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The mir-279/996 cluster represses receptor tyrosine kinase
signaling to determine cell fates in the Drosophila eye
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Cyrus Zhou4, Joshua Kavaler5, Robert J. Johnston4, Andrew Tomlinson3 and Eric C. Lai1,‡

ABSTRACT
Photoreceptors in the crystalline Drosophila eye are recruited by
receptor tyrosine kinase (RTK)/Ras signaling mediated by Epidermal
growth factor receptor (EGFR) and the Sevenless (Sev) receptor.
Analyses of an allelic deletion series of the mir-279/996 locus, along
with a panel of modified genomic rescue transgenes, show that
Drosophila eye patterning depends on both miRNAs. Transcriptional
reporter and activity sensor transgenes reveal expression and
function of miR-279/996 in non-neural cells of the developing eye.
Moreover, mir-279/996 mutants exhibit substantial numbers of
ectopic photoreceptors, particularly of R7, and cone cell loss.
These miRNAs restrict RTK signaling in the eye, since mir-279/996
nulls are dominantly suppressed by positive components of the
EGFR pathway and enhanced by heterozygosity for an EGFR
repressor. miR-279/996 limit photoreceptor recruitment by targeting
multiple positive RTK/Ras signaling components that promote
photoreceptor/R7 specification. Strikingly, deletion of mir-279/996
sufficiently derepresses RTK/Ras signaling so as to rescue a
population of R7 cells in R7-specific RTK null mutants boss and
sev, which otherwise completely lack this cell fate. Altogether, we
reveal a rare setting of developmental cell specification that involves
substantial miRNA control.

KEY WORDS: Drosophila, R7 photoreceptor, RTK signaling,
MicroRNA

INTRODUCTION
The Drosophila eye is a choice model system for studying cell fate
specification owing to its highly stereotyped array of pattern
elements. Each eye consists of ∼800 ommatidial units, each of
which contains eight photoreceptors of distinct identities, four cone
cells, and about eight pigment cells; a mechanosensory bristle organ
develops at alternate ommatidial vertices. The orderly acquisition of
cell fates during eye development is coordinated by multiple
signaling pathways and transcription factors (Kumar, 2012).
Initially, a proneural zone defined by the basic helix-loop-helix

activator Atonal is resolved into single R8 photoreceptors by Notch

pathway signaling. Each R8 nucleates a developing ommatidium,
and a stepwise set of events mediated by Epidermal growth factor
receptor (EGFR) and receptor tyrosine kinase (RTK) signaling
progressively recruit the R2/5, R3/R4, R1/6 and R7 photoreceptors
to each ommatidial cluster (Freeman, 1996). A specialized RTK
signal transduced by the Sevenless (Sev) receptor specifies the final
photoreceptor, R7. In parallel to EGFR and Sev signaling, Notch
signaling defines photoreceptor subtypes (Cagan and Ready, 1989).
Further non-sensory cell fates are subsequently recruited to each
ommatidial cluster, including cone cells followed by primary and
secondary pigment cells.

The existence of extensive regulatory networks mediated by
microRNAs (miRNAs) suggests broad possibilities for their
requirement during development or physiology (Flynt and Lai,
2008; Sun and Lai, 2013). As is true for most tissues, loss of core
miRNA biogenesis factors such as Dicer-1 or Pasha causes
substantial defects in the developing Drosophila eye (Lee et al.,
2004; Smibert et al., 2011). Beyond the general requirement for
miRNA biogenesis in this tissue, some individual miRNAs and
miRNA sites influence eye development. For example, studies of
the hypermorphic Enhancer of split m8D [E(spl)m8D] allele
revealed its post-transcriptional repression by K box motifs (Lai
et al., 1998) – indeed long before these were recognized as binding
sites for K box family miRNAs (Lai, 2002; Lai et al., 2005).
Specific mutation of K boxes from an E(spl)m8 genomic transgene
sensitizes the Notchsplit background, yielding a synthetic, smaller
rough eye (Lai et al., 1998). The bantam miRNA is required for the
growth and proliferation of all imaginal discs; thus, loss of bantam
reduces eye tissue and increases apoptosis (Brennecke et al., 2003;
Hipfner et al., 2002). The mir-263a/b loci are essential for
development of eye interommatidial bristles, and protect the shaft
cells of these sensory organs from apoptosis (Hardiman et al., 2002;
Hilgers et al., 2010).

By contrast, many other Drosophila miRNAs connected to eye
development lack substantial defects when mutated on their own,
but are sensitive to genetic background or environmental stress. For
example, miR-7 positively regulates photoreceptor specification by
repressing the neural inhibitor yan (aop), a transcriptional repressor
in the EGFR pathway (Li and Carthew, 2005). Although deletion of
mir-7 alone has only minor effects on eye development, its deletion
sensitizes the eye to alteration in EGFR signaling (Li and Carthew,
2005) or temperature fluctuation (Li et al., 2009). Similarly, deletion
of mir-11, located in the intron of E2f1, does not have substantial
effects by itself, but this condition renders the eye sensitive to E2F1-
dependent, DNA damage-induced apoptosis (Truscott et al., 2011).
These and other examples have led to the notion that miRNAs are
primarily important for robustness, but are individually mostly
dispensable for normal developmental programs.

In this study, we elucidate crucial roles for the mir-279/996 locus
during Drosophila eye development. These seed-related miRNAsReceived 5 September 2017; Accepted 28 February 2018
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are expressed from an operon and are functionally equivalent in
several neural settings (Sun et al., 2015), including during
suppression of CO2 neurons (Cayirlioglu et al., 2008; Hartl et al.,
2011), control of circadian behavior (Luo and Sehgal, 2012), and
control of mechanosensory organ development (Kavaler et al.,
2018). We now show that these miRNAs are deployed in non-
neuronal cells of the developing eye, and their deletion strongly
alters eye cell fates, yielding ectopic photoreceptors and loss of cone
cells. Focusing on ectopic R7 photoreceptors, we use genetic
interactions to demonstrate that miR-279/996 restrict RTK/Ras
signaling, which normally promotes R7 specification. This is
attributable to their direct repression of multiple positive
components of RTK signaling pathways. Strikingly, the efficacy
of endogenous mir-279/996 in restricting RTK/Ras signaling is
substantial enough that deletion of these miRNAs can rescue a
population of R7 photoreceptors in the absence of the Boss ligand or
the Sev receptor.
These findings highlight how a single miRNA locus can exert

phenotypically substantial, and not merely fine-tuning, roles in
multiple biological settings. Moreover, these miRNAs achieve
similar functional roles (neural repression) through mechanistically
distinct strategies (i.e. by repressing RTK/Ras components in the
eye, by repressing a Notch inhibitor in mechanosensory organs, or
by repressing transcription factors in the olfactory system).

