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Expanded polyglutamine (polyQ) tract in the human TATA-box-binding protein (hTBP) causes the neurode-
generative disease spinocerebellar ataxia 17 (SCA17). To investigate the pathological effects of polyQ expan-
sion, we established a SCA17 model in Drosophila. Similar to SCA17 patients, transgenic flies expressing a
mutant hTBP protein with an expanded polyQ tract (hTBP80Q) exhibit progressive neurodegeneration, late-
onset locomotor impairment and shortened lifespan. Microarray analysis reveals that hTBP80Q causes wide-
spread and time-dependent transcriptional dysregulation in Drosophila. In a candidate screen for genetic
modifiers, we identified RBP-J/Su(H), a transcription factor that contains Q/N-rich domains and participates
in Notch signaling. Knockdown of Su(H) by RNAi further enhances hTBP80Q-induced eye defects, whereas
overexpression of Su(H) suppresses such defects. While the Su(H) transcript level is not significantly altered
in hTBP80Q-expressing flies, genes that contain Su(H)-binding sites are among those that are dysregulated.
We further show that hTBP80Q interacts more efficiently with Su(H) than wild-type hTBP, suggesting that a
reduction in the fraction of Su(H) available for its normal cellular functions contributes to hTBP80Q-induced
phenotypes. While the Notch signaling pathway has been implicated in several neurological disorders, our
study suggests a possibility that the activity of its nuclear component RBP-J/Su(H) may modulate the patho-
logical progression in SCA17 patients.

INTRODUCTION

Spinocerebellar ataxia 17 (SCA17) is a late-onset, neurode-
generative disease (1,2). It is an autosomal dominant and
progressive disease characterized by ataxia, dystonia, parkin-
sonism, dementia and seizures. Marked cerebellar atrophy
and Purkinje cell loss are typical in SCA17 patients (1–3).
SCA17 is one of the nine diseases that are associated with
expanded tracts of glutamines, referred to as polyglutamine
(polyQ) (4). These polyQ diseases include Huntington’s
disease (HD), spinal bulbar muscular atrophy (SBMA), denta-
torubropallidoluysian atrophy (DRPLA) and the other five

types of SCA, i.e. 1, 2, 3, 6 and 7. They are characterized
by the pathological expansion of the CAG trinucleotide
repeat in the coding regions of unrelated genes and comprise
one of the most common groups of inherited neurodegenera-
tive conditions (4). For example, the TATA-binding protein
(TBP) found in normal human populations has a polyQ tract
ranging from 29 to 42 glutamines (2). When this polyQ tract
is expanded to 45–63 glutamines, the variant human TBP
(hTBP) becomes pathological in inducing SCA17 (4).

Although the nine polyQ diseases are caused by distinct
proteins with unrelated biological functions in their non-
pathological forms, their phenotypes share some common
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features. For example, these diseases induce neurodegenera-
tion in a progressive way with symptoms generally developing
around midlife (4). The pathological expansion of polyQ in the
causative proteins is thought to cause protein aggregates found
in patients’ brain tissue (4), although it remains controversial
whether it is the aggregate, insoluble form or the oligomeric,
soluble form that is responsible for neuropathology (5–7). It
has been suggested that expanded polyQ sequences can alter
how the causative proteins interact with other cellular proteins
(referred to as targets) and such aberrant interactions may
directly contribute to pathogenesis (8–10). For example, in
HD, polyQ expansion induces altered interactions between
huntingtin and a range of transcription factors, such as Sp1
and REST/NRSF (11–16). In addition, ataxin1 with an
expanded polyQ has been shown to have aberrant interactions
with different transcription factors, including LANP, PQBP1,
Gfi-1, SMRT, Boat and Sp1 (17–25).

It has been suggested that both the intrinsic toxicity of
polyQ and the context of the causative proteins may contribute
to the neurodegenerative diseases (26). Among the nine polyQ
diseases, only the causative genes for SBMA, SCA6 and
SCA17 have, in their non-pathological forms, well-
characterized biological functions (27,28). In particular, TBP
is a general transcriptional factor that is required for transcrip-
tion by all three classes of RNA polymerases. TBP is a com-
ponent of the TFIID complex and provides the DNA-binding
specificity for the TATA-box of core promoters of protein-
coding genes (29,30). In a previous study, Friedman et al.
(31) generated a mouse disease model for SCA17 and found
that HSPB1, a small heat shock protein and neuroprotective
factor, was significantly down-regulated due to an enhanced
interaction between mutant TBP and TFIIB. Shah et al. (32)
subsequently found that the mutant TBP interacts with Sp1
more efficiently, an aberrant interaction suggested to influence
the normal function of Sp1 as a transcription factor, leading to
a reduced expression of its downstream target gene TrkA in the
mouse. While these results represent important advances
toward understanding the molecular basis of SCA17, the com-
plexities of the protein–protein interaction networks, com-
bined with the fact that TBP plays a role in transcription of
virtually all genes, suggest that SCA17, like other polyQ dis-
eases, may reflect altered activities of multiple targets and may
involve distinct mechanisms. Since all the polyQ diseases
share common pathological features and, furthermore, hTBP
immunoreactivity is also detected in the nuclear inclusion in
disease brains caused by other polyQ diseases such as HD,
SCA1, SCA2, SCA3 and DRPLA (28,33–35), further investi-
gations into the mechanisms of SCA17 should benefit our
understanding of these neurodegenerative diseases as a whole.

Suppressor of Hairless, Su(H), the Drosophila homologue
of RBP-J (the recombination signal-binding protein for immu-
noglobulin kappa J region), is a highly conserved transcription
factor that participates in Notch signaling (36,37). It also
belongs to a group of proteins that contain domains rich in glu-
tamines and asparagines, referred to as Q/N-rich proteins (38).
In the absence of Notch, the DNA-bound Su(H) acts to repress
transcription (37,39). Upon ligand-induced activation of the
Notch receptor, its intercellular fragment, Nicd, is released
from the membrane and enters the nucleus, where it directly
interacts with Su(H) and induces transcription of its target

genes. The Notch signaling pathway is best known for its
role in lateral inhibition (40). It is critical to a wide range of
developmental processes, such as hematopoiesis, somitogen-
esis, vasculogenesis and neurogenesis (41). The Notch signal-
ing pathway also plays a role in plasticity-related processes,
including patterning of the neurite structure and maintenance
of neural stem cells (42,43). Recent studies suggest that defi-
cits in the Notch signaling pathway are involved in several
neurodegenerative diseases. For example, mutations in
Notch3 have been identified to be causative for cerebral auto-
somal dominant arteriopathy with subcortical infarcts and leu-
koencephalopathy, a disease characterized predominantly by
neurologic pathology (44). In addition, mutations in Notch4
have been identified as potential causative mutations for
Schizophrenia, a complex mental illness (45).

