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Cleavage of microRNAs and mRNAs by Drosha and its cofactor
Pasha/DGCR8 is required for animal development, but whether
these proteins also have independent roles in development has
been unclear. Known phenotypes associated with loss of either
one of these two proteins are very similar and consistent with
their joint function, even though both cofactors are involved with
additional distinct RNA biogenesis pathways. Here, we report clear
phenotypic differences between drosha and pasha/dgcr8 null
alleles in two postembryonic lineages in the Drosophila brain:
elimination of pasha/dgcr8 leads to defects that are not shared
by drosha null mutations in the morphology of gamma neurons
in the mushroom body lineage, as well as many neurons in the
anterodorsal projection neuron lineage. These morphological de-
fects are not detected in neurons that are genetically depleted of
two additional microRNA pathway components, dicer-1 and argo-
naute1, indicating that they are not due to loss of microRNA ac-
tivity. They are, however, phenocopied by a newly identified re-
cessive gain-of-function allele in drosha that probably interferes
with the microRNA independent functions of Pasha/DGCR8. These
data therefore identify a general Drosha-independent DGCR8/
Pasha pathway that promotes proper morphology in multiple neu-
ronal lineages. Given that reduction of human DGCR8/Pasha may
contribute to the cognitive and behavioral characteristics of DiGeorge
syndrome patients, disruption of this newly described pathway could
underlie human neurological disease.
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MicroRNA (miRNA) biogenesis factors are required for
nervous system development, likely in part because of their

various miRNA-independent functions. In addition to their well-
defined roles in miRNA processing (1), the three core miRNA
biogenesis factors, Drosha, DiGeorge critical region 8 (DGCR8),
and Dicer, process other RNAs as well. For example, the Drosha
RNase III enzyme and its binding partner DGCR8 together form
the microprocessor complex (2–4) that recognizes and cleaves a
variety of RNAs, including mRNAs (5, 6). Drosha and DGCR8
also have microprocessor-independent roles: Drosha is involved
in pre-rRNA processing (7), whereas DGCR8 reportedly regu-
lates small nucleolar RNA (snoRNA) biogenesis (8). The Dicer
RNase III enzymes likewise have multiple substrates: they cleave
canonical miRNA precursors (9, 10) and endogenous siRNAs,
Alu RNA elements, and noncanonical miRNAs like mirtrons
(11–14). However, the relative contribution of these various RNA
classes to nervous system formation remains unclear.
Phenotypic comparisons among miRNA pathway mutants

delineate these distinct pathways. Phenotypic similarities of
drosha, dgcr8, and dicer mutants indicate the requirements for
canonical miRNAs, whereas phenotypic differences imply roles
for alternate RNA pathways (15). However, few studies have
reported such phenotypic differences. For example, although the
brains of dicer mutant mice are smaller and more malformed than
dgcr8mutants (16), no studies have reported phenotypic differences
between dgcr8 and drosha mutants that would indicate the bi-
ological relevance of their microprocessor-independent functions.
Drosophila neurodevelopment provides an unrivaled system for

detailed phenotypic analysis, in part because single genetically

manipulated neurons or neuronal lineages can be visualized using
the mosaic analysis with a repressible cell marker (MARCM)
technique (17). Comparative analysis in the anterodorsal pro-
jection neuron (adPN) lineage has stressed the similarities be-
tween the axon targeting phenotypes of pasha and dicer-1 (dcr-1)
mutations (18). Surprisingly, mutations in the miRNA-specific
argonaute-1 (ago1) are reported not to affect adPN neurons (18).
Analysis of drosha function in this and other lineages would
therefore clarify the involvement of canonical miRNAs in neu-
ronal dcr-1 and pasha phenotypes.
Using unique drosha alleles identified from a genetic screen,

we present a detailed phenotypic comparison of drosha, pasha,
dicer, and argonaute alleles in both the adPN lineage and another
postembryonic lineage, the mushroom body (MB) lineage. We
show that canonical miRNAs control self-renewal of MB pro-
genitor cells, whereas a Drosha-independent Pasha pathway is
required for morphogenesis in both lineages. This unique function
of Pasha is medically relevant, because loss of the human ortholog
of Pasha is reported to contribute to cognitive and behavioral
disorders associated with DiGeorge syndrome (3, 19, 20).