RESULTS
The mir-279/996 locus is essential for normal eye
development
The seed-related mir-279 and mir-996 were previously considered
to be expressed from independent transcription units, with mir-279
being solely required in various developmental settings (Cayirlioglu
et al., 2008; Luo and Sehgal, 2012; Yoon et al., 2011). However, we
recently clarified that these miRNAs are functionally overlapping
and co-expressed as an operon, and that ‘mir-279-specific’ deletions
also impair the expression of miR-996 (Sun et al., 2015). Our key
genetic reagents include hypomorphic and null alleles of the mir-
279/996 operon, and wild-type and modified genomic transgenes
expressing only miR-279 or miR-996 (Fig. 1A).
In our search for novel mir-279/996 functions, we observed that

our mutants exhibit defects in the normally crystalline adult eye
(Fig. 1B). Taking advantage of our allelic series, we found that the
severity of eye roughening is exacerbated by decreasing dosage of
mir-279/996 (Fig. 1C-F). The phenotypes of mir-279/996[15C/
15C] double-deletion homozygotes were rescued by a 16.6 kb
mir-279/996 genomic transgene, demonstrating that the eye defects
are due to loss of this miRNA locus (Fig. 1G). Moreover, sole
expression of either miR-279 or miR-996 from the same genomic
context restored normal adult eyes to [15C/15C] null animals
(Fig. 1H,I). Thus, these miRNAs exhibit substantial functional
redundancy across diverse in vivo settings (Sun et al., 2015).
To gain initial insight into underlying defects caused by lack of

miR-279/996, we sectioned adult eyes of various heteroallelelic
mutants. Normal eyes exhibit seven of the eight photoreceptor
rhabdomeres in a given section (Fig. 1J), arranged as six large outer
photoreceptors (R1-6) surrounding a small inner photoreceptor (R7/
8, depending on the apical-basal position of the section). Notably,
all three mutant combinations examined showed ectopic outer and
inner photoreceptors (Fig. 1K-M). Based on the position and
morphology of the latter, the ectopic inner photoreceptors were
preferentially R7.We annotated representative sections according to
the key in Fig. 1, with circles of different colors indicating
ommatidia with one or more outer R cells, and arrowheads

designating ectopic R7 cells. Fig. 1N-R shows magnifications of
individual normal and mutant ommatidia, and highlights the variety
of abnormal photoreceptor combinations present in mir-279/996
heteroallelic eyes. Quantification revealed that the strong mutant
combination ex36/15C exhibited stronger defects than either
hypomorphic combination examined, and >21% of ommatidia in
ex36/15C exhibited ectopic photoreceptors (Fig. 1S). Notably,
although there are eight photoreceptor subtypes, these quantitative
analyses indicate that a majority of mutant ommatidia in all three
transheterozygous backgrounds examined exhibit ectopic R7 cells.
Thus, specification of the R7 photoreceptor appears particularly
sensitive to the miRNAs.

Overall, these data reveal that defective allocation of cell fates
contributes to eye roughening inmir-279/996mutants, and that both
miRNAs are required for normal eye development. We note that
although the eye is sensitive in revealing developmental
abnormalities, it is actually rare for miRNA mutants to exhibit
retinal phenotypes. Indeed, in a recent survey of new deletion alleles
covering ∼100 Drosophila miRNAs, including most operons
analyzed as cluster knockouts, only one novel locus (mir-92a)
affected eye morphology and barely any others discernibly affected
external development (Chen et al., 2014). Therefore, these eye
specification defects in mir-279/996 mutants represent some of the
most overt developmental phenotypes detected among miRNA
mutants.

Transcriptional activity of mir-279/996 in the pupal eye
We examined the spatial expression of miR-279/996 in the
developing eye. We generated a transcriptional reporter in which
cytoplasmic GFP was knocked into a 16.6 kb genomic fragment
that extends into the flanking upstream and downstream protein-
coding genes (Fig. 2A). This genomic fragment provides full rescue
of mir-279/996 function in multiple settings (Sun et al., 2015),
including during eye development (Fig. 1G-I), indicating that it
contains all relevant cis-regulatory information.

In eyes staged at 45 h after puparium formation (APF), the
differentiation of all ommatidial cell types has occurred, and they
have adopted their appropriate relative positions in the mature unit
eye. The nuclei of the different cell types adopt characteristic
locations along this axis, and can be divided into four layers
(Fig. 2B). Most apically lie the quartet of cone cell nuclei, below
which are the nuclei of the paired primary pigment cells. The third
level is made from the eight photoreceptor nuclei, and most basally
lie the nuclei of the secondary/tertiary pigment cells and the bristle
cells. The mir-279/996-GFP reporter is expressed throughout the
cone and primary pigment cell layer [as marked by expression of
nuclear DPax2 (Shaven), Fig. 2C], as well as in the accessory
pigment and bristle cells, but is clearly excluded from
photoreceptors (as marked by nuclear Elav, Fig. 2D,E). Therefore,
this miRNA locus is deployed in multiple non-neuronal eye cell
types, but is excluded from photoreceptors.

Endogenous activity ofmiR-279/996 in non-neural cells of the
pupal eye
As some miRNAs are regulated post-transcriptionally, patterned
expression of the mir-279/996-GFP reporter does not necessarily
equate to their spatial activity. We therefore generated a miRNA
activity sensor, composed of a ubiquitously expressed GFP reporter
bearing two sequences complementary to miR-279 (Fig. 2A). In
theory, this tub-GFP-miR-279 transgene should be repressed by
both miR-279 (via RNAi) and miR-996 (via miRNA seed
matching). Interestingly, expression of the tub-GFP-miR-279
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Fig. 1.mir-279/996 alleles and corresponding adult Drosophila eye phenotypes. (A) The Drosophila mir-279/996 genomic region, along with three deletion
alleles and three rescue transgenes built into a 16.6 kb genomic backbone. (B-I) Adult Drosophila eyes analyzed by scanning electron microscopy. (B) The wild-
type eye exhibits a regular, crystalline organization. (C) A hypomorphic condition that is deleted for mir-279 and is impaired for miR-996 biogenesis appears
externally normal, whereas genotypes that progressively remove miR-279/996 activity exhibit overt roughening and ommatidial disorganization (D-F). (G-I) The
exterior eye phenotype caused by deletion of both mir-279 and mir-996 (in [15C] homozygotes) can be rescued by supplying both miRNAs (G), only mir-279
(H) or only mir-996 (I). (J-M) Plastic sections through adult eyes of wild type (J) and three heteroallelic mir-279/996 combinations (K-M). Normal ommatidia
exhibit six large outer photoreceptor rhabdomeres (R1-6) surrounding a smaller inner photoreceptor rhabdomere (R7 or R8, depending on the apical-basal
position). All of the transheterozygousmir-279/996mutants exhibit populations of ommatidia with ectopic outer and/or inner photoreceptors, as annotated in the
key to the left. Based on their position and morphology, the ectopic inner photoreceptors are predominantly R7. Some ommatidia can contain both ectopic
outer and R7 photoreceptors, and the frequency of mutant ommatidia is noticeably higher in the strongest mutant transheterozygote ex36/15C (M).
(N-R) Magnifications of individual ommatidia highlighting normal and different combinations of mutant photoreceptor identities. (S) Quantification of photoreceptor
subtypes in the three heteroallelic mir-279/996 mutants examined. R7 is the predominant photoreceptor subtype affected in all genotypes.
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sensor was complementary to that of the transcriptional reporter;
sensor GFP expression was robust in photoreceptor cells, but absent
in cone cells, pigment cells and the non-neuronal cells of