In this study, we establish a Drosophila model (46) to inves-
tigate the disease mechanisms for SCA17. We show that
mutant hTBP proteins cause defects that are characteristic of
SCA17 pathology, including progressive neurodegeneration,
late-onset locomotor impairment and early mortality. The
severity of these defects is dependent on polyQ lengths.
Microarray analysis reveals widespread and time-dependent
transcriptional dysregulation in flies expressing a mutant
hTBP with a tract of 80 glutamines (hTBP80Q). Our results
suggest important contributions of Q/N-rich transcription
factors to hTBP80Q-induced transcriptional dysregulation.
Using the Drosophila SCA17 model, we identified Su(H) as
a genetic modifier for the eye phenotype induced by
hTBP80Q. While knockdown of Su(H) expression enhances
the hTBP80Q-induced defects in both eye patterning and
retinal degeneration, its overexpression suppresses these
defects. Genes that contain Su(H)-binding sites at their promo-
ter regions are among those that are dysregulated in flies that
express hTBP80Q. We provide evidence suggesting that an
altered interaction between hTBP and Su(H) caused by the
polyQ expansion reduces the fraction of Su(H) available for
its normal biological functions. Together, our results suggest
a possibility that a reduced RBP-J/Su(H) activity may contrib-
ute to the pathological progression in SCA17 patients.

RESULTS

hTBP is biologically active in Drosophila

As a general transcription factor, TBP is essential for initiation
of transcription (29,30). While the C-terminal domains of
Drosophila and human TBP proteins (referred to as dTBP
and hTBP, respectively) are highly conserved (Supplementary
Material, Fig. S1A) and directly involved in DNA binding, the
N-terminal divergent domain is suggested to play a role in
species-specific interactions (30,47,48). To evaluate the func-
tionality of hTBP in Drosophila and the feasibility of a SCA17
disease model in Drosophila, we obtained from the Blooming-
ton Stock Center a dtbp mutant line (#18301), which has a
piggyBac insertion at the 5′ of dTBP. Flies homozygous for
this mutant dtbp allele die at the first instar larva stage (Sup-
plementary Material, Fig. S1B), demonstrating that, as
expected, dTBP is an essential gene. We constructed rescue
vectors expressing from pUAST either the wild-type (WT)
dTBP or WT hTBP. Both of these constructs, when driven by
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Hsp70-GAL4, similarly rescued the homozygous dtbp mutants
with flies surviving past the first instar larval stage (Supplemen-
tary Material, Fig. S1B). This was only a partial rescue because
the flies could not survive past the second instar larval stage,
suggesting the importance of proper expression levels and/or
patterns of TBP in its full biological functions. The important
finding relevant to the current work is that both dTBP and
hTBP resulted in a similar rescue, demonstrating that hTBP is
biologically active in Drosophila. As shown below, full-length
hTBP is stably expressed in Drosophila tissues, further
suggesting that Drosophila is a suitable host organism for
studying disease mechanisms of SCA17 (46).

hTBP induces eye phenotypes in Drosophila in a manner
dependent on polyQ length

The polyQ tract located in the N-terminal of hTBP is encoded
by two homogeneous CAG repeat blocks, one with 8–11 CAG
repeats and the other 15–18. The CAG repeats in hTBP are
interrupted at four different locations by a CAA triplet,
which is suggested to stabilize the repeat sequences (28).
Genetic variations, including pathological expansions, gener-
ally occur in the second CAG repeat block of the
hTBP gene (28). To determine whether polyQ expansion in
hTBP can cause neuropathology in flies, we generated hTBP

cDNA constructs expressing proteins with varying polyQ
lengths. We used hTBP with 34 glutamines as WT hTBP,
also referred to as hTBP34Q. We introduced CAG triplets
into the second CAG repeat block to generate hTBP mutants
encoding proteins with either 54 glutamines (referred to as
hTBP54Q) or 80 glutamines (referred to as hTBP80Q)
(Fig. 1A). We used the GAL4/UAS system to express these
proteins in the eye. The driver gmr-GAL4 directs expression
in all differentiated cells of the developing eye, including
photoreceptors and accessory pigment cells (49). Western
blotting results (Fig. 1B) show that the hTBP proteins with
different polyQ lengths were expressed in their full-length
forms at comparable levels in fly eyes (see Fig. 1B legend
for further details about antibody properties and results).

The hTBP proteins induced eye-patterning defects in a
manner that is dependent on the length of the polyQ tract.
Figure 1C and G shows, respectively, the light microscopic
and scanning electron microscopic (SEM) images of control
eyes of 1-day-old adult flies exhibiting well-organized omma-
tidia (see also Fig. 1K for toluidine blue-stained section detect-
ing the gross organization of the photoreceptors). Expression
of hTBP34Q, driven by gmr-GAL4, caused a relatively mild
phenotype in the adult eye with irregular ommatidial mor-
phology (Fig. 1D, H, L). Expression of hTBP54Q led to a
more severe (relative to hTBP34Q-expressing flies) eye

