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Abstract

Background.—POLR1D is a subunit of RNA Polymerase | and 111 (Pol I1)/I11 and dysregulation
of Pols are associated with several types of disease, including ribosomopathies. The craniofacial
disorder Treacher Collins Syndrome (TCS) is one such disease caused by mutations in subunits of
RNA Polymerase I, including POLR1D. Here, we characterized a missense mutation and loss of
POLR1D in Drosophila.

Results.—We found a Drosophila line harboring a mutation in POLR1D (G30R) that reduced
rRNA levels, slowed larval growth, and arrested larval development. Remarkably, the G30R
substitution is at an orthologous glycine in POLR1D that is mutated in a TCS patient (G52E). We
showed that the G52E mutation in human POLR1D, and the comparable substitution (G30E) in
DrosophilaPOLRL1D, reduce their ability to heterodimerize with POLR1C /n vitro. We also found
that POLR1D is required early in the development of Drosophila neural cells. Furthermore, an
RNAI screen revealed that POLR1D is also required for development of non-neural Drosophila
cells, suggesting the possibility of defects in other cell types.

Conclusions.—These results establish a role for POLR1D in Drosophila development, and
present Drosophila as an attractive model to evaluate the molecular defects of TCS mutations in
POLR1D.
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1. Introduction

RNA Polymerase | (Pol 1) is a multi-subunit complex that is responsible for synthesizing
three of the four ribosomal RNAs (rRNAS) in eukaryotes. Mutations in Pol | subunits cause
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Treacher Collins Syndrome (TCS)?, a craniofacial disorder that occurs in approximately

1 in every 50,000 live births2. TCS occurs as a result of defects in the proliferation and
migration of neural crest cells (NCCs) during embryogenesis. NCC function is required for
the formation of facial and auditory structures, which are abnormal in TCS patients34.

TCS is caused predominantly by mutations in 7COF1, encoding Treacle; however,
mutations in POLRID and POLRIC are also implicated in TCS, but are less well
understood?. POLR1D and POLR1C are evolutionarily conserved and shared subunits of
both Pols I and 111 that form a heterodimer required for Pol I/111 assembly and function®:6.
Our current understanding of the effects of mutations in POLR1D and POLR1C on Pol
assembly is limited’, though they ultimately reduce rRNA synthesis’8. For example, G52E
is a mutation in a highly-conserved glycine in POLR1D that was identified in a man

with non-familial TCS2°. The molecular mechanism by which G52E causes TCS remains
unknown; however, since it is located in in the heterodimerization domain of POLR1D, it
is expected to disrupt its interaction with POLR1C, hinder Pol assembly, and impair rRNA
expression. Impaired rRNA expression is implicated in the pathology of ribosomopathies,
which are characterized by sensitivity of highly-proliferative cell populations to mutations
that ultimately reduce translational output®. NCCs are particularly sensitive to mutations to
Treacle, POLR1D, and POLR1C, which reduce rRNA levels, impede ribosome assembly,
and reduce translation. As such, TCS is classified as a ribosomopathy10-11,

Several model systems, including yeast, zebrafish, and mouse, have been established to
study ribosomopathies, including TCS caused by loss of POLR1D function’-12-17, While
useful, these models suffer several drawbacks. For instance, yeast lacks multi-lineage tissue
development and cannot be used to study the developmental phenotypes caused by loss of
POLR1D function. Importantly, while zebrafish and mouse are more appropriate models to
study POLR1D function in development, those studies have relied on the use of complete
deletions of POLR1D, which precludes the ability to study the molecular consequences
and developmental outcomes of TCS disease variants®°. Drosophilais emerging as an
excellent model system in which to study ribosomopathies due to the high conservation of
ribosome biogenesis factors between flies and humans!819 and the availability of reagents
to interrogate the function of disease-associated genes. Most importantly, Drosophila has a
long history as a valuable platform for modeling human disease variants20-23,

Here, we establish a role for POLR1D in Drosophila development. We acquired a fly
stock harboring an unknown lesion in POLR1D, and found that remarkably, the lesion

is a missense mutation (G30R) in the same glycine residue that is mutated ina TCS
patient (G52E)29. Just as G52E yields developmental defects in humans, G30R mutant
larvae exhibit reduced growth and are developmentally arrested. Consistent with the role
of POLR1D in Pol I and Pol 11 function, we found that dPOLR1D1 mutant larvae have
reduced levels of rRNAs synthesized by both Pol | and Pol I11. We also found that binding
of human and Drosophila POLR1D proteins to their partner POLR1C subunit is similarly
impacted by either the E or R mutations, demonstrating the molecular conservation of the
POLR1D/POLRIC interaction. Importantly, tissue-specific RNAI revealed a requirement
for POLR1D early in the developing Drosophila nervous system, which is similar to the
requirement of POLR1D early in human embryonic NCC proliferation, and validates the use
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of Drosophila as a TCS model. An RNAI screen revealed that POLRAD is also required for
tissue development outside of the nervous system, including wings, ovaries, and muscles.
Our results establish POLR1D as a protein vital to Drosophila development, and suggests
that Drosophila may serve as an additional model system in which to study developmental
and molecular defects of TCS caused by mutated POLR1D.

2. Results

2.1. The dPOLR1D! allele is a mutation in a clinically-relevant residue.

We acquired a fly stock that harbored an uncharacterized mutant allele of Drosophila Polr1D
(hereafter referred to as dPOLR1D). We sequenced this allele (dPOLRID?) and identified a
guanine to adenine transition in an exon common to all three splice isoforms of dPOLRID
(Fig. 1A), resulting in a glycine to arginine substitution (G30) (Fig. 1B, top). According

to the modENCODE Project?4, the dPOLR1D-PA protein isoform is the most ubiquitous
and highly-expressed, and therefore we refer to this mutation with respect to that protein
isoform, as G30R. Remarkably, the G30R substitution occurs at a highly-conserved glycine
that is mutated in a TCS patient, to glutamic acid (G52E) (Fig. 1B, bottom).

2.2. dPOLR1D is required for adult viability.

The dPOLRID” allele was generated as part of a large-scale mutagenesis screen?®. Placing
the dPOLRID? allele in transto a large chromosomal deletion (deficiency; Df) uncovering
dPOLRID and 133 additional genes resulted in pre-adult lethality?6:27, In addition to
dPOLRID, the Df uncovered an additional two genes involved in translation, RpL30and
mRpL.15?8, which encode ribosomal proteins of the large cytoplasmic and mitochondrial
ribosomes, respectively (Fig. 1C, Dfs A and B). Given the collective role of these

three genes in cellular translation, the cumulative cellular stress of RpL30and mRplL 13
hemizygosity in a dPOLR1D?/Dfbackground might have contributed to or even caused
pre-adult lethality, instead of lethality being attributable to the dPOLR1D mutation alone.