interommatidial bristle organs (Fig. 2F,G,I). The non-neuronal
activity of miR-279/996 was particularly apparent at higher
magnification of photoreceptor and primary pigment cells, since

Fig. 2. See next page for legend.
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GFP was specifically absent from DPax2+ primary pigment cells
that are directly adjacent to Elav+ photoreceptors (Fig. 2J).
If the non-uniform expression of the tub-GFP-miR-279 sensor

is truly imposed by these miRNAs, its spatial activity should
become equalized in mir-279/996 mutants. Indeed, expression of
the tub-GFP-miR-279 sensor became uniform throughout the
cone cells (Fig. 2H) and the pigment and bristle cells (Fig. 2K) of
mir-279/996[15C/15C] eyes. We conclude that the mir-279/996
locus is not only transcriptionally active, but also mediates strong
functional repression within diverse non-neuronal cells of the
developing eye.

miR-279/996 are required for normal specification of
ommatidial cell fates
We characterized the cellular bases of adult eye patterning defects in
mir-279/996 mutants (Fig. 1), which were already becoming
evident during the course of our expression pattern studies
(Fig. 2). We initially used antibodies to the adherens junctions
component Armadillo (Arm). Arm stains throughout the apical
surface of photoreceptor cells at 36 h APF, but becomes restricted to
zonula adherens junctions by 45 h APF (Zelhof and Hardy, 2004).
At the latter time point, Arm staining at the z-level in which the
photoreceptor apices are well separated reveals seven structures, as
R8 resides basally to the others (Fig. 3A). Deletion of mir-279/996
increased the number of Arm+ photoreceptors observed in single
confocal sections (Fig. 3B). These phenotypes were rescued by
presence of the wild-type transgene, indicating that they result from
the loss of mir-279/996 (Fig. 3C). Defects were also evident at the
cone cell layer, where Arm staining normally outlines the four cone
cells in each ommatidia. By contrast, mir-279/996 mutant
ommatidia frequently contained only three cone cells, a
phenotype that was also rescued by the wild-type transgene
(Fig. 3D-F).
Although the distribution of abnormal ommatidia could be

stronger in certain areas of a given eye, there did not appear to be a
reproducible spatial preference (e.g. dorsal/ventral or central/
peripheral) of phenotypes among eyes. Therefore, to quantify
these defects, we utilized all available tissue from all pupal eye
preparations. We note that occasional ommatidia exhibited six
photoreceptors in a section; however, this did not prove to genuinely
reflect photoreceptor loss. Careful examination in confocal stacks

revealed these to be due to disturbed cell arrangements, since other
photoreceptor apices could be found at other z-levels (Fig. S1).
Overall, ∼20% of ommatidia have one or two extra photoreceptors
in mir-279/996[15C/15C] (Fig. 3G), which corresponds to the
quantifications from adult sections (Fig. 1). In addition, ∼25% of
ommatidia were missing one or two cone cells (Fig. 3H), with a very
minor frequency (0.68%) exhibiting five cone cells. The wild-type
genomic transgene fully rescued both the ectopic photoreceptor and
missing cone cell phenotypes.

We confirmed the cone cell and photoreceptor defects using other
markers. We used Discs large (Dlg, or Dlg1) to label cell
membranes and DPax2 to label cone cells, and confirmed a
substantial population of three-cone ommatidia; these defects were
rescuable (Fig. 3I-K). We then analyzed the general neuronal
marker Elav to assess over-recruitment of R cells. Although
quantification of Elav is challenging due to its diffuse
immunoreactivity and the fact that photoreceptor nuclei do not all
reside at the same z-level at mid-pupal stages, we clearly observed
ommatidia with ectopic Elav+ cells in mir-279/996 mutants
(Fig. 3L-N). By carefully examining cells along the z-axis in
confocal stacks, we confirmed that wild-type ommatidia are
associated with eight DAPI-stained Elav+ photoreceptor nuclei,
while all ommatidia exhibiting supernumerary photoreceptors with
Arm staining carried a correlating increase of DAPI-stained Elav+

nuclei (Fig. S1). This excludes the possibility that ectopic Arm+

structures simply reflect mispositioning of R8, and demonstrates
that the miRNA mutants develop ectopic photoreceptors.

Finally, we examined the effects of ectopically expressing mir-
279/996 in the photoreceptors. We first used GMR-Gal4 to drive
expression of UAS-DsRed-mir-279 in all cells of the developing
retina. This treatment strongly disrupted the retina, making it
challenging to monitor any cell fate changes. We therefore used the
more restricted driver sev-Gal4, which is active in R3/R4, R1/R6,
R7 and cone cells. Adult eyes of sev-Gal4; UAS-DsRed-mir-279
showed a selective effect in the R3/4 photoreceptors, which were
often degenerate with missing or vestigial rhabdomeres (Fig. S2).
Although it is unclear why R3/4 are preferentially sensitive to
ectopic mir-279, this result suggests that elevated miR-279 can
interfere with photoreceptor formation.

miR-279/996 are predominantly required to restrict R7
photoreceptor fate
To gain insight into the identity of ectopic photoreceptors inmir-279/
996 null mutants, we examined a panel of cell-specific markers. At
45 hAPF, we observed two classes of supernumerary photoreceptors.
Staining for Sens (R8) and BarH1 (R1/6) revealed a low frequency of
photoreceptors of heterogeneous fate (Fig. S3). By contrast, staining
for the R7marker Prospero (Pros) revealed a substantial population of
ommatidiawith two, and sometimes three, Pros+ cells; thesewere fully
suppressed by the genomicmir-279/996 transgene (Fig. 3O-Q). These
cells colabeled with Elav, indicating that they are photoreceptors.
Some retinal regions showed much higher densities of the ectopic
Pros+ cells than others (Fig. 3R). However, aswe could not assign any
specific area of the retina that was consistently more affected, our
quantifications utilized all available tissue across samples. This
revealed that∼10%of45 hAPFommatidia bear supernumeraryPros+

cells (Fig. 3S), confirming that R7 comprises a dominant subclass of
the ectopic photoreceptors induced by the loss of mir-279/996. This
supports our morphological classifications and quantifications from
adult sections (Fig. 1J-S).

