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Summary
Many neural lineages display a temporal pattern, but the mechanisms controlling the ordered
production of neuronal subtypes remains unclear. Here, we show that Drosophila let-7 and
miR-125, co-transcribed from the let-7-Complex (let-7-C) locus, regulate the transcription factor
chinmo to control temporal cell fate in the mushroom body (MB) lineage. We find that let-7-C is
activated in post-mitotic neurons born during the larval-to-pupal transition, when transitions
between three MB subtypes occur. Loss or increase of let-7-C delays or accelerates these
transitions, respectively, and lead to cell fate transformations. Consistent with our identification of
let-7 and miR-125 sites in a recently identified ~6kb extension of the chinmo 3‘UTR, Chinmo is
elevated in let-7-C mutant MBs. In addition, we show that let-7-C acts upstream of chinmo and
let-7-C phenotypes are caused by elevated chinmo. Thus, these heterochronic miRNAs, originally
identified in C. elegans, underlie progenitor cell multipotency during the development of diverse
bilateria.
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Introduction
Although the ordered production of neuronal subtypes is a pervasive feature of animal
nervous system development, the underlying molecular mechanism of this phenomenon is
not well understood (Jacob et al., 2008; Pearson and Doe, 2004). In Drosophila, for
example, the post-transcriptional regulation of the BTB-zinc finger chronologically
inappropriate morphogenesis (chinmo) appears to drive the sequential generation of
mushroom body (MB) neurons (Zhu et al., 2006). A center for olfactory learning and
memory, the MB is comprised of four subtypes that are born in an invariant order (γ → α’/
β’ → pioneer α/β → α/β) by multipotent progenitor cells during development (Lee et al.,
1999; Zhu et al., 2003; Zhu et al., 2006). These progenitors, or neuroblasts (Nbs), undergo
self-renewing cell divisions to generate a ganglion mother cell (GMC), which divides once
more to produce neurons that will differentiate into one of the MB subtypes. High Chinmo
levels in post-mitotic neurons specify early born cell fates (γ, α’/β’) whereas low levels
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specify late born cell fates (pioneer α/β, α/β). The downregulation of Chinmo in
progressively later-born neurons thereby determines the birth order of MB subtypes and
occurs at the post-transcriptional level (Zhu et al., 2006). The mechanism responsible for
generating this temporal gradient of Chinmo during development remains unknown,
although it may involve the chinmo 5’ untranslated region (UTR) since this region controls
Chinmo levels in the adult brain (Zhu et al., 2006).

Mechanisms controlling the ordered production of cells during C. elegans development have
been identified by forward genetic analysis, and involve post-transcriptional regulation by
microRNAs (miRNAs) (reviewed in Ambros, 2011). These miRNAs include members of
the let-7 and miR-125/lin-4 families, which promote temporal cell fate transitions during C.
elegans development by binding to sequences in the 3’UTRs of target mRNAs and
repressing their expression (Lee et al., 1993; Reinhart et al., 2000). Deletion of these
miRNAs leads to heterochronic phenotypes in which cell fates are inappropriately reiterated
during development. The sequences and temporal expression patterns of heterochronic
miRNAs are broadly conserved among diverse bilateria (Pasquinelli et al., 2000), suggesting
a conserved function. However, there is no evidence in any system other than C. elegans that
these miRNAs promote one stage-specific differentiation program over another. Thus,
despite their conservation, it remains unclear whether heterochronic genes represent a
fundamental pathway that controls temporal cell fate during animal development.

