
(p>0.05), but the cotreatment of JH III with 20E significantly suppressed the reported
activity below that of 20E alone (p<0.01 DR1aBJHSP1; p<0.02 DR1gBJHSP1). The
DR1ARYL construct also showed a significant treatment effect (ANOVA, p < 0.05).
However, in contrast to the DR1-enhanced BJHSP1 constructs, the 20E-induced activity of
the DR1-enhanced ARYL core promoter (p < 0.01) was not significantly affected by
cotreatment with JH III (p> 0.05). Panel D) Over a 24 h time course, the DR1BJHSP1
construct exhibited more than a 100 fold increase in transcriptional activity in response to 1
μM 20E, in comparison to the lack of response to 20E of the DR1AJHSP1 construct (note
the much different scales for the two Y-axes in panel D).
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Figure 4.
DR1g-enhanced transcriptional activities of the wild type and several mutants of the
BJHSP1 core promoter after 24 h of hormone treatment. Panel A) Normalized
transcriptional activity of the indicated mutations (see Fig. 1). Panel B) Transcriptional
activity of Panel A expressed instead as relative to EtOH control (= value of 1). Shown are
means and standard error of the experimental treatments of 1 μM 20-hydroxy ecdysone
(“20E”), 100 μM juvenile hormone III (“JH III”), or a combined treatment of the two
hormones at these concentrations (“20E/JH”). Each of the single motif mutations retained a
significant effect of cotreatment of JH III with 20E compared to the transcription induction
with 20E only (Panel B, p < 0.01 each).
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Figure 5.
Normalized transcriptional activities of the wild type (WT) AJHSP1and BJHSP1 core
promoter, each trimmed to include only the region from −41 to the first base of the
translation start codon, and enhanced (or not, as indicated) by two copies of a 5′-placed
DR1 motif. Also as indicated, the initiator of AJHSP1 was replaced with the five bases of
the BJHSP1 initiator (DR1A1>B1INIT), and the initiator for the BJHSP1 was changed to be
that of AJHSP1 (DR1B1>A1INIT). Shown relative to the EtOH control are means and
standard error of the experimental treatments of 48 h exposure to 1 μM 20-hydroxy
ecdysone (“20E”), 100 μM juvenile hormone III (“JH III”), or a combined treatment of the
two hormones at these concentrations (“20E/JH”). Experiment-wise ANOVA was
significant at p < 0.01. The wild type AJHSP1 core promoter, enhanced by DR1
(DR1AJHSP1WT), was not significantly affected by hormone treatment (p > 0.05), while
the DR1BJHSP1WT activity was significantly induced by cotreatment with 20E and JH III,
as compared to treatment with only 20E (p<0.05). However, when the initiator motif of the
two promoters were exchanged (INIT), the DR1BJHSP1 promoter lost hormone
responsiveness (p>0.05), while the DR1AJHSP1 promoter showed significantly more
activity by cotreatment with 20E and JH III, than the treatment with 20E alone (p < 0.05).
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