To determinewhethermid-pupal cells that ectopically express Pros
indeed differentiate as R7s, we stained for theR7-specific rhodopsins

Fig. 2. Expression and activity ofmir-279/996 in the developing pupal eye.
(A) Transgenes to detect transcriptional activity or functional repression bymir-
279/996; the former is a positive readout of miRNA expression, whereas the
latter is a negative sensor of miRNA activity. (B) Schematic of ommatidial
nuclei in the fly eye. Cone cell (CC) nuclei are located most apically, primary
pigment cells and photoreceptors reside medially, and secondary and tertiary
pigment cells and interommatidial bristle nuclei are located basally.
(C-E″) Expression of the 16.6 kb mir-279/996-GFP transgene is readily
detected throughout the cone cell layer as marked by DPax2 (C) and in the
pigment cells and bristle cells (D), but is excluded from Elav+ photoreceptor
neurons. (E) Magnification of the boxed region in D, highlighting exclusion of
mir-279/996-GFP activity from Elav+ cells. (F-K‴) Functional repression
detected by the tub-GFP-miR-279 sensor. Note that this is a cytoplasmic
sensor, whereas the cell-specific markers are nuclear. (F) The tub-GFP-miR-
279 sensor is largely excluded from the cone cell layer. (G) Magnified view of
the boxed region in F. (H) The tub-GFP-miR-279 sensor is reactivated in cone
cells when placed in themir-279/996[ex36/ex36] background. (I) The tub-GFP-
miR-279 sensor is coincident with Elav+ photoreceptors but is excluded from
pigment cells. (J-J‴′′) Higher magnification view emphasizing the on and off
spatial pattern of the miR-279 sensor in adjacent Elav+ and DPax2+ cells,
respectively. (K-K‴) The tub-GFP-miR-279 sensor is reactivated in non-neuronal
cells within the photoreceptor plane of mir-279/996[ex36/ex36] mutants.
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Rh3 and Rh4 in adult eyes. Their expression is stochastic, but
mutually exclusive, within mature R7 neurons and thus defines two
functional subclasses (Fig. 3T,U). We observed ∼12.7% of
ommatidia with ectopic Rh3 and/or Rh4 staining (Fig. 3V,W),
concordant with the results of ectopic Pros reactivity at 45 hAPF.We
further analyzed Pros expression in the genetic combinations mir-
279/996[15C/ex36] and [ex117/ex117] (Fig. 1A). These exhibited
8.8% and 1.7% of ommatidia with ectopic Pros+ cells, respectively,

consistent with the fact that these differentmir-279 deletions express
lower and higher levels of miR-996, respectively (Sun et al., 2015).
Finally, rescue experiments with mir-279-only and mir-996-only
genomic transgenes showed that both could completely rescue
ommatidial cellular organization in the 15C null homozygotes,
including full suppression of ectopic Pros+ cells (Fig. S4).

Overall, these cytological tests validate observations from the
adult that defective mutant eye phenotypes are a direct consequence

Fig. 3. Cell specification defects inmir-279/996mutant eyes. Stainings and quantifications in A-S were from ∼45 h APF pupal eyes, while stainings in T-W were
from adult eyes. (A-F) Arm labels the zonula adherens of apically constricted photoreceptors. (A) Seven of the eight neurons are labeled by Arm in a single optical
section at the z-level in which the photoreceptor apices are well separated. (B) 15C homozygotes frequently have supernumerary photoreceptors, with ommatidia
bearingeightArm+photoreceptors ina singleoptical section (greencircles), andoccasionallymore (theyellowcircle indicatesanommatidiumwithnineorpossibly ten
photoreceptors). (C) These defects were suppressed by a 16.6 kbmir-279/996 genomic transgene. (A′-C′) Higher magnifications of individual ommatidial groups
(boxed regions in A-C) with photoreceptors labeled. A potential tenth photoreceptor in B′ is indicated with an asterisk. (D) In the cone cell layer, Arm labels groups of
four cones in each wild-type ommatidium. (E)mir-279/996[15C/15C]mutants frequently have only three (or even two) cone cells (circles); very rarely, five cone cell
clustersareseen (yellowcircle). (F)Conecell defectsare fully rescuedby thegenomic transgene. (D′-F′)Highermagnificationsof individual ommatidialgroups (boxed
regions inD-F)with cone cells labeled. (G,H)Quantification of ommatidiawith aberrant photoreceptor number (G) or cone cell number (H) inmir-279/996mutants and
rescues. Error bars indicate s.d. ****P<0.0001, one-way ANOVAwith Tukey’s HSD post-hoc test. (I-K″) Co-staining for Dlg (green, cell membranes) and DPax2 (red,
conecell nuclei). (I) The regular patternof fourconecells perommatidium isseen inwild type (wt). (J)mir-279/996[15C/15C]mutants frequentlyexhibit threeconecells
per ommatidium, which is rescued by a genomic transgene (K). (L-N) Staining for the neuronal marker Elav demonstrates mutant ommatidia with ectopic
photoreceptors (asterisks). (O-Q) Co-staining for Elav and Pros shows that many ectopic photoreceptors are R7 cells. (R,R′) Region ofmir-279/996mutant eye that
shows an especially high frequency of ectopic Pros photoreceptors (asterisks). (S) Quantification of ommatidia with ectopic Pros+ R7 cells. Error bars indicate s.d.
****P<0.0001,one-wayANOVAwithTukey’sHSDpost-hoc test. (T-W)Staining for rhodopsinsselectivelyexpressed in terminally differentiatedR7cells:Rh3 (T,V)and
Rh4 (U,W).mir-279/996mutant ommatidia are labeled; white circles indicate two R7 cells and yellow circles indicate three R7 cells.
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of miRNA loss, and that both miR-279 and miR-996 can direct
normal eye patterning and neuronal suppression.