Figure 1. Eye phenotype induced by hTBP in Drosophila. (A) Schematic diagrams of the constructs for UAS:hTBP34Q, UAS:hTBP54Q and UAS:hTBP80Q (not
to scale). hTBP34Q is also referred to WT hTBP in the current work. See Supplementary Material, Fig. S1 for an alignment between hTBP and dTBP sequences.
(B) Western blots detecting hTBP proteins in the head of control flies (lanes 4 and 8), or flies expressing hTBP34Q (lanes 1 and 5), hTBP54Q (lanes 2 and 6) or
hTBP80Q (lanes 3 and 7). hTBP expression was driven by gmr-GAL4 and western blotting was detected by 1C2 (lanes 1–4) or N-12 antibodies (lanes 5–8).
Protein bands for hTBP34Q, hTBP54Q and hTBP80Q are pointed by open arrowheads. b-Actin represents loading control (lanes 9–12). While both N-12 and the
1C2 antibodies recognize the N-terminal part of hTBP, 1C2 has the ability to detect more efficiently the pathological proteins with expanded polyQ than WT
proteins (74). For this reason, the 1C2 antibody has been used to detect other polyQ expanded proteins involved in several other neurodegenerative diseases like
Huntington’s disease and SCA2, 3 and 7 (74). As expected, the 1C2 antibody detected more hTBP80Q than hTBP34Q or hTBP54Q proteins in our assays. In
contrast, the N12 antibody detected similar amounts of these proteins, indicating that the full-length forms of these proteins are accumulated to similar levels in
Drosophila. (C–N) Light microscopic (C–F) and SEM (G–J) images of 1-day-old fly eyes expressing hTBP34Q (D, H, L), hTBP54Q (E, I, M) or hTBP80Q (F,
J, N). (C), (G) and (K) represent control flies containing only the gmr-GAL4 driver. Insets for (G)–(J) represent higher magnification of the ommatidia field.
(K–N) Staining of sagittal sections of adult eyes with toluidene blue.
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morphology with noticeable defects in the gross organization
of photoreceptors (Fig. 1E, I, M). The most severe disorganiz-
ation of the ommatidia was observed in fly eyes expressing
hTBP80Q (Fig. 1J). Here, we observed a collapse of the eye
structure (Fig. 1J), a loss of pigmentation (Fig. 1F) and
severely disorganized photoreceptors (Fig. 1N). These
abnormalities caused by hTBP80Q are similar to the eye phe-
notypes observed in the Drosophila model of SCA3 (50).
These results suggest that polyQ expansion in hTBP contrib-
utes to eye patterning defects in Drosophila.

Progressive retinal degeneration caused by hTBP80Q

The length of the polyQ tract of the hTBP proteins affected not
only the severity of eye morphology as discussed above
(Fig. 1) but also phenotypic progression as a function of
time. In particular, we compared the eye phenotypes on Day
1, Day 10 and Day 20 in flies that express (from the
gmr-GAL4 driver) hTBP proteins with different polyQ
lengths. While eye defects worsened over time for each geno-
type except the WT control (Fig. 2), this phenotypic pro-
gression is most dramatic in hTBP80Q-expressing flies.
Here, the pigment loss of individual ommatidia was more
apparent for 10-day-old hTBP80Q-expressing flies than
1-day-old hTBP80Q-expressing flies (Fig. 2D and H). The
loss of pigmentation became even more dramatic on Day 20,
with the appearance of spots suggestive of necrosis in the
eyes of hTBP80Q-expressing flies (Fig. 2L). These results
demonstrate that mutant hTBP causes progressive retinal

degeneration in a polyQ-length-dependent manner in flies,
further suggesting that these flies represent a good model for
SCA17.

hTBP80Q causes late-onset locomotor impairment
and early mortality

SCA17 is a progressive neurodegenerative disease character-
ized by ataxia, dystonia, parkinsonism, dementia and seizures
in humans (1–3). To determine whether flies expressing
mutant hTBP proteins also exhibit this particular aspect of
SCA17 pathology, we expressed hTBP proteins with different
polyQ lengths in all neurons using the panneuronal driver
elav-GAL4 (elav stands for embryonic lethal abnormal visual
system). We used these flies to evaluate their climbing per-
formance. Western blotting results further confirmed that
these hTBP proteins were expressed in their full-length
forms at comparable levels in flies (Fig. 3A, also see
Fig. 1B legend for additional details). All flies were back-
crossed to w1118 for four generations to minimize background
influence on behavior (or lifespan—see below). Figure 3B
shows the results of climbing performance tests for adult
flies that express hTBP34Q, hTBP54Q and hTBP80Q. While
hTBP80Q-expressing flies at young ages performed similarly
to other age-matched flies (Fig. 3B), they exhibited a
late-onset locomotor impairment. In particular, on Day 31
after eclosion, the percentage of hTBP34Q-expressing flies
that could climb to or above the 12 cm mark in 20 s was
78.6%. In contrast, the percentage of hTBP80Q-expressing

Figure 2. Progressive retinal degeneration induced by hTBP with expanded polyQ. Light microscopic images of 1-day-old (A–D), 10-day-old (E–H) or
20-day-old (I–L) fly eyes expressing hTBP34Q (B, F, J), hTBP54Q (C, G, K) or hTBP80Q (D, H, L). (A)–(D) in this figure are the same as (C)–(F) of Figure 1.
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flies that could perform the same task was only 61.6%
(P-value , 0.05, Student’s t-test), suggesting that these flies
began to show locomotor impairment on Day 31. At later
time points, climbing performance of hTBP80Q-expressing
flies exhibited a more rapid deterioration and greater differ-
ences with flies expressing either hTBP34Q or hTBP54Q
(Fig. 3B).

It has been shown that neurodegenerative diseases can
shorten the lifespan of both human patients and disease
model organisms, such as flies and mice (31,51). To further
evaluate the effect of hTBP mutants, we performed a lifespan
assay using adult flies expressing (driven by elav-GAL4) hTBP
proteins with different polyQ lengths. Again, hTBP80Q-
expressing flies exhibited shortened lifespan than hTBP34Q-
or hTBP54Q-expressing flies (Fig. 3C). At the age of 52
days, none of the hTBP80Q-expressing flies survived, while
about half of the control flies that expressed hTBP34Q
remained alive. These results demonstrate a shortened lifespan
of hTBP80Q-expressing flies. Together, our climbing and life-
span assays show that hTBP80Q can cause both late-onset

locomotor impairment and early mortality in Drosophila,
features characteristic of SCA17 pathology in humans.