To determine whether the loss of dPOLR1D causes the pre-adult lethal phenotype
independent of RpL 30, mRplL 13, and other genes in the large Df, we crossed heterozygous
dPOLRI1D/+females with heterozygous males comprising a series of progressively
smaller Dfs (Fig. 1C), to see if we could recover adult dPOLR1D/Dfprogeny. No adult
dPOLR1DY/Df progeny were recovered from any cross, including to the smallest Df, Df G
(Table 1, Fig. 1C), indicating that dPOLR1D is required for adult viability independent

of RpL.30, mRpL13. For all subsequent experiments we crossed female dPOLR1D?
heterozygotes with males heterozygous for Df G (Fig. 1C), smallest Df uncovering
dPOLRID.

2.3. dPOLR1D is required for larval growth and development.

It was originally reported that dPOLR1D/Df larvae were viable despite failing to develop
into viable adults. Mutant larvae remained small, about the size of first (L1) or second (L2)
instar larvae, long after they should have advanced to later developmental stages2’. However,
this study used a larger Df that removed RpL 30, mRpL 13, and other genes, as described
above. Therefore, we used our new adPOLR1DY/Dfbackground to test whether larvae still
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arrest in the L1 and L2 stages. We collected wild type (wt) and dPOLRI1D*/Dflarvae as
they began to hatch, aged them to 24-48, 4872, and 72-120 h AEL (after egg-laying),

and observed larval size. These timepoints represent the L1, L2, and L3 phases of larval
development, respectively. As expected, wt larvae grow progressively larger from the L1 to
the late L3 stage (Fig. 2A-C); however, dPOLR1DY/Df larvae grew very little over a 120-h
timespan (Fig. 2D-F), remaining at a size approximately that of wt L1 larvae (Fig. 2A).
These results demonstrate that defective growth results from the loss of dPOLR1D function
independent of RpL30and mRpL13.

Our results suggest that dPOLRID/Dflarvae arrest in the L1 stage (Fig. 2F), but it was
previously reported that dPOLR1DY/Df larvae (using a large Df) arrest at the L2 stage?’.

To address this discrepancy, we harvested larval cuticles at timepoints corresponding to

the L1, L2, and L3 larval instar stages, and quantified the number of teeth in the mouth
hooks, as tooth number reliably indicates each larval instar stage2?. At each time point,

the majority of wt larvae were in the expected larval stages (Fig. 2G-I, M-O). In contrast,
dPOLR1DY/Df larvae showed considerable developmental arrest. At 24—48 h, mutant larvae
had L1 mouth hooks as expected (Fig. 2J, M), however, at 48—72 h, almost all mutant larvae
still had L1 mouth hooks (Fig. 2K, N), though a few had L2 mouth hooks (Fig. 2K’, N).

At 72-120 h, approximately half of the larvae had L1 mouth hooks (Fig. 2L, O), while the
other half had L2 mouth hooks (Fig. 2L’, O); no L3 mouth hooks were observed (Fig. 20).
Interestingly, dPOLR1D?/DfL2 mouth hooks were considerably smaller than those in wt
(compared Figs. 2K’, L’ with Fig. 2H), consistent with reduced growth in dPOLR1DY/DFf
larvae. These results indicate that the dPOLR1D G30R mutation causes reduced growth and
developmental arrest at the L2 larval instar stage.

While unlikely, it is possible that the mutant phenotypes we observe are not due to
dysfunctional dPOLR1D protein with the G30R mutation, but to reduced gene dosage, as
dPOLR1DY/Dflarvae contain only a single allele of dPOLRID. To rule out this possibility,
we measured the levels of dPOLR1D mRNA in wt and dPOLR1DY/Dflarvae by qRT-PCR.
Using primers that anneal to a region common to both the wild-type and mutant dPOLRID
alleles, we found no significant difference in the amount of total dPOLRID mRNA between
wt and dPOLRIDY/Dflarvae (P=0.4512, Fig. 3). However, at this stage of development,
some or all of the total dPOLRID mRNA in dPOLRI1DY/Dflarvae might be maternally-
inherited wild-type dPOLR1D mRNA. Using a primer specific for the wild-type allele of
dPOLRID, we found that dPOLR1D/Dflarvae did not contain any wild-type (maternal)
dPOLRI1ID mRNA (P<.001, Fig. 3). These results indicate that in dPOLR1D?/Dflarvae

at the 72-120 h time point, there is complete turnover of maternally-derived wild-type
dPOLRIDmRNA, and dosage compensation to increase expression of the dPOLRID! allele
to levels comparable to expression of the wild-type dPOLRID allele in wt larvae. Therefore,
the phenotypes we observe are likely due to defective dPOLR1D protein with the G30R
substitution, and not due to a lack of dPOLRID* mRNA. It is also possible that the G30R
mutation renders the dPOLR1D? protein unstable.
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2.4. dPOLRI1D is required for rRNA production.

POLR1D forms a heterodimer with POLR1C that is necessary for Pol | and 111 assembly®8,
and loss of POLR1D function reduces rRNA accumulation’14. To determine if the G30R
mutation causes reduced rRNA levels in dPOLRI1D/Df larvae, we performed RT-qPCR on
total RNA extracted from wt and dPOLR1D/Df larvae aged to 72-120 h AEL (a time
point at which dPOLR1DY/Df larvae only express mutant dPOLRID! mRNA, Fig. 3). As
expected for a mutation in a shared Pol | and 111 subunit, @POL R1D/Df larvae exhibited a
significant decrease in the amount of 18S and 28S rRNA (transcribed by Pol I; P=0.0014
and 0.0444, respectively) and 5S rRNA (transcribed by Pol I11; P=0.0432) compared to

wt (Fig. 4A). The levels of TubulinmRNA, which is transcribed by Pol I, were not
significantly affected (P=0.3613). These results suggest that larval growth reduction and
developmental arrest in dPOLR1DY/DF larvae are the result of compromised Pol I and 111
function due to the G30R mutation, leading to reduced expression of rRNAs. It is also
formally possible that some or all of the rRNAs we are able to detect in dPOLR1DY/Df
larvae are from maternally-derived ribosomes (see Discussion).

In Drosophila, the loss of rDNA repeats on either the X or Y chromosomes reduces rRNA
expression and causes morphological defects in the abdominal tergites of adult flies, referred
to as the bobbed phenotype30. Although dPOLR1D/+flies are viable, we hypothesized
that the G30R substitution might be a dominant mutation that decreases rRNA levels
during development3!, and phenocopies the bobbed mutation in adult flies. Indeed, about
25% of dPOLR1DY/+adults exhibited a bobbed phenotype, compared to only 0.1% of

wt adults (P=0.0087, Fig. 4B). These data suggest that the G30R mutation is a dominant
mutation with incomplete penetrance, which reduces rRNA expression, and disrupts tergite
development. This is strikingly similar to what is observed in TCS patients: most mutations
in POLRI1D are autosomal dominant?® with incomplete penetrance32, and lead to structural
defects in the craniofacial skeleton3:4.