Here, we provide evidence that the switch-like function of let-7 and miR-125/lin-4 in C.
elegans has been adapted to the formation of a temporal cell fate gradient of Chinmo in
Drosophila. In Drosophila, let-7 and miR-125 are co-transcribed from a single locus, known
as the let-7-Complex (let-7-C), along with a third ancient miRNA, miR-100 (Sokol et al.,
2008). These let-7-C miRNAs are not detected early in development, but their upregulation
during the larval-to-pupal transition coincides with the downregulation of Chinmo and is
partially dependent on transcriptional activation by the Ecdysone Receptor (Chawla and
Sokol, 2012). let-7-C mutants appear morphologically normal but display behavioral
defects, indicating a role for these miRNAs during nervous system development (Caygill
and Johnston, 2008; Sokol et al., 2008). The spatiotemporal expression profile of let-7-C
miRNAs along with their known function in C. elegans suggest that these miRNAs may play
a role in the temporal identity of MB neurons.

Results
let-7-C is expressed in MB neurons born during the L3-to-pupal transition

Expression of a let-7-C::Gal4 transcriptional reporter was detected in the adult MBs (Figure
1A), suggesting a potential role for let-7-C miRNAs during MB development. To correlate
let-7-C expression with the sequential production of γ, α’/β’, pioneer α/β (p. α/β), and α/β
neurons, we analyzed the temporal onset of let-7-C miRNAs during central nervous system
(CNS) development. Levels of let-7 (Figure 1B) as well as miR-100 and miR-125 (Figure
S1A, B) gradually increased in total CNS tissue during the larval-to-pupal transition, the
time when α’/β’ → p. α/β and p. α/β → α/β transitions occur (Zhu et al., 2003; Zhu et al.,
2006). To determine the timing of let-7-C onset specifically in MB neurons, we analyzed
two additional transcriptional reporters, let-7-Cp12.5kb::lacZ and let-7-CΔ3miR::optGal4
(Chawla and Sokol, 2012, Figure S1C), within the CNS. These were used instead of let-7-
C::Gal4, which displayed a ~21-hr developmental lag in CNS reporter expression relative to
let-7-C miRNA northern blots (Y.W. and N.S., unpublished observations). let-7-
Cp12.5kb::lacZ was detected in increasing numbers of MB neurons in 0-, 12-, and 24-h pupae
(Figure 1C), correlating with the temporal gradient of let-7-C miRNAs detected by northern
blot (Figure 1B, Figure S1A,B). In addition, let-7-Cp12.5kb::lacZ expression co-localized
with the MB marker Dachshund (Dac), which labels post-mitotic MB neurons that are at
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least 8-10 hours old (Martini et al., 2000), but was conspicuously absent from regions
containing MB Nbs and GMCs (Figure 1C, asterisks). Although let-7-Cp12.5kb::lacZ was not
consistently detected in MB neurons from wandering third instar larvae (L3), it was
expressed in almost all Dac-positive MB neurons in 24-h pupae (Figure 1C). Expression of
the let-7-CΔ3miR::optGal4 reporter was similar though slightly delayed relative to let-7-
Cp12.5kb::lacZ (Figure S1D-F), presumably reflecting a Gal4/UAS system lag. To identify
the age of the neurons that first expressed let-7-Cp12.5kb::lacZ in white prepupae, we used
the mosaic analysis with repressible marker (MARCM) technique (Lee and Luo, 1999) to
analyze let-7-Cp12.5kb::lacZ expression in MB neurons born during the late L3 stage. let-7-
Cp12.5kb::lacZ was detected in clones of recently born neurons in 0-h white prepupae (Figure
1D). Taken together, these data indicated that let-7-C is activated in a few MB neurons born
in late larvae, and its expression expands during early metamorphosis to include almost all
post-mitotic MB neurons.