miR-279/996 repress multiple positive RTK/Ras signaling
factors
Supernumerary photoreceptors typically result from ectopic
activation of RTK/Ras signaling. As the photoreceptor subtype
most sensitive to endogenous mir-279/996 was R7, we focused our
efforts on understanding its specification. Two RTKs are active in
Drosophila eye development: EGFR and the Sev receptor (Hafen
et al., 1987; Schejter and Shilo, 1989). Ectopic activation of either
RTK, or their downstream pathways, will trigger cone cell
precursors to adopt the R7 fate (Basler et al., 1991). Strikingly,
multiple positive core components of the EGFR and Sev signaling
pathways bear highly conserved miR-279/996 seed matches in their
3′UTRs (Fig. 4A). These include rhomboid (rho) and roughoid (ru,
also known as rho3), which encode two serine-type endopeptidases
that generate active EGFR ligands, and bride of sevenless (boss),
which encodes the ligand for the Sev receptor. The sites in ru and
boss are optimal ‘8mer’ sites, whereas the site in rho is a 7mer-1A
site (Lewis et al., 2005). All of these sites are conserved in all
sequenced drosophilids, indicating that they are under strong
selective constraint (Fig. 4A,B).

We used luciferase sensor assays in cultured cells (Sun et al.,
2015) to demonstrate that the 3′ UTRs of RTK pathway factors can
be repressed by miR-279 and miR-996. We first tested a validated
sensor for the key miR-279 target nerfin-1 (Cayirlioglu et al., 2008)
and observed nearly 90% reduction.We show here that miR-996 has
similar activity to miR-279 (Fig. 4C). nerfin-1 is an unusually strong
miRNA target due to five conserved matches to the same miRNA
seed, a number that few fly mRNAs bear. By comparison, we
observed reduction by half to two-thirds in the levels of the rho, ru
and boss 3′ UTR sensors (Fig. 4C), which is comparable to more
‘typical’ miRNA targets. To demonstrate direct regulation, we
mutated the cognate binding sites. This abrogated the response of
the rho, ru and boss 3′ UTR sensors, indicating that regulation is
mediated directly via individual miR-279/996 seed matches
(Fig. 4C).

We next generated tubulin-GFP transgenes to the full 3′UTRs of
these RTK signaling genes and examined their regulation in the fly.
When a control transgene was crossed into a background expressing
UAS-DsRed-mir-279 using ptc-Gal4, the expression of the miRNA
can be marked in DsRed+ cells, which do not alter GFP expression
(Fig. 4D). However, when the three RTK pathway sensor transgenes
were assayed, all three were cell-autonomously suppressed in the
miRNA-expressing domain (Fig. 4E-G). Therefore, rho, ru and

Fig. 4. miR-279/996 directly repress multiple positive
components of RTK/Ras pathways. (A) Among 3′ UTRs
bearing target sites for the shared miR-279/996 seed
sequence, three (ru, rho, boss) are positive components of
RTK/Ras that promote photoreceptor/R7 specification. rho
bears a 7mer-1A site, whereas boss and ru both contain
high-affinity 8mer sites. (B) All of these sites are conserved
across the 12 sequenced Drosophila genomes, as
exemplified for ru. (C) Luciferase sensor assays
demonstrate target 3′UTR repression bymiR-279 andmiR-
996.Hairless (H ) is used as a negative control, while nerfin-
1 is a positive control that is exceptionally well repressed by
both miRNAs. rho, ru and boss are repressed 2- to 3-fold by
ectopic miR-279/996 in a seed-dependent manner. Error
bars indicate s.d. (D-G″) Evidence that miR-279 represses
Ras pathway 3′ UTRs in vivo. Shown are the central
portions of wing imaginal discs that express GFP
ubiquitously (tub-GFP-3′ UTR sensors), in a genetic
background in which miR-279 is ectopically expressed in a
central stripe labeled by DsRed. (D) miR-279 does not
affect a control GFP sensor, but induces cell-autonomous
repression of GFP sensors linked to ru (E), rho (F) and boss
(G) 3′ UTRs.
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boss are bona fide targets of these miRNAs. These results provide
in vitro and in vivo evidence for post-transcriptional regulation of
multiple positive components of RTK/Ras signaling by miR-279/
996.

miR-279/996 represses RTK/Ras signaling during eye
development
We sought to connect the action of the miRNAs on RTK signaling
to the phenotypes observed inmir-279/996mutant eyes by assaying
for dominant genetic interactions. Even though miRNAs typically
have large cohorts of conserved targets (at least 130 Drosophila
genes bear conserved 3′UTR seed matches for miR-279/996, http://
www.targetscan.org), at least some miRNA mutant phenotypes are
highly dose sensitive on the level of individual targets. This
implies that particular genes or pathways, out of the entire target
network, may drive a particular miRNA mutant phenotype (Dai
et al., 2012).
Both Nerfin-1 and Escargot (Esg) are key miR-279 targets, and

their heterozygosity can suppress the specification of ectopic CO2-
sensing neurons in the miRNA mutants (Cayirlioglu et al., 2008;
Hartl et al., 2011). However, heterozygosity for neither nerfin-1 nor
esg modulated the eye roughening of mir-279/996[15C]
homozygous eyes; in fact, double heterozygosity for these target
genes did not suppress eye roughening of the miRNA deletion
(Fig. 5A-C). This suggests that the miR-279/996 target cohort that is
crucial in olfactory system development is not substantially required
during eye development.
Since the ectopic R7s likely resulted from ectopic activation of the

RTK pathway, and many RTK-associated genes are functionally
targeted by miR-279/996, we next examined genetic interactions
with genes associated with RTK activation. Notably, heterozygosity
for Egfr, ru, rho, and the nuclear effector phyllopod ( phyl), each
yielded detectable dominant suppression of overall adult eye
roughness (Fig. 5D-F). The strongest individual suppression was
observed with heterozygosity for phyl, which was not predicted as a
direct miR-279/996 target. However, as a nuclear component of the
RTK/Ras pathway, Phyl integrates signaling from both EGFR and
Sev signaling, and was previously isolated by virtue of its strong
dominant suppression of an activated Ras phenotype (Chang et al.,
1995; Dickson et al., 1995). Nevertheless, to test whether combined
loss of direct targets could produce greater suppression,we generated
a ru, rho, 15C recombinant chromosome and backcrossed this to
mir-279/996[15C]. Double heterozygosity for ru and rho strongly
rescued the regularity of [15C/15C] external eyes (Fig. 5G).
We examined the cellular basis of these morphological rescues.