Results
Eye Color Variegation Screen Yields Two Unique drosha Alleles. To
identify mutations affecting neural let-7-Complex (let-7-C) miRNAs,
we performed an F1 clonal screen for ethylmethylsulfonate
(EMS)-induced mutations that caused eye color variegation of
flies harboring the broad 3′UTR reporter (Fig. S1). We screened
approximately one million flies for mutations on the right arm
of the second chromosome and identified ∼1,000 variegators.
Progeny from 75 of these variegators also displayed variegation,
consistent with results that ∼10% of EMS-induced mutations are
transmitted through the germ line (21). Balanced stocks were

Significance

Understanding the neuronal functions of diverse RNA path-
ways will lead to treatments of human neurological diseases
that are caused by perturbations in RNA metabolism. Two
proteins, Drosha and Pasha/DGCR8, play important roles in
neurons, where they are responsible for the biogenesis of
many microRNAs. Here, we show that Pasha/DGCR8 also pro-
motes the morphogenesis of neurons in developing fruit flies
independently of Drosha and therefore of most microRNA
production. These studies therefore illuminate a novel function
of Pasha that is medically relevant, because loss of the human
ortholog of Pasha may contribute to cognitive and behavioral
disorders associated with DiGeorge syndrome.

Author contributions: A.L., G.C., Y.-C.W., and N.S.S. designed research; A.L., G.C., Y.-C.W.,
J.L., and N.S.S. performed research; G.C. and N.S.S. contributed new reagents/analytic
tools; A.L., G.C., Y.-C.W., J.L., and N.S.S. analyzed data; and N.S.S. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1G.C. and Y.-C.W. contributed equally to this work.
2To whom correspondence should be addressed. E-mail: nsokol@indiana.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1318445111/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1318445111 PNAS | January 28, 2014 | vol. 111 | no. 4 | 1421–1426

D
EV

EL
O
PM

EN
TA

L
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318445111/-/DCSupplemental/pnas.201318445SI.pdf?targetid=nameddest=SF1
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1318445111&domain=pdf&date_stamp=2014-01-22
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318445111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318445111/-/DCSupplemental


established from those 75 flies and were used for subsequent
analysis. The mutagenized chromosomes contained at least one
lethal mutation in 54 of these stocks. Thirty of the mutants had
no effect on a negative control sensor containing the white 3′
UTR, suggesting that our screen had successfully recovered
mutations that disrupted let-7-C miRNAs.
Two of our lethal variegator mutations failed to complement

each other, as well as droshaR662X, a null allele of drosha (22).
The lethality of both mutations was rescued by a drosha ge-
nomic fragment, confirming them as drosha alleles. To assess
the strength of these alleles relative to each other and to the
null allele, we determined their terminal phases. To eliminate
possible second site mutation effects, we analyzed their lethal
phases in trans to Df(2R) Exel6055. We refer to these trans-
heterozygous animals by their allele name. droshaΔ,E859K ani-
mals died at the larval-to-pupal transition: ∼10% died as late-
stage larvae, whereas the remainder attempted unsuccessfully
to pupariate. Like the reported null droshaR662X mutants, which
display an identical lethal phase (22), these animals had small
CNSs and lacked imaginal discs. The droshaR1113X allele was
slightly weaker: all animals died as tanned larvae with rudi-
mentary imaginal discs. Thus, the terminal phase and pheno-
type of droshaΔ,E859K was virtually indistinguishable from
the null droshaR662X allele, whereas droshaR1113X acted as a hypo-
morphic allele.
To molecularly characterize the alleles, we sequenced the