2.5. Drosophila- and human-specific mutations have different effects on POLR1D/
POLR1C heterodimer formation.

Mutation of the conserved glycine in humans causes TCS2, and in Drosophila, caused
reduced larval growth and developmental arrest (Fig. 2), demonstrating an important

and conserved role of this glycine residue in human and Drosgphila development. We
sought to characterize the biochemical consequences of the human (G52E) and Drosophila
(G30R) mutations in POLR1D (Fig. 1B). When modeled on the crystal structure of human
POLR1D (hPOLRL1D), the G30 residue in dPOLR1D resides within the domain required
for heterodimerization with POLR1C (Fig. 5A). Therefore, we hypothesized that both the
G52E and G30R mutations affect POLR1D binding to POLR1C, which could explain the
developmental defects these mutations cause in humans and Drosophila, respectively.

To determine the effect of these mutations on POLR1D binding to POLR1C, we used a
bacterial co-expression system to produce 6xHis-tagged dPOLR1D or hPOLR1D proteins
harboring either the human (G to E) or Drosgphila (G to R) variants, together with

the relevant POLR1C protein tagged with 3xFLAG. Co-expression of PORL1D and
POLRIC together is critical, as one protein can be insoluble in the absence of the other’.
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Cells co-expressing POLR1D and POLR1C were subjected to precipitation by Ni-affinity
purification, and analyzed by SDS-PAGE for the Drosophila proteins (Figs. 5B, C) or
Western blot for the less well-expressed human proteins (Figs. 5D, E).

Ni-affinity purification of wt Drosophila POLR1D pulled down dPOLR1C, as expected
(Fig. 5B, lanes 1-4), but the G to E mutant pulled down approximately half as much
dPOLR1D (Fig. 5B, lane 7, compare with lane 2; Fig. 5C), suggesting that this substitution
interferes with heterodimerization. A similar result was obtained for the human proteins:
hPOLR1D pulled down hPOLR1C (Fig. 5D, lanes 1-4), but the G to E mutation reduced
this interaction (Fig. 5D, lane 7, compare with lane 2; Fig. 5E). This suggests that

the molecular pathology of the G52E mutation in the TCS patient?? is likely reduced
dimerization between hPOLR1D and hPOLR1C.

In contrast, we found that the Drosophila G to R mutation in both dPOLR1D (Fig. 5B,
compare lane 6 with lane 2; Fig. 5C) and hPOLR1D (Fig. 5D, compare lane 6 with lane

1; Fig. 5E) did not affect binding to their respective POLR1C proteins. Therefore, in
Drosophila, the reduced rRNA levels, reduced growth, and developmental arrest caused by
the G30R mutation is not likely due to reduced dPOLR1D/dPOLRI1C heterodimerization.
Instead, the G30R substitution might affect later steps in Pol | and 111 assembly”.

2.6. dPOLRI1D is required in pre- and post-mitotic cells of the nervous system for
development and adult function.

TCS arises from defects in the proliferation and migration of neural crest cells (NCCs), a
highly-proliferative cell population that is sensitive to reduced translation caused by loss of
POLR1D function!4. Therefore, we tested if Drosophilaneural cells are similarly sensitive
to loss of POLR1D function. We employed the GAL4/UAS system33 to induce RNAI-
mediated knockdown of dPOLR1D% in two different neural cell types, and observed the
effect on the timing of three developmental landmarks: (i) the onset of larval “wandering”,
(ii) pupariation (pupa formation), and (iii) eclosion from the pupal case. We also determined
the effect RNAI had on adult viability and behavior.

First, we used the wor-GAL4 driver?435-37 to induce RNAI in neuroblasts, a pre-mitotic
cell type, during the embryonic and larval stages. Knockdown in embryonic and larval
neuroblasts did not have an effect on any of the developmental events we scored, including
the number of days to the onset of wandering (P=0.2063, Fig. 6A), between wandering
and pupariation (P=0.0687, Fig. 6B), and between pupariation and eclosion (P=0.1161,
Fig. 6C). Unexpectedly, RNAI in embryonic and larval neuroblasts had a profound adverse
effect on adult flies. Adults were viable (P=0.3492, Fig. 6D), but they exhibited extreme
locomotor defects (Supplemental Video 1). Most flies became stuck in their food and
subsequently died. Flies that did not get stuck were nevertheless unable to remain upright
or walk, sporadically moving their limbs in an attempt to move, though mostly remaining
completely immobile. These results suggest that loss of dPOLR1D function in neuroblasts
during embryonic and/or larval development can have severe consequences in adult flies, a
circumstance that is analogous to TCS.
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Next, we used the elav-GAL 4 driver1®24.38 to induce RNAI in all neurons (pan-neuronal),
which are post-mitotic cells that derive from neuroblasts. This driver is active not only in
embryos and larvae, but also in pupae and adults, and pan-neuronal RNA. yielded both
developmental and adult phenotypes. The wandering behavior of L3 larvae was delayed
by 1.5+ 0.1d in dPOLRID RNAI larvae compared to control (P=0.0094, Fig. 6E);
however, the number of days between wandering and pupariation (P=0.4187, Fig. 6F) and
pupariation and eclosion (P=0.0795, Fig. 6G) were not significantly delayed, similar to
RNAI in embryonic and larval neuroblasts.

Unlike RNAI in embryonic and larval neuroblasts, pan-neuronal knockdown throughout all
stages of Drosophila development strongly reduced adult viability (Fig. 6H, P<0.0001), with
nearly 90% of adults failing to eclose. As with RNA. in neuroblasts, dPOLR1D knockdown
in neurons also results in locomotor defects (Supplemental Video 2). Of the 10% of viable
adults, some exhibited a phenotype similar to wor > dPOLR1D RNAI flies, being unable

to stand or move and only able to move their limbs in an attempt to become upright
(Supplemental Video 2, top right); these flies commonly became stuck in their food and
died. Other flies were able to remain upright, but were otherwise immaobile (Supplemental
Video 2, bottom left). Curiously, elav > Polr1D RNAI flies also have a held-out wings
phenotype (Fig. 61). This might be due to defects in indirect flight muscle motoneurons39:40,
These results identify differences between dPOLR1D function in neurons and neuroblasts,
and indicate that dPOLR1D is important for key aspects of developmental timing (larval
wandering) and adult viability.

