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miR-9a mediates the role of Lethal giant larvae as an epithelial

growth inhibitor in Drosophila
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ABSTRACT

Drosophila lethal giant larvae (Igl) encodes a conserved tumor
suppressor with established roles in cell polarity, asymmetric
division, and proliferation control. Lgl’'s human orthologs, HUGL1 and
HUGL2, are altered in human cancers, however, its mechanistic role as
atumor suppressor remains poorly understood. Based on a previously
established connection between Lgl and Fragile X protein (FMRP), a
miRNA-associated translational regulator, we hypothesized that Lgl
may exert its role as a tumor suppressor by interacting with the miRNA
pathway. Consistent with this model, we found that /gl is a dominant
modifier of Argonaute1 overexpression in the eye neuroepithelium.
Using microarray profiling we identified a core set of ten miRNAs that
are altered throughout tumorigenesis in Drosophila Igl mutants. Among
these are several miRNAs previously linked to human cancers
including miR-9a, which we found to be downregulated in g/
neuroepithelial tissues. To determine whether miR-9a can act as an
effector of Lgl in vivo, we overexpressed it in the context of /gl knock-
down by RNAi and found it able to reduce the overgrowth phenotype
caused by Lgl loss in epithelia. Furthermore, cross-comparisons
between miRNA and mRNA profiling in /gl mutant tissues and human
breast cancer cells identified thrombospondin (tsp) as a common factor
altered in both fly and human breast cancer tumorigenesis models. Our
work provides the first evidence of a functional connection between Lgl
and the miRNA pathway, demonstrates that miR-9a mediates Lgl’s role
in restricting epithelial proliferation, and provides novel insights into
pathways controlled by Lgl during tumor progression.
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INTRODUCTION
lethal giant larvae (Igl) encodes a conserved tumor suppressor with
established roles in cell polarity and proliferation control (Cao et al.,
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2015; Elsum et al., 2012; Froldi et al., 2008; Grifoni et al., 2013;
Humbert et al., 2008; Walker et al., 2006). Loss of Ig/ leads to
invasive neural and epithelial tumors accompanied by lethality at
the third instar larval stage in Drosophila (Beaucher et al., 2007;
Calleja et al., 2016; Gateff, 1978; Merz et al., 1990; Woodhouse
et al., 1998). Neural stem cells lacking functional /g/ self-renew but
fail to differentiate, resulting in stem cell tumors (Ohshiro et al.,
2000; Peng et al., 2000). In various types of epithelial cells in
Drosophila, Igl, along with discs-large (dlg) and scribbled (scrib),
is involved in apico-basal polarity by controlling the appropriate
localization of basolateral proteins and adherens junctions (Bilder
et al., 2000). Although loss of polarity and overproliferation are
separable, overall, in the absence of Igl, epithelial cells lose their
monolayer structure as well as the ability to terminally differentiate
and instead, overproliferate into neoplastic tumors with invasive
characteristics (Froldi et al., 2010, 2008; Grzeschik et al., 2007;
Humbert et al., 2008). In neural stem cells, Lgl has been shown to
interact with and antagonize the atypical protein kinase C (aPKC)/
PAR polarity complex to control apico-basal polarity and cell
proliferation (Betschinger et al., 2003). Likewise, in epithelial
tissues, Lgl and aPKC also have antagonistic functions in cell
polarity and tissue growth (Bilder et al., 2003; Eder et al., 2005;
Tanentzapf and Tepass, 2003). Recently, clonal analyses in the
developing eye epithelia have demonstrated that Lgl loss
downregulates the Salvador/Warts/Hippo tissue growth control
pathway, as well as upregulates the Notch pathway, leading to
ectopic cell proliferation and reduced apoptosis (Grzeschik et al.,
2010b; Parsons et al., 2014; Portela et al., 2015). Moreover, in g/
mutant wing epithelial tissue, the dMyc transcription factor, and the
Hippo, EGFR-Ras-ERK, PI3K-AKT, JNK, Jak-STAT and hypoxia
signalling pathways are dysregulated (Grifoni et al., 2015).
Additionally, another study showed that Hippo pathway targets,
and components of the EGFR, Wingless and Decapentaplegic
pathway are elevated, and differentiation is compromised in Ig/
mutant wing epithelial tissue (Khan et al., 2013).

Igl orthologs have been found in many different species including
yeast, worms, zebrafish, mice, and humans (Strand et al., 1995). In
mice and humans there are two paralogs each, known as migli/
mlgl2 and HUGLI/HUGL2, respectively. The exogenous
expression of the human protein, HUGLI, in flies can rescue the
lethality caused by an /g/ null mutation, which demonstrates
functional conservation across species (Grifoni et al., 2004). Knock-
out of the mouse ortholog, mlgl1, results in neuroectodermal tumors
and neonatal lethality (Klezovitch et al., 2004), whereas knock-out
of mlgl2 causes a branching morphogenesis defect during placental
development (Sripathy et al., 2011).

In recent years, aberrant localization and/or reduced expression
for either HUGLI or HUGL2 have been reported in several epithelial
cancers including cancer of the breast, stomach, colon, ovary,
prostate, skin, endometrium, oesophageal, lung and glioma (Grifoni
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et al., 2004; Imamura et al., 2013; Kuphal et al., 2006; Lisovsky
et al.,, 2009, 2010; Liu et al., 2015; Matsuzaki et al., 2015;
Nam et al., 2014; Schimanski et al., 2005; Song et al., 2013;
Spaderna et al., 2008; Tsuruga et al., 2007). In addition, the locus
that contains HUGLI (at 17p11.2) is deleted in cases of
medulloblastoma (Batra et al., 1995), in early stages of breast
cancer (Johnson et al., 2012), and in chromosomally unstable colon
cancers (Lassmann et al., 2007). These correlations suggest that in
humans, Lgl orthologs may also act as tumor suppressors. Indeed,
recent experiments with human breast cancer cells further support
this notion, reporting transcriptional regulation of HUGL2 by
SNAILI and revealing that HUGL?2 is a driver of the mesenchymal
to epithelial transition (EMT) (Kashyap et al., 2012). Recently,
we demonstrated a role for both HUGL1 and HUGL2 in
maintaining cell polarity and growth control in human mammary
epithelium (Russ et al., 2012). We found that while HUGL1 and
HUGL2 inhibited EMT, they also promoted anoikis and polarity
in 3-dimensional cultures, as well as inhibited growth of breast
cancer cells.

Using genetic interaction experiments in Drosophila we have
previously identified /g/ as a dominant modifier of Fragile X protein
(FMRP) (Zarnescu et al., 2005), an RNA binding protein implicated
in the microRNA (miRNA) pathway (Caudy et al., 2002; Ishizuka
et al., 2002). FMRP exhibits physical and genetic interactions with
Argonaute 1(AGO1), a core component of the miRNA machinery,
which regulates the processing of mature miRNAs (Jin et al., 2004).
Given the functional connection between Lgl and FMRP, we
hypothesized that Lgl’s tumor suppressor function, in addition to its
effect on signaling pathways, might also involve regulation of
miRNA expression. miRNAs are noncoding RNAs that can control
gene expression by inhibiting mRNA translation or by degrading
transcripts (Carthew and Sontheimer, 2009). Recently, a large body
of evidence has emerged linking dysregulation of miRNA
expression to the development and progression of tumors, with
miRNAs acting as either oncogenes or tumor suppressors (reviewed
in Ventura and Jacks, 2009). For example, let-7 has multiple cancer-
relevant mRNA targets, including those involved in proliferation,
differentiation, and stem cell maintenance (reviewed in Boyerinas
et al.,, 2010). This miRNA is highly conserved across species
(Pasquinelli et al., 2000) and loss of its expression has been
documented in many types of cancer, including breast cancer
(Dahiya et al., 2008; O’Hara et al., 2009; Sempere et al., 2007;
Takamizawa et al., 2004). let-7 and several other miRNAs are
currently being investigated for potential use as cancer therapeutics
(Barh et al., 2010; Hwang and Mendell, 2006; Liu et al., 2008;
Tavazoie et al., 2008; Volinia et al., 2006).

Here, using Drosophila as a model, we found that /gl loss-of-
function mutations suppress the AGO1 overexpression phenotype in
the eye, consistent with a functional link between Lgl and the
miRNA pathway. Next, we used microarray profiling to identify
miRNAs that are misexpressed in neural and epithelial tissues
including brain and eye-antennal imaginal discs at different stages
of tumor growth in /g/ loss-of-function mutants. /g/ mutant larvae
are normal sized at the onset of the third instar stage, however at the
end of this developmental stage and while wild-type larvae enter
pupation, /gl larvae continue to grow and accumulate large, invasive
imaginal disc and brain tumors (Beaucher et al., 2007; Gateft, 1978;
Woodhouse et al., 1998). Thus, the fly provides a unique model of
in vivo tumorigenesis, whereby neural and epithelial tissues undergo
transformation within a few days and importantly, recapitulate
several features of metastasis (Beaucher et al., 2007; Calleja et al.,
2016; Froldi et al., 2010; Grifoni et al., 2015; Woodhouse et al.,

1998, 1994). We performed our profiling experiments at three
different time-points: at tumor onset, during tumor growth, and
later, during malignant progression. From these expression profiles,
we identified several miRNAs that are dysregulated in /g/ tumors.
Notably, several of the miRNAs we found to be misexpressed in /g/
mutant tissues have also been linked to human cancers, including
let-7 (Boyerinas et al., 2010), miR-9a (Hildebrandt et al., 2010;
Lehmann et al., 2008; Zhang et al., 2012) and miR-210 (Tsuchiya
et al., 2011). To evaluate the physiological significance of our
findings we began by testing whether miR-9a can modulate /g/’s
phenotypes in vivo. Consistent with it being downregulated in g/
mutant tumors and functionally important for the Ig/ mutant
phenotype, we found that miR-9a overexpression reduces the
overgrowth phenotype caused by g/ loss of function in the wing
epithelium. Although the precise mechanism of these genetic
interactions remains to be established, here we provide the first
evidence of a functional connection between Lgl and the miRNA
pathway in vivo. Our data show that miR-9a mediates at least some
aspects of Lgl’s role in tumor suppression.

When comparing the miRNAs that are dysregulated throughout
the tumorigenesis process, we identified a subset of ten miRNAs
that are consistently misexpressed. This core set of miRNAs was
further compared to mRNA expression changes in /g/ mutant
neuroepithelial tissues, late in tumorigenesis. Using cross-
comparisons between miRNA and mRNA profiling data, we
further identified a set of 38 mRNAs that are predicted to be in
vivo targets of the core set of ten miRNAs dysregulated in Ig/
tumors. GO term and Cytoscape analyses of these mRNAs pinpoint
to both established and novel pathways being involved in Lgl-
mediated tumor progression. To further determine the significance
of our findings in the fly model we identified mRNAs that are
altered in an in vitro model of cancer based on HUGL1 knock-down
in human breast epithelia. When compared with the gene expression
profiling in the fly model, we found that thrombospondin (tsp) is a
common factor altered between the fly and human models of
tumorigenesis used in our studies. This finding underscores the
significance of our combined approach and provides new insights
into Lgl’s role as a tumor suppressor.

RESULTS

Igl interacts genetically with the miRNA pathway

We have previously shown that Lgl and Fragile X protein (FMRP),
an RNA binding protein known as a regulator of the miRNA
pathway, form a functional protein complex (Jin et al., 2004;
Zarnescu et al., 2005). These findings led us to hypothesize that Lgl
may also be involved in regulating the miRNA pathway. To test this
possibility, we conducted genetic interaction experiments between
agol, a core component of the miRNA machinery, and g/ in the
Drosophila neural epithelium. Overexpression of 4GOI in the
developing retina was previously shown to generate a rough eye
phenotype accompanied by depigmentation (Fig. 1A) (Jin et al.,
2004). Here, using three independent alleles, i.e. g/, lgl? and
[g1Y334 we found that Ig/ loss-of-function mutations can dominantly
suppress the eye phenotype caused by 4GOI overexpression
(Fig. 1). These data support our hypothesis and suggest that g/
may modulate the output of the miRNA pathway in vivo.

Loss of Igl leads to misexpression of specific miRNAs in
neuroepithelial tissues

Given the genetic interactions between Lgl and components of the
miRNA pathway (Fig. 1), we sought to identify miRNAs that are
misexpressed in lgl mutant tissues and thus may provide novel
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insights into Lgl’s function as a tumor suppressor. To this end, we
dissected larval cephalic complexes (i.e. brains and the eye-antennal
imaginal discs, which undergo transformation due to loss of Igl)
from third instar larvae at three different time points of relevance to
the tumor progression process in vivo. The first time-point
corresponds to the late third instar larval stage (Day 0O in our
study), when gl mutant tissues appear relatively normal, with no
signs of overproliferation or loss of polarity compared to wild-type
(Fig. 2A,B). For the second time-point, we analyzed lgl mutant
larvae three days later (Day 3 in our study) when they appear
overgrown and their tissues exhibit visible malformations (Fig. 2C).
The third and final time point was chosen after five days (Day 5 in
our study) when Igl mutants appear grossly bloated and are filled
with tumors that eventually kill the larvae (see Fig. 2D for cephalic
complexes at Day 5). Since normal larvae enter pupation after 24 h
in the third instar stage, for the second and third time points no wild-
type controls were available for comparison, thus the Day 0 wild-
type was used as a control throughout. In these studies we compared
1g1'/1g1Y33* mutants to a genomic rescue line as wild-type control
(P[1gl";1g1*1g1Y334.