drosha locus of both and found mutations in the drosha ORF.
The droshaR1113X allele carried a C to T base pair change, cre-
ating a premature stop codon after the second RNase III domain
(Fig. 1A). The droshaΔ,E859K allele was more complex. It con-
tained both a G to A change, creating a glutamic acid to lysine
missense mutation in a conserved residue of the first RNase III
domain, as well as a 441-bp deletion, removing amino acids 561–
707. Although this highly conserved region may be partially re-
sponsible for Drosha’s interaction with Pasha/DGCR8 and itself
(19, 23), coimmunoprecipitations indicated that removal of these
amino acids did not affect either interaction (Fig. S2). Thus, our
analysis added two more drosha alleles to an existing allelic series
that includes two reported presumptive nulls: droshaR662X and
droshaQ884X (22, 24).
To further assess the effects of these new drosha alleles on

Drosha protein, we analyzed Drosha expression in third-instar
larval eye imaginal discs containing clones of homozygous WT
or mutant cells. Using a C-terminal antibody (2), Drosha was
detected in a punctate pattern throughout WT clones but not in
clones of nonsense droshaR662X or droshaR1113X alleles (Fig. 1 B–
D). However, Drosha staining was only mildly affected in dro-
shaΔ,E859K mutant clones (Fig. 1E). Thus, a truncated and mu-
tated form of the Drosha protein is likely expressed at
physiologically relevant levels in droshaΔ,E859K mutants, raising the
possibility that it may not be a null allele despite its lethal phase.

Unique drosha Alleles Are Defective in RNA Processing. To evaluate
the effect of the droshaR1113X and droshaΔ,E859K mutations on
RNA processing, we analyzed total RNA from late third-instar
larvae harboring drosha alleles in trans to the Df(2R) Exel6055
deficiency for expression of a subset of processed miRNAs,
includingmiR-2b, let-7, andmiR-125. We found that mature miRNA
levels were substantially reduced in all mutant larvae (Fig. 1F).
Slightly more let-7 was detected in droshaR1113X than droshaR662X

larvae, consistent with findings that the C-terminally located RNA-
binding domain is not absolutely required for pri-miRNA binding
(25). Because Drosha also cleaves mRNAs (5, 6), including
pasha transcript (22), we also analyzed Pasha levels and found
that they were elevated in droshaΔ,E859K clones (Fig. S3), in-
dicating that mRNA cleavage was also defective. Consistent
with the terminal phase analysis, these data indicated that both
droshaΔ,E859K and droshaR1113X mutations disrupted RNA processing,

although the effect of droshaR1113X on miRNA processing was weaker
than either droshaR662X or droshaΔ,E859K.
The strong reduction in miRNAs in droshaΔ,E859K mutants