let-7-C has dosage-dependent effects on MB transitions
The spatial and temporal onset of let-7-Cp12.5kb::lacZ suggested that let-7-C miRNAs may
promote the α’/β’ → p. α/β and p. α/β → α/β transitions in MB neuron identities. To test
this, we used the MARCM technique to label individual neurons born in staged wildtype and
let-7-C mutant animals (Figure 2A, Figure S2A-D). Consistent with previous reports (Zhu et
al., 2003; Zhu et al., 2006), our fine scale temporal mapping indicated that the α’/β’ → p. α/
β and p. α/β → α/β transitions began -18 to -8 hours and -4 to 0 hours before puparium
formation in wildtype animals, respectively (Figure 2A, Figure S2E). In contrast, let-7-C
mutants displayed delays in both of these transitions. For example, 100% of wildtype
neurons born during the 6-h period after puparium formation displayed α/β characteristics
whereas 29% of let-7-C mutant born during this same period displayed α’/β’ characteristics
and another 59% displayed p. α/β characteristics (Figure 2A). Since these results suggested
that removal of let-7-C miRNAs resulted in delayed transitions, we reasoned that an increase
in let-7-C dosage might accelerate these transitions. To test this hypothesis, MARCM
analysis was repeated in animals that carried two extra copies of the let-7-C locus and
contained elevated levels of let-7 (Figure S2J). These 4Xlet-7-C animals displayed
accelerated transitions: only 5% of neurons born ~4 hours before puparium formation of
wildtype larvae displayed late-type α/β characteristics, whereas 38% of neurons born during
the same timeframe did in 4Xlet-7-C larvae (Figure 2B). These data indicate that let-7-C has
dosage sensitive effects on the temporal transitions between MB identities.

Such changes in the transitions between MB subtypes during neurogenesis might be
reflected as alterations in the ratios of α’/β’, p. α/β, and α/β neurons in the adult MBs. To
test this, we used previously described MB subtype-specific Gal4 reporters (Aso et al., 2009;
Lin et al., 2007; Zhu et al., 2006) to quantify the number of each class of MB neuron in
animals with varying doses of let-7-C. Consistent with the MARCM analysis, we found that
the number of earlier born α’/β’ neurons as detected by the c305a-Gal4 driver was increased
in let-7-C adults (393.8 ± 9.3, n=6) relative to wildtype adults (363.4 ± 10.9, n=5) (Figure
2C) and decreased in 4Xlet-7-C adults (303 ± 15.3, n=9) relative to wildtype adults (354 ±
5.5, n=8) (Figure 2D). Conversely, the number of later born p. α/β neurons as detected by
the c708a-Gal4 driver was decreased in let-7-C adults (23.9 ± 7.4, n=31) and increased in
3Xlet-7-C adults (74.6 ± 8.4, n=24) relative to wildtype adult (57.5 ± 3.3, n=16)(Figure 2E).
No evidence for changes in the size of either the γ or α/β populations were identified using
the H24- and c739-Gal4 reporters, respectively (Figure S2G, H). Importantly, the total
number of MB neurons generated by a single MB Nb was also not affected by removal of
let-7-C (Figure S2I). Despite these penetrant temporal identity defects, the morphology of
let-7-C mushroom bodies was grossly normal although we noted some p. α/β and α/β axons
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that inappropriately crossed the midline (Figure 2G and Figure S2N-Q). Taken together,
these data indicated that manipulation of let-7-C dosage leads to cell fate transformations.

In contrast to the relatively mild morphological defects associated with let-7-C loss, forced
expression of let-7-C beginning in L1 MB lineages resulted in dramatic effects on adult MB
morphology (Figure 3A, C). These phenotypes included the apparent elimination of γ as
well as α’/β’ lobes, indicating that let-7-C miRNAs promote later born α/β cell fates at the
expense of earlier born γ and α’/β’ cell fates. This transformation appeared identical to the
phenotypes resulting from loss of the temporal identity factor chinmo (compare Figures 3C
and 3E; Zhu et al., 2006). To test whether Chinmo expression levels were affected by
precocious expression of let-7-C, larval MB clones ectopically expressing let-7-C were
stained for Chinmo protein. Whereas abundant Chinmo was detected in wildtype MB
neurons at this stage (Figure 3B), Chinmo levels were depleted in MB neurons either
expressing a UAS-let-7-C transgene (Figure 3D) or homozygous for the protein null
chinmo1 allele (Figure 3F). These data indicated that the let-7-C temporal identity
phenotypes are likely due to changes in Chinmo levels, and also suggested that chinmo
might be a direct target of let-7-C miRNAs. Prior analysis found that post-transcriptional
control of chinmo was mediated via its 5’UTR but not its ~2.5kb 3’UTR (Zhu et al., 2006),
which is where miRNA binding sites are usually found. These results are consistent with the
absence of predicted let-7-C miRNA binding sites in the annotated chinmo 3‘UTR
(Brennecke et al., 2005; Grun et al., 2005; Lewis et al., 2005). Recent microarray and deep
sequencing analyses, however, indicate that the full-length chinmo 3’ UTR is ~8.5kb,
considerably longer than previous gene annotations suggested (Cherbas et al., 2011;
Graveley et al., 2011; Smibert et al, 2012; Figure S3A). Thus, let-7-C miRNAs might
regulate Chinmo expression via binding sites in the ~6kb portion of the chinmo 3‘UTR that
was previously unannotated.