To identify miRNAs that are misexpressed in 1gl mutant tissues
both before and after the onset of aberrant tissue growth, we probed
miRNA microarrays with labeled miRNAs isolated from 1gl mutants
or controls (see Materials and Methods). Three biological replicates
(three technical replicates each) were performed. After
normalization, differences in the expression of miRNAs were
fitted to a linear model that was then used to calculate fold change
and statistical significance. Significantly dysregulated miRNAs
were determined based on a P value cut-off of 0.05, calculated using
the Benjamini-Hochberg multiple testing correction (Reiner et al.,
2003). Out of 147 miRNAs, we found 38 miRNAs dysregulated in
Igl mutants compared to controls at Day 0, 22 at Day 3 and 58 at Day
5 (Table S1). Of these, a core set of 10 miRNAs was found to be
consistently dysregulated across all time points: let-7, miR-210,
miR-9a, miR-275, miR-1, miR-993, miR-100, miR-1004, miR-980
and miR-317 (Fig. 2E). For validation, the expression levels of let-7,
miR-210 and miR-9a in Day 0 1gl mutant tissues were compared to
controls using Real-Time PCR with small RNA U6 as a
housekeeping gene (data not shown). Expression of all three
miRNAs corroborated with the microarray results showing
significantly lowered expression in mutant tissues (Table S1).
Overall, the majority of altered miRNAs corresponded to mature
rather than precursor forms, suggesting that Lgl is not involved in
regulation of these targets at a transcriptional level.

Although at this point we do not know whether Lgl regulates the
processing of these miRNAs directly or indirectly, via RNA binding
proteins such as FMRP or AGO1, our data indicate that loss of /g/ leads
to the dysregulation of specific miRNAs in a temporal manner that
corresponds to critical stages of tumor progression including initiation,
growth and malignant progression. Furthermore, our findings define an

Fig. 1. Igl interacts genetically with Argonaute 1 (AGO1)
in the eye. (A) Overexpression of AGO1 using GMR-Gal4
results in a rough eye phenotype. (B-D) Three independent
alleles of Igl, namely Igl’, Igi* and IglY¥334, can dominantly
suppress the GMR>AGO1 phenotype. Genotypes as
indicated. N=at least 10 adults were imaged per genotype.

Lgl-specific ‘signature’ represented by a core set of ten miRNAs that
are dysregulated throughout tumorigenesis and may help elucidate the
mechanisms by which Lgl acts as a tumor suppressor.

miR-9a overexpression rescues the overgrowth phenotype of
Igl knock-down in the wing epithelium

One of the premises of our work is that the miRNAs found to be
dysregulated in /g/ mutant tissues may mediate Lgl’s function as a
tumor suppressor. Thus, we hypothesize that restoring the
expression of these miRNAs in an /g/ mutant background might
reduce the severity of the mutant phenotype. We began to test this
hypothesis by asking whether miR-9a or let-7 overexpression can
mitigate /g/ loss-of-function phenotypes. For these experiments we
focused on the wing, where Lgl knock-down by RNAIi using the
engrailed driver (en-GAL4) causes epithelial overgrowth
accompanied by an increase in the posterior compartment as
compared to the total wing area (with the posterior region defined as
wing area posterior to the longitudinal vein L4, see dashed outline in
Fig. 3A (Parsons et al., 2017). Additional phenotypes caused by /g/-
RNAi when driven in the posterior compartment by en-GAL4
include incomplete cross veins (see insets in Fig. 3B,D and F) and
tissue loss, usually near longitudinal vein L4 (data not shown). We
could not pursue the Ig/-let-7 interaction due to lethality caused by
let-7 overexpression using en-GAL4. Therefore, we focused our
studies on the /gl-miR-9a functional relationship. Using the en-
GAL4 driver, we overexpressed miR-9a in the context of /gl knock-
down by RNAI and found a statistically significant reduction of the
posterior compartment overgrowth caused by /g/ loss (0.68+0.01 in
en-GAL4; UAS-IgI”N/UAS-miR-9a compared to 0.732+0.004 in
en-GAL4; UAS-IgI®™i| P .1..=2.04x1077; see Fig. 3B,D and G).
Although overexpression of miR-9a alone caused a slight reduction
in the wing posterior compartment area compared to en-GAL4
controls (0.66+0.03 in en-GAL4; UAS-miR-9a compared to 0.68+
0.02 in en-GAL4; see Fig. 3A,C and G), these findings demonstrate
that miR-9a overexpression is sufficient to significantly reduce the
epithelial overgrowth phenotype caused by /g/ knock-down in the
posterior compartment of the wing. To address potential concerns
that the suppression by miR-9a may be due to a decrease in GAL4
activity caused by additional UAS elements controlling both miR-9a
and [gl®! transgenes, we also compared en-GAL4 UAS-GFP;
UAS-IgI®™i to en-GAL4; UAS-IgI”™N/UAS-miR-9a and found a
similar suppressing effect (0.715+0.003 versus 0.68+0.01,
Poaine=2.64x1073; data not shown). These findings indicate that
the overgrowth suppression we detected is not due to a reduction in
GALA4 activity but rather due to miR-9a expression in the context of
Igl knock-down. In contrast, miR-9a reduction using a loss-of-
function allele, miR-9a"®’, had no significant effect on posterior
compartment size, either on its own (0.68+£0.02 in en-GAL4
compared to 0.69+0.02 in en-GAL4; miR-9a"%/+) or in the context
of [gi®N¥i (0.722+£0.004 in en-GAL4; UAS-IgF*""/miR-9a°
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3 Day

gl /IglF334

Fig. 2. Igl brain tissue and dysregulated microRNAs.
(A-D) Cephalic complexes and ventral ganglia of third
instar larvae. (A) Day 0 of control’s third instar. (B-D) Ig/
mutants do not pupate as normal, day 0, 3, and 5 of /g/
third instar are shown. (E) Graph of up- and down-
regulated microRNAs from microarrays done on tissue
from the brains shown in (A-D). Log of fold-change
(logFC) is estimated from a linear model of the expression
values as computed by the microarray analysis package,
limma. The microRNAs listed here, represent ones that
were dysregulated across all time-points for mutants,
when compared to controls. All microRNAs shown were
found to be significantly dysregulated with £<0.05,
Benjamini-Hochberg multiple testing correction. Error
bars show standard error of the mean.
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compared to 0.732+0.004 in en-GAL4; UAS-Igi®N" P.,1,.=0.09).
The failure to observe a genetic interaction in the miR-9a’?
heterozygous background might indicate that miR-9a is abundantly
expressed, and reducing its dosage by ~50% is not sufficient to
significantly alter the tissue growth defects due to /g/ knock-down.
To determine whether miR-9a overexpression mitigates growth

and/or apoptosis defects caused by /g/ knock-down, we quantified
the wing disc size and caspase intensity in third instar wing discs
(Fig. S1). These experiments showed a significant increase in
caspase activity in the wing pouch, within the en-GAL4 domain
for Igi®¥4 compared to controls (Fig. S1A-G). However, miR-9a
overexpression did not have a suppressing effect, and the size of
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IgFR-Na! IgiRNA!

enGAL4 miR-9a%° miR-9a™°

IgRNA! IgFR™

Fig. 3. miR-9a and Igl exhibit genetic interactions in the wing epithelium.
(A) en-GAL4 control, posterior compartment P as indicated; (B) en-GAL4;
UAS-IgIRN4i; (C) en-GAL4; UAS-miR-9a; (D) en-GAL4; UAS-IgI"NYIUAS-miR-
9a; (E) en-GAL4; miR-9a"8%+; (F) en-GAL4; UAS-IgI"N*ImiR-9a™. Insets
show incomplete cross-vein phenotype. (G) Graph of posterior wing region
area divided by total wing area. Genotypes as indicated. ***P<0.001, *P<0.05,
n.s., not significant; student’s t-test was used to determine statistical
significance. For number of wings analysed, see Materials and Methods.
Box and whisker plots show median, upper and lower quartiles, highest and
lowest points, and outliers.

the posterior compartment was comparable for Igl®* miR-9a
and IgI®™¥i wing discs (Fig. S1A-E,F) suggesting that miR-9a exerts
its suppressing effect on Igi®¥" during morphogenesis.
Nevertheless, these data provide the first in vivo evidence that
restoring miR-9a expression in epithelia can rescue the overgrowth
phenotype due to Lgl knock-down. Importantly, these findings are
consistent with the miRNA profiling data and support our
hypothesis that miRNAs may act as effectors of Lgl’s tumor
suppressor function in epithelia.

In silico identification of mMRNAs targets for the miRNAs
dysregulated in Igl mutant tissues

A major challenge in the miRNA field is to identify in vivo target
transcripts. Since individual miRNAs can target several mRNAs at
once, it is imperative that these transcripts are identified, which
should lead to a better mechanistic understanding of the miRNA
pathway and the development of therapeutic strategies for diseases

linked to miRNA dysregulation. Several software packages have
been developed for predicting mRNA targets of miRNAs, however
cell-based assays have shown that about half of the computational
predictions do not validate in vivo (Chiang et al., 2010). To address
this important issue, we complemented our miRNA microarray data
with mRNA profiling experiments. To generate mRNA expression
profiles, we compared /g/ mutant cephalic tissues dissected from
four day old (Day 4) 3rd instar Ig/ null mutant (/gl?”53/Igl®?S37)
(Grzeschik et al., 2007) larvae to wild-type control tissues (w!//%
larvae at Day 0). After background correction and normalization,
any differences in mRNA expression were fitted to a linear model
that was then used to calculate fold change and significance of
dysregulation. Using a P value cut-off of 0.05 and a logFC cut-off of
1, we identified 169 mRNAs that were significantly dysregulated in
mutant tissues versus wild-type (Table S2). For the mRNA
microarray data, P values were adjusted using Benjamini-
Hochberg multiple testing correction (Reiner et al., 2003). Next,
using the miRNA targeting algorithm miRanda (Enright et al.,
2003) as implemented by microRNA.org (Betel et al., 2008), we
matched the core set of 10 misexpressed miRNAs to the 169
dysregulated mRNA transcripts identified (John et al., 2004).

Given the widely accepted paradigm of mRNA translational
repression and mRNA stability by miRNAs (Carthew and
Sontheimer, 2009), we matched those miRNAs that were
upregulated to predicted mRNA targets that were downregulated
(Fig. 4A). Conversely, miRNAs that were found to be
downregulated in /g/ tissues were matched to upregulated
mRNAs. This matching approach allowed us to filter our data and
discard: (1) the upregulated mRNAs predicted by microRNA.org to
be targeted by upregulated miRNAs, and (2) the downregulated
mRNAs predicted to be targeted by downregulated miRNAs. Of the
112 miRNA-mRNA matches predicted (including matches to
different sequences within the 3" UTR for the same gene), 50.9%
(57 of 112) were judged to be parsimonious by the filtering method
we implemented. Using this approach, we found 38 mRNAs that
were both inversely correlated with our core set of ten miRNAs and
predicted by microRNA.org to be direct targets (Fig. 4B). For
example, miR-980 and miR-317, which were found to be
upregulated in Ig/ tissues, matched 10 downregulated mRNAs.
The remaining eight miRNAs, which were downregulated, matched
28 upregulated mRNAs. The strength of the miRNA targeting
(mirSVR score, as computed by microRNA.org) as well as the
logFC of miRNAs and mRNAs was visualized using Cytoscape
(Fig. 5). Notably, our bioinformatics analyses combined with
miRNA and mRNA profiling indicate that among the genes
identified there are several that have been previously linked to g/
function via standard molecular genetic approaches; Prospero
(pros), grainyhead (grh) and castor (cas) are required for proper
proliferation and differentiation of neural stem cells, which /gl has
also been demonstrated to control (Almeida and Bray, 2005; Bello
et al., 2006; Betschinger et al., 2003, 2006; Klezovitch et al., 2004).
Interestingly, f#, a transcriptional target of Yki in the Hippo pathway,
which is deregulated in /g/ mutant tissue (Grifoni et al., 2015;
Grzeschik et al., 2010b; Khan et al., 2013), was upregulated in /g/
mutant tissue, and is a predicted target for miR-1, suggesting that
post-transcriptional regulation of Hippo pathway genes might also
be controlled by Lgl.

miRNA and mRNA targets are significantly enriched for GO
terms related to hallmarks of cancer

Next, we analyzed the 10 miRNAs and the 38 mRNAs they targeted
for gene ontology (GO) terms linked to cancer-related processes using
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the Bingo plug-in for Cytoscape (Maere et al., 2005). Significantly
enriched GO terms linked to cancer as determined by processes
associated with the disease include cell polarity (e.g. basolateral
plasma membrane), cell-cell junctions (e.g. cell-substrate adherens
junction, cell-substrate  junction), cellular proliferation and
differentiation (e.g. ganglion mother cell fate determination, neuron
fate commitment, cell fate commitment, etc.) (Hanahan and Weinberg,
2011) (see Table 1). Most notable are cell fate commitment and neuron
differentiation, each with eight genes associated. Additional GO terms
that were significantly associated with our set of genes include various
aspects of development (Table S3). Interestingly, this matching
analysis further confirmed cellular processes that have been previously
linked to /gl loss, such as ganglion mother cell fate determination, cell
fate commitment, and basolateral polarity control (Bilder et al., 2000;
Khan et al., 2013; Musch et al., 2002; Ohshiro et al., 2000; Peng et al.,
2000; Russ et al., 2012).