suggested that Drosha function was crippled in these animals.
This defect could be the consequence of the in-frame deletion,
the E859K mutation in the RNase III domain, or a combination
of both mutations. To distinguish among these possibilities, we
analyzed the let-7 miRNA processing ability of WT or mutant
FLAG-tagged Drosha proteins purified from transfected BG3-c2
cells. For a negative control, we prepared a dominant negative
mutant: a FLAG-tagged version of Drosha that contained point
mutations in both RNase III domains. The expression levels of
all of the mutants were comparable to that of WT (Fig. S4). The
E859K mutant processed pri-let-7 at a kinetic efficiency compa-
rable to WT, the Δ mutant processed pri-let-7 at a reduced effi-
ciency that was similar to the Δ E859K double mutant, and the
dominant negative (DN) mutant was not capable of producing
pre-let-7 at all (Fig. 1G). We noted an accumulation of an in-
termediary product that contained both pre-let-7 and flanking
3′ sequence specifically in the DroshaΔ-containing assays, in-
dicating that absence of prelet-7 was due to defective cleavage at
the 3′ side of the stem-loop. These data indicated that amino
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Fig. 1. Genetic screen yields two unique drosha alleles that are defective in
miRNA biogenesis. (A) Schematic of Drosha protein indicates two RNase III
domains (RIII) and double-stranded RNA binding domain (gray square), as
well as locations of mutations. The droshaΔ,E859K allele deletes 147 amino
acids (Δ) and contains a missense mutation at residue 859. (B–E) Eye discs
from third-instar larvae containing WT (B), droshaR662X (C), droshaR1113X (D),
and droshaΔ,E859K (E) clones stained with anti-Drosha antibodies (magenta).
Clones are indicated by the absence of GFP. (Scale bar, 10 μm.) (F) Northern
blots of total RNA from third-instar larvae of indicated genotypes probed for
miR-2b, let-7, miR-125, and U6 snRNA (loading control). (G) In vitro pro-
cessing of pri-let-7 by WT, E859K, Δ, E859K+Δ, or dominant negative (DN)
Drosha proteins. Length of incubation is indicated in minutes.
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acids 561–707 of Drosha were required for efficient let-7 pro-
cessing and suggested that deletion of these amino acids was
responsible for the sharp reduction of processed miRNAs in
droshaΔ,E859K mutant larvae.

Canonical miRNA Pathway Is Required for NB Maintenance. To
characterize the role of drosha in neurodevelopment, we per-
formed MARCM analysis of multiple drosha alleles, including
the null nonsense alleles, in the well-characterized MB lineages.
Four MB progenitors, or neuroblasts (NBs), in each hemisphere
of the fly CNS generate these lineages by dividing continuously
from embryogenesis through pharate adulthood, producing three
subtypes of MB neurons in an invariant order (ɣ → α′/β′ → α/β)
(26). These neurons populate the ɣ, α′/β′, and α/β lobes of the
adult MB, which are distinguishable based on their morphology
and Fasciclin II (FasII) expression (Fig. 2A). Two miRNAs, let-7
and miR-125, participate in MB cell fate determination (27), and
analysis of drosha phenotypes would indicate whether additional
miRNAs might also be involved in MB development. The
droshaR662X, droshaR1113X, and droshaΔ,E859K alleles all displayed
similar MB phenotypes. These mutant MBs contained signifi-
cantly fewer neurons in adult flies, and those present were pre-
dominantly early-born ɣ neurons (Fig. 2 B–D), which stain
weakly for FasII. They also contained a handful of α′/β′ neurons
but no α/β neurons, which were distinguishable based on the
absence and presence of FasII, respectively. Axonal extensions of
the rare α′/β′ neurons were frequently mistargeted, located in-
appropriately near α/β lobe termini (arrowheads in Fig. 2D).

Collectively, these data indicated that drosha is required for the
production of later born α′/β′ and α/β neurons and suggested that
Drosha processing of RNAs in addition to let-7 and miR-125
promoted NB maintenance.
To determine whether canonical miRNAs were involved in MB

NB maintenance, we analyzed loss-of-function alleles in three
additional members of the miRNA pathway, including pashaKO,
dcr-1Q1147X, and ago1Q127X. Like droshaR662X mutants, pashaKO null
mutants die as malformed pupae with severely reduced CNSs
(22, 28), although this neural phenotype has not been in-
vestigated at cellular resolution. dcr-1Q1147X and ago1Q127X