2.7. An RNAI screen reveals a requirement for dPOLR1D function for proper development
in a variety of cell types.

Ribosomopathies are thought to be cell type-specific diseases, wherein certain cell
populations that have an intrinsically high demand for translation are particularly sensitive
to mutations that lead to reduced levels of functional ribosomes!04142 \We were curious

as to whether dPOLR1D levels are also important for the development of non-neural cell
types. To address this possibility, we took advantage of the wealth of genetic tools available
to conduct RNAI screens in Drosophila across a broad range of cell types. (Fig. 7). We
employed the GAL4/UAS system32 and crossed control or UAS-dPOLR1D RNAI flies 34
with TRiP Toolbox Drosophila stocks*3. The toolbox stocks contain common GAL4 drivers
active at different developmental timepoints in different cell types, and an inducible UAS-
Dcr-2transgene to increase the activity of the dsRNA processing pathway, which increases
the strength of siRNA-mediated knockdown and the sensitivity of RNAI screens34. We also
made use of another GAL4 driver (eyPX297 previously used to study ribosomopathies in
Drosophila®’ .

As a proof of principle for the sensitivity of this approach, we repeated RNAI against
dPOLR1D driven by the elav-GAL4 driver, but with Dcr-2 co-induced. This resulted in
complete pupal lethality (Fig. 7A), as compared to ~90% pupal lethality without Dcr-2 (Fig.
6H). Interestingly, dead pupae were often observed to have incomplete head development
(Fig. 7A), which is similar to what is observed in the most extreme TCS cases, in

which severe underdevelopment of the head and face substantially contribute to prenatal
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inviability*445, The increased severity of efav > dPOLR1D RNAJ phenotypes caused by
co-induction of Dcr-2demonstrated the sensitivity of this approach, and ensured that we
would detect developmental defects caused dPOLR1D knockdown in other tissues.

We found that dPOLR1D RNAI induced in a range of cell types caused various
developmental or functional defects, indicating a broad and temporal requirement for
dPOLR1D function in development (Fig. 7). en-GAL4 is expressed in the posterior
compartment of larval imaginal discs*6 as well as the central nervous system (CNS)*7+48,
dPOLRI1D knockdown induced by en-GAL4 inhibited the eversion of the anterior spiracles
(Fig. 7B, red arrowheads) and resulted in complete pupal lethality. Anterior spiracles are
required for pupal respiration, and failure to evert likely accounts for the complete pupal
lethality we observe. Induction of dPOLRID knockdown in the eye discs with the gy/@K207
GAL4 driver®® caused a mild “rough eye” phenotype (Fig. 7C, white arrowhead), suggesting
that reduced dPOLR1D function can cause cell death in the eye®0. Cell death due to loss

of POLR1D function therefore appears to be a conserved cellular response across multiple
model organisms#17:51 phg-GAL4is expressed in the dorsoventral boundary of the wing
discs®2, and Bx-GAL4 is expressed in the wing hinge and wing pouch regions of the wing
disc®3. dPOLRID knockdown induced by these GAL4 drivers led to scallopedwing (Fig.
7D, red arrowhead) and vestigial wing (Fig. 7E, red arrowhead) phenotypes. Scalloped

has a function in both Hippo and Wingless signaling®#°°, and interacts physically with
Vestigial®8, suggesting that JPOLR1D may function in the Scalloped/Vestigial axis. Like
Bx-GAL4, nub-GAL4 s also expressed in the wing hinge and wing pouch of the wing
discs®’; however, unlike RNAI induced with Bx-GAL4, induction with rub-GAL4 led to
complete truncation of the wings at the wing hinge (Fig. 7F). This difference may be due
to the exact timing or location of nub-GAL4 expression compared to Bx-GAL4. dPOLR1D
knockdown induced in the female germline with 710s-GAL4.NGT°8 strongly reduced ovary
size (Fig. 7G, top), and rendered females sterile (P<0.0001, Fig. 7G, bottom). This is
consistent with the high demand for Pol | transcription factors in female germline59:60,
dPOLRI1D knockdown in muscles with Mef2-GALA4%1 caused a reduction in larval growth
and arrested larval development (Figs. 7H, 1), phenocopying the developmental arrest of
0dPOLR1DY/Df larvae (Fig. 2E-H).

In summary, the results of our RNAI screen suggest that dPOLR1D functions in the
development of a broad range of cell types, and serves as a resource for future investigations
into the developmental role of dPOLR1D in a variety of cells, tissues, and organs.

3. Discussion

Here, we established Drosophilaas a tractable model for studying both the role of POLR1D
(and other Pol I/111 subunits) in organismal development, and TCS (Fig. 8). We show that a
G to R substitution in a conserved glycine in the Drosophila ortholog of POLR1D reduces
rRNA levels and larval growth, and arrests larval development (Fig. 8A). Introducing a
TCS patient mutation (G to E) at this position reduced the ability of the Drosophila and
human POLR1D to heterodimerize with POLR1C /n vitro. Importantly, we show that
RNAi-mediated knockdown of dPOLR1D in pre- and post-mitotic neural cells reduces
developmental rate and adult viability, and affects the ability of viable adults to functional
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normally, which is similar to the effect POLR1D mutants have on TCS patients (Figs. 8C,
F). Finally, an RNA. screen demonstrated that dPOLR1D has a role in the development and
function of non-neural cell types, including the muscles (Fig. 8B), imaginal discs (Fig. 8C),
wings (Fig. 8D), and ovaries (Fig. 8E).

We discovered that a classic @POLR1D mutant fly line?® harbors an amino acid substitution
(G30R) of a glycine residue that corresponds to a glycine (G52E) in human POLR1D that

is mutated in a patient with non-familial TCS2°. In our experiments, the human mutation
(G to E) in both Drosophilaand human POLR1D proteins reduced, but did not abolish
binding to their cognate POLR1C proteins. This is not surprising, however, given that

most protein-protein interactions require multiple contacts. The fact that a single amino
acid replacement within a larger dimerization domain significantly disrupted the POLR1D/
POLRLC interaction strongly suggests that in patients with a G52E mutation, TCS is caused
by reduced heterodimer formation.

Although the Drosophila mutation (G to R) did not affect heterodimer formation /n vitro, it
did reduce the levels of the 18S, 28S, and 5S rRNAs in dPOLR1D/Df larvae. We suspect
that G30R might inhibit Pol | and Il assembly downstream of heterodimerization, leading to
impaired rRNA synthesis. In support of this idea, a TCS mutation at a conserved threonine
(T711) in AC19, the yeast ortholog of POLR1D, blocks Pol I and Il assembly downstream
of heterodimerization, leading to impaired rRNA synthesis’. The conserved threonine is
within the heterodimerization domain, two positions away from the conserved glycine.

Interestingly, mutation of the glycine to two different amino acids resulted in two

distinct biochemical phenotypes that reflect the major function of POLR1D in heterodimer
formation and Pol I/111 assembly. This indicates that the identity of an amino acid
substitution at a given position can dramatically influence the corresponding biochemical
phenotype. The opposing effects of the E and R mutations on the POLR1D/POLR1C
interaction might be due to their opposing charges; however, the demonstration that either
mutation had the same effect on both Drosgphilaand human POLR1D (i.e. disrupted or
undisrupted binding to POLR1C) underscores the molecular conservation of the POLR1D/
POLRIC interaction. Most importantly, our results suggest that this conserved glycine is
important for both heterodimerization with POLR1C and Pol I/111 assembly, and is vital to
both Drosophila and human development.