Chinmo is regulated by let-7 and miR-125 via its 3‘UTR
To investigate whether chinmo was directly regulated by let-7-C miRNAs, we used a cell
culture assay to test whether ectopic let-7-C miRNAs repressed expression of a luciferase
reporter containing the full-length 8.5 kb chinmo 3‘UTR (Figure 3G). Ectopic expression of
all three miRNAs resulted in an 8.8 fold repression of luciferase. This was predominantly
due to let-7 and miR-125: ectopic let-7 alone repressed luciferase 5.5 fold and ectopic
miR-125 alone repressed luciferase 2.5 fold, whereas ectopic miR-100 alone repressed
luciferase only 1.1 fold. Control assays indicated that all three miRNAs were expressed in
cell culture and could repress control reporters (Figure S3B-G). Consistent with this cell
culture experiment, we found that precocious expression of let-7 and miR-125 but not
miR-100 in L1 resulted in reduced Chinmo levels in L3 MBs and morphological defects in
adult MBs (Figure S4). We therefore searched the 8.5kb chinmo 3‘UTR for putative let-7
and miR-125 binding sites using the RNAhybrid program (Rehmsmeier et al., 2004), and
identified six let-7 sites and four miR-125 binding sites that are conserved between
Drosophila species and have a free energy of at most -18 kcal/mol (Figure S3A). Since most
of these sites clustered in a 1.4kb region of the chinmo 3‘UTR, we prepared two new
luciferase reporters containing either a wildtype or mutated version of this fragment in
which seed sequences of the let-7 and miR-125 sites were deleted (Figure S3A). Ectopic
expression of all three let-7-C miRNAs together or either let-7 alone or miR-125 alone
repressed a luciferase reporter containing the wildtype fragment 8.7-, 8.4-, and 3.4-fold,
respectively (Figure 3G). In contrast, repression of the mutated version was significantly
reduced, indicating that let-7 and miR-125 binding sites mediated reporter repression.

To determine whether the chinmo 3‘UTR was regulated by endogenous let-7-C miRNAs,
we analyzed the effect let-7-C dosage on the expression of a reporter transgene. In this
assay, flies containing the eye pigmentation gene white fused to its own 3'UTR displayed
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dark eye color with an absorbance of 0.315 absorbance units (Figure 3H, Figure S3H). In
contrast, flies carrying the white open reading frame fused to either the chinmo 3'UTR or the
known let-7 regulated abrupt 3'UTR displayed a significantly lighter eye color (Figure 3H,
Figure S3J, L). Flies whose eyes were comprised exclusively of let-7-CKO1 mutant cells and
that carried the same reporter transgenes displayed darker eye color (Figure 3G, Figure S3K,
M). Therefore, endogenous let-7-C miRNAs are required for chinmo 3'UTR mediated
regulation of white reporter expression. Having established that endogenous let-7-C
miRNAs can regulate protein expression through the chinmo 3’UTR, we looked for aberrant
Chinmo protein expression in let-7-C mutant tissue. Chinmo is ordinarily downregulated
during metamorphosis and is virtually absent in adults (Figure 3I; Zhu et al., 2006). In
contrast, Chinmo is abundantly expressed in adult let-7-C brains, including throughout the
MB (Figure 3J). Elevated levels of Chinmo are first detected in 48-h let-7-C pupae (Y. W.,
data not shown). Collectively, these data indicate that chinmo is a direct target of let-7-C
miRNAs.