nonsense alleles are presumptive nulls that are embryonic lethal
(24, 29). We found that homozygous mutant dcr-1Q1147X, ago1Q127X,
and pashaKO adult MB clones displayed generally similar phenotypes
to the drosha clones, including a reduction in cell number and ab-
sence of α′/β′ and α/β neurons (Fig. 2 E–G). To quantify this re-
duction, we counted the total number of cell bodies in adult WT and
mutant MB clones. WT MB clones contained ∼404 neurons,
whereas mutant MB clones contained ∼79–90 neurons (Fig. 2H). To
test whether the reduction in neuron number in mutant clones was
due to premature absence of MB NBs, we analyzed NB cell number
in late larval MB lineages (Fig. S5 E–G). In all WT MB clones
(n = 10), we detected one NB. In sharp contrast, no NBs were
detected in dcr-1Q1147X (n = 6), ago1Q127X (n = 5), pashaKO (n =
4), droshaR662X (n = 5), and droshaΔ,E859K (n = 5) mutant larval
MB lineages. Thus, four core miRNA pathway components are
required for maintenance of third-instar larval MB NBs, in-
dicating that loss of canonical miRNAs leads to progenitor cell
cycle exit in early third-instar larvae when the transition from ɣ
to α′/β′ neuron production occurred.

pasha Null Phenotypes Are More Severe Than drosha Null Phenotypes
in Both MBs and adPNs. In addition to the phenotypic similarities
among mutations in these four genes, we also noted some im-
portant differences. In particular, pashaKO mutant MBs (n = 6)
displayed ɣ neuron disorganization and mistargeting, as evi-
denced by inappropriate extension across the midline (arrow in
Fig. 2G), whereas droshaR662X (n = 7), dcr-1Q1147X (n = 17), and
ago1Q127X (n = 5) MBs did not display either of these morpho-
logical defects (Fig. 2 B, E, and F). These data indicated a role
for Pasha in ɣ neuron morphogenesis that was not shared with
other miRNA pathway members. The reported similarity be-
tween drosha and pasha null phenotypes in the female germ line
(30) further suggested that this miRNA-independent function of
Pasha might be specific to neurons.
To determine whether these phenotypic differences between

pasha and other miRNA pathway mutants were displayed in
additional neuronal subtypes, we used our expanded allelic
battery to generate Acj6-Gal4–labeled NB clones in the adPN
lineage. The adPN NB exits the cell cycle at the larval-to-pupal
transition, having generated ∼40 morphologically diverse neu-
ronal subtypes whose dendrites target specific adult glomeruli
(31). The Acj6-Gal4 driver labels all these adPN types, whereas
a second driver, GH146-Gal4, labels just a subset of ∼25 em-
bryonically and early larval born adPNs. Phenotypic differences
have been previously described among pasha, dcr-1, and ago1
mutant GH146-Gal4–labeled adPN clones: defects in adPN
targeting and dendritic density were highly penetrant in clones
of the lethal, protein-null pashaLL03660 allele, moderately penetrant
in clones of the lethal, transcript-null dcr-1LL06357 allele, and absent
in clones of the hypomorphic ago1K08121 allele (18). These phe-
notypes were interpreted as evidence for miRNA function in
neurons, because the differences could have been due to the
relative strengths of the alleles used: none were molecular nulls,
and neither pashaLL03660 nor ago1K08121 acted like genetic nulls
in subsequent analyses (24, 30). This interpretation of neuronal
miRNA function would be supported if drosha null alleles
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Fig. 2. Core microRNA pathway components are required for NB mainte-
nance in the mushroom body lineages. OK107-Gal4, UAS-mCD8::GFP-labeled
WT (A), droshaR662X (B), droshaR1113X (C), droshaΔ,E859K (D), dcr-1Q1147X (E),
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icant (P < 0.0001). (Scale bar for A–G, 25 μm.)
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displayed adPN morphogenesis defects similar to pasha, dcr-1,
and ago1 null alleles.
To stringently evaluate the role of canonical miRNAs in this

lineage, we compared the adPN phenotypes of the molecular-
null pashaKO allele with the nonsense droshaR662X, dcr-1Q1147X,
and ago1Q127X alleles. As a prelude to morphological analysis, we
first assessed whether these mutations affected adPN neuro-
genesis by analyzing adPN cell number in mutant clones. We
found varying degrees of cell number reduction (Fig. 3A). The
dcr-1 and ago1 alleles had the strongest effect: WT clones con-
tained 59.3 ± 2.3 (n = 4) cells, whereas dcr-1Q1147X and ago1Q127X