Based on our results that showed the G30R mutation caused reduced levels of zygotic rRNA
and arrested larval development at the L2 stage, it appears that maternally-deposited rRNAs
and ribosomes are sufficient to sustain larval development to L2, but not sufficient to support
the massive growth required to progress to the L3 stage. dPOLR1D function is therefore
required to provide an ample supply of rRNAs to enable developmental progression. This

is strikingly similar to what occurs in Drosophila larvae harboring a Nopp140 deletion,
which reduces accumulation of mature, 2’-O-methylated 18S and 28S rRNAs, coincident
with reduced larval growth, and arrest in the L2 stage®2. Similarly, in C. efegans larvae

that are deleted of all rDNA repeats (and thus contain only maternally-derived ribosomes),
development stalls at the L1 larval stage®3. Therefore, it appears that there is a certain
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threshold of mature rRNAs that is required at different stages of larval development in
metazoans to allow for growth to occur, and development to proceed.

TCS is a disease that predominantly affects the NCCs, wherein mutations in POLR1D and
other Pol I/111 pathway genes prevent cell proliferation and migration, cause cell death, and
lead to craniofacial defects38:10.14.64 \While Drosophilalack NCCs per se, we nevertheless
found that RNAI knockdown of dPOLR1D in Drosophilaneural cells yields adverse effects
that are analogous to those in TCS patients with POLR1D mutations. Knockdown of
dPOLRID in embryonic and larval neuroblasts, and neurons, severely compromised the
locomotor abilities of adult flies. Therefore, typical adult locomotor behavior requires
dPOLR1D function in neural cells during the preceding embryonic and larval stages, which
is analogous to TCS caused by mutations in POLR1D, where normal fetal development

is compromised by a lack of POLR1D function in NCCs during embryogenesis**4°.
Additionally, pan-neuronal knockdown throughout all stages of development severely
reduced adult viability, with almost all flies dying as pupae. Pupal lethality is similar to
what is observed in TCS patients with the most severe craniofacial defects, where prenatal
and postnatal survival is reduced due to severely underdeveloped facial structures and an
inability to properly breathe or feed*4:45. Overall, our findings establish a parallel between
the requirement of POLR1D in Drosophila and human neural cells, for larval and embryonic
development, respectively. It will be interesting to determine the exact mechanism by which
the G30R mutation and disease variants found in human POLR1D act in neuroblasts and
neurons to cause developmental arrest in the Drosophila model.

Our RNA. screen revealed that, in addition to neural cells, many cell types are sensitive
to dPOLR1D knockdown. We speculate that this is likely the case in humans too. RNAI
represents an extreme condition of POLR1D loss-of-function that does not underly most
cases of TCS caused by POLR1D mutations, which are typically autosomal dominant
and hypomorphic29:65.66, However, some TCS patients have been identified that are
homozygous for a recessive allele of POLRILP7. It remains possible that lethal cases

of TCS are caused by homozygosity for strong mutant alleles of POLR1D that affect
not only NCCs, but other cells types required for embryonic viability that are otherwise
resistant to heterozygosity for dominant POLR1D mutations; this circumstance would most
closely reflect the results of our RNAI screen. Our screen also lays the groundwork

for future studies to address the function of dPOLR1D in additional tissues and at
different developmental stages, both by RNAI, and by the construction of transgenic fly
lines possessing POLR1D mutations found in TCS patients. Taken together, our results
demonstrate that Drosophila is an attractive model in which to study the molecular and
developmental consequences of TCS mutations in POLR1D.

4. Experimental Procedures

4.1. Fly stocks and husbandry

Flies were raised on Nutri-Fly MF food (Genesee Scientific) with ~0.064 M propionic acid
(Sigma Aldrich, P5561), at 18—-25°C and 50-80% humidity, on a 12 h light/dark cycle. RNAi
experiments were carried out at 29-30°C.
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Polr1D! prl/CyO (referred to in the text as dPOLR1DY/CyO, BDSC #3304) was rebalanced
by outcrossing to wg*?~2/CyO (BDSC #259) and inbreeding Curly F1 progeny lacking

the dominant wg>~ allele. The rebalanced dPOLR1DY/CyO stock and Exel8040/CyO (a
deficiency uncovering dPOLR1D; BDSC #7847) were rebalanced by outcrossing to Sco’V9%/
CyO, ActGFP (BDSC #4533), a stock ubiquitously expressing GFP from a CyO balancer
chromosome. GFP-expressing progeny lacking the dominant Sco’V“F allele were inbred to
generate dPOLR1DY/CyO, ActGFP and Exel8040/CyO, ActGFP stocks. When these two
lines are crossed, dPOLR1D/Dflarval progeny are identifiable by the absence of GFP.

Oregon-R-P2 (BDSC #2376) was wt for all dPOLR1DY/Dfexperiments. w; BSC341/CyO
(BDSC #24365) is a deficiency uncovering dPOLRI1D. w; Exel6042/CyO (BDSC

#71524), w; ED1200/SM6a (BDSC #9173), and w, ED1226/SMé6a (BDSC #9288) are
deficiencies uncovering dPOLR1D and RpL30. w, ED1202/SM6a (BDSC #24466) and

w; ED1203/SM6a (BDSC #8935) are deficiencies uncovering dPOLRID, RpL 30, and
mRpL13. yw; VIE-260B (VDRC #60100) was the control for RNAI experiments. yw;
P{KK108376}VIE-260B (VDRC #100595) harbors a GAL4-inducible dsRNA targeting
dPOLR1D. GALA4 lines used in this study are: UAS-Dcr-2, w; bbg-GAL4 (BDSC #25757),
w Bx-GAL4,; UAS-Dcr-2 (BDSC #25706), elav-GAL4 (BDSC #458), elav-GAL4 w;
UAS-Dcr-2 (BDSC #25750), UAS-Dcr-2, w; en-GAL4, UAS-2xEGFP (BDSC #25752),
w; eyOK107(BDSC #854), UAS-Dcr-2, w; Mef2-GAL4 (BDSC #25756), UAS-Dcr-2, w;
nosGAL4.NGT (BDSC #25751), UAS-Dcr-2, w; nub-GAL4 (BDSC #25754), and w; wor-
GAL4; Drl/TM3, Ubx-lacZ, Sb! (BDSC #56553).