Microarray analysis reveals hTBP80Q-induced
transcriptional dysregulation and contributions
of Q/N-rich transcription factors

Since TBP is a general transcription factor, it is possible that
the expansion of its polyQ may cause significant alterations
in gene transcription. To investigate this possibility, we per-
formed microarray analysis using RNA samples isolated
from fly heads expressing either hTBP80Q or hTBP34Q
(driven by elav-GAL4). We analyzed RNA samples at three
different time points: Day 5, Day 28 and Day 35. As shown
in Figure 3B, Day 5 represents the initial state for both the
control flies expressing hTBP34Q and the flies expressing
hTBP80Q, each exhibiting a comparable locomotor ability.
Day 28 is immediately prior to the onset of locomotor impair-
ment for hTBP80Q-expressing flies, whereas Day 35 rep-
resents a state after the onset of the disease. Supplementary

Figure 3. Late-onset locomotor impairment and early mortality caused by hTBP80Q. (A) Western blots detecting hTBP in the head of control flies (lanes 4 and
8) or flies expressing hTBP34Q (lanes 1 and 5), hTBP54Q (lanes 2 and 6) or hTBP80Q (lanes 3 and 7). hTBP-expression was driven by elav-GAL4. See
Figure 1B legend for further details. (B) Cohorts of 200 flies for each genotype were subjected to climbing assays every 3 days. Statistically significant differ-
ences between the hTBP80Q-expressing flies and hTBP34Q-expressing flies were indicated by asterisk where P , 0.05 (Student’s t-test). (C) Survival curves for
hTBP34Q-, hTBP54Q- and hTBP80Q-expressing flies as well as the elav-Gal4 flies. Statistically significant differences between hTBP80Q-expressing flies and
hTBP34Q-expressing flies were indicated by asterisk where P , 0.05 (Student’s t-test). The genotypes of the flies tested in (B) and (C) are: elav-GAL4/+,
elav-GAL4/+; UAS-hTBP34Q/+, elav-GAL4/+; UAS-hTBP54Q/+, and elav-GAL4/+; UAS-hTBP80Q/+. (D) Heatmap representation of transcriptome ana-
lyses showing the effects of hTBP alleles on gene expression patterns as a function of animal age. Affymetrix probesets (from left to right) were identified
that exhibited differential expression at each of the developmental time points as a function of hTBP allele and subjected to hierarchical clustering. Up- and
down-clusters are those transcripts that were activated or repressed, respectively, in their expression by hTBP80Q relative to hTBP34Q at one or more devel-
opmental stages (samples are shown from top to bottom). See Supplementary Material, Table S1, for gene identities corresponding to the map and their respect-
ive cluster (dc1 ¼ down-regulated by hTBP80Q cluster 1, etc.).
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Material, Table S1 lists gene transcripts that are either up- or
down-regulated by 1.4-fold or greater in hTBP80Q-expressing
flies relative to hTBP34Q-expressing flies at each time point.
The identification of these genes, referred to as the ‘dysregu-
lated’ genes, demonstrates that polyQ expansion in hTBP
causes widespread alterations in transcription, with genes
both up- and down-regulated in a time-dependent manner
(see Fig. 3D for heatmap for the dysregulated genes).
Table 1 shows significantly enriched biological processes,
molecular functions and pathways in the dysregulated genes
at different time points (P-values from Fisher’s exact test;
see Supplementary Material, Table S2 for a complete list of
enriched features). These results suggest a possible contri-
bution of specific functions of pathways, such as oxidation
and mitochondria-related energy metabolism (52–54), to
hTBP80Q-induced neuropathology. Our results also revealed
that, consistent with data from a mouse SCA17 model (31),
Hsp27, the Drosophila homologue of mouse HSPB1 was sig-
nificantly down-regulated in hTBP80Q-expressing flies rela-
tive to hTBP34Q-expressing flies (�5-fold) on Day 5 and
its expression level exhibited a further decrease on both Day
28 and Day 35 relative to Day 5.

Q/N-rich proteins have important biological functions,
such as transcription regulation of neurogenesis (55,56).
To evaluate whether Q/N-rich transcription factors as a
group may differ from their non-Q/N-rich counterparts in

hTBP80Q-induced transcriptional dysregulation, we per-
formed a Pearson correlation coefficient analysis. For this
analysis, we divided all the experimentally verified tran-
scription factor genes (57) into two classes: those that
encode Q/N-rich transcription factors and those that
encode the non-Q/N-rich counterparts (38). Our analysis
considered all transcription factor genes regardless whether
they themselves are dysregulated. Using an absolute corre-
lation coefficient of 0.95 as a cutoff, we obtained 146
highly correlated gene pairs between the 39 Q/N-rich tran-
scription factor genes and the 532 dysregulated genes. In
contrast, there are 200 highly correlated pairs identified
between the 127 non-Q/N-rich transcription factor genes
and the 532 dysregulated genes (Supplementary Material,
Table S3). These results show that expression level
changes for genes that encode Q/N-rich transcription
factors contribute more to hTBP80Q-induced transcriptional
dysregulation than their non-Q/N-rich counterparts (P-value
,1e210). There are three Q/N-rich transcription factor
genes that are dysregulated, and they account for 72 of
the 146 correlations (see Supplementary Material,
Table S3, dysregulated transcription factor genes are high-
lighted). In contrast, the three non-Q/N-rich transcription
factor genes that are dysregulated only account for 6 of
the 200 correlations (Supplementary Material, Table S3).
Together, these results suggest important contributions of

Table 1. Gene set enrichment results for the dysregulated genes using DAVID

Category Feature Name of the feature No. of genes P-value
(Bonferroni)

DAY-5, upregulated GOTERM_BP_FAT GO:0006613—cotranslational protein targeting to membrane 5 9.62E204
GOTERM_CC_FAT GO:0005784—translocon complex 4 9.96E204
GOTERM_CC_FAT GO:0005783—endoplasmic reticulum 10 5.32E203
GOTERM_BP_FAT GO:0045047—protein targeting to ER 4 4.06E202
SP_PIR_KEYWORDS Oxidoreductase 11 5.43E202

DAY-5, downregulated GOTERM_BP_FAT GO:0009408—response to heat 10 8.23E208
SP_PIR_KEYWORDS Stress response 7 2.14E207
SP_PIR_KEYWORDS Heat shock 5 5.49E206
SP_PIR_KEYWORDS Stress-induced protein 5 5.49E206
INTERPRO IPR001436—alpha crystallin/heat shock protein 5 1.60E205
GOTERM_BP_FAT GO:0009628—response to abiotic stimulus 11 1.97E204
SP_PIR_KEYWORDS Innate immunity 6 9.98E204
SP_PIR_KEYWORDS Immune response 6 1.20E203
GOTERM_CC_FAT GO:0005576—extracellular region 11 4.73E203