clones contained 21.0 ± 1.2 (n = 3) and 34.3 ± 0.9 (n = 6)
cells, respectively. pashaKO and droshaR662X clones displayed
more modest effects, containing 45.8 ± 1.8 (n = 6) and 45.0 ± 0.8
(n = 5) cells, respectively. Analogously to the MB lineage, these
reductions likely reflected premature adPN NB cell cycle exit
during mid- to late larval stages, because cell number defects
were not found in GH146-labeled clones of dcr-1LL06357,
pashaLL03660, and ago1K08121 (18) or dcr-1Q1147X, pashaKO, and
ago1Q127X (Fig. S6A). These data indicated a role for canonical
miRNAs in adPN neurogenesis, but the difference between dcr-1
and drosha/pasha phenotypes also suggested possible involvement of
miRNAs like mirtrons that are dcr-1 dependent but drosha/pasha
independent (13, 14).
Because of this absence of later-born neurons in mutant

clones, we focused our analysis on the morphology of early born
adPNs that predominantly innervate anteriorly located glomer-
uli. Like the previous analysis with GH146-Gal4 (18), Acj6-Gal4–
labeled pashaKO clones (Fig. 3E) displayed more severe defects
in adPN neuron morphology than either dcr-1Q1147X (Fig. 3C) or
ago1Q127X clones (Fig. 3D), which appeared very similar to WT
clones (Fig. 3B). These defects included dendritic mistargeting, as

indicated by spillover of dendritic branches into incorrect glo-
merular classes (arrowhead in Fig. 3E). In stark contrast,
droshaR662X null allele adPN clones appeared grossly normal (Fig.
3F). Confirming this result, adPN clones of a second reported
drosha null allele, droshaQ884X, which contains a nonsense muta-
tion in the first RNase III (24), as well as droshaR1113X, appeared
grossly normal (Fig. S6 B and C). Thus, neither the ribonuclease
activity of Drosha nor the miRISC-silencing activity of Ago1 was
required for proper morphogenesis of most of the adPN neurons,
strongly suggesting a miRNA-independent function for Pasha in
neuronal morphogenesis.

droshaΔ,E859K Is a Recessive Gain-of-Function Allele That Phenocopies
pashaKO in Multiple Neuronal Lineages. The absence of morpho-
logical defects in drosha null adPN clones indicated that Drosha
was not required for proper dendritic targeting. However, adPN
clones of droshaΔ,E859K, the allele in which we had detected Drosha
protein, displayed severe dendritic density and mistargeting
defects (Fig. 3G). Unlike droshaR662X, this allele also affected
axonal morphology, because the ɣ lobes of droshaΔ,E859K mutant
MB clones (n = 14) were disorganized and extended across
the midline (Fig. 2D). These difference between drosha null and
droshaΔ,E859K indicated that droshaΔ,E859K displayed gain-of-function
phenotypes.
These gain-of-function droshaΔ,E859K phenotypes, however, ap-

peared very similar to those displayed by pashaKO. To care-
fully compare and quantify this similarity, we examined single-cell
clones in a specific adPN neuron: the DL1 neuron. Although WT
DL1 single cell clones target a posterior, dorsolateral glomerulus
with dendritic branches (Fig. 4A), all droshaΔ,E859K DL1 single
neurons innervated this DL1 glomerulus more sparsely and in-
appropriately targeted additional glomeruli (n = 7; arrowheads
in Fig. 4C). In addition, axons of WT DL1 single cell clones termi-
nated their main branches at the lateral edge of the lateral
horn (LH) (Fig. 4B), whereas all droshaΔ,E859K mutant DL1 axons
failed to reach the LH lateral edge (n = 7; arrow in Fig. 4D). These
droshaΔ,E859K DL1 phenotypes precisely matched the severity
and penetrance of previously reported pasha mutant pheno-
types (18). In contrast, no droshaR662X DL1 single neuron
clones and only one of eight dcr-1Q1147X DL1 mutant cells
displayed mistargeting (Fig. S7). The difference between
droshaΔ,E859K and droshaR662X phenotypes suggested that they were
not due to loss of miRNAs, because both alleles disrupted miRNA
production, whereas the similarity to pashaKO phenotypes suggested
that droshaΔ,E859K interfered with the microprocessor-independent
function of Pasha.
To test whether these gain-of-function droshaΔ,E859K MB