4.2. Crosses to assess dPOLR1DY/Df adult viability

Heterozygous dPOLR1DY/CyO females were crossed with wt, heterozygous DFf/CyO, or
heterozygous DFf/SM6a males. In crosses with heterozygotes, the wt allele of dPOLRID is
provided by either CyO or SMé6a, which are recessive lethal chromosomes with a dominant
negative allele causing a Curly wing phenotype. Thus, adult dPOLRI1DY/Df progeny are
identifiable by the absence of Curlywings.

4.3. Egg collections and larvae isolation

Females and males were crossed at a 3:1 ratio in cages, and eggs were collected every 2-4 h
on grape juice agar (Genesee Scientific) plates with yeast paste. Larvae were hand-selected

24-48 h AEL, and transferred to fresh grape juice agar plates with yeast paste. Larvae were
aged to the appropriate time point, and either imaged, or flash-frozen in liquid nitrogen or a
dry ice/ethanol bath, and stored at —80°C.

4.4. Larval cuticle preparations and imaging

Larvae frozen at —80°C were thawed and mounted on slides with a solution of 3:1 lactic
acid:sterile water, covered with a coverslip, and incubated overnight at 60°C. The anteriors
of L3 larvae that were cut in half were mounted to facilitate easier mounting. Slides were
sealed with nail polish, and scored and imaged under DIC optics.
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4.5. Nucleic acid purification

Genomic DNA was purified from 10 adult male flies with the Monarch Genomic DNA
Purification Kit (New England Biolabs, Inc) according to the manufacturer’s instructions.
Total RNA was purified from either 4 wt or ~300 dPOLR1DY/Dfarvae collected at 72—
120 h AEL, with the Monarch Total RNA Purification Kit (New England BioLabs, Inc)
according to the manufacturer’s instructions for preparation of total RNA from tissues.

PCR and sequencing of adult flies—PCR was performed on gDNA from wt or
AdPOLR1DY/CyO males using OneTaq Hot Start 2X Master Mix with Standard Buffer (New
England Biolabs, Inc) with primers dPOLR1D-F (5'-AAT GGA AGA GGA ACG CAG
CC-3’) and dPOLRID-R (5’-AAC TAC GAT CCC AAG AAG GC-3’). PCR products were
sequenced by Molecular Cloning Laboratories, with either dPOLRID Seq 1(5'-TAGTTG
AGC CTC TGA ACT GG-3’) or dPOLRID Seq 2(5’-CAT CGA TGA CGT TAC CAC
GG-3).

4.6. RT-gPCR

RT-gPCR was performed on 10 pg (rRNA targets) or 1-100 ng (other targets) of total RNA
with the Luna Universal One-Step RT-gPCR Kit (New England BioLabs, Inc) according to
the manufacturer’s instructions. Reactions were performed in biological quadruplicate and
technical triplicate, using a CFX Opus 384 (Bio-Rad) and the data were analyzed using
Bio-Rad Maestro software. The wild type allele of dPOLR1D was amplified using the
ARMS approach 68:69 with primers Wild_Type dPOLR1D-F(5'-CAA CGA GGG CCA
CAC GCT TG-3’), and dPOLR1D_RT-R (5’-TAT GAT CAC ACA GAC CCT CC-3’). Total
dPOLR1D mRNA (i.e. the wild type and mutant alleles of dPOLR1D were amplified with
Total dPOLRI1D-F, a primer common to both alleles (5’-TTT GTG TTC ACC AAC GAG
GG-3'), and dPOLRID RT-R. The primers used to amplify the 18S and 28S rRNAs 31, and
5S rRNA 70, were described previously. The primers used to amplify a 7ub84B ( Tubulin)
were a Tub84B-F (5’-AGC GTC ACG CCA CTT CAA CG-3’) and a Tub84B-R (5'-CTG
ACA ACA CTG AAT CTG GC-3’). Act5C (Actin) was used as the reference gene in all
experiments, and was amplified with primers Act5C-F(5'-GAT GGT CTT GAT TCT GCT
GG-3’) and Act5C-R (5'-CTG GAA CCA CAC AAC ATG CG-37).

4.7. Structural Modeling of dPOLR1D

dPOLR1D was modeled onto hPOLR1D (PDB 7AE1, chain K) using the HHpred MPI
Bioinformatics Toolkit using default settings’1:72,

4.8. Heterodimer Co-expression Assay and Analysis

POLR1D and POLR1C orthologs were cloned into coexpression compatible pET-DUET-1
(Novagen, 71146) and pCDF-DUET-1 (Novagen, 71340), respectively. The sequences

used were NM_136106 for dPOLR1D, NM_135041 for dPOLRIC, NM_001374407.1 for
APOLRID, and NM_203290.4 for hPOLRIC. Mutations in POLR1D were made using
Quikchange mutagenesis’3 with the following primers: dPOLRID G30R _F(5’-CAC ACG
CTG AGA AAT GCG CTG AAA ACG ATC ATA-3’), dPOLRID G30R R (5'-CAG
CGC ATT TCT CAG CGT GTG GCC CTC GTT GGT-3'), dPOLR1D G30E _F(5'-CAC
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ACG CTG GAG AAT GCG CTG AAA ACG ATC ATA-3'), dPOLRID G30E R(5’-
CAG CGC ATT CTC CAG CGT GTG GCC CTC GTT GGT-3"), hPOLRID G52R_F
(5’-CAT ACC CTA CGT AAT TCT CTA CGT TAC ATG ATC-3'), hPOLRID G52R R
(5’-TAG AGA ATT ACG TAG GGT ATG GTC TTC CTC GTG-3"), hPOLRID G52E F
(5’-CAT ACC CTA GAG AAT TCT CTA CGT TAC ATG ATC-3"), hPOLRID G52E R
(5’-TAG AGA ATT CTC TAG GGT ATG GTC TTC CTC GTG-3’). Complexes of
recombinant wt or mutant dPOLR1D or hPOLR1D, with dPOLR1C and hPOLR1C, were
expressed in BL21(DE3) Rosetta2 pLysS cells in Auto-inducing Terrific Broth (0.024%
wi/v tryptone, 0.048% yeast extract w/v, 0.4% v/v glycerol, 17 mM KH,POy, and 72 mM
KoHPO,) supplemented with 5052 solution (0.5% glycerol, 0.05% glucose, and 0.2% alpha
lactose monohydrate) and 2mM MgSQO4 forl8 hours at 37°C. Cells were harvested by
centrifugation, washed with extract buffer (20mM Tris-HCI ph 7.5, 200 mM KCI, 10%
Glycerol, 0.1 mM EDTA, 20 mM Imidazole, 0.05% Tergitol), and lysed by sonication.