DAY-35, upregulated GOTERM_BP_FAT GO:0055114—oxidation reduction 21 3.41E205
GOTERM_BP_FAT GO:0009069—serine family amino acid metabolic process 6 5.51E205
GOTERM_BP_FAT GO:0009161—ribonucleoside monophosphate metabolic process 6 2.48E204
KEGG_PATHWAY dme00670—one carbon pool by folate 5 1.26E203
INTERPRO IPR017973—cytochrome P450, C-terminal region 8 2.84E203
GOTERM_BP_FAT GO:0009167—purine ribonucleoside monophosphate metabolic

process
5 3.73E203

INTERPRO IPR017972—cytochrome P450, conserved site 8 4.45E203
GOTERM_BP_FAT GO:0006544—glycine metabolic process 4 1.70E202
GOTERM_BP_FAT GO:0009124—nucleoside monophosphate biosynthetic process 6 2.12E202
KEGG_PATHWAY dme00260—glycine, serine and threonine metabolism 5 3.93E202

Day-35,
Downregulated

GOTERM_CC_FAT GO:0005576—extracellular region 11 3.42E203
SP_PIR_KEYWORDS Innate immunity 5 1.33E202
SP_PIR_KEYWORDS Immune response 5 1.53E202
GOTERM_MF_FAT GO:0070279—vitamin B6 binding 4 5.27E202

See Supplementary Material, Table S2 for a complete list of enriched features. Dysregulated genes on Day 28 (either up- or down-regulated) did not show any
significant enriched features.
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Q/N-rich transcription factors to hTBP80Q-induced tran-
scriptional dysregulation (see Discussion for further infor-
mation related to this issue).

Knockdown of Su(H) enhances the hTBP80Q-induced
defects in eye patterning and retinal degeneration

To further study the molecular basis of hTBP80Q-induced
defects in Drosophila, we performed a candidate screening for
genetic modifier in gmr-GAL4 . hTBP80Q flies. We monitored
the eye phenotype in our candidate screen and focused on pro-
teins that contain Q/N-rich domains and have functions
related to neurons (see Supplementary Material, Table S4 for
a list of genes tested and their effects on phenotypic modifi-
cation). Our RNAi screening identified Su(H), a nuclear com-
ponent of the Notch signaling pathway (37). Knockdown of
Su(H) by RNAi in the eye enhanced the hTBP80Q-induced phe-
notype. Figure 4C and G shows, respectively, the light micro-
scopic and SEM images of hTBP80Q-expressing adult eyes
on Day 1, which exhibit pigment loss and fused ommatidia.

The corresponding images for hTBP80Q-expressing eyes with
Su(H) knocked down are shown in Figure 4D and H. These
eyes had large areas of dark spots that are suggestive of necrosis
and retinal degeneration (Fig. 4D). In addition, the shape of the
ommatidia became grossly irregular with bristles largely
missing (Fig. 4H). These defects were much more severe than
those caused by hTBP80Q expression alone (Fig. 4C and G).
These results suggest an involvement of Su(H) in neuropathol-
ogy induced by hTBP80Q in Drosophila.

As a general transcription factor, TBP can interact with a
variety of transcription factors (29,30). To determine
whether Su(H) and hTBPQ80 can interact with each other,
we performed a co-immunoprecipitation (co-IP) experiment
using extracts of fly heads. We used the 1C2 antibody to pull-
down hTBP, and used Su(H) antibody in western blotting to
detect the endogenous Su(H) protein in the precipitated pro-
ducts. Our results show that Su(H) was co-precipitated specifi-
cally with hTBP80Q (Fig. 4I, lane 4, compared with lane 3 as
control), suggesting that hTBP80Q and the endogenous Su(H)
protein can interact in fly tissues. To determine whether polyQ

Figure 4. Su(H) genetically modifies hTBP80Q-induced defects and physically interacts with hTBP80Q. (A–H) Light microscopic (A–D) and SEM (E–H)
images of 1-day-old fly eyes expressing Su(H) RNAi (B and F), hTBP80Q (C and G) or Su(H) RNAi together with hTBP80Q (D and H). (A) and (E) represent
control flies containing only the gmr-GAL4 driver. Insets for (E)–(H) represent higher magnification of the ommatidia field. As detailed in main text, knockdown
of Su(H) enhanced the hTBP80Q-induced eye phenotype on Day 1. (I) Extracts from fly heads with indicated genotypes were immuno-precipitated by the 1C2
antibody to pull down hTBP and the precipitated products were analyzed by western blots using anti-Su(H) antibody to detect Su(H). (J) Extracts from fly heads
with the indicated genotypes were immuno-precipitated by anti-Su(H) antibody to pull-down Su(H) and the precipitated products were analyzed by western blots
using N-12 antibody to detect hTBP.
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expansion may alter how hTBP interacts with Su(H), we per-
formed another co-IP analysis that directly compared
hTBP34Q and hTBP80Q in their interactions with Su(H) in
fly tissues. In this assay, the Su(H) antibody was used to
pull down the endogenous Su(H) protein in head extracts
from flies expressing either hTBP34Q or hTBP80Q, followed
by western blotting to detect hTBP34Q or hTBP80Q with the
N12 antibody. As shown in Figure 4J, the input lanes (1 and 2)
show similar amounts of hTBP34Q and hTBP80Q, further
demonstrating that these two proteins were expressed in
their full-length forms at comparable levels in Drosophila.
However, there was a significantly higher level of hTBP80Q
in the pull-down products than hTBP34Q (lanes 3 and 4),
suggesting that the interaction between hTBP and Su(H) is
enhanced by its polyQ expansion.