Arm staining at 45 h APF served as a convenient readout of
photoreceptor numbers. Indeed, multiple components of the EGFR/
Ras pathway dominantly suppressed the frequency of ommatidia
with ectopic photoreceptors (Fig. 5H-L). We extended these
interaction tests by examining the secreted EGFR inhibitor Argos
(Freeman et al., 1992; Schweitzer et al., 1995). Whereas argos
heterozygotes (argos/+) were normal in an otherwise wild-type
background, argos/+ enhanced ectopic photoreceptors in mir-279/
996[15C] mutants (Fig. 5M).
We recapitulated these findings by specific analysis of R7 cells. In

particular, double heterozygosity of nerfin-1 and esg did not modify
the number of Pros+ cells (Fig. 5N), further indicating that dominant
phenotypic suppression is not a trivial genetic outcome, even among
demonstrated ‘crucial’ miRNA targets. On the other hand,
heterozygosity for multiple positive EGFR/Ras pathway components
(e.g. ru, rho and phyl) each reduced R7 cell numbers (Fig. 5O-R),
whereas heterozygosity forargos strongly increasedR7 cells (Fig. 5S).

We quantified the nature of these genetic interactions at the level
of cell fate readouts. Analyses of photoreceptor numbers (Arm+

cells, Fig. 5T) and R7 photoreceptors (Pros+/Elav+ cells, Fig. 5U)
validated the magnitude and directionality of these phenotypic
modifications, and provide further evidence that miR-279/996
endogenously suppress Ras/RTK signaling during eye
development. Importantly, assignment of miRNA control of R7
specification extended to terminal differentiation. Supernumerary
R7 photoreceptors expressing Rh3 or Rh4 were reduced to <2% in
ru, rho double heterozygotes, and to ∼0.5% in phyl heterozygotes.
Reciprocally, whereas argos heterozygotes did not exhibit ectopic
R7 cells (Fig. 5U), argos dominantly enhanced their presence in 15C
homozygotes (Fig. 5V). Even with the caveat that the morphological
aberration of some rhabdomeres interfered with assignment of
photoreceptor subtype, at least 31.6% of ommatidia in argos/+, mir-
279/996[15C/15C] eyes carried an unambiguously ectopic R7 cell.

Finally, we examined interactions with boss. Although the R7
phenotypes we observed could relate to the activities of either EGFR
or Sev, and boss is a functional miR-279/996 target, we did not
detect substantial genetic interactions of boss heterozygotes with
mir-279/996[15C] homozygotes (Fig. 5U). Failure to observe a
dominant effect does not rule out the involvement of Boss/Sev
signaling. Nevertheless, the strong genetic interactions of mir-279/
996mutants with positive and negative Ras pathway factors suggest
that the phenotype preferentially relates to secretion and antagonism
of the EGFR ligand.

Deletion of mir-279/996 partially bypasses Boss and Sev for
R7 specification
The R7 precursor is unusual in that it requires potent activation of
the RTK/Ras pathway, an activation level that EGFR alone cannot
supply (Tomlinson et al., 2011). Instead, activation of both EGFR
and Sev is required, and if Sev alone is removed all ommatidia lack
R7s, as this cell transforms into an equatorial cone cell (Tomlinson
and Ready, 1986) (Fig. 6A,B). We therefore extended the previous
heterozygote experiments by investigating the effect of full mir-
279/996 loss-of-function in the sev null background. In particular,
we were interested whether EGFR pathway activation caused by
lack of mir-279/996 might restore R7 differentiation in the absence
of Sev.

We sectioned adult eyes of mir-279/996[15C/ex36]
transheterozygotes in a sev[d2] background. Whereas sev[d2]
does not differentiate any R7s, concomitant loss of mir-279/996
yielded a striking population of rescued R7s (Fig. 6C). We note that
in sev mutant ommatidia the R8 cell can migrate into the apical
regions and present a central rhabdomere that can be mistaken for an
R7. To ensure that the rescued cells were bona fide R7s, we
examined the basal regions of the R7-bearing ommatidia in
adjacent sections, and confirmed the presence of the endogenous
R8 (Fig. 6C′). Since the rescued R7s reside in the appropriate
position, the simplest scenario is that the equatorial cone cell has
been transformed into R7, as opposed to one of the other three cone
cell types.

We next examined sev and sev; mir-279/996 double-mutant eyes
in 45 h pupae. As expected, sev mutants completely lack Pros+ R7
cells (Fig. 6D). We were able to confirm that the antibody staining
was successful since the Pros+ sheath cells of the interommatidial
bristle sensory organs were labeled. Sheath cells do not express Elav
and are thus distinct from the Elav+ neurons of these bristle organs
(Fig. 6D′,D″). By contrast, sev; mir-279/996 double mutants
differentiated a population of Pros+ R7 cells, which were confirmed
as photoreceptors since they colabeled with Elav (Fig. 6E).
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Similar to sev mutants, loss of boss function ablates R7
specification (Fig. 6F). By contrast, boss[1], mir-279/996[15C]
double homozygotes displayed clear rescue of a population of
Pros+ photoreceptors in R7 positions (Fig. 6G). We quantified the
restoration of Pros+ R7 cells to sev and boss mutants by

concomitant loss of mir-279/996 (Fig. 6H). Overall, these data
provide striking evidence for endogenous restriction of EGFR
pathway activity by these miRNAs, which constitute novel
crucial players in one of the classic paradigms of cell fate
specification.

Fig. 5. mir-279/996mutant phenotypes are due to elevated Ras pathway activity. Except for the wild-type eye (A), all other adult and pupal eye samples are
homozygous formir-279/996[15C], with other heterozygous mutations as indicated. (A-G) Scanning electron microscopy of adult eyes. (A) Normal regular
arrangement of wild-type ommatidia. The rough eye of the mir-279/996[15C] homozygote (B) is not modified by double heterozygosity for nerfin-1 and esg (C), but
is partially suppressed by Egfr/+ (D) and ru/+ (E), and strongly suppressed by phyl/+ (F) and ru, rho/+, + (G). (H-S′) 45 h APF eyes stained for the indicated markers.
(H-M) Arm staining focused on photoreceptor apices. Mutant ommatidia with ectopic photoreceptors (eight in one optical section) are circled; the inset (H) shows
examples of ommatidia with seven and eight photoreceptors at higher magnification. The phenotype of [15C/15C] (H) is dominantly suppressed by heterozygosity
for positive Ras pathway components (I-L) and dominantly enhanced by argos, a Ras pathway inhibitor (M). (N-S) Pros (green) and Elav (red) staining to detect R7
cells. The phenotype of [15C/15C] is not substantially modified by double heterozygosity for nerfin-1 and esg (N), but is dominantly suppressed by heterozygosity
for positiveRaspathway components (O-R) anddominantlyenhanced byargos (S). (T,U)Quantificationof ectopic photoreceptor (T) andectopicR7 (U) phenotypes in
various genotypes. Error bars indicate s.d. **P<0.01, ***P<0.001, one-way ANOVAwith Tukey’s post-hoc test. (V) Retinal section of argos, 15C/15C adult eye
illustrates a high frequency of ectopic R7 cells (arrowheads), which can be identified based on their central position within the circled ommatidia.
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DISCUSSION
miR-279/996 and eye development
During Drosophila eye development, the level of RTK pathway
activation determines whether a cell can adopt the photoreceptor
fate. Multiple mechanisms, including activation of Notch