and adPN phenotypes were dominant, we analyzed OK107-
and GH146-Gal4–labeled cells in adult droshaΔ,E859K hetero-
zygotes. We did not observe morphological defects in the MBs or
adPNs of these animals (Fig. S8), suggesting that the droshaΔ,E859K

gain-of-function phenotypes were suppressed by WT Drosha. To
test this, we labeled homozygous droshaΔ,E859K adPN and MB NBs
as well as DL1 neurons in flies harboring an extra, transgenic copy
of drosha and found that they did not display the morphological
defects associated with droshaΔ,E859K (Figs. 3H and 4 E and F).
Thus, MB and adPN droshaΔ,E859K phenotypes were detectable
only in the absence of WT Drosha, indicating that these gain-of-
function phenotypes were recessive.

Overexpression of DroshaΔ,E859K Leads to Neuronal Overgrowth. The
finding that droshaΔ,E859K phenotypes were suppressed by a wild
type copy of drosha suggested that elevated levels of DroshaΔ,E859K

might lead to neuronal defects even in WT cells. To test this
possibility, we used the strong OK107-Gal4 MB driver to direct
expression of UAS-transgenes encoding WT Drosha or mutant
forms of Drosha that we had analyzed in our in vitro processing
assay (Fig. 1G). To verify these transgenes, we tested whether they
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could rescue MB phenotypes associated with the droshaR662X null
allele. As expected, transgenes encoding DroshaWT and Drosh-
aE859K substantially rescued the drosha R662X MB defects (Fig.
5 A andG), whereas transgenes encoding DroshaΔ, DroshaΔ+E859K,
and DroshaDN did not, despite comparable transgene expression
as detected by Flag staining (Fig. 5 C, E, and I). The rescue by
DroshaE859K was not complete, however, because α/β neuron
overextension was detected in both cases (Fig. 5G). We then
tested whether expression of any of these transgenes elicited neu-
ronal defects in a WT background (Fig. 5 B, D, F, H, and J).
Forced expression of DroshaΔ+E859K always resulted in over-
growth of α/β neurons (10/10 clones) and forced DroshaΔ

or DroshaDN frequently did as well (17/24 or 10/17 clones,
respectively). In contrast, most MB clones expressing either
DroshaWT or DroshaE859K were normal (19/21 or 20/23, respec-
tively). These data indicated that overexpression of Drosha pro-
teins missing amino acids 561–707 led to penetrant defects in
axonal targeting, supporting the view that the gain-of-function
droshaΔ,E859K phenotypes are dependent on the relative concen-
tration of mutant Drosha protein.

Discussion
We delineated the function of two RNA pathways in neuronal
lineages. The first, the canonical miRNA pathway, maintains
neural progenitors. The relevant miRNAs may include miR-124,
a neural-specific miRNA that contributes to neural progenitor
proliferation (32). The second, a unique Pasha-dependent and
Drosha- and Ago1-independent pathway, promotes dendritic
and axonal targeting independent of canonical miRNAs. The
RNA effectors of this pathway are not known but may include
snoRNAs, because human Pasha is reported to regulate snoRNA
biogenesis by an unknown mechanism (8, 16). We cannot exclude
the possibility that this pathway involves Ago1-independent non-
canonical miRNAs, because some dcr-1 adPN NB and DL1 clones
display mistargeting. However, the low penetrance of mistargeting
defects in dcr-1 adPNs and the absence of phenotypes in dcr-1MB
ɣ neurons indicates that any such contribution to the morpho-
genesis function of Pasha is minor. Because loss of the human
ortholog of Pasha/DGCR8 is reported to contribute to DiGeorge
syndrome, this unique Pasha pathway may be directly relevant to