To predict human cancer pathways potentially affected by
absence of HUGLI1, we searched Flybase, Genecards miRBase
and Ensembl online databases (www.flybase.org, www.genecards.
org, www.ensembl.org) for human orthologs of Drosophila
miRNAs and targets predicted to be altered due to loss of Ig/
(Crosby et al., 2007; Flicek et al., 2008; Safran et al., 2010).
Interestingly, of the 14 genes we analyzed, five have human

orthologs with a documented involvement in processes directly or
closely linked to cancer (see Table 2; note several similar changes in
mRNA expression between brains and wings). Additionally, five of
the core set of ten miRNAs matched orthologous human sequences
involved in carcinogenesis (see Table 3).

Loss of HUGL1 in human epithelial cells results in

upregulation of transcripts linked to breast cancer

To probe the significance of our mRNA and miRNA profiling
results for human cancers, we next performed knock-down of
HUGLI in the human mammary epithelial cell line, MCF10A. To
silence HUGL1 expression, shRNA sequences designed against
HUGLI mRNA were optimized in MCF10A cells. Two shRNAs
resulted in optimal HUGLI knock-down and were used in our
experiments (Fig. S2). As we have recently shown, loss of HUGL1
alone in MCF10 cells is sufficient to induce overproliferation and
loss of apico-basal cell polarity (Russ et al., 2012). The mRNA
expression profiles of HUGL1 knock-down cells and shRNA
control cells were assessed using a Real Time PCR array (SA
Biosciences) containing 84 genes involved in breast cancer. These
experiments identified five mRNAs that were significantly
upregulated in the HUGL1 knock-down cells as compared to the
controls (ABCG2, ESRI, KRT19, MMP2, THBSI, see Table 4).
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Fig. 5. microRNA targeting network. MicroRNAs (center) target multiple mRNAs (outer ring); in turn, some mRNAs are targeted by a number of microRNAs
(e.g. KIp98A is targeted by miR-993 and miR-275). The spectrum of maximum downregulation (—2.6 logFC) to maximum upregulation (3.3 logFC) is

denoted by a standard red to green gradient. Only upregulated mRNAs are targeted by downregulated microRNAs, while downregulated mRNAs are targeted
by upregulated microRNAs. Width of lines connecting microRNA to mRNA represents strength of targeting, as defined by the mirSVR score of the miRanda
targeting algorithm. mirSVR score heat map as shown. Green is upregulated, and red is downregulated miRs or genes.

Notably, one of these genes is THBS1 (thrombospondin), which was
also identified as an upregulated mRNA in the Drosophila Igl
mutant tissues and is predicted to be a target of miR-9a (see tspl in
Fig. 5). These findings underscore the importance of our combined
bioinformatics and genetic approach to identify critical genes
involved in tumorigenesis driven by Lgl. Future experiments will

focus on the significance of THBS1 in human tumors characterized
by HUGLI loss.

DISCUSSION
Following our previous findings that Lgl regulates the RNA binding
protein FMRP (Zarnescu et al., 2005), here we report a novel

Table 1. Genes significantly associated with GO-terms linked to cellular processes dysregulated in cancer including cell polarity, cell fate

commitment, differentiation and adhesion

GO-ID corr P-value Description Genes in test set

45165 2.17E-02 Cell fate commitment stv|hth|cas|Mdh| Ralalexbal|pros| grh
48663 3.05E-03 Neuron fate commitment hth|Ralalexbal pros|grh

7402 2.08E-03 Ganglion mother cell fate determination cas|pros|grh

30182 4.66E-02 Neuron differentiation scrtlhth|LanA|Rala|klariexba|pros|grh
42706 1.50E-02 Eye photoreceptor cell fate commitment hth|Ralal|pros| grh

46552 1.50E-02 Photoreceptor cell fate commitment hth|Rala|pros| grh

1751 1.72E-02 Compound eye photoreceptor cell differentiation hth|Ralalklar| pros|grh

1754 1.82E-02 Eye photoreceptor cell differentiation hth|Ralalklar| pros|grh

46530 2.45E-02 Photoreceptor cell differentiation hth|Ralalklar| pros|grh

5924 1.50E-02 Cell-substrate adherens junction Zasp52|by|Tsp

30055 1.50E-02 Cell-substrate junction Zaspb52\|by|Tsp

16323 3.64E-02 Basolateral plasma membrane Zasp52|by|Tsp

Corr P-value is the significance by Fisher’s exact test after Benjamini-Hochberg multiple testing correction. GO-ID’s and description are directly drawn from the
official GO database (www.geneontology.org) (Ashburner et al., 2000). Genes in test set are those found to be significantly associated
(P <0.05) with GO-terms. The test set are the ten microRNAs and 38 mRNAs as shown in Fig. 5.
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Table 2. Human orthologs and cancer phenotypes linked to mRNAs dysregulated in Igl mutant brain and wing tissues

Direction of
Gene ID Full gene name regulation Description of ontology Human orthologue
Ubgn Ubiquilin Up (B) Heat shock chaperone-binding UBQLN3
UBQLN1
UBQLN4
UBQLN2
CG6357 Up (B, W)  Cysteine type endopeptidase
Rala Ras related protein Up (B, W) Ral GTPase, supports tumor initiation and progression, inhibits apoptosis RALA
through upregulation of p38 and inhibition of JNK (Sablina et al., 2007). RALB  RALB
activation restricts initiation of apoptotic programs (Chien et al., 2006).
Tsp thrombospondin Up (B) Secreted glycoprotein, Integrin-mediated adhesion, may interact with laminin. THBS1,2,3,4
THBS1 can have tumor suppression or oncogenic effects in cancer in COMP (THBS5)
knockout mice (Lopez-Dee et al., 2015; Rodriguez-Manzaneque et al., 2001;
Streit et al., 1999).
Stv starvin Up (B, W) Expressed by tendon cells, stress response
(CG32130)
CG12911 Up (B, W)  Function unknown
odd odd skipped Up (B, W)  Zinc finger transcription factor - morphogenesis OSR2
OSR1
CG17352 Culd, CUB and LDLa Up (B, W) Low density lipoprotein receptor
domain
cas castor Up (B, W)  Transcription factor for neural cell fate. SRG/CASZ1 is a cell survival gene that SRG/CASZ1
controls apoptosis and tumor formation (Yuan et al., 2005).
ewg erect wing Up (B*, W*) Nuclear respiratory factor 1 — transcription factor positive regulator of Wnt NRF1
signaling
pros prospero Up (B, W) Cell fate determination PROX1
Human homeobox gene (Zinovieva et al., 1996). PROX2
CG6739 Up (B, W) Low density lipoprotein receptor
sas stranded at second Up (B) Fibronectin Ill domain — axon guidance, morphogenesis
grh grainyhead Up (B) Ectodermal transcription factor that regulates mitotic activity of neuroblasts. =~ GRHL1
Grainyhead-like 2 enhances the human telomerase reverse transcriptase GRHL2
gene expression by inhibiting DNA methylation at the 5-prime-CpG island in  GRHL3
normal human keratinocytes resulting in keratinocyte proliferation and
increased cellular life span (Chen et al., 2010).
LanA laminin A Up (B) ECM component, axon guidance LAMA3
CG12814 Up (B, W) Function unknown
ft fat Up (B) Atypical cadherin, Hippo pathway regulator, planar cell polarity FAT4
DCHS1
DCHS2
CG3704 Up (B) GPN-loop GTPase GPN1
XPA binding protein 1
CG12581 Up (B) Function unknown
Ir76a lonotropic receptor 76a  Up (B) Olfatory receptor — sensory signaling
klar klarsicht Up (B) Regulation of motor proteins
Kip98A Kinesin-like protein at 98A Up (B, W) Kinesin KIF1A
KIF1B - susceptibility to neuroblastoma-1 (NBLST1) and to KIF1B
pheochromocytoma KIF1C
KIF16B
CG1434 Up (B) Dihydrouridine synthase, Positive regulator of protein synthesis DUS2L
by blistery Up (B, W)  Tensin, localizes at focal adhesions
nahoda Up (B, W) Function unknown
Gfat1 Glutamine:fructose-6- Up (B) Metabolic process GFPT1
phosphate GFPT2
aminotransferase 1
Zaspb2 Z band alternatively Up (B) Muscle structure development
(CG30084) spliced PDZ motif
protein 52
msl-3 male-specific lethal 3 Up (B) mRNA binding, Histone H4 acetylation, dosage compensation MSL3
Ddc Dopa decarboxylase Down (B) Synthesis of bioamines HDH
DDC
vis vismay Down (B, W) Homeobox transcription factor, Transforming growth factor b induced factor 2 TGIF2
CG13253 crimpy Down (B) Insulin-like growth factor binding protein (Abu-Safieh et al., 2011). IGFBPL1
SPINK2,6,1,4,9,7
KAZALD1
IGFBP7
ESM1
Down (B) Eukaryotic translation initiation factor BZW2

Continued
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Table 2. Continued

Direction of
Gene ID Full gene name regulation Description of ontology Human orthologue
Exba (kra, extra-bases, krasavietz,
CG2922) elF-23
TM4SF transmembrane 4 Down (B), Up Tetraspanin EC2 domain
superfamily (W) Function unknown
Oamb Octopamine receptorin  Down (B) G-protein coupled receptor, ovulation, behavioural
mushroom bodies
CG9003 Down (B) SCF-ubiquitin ligase complex FBXL2
Protein degradation FBXL20
Tissue growth (Yao et al., 2007). (SCRAPPER)
scrt scratch Down (B) Transcriptional repressor of alternative cell fates. SNAI3
Member of Snail family, key regulators of EMT. SCRT1
SNAI1
SCRT2
SNAI3
Men-b (Mdh) malic enzyme b (Malate Down (B) Key enzyme in the biosynthesis of lipids ME3
dehydrogenase) ME2
ME1
hth homothorax Down (B, W) MEIS1 regulates the differentiation, cycling activity, and MEIS1
self-renewal of MLL leukemia cells and functions as a determinant MEIS2

of leukemia stem cell potential (Wong et al., 2007). MEIS1 oncogene

is highly expressed in neuroblastoma (Spieker et al., 2001).

B, brain; W; Wing. * indicates that different splice variants of the gene were dysregulated. Comparison between wing and brain gene expression was based on
Richardson and Ellul (2014) (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48852). Microarray expression profiles from Drosophila melanogaster
scrib and /gl mutant wing imaginal disc and brain complexes at day 9 after egg deposition (AED) versus wild type at day 5 AED.

functional connection between the tumor suppressor Lgl and the
miRNA pathway. Although miRNA dysregulation has been linked
to cancer progression, the role of this pathway in tumorigenesis
remains poorly understood (Iorio and Croce, 2012). As the human
orthologs of Lgl, HUGL1 and/or HUGL2, are reported to be
downregulated in breast and other epithelial cancers, we turned to
the genetically tractable model Drosophila to explore the effects of
Igl loss on the miRNA transcriptome and to identify miRNAs that
may act as effectors of Igl’s ability to protect against cancer
progression by modulating pathways involved in tumorigenesis

including cell polarity, proliferation, differentiation, adhesion, cell
fate and stem cell expansion.