let-7-C MB phenotypes are due to elevated chinmo
Given that the downregulation of Chinmo is required for the ordered production of MB
neurons, we reasoned that let-7-C mutant MB phenotypes were due to elevated Chinmo.
Consistently, phenotypes resulting from either reduced let-7-C or increased chinmo dosage
were similar: adults with one copy of let-7-C or three copies of chinmo had a decrease in p.
α/β number from ~58 to between 36 and 45 (Figure 4A; Zhu et al., 2006). We therefore
tested whether reduction in chinmo dosage could suppress the heterozygous let-7-C MB
phenotypes, using p. α/β number as our assay to analyze genetic interaction. Removal of
one copy of chinmo in flies heterozygous for two different let-7-C null alleles restored p. α/
β number to wildtype (Figure 4A). We also tested whether chinmo was epistatic to let-7-C
by analyzing chinmo1; let-7-CKO double mutant phenotypes. MARCM of single/two-cell
clones in staged animals indicated that chinmo1; let-7-CKO double mutant neurons
aberrantly acquired late-type neurite trajectories (Figure 4B), a phenotype identical to that
displayed by chinmo1 single mutant neurons (Figure 4B; Zhu et al., 2006), and opposite to
that displayed by let-7-C single mutant neurons (compare Figure 4B with Figure 2A).
Similarly, MBs generated from chinmo1; let-7-CKO double mutant Nbs appeared identical to
MBs generated from chinmo1 single mutant Nbs (Figure 4C). This analysis indicated that
chinmo was epistatic to let-7-C, and that the let-7-C MB temporal identity phenotypes were
a consequence of chinmo misregulation.

Discussion
Drosophila let-7-C is activated throughout the developing nervous system at the larval-to-
pupal transition, where it triggers cell fate transitions in MB cell lineages and likely other
lineages as well. Here, we provide evidence that let-7-C miRNAs participate in the
formation of a temporal gradient of Chinmo in post-mitotic MB neurons via sequences in a
recently annotated extension of the chinmo 3’UTR. Post-transcriptional regulation of
chinmo is complex, and involves both its 5’ as well as its 3’ UTRs. The 5’UTR regulates
Chinmo expression in adult MB cells (Zhu et al., 2006), although the identity of the
responsible trans-acting factors and their relationship with miRNA-mediated silencing
pathways remain to be identified. Chinmo expression is also post-transcriptionally regulated
in MB Nbs (Zhu et al., 2006) and may involve either the 5’ and/or 3’UTR although likely
not the let-7-C miRNAs since they appear to be expressed exclusively in post-mitotic cells.
The work presented here can be reconciled with a previous observation that the general
disruption of miRNA processing does not affect MB temporal cell fate specification (Yu and
Lee, 2007) if let-7-C miRNAs are either counteracted by additional MB miRNAs or are
processed by non-canonical mechanisms in the MBs (Yang and Lai, 2011).
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Chinmo is closely related to another known let-7 target, Abrupt (Caygill and Johnston,
2008). Like chinmo, abrupt appears to repress morphologies associated with adult neuronal
cell fates (Li et al., 2004; Sugimura et al., 2004), suggesting that this family of BTB-ZFs
may generally function as temporal cell fate determinants during nervous system formation.
Whether let-7-C miRNAs regulate abrupt and/or chinmo to control temporal identity in
other adult lineages in the developing fly nervous system remains to be determined.