the cognitive and behavioral disorders associated with this syndrome.
Our results strongly suggest that the dendritic defects associated with
dgcr8 heterozygosity in mice involve this unique, canonical miRNA-
independent function of Pasha/DGCR8 (33).
The gain-of-function adPN phenotypes of droshaΔ,E859K illu-

minate this Pasha pathway, likely because the mutant form of
Drosha incapacitates its binding partner and blocks not only
miRNA processing but Pasha’s other functions as well. DroshaΔ

does not efficiently cleave both strands of pri-miRNA, leading to
the accumulation of partially processed intermediates. These
intermediates likely sequester Pasha, because current bio-
chemical and in vivo imaging data suggest that pri-miRNA
cleavage causes a conformational change in the microprocessor
that leads to rapid release of Drosha and a slower release of
Pasha (25). Trapped Pasha would therefore not be available to
bind either to other pri-miRNAs or additional RNA targets. The
morphological defects in ɣ MB and adPN neurons are likely due
to aberrant metabolism of these other RNAs, because drosha
null ɣ MB and adPN neurons that lack canonical miRNAs are
mostly normal. Identifying additional phenotypic differences
between droshaΔ,E859K and drosha null alleles will reveal other
contexts where Pasha’s miRNA-independent roles are relevant.
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The gain-of-function droshaΔ,E859K phenotypes are also recessive,
a relatively rare occurrence that provides genetic support that
the microprocessor complex contains two independent Drosha
subunits. Biochemical purification and reconstitution experi-
ments indicate that the large microprocessor complex, which is
∼650 kDa in humans and ∼500 kDa in flies, contains at least one
∼70-kDa Pasha/DGCR8 subunit and one ∼150-kDa Drosha
subunit, although it has been unclear whether the complex
contains additional Pasha/Drosha subunits and/or other auxiliary
proteins (2–4, 19). Recessive gain-of-function mutations have
previously been identified in genes whose products contribute
several subunits to a protein complex, such as an ion channel
(34). In these cases, the effects of the mutant form are sup-
pressed by redundant WT versions in heterozygotes but lead to
phenotypes in homozygotes that are stronger than complete
elimination of the protein. Isolation of recessive gain-of-function
alleles in drosha suggests that the fly microprocessor complex
functions analogously and contains two functionally inde-
pendent Drosha subunits, either one of which is sufficient for
its activity.

Materials and Methods
All flies were cultured on standard cornmeal medium at 25 °C. Tissues were
stained with primary antibodies, including rabbit anti-Drosha (1:1,000; from
G. Hannon, Cold Spring Harbor, NY), rabbit anti-Pasha (1:200; from
G. Hannon), chicken anti-GFP (1:500; Rockland Immunochemicals), mouse
anti-nc82 [1:5; Developmental Studies Hybridoma Bank (DSHB)], mouse anti-
Fas II (1:5; DSHB), mouse anti-Dac (1:100; DSHB), and guinea pig anti-Dpn
(1:1,000; from J. Skeath, Washington University, St. Louis), and secondary
AlexaFluor 488–, 568–, or 633–conjugated secondary antibodies (1:1,000; Life
Technologies). Images were collected on a Leica SP5 confocal microscope
(Light Microscopy Imaging Center, Indiana University). Statistical analysis was
performed using GraphPad Prism software, and P values were calculated using
a two-tailed unpaired t test. Values are presented as mean ± SEM. Details of fly
strains, clone induction, animal staging, mutagenesis screen, transgenes,
plasmids, and molecular techniques are included in SI Materials and Methods.
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