First, by demonstrating a genetic interaction between Ig/ and
AGOI, we identified a potential role for Lgl in the microRNA
pathway. Next, to identify specific miRNAs misexpressed upon loss
of Igl, we conducted miRNA microarrays to compare the expression
levels of 147 miRNAs in /g/ mutants compared to wild-type rescue
larvae. Through this approach, we identified several miRNAs
affected by Ig/ loss during tumor progression (38 for day 0, 32 for
day 3, and 75 for day 5). Interestingly, only ten miRNAs were

Table 3. Human orthologs and cancer phenotypes linked to miRNAs dysregulated in Igl mutant tissues

Direction of Targets in human
miRNA  regulation Homology to human miRNA Published cancer involvement cancers
miR-210 Down dme-miR-210 Downregulated in esophageal squamous cell carcinoma and FGFRL1
UUGUGCGUGUGACAGCGGCUA during EMT. It inhibits cancer cell survival and proliferation by
hsa-miR-210 inducing cell death and controlling cell cycle arrest. Correlated
CUGUGCGUGUGACAGCGGCUGA with differentiated epithelial cells. It may exert tumor
suppressive effects through targeting degradation of FGFRL1
(Tsuchiya et al., 2011).
miR-1 Down hsa-miR1 Downregulated in colon cancer. Targets Met expression and MET, LASP1, IGF-1,
UGGAAUGUAAAGAAGUAUGUAU modulates Met levels (Migliore et al., 2012). IGFR-1, BCL-2
dme-miR1
UGGAAUGUAAAGAAGUAUGGAG
let-7 Down hsa-let-7a Defects in let-7 result in lack of terminal differentiation and RAS, MYC, LIN28,
UGAGGUAGUAGGUUGUAUAGUU overproliferation. Loss of let-7 linked to breast cancer via HMGA2
dme-let-7 regulation of RAS, Myc, LIN28 or HMGAZ2 (Bussing et al.,
UGAGGUAGUAGGUUGUAUAGU 2008).
miR-100 Down hsa-miR-100 miR-100 downregulated in cervical and nasopharyngeal cancer PLK1
AACCCGUAGAUCCGAACUUGUG and targets Polo-like kinase 1 (PLK1) (Li et al., 2011; Shietal.,
dme-miR-100 2010). An upregulation of Plk1 can lead to mitotic catastrophe.
AACCCGUAAAUCCGAACUUGUG Downregulated in oral squamous cell carcinoma (OSCC) and
confers loss of sensitivity to ionizing radiation when lost
(Henson et al., 2009).
miR-9 Down dme-miR-9a Hypermethylated in clear cell renal cell carcinoma, CDH1, RAB 34
UCUUUGGUUAUCUAGCUGUAUGA downregulated in gastric carcinoma, (Hildebrandt et al., 2010; (A Ras family
hsa-miR-9 Luo et al., 2009; Trankenschuh et al., 2010) member)

UCUUUGGUUAUCUAGCUGUAUGA
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Table 4. Downregulation of HUGL1 in human mammary epithelial cells
leads to upregulation of five nRNAs

Fold
mRNA Change P-value Function Drosophila ortholog
ABCG2 2.86 0.019  ATP-Binding Cassette, white
Sub-Family G (WHITE),
Member 2
ESR1 5.20 0.021  Estrogen Receptor 1 ERR (Estrogen-
related receptor)
KRT19 3.16 0.036  Keratin 19 -
MMP2 5.72 0.025  Matrix Metallopeptidase 2 Mmp2
THBS1 2.70 0.039  Thrombospondin Tsp
(thrombospondin)

Table shows mRNAs upregulated by more than fivefold in HUGL1 knock-down
human mammary epithelial cells compared to controls (scrambled knock-
down). P values as shown.

consistently affected across all time points studied. This time series
enabled us to determine changes in miRNA expression before and
during early- as well as late-tumor development that may serve in
the future for biomarker development. This approach also provided
a robust means for identifying a core set of ten miRNAs that define
an Lgl tumor ‘signature’. Of the ten Drosophila miRNAs identified,
let-7, miR-210, miR-1, miR-100, and miR-9a have homologues in
humans as evidenced in miRBase (Griffiths-Jones et al., 2006).
These same five have already been shown to exhibit tumor
suppressive properties in human cancers (Henson et al., 2009;
Torio and Croce, 2012; Rothé et al., 2011; Volinia et al., 2006; Yu
et al., 2007). Among these, let-7 and miR-100 are processed from
the same primary miRNA.

miR-9a, a known growth regulator (Epstein et al., 2017; Suh
etal., 2015), was found to be downregulated in the /g/ mutant larval
epithelial and neural tissues, therefore, we hypothesized that
overexpressing miR-9a in lgl loss-of-function tissues may have a
rescuing effect. By restoring levels of miR-9a in the wing, flies
showed a statistically significant reduction in the overgrowth of the
posterior compartment of the wing due to /g/ knock-down.

We conducted two separate array experiments, one for miRNA
and one for mRNA using two different /g/ mutants. Furthermore, we
compared our data to matches predicted by microRNA.org, which
uses a machine-learning algorithm to score matches based on
sequence similarity, free energy of the RNA duplex, and
conservation of the target site. Target-matching algorithms have
an estimated 50% error rate and indeed, using one of the latest target
matching algorithms implemented by microRNA..org, miRanda, we
discovered that the error rate was corroborated by our in vivo data.
Thus, the power of our combined approach is that of target matches
predicted by microRNA.org corresponding with an inverse
expression relationship of miRNAs and their predicted mRNA
targets in /gl mutant tissues (e.g. an upregulated miRNA validates a
predicted mRNA target if that mRNA is downregulated). From this
analysis, we could link dysregulated miRNAs with mRNAs in Ig/
mutant tissue; in particular, since we have shown that miR-9a
deregulation contributes to the /g/ mutant phenotype, these
comparisons identify potential protein targets that are important in
tumorigenesis upon Lgl depletion.

Cancer is a complex disease affecting many biological processes
including: cell growth and proliferation, cell differentiation,
angiogenesis, apoptosis, and genomic stability (Hanahan and
Weinberg, 2011; Scheel and Weinberg, 2012). The dysregulated
miRNAs and mRNAs in our analysis not only corroborated 3' UTR
targeting predicted by microRNA.org, but targeted mRNAs were

significantly associated with GO-terms linked to cellular processes
involved in cancer, including cell fate commitment, differentiation,
and cell adhesion. Indeed, a disruption in differentiation of
neuroblasts has been shown to result in brain tumors, a well-
established phenotype of Ig/ mutants (Caussinus and Gonzalez,
2005; Gateff, 1978). Also cell adhesion GO-terms are highly
relevant to tumorigenesis, since disruption of cell adhesion is
associated with EMT and is critical for cells to break away from the
epithelium and become invasive. Future studies will address
the contribution of these genes, particularly the miR-9a targets, to
the Ig/ mutant phenotype.

We have shown that knock-down of HUGL 1 in human mammary
epithelial cells leads to upregulation of five transcripts that have
been linked to cancer stem cells, side population (SP) cells, or
increased invasion in cancers (ABCG2, MMP2, ESRI1, THBSI and
KRT19; see Table 4). Of these, ABCG2 (also known as breast cancer
resistance protein) is an ATP-binding cassette transporter associated
with the cancer stem cell phenotype and chemotherapeutic
resistance, including therapy-refractory breast cancer (Ding et al.,
2010; Doyle et al., 1998; Zhou et al., 2001). Although two
miRNAs, miR-328 and miR-519¢, that have been previously
described to downregulate human ABCG2 (Pan et al., 2009; To
etal., 2009) have no fly orthologs, we report a reduction in miR-100,
which is also predicted to bind to the human ABCG2 3'UTR (To
et al., 2008). Notably, the mature miRNA sequences of miR-100
have a one base pair difference between human and Drosophila as
reported by miRBase (Griffiths-Jones et al., 2006). Of the other four
mRNAs significantly upregulated in mammary epithelial cells upon
HUGLI knock-down, MMP2, a matrix metalloprotease (MMP), is
elevated in EMT (Laffin et al., 2008). Upregulation of MMPs has
been previously observed in Drosophila Igl mutants, conferring
invasive abilities, and has also been documented in cancer stem
cells (Beaucheret al., 2007; Cronwright et al., 2005; Grifoni et al.,
2015; Huang et al., 2011; Na et al., 2011; Woodhouse et al.,
1994). In addition, ESRI is associated with aggressive breast
tumor types, and KRT 19 has been implicated as a marker of
circulating tumor cells (Kim et al., 2011). Interestingly, THBS1,
thrombospondin which regulates remodeling of the extracellular
matrix (Huang et al., 2017), is an orthologue of #sp, a fly mRNA
that we report upregulated in /g/ mutants. This upregulation is
potentially due to the reduction in miR-9a levels we detected, as
tsp is a predicted target of this miRNA (Sampson et al., 2007,
Selbach et al., 2008).

let-7, the most significantly downregulated miRNA in /g/ tissues,
has been shown to inhibit breast cancer cell proliferation in severely
compromised immunodeficient (SCID) mice while its loss led to
increased stem cell renewal (Yu et al., 2007). It was also shown to
act as a repressor of stemness and is frequently lost in transformation
(reviewed in Biissing et al., 2008). Similarly, in Drosophila, let-7 is
associated with cell differentiation and is regulated by the steroid
hormone receptor, EcR (Caygill and Johnston, 2008; Kucherenko
et al., 2012; Wu et al., 2012), and therefore its down-regulation
would be expected to result in the accumulation of cells in a
progenitor-like state. miR-9 is downregulated in human gastric
carcinoma, breast cancer, and ovarian cancer, and has been shown to
exhibit control over cell proliferation and metastasis (Laios et al.,
2008; Lujambio et al., 2008; Luo et al., 2009; Selcuklu et al., 2012).
The findings presented here, coupled with an established role for
Lgl as a regulator of stem and epithelial cell integrity in Drosophila,
suggest that similar miRNAs and downstream pathways may be
dysregulated in both fly and human tumors with loss of Lgl or
HUGLI1/2, respectively. We speculate that the contribution of /g/ as
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a tumor suppressor may be attributed to its control over epithelial
cell plasticity and localization of cell fate determinants, and/or by
conferring protection against a dedifferentiated cancer stem cell
population. Proper regulation of miRNAs /et-7 and miR-9 by Igl via
modulation of miRNA processing could contribute to this role.

In summary, we used a combined approach including
bioinformatics in flies and human cells lacking Lgl and identified a
‘signature’ set of miRNAs characteristic to Lgl tumors. Cross
comparisons between miRNA and mRNA profiling uncovered a
small set of mRNAs that are both dysregulated in vivo and represent
putative targets of the signature miRNAs. Although Lgl has been
implicated in regulating endocytosis (Parsons et al., 2014; Portela
et al., 2015) and non-muscle Myosin (Strand et al., 1994), our study
suggests that Lgl might also regulate through its binding to FMRP
(Zarnescu et al., 2005) the level of specific microRNAs, which would
then affect the expression of various mRNAs including those
involved in signaling pathways known to be deregulated by Ig/
impairment (Grifoni et al., 2015; Grzeschik et al., 2010a; Khan et al.,
2013; Parsons et al., 2014). Among the dysregulated mRNAs,
thrombospondin, a component of the extracellular matrix, was
found to be misexpressed in both flies and human cells lacking
Lgl. It is tempting to speculate that this connection between Lgl
depletion and thrombospondin upregulation points to a
mechanism involving the remodeling of the extracellular matrix,
a key player in metastasis, which will be explored in future
experiments. These results, together with genetic interaction
experiments in Drosophila, suggest the potential for using
miRNAs as therapeutics in tumors with Lgl loss.

MATERIALS AND METHODS

Drosophila genetics

All flies were raised on standard fly food at 25°C, except where otherwise
noted. /g/ alleles were previously described (Grzeschik et al., 2007; Zarnescu
etal., 2005). Igl stocks were balanced over Kr: GFP-CyO. UAS-Igi®* stocks
were obtained from the Vienna Drosophila RNAi Center (lines # v51247 and
v51249). UAS miR-9a and miR-9a""*’ flies were provided by Fen-Biao Gao
(University of Massachusetts Medical School, MA, USA) and Eric Lai
(Sloan-Kettering Cancer Center, NY, USA). UAS-let-7 was obtained from
Laura Johnston (Columbia University, NY, USA). en-GAL4, GMR-GALA4,
and UAS-GFP were obtained from the Bloomington Stock Center (http:/
flystocks.bio.indiana.edu/). A recombinant stock containing UAS-Igl-
RNAP"% and UAS-Igl-RNA#P?# (third chromosome) was generated and a
stock made with en-GAL4 (second chromosome).