The solution was then cleared and added to Ni-NTA affinity beads (GE Healthcare) and
incubated at 4°C for 18 hours. Complex-bound beads were washed four times with wash
buffer (20mM Tris-HCI ph 7.5, 750 mM KCI, 10% Glycerol, 0.1 mM EDTA, 20 mM
Imidazole, 0.05% Tergitol) and eluted with elution buffer (20mM Tris-HCI ph 7.5, 200 mM
KCI, 10% Glycerol, 0.1 mM EDTA, 250 mM Imidazole, 0.05% Tergitol). Elutions were
pooled and analyzed by SDS-PAGE and Coomassie Blue stain or Western Blot. Primary
antibodies used were His Tag Antibody (1:2000, AVIVA, OAEA00010) and Anti-FLAG
M2 (1:2000, Sigma, F1804). Blots were incubated in goat anti-Mouse IRDye680 (1:10,000,
LiCor, 926-68070) secondary antibody and imaged using the Odyssey FC (LiCor) imager.
Densitometry was performed using Fiji (version 2.3.0/1.53f). Mutant POLR1D pulldowns
were made relative to the wild-type POLR1D pulldown that had a similar POLR1D band
intensity.

4.9. Scoring Neural Cell RNAI

Two wor-GAL4 or elav-GAL4 virgin females were crossed with two control or dPOLR1D
RNAI males in vials with active yeast pellets at 29°C. Crosses were performed in biological
triplicate, flipped every 24 h for 3 d for a total of three technical replicates. The state of
each culture was observed daily to determine the number of days between: egg-laying and
larval wandering behavior, wandering and pupariation, and pupariation and eclosion. Adult
viability was determined by counting the total number of pupae and adults that hatched from
them.

4.10. Fertility Assay

Virgin females were crossed to wt males in vials for 2-3 days. At 4 days post-eclosion,
females and 2—-3 males were split into individual vials with dry active yeast to promote
oogenesis. At 5 days post-eclosion, crosses were flipped into fresh vials, and females were
allowed to lay eggs for 24 h prior to counting the number of eggs laid per female per day.
Crosses were performed in biological triplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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defects.

4. An RNAI screen reveals a requirement for POLR1D function in the proper

development of a variety of cell types

5. Drosophilais an attractive model to evaluate the genetic and molecular

defects of TCS mutations in POLR1D.
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Key Findings
1 POLRLD is required for Drosophilalarval growth and developmental
progression.
2. A conserved glycine in POLRAD is required for Drosophila and human
development.
3. Loss of POLR1D function in Drosophila neural cells causes developmental
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Fig. 1. The dPOLR1D? alldleis a missense mutation in a conserved glycine that causes pre-adult
lethality.
(A) Chromatograms of DNA sequencing reads of the dPOLR1D ORF from wt and

dPOLRI1DY/CyOmale flies. A guanine to adenine transition results in missense mutation
(arrow). (B) The missense mutation causes an amino acid substitution in a conserved
glycine. This glycine is mutated to arginine in Drosophila and glutamic acid ina TCS
patient (residues in red). Residues in grey are conserved between Drosgphila and humans,
and residues in white are not conserved. (C) Schematic of an ~100 kb region comprising
dPOLR1D and adjacent genes (not to scale). The dPOLR1D! allele is indicated. RpL30
and mRpL 13 are upstream of dPOLR1D on the bottom strand; bratnoncoding sequences
overlap with dPOLR1D introns on the top strand. Chromosomes with regions deleted by
Dfs are shown as black lines with gaps. The position of dPOLR1D* within the deleted
regions is indicated in pale red. Whether viable dPOLR1D%/Dfprogeny from each cross
were identified is indicated on the right.
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m dPOLR1DY/Df (n=72) ® dPOLR1D'/Df (n =76) ™ dPOLR1D'/Df (n = 72)

Fig. 2. dPOLR1DY/Df larvae have reduced growth and arearrested in theL 2 larval instar stage.

wt (A-C) and dPOLR1DY/Df (D-F) larvae, and cuticle preparations from wt (G-1) and

AdPOLRIDY/Df(3-L") larvae, at three timepoints corresponding to the L1 (24-48 h AEL),
L2 (48-72 h AEL), and L3 (72-120 h AEL) stages expected in wt larvae. K and K”, and

L and L” indicate L1 and L2 head skeletons of dPOLRID*/Dfarvae, respectively, at the
48-72 and 72-120 h AEL timepoints. (M-O) Quantification of data in Figs. 2G-L’. Mouth
hook morphology was scored to identify the stage of each larva. wt larvae develop as
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expected, but dPOLR1D?/Df larvae do not, indicating that the G30R mutation slows growth
and arrests development.
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mwt ® dPOLR1D'/Df
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—

Total Wild-type

dPOLR1D mRNA dPOLR1D mRNA

Fig. 3. dPOLR1D1 mRNA under goes dosage compensation and isthe only dPOLRI1D allele

expressed in dPOLR1DY/Df larvae.

Bar graph showing the amount of dPOLR1D mRNA in wt and dPOLR1D/Df larvae at
72-120 h AEL, relative to wt. Total dPOLRID mRNA was detected with a primer common
to both the wild-type and mutant alleles of dPOLR1D. The wild-type allele of dPOLR1D
was detected with an allele-specific primer. dPOLR1D/Dflarvae do not accumulate any
mRNA from the wild-type dPOLR1D allele, but there is no significant difference in the total
amount of dPOLRID mRNA between wt and dPOLR1D/Dflarvae. Error bars represent the
mean + SEM of experiments performed in biological quadruplicate and technical triplicate.
Statistical significance was calculated by ANOVA using Bio-Rad Maestro, with P-values of
<0.001 (***) and not significant (ns) indicated.
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Fig. 4. The dPOLR1D? allele affects rRNA expression.

ns

=

Tubulin

25.57 +5.31

(A) Bar graph showing the amount of rRNAs in dPOLR1DY/Df larvae relative to wt larvae
at 72-120 h AEL. dPOLRI1D/Dflarvae exhibit a significant decrease in 18S, 28S, and

5S rRNAs, but not 7ubulin mRNA, indicating that loss of dPOLR1D activity affects both
Pols I (18S and 28S rRNAS) and 111 (5S rRNA), but not Pol Il ( 7ubulin mRNA). Error
bars represent the mean = SEM of experiments performed in biological quadruplicate

and technical triplicate. Statistical significance was calculated by ANOVA using Bio-Rad
Maestro, with P-values of <0.05 (*), <0.01 (**), and not significant (ns) indicated. (B)
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Images of fly cuticles from the indicated genotypes. The percent of flies (+ SEM) exhibiting
disrupted tergites (the bobbed phenotype) are indicated underneath. A significant number
dPOLR1D/+flies have the bobbed phenotype, compared to wt flies (P=0.0087). Statistical
significance was calculated by two-tailed unpaired t-test using GraphPad Prism 9.3.
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Fig. 5. Drosophila and human POL R1D mutations have different effectson POLR1C
heter odimer zation.