(Tomlinson et al., 2011) and release of Argos (Freeman et al.,
1992), ensure that the pathway is activated only in presumptive
photoreceptors. Here, we presented molecular and genetic evidence
indicating that miR-279/996 suppress RTK activation in non-
photoreceptor cells during eye development. Of note, the fact that

Fig. 6. Deletion ofmir-279/996 partially rescues R7 cells in sev
and boss mutants. (A-C) Plastic sections of adult eyes.
(A) Section of Canton S at the R7 cell level shows the
characteristic trapezoidal arrangement of seven photoreceptor
rhabdomeres in each ommatidia. (B) Section of sev[d2] mutant
shows only six photoreceptors, with the centrally located R7
absent. (C) Example of rescued R7 cell in sev[d2]; mir-279/
996[ex36/15C] eye; an adjacent section from theR8 level confirms
the presence of R8 (C′), demonstrating that the cell assigned as
R7 is not a misplaced R8. (D-G″) Double staining for Pros (green)
and Elav (red) at 45 h APF. (D) sev mutant eye lacks Pros+

photoreceptors. Proper staining is confirmed by including a
section that overlaps the interommatidial bristle (IOB) layer, where
adjacent pairs of Pros+ sheath (S) and Elav+ neuronal (N) cells are
present in each IOB organ. (E) sev; mir-279/996 double-mutant
eye shows presence of Pros+ (R7) cells; their identity as
photoreceptors is evidenced by colabeling for Elav (circled in E″).
(F) boss mutant eye lacks Pros+ photoreceptors. (G) boss, mir-
279/996 double-mutant eye exhibits rescue of a population of R7
cells (circled in G″). (H) Quantification of R7 rescue in sev and
boss mutants by concomitant deletion of mir-279/996. Error bars
indicate s.d. ****P<0.0001, one-way ANOVA with Tukey’s post-
hoc test.
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mir-279/996 mutants exhibit a rich set of reciprocal genetic
interactions with positive and negative Ras pathway factors
suggests that this locus might have unknowingly been hit in
previous large-scale dominant modifier screens in the Drosophila
eye used to isolate components of the RTK pathway (Karim et al.,
1996; Simon et al., 1991).
Supernumerary photoreceptors typically result from ectopic

activation of RTK/Ras signaling in either of two groups of cells
that are not normally destined to become photoreceptors (Basler
et al., 1991). Mystery cells are constituents of the early ommatidia
that are subsequently lost from the structure (Tomlinson and Ready,
1987). However, if their RTK/Ras pathway is activated, they can
generate supernumerary photoreceptors of the R1-6 class (with
large rhabdomeres). Cone cells are added to developing ommatidia
after the photoreceptors. If RTK/Ras signaling is inappropriately
activated in these cells, they generate photoreceptors of the R7 class
(with small rhabdomeres) (Basler et al., 1991). As we observe
substantial populations of excess photoreceptors with large as
well as small rhabdomeres in mir-279/996 mutants, our data
are consistent with the occurrence of both mystery cell
transformations and cone cell transformations, although we have
focused on the latter as the inferred source of ectopic R7 cells.
Further studies are needed to characterize the basis and subtypes of
other photoreceptor transformations in mir-279/996 mutants.
The two RTKs active in Drosophila eye development, Sev and

EGFR, share intracellular transduction pathways but differ
markedly in their ligands. Boss is the ligand for Sev and is an
integral plasma membrane protein, whereas Spitz, the ligand for
EGFR, is a diffusible peptide released by a subset of differentiating
photoreceptors. Although we identify boss as a conserved and
functional miR-279/996 target, our genetic experiments do not yet
implicate miR-279/996 as restricting Boss/Sev signaling. Instead,
the data are consistent with the scenario that miR-279/996 may
regulate the presentation of ligands to EGFR. In particular, genes
that positively regulate EGFR ligands (ru and rho) are both
conserved targets and dominant suppressors of mir-279/996mutant
eye phenotypes.
One of the most striking phenotypic readouts in mir-279/996

mutants is the fact that a subset of R7 cells can be rescued by
deletion of the miRNA locus in boss or sev mutants. It is well
documented that directed misexpression of activated Ras pathway
components can rescue R7 cells in Sev pathway mutants (Basler
et al., 1991; Fortini et al., 1992). However, there are very few loss-
of-function mutants that can rescue R7 cells in boss or sev mutants.
Mutations of the Ras target gene inhibitor Yan (Lai and Rubin,
1992) and the neural inhibitor Ttk (Lai et al., 1996; Xiong and
Montell, 1993) can induce R7 photoreceptors in sev mutants, but
mutation of the Ras pathway inhibitor Argos does not (Freeman
et al., 1992). Of note, the H214 enhancer trap (Mlodzik et al., 1992)
is selectively active in R7 precursors and not other photoreceptors.
In the absence of sev, the R7 precursor transforms into a cone cell
precursor and yet retains H214 expression. This was the first
evidence that the R7 precursor could receive positional information
independently of Sev. Whether H214 expression relates to miR-
279/996 activity, and whether it responds to the Notch signals that
the R7 precursor receives, remains to be investigated.
Overall, the endogenous impact of miR-279/996 in the eye is

more profound than the typical view of ‘fine-tuning’ regulation
attributed to most miRNAs. Indeed, the eye phenotypes of mir-279/
996 mutants place it among a small cohort of miRNA mutants in
any species that, when deleted, have overt consequences on external
morphology and assignment of cell fate. Although the miR-279

family is not found in chordates (Mohammed et al., 2014), its
genetic attributes might have relevance to cancer mechanisms. The
setting-specific nature of mir-279/996 mutant phenotypes provides
precedent that potential human miRNA deletions that unleash Ras
signaling in disease and cancer might await genetic discovery.