Adult wing and eye sample preparations

A recombinant stock containing UAS-Igl-RNAi°'?#” and UAS-Igl-RNAi*'?#°
(third chromosome) was generated and a stock made with en-GAL4 (second
chromosome). Wings of en-GAL4/+; UAS-IgF"N/+, en-GAL4/+; UAS-
1gPN/UAS-miR-9a, en-GAL4/+; UAS-IgI®"/miR-9a™™® were removed
under a dissecting light microscope and mounted on standard glass slides.
Slides were scored for defects and examples of phenotypes were imaged
using an Olympus DP71 imaging camera on a Leica MZ6 microscope. For
en-GAL4/+; UAS-1gI®Ni/+, we scored n=132 wings. For en-GAL4/+; UAS-
1" /UAS-miR-9a, n=186. For en-GAL4/+; UAS-IgI®"/miR-9a"’,
n=98 wings. For en-GAL4/+; +/+, n=140 wings. For en-GAL4/+; UAS-
miR-9a/+, =77 wings. For en-GAL4/+; miR-9a™’, n=70 wings. For en-
GAL4, UAS-GFP; UAS-IgF’*™4i/+, n=32. For en-GAL4, UAS-GFP/+,+,
n=50. Images were processed using Adobe Photoshop and the posterior
wing region as a proportion of total wing area was measured using Imagel.
The posterior wing region was defined as wing area posterior to the
longitudinal vein L4. ‘Freehand selection’ was used to capture pixel areas
and ‘Measure’ was used to compute the areas. For quantifying posterior
wing region ratios we used a subset of samples: for en-GAL4/+; UAS-
IgI”N4i/+ | we imaged and measured n=16 wings. For en-GAL4/+; UAS-
1™ /UAS-miR-9a, n=20. For en-GAL4/+; UAS-IgI®™"/miR-9a"%", n=20

wings. For en-GAL4, UAS-GFP/+; UAS-IgI®N*/+ we imaged n=28 wings.
For statistics, measurements within genotypes were checked for normality
using the ad.test() in R. Differences between genotypes were calculated
using t.test() in R for parametric distributions and wilcox.test() for non-
parametric distributions. All tests used default options.

For adult eyes, flies were collected and imaged in the first 1-2 days after
eclosion. Images were acquired using an Olympus DP71 camera mounted
on a Leica MZ6 microscope and processed with Image] and Adobe
Photoshop. For all genotypes we imaged 10-20 randomly selected flies
(males and females).

Brain dissection and imaging

Homozygous larvae were selected against GFP expression under UV light
with a Leica MZ8 microscope and washed 3 times in 1x PBS. Cephalic
complexes, consisting of brain lobes, ventral ganglion, and eye imaginal discs,
were dissected from larvae and suspended in a drop of 1x PBS for imaging.
Brain images were obtained using an Olympus DP71 imaging camera
mounted on a Leica MZ6 microscope and processed with Adobe Photoshop.

RNA preparation, microarrays and RT-PCR validation

For miRNA analysis, cephalic complexes were dissected from 20 third instar
larvae per genotype and were pooled to create each time point sample. Three
samples were collected per time point and total RNA was immediately
extracted following dissection with a miRVana RNA extraction kit to
conserve small RNA according to manufacturer’s protocols (Ambion,
Austin, TX, USA). RNA was quantified and evaluated for integrity with a
nanodrop spectrophotometer and denaturing agarose gels.

For miR microarray analysis, total RNA was shipped to Genosensor
(Phoenix, AZ, USA) where it was subjected to quality testing, hybridized
with fluorescent probes and washed over an array spotted with cDNA
complementary to 147 published Drosophila miRNAs. Fluorescence was
imaged with a GenePix 4000B microarray scanner and measured using
GenePix Pro 5.0.0.49 software.

To validate microarray results, Real-Time PCR was performed on select
miRNAs. 1 ug RNA was annealed to poly (A) linkers and reverse transcribed
with a one-step cDNA Synthesis Kit (GenoSensor, Phoenix, AZ, USA)
according to manufacturer’s protocols. Real-Time SYBR green Master Mix
was combined with amplified cDNA and validated Real Time primers for
Drosophila let-7, miR-9a, miR-210, and U6 (GenoSensor, Phoenix, AZ,
USA). Real-Time amplification reactions were loaded into a 384-well plate
and run on an ABI 7900 Real Time thermocycler with an initial denaturation
of 15 min at 94°C, 30-45 cycles of denaturation at 94°C for 30 s, annealing at
59°C for 15 s, and elongation 72°C for 30 s. Raw data was processed using a
common threshold value. Fold changes were calculated with the delta delta Ct
method using U6 as a housekeeping gene.

For mRNA analysis, RNA was isolated from 20 cephalic complexes
(brain lobes and eye discs). Samples were from: wild-type day 0 third instar
larvae and day 4 Igl?7S3/E2S31 mutant third instar larvae. 1 pg of total RNA
was used for template preparation as per manufacturer’s instructions, and
hybridized to an Affymetrics 2.0 microarray gene chip. Gene-chips were
washed and stained in the Affymetrix Fluidics Station 400 and scanned
using the Hewlett-Packard GeneArray Scanner G2500A.

Cell culture

MCF10A cell lines were obtained from American Type Culture Collection
(ATCC) and cultured in Dulbecco’s modified Eagle medium/F12 (DMEM/
F12) supplemented with 5% Horse Serum (Invitrogen), 10 pug/ml insulin,
100 ng/ml Cholera toxin (Sigma Aldrich), 20 ng/ml Epidermal Growth
Factor, 1% Penicillin-Streptomycin (Cellgro), and 0.5 pg/ml Hydrocortisone.
All cells were grown at 37°C in 5% CO,. They were recently authenticated
(Russ et al., 2012) and checked for contamination.

Viral shRNA transductions

MISSION shRNA lentiviral particles containing nontarget control shRNA
or HUGLI shRNAs and packaging vectors were purchased from Sigma
Aldrich (NM_004140, clones TRCN0000117137-141). For transduction,
virus was added to MCF10A cells at a multiplicity of infection (MOI) range
of 1 to 3 in the presence of 8 ug/ml hexadimethrine bromide (Sigma
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Aldrich) in culture medium. Transduced cells were selected using
puromycin dihydrochloride (Sigma Aldrich) at 2 pg/ml. Stable lines were
used as heterogenous populations; clones were not selected.

Real time PCR array

Total RNA was isolated from the MCF10A control and HUGL 1 shRNA cell
lines two weeks after transduction using the RNeasy kit from Qiagen
(Valencia, CA, USA). Total RNA concentration and purity in the eluted
samples was tested using a NanoDrop spectrophotometer (NanoDrop
Technologies). RNA quality was examined in 1% denaturing agarose gels
and sharp bands at 18S and 28S ribosomal were verified. Following RNA
preparation, the samples were treated with DNase using the RNase-Free
DNase Set (Qiagen) to ensure elimination of genomic DNA, and the
extracted RNA was converted to cDNA using the RT? First Strand Kit
(Qiagen) following manufacturer’s instructions. cDNA was stored at —20°C
until used for gene expression profiling.

The RT? Profiler PCR Array System (SABiosciences, Qiagen) was used to
evaluate the cell lines for differential gene expression. The genes evaluated in
this Breast Cancer RT PCR array include multiple genes involved in breast
cancer carcinogenesis. SYBR based Real-time PCR detection was carried out
per the manufacturer’s instructions. The array was cycled on an ABI 7900HT
real-time cycler on the following program: 1 cycle of 10 min at 95°C followed
by 40 cycles of 15 s at 95°C and 1 min at 60°C. Raw data were processed in
ABI software using similar baseline and threshold values and exported to a
template Excel file (Microsoft) for analysis. Analyses of the raw Ct values
were conducted using the AACt method through the SABiosciences Data
Analysis Web Portal (www.sabiosciences.com). Runs that did not pass
quality control tests were eliminated and four replicates of each treatment were
used for statistical analysis.

Western blots

Cultured cells were lysed in ice-cold lysis buffer containing 20 mM TRIS
pH 7.5, 150 mM NaCl, 1% NP40, 5 mM EDTA pH 8.0, 1% NaF, 1%
NaVO03, 0.1% NH4 Molybdate and 8% Complete phosphatase and protease
inhibitor (Roche). The lysates were centrifuged at 13,000 rpm for 10 min at
4°C and supernatant was collected for western blot analysis. 20pg protein
lysate was separated by SDS-PAGE (7%) and transferred to PVDF
membrane (Millipore). The membrane was blocked in 5% milk in PBS/
0.1% Tween solution and then used for immunoblotting. The primary
antibodies, anti-HUG1 (911-1010, cat # H00003996-M01) and anti-B-actin
(AC-74) were purchased from Abnova and Sigma, respectively and the
secondary antibody, conjugated to horseradish peroxidase (HRP), goat anti-
mouse [gG HRP was purchased from Invitrogen/Molecular Probes. Proteins
on the membrane were treated with Super Signal Chemiluminescent
Substrate (Pierce), visualized on Imagetech-B film (American X-ray) and
developed with a Konica SRX-101C.

Microarray analysis, microRNA target matching and GO-term
analysis

Both microarrays (microRNA and mRNA) were analysed using the
Bioconductor package in the R statistical software environment. For
microRNAs, normalization was done between arrays and correlation was
determined for technical replicates. Normalization was done for arrays on a
comparison group basis (i.e. for the day 3 1gl'/1gl¥33* compared to day 0
wild-type only those two groups were normalized rather than all). For
mRNAs, background correction and normalization was done using the
robust-multichip-array (rma) algorithm (Parrish and Spencer, 2004). Data
for both experiments were then fitted to separate linear models using the
limma package (Wettenhall and Smyth, 2004), which calculated fold
changes and P-values (using Benjamini-Hochberg multiple testing
correction).

Computationally determined targets with good mirSVR scores and
conservation across species were downloaded from microRNA.org. This list
was filtered for the miRNAs of interest and the predicted targets were
matched to mRNAs of interest. Upregulated miRNAs were matched only to
downregulated mRNAs and vice versa. The targeting network was
visualized using Cytoscape software version 2.8.3 (Shannon et al., 2003).
The Bingo plug-in (version 2.44) for Cytoscape was then used to compute

enrichment for GO-terms of the miRNAs and mRNAs together (Maere
et al., 2005). The background used for enrichment tests consisted of all
miRNAs and predicted targets of the same aforementioned list from
microRNA.org. Fisher exact tests were used with Benjamini-Hochberg
multiple testing correction to determine if groups of miRNAs/mRNAs were
significantly associated with a specific GO-term. Only those with a
corrected P-value of 0.05 or less were included in the results.

Wing imaginal disc immunostaining and quantification

Wing discs were dissected from wandering third instar larve in Grace’s
medium (source) and incubated for 1 h to incorporate a BrDU analog, EdU,
using the Click-iT Kit (Invitrogen). Discs were fixed in 3.5% formaldehyde in
PBS, pH 7.2, permeabilized with 0.1% Triton, blocked with 3% BSA, and
labeled. The presence of cleaved caspase was detected using Dep-1 Antibody
(Cell Signaling, #9578) at 1/500 dilution, and detected with anti-rabbit Alexa-
647 at 1/750. Anti-GFP-FITC (Rockland, #600-402-215) was used at 1/200
dilution and Hoechst 33344 (Life Technologies) at 1/10,000. Discs were
mounted in 4% n-propyl gallate in glycerol and imaged on a Zeiss 510 Meta
Confocal Microscope. Images were processed by Adobe Photoshop. Total
wing disc and the engrailed domain (GFP positive) were defined with the
‘magnetic lasso’ tool. For the measurements shown in Fig. S1E, to reduce
background noise, only the top-most epithelial layer corresponding to the
wing pouch was measured. For statistics, measurements within genotypes
were checked for normality using the shapiro.test() in R. Differences between
genotypes were calculated using t.test() in R. All tests used default options.

Statistical analyses
Statistical analyses are as described for individual methods.
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Supplemental Figure S1 — miR-9a does not significantly affect growth or apoptosis in third instar
wing imaginal discs.

(A — D) Third instar wing imaginal discs immunostained, as indicated. Genotypes, as shown. Dashed
area in panel A, GFP channel indicates the wing pouch area within the engrailed domain that was
used to quantify caspase activity in (E). (E) Caspase activity in the wing pouch area. (F) Size of
engrailed domain (GFP) normalized to whole wing disc. * - Pyaiye <0.05, ** - Pyajue <0.01, *** - Pyajue
<0.001. n.s. — not significant.

c
e
)

@©

£

fu
L
£

o

|

(]
+

C

(V]

£
Q

Q

Q

>
wn

L]

C

(]

o
O]

>

(@)}
o
Q
o



Biology Open (2018): doi:10.1242/bio.027391: Supplementary information

MCF10A
shRNA shRNA  shRNA
Hugl1-1 Hugl1-2  control

Supplemental Figure S2 - Hugl1 knock-down in human breast epithelial cells.