(A) Overlay of dPOLR1D (orange) and hPOLR1D (blue), with the G30 residue in
dPOLR1D indicated (red). dPOLR1D was modeled onto hPOLR1D (PDB 7AEL, chain
K) using the HHpred MPI Bioinformatics Toolkit’1:72, The model indicates structural
conservation between dPOLR1D and hPOLR1D. (B) SDS-PAGE analysis of Ni-NTA
purified 6xHis-dPOLR1D proteins with dPOLR1C-3xFLAG. Lanes 1-4 are a titration of
a single 6xHis-dPOLR1D pulldown. (C) Relative quantification of the gel in (B). Lane 2
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was used as the calibrator for lanes 6 and 7. (D) Western blot analysis of Ni-NTA purified
6xHis-hPOLR1D proteins with hPOLR1C-3xFLAG. Lanes 1-4 are a titration of a single
6xHis-hPOLR1D pulldown. (E) Relative quantification of the Western blot in (D). Lane 1
was used as the calibrator for lane 6, and lane 2 was used as the calibrator for lane 7. Gto E
mutations affect POLR1C binding, but the G to R mutations do not.
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dPOLR1D RNAi in Embryonic and Larval Neuroblasts (wor-GAL4)
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Fig. 6. dPOLR1D isrequired in neuroblasts and neurons for development, and adult viability
and behavior.

Knockdown in embryonic and larval neuroblasts with wor-GAL4 (A-D), or pan-neuronal
knockdown with e/av-GAL4 (E-l). Bar graphs indicate the number of days after egg-laying
it took for larvae to begin wandering (A,E), the days between the onset of wandering

and pupariation (B,F), the days between pupariation and eclosion (C,G), and the percent
of viable adults (D,H). Error bars represent the mean = SEM of experiments performed

in biological and technical triplicate. Statistical significance was calculated by two-tailed
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unpaired t-test using GraphPad Prism 9.3, with P values of <0.01 (**), <0.0001 (****), and
not significant (ns) indicated. (1) Images of 1-3 day-old control and e/av > dPOLR1D RNAI
adult flies. RNAI flies exhibit a held-out wings phenotype.
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Fig. 7. Knockdown of dPOLR1D in different cell typesyields developmental and functional

defects.

Females harboring either an empty landing site (control) or transgenic insertion of a

dsRNA targeting dPOLRID (dPOLR1D RNAI) were crossed with males harboring the
indicated GAL4 drivers and a UAS-Dcr-2transgene, which enhances the activity of the
RNAI pathway (except in C). (A) Pan-neuronal knockdown with e/av-GAL4 caused pupal
lethality. (B) Knockdown in the posterior compartments of larval imaginal discs and cells
of the nervous system with en-GAL4 caused delayed pupariation, anterior spiracle eversion
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defects (red arrowheads), and pupal lethality. (C) Knockdown in the eye with ey@K207
caused a mild rough-eye phenotype (white arrowhead). (D-F) Knockdown with bbg-GAL4
(dorsoventral wing disc boundary), and Bx-GAL4 and nub-GAL4 (wing hinge and pouch),
caused wing morphology defects (red arrowheads). (G) Knockdown in female germline with
nosGAL4.NGT reduced ovary size and fertility. Error bars represent the mean = SD of
cumulative data from experiments performed in biological triplicate. Statistical significance
was calculated by two-tailed unpaired t-test using GraphPad Prism 9.3, with a P value of
<0.0001 (****) indicated. (H,l) Knockdown in muscle with Mef2-GAL4 caused arrested
development.
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A dPOLR1DY/Df (G30R)
S ——— - Reduced rRNA levels

* Arrested larval development

B dPOLRIDRNAL |
— * Arrested larval development

v * Molting defects

C dPOLR1D RNAI in neurons and en-expressing CNS imaginal disc cells
[—— « Pupal lethality

* Head development defects

D dPOLR1D RNAi in wings

_ - scalloped and vestigial wings

* Missing wings

E dPOLR1D RNA:i in female germline
 Sterility

F dPOLR1D RNAi in neuroblasts and neurons
» Locomotor defects
« Postural defects

Fig. 8. Model of dPOLR1D function in Drosophila development.
Illustration indicating the sequential development of Drosophila from L1 larvae to adult;

created with BioRender.com. (A) The dPOLR1D! allele, a G to R amino acid substitution,

in fransto a Df uncovering dPOLR1D, causes larvae to arrest development as late as

the L2 stage, coincident with reduced rRNA levels, suggesting that a sufficient amount

of rRNA is required to proceed further into development. Reduced RNA levels might

be due to decreased integrity of Pol | and 11l complexes. (B) dPOLRI1D knockdown in
Mef2-expressing cells of the CNS and/or muscles also leads to developmental arrest at the
L2 stage. (C) Pan-neuronal knockdown of dPOLRI1D causes pupal lethality, with some adult
escapers that have a held-out wings phenotype. dPOLR1D knockdown in erexpressing cells
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of the CNS and imaginal discs leads to failure of anterior spiracles to evert, and pupal
lethality. (D) dPOLR1D knockdown in the wing leads to defects in wing morphology. (E)
dPOLR1D knockdown in female germline severely compromises the morphology of ovaries,
and results in complete sterility. (F) dPOLR1D knockdown in neuroblasts or all neurons
yields adults that have severe locomotor and postural defects.
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ThedPOLR1D! alleleis pre-adult lethal.

Table 1.

Page 33

Table showing the raw data from Chi-Square tests performed on crosses indicated in Fig. 1. P-values were
determined for cumulative data of three independent crosses. No straight wing progeny were recovered in

crosses to any Dfs, including those only uncovering dPOLR1D, indicating that @POLR1D! hemizygosity
alone is pre-adult lethal.

. Wing
dPOLR1D1 crossed to: | Df name Phenotype Genotype Expected | Observed P-Value
Straight dPOLRIDI1/+ 230 238
wt (+/+) 0.46
Curly +CyO 246 238
Straight dPOLR1DI1/Df 95 0
Df/ICyO A ED1203 7.56 x 10-33
Curly dPOLRI1D-/CyO 190 285
Straight dPOLR1DI1/Df 89 0
Df/ICyO B ED1202 9.04 x 10-31
Curly dPOLRI1D-/CyO 177 266
Straight dPOLR1DI1/Df 118 0
DfICyO C ED1226 1.70 x 10-40
Curly dPOLRI1D-/CyO 237 355
Straight dPOLR1DI1/Df 70 0
Df/ICyO D ED1200 1.22 x 10-24
Curly dPOLRI1D-/CyO 140 210
Straight dPOLR1DI1/Df 107 0
DfICyO E Exel6042 6.84 x 10-37
Curly dPOLRI1D-/CyO 215 322
Straight dPOLR1DI1/Df 84 0
Df/ICyO F BSC313 3.07 x 10-29
Curly dPOLRI1D-/CyO 168 252
Straight dPOLR1DI1/Df 100 0
Df/ICyO G Exel8040 2.23x10-34
Curly dPOLRI1D-/CyO 199 299
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