Multiple developmental roles for miR-279/996
A striking dichotomy has emerged from the genetic analysis of
miRNA biology (Lai, 2015). The founding miRNAs and even
miRNA target sites were identified from genetic aberrations of
miRNA loci and 3′ UTRs that yielded highly penetrant
morphological defects. Alongside bioinformatic and molecular
evidence that miRNAs target a majority of animal transcriptomes, it
is widely considered that miRNAs have broad impacts on gene
expression. On the other hand, systematic collections of miRNA
deletions demonstrate that the vast majority do not cause seemingly
overt phenotypes (Chen et al., 2014; Miska et al., 2007). Thus,
miRNA loci were probably historically undersampled not on
account of the small mutational target size of mature miRNAs, but
rather because they only rarely exhibit notable phenotypes that
would have permitted their isolation from forward genetic screens.

This dichotomy is intensified by the fact that among the minority
of miRNAs with overt phenotypic impacts, several are involved in
distinct biological processes, often via different target outputs
(Smibert and Lai, 2010). In this regard, mir-279/996 is an exemplar
of a highly pleiotropic miRNA locus. Forward genetic screening
originally identified a crucial role for miR-279, later extended to
miR-996, in preventing CO2-sensing olfactory neuron development
from maxillary palps (Cayirlioglu et al., 2008; Sun et al., 2015). In
this setting, the miRNAs repress neural transcription factors
encoded by nerfin-1 and esg to restrict CO2-responsive neurons
(Cayirlioglu et al., 2008; Hartl et al., 2011). Additional studies
revealed that these miRNAs control different aspects of JAK-STAT
signaling. In the CNS, repression of the JAK-STAT ligand Unpaired
is important for circadian behavior (Luo and Sehgal, 2012), whereas
regulation of the STAT transcription factor influences ovarian
border cell dynamics (Monahan and Starz-Gaiano, 2013; Yoon
et al., 2011). Most recently, we found that miR-279/996 suppress
neuronal specification in the mechanosensory lineage by repressing
the Notch inhibitor Insensible (Kavaler et al., 2018). Here, we
extend the role of miR-279/996 to suppressing photoreceptor
specification by limiting EGFR/Ras signaling. Notably, the ectopic
neuron phenotypes in the olfactory lineage, mechanosensory
lineage, and the eye are genetically dose sensitive to distinct
target cohorts, and might thus represent convergent ‘anti-neural’
outputs for this miRNA operon.

MATERIALS AND METHODS
Drosophila strains
We used our published mir-279/996 alleles [ex117], [ex36] and [15C], the
genomic 16.6 kb transgenes of mir-279/996, mir-279-2x and mir-996-2x
(Sun et al., 2015), and UAS-DsRed-mir-279 (Bejarano et al., 2012). Other
alleles and stocks utilized were: ru[1] (BDSC #575), rho[ve-1] (BDSC
#628), su(ve)[1] ru[1] rho[ve-1] h[1] th[1] (BDSC #617), argos[rlt]
(BDSC #7336), phyl[2245]-SR2-3 (G. Rubin, Janelia Farm, VA, USA),
Egfr[f24] (A. Simcox, Ohio State University, OH, USA), boss[1] (H.
Kramer, UT Southwestern, TX, USA), nerfin-1[54] (W. Odenwald, NIH,
Washington DC, USA) and sev[d2] (A. Tomlinson, Columbia University,
NY, USA). Appropriate recombinants were constructed to assay genetic
interactions with mir-279/996 alleles.

To generate the mir-279-GFP transgene, we used recombineering to
retrieve genomic fragments of 11.8 kb upstream and of 4.7 kb downstream
of the mir-279 hairpin from the BAC CH322-35G11 (BACPAC Resources)
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and cloned them between the AscI and NotI sites of attB-P[acman]-AmpR

(H. Bellen, Baylor College of Medicine, TX, USA). hsp70-GFP-SV40 was
PCR cloned from the pEGFP vector (Brennecke et al., 2003) and inserted
into the 5′ end of the 4.7 kb genomic fragment, then the resultant EGFP
+4.7 kb piece was digested out and ligated with the 11.8 kb upstream
sequence to generate the 16.6 kb mir-279-GFP construct. Transgenic flies
were generated using the PhiC31 system (BestGene).

We generated transgenic sensors by cloning two complementary
sequences to miR-279, or the 3′ UTRs of rho, ru, boss and neur,
downstream of tub-GFP. The 3′ UTRs were amplified from genomic DNA
using the primers listed in Table S1, and cloned into the XbaI/XhoI sites of
tub-GFP. Transgenic animals were generated by co-injection with Δ2-3
helper plasmid (gift of G. Rubin).

Immunohistochemistry
We used a standard protocol for immunostaining of imaginal discs (Lai and
Rubin, 2001). Primary antibodies were rat anti-Elav (1:30, 7E8A10,
DSHB), mouse anti-Cut (1:25, 2B10, DSHB), mouse anti-Prospero (1:20,
MR1A, DSHB), mouse anti-Dlg (1:100, 4F3, DSHB), rabbit anti-DPax2
[1:2000; gift of J. Kavaler (Kavaler et al., 2018)], rabbit anti-GFP (1:1250,
A-11122, Invitrogen), chicken anti-GFP (1:1000, ab13970, Abcam), mouse
anti-Rh3 (1:10; gift of S. Britt, University of Colorado), rabbit anti-Rh4
(1:100; gift of C. Zuker, Columbia University), rabbit anti-BarH1 (1:500;
gift of Kwang-Wook Choi, KAIST South Korea) and guinea pig anti-
Senseless (1:2500; gift of Hugo Bellen, Baylor College of Medicine). We
used appropriate secondary antibodies conjugated to Alexa 488, 568 and
647 (1:500, Molecular Probes).

Luciferase sensor assays
We used previously described luciferase 3′ UTR sensors in the psiCheck2
backbone for nerfin-1, ru, rho and boss (Sun et al., 2015). Point mutations in
miR-279/996 seed matches were introduced by site-directed mutagenesis
with the oligonucleotides listed in Table S1 and confirmed by sequencing.

S2 cells were plated in 96-well plates and transfected with 12.5 ng/well
either UAS-DsRed empty vector or UAS-DsRed-miRNA constructs,
12.5 ng/well psiCheck2 plasmid and 6.25 ng/well ub-Gal4. Transfections
were performed using Effectene Transfection Reagent (Qiagen) according
to the manufacturer’s instructions. Luciferase values were measured 3 days
after transfection. We normalized transfection efficiencies using control
firefly luciferase carried within psiCheck2, and fold repression was
normalized against empty UAS-DsRed and empty psiCheck2 plasmid.
We present representative data from quadruplicate sensor assays, for which
each set was performed at least three times and found to yield qualitatively
similar results. The S2 cells were recently authenticated as being male cells
based on expression of the male Sxl transcript isoform but were not tested for
other contamination.
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