Stable knock-down was established in MCF10As with transduction of HUGL1 or control shRNA
lentiviral particles and selected with puromycin. Protein lysates were isolated from cell lines, 20 pg
of protein were separated by SDS PAGE and analyzed by immunoblot using the antibodies: anti-
HUGL1 (911-1010, cat # HO0003996-M01, Abnova, 1/1,000) and anti-B actin (loading control).
Secondary, HRP conjugated antibodies were used at 1/10,000 (Invitrogen). Molecular weights as
shown.
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Table S1: Dysregulated miRNAs in 0, 3, and 5 day /g/ mutants

0 day Igl'/igi”*** compared to 0 day P/lgl"] 1gl'/igl"***

ID logFC  AveExpr t P.Value adj.P.val B

dme-let-7 -1.1952 7.8836 -19.0271  1.18E-13 2.71E-11  21.5407

dme-miR-210 -1.4933 8.6508 -10.6996  2.19E-09 2.50E-07 11.5605

dme-miR-34 1.1900 8.4691 9.8950  7.61E-09 5.81E-07 10.2787

dme-miR-125 -0.4540 7.3833  -9.6771  1.08E-08 6.19E-07  9.9188

dme-miR-100 -0.4843 7.4360  -8.7235  5.34E-08 2.45E-06  8.2755

dme-miR-277 0.6403 8.4971 8.3621  1.01E-07 3.85E-06  7.6226

dme-miR-11 -0.5808 10.3621 -8.1093  1.59E-07 5.19E-06  7.1559

dme-miR-1010 -0.6484 8.6646  -7.1498  9.61E-07 2.75E-05  5.3064

dme-miR-965 -0.4585 79763  -6.6570  2.54E-06 6.47E-05  4.3087

dme-miR-317 0.5697 10.3094 5.7691  1.59E-05 3.65E-04 2.4334

dme-miR-993 -0.2770 79174  -5.6604  2.01E-05 4.18E-04  2.1972

dme-miR-279 -0.5175 10.6893  -5.4195  3.37E-05 6.43E-04 1.6701

dme-miR-14 1.2090 10.1930 5.2976  4.39E-05 7.73E-04 14012

dme-miR-927 -0.3746 8.0153  -5.1404  6.19E-05 1.01E-03  1.0525

dme-miR-275 -0.6774 85163  -5.1011  6.75E-05 1.03E-03  0.9650

dme-miR-34-pre 0.2323 7.4936 4.8206  1.25E-04 1.80E-03  0.3373

dme-miR-999 -0.5340 8.4509  -4.7458  1.48E-04 2.00E-03  0.1692

dme-miR-1012 -0.2284 7.5795  -4.7126  1.60E-04 2.03E-03  0.0945

dme-miR-133 0.5622 8.2516 4.2154  4.87E-04 5.88E-03  -1.0285

dme-miR-9a -0.6381 12.4448  -4.1853  5.22E-04 5.97E-03 -1.0965

dme-miR-980 0.3377 7.5321 3.9963  8.00E-04 8.72E-03  -1.5235

dme-miR-289 0.3944 7.7972 3.9165  9.58E-04 9.97E-03 -1.7032

dme-miR-278 0.3375 7.8889 3.8583  1.09E-03 1.09E-02 -1.8343

dme-miR-iab-4- -0.1231 7.5461 -3.8222  1.19E-03 1.13E-02 -1.9154

re

l(;me-miR-9b -0.3932 9.8743  -3.7644  1.35E-03 1.24E-02 -2.0451

dme-miR-1004 0.2648 7.7865 3.6919  1.59E-03 1.40E-02 -2.2074 &

dme-miR-31a 0.2381 8.4021 3.6274  1.84E-03 1.51E-02 -2.3513 =

dme-miR-14-pre 0.1649 7.5567 3.6258  1.85E-03 1.51E-02 -2.3549 g

dme-miR-276a -0.7282 13.1731 -3.5503  2.19E-03 1.73E-02  -2.5229 qg

dme-miR-2b 0.4380 13.0940 3.4440  2.78E-03 2.13E-02  -2.7584 =

dme-miR-966 0.1820 7.7112 3.3724  3.27E-03 2.42E-02  -2.9160 E

dme-miR-276b -0.7424 13.0213  -3.2932  3.90E-03 2.79E-02  -3.0895 )

dme-miR-1 0.3115 10.8684 3.2351  4.45E-03 3.04E-02 -3.2161 g

dme-miR-277-pre  -0.1384 7.2567  -3.2289  4.51E-03 3.04E-02 -3.2296 _&

dme-miR-281 0.1770 7.3492 3.1949  4.86E-03 3.18E-02 -3.3032 7

dme-miR-995 0.4377 9.7921 3.0419  6.82E-03 4.26E-02 -3.6322 c

dme-miR-1003 -0.1830 7.5222  -3.0380  6.88E-03 4.26E-02 -3.6404 3

dme-miR-958 0.2199 7.5380 2.9535 0.0082866 0.04993776 -3.8198 2
8
Q
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3 day Igl'/igi"*** compared to 0 day P/lgl"] gl /igl”***

ID logFC  AveExpr t P.Value adj.P.val B

dme-let-7 -1.0533 83673 -14.9044 2.67E-12  6.12E-10 18.2895
dme-miR-980 0.8383 7.9187 125812 5.80E-11 6.65E-09 15.1453
dme-miR-9a -0.8635 13.1862  -9.5281 7.03E-09  5.16E-07 10.2232
dme-miR-210 -0.9062 93872  -93865 9.01E-09  5.16E-07  9.9692
dme-miR-317 0.9628 11.0489 8.5210 4.31E-08 1.97E-06  8.3612
dme-miR-263b -0.5700 9.6784  -7.5657 2.72E-07 1.04E-05  6.4723
dme-miR-275 -0.7146 8.9456  -7.4275 3.58E-07 1.17E-05  6.1891
dme-miR-34 0.5519 8.5042 6.6220 1.89E-06  5.40E-05  4.4879
dme-miR-13a 0.6062 12.6264 6.5192 235E-06  5.97E-05  4.2649
dme-miR-993 -0.4707 82093  -6.1270 5.47E-06 1.25E-04  3.4020
dme-miR-125 -0.4108 7.6189  -5.8409 1.03E-05 2.13E-04 2.7614
dme-miR-33 0.4658 9.1368 5.6732  1.49E-05 2.84E-04  2.3820
dme-miR-100 -0.4608 7.6932  -5.4932 2.23E-05 3.93E-04 1.9717

dme-miR-278-pre  -0.3120 7.1975 -5.2919  3.52E-05 5.75E-04  1.5094
dme-miR-184-pre 0.6371 9.3179 5.2305 4.04E-05 6.18E-04  1.3680

dme-miR-1 -0.5427 11.0650  -4.8038 1.08E-04 1.54E-03  0.3775
dme-miR-263a -0.5575 10.1408 -4.6481 1.55E-04 2.08E-03  0.0141
dme-miR-10 -0.4222 7.9903 -4.5448  1.97E-04 2.50E-03 -0.2273
dme-miR-307 -0.4322 10.6377  -4.5197 2.09E-04 2.51E-03 -0.2861
dme-miR-284 -0.2277 7.5347  -4.3609 3.02E-04 3.46E-03 -0.6575
dme-miR-2¢ 0.4062 13.3650 3.7620 1.23E-03 1.34E-02 -2.0506
dme-miR-13b-1- 0.2109 7.4914 3.7311 1.32E-03 1.37E-02 -2.1216
re
l(;me-miR-6 -0.2170 7.3993 -3.6767 1.49E-03 1.49E-02 -2.2467
dme-miR-306-pre  -0.2582 12.6311 -3.5809 1.87E-03 1.78E-02 -2.4662
dme-miR-276* -0.5175 11.2024  -3.3771 2.99E-03 2.72E-02 -2.9284
dme-bantam 0.5755 12.0156 3.3641 3.08E-03 2.72E-02 -2.9576
dme-miR-308 0.3263 7.7307 3.2097 4.39E-03 3.73E-02 -3.3023
dme-miR-304 0.3292 7.6465 3.1671 4.84E-03 3.96E-02 -3.3966
dme-miR-277 0.2987 8.7257 3.0740 5.98E-03 4.67E-02 -3.6011
dme-miR-305-pre  -0.1593 7.5443 -3.0642  6.12E-03 4.67E-02 -3.6227
dme-miR-1004 -0.2661 7.7498 -3.0424  6.43E-03 4.75E-02 -3.6700
dme-miR-281 0.1616 7.4236 3.0140 6.85E-03 4.90E-02 -3.7319
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5 day Igl'/lgi"*** compared to 0 day P/lgl"] 1gl'/igl"***

ID logFC  AveExpr t P.Value adj.P.val B

dme-miR-2¢ 1.0282 14.0254  13.2719 3.64E-11 8.35E-09 15.6930
dme-miR-304 0.7046 7.9413  12.0993 1.81E-10 1.71E-08 14.0522
dme-miR-13a 0.8625 13.1794  11.9516 2.24E-10 1.71E-08 13.8363
dme-miR-317 1.0370 11.3534  11.1805 6.96E-10  3.98E-08 12.6744
dme-miR-993 -0.5957 83707  -9.1374 1.90E-08 8.69E-07  9.2797
dme-miR-263b -0.6943 9.8754  -8.4092 6.95E-08  2.65E-06 7.9472
dme-miR-2b 0.5961 14.4505 8.0737 1.29E-07  4.23E-06  7.3098
dme-miR-999 0.7691 9.7441 7.9269 1.70E-07  4.28E-06  7.0263
dme-miR-282 0.6003 8.1291 79135 1.775E-07  4.28E-06  7.0004
dme-miR-6 -0.3061 74670  -7.8784 1.87E-07  4.28E-06 6.9320
dme-miR-252 -0.8144 12.3615  -7.8128 2.12E-07  4.40E-06  6.8040
dme-miR-263a -0.7836 10.3156  -7.6814 2.72E-07  5.19E-06  6.5457
dme-miR-10 -0.5001 8.1041 -7.1299  8.02E-07 1.41E-05  5.4368
dme-miR-1 -0.9589 11.1261 -7.0625  9.18E-07 1.50E-05  5.2984
dme-miR-276a- 0.6169 8.7686 6.8866 1.31E-06 1.95E-05  4.9346

re
l(;me-miR-965 0.4931 9.0821 6.8664 1.36E-06 1.95E-05  4.8926
dme-bantam 1.0867 12.6680 6.6653 2.06E-06  2.77E-05 4.4712
dme-miR-980 0.4596 7.8368 6.5769 2.47E-06  3.15E-05 4.2844
dme-miR-190 -0.8557 9.4161 -6.4386 3.30E-06  3.97E-05  3.9901
dme-miR-1016 -0.2948 7.4521 -6.3923 3.63E-06  4.06E-05  3.8908
dme-miR-961 0.3011 7.4331 6.3806 3.72E-06  4.06E-05  3.8657
dme-miR-278-pre  -0.3539 7.2622  -6.2988 4.42E-06  4.60E-05  3.6899
dme-miR-87 -0.4176 7.8336  -6.2184 5.24E-06  5.22E-05 3.5164
dme-miR-1008 0.3915 7.7884 6.1801 5.69E-06  5.43E-05  3.4335
dme-miR-284 -0.2806 7.6264  -6.0624 7.31E-06  6.36E-05 3.1774
dme-miR-981 0.4709 8.6243 6.0563 7.40E-06  6.36E-05  3.1641
dme-miR-9a -0.7119 13.6559  -6.0504 7.50E-06  6.36E-05 3.1512
dme-miR-31b -0.4554 8.6695  -6.0328 7.79E-06  6.37E-05 3.1128
dme-miR-1004 -0.4269 7.7978  -5.7614 1.40E-05 1.10E-04  2.5156
dme-miR-315 1.0454 12.0901 5.7432  1.46E-05 1.11E-04  2.4752
dme-miR-2a -0.8350 13.3461 -5.5134  2.41E-05 1.78E-04  1.9631
dme-miR-iab-4- -0.2641 7.7916  -53719 3.29E-05 2.32E-04 1.6451
re
l(;me-miR-IOOI 0.3061 7.3204 5.3654 3.34E-05 2.32E-04 1.6306

dme-miR-304-pre 0.2754 7.4632 5.2469 4.35E-05 2.93E-04 1.3630
dme-miR-13a-pre 0.2612 7.4215 5.0880 6.21E-05 4.06E-04  1.0023

dme-miR-963 0.2913 7.4617 5.0287 7.09E-05 4.51E-04 0.8675
dme-miR-2c-pre 0.3680 7.5646 5.0032  7.51E-05 4.65E-04  0.8093
dme-miR-31a -0.3609 8.7439  -49400 8.67E-05 5.22E-04  0.6650
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dme-miR-33 0.3360 9.2948 4.9064 9.35E-05 5.49E-04  0.5884
dme-miR-316 -0.3280 9.1401 -47003 1.49E-04  8.55E-04 0.1162
ID logFC  AveExpr t P.Value adj.P.val B