Our finding that let-7-C miRNAs promote one neural differentiation program over another
suggests that these conserved miRNAs may underlie the multipotency of vertebrate neural
stem cells as well. Available evidence indicates that these miRNA display temporal patterns
of onset during nervous system formation in a variety of vertebrates. During zebrafish
development, for example, let-7 is first detected 72 hours after fertilization (Pasquinelli et
al., 2000) and is found specifically in the spinal cord and brain, along with miR-100 and
miR-125 (Wienholds et al., 2005). In addition, miR-125 and let-7 are enriched in human and
mouse brain samples (Sempere et al., 2004), and are also sharply upregulated in pluripotent
P19 mouse cells as they differentiate into neurons (Wulczyn et al., 2007). The ordered
production of neurons with distinct morphologies may therefore generally involve let-7-C
miRNAs, and their post-developmental modulation may regulate the neuronal remodeling
that contributes to adult function as well.

Experimental Procedures
Drosophila strains

Mutants included: let-7-CGKI (Sokol et al., 2008), let-7-CKO1 (Sokol et al., 2008), let-7-
CKO2 (this study) and chinmo1 (Zhu et al., 2006). Transgenic insertions included: let-7-
Cp12.5kb::lacZ (Chawla and Sokol, 2012), let-7-CΔ3miR::optGal4 (this study), P(W8, let-7-
C) (Sokol et al., 2008), c708a-Gal4 (Zhu et al., 2006), c305a-Gal4 (Lin et al., 2007), H24-
Gal4 (Lin et al., 2007), c739-Gal4 (Lin et al., 2007), OK107-Gal4 (BL854 ), UAS-let-7-C
(Sokol et al., 2008), P(wORF::w3’UTR) (this study), P(wORF::ab3’UTR) (this study),
P(wORF::chin3’UTR) (this study), UAS-GFP::nls (BL4775 and 4776), UAS-mCD8::GFP
(BL5130) and UAS-mCD8::ChRFP (BL27391 and 27392). Strains for MARCM analysis
included: (1) UAS-mCD8::GFP, hsFLP; FRT3L2A ; OK107, (2) FRT3L2A, tubP-Gal80, (3)
UAS-mCD8::GFP, hsFLP; let-7-CKO1/CyO ; FRT3L2A; OK107, (4) let-7-CKO2; FRT3L2A,
tubP-GAL80 /CyO-TM6b, (5) UAS-mCD8::GFP, hsFLP ; FRT40A, tubGal80 ; OK107, (6)
FRT40A, (7) P(W8, let-7-C); FRT40A; P(W8, let-7-C), (8) FRT40A; UAS-let-7-C, (9)
FRT40A, chinmo1, UAS-mCD8::GFP / CyO, (10) UAS-mCD8::GFP, hsFLP; chinmo1, let-7-
CKO2, FRT40A/CyO; OK107, and (11) let-7-CKO1, FRT40 tubPGal80/CyO. New transgenics
were generated by Rainbow Transgenic Services (California USA). Stocks with multiple
genetic elements were obtained by meiotic recombination and/or genetic crosses. The let-7-
CKO2 allele was generated in parallel with the let-7-CGKI allele (Sokol et al., 2008), and is
identical except that the endogenous let-7-C locus was replaced with white rather than white
and gal4.

Immunostaining and microscopy
Antibodies used for immunostaining included: rat-anti-Chinmo (1:500; this study), mouse
anti-FasII and anti-Dac (1:5 and 1:100; Developmental Studies Hybridoma Bank), rabbit
anti-dsRed (1:5000; Clontech), rabbit anti-GFP (1:1000; Invitrogen), rabbit anti-β-gal
(1:500; MP Biomedicals), chicken anti-β-gal (1:500; Abcam). Immunostaining was
performed as previously described (Chawla and Sokol 2012). Antibodies were generated in
rats (Cocalico Biologicals) against a His-tagged version of full-length Chinmo-PA protein
that was expressed and purified according to standard methods (Cultivation and
Bioprocessing Facility, Indiana University)
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Images were collected on a Leica SP5 (Light Microscopy Imaging Center, Indiana
University) or a TCS confocal microscope. Confocal stacks were merged using Leica LSM
software or Adobe Photoshop. Samples whose staining was directly compared were
prepared and imaged in parallel and under identical conditions. For Nb clone, H24, c305a,
and c739 neuron counts, MBs were optically sectioned in 0.5 μm increments and the total
number of neurons was determined by manually counting the number of β-galor GFP-
positive cells section-by-section, ensuring that cells present on consecutive sections were
counted only once. Statistical analysis was performed and histograms generated using
GraphPad Prism software. P values were calculated using a two-tailed pair t-test. Values are
presented as mean ± SEM.