Su(H) contributes to hTBP80Q-induced transcriptional
dysregulation

The effect of Su(H) in modifying hTBP80Q-induced eye phe-
notype discussed above is consistent with its role in transcrip-
tional dysregulation. Among the 532 dysregulated genes, 215
of them (�41%; P , 0.05) have putative binding sites for
RBP-J/Su(H) in their promoter regions (see Supplementary
Material, Table S1). Table 2 lists the top 10 overrepresented
transcription factor-binding sites in the promoter regions of
the dysregulated genes at each of the time points, and
RBP-J/Su(H)-binding site is among them. To evaluate the
functional relevance of these binding sites, we used Pearson
correlation coefficient to identify pairs of highly correlated
genes among the dysregulated genes that have at least one
putative RBP-J/Su(H)-binding site in their promoter regions.
Out of the 215 dysregulated genes predicted to have RPB-J/
Su(H)-binding sites, we identified 473 pairs of genes that are
highly correlated, with an absolute correlation coefficient of
0.95 or greater (see Table 3 for a list of top 20 highly corre-
lated gene pairs, and Supplementary Material, Table S5, for
a complete list). Since these genes share the common feature
of having at least one predicted RPB-J/Su(H)-binding site,
the observed correlation represents evidence (58) that Su(H)

plays a role in these genes’ transcriptional responses to
hTBP80Q. Together, our results suggest that Su(H) contributes
to hTBP80Q-induced transcriptional dysregulation.

Rescue of hTBP80Q-induced eye phenotype by Su(H)

An enhanced interaction between hTBP80Q and Su(H) shown
in Figure 4J suggests that, even though the Su(H) expression
level itself was unaffected in hTBP80Q-expressing flies relative
to hTBP34Q-expressing flies (as observed in our microarray
data), the fraction of the Su(H) protein that is available for reg-
ulating its downstream target genes may be reduced by the pres-
ence of hTBP80Q. This possibility is consistent with our finding
that knockdown of Su(H) worsened hTBP80Q-induced eye
defects in Drosophila (Fig. 4D and H). To further evaluate the
role of Su(H) in hTBP80Q-induced phenotype, we analyzed
the dose effect of Su(H). We reasoned that, if hTBP80Q does
indeed reduce the biological functions of Su(H), overexpression
of Su(H) may rescue hTBP80Q-induced defects. Figure 5C and
G shows, respectively, the light microscopic and SEM images of
hTBP80Q-expressing adult eyes on Day 1, which exhibit defects
of pigment loss and fused ommatidia. Overexpressing Su(H) in
hTBP80Q-expressing adult eyes (Day 1) partially rescued the
pigment loss, with an improvement in both the shape and organ-
ization of ommatidia (Fig. 5D and H). Ommatidial fusion was no
longer observed (see Fig. 5M for quantification). The rescue
effect became even more pronounced on Day 10 (Fig. 5K and
L): while pigment loss was notably more severe in hTBP80Q-
expressing fly eyes on Day 10 than on Day 1, Su(H) overexpres-
sion almost completely prevented this phenotypic progression.
These results demonstrate that hTBP80Q-induced eye defects,
in terms of both patterning and retinal degeneration, are suppres-
sible by Su(H) overexpression, further supporting a role of
Su(H) in mediating the pathological effects of hTBP80Q in
Drosophila.

Table 2. Overrepresented top 10 putative transcription factor-binding sites in
the promoter regions of the dysregulated genes

Dysregulated genes—
category

Enriched putative transcription factor-binding
sites (top 10)

Day 5, upregulated genes Abd-B, Adf1, Twi, Cf2, Gli, Phdp, Six4, Whn,
Vvl, ac-sc

Day 5, downregulated
genes

Abd-B, Bab1, Twi, Cf2, Onecut, Phdp, Fkhd,
mirr, Vvl, Prd

Day 28, upregulated genes Abd-B, Brcz, cf2, Phdp, Su(H), Dsx, Fkhd, Gaf,
Vvl, Prd

Day 28, downregulated
genes

Abd-B, Bab1, Twi, Onecut, Phdp, Odd, Fkhd,
mirr, Vvl, Prd

Day 35, upregulated genes Abd-B, Twi, cf2, Elf1, Gli, Phdp, Hsf, Su(H), Dsx,
Gaf

Day 35, downregulated
genes

Abd-B, Bab1, Bcd, cf2, Gcm, Phdp, Kni, Kr, Prd,
Brk

See Supplementary Material, Table S6, for additional details.

Table 3. Top 20 highly correlated pairs of dysregulated gene that are putative
Su(H) target genes

Gene ID-1 Gene
symbol-1

Gene ID-2 Gene
symbol-2

Correlation
coefficient

FBgn0035510 Cpr64Aa FBgn0035553 CG13722 0.997
FBgn0003360 sesB FBgn0038820 CG4000 0.996
FBgn0013773 Cyp6a22 FBgn0036262 CG6910 0.995
FBgn0036262 CG6910 FBgn0038865 CG10824 0.995
FBgn0020521 pio FBgn0038820 CG4000 0.994
FBgn0035510 Cpr64Aa FBgn0058298 CG40298 0.993
FBgn0001225 Hsp26 FBgn0001226 Hsp27 0.993
FBgn0002938 ninaC FBgn0038820 CG4000 0.993
FBgn0003360 sesB FBgn0030398 Cpr11B 0.992
FBgn0032382 CG14935 FBgn0040211 hgo 0.992
FBgn0001224 Hsp23 FBgn0038846 CG5697 0.992
FBgn0013773 Cyp6a22 FBgn0038865 CG10824 0.992
FBgn0038172 Adgf-D FBgn0040211 hgo 0.991
FBgn0035553 CG13722 FBgn0058298 CG40298 0.990
FBgn0003360 sesB FBgn0020521 pio 0.989
FBgn0030398 Cpr11B FBgn0038820 CG4000 0.989
FBgn0027348 bgm FBgn0034010 CG8157 0.989
FBgn0032940 Mio FBgn0040211 hgo 0.989
FBgn0001224 Hsp23 FBgn0032109 CG17005 0.989
FBgn0037973 CG18547 FBgn0040256 Ugt86Dd 0.988
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Figure 5. Rescue of hTBP80Q-induced defects by Su(H). (A–L) Light microscopic (A–D) and SEM (E–H) images of the eyes of 1-day-old flies expressing
Su(H) (B and F), hTBP80Q (C and G) or Su(H) and hTBP80Q (D and H). (A) and (E) represent control flies containing only the gmr-GAL4 driver. Insets for (E)–
(H) represent higher magnification of the ommatidia field. (I–L) Light microscopic images of eyes of 10-day-old flies that have genotypes corresponding to those
shown in (A)–(D), respectively. (M) Quantification of unfused ommatidia in indicated flies. SEM images of adult eyes were used to calculate the percentage of
unfused ommatidias in representative areas. The values shown are the mean (n ¼ 3 for each genotype) and standard deviation (shown as error bar). The sign
asterisk indicates P , 0.05 (Student’s t-test) for comparing hTBP80Q-mediated phenotype either with the gmr-GAL4 control phenotype or with the phenotype
obtained when hTBP80Q and Su(H) were co-expressed.
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DISCUSSION