dme-miR-275 -0.4241 9.2926  -4.6328 1.74E-04  9.71E-04 -0.0388
dme-miR-1007 0.2836 7.5222 4.6231 1.78E-04  9.71E-04 -0.0610
dme-miR-1017 -0.1644 7.5899  -4.5642 2.04E-04 1.08E-03  -0.1964
dme-miR-998 0.4655 11.1510 4.5449 2.13E-04 1.11E-03  -0.2408
dme-miR-966 0.3233 8.1191 4.5308 2.20E-04 1.12E-03  -0.2731
dme-miR-306 -0.3442 12.9731 -4.4626 2.57E-04 1.28E-03  -0.4300
dme-miR-184* -0.1825 7.6669  -4.3548 3.29E-04 1.60E-03 -0.6781
dme-miR-1003 0.4171 8.1739 43178 3.58E-04 1.71E-03  -0.7632
dme-miR-276a -0.4471 14.5395  -4.3014 3.72E-04 1.74E-03  -0.8009
dme-miR-9a-pre -0.1806 7.4248  -4.2607 4.09E-04 1.87E-03  -0.8945
dme-miR-210 -0.4728 9.8374  -4.1458 5.32E-04  2.39E-03 -1.1586
dme-miR-995 0.7444 10.6417 4.0744 6.27E-04  2.76E-03 -1.3226
dme-miR-276* -0.7684 11.4119  -4.0345 6.88E-04  2.97E-03 -1.4142
dme-miR-1009 0.1635 7.3192 3.8127 1.15E-03  4.86E-03 -1.9214
dme-miR-263b- -0.1575 7.0955  -3.7354 1.37E-03 5.70E-03  -2.0974

re

l(;me-miR-314 0.4129 7.5035 3.7109 1.45E-03 5.92E-03  -2.1529
dme-miR-958 -0.3141 7.5279  -3.5808 1.95E-03 7.84E-03  -2.4472
dme-let-7 -0.3520 8.9411 -3.5142  2.27E-03 8.97E-03 -2.5972
dme-miR-957 0.3031 8.6398 3.5022 2.34E-03 9.06E-03 -2.6241

dme-miR-316-pre  -0.4749 8.1542  -3.4446 2.66E-03 1.02E-02 -2.7531
dme-miR-317-pre 0.2079 7.4198 3.4353 2.72E-03 1.02E-02 -2.7739
dme-miR-iab-4-5p -0.1951 7.8152  -3.3753 3.12E-03 1.15E-02 -2.9078

dme-miR-13b-1-  0.1667  7.5634 32549 4.10E-03  149E-02 -3.1744
re

gme-miR-276b -0.3918  14.3933  -3.1978 4.66E-03  1.67E-02 -3.2997

dme-miR-11 -0.3825  11.3233  -3.1613 5.06E-03  1.78B-02 -3.3797

dme-miR-956 0.1213 72064  3.1375 534E-03  1.85E-02 -3.4315

dme-miR-279 0.2874  12.1330  2.9846 7.52E-03  2.57E-02 -3.7618

dme-miR-100 02469  7.9272  -2.9332 842E-03  2.84E-02 -3.8715

dme-miR-280-pre 0.1397 7.3562 2.9265 8.55E-03 2.84E-02 -3.8857
dme-miR-184-pre 0.3575 9.3942 29186 8.70E-03 2.85E-02 -3.9025
dme-miR-12-pre 0.2203 7.6314 2.9056 8.96E-03 2.86E-02 -3.9302

dme-miR-307 -0.2688 109166  -2.9039 8.99E-03 2.86E-02 -3.9337
dme-miR-970 0.3674 9.6759 2.8757 9.57E-03 3.00E-02 -3.9934
dme-miR-284-pre  -0.1752 7.2424  -2.8265 1.07E-02 3.30E-02 -4.0970
dme-miR-184 -0.2550 10.9838 -2.6302  1.63E-02  4.99E-02 -4.5021
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Table S2: Dysregulated mRNAs in /g/ mutants*

*There are multiple Affy IDs for 4 mRNAs so all were included for completeness

Affy ID Entrez  Gene log,FC  Average t P-Value Adjusted B
Gene Symbol Expression P-Value
ID

1627736_at 43826 Actbeta 3.7702 5.5554 43.8662 3.91E-07 5.81E-03  5.6847

1634988 a_at 38946 CG17352 3.2902 6.0563 38.8127 6.79E-07  5.81E-03  5.5138

1639643 _at 33483 CG18557 2.3836 5.1025 30.4076 2.05E-06  8.81E-03  5.0720

1639442 _a_at 32821 Tsfl 1.8542 7.8999 29.5604 2.33E-06 8.81E-03  5.0113

1629220 _at 39150 Ilp2 -2.3716 82999  -26.0565 4.11E-06 1.12E-02  4.7149

1626642_at 38994 CG6486 2.6329 9.2012 26.0406 4.12E-06  1.12E-02  4.7134

1632119_s_at 35940 Itd -1.6938 5.8817 -24.1769 5.76E-06 1.36E-02  4.5189

1638131_s_at 37196 5-HT1A -2.3559 49898  -22.2862 8.30E-06 1.55E-02  4.2887

1624269 _at 33530 gkt 2.8271 6.7741 21.3542 1.01E-05 1.55E-02  4.1609

1638305 _at 39933 Mip -1.6650 6.7060  -20.9997 1.08E-05 1.55E-02  4.1096

1627825 _at 38992 CG13305 1.9988 7.6891 20.7531 1.14E-05  1.55E-02  4.0729

1625850 _at 33583 odd 1.2544 5.6890 19.7069 1.44E-05  1.70E-02  3.9079

1629944 _at 41246 CG12814 1.9773 4.7786 19.6531 1.46E-05 1.70E-02  3.8990

1632688 _s_at 38473 CG11594 -1.2165 5.2039  -19.2403 1.61E-05 1.70E-02  3.8292

1626439 _at 50191 CG15353 -2.9632 9.4435  -19.2108 1.62E-05 1.70E-02  3.8241

1635273 s_at 32930 kek5 3.9559 6.6035 18.3824 1.97E-05 1.97E-02  3.6754

1625442 _a_at 45928 shi -1.0590 7.3075  -18.1630 2.08E-05 1.97E-02  3.6341

1635522 _a_at 34024 santa-maria  -1.5899 7.8036  -16.7758 2.97E-05  2.13E-02  3.3520

1624634 _at 5740633 nvd -2.4472 3.6175  -16.4243 3.26E-05 2.13E-02  3.2744

1638601 _at 5740359 spok -5.9969 54397 -16.3771 3.31E-05  2.13E-02  3.2638

1634428 at 34307 CG5924 1.0170 6.6738 163095 3.37E-05  2.13E-02  3.2485

1641490_s_at 33941 Tsp 1.0532 5.8882 16.2218 3.45E-05  2.13E-02  3.2284

1635665_at 35573 Tdcl 3.2044 6.0324 15.8974 3.78E-05  2.13E-02  3.1529

1627783 _at 42191 CG18599 1.5257 6.1510 15.8807 3.79E-05  2.13E-02  3.1490

1630457 _s_at 41144 by 1.1613 5.3217 15.7307 3.96E-05  2.13E-02  3.1132 c

1632430_at 32821 Tsfl 1.7148 9.4151 15.5856 4.13E-05  2.13E-02  3.0780 -_8

1630642_at 33994 Pvf2 1.8023 4.8666 15.5659 4.15E-05  2.13E-02  3.0732 E

1637410_s_at 33156 1(2)gl -4.8783 43103  -15.5398 4.18E-05  2.13E-02  3.0668 é

1629569 _at 32378 Fbxl4 2.9784 5.1256 15.5157 4.21E-05 2.13E-02  3.0609 i

1633880_s_at 40157 Ir76a 1.6836 5.8404 15.5000 4.23E-05 2.13E-02  3.0571 E

1632097 _at 32501 CG15646 1.7923 7.6613 154636 4.27E-05  2.13E-02  3.0481 S

1625473 _at 41935 CG4221 1.4136 4.9077 15.1260 4.72E-05  2.19E-02  2.9633 g

1630683 _at 42058 Patr-1 2.0026 6.9114 15.1081 4.74E-05  2.19E-02  2.9587 _&

1635283 _at 260645 nimB2 1.2054 6.2397 15.0646 4.80E-05  2.19E-02  2.9475 7

1634573 _a_at 37038 grh 1.8795 8.5670 149710 4.94E-05 2.19E-02  2.9234 -

1632212_at 35358 CG14401 1.6569 4.8895 14.8499 5.12E-05  2.19E-02  2.8918 =

1632860 _at 38508 Cpro4Aa 6.2574 7.8120 14.8242 5.16E-05  2.19E-02  2.8850 2
)
Q
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1641548 _at
1639741_at
1639177 _at
1631730_at
1636275_a_at
1625195 s_at
1641344_a_at
1625197 _at
1641423 _at
1636242_at
1638984 s at
1623612_at
1625570 _at
1625325 s_at
1634364 s at
1628884 _at
1624344 _at
1630476_s_at
1627214_s_at
1636991_s_at
1638724 _at
1624663 _a_at
1634306_at
1639320_a_at
1640586_at
1639181_at
1624362_at
1635787 _at
1633852_at
1630860_at
1640465_at
1630065_at
1641499 _at
1630186_at
1634507_s_at
1640057_at
1632339 s at
1624501 _at
1634302 s at
1640390_at
1628732_at
1634957 _at
1626857 _at

38714
43158
3346202
36081
3346192
36171
44018
40680
34037
31220
40928
36163
38510
39212
39518
32099
37479
37641
39694
37999
34775
36372
43310
35190
32037
40893
50190
33676
32245
38469
34485
41820
41739
35911
35212
38134
42066
31226
43444
37626
31394
41170
42762

CG10289
HLHmS5
IFa
CGI12911
Vmat

shn

cas

exba
CG6739
Ilp6
CG17816
Spn47C
Cpr64Ac
simj

stv
PGRP-SA
CG17922
nahoda
CG7650
emp
CG18507
vis
KIp98A
Ddc
CG1537
CG14598
Nplp4
CG15630
fne

scrt
CG17124
CG6912
CG3259
CG13743
CG17549
CG9192
cher
CG12496
CGl4516
CG3649
pon

Dh
CG4408

-2.6185
-2.1675
-1.4948
2.1987
-1.6016
-1.5790
1.8185
-1.2741
3.0252
-1.7116
-2.0394
3.7865
2.0393
2.1170
1.6982
3.6735
-1.0538
2.7278
-1.0387
1.2611
1.5093
-2.0836
1.1438
-1.1548
-1.1285
-2.0127
-3.1264
-1.6754
-1.4616
-1.1794
-1.5246
1.6674
1.3001
-1.5346
1.9848
2.4181
1.7899
1.5345
-1.7385
1.8912
1.0409
-2.57717
-2.6816

6.8741
5.6872
7.7829
4.2267
4.5092
6.1515
9.3309
9.2761
6.3249
5.7638
6.1928
5.7263
5.9655
6.8777
7.0937
6.4673
5.8498
5.8647
5.7735
7.1208
6.2276
3.3581
7.2251
6.3642
7.6745
4.4031
6.5352
6.0828
9.1095
7.4293
9.6502
6.0359
4.3453
5.4803
7.5373
5.4043
7.4597
5.4483
5.6462
4.2033
9.0410
6.8927
5.9143

-14.7921
-14.5223
-14.4957
14.4341
-14.2162
-14.1516
14.0391
-14.0214
13.9192
-13.8167
-13.7355
13.3169
13.2671
13.2392
13.2374
13.1212
-13.0763
13.0763
-13.0562
13.0320
12.9891
-12.9561
12.9474
-12.9059
-12.8774
-12.8365
-12.8045
-12.5339
-12.5001
-12.4939
-12.3935
12.0900
12.0542
-12.0393
11.8850
11.7409
11.7186
11.7077
-11.6742
11.6308
11.6103
-11.6084
-11.6070

5.21E-05
5.65E-05
5.70E-05
5.81E-05
6.22E-05
6.34E-05
6.57E-05
6.61E-05
6.83E-05
7.06E-05
7.24E-05
8.31E-05
8.45E-05
8.53E-05
8.53E-05
8.87E-05
9.01E-05
9.01E-05
9.07E-05
9.15E-05
9.28E-05
9.39E-05
9.41E-05
9.55E-05
9.64E-05
9.78E-05
9.89E-05
1.09E-04
1.10E-04
1.10E-04
1.14E-04
1.27E-04
1.29E-04
1.30E-04
1.37E-04
1.45E-04
1.46E-04
1.47E-04
1.49E-04
1.51E-04
1.52E-04
1.53E-04
1.53E-04

2.19E-02
2.29E-02
2.29E-02
2.29E-02
2.31E-02
2.31E-02
2.32E-02
2.32E-02
2.33E-02
2.33E-02
2.33E-02
2.37E-02
2.37E-02
2.37E-02
2.37E-02
2.37E-02
2.37E-02
2.37E-02
2.37E-02
2.37E-02
2.37E-02
2.37E-02
2.37E-02
2.37E-02
2.37E-02
2.37E-02
2.37E-02
2.49E-02
2.49E-02
2.49E-02
2.49E-02
2.73E-02
2.73E-02
2.73E-02
2.78E-02
2.78E-02
2.78E-02
2.78E-02
2.78E-02
2.78E-02
2.78E-02
2.78E-02
2.78E-02