Cell Culture Procedures
Drosophila KC-167 cells were cultured in CCM3 at 23C. Cells were transfected in 48-well
plates with 25 ng of tub-Gal4 plasmid DNA, 100 ng UAS-miRNA plasmid DNA, and 25 ng
of 3‘UTR-containing pSiCheck2 (Promega) plasmid DNA using Effectene (Qiagen).
Luciferase assays were performed using the Dual-Luciferase reporter system (Promega).
Transfections were performed in quadruplicate, and resulting luciferase levels were
averaged. Fold repression was calculated relative to control samples transfected with UAS-
let-7-CΔ3miR. instead of miRNA-encoding plasmids. Additional molecular biology
techniques as well as schemes used for plasmid construction are described in detail in
Supplemental Experimental Procedures.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• let-7-C is transcribed in MB neurons born during α’/β’ → p α/β → α/β
transitions

• Changes in let-7-C dosage lead to temporal cell fate transformations

• let-7 and miR-125 directly regulate temporal identity factor chinmo

• let-7-C temporal identity phenotypes are suppressed by chinmo reduction
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Figure 1. Temporal onset of let-7-C in MB neurons
(A) let-7-CGKI crossed to UAS-mCD8::GFP (green) is detected in the MBs (indicated by
dotted box) of adult brains counterstained with neuropil marker nc82 (magenta). (B) An
increasing gradient of let-7 miRNA is expressed in CNS tissue at the larval-to-pupal
transition, along with miR-100 and miR-125 (see Figure S1). Total RNA was extracted from
CNS tissues dissected from staged animals, and probed for U6 snRNA as loading control.
(C) let-7-Cp12.5kb::lacZ (white in top panels, green in bottom panels) is not detected in
wandering L3 MBs stained for Dac (magenta, bottom panels) but is detected in increasing
numbers of MB neurons in white prepupae (0), 12 h pupae (12), and 24 h pupae (24).
Asterisks mark the location of Nbs and GMCs. (D) let-7-Cp12.5kb::lacZ (white in top panel,
red in bottom panel) is detected in a white prepupae MB clone expressing GFP (green,
outlined) and Dac (blue) that was induced ~18 hours earlier. Scale bars: A, 25 μm; C-D, 10
μm. See also Figure S1.
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Figure 2. MB temporal identity is sensitive to let-7-C dosage
(A) Percentages of different subtypes of MB neurons (y-axis) among single and two-cell
clones that were induced in wildtype and let-7-C mutant animals at different times relative
to puparium formation (x-axis). (B) Percentages of different subtypes of MB neurons (y-
axis) among single and two-cell clones that were induced in wildtype and 4Xlet-7-C larvae
at different times relative to puparium formation (x-axis). (C) Average number of c305a-
Gal4 positive α’/β’ neurons in wildtype (2X) or let-7-CKO1 and let-7-CKO2

transheterozgyotes (0X). P = 0.0283. (D) Average number of c305a-Gal4 positive α’/β’
neurons in wildtype (2X) and 4Xlet-7-C (4X) adults. P < 0.0001. (E) Average number of
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c708a-Gal4 positive p. α/β neurons in wildtype (2X), let-7-CKO1 and let-7-CKO2