Our study presented in this work establishes a first Droso-
phila disease model for SCA17. We show that hTBP80Q
causes progressive retinal degeneration, late-onset locomotor
impairment and early mortality, phenotypes characteristic of
human SCA17 pathology. Our candidate screen identifies
RBP-J/Su(H), a transcription factor with Q/N-rich domains.
While the Su(H) transcript level is not affected by
hTBP80Q, genes that contain putative Su(H)-binding sites
are among those that are dysregulated in hTBP80-expressing
flies and, furthermore, the Pearson correlation analysis
suggests that these Su(H)-binding sites are functionally rel-
evant. Our biochemical experiments show that polyQ expan-
sion in hTBP enhances its interaction with Su(H), suggesting
that a reduction in the fraction of Su(H) available for its
normal cellular functions may contribute to hTBP80Q-
induced defects. Supportive of this suggestion, we show
directly that overexpression of Su(H) alleviates
hTBP80Q-induced eye patterning defects and retinal degener-
ation. It is relevant to note that, in our microarray data, the
expression level of Glass, the transcriptional activator for
gmr-Gal4, remains at a relatively constant level under all
conditions. This finding is consistent with our result that
different hTBP proteins were accumulated to similar levels
(Fig. 1B). It is also consistent with our result that the
hTBP80Q level was insensitive to manipulations of Su(H)
expression (Supplementary Material, Fig. S2), suggesting
that Su(H)’s role in modifying the eye phenotype is reflective
of changes in the levels of its downstream target genes (as
opposed to hTBP80Q). Together, our results suggest that an
altered interaction between RBP-J/Su(H) and hTBP induced
by the polyQ expansion may contribute to neuropathology
of SCA17. In mammalian systems (31,32), a mutant TBP
with expanded polyQ can alter the biological functions of
its targets through abnormal interactions that involve both
its aggregate form (with colocalization with its target
protein) and its soluble form (without such colocalization).
These proposed mechanisms may also explain how
hTBP80Q may affect Su(H) function in Drosophila.

The Notch signaling pathway plays an important role in a
wide range of developmental processes. Deficits in Notch
signaling pathway have been implicated in several neurode-
generative diseases (see Introduction). Costa et al. (59)
showed that mice that are heterozygous for either Notch1
or RBP-J/Su(H) have similar spatial learning and memory
deficits. Our experiments in Drosophila show that knock-
down of Su(H) enhances hTBP80Q-induced defects, while
its overexpression rescues such defects. These results demon-
strate an important role of Su(H), a nuclear component of the
Notch signaling pathway, in SCA17 neuropathology. To
determine whether other components in the Notch signaling
pathway may have a similar role as Su(H), we analyzed
the effects of knockdown or mutant of Notch itself and
Kuzbanian, a gene that encodes a protease controlling the
proteolytic processing of Notch (60). We found that neither
of them had a strong effect on the hTBP80Q-induced eye
phenotype (Supplementary Material, Table S4). Although
Su(H) is a key downstream component of the Notch signal-
ing pathway, its role is not restricted to mediating Notch-

dependent transcriptional activation (37,61,62). In addition
to Notch-dependent target genes of Su(H), there are also
genes, such as those involved in socket cell differentiation,
that require Su(H) but are independent of Nicd (63). Although
our study establishes a clear role of Su(H) in mediating
hTBP80Q-induced defects, further investigations are needed
to elucidate the precise relationship between Su(H) and the
Notch signaling pathway during this process.

While the causative disease proteins for the polyQ dis-
eases are ubiquitously expressed, they induce neuropathol-
ogy selectively. For example, although hTBP is a
ubiquitously expressed protein, only cerebellar atrophy and
Purkinje cell loss are reported in SCA17 patients (2).
How the widely expressed causative proteins, in their patho-
logical forms, lead to selective neuropathology remains an
interesting question. Mutant proteins with expanded polyQ
tracts may interact abnormally with Q/N-rich proteins to
alter their normal cellular functions to contribute to neuro-
pathology (64–66). Both Sp1 and RBP-J/Su(H), which are
suggested to play a role in SCA17 neuropathology [(32),
and this work], contain Q/N-rich domains, suggesting that,
consistent with other polyQ diseases (11–24,31,32), polyQ
expansion in hTBP may lead to neurotoxicity through aber-
rant interactions with multiple target proteins. In addition,
our Pearson correlation analysis reveals that changes in
the expression levels of Q/N-rich transcription factor genes
contribute more to hTBP-induced dysregulation than their
non-Q/N-rich counterparts (Supplementary Material,
Table S3). Together, these results suggest that hTBP80Q
may lead to transcriptional dysregulation through its com-
pounded effects on Q/N-rich transcription factors: (i) it pre-
ferentially targets Q/N-rich transcription factors to reduce
the fraction these factors available for their normal cellular
functions, and (ii) it also preferentially amplifies the effects
of the changes in Q/N-rich transcription factor levels on
their target genes’ transcription. We suggest that neuro-
pathological selectivity of polyQ diseases may reflect, at
least in part, the biological specificity of Q/N-rich transcrip-
tion factors. Importantly, our results show that RBP-J/Su(H)
overexpression can alleviate hTBP80Q-induced phenotypes,
suggesting that its function plays a role in modulating the
SCA17 pathological outcome.