transheterozgyotes (0X), let-7-CKO2 heterozygotes harboring a let-7-C rescuing transgene
(2X-R), and wildtype harboring a let-7-C rescuing transgene (3X). P < 0.0001 comparing
either 2X and 0X or 2X and 3X. Figures in parentheses represent the total number of clones
(A and B) or brains (C, D, E) analyzed for each genotype. Values are presented as mean ±
SEM. (F, G) OK107-Gal4, UAS-mCD8::GFP labeled wildtype (F) and let-7-C KO2 (G)
adult MB clones generated in newly hatched larvae and stained with anti-FasII antibodies.
Scale bar in F is 50 μm, refers to G. See also Figure S2.
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Figure 3. let-7-C microRNAs regulate chinmo expression
(A, C, E) OK107-Gal4, UAS-mCD8::GFP labeled wildtype (A), UAS-let-7-C, (C), and
chinmo1 (E) adult MB clones generated in newly hatched larvae and stained with anti-FasII
antibodies. In wildtype, γ lobes are weakly stained with FasII whereas α’ and β’ are devoid
of FasII staining. Note the absence of γ, α’ and β’ lobes in UAS-let-7-C and chinmo1 MBs
(asterisks). Scale bar in A is 50 μm; refers to C, E. (B, D, F) OK107-Gal4 labeled wildtype
(B), UAS-let-7-C (D), and chinmo1 mutant (F) L3 MB clones labeled with GFP generated in
newly hatched larvae and stained with anti-Chinmo antibodies. Clones are outlined in
yellow in the Chinmo channel. Scale bar in B is 7.5 μm; refers to D, F. (G) Fold repression
of luciferase reporters containing the 8.5kb full-length chinmo 3‘UTR, a 1.4kb chinmo
3‘UTR fragment, a mutated 1.4kb 3‘UTR fragment, or the white 3‘UTR in cell cultures in
which let-7-C miRNAs were ectopically expressed either together or individually. P =
0.0135, 0.0003, and 0.0049 comparing repression of chinmo1.4kb vs. chinmo1.4kbmut by
let-7-C miRNAs, let-7 alone, or miR-125 alone, respectively. (H) Quantification of pigment
levels from flies harboring white reporter transgenes containing the white (w), chinmo (chin)
or abrupt (ab) 3‘UTR and containing either wildtype (+) or let-7-CKO1 mutant (-) eye cells.
P = 0.0028 or 0.0060 comparing chinmo or abrupt 3’UTR in wildtype and let-7-CKO1 cells.
Values are presented as mean ± SEM. (I, J) Wildtype (I) and let-7-C (J) adult brains
harboring OK107-Gal4 and UAS-mCD8::ChRFP insertions and stained with anti-Chinmo
antibodies. MBs are outlined. Scale bars: I, J, 25 μm. See also Figures S3 and S4.
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Figure 4. chinmo suppresses let-7-C mushroom body phenotypes and is epistatic to let-7-C
(A) Average number of c708a Gal4 positive p. α/β neurons in adults that are wildtype (+) or
heterozygous (-) for chinmo1 (columns 3, 5, 6), let-7-CKO1 (columns 2, 3) or let-7-CKO2

(columns 4, 5). P < 0.0001 comparing either column 2 and 3 or column 4 and 5. Values are
presented as mean ± SEM. (B) Percentages of different subtypes among single and two-cell
wildtype, chinmo1 or chinmo1, let-7-CKO2 mutant clones that were induced at different
times relative to puparium formation (x-axis).Figures in parentheses represent the total
number of brains (A) or clones (B) analyzed for each genotype. (C) OK107-Gal4, UAS-
mCD8::GFP labeled chinmo1 , let-7-CKO2 double mutant adult MB clone generated in
newly hatched larvae and stained with anti-FasII antibodies. Note the absence of γ, α’ and
β’ lobes (asterisks). Scale bar: C, 50 μm. (D) let-7 and miR-125 are upregulated at the
larval-to-pupal transition and promote transitions in MB temporal identity by repressing
chinmo.
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