MATERIALS AND METHODS

Plasmids

WT dTBP cDNA was amplified from a Drosophila cDNA
library and inserted into the pUAST vector. WT hTBP
cDNA (encoding a protein with 34Q) was amplified from a
Flag-hTBP construct (a gift of Dr Jinsong Zhang) and inserted
into the pUAST vector. Oligonucleotides of CAG repeats were
inserted into its second block of CAG repeat, where the most
frequent expansion of CAG triplets in patients occurs, of the
WT hTBP cDNA to generate hTBP with expanded polyQ
tracts that have either 54 glutamines (hTBP54Q) or 80 gluta-
mines (hTBP80Q) using a previously described method (67).
As WT hTBP, the mutant hTBP genes were also based on
the pUAST vector.
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Drosophila genetics

The UAS:dTBP, UAS:hTBP34Q, UAS:hTBP54Q and UAS:hT
BP80Q transgenic flies were generated by P-element-mediated
technique using a commercial microinjection service (Rainbow
transgenic flies). Independent lines tested for each construct
showed comparable functions based on the rescue or eye pheno-
typic analyses. Rescue experiments were performed using
Hsp70-GAL4 to drive UAS:dTBP and UAS:hTBP34Q to ubiqui-
tously express WT Drosophila and human TBP proteins. We
used gmr-GAL4 and elav-GAL4 to express UAS:hTBP34Q,
UAS:hTBP54Q and UAS:hTBP80Q in the eyes or in all
neurons, respectively. RNAi fly lines for the genetic modifier
screen were from the Bloomington Stock Center or VDRC
and UAS:Su(H) flies were from the Bloomington Stock
Center. All phenotypic analyses were performed at 258C.

Western blot

To determine protein expression levels, adult fly heads from
corresponding genotypes were homogenized in 1× sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) loading buffer (50 mM Tris–HCl, pH 6.8, 100 mM

dithiothreitol, 2% SDS, 10% glycerol, 0.1% bromophenol
blue) and then boiled for 5 min. Proteins were separated by
SDS–PAGE and transferred to Immun-BlotTM polyvinylidene
fluoride membrane (Bio-Rad) for western blotting using
appropriate primary antibodies and an HRP-conjugated
second antibody. Western blotting signals were visualized by
ECL plus western blotting detection reagents (GE Healthcare)
as described previously (68). For western blotting, hTBP pro-
teins with different polyQ lengths were detected by 1C2
(Millipore) or N-12 (Santa Cruz Biotechnology) primary anti-
bodies (see Fig. 1B legend for additional details about the
properties of these antibodies); anti-b-actin antibody
(Abcam) was used to detect b-actin as loading control.

Histology

For SEM images, whole flies were executed in the steam of
chloroform and then analyzed with the scanning electron
microscope (TM-1000, HITACHI). For cryosections, adult
fly heads were dissected, rinsed in phosphate buffer saline
and embedded in the O.C.T. compound (Tissue Tech) and
then frozen by emersion in dry ice. Sagittal sections (9 mm)
were cut at 2208C and stained with toluidine blue for visua-
lizing the gross organization of photoreceptors.

Climbing assays

Climbing assays were performed to determine the locomotor
ability as described (69,70) with minor modifications.
Twenty flies were placed in a test tube of 15 cm in length
and 1.6 cm in diameter. After 30 min recovery from CO2

exposure, flies were gently tapped to the bottom of the test
tube. We counted and calculated the percentage of flies that
could climb up to or above the 12 cm mark in 20 s. Three
trials were performed for each experiment at 1 min intervals,
and 10 experiments were carried out for each group of flies
with the same genotype.

Survival curve

Two hundred flies from each genotype were monitored for sur-
vival. They were maintained in 10 separate vials (each with an
initial 20 flies) at 258C on standard fly food that was changed
every 7 days.

Co-immunoprecipitation (co-IP) assays

Fly heads were collected and homogenized in 200 ml of IP
buffer (200 mM Tris, pH 7.6, 150 mM NaCl, 10 mM ethylene-
diaminetetraacetic acid, 1% Triton X-100, 1 mM phenylmethyl-
sulfonyl fluoride, complete protease inhibitor cocktail tablet).
Five microliters of 1C2 antibody or Su(H) antibody (Santa
Cruz Biotechnology) were added to the lysates after pre-clearing
with the protein G SepharoseTM 4 fast flow beads (GE
Healthcare) and the mixtures were rocked at 48C for 1 h.
Thirty microliters of protein G SepharoseTM 4 fast flow beads
(GE Healthcare) were then added and the mixtures were
rocked at 48C overnight. After being washed six times with
the IP buffer, the beads were boiled in 2× SDS–PAGE
loading buffer and the Su(H) or hTBP proteins were examined
by western blotting with Su(H) antibody or N12 antibody as
previously described (68).

Isolation of total RNA and microarray analyses

Two independent samples of total RNA were extracted from 200
fly heads (100 for each sample) of each genotype (elav-GAL4 .
hTBP80Q and elav-GAL4 . hTBP34Q) at each time point (Day
5, Day 28 and Day 35) with the Trizol Reagent (Invitrogen) and
then purified with RNeasy columns (Qiagen) following the man-
ufacturers’ instructions. Hybridization for each sample to the
GeneChip Drosophila Genome 2.0 Array (Affymetrix) was per-
formed by the Affymetrix Gene Chip Core at the Cincinnati
Children’s Hospital Medical Center (Cincinnati, OH, USA)
using standard protocols. The hybridized arrays were scanned
using the Microarray Suite (MAS) Software (Affymetrix).
Scanned data were analyzed with GeneSpring 7.1 (Silicon Gen-
etics, Redwood City, CA, USA) using Affymetrix MAS 5.0 cel
files subjected to the RMA cel file pre-processor built in to Gene-
Spring 7.1. The mean expression values from the duplicate samples
for each genotype at a time point were used for further analysis.
Normalized signal intensities were then used to identify expression
changes between hTBP80Q-expressing flies and hTBP34Q-
expressing flies at each time point. Transcripts that meet two cri-
teria were identified as being dysregulated: a ≥1.4-fold change
in expression level and a paired t-test P , 0.05. Supplementary
Material, Table S1 lists 536 dysregulated transcripts from our
microarray data, with 524 annotated genes.

Functional enrichment and transcription factor-binding
site analyses

The Database for Annotation, Visualization and Integrated
Discovery (DAVID) (71) was used for the assessment of bio-
logical processes in the dysregulated genes. The promoter
sequence for each of dysregulated genes (i.e. the 1000 bp
region upstream of the transcription initiation site) was down-
loaded using the UCSC genome browser (72). MatInspector
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(73) was then used to identify the putative targets of RBP-J/
Su(H). Statistical significance was calculated by comparing
with the promoter sequences of all Drosophila genes.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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