2.8765
2.8042
2.7970
2.7802
2.7198
2.7016
2.6697
2.6646
2.6352
2.6054
2.5816
2.4554
2.4400
2.4314
2.4308
2.3945
2.3803
2.3803
2.3740
2.3663
2.3526
2.3421
2.3393
2.3260
2.3168
2.3035
2.2931
2.2037
2.1924
2.1903
2.1563
2.0512
2.0386
2.0333
1.9782
1.9259
1.9178
1.9137
1.9014
1.8854
1.8778
1.8771
1.8765
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1626405_at
1633793 _at
1626837 _a_at
1626109 _a_at
1629981 _at
1636804 _at
1624125 _at
1631604 _at
1628155 _at
1633795 _a_at
1633059_at
1636091 _at
1632790_at
1640904 _at
1623753 _at
1639292 _at
1638556_s_at
1640440_at
1631246_at
1633530_at
1636057_at
1630477_at
1628632_at
1625012_s_at
1630986_s_at
1639850_at
1625616_at
1632873 _at
1622901 _at
1629269 _at
1633696 _at
1640978_at
1641230_at
1625114 _at
1634707 _s_at
1639594 _at
1632543 _at
1638581 _at
1639183 _a_at
1625512_s_at
1632177 _at
1641476_a_at
1640944 _at

36290
38801
38562
36236
36615
31055
33627
33894
38067
34485
36532
37089
35528
39394
34045
32797
43982
44324
36030
53446
33013
38779
41591
34652
41318
31043
40421
41202
37358
317913
37786
40420
34538
35115
3354921
3355165
36244
32977
42379
3885644
41273
41248
33291

Drep-1
unc-13-4A
CG42540
Drip
LamC
CG14629
ft
CG42369
klar
CG17124
CG6357
fj

dream
thoc6
TeplIl
Frql
Oamb
Dms
Fmrf
HGTX
CG9572
msl-3
Paip2
vir-1
Adk3
CG3704
CG14566
MtnA
CG9993
CG32204
TMA4SF
CG14567
Ast-CC
Cyp310al
Gfatl
CG40485
CG9003
Ubgn
mira
CG34002
hth

Timp
CG4577

-1.3358
-1.3103
-1.3312
2.2568
1.5945
1.3724
1.6222
2.5174
1.0622
-1.1641
2.6408
2.4363
1.4360
1.0437
2.0456
-1.9796
-1.1816
-1.5278
-1.9798
-1.0637
1.8197
1.5901
-2.5355
1.2422
-1.0335
1.0849
-2.4900
-1.7564
1.2411
-1.1435
-1.1223
2.2234
-1.3381
1.1847
1.8623
2.9464
-1.1730
1.1622
2.5401
1.2494
-2.6040
1.9976
-1.0974

5.6153
4.4416
7.5787
5.2705
7.3958
6.7000
8.2749
4.6944
9.3789
9.0199
9.1864
6.1064
6.1042
5.2542
4.7897
5.5936
4.7866
9.2515
6.7802
4.0343
7.1457
6.4588
7.6578
10.0148
7.3240
8.2710
5.5315
11.8708
6.0047
6.5596
8.5756
6.5034
4.4352
5.1208
7.7075
4.6908
7.6540
8.5310
10.1449
4.5307
5.7193
6.3388
7.0582

-11.5839
-11.4373
-11.4280
11.2605
11.2586
11.2035
11.1552
11.1274
11.1234
-11.0953
11.0697
10.9906
10.9592
10.9520
10.8916
-10.7218
-10.7160
-10.7057
-10.6374
-10.6280
10.6128
10.5893
-10.5329
10.5217
-10.4419
10.4419
-10.4274
-10.3681
10.2894
-10.2416
-10.2021
10.1617
-10.1328
9.9949
9.9760
9.9570
-9.9361
9.9349
9.9220
9.9159
-9.8477
9.6509
-9.6370

1.54E-04
1.63E-04
1.63E-04
1.74E-04
1.75E-04
1.78E-04
1.82E-04
1.84E-04
1.84E-04
1.86E-04
1.88E-04
1.94E-04
1.97E-04
1.97E-04
2.02E-04
2.16E-04
2.17E-04
2.18E-04
2.24E-04
2.25E-04
2.26E-04
2.28E-04
2.34E-04
2.35E-04
2.43E-04
2.43E-04
2.44E-04
2.51E-04
2.59E-04
2.64E-04
2.69E-04
2.74E-04
2.77E-04
2.94E-04
2.97E-04
2.99E-04
3.02E-04
3.02E-04
3.04E-04
3.05E-04
3.14E-04
3.43E-04
3.45E-04

2.78E-02
2.87E-02
2.87E-02
2.96E-02
2.96E-02
2.96E-02
2.96E-02
2.96E-02
2.96E-02
2.96E-02
2.97E-02
2.97E-02
2.97E-02
2.97E-02
3.01E-02
3.05E-02
3.05E-02
3.05E-02
3.05E-02
3.05E-02
3.05E-02
3.05E-02
3.08E-02
3.08E-02
3.13E-02
3.13E-02
3.13E-02
3.15E-02
3.19E-02
3.19E-02
3.19E-02
3.20E-02
3.20E-02
3.29E-02
3.29E-02
3.29E-02
3.29E-02
3.29E-02
3.29E-02
3.29E-02
3.36E-02
3.55E-02
3.55E-02

1.8680
1.8129
1.8094
1.7452
1.7445
1.7231
1.7043
1.6934
1.6918
1.6808
1.6707
1.6393
1.6267
1.6239
1.5996
1.5304
1.5280
1.5238
1.4955
1.4916
1.4853
1.4755
1.4518
1.4471
1.4134
1.4133
1.4072
1.3818
1.3479
1.3272
1.3099
1.2922
1.2795
1.2182
1.2097
1.2011
1.1917
1.1911
1.1853
1.1825
1.1516
1.0606
1.0541
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1625719 _at 48971 Atpalpha -1.2520 9.2240 -9.5813 3.54E-04  3.60E-02  1.0279
1636927_at 246578 CG30379 -1.8190 5.3031 -9.5131 3.65E-04  3.63E-02  0.9957
1628146_at 42896 crb 1.2068 6.8303 9.4818 3.70E-04 3.63E-02  0.9807
1637412_a_at 40861 sas 2.1444 6.0684 94711 3.72E-04 3.63E-02  0.9756
1638616_at 38056 mthl9 2.3906 5.0559 94708 3.72E-04  3.63E-02  0.9755
1626804 _at 42625 CG5379 -1.1717 3.9267 -9.4429 3.77E-04  3.66E-02  0.9621
1638132_at 42783 CG10184 -1.7837 5.4193 -9.3769 3.88E-04 3.72E-02  0.9303
1632980_at 40059 (CG3902 -1.2833 8.1154 -9.3116 4.00E-04  3.79E-02  0.8986
1637705_at 30975 ewg 1.0479 7.2496 9.2919 4.04E-04 3.79E-02  0.8890
1623810_at 33509 CG17265 1.5809 6.4141 9.1377 435E-04 3.92E-02  0.8129
1626606_at 38620 CG10630 -1.3937 3.6764 -9.1359 4.35E-04 3.92E-02  0.8120
1638870_at 31661 CG1958 -1.1225 4.4495 -9.0821 4.46E-04 3.95E-02  0.7851
1630130 _at 32241 CG4404 1.8263 5.5871 9.0452 4.54E-04  3.97E-02  0.7665
1629551 _s_at 42833 CG12268 1.1942 4.4710 9.0407 4.55E-04 3.97E-02  0.7642
1636059 _at 31922 CG9689 2.8070 5.7024 8.9868 4.67E-04 4.06E-02  0.7370
1640227_at 35963 CG8801 1.1629 10.7630 89187 4.83E-04 4.15E-02  0.7022
1634350_at 33581 sob 1.7774 4.7546 8.8543 4.98E-04 4.15E-02  0.6691
1638097_at 3346207 CG33543 -1.2781 5.4619 -8.8241 5.05E-04 4.15E-02  0.6534
1641428 _at 37941 Cyp9cl -1.5850 5.4134 -8.8235 5.06E-04 4.15E-02  0.6531
1639928 _a_at 36740 Zasp52 2.2423 6.1897 8.8165 5.07E-04  4.15E-02  0.6495
1631931_s_at 37447 Sdc -1.2980 8.3560 -8.7733 5.18E-04  4.15E-02  0.6270
1627167_a_at 3355165 (CG40485 2.3945 5.7176 8.7726 5.18E-04  4.15E-02  0.6267
1624745 _at 2768992 IlpS -3.1592 7.4847 -8.7624 5.21E-04 4.15E-02  0.6213
1628252_at 40780 CG17919 1.1669 6.5092 8.7481 5.25E-04 4.15E-02  0.6139
1636835_at 32694 CG16700 -1.1906 6.2855 -8.7443  5.26E-04 4.15E-02  0.6119
1628585 _at 42001 Gyc-89Da -1.3019 3.8715 -8.7437 5.26E-04  4.15E-02  0.6115
1640979 _at 32299 CGle8l 1.0547 7.6620 8.7186 5.32E-04 4.17E-02  0.5983
1639883 _at 45307 {z -1.0876 5.1637 -8.6958 5.38E-04 4.18E-02  0.5864
1629745 _at 42586 CG6439 -1.3997 8.1527 -8.6925 5.39E-04 4.18E-02  0.5846
1623016_at 38496 CG1299 1.2698 6.3028 8.6864 5.41E-04 4.18E-02  0.5814
1641118 _at 43936 Mdh -1.0293 7.8590 -8.6239 5.58E-04 4.25E-02  0.5483 5
1633582_at 36589 Ih -1.7309 7.2304 -8.6236 5.58E-04 4.25E-02  0.5481 =
1641370_s_at 31174 CG4199 1.3005 8.3305 8.6096 5.62E-04 4.26E-02  0.5406 g
1623315_at 40288 CG13253 -1.5802 6.1690 -8.5914 5.67E-04 4.28E-02  0.5310 qg
1632533 _at 41248 Timp 1.3152 6.7677 85105 5091E-04 4.36E-02 0.4875 >
1631378_at 34947 beat-Ia -1.2760 6.3497 -8.5052 5.92E-04 4.36E-02  0.4847 E
1635175 _at 42721 CG17121 1.8622 6.3135 8.4097 6.22E-04 4.52E-02  0.4328 S
1639042_at 31352 CG6414 2.5349 5.1646 83792 6.32E-04 4.55E-02 0.4160 g
1640377_s_at 31332 Rala 1.7431 7.8144 8.3462 6.43E-04 4.57E-02  0.3979 _%
1630653_a_at 32087 Gs2 -2.0144 9.3476 -8.3021 6.57E-04 4.57E-02  0.3735 7
1637378_s_at 33277 1ia2 -1.7094 8.6920 -8.2987 6.58E-04 4.57E-02  0.3716 c
1636046_at 33144 Cda4 2.1228 6.4746 8.2947 6.60E-04 4.57E-02  0.3694 g
1641324 _at 38723 LanA 1.0723 8.6798 8.2833 6.64E-04 4.57E-02  0.3630 2
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1625154_s_at
1633280_s_at
1637823 _at
1633427 _at
1635500 _a_at
1624488 a_at
1626513_at

32154
40522
32377
43492
41363
41359
40083

pot
CG12581
CG1434
CG7582
pros
CG17734
MESR6

2.8899
1.8080
1.1927
-1.0546
2.6178
-1.6036
-1.0744

7.1894
7.0664
6.6448
6.2754
9.6835
9.6428
8.1781

8.2739
8.2735
8.1831
-8.1778
8.1703
-8.0981
-8.0955

6.67E-04
6.67E-04
6.99E-04
7.01E-04
7.04E-04
7.31E-04
7.32E-04

4.57E-02
4.57E-02
4.63E-02
4.63E-02
4.63E-02
4.74E-02
4.74E-02

0.3578
0.3575
0.3069
0.3039
0.2997
0.2588
0.2573
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Table S3: Genes significantly associated with GO-terms

GO-ID  corr p- Description Genes in test set
value
48513 1.47E-04  organ development Ddc|ewg|by|Mdh|mir-1|mir-
317|klar|odd|grhlft| Tsp|mir-
9a|hth|LanA|cas|Rala|CG13253|pros
9887 2.12E-04  organ morphogenesis ewg|by|mir-317|klar|grh|odd|ft|hth|mir-
9a|cas|LanA|Rala|pros
9653 2.07E-03  anatomical structure morphogenesis ewg|by|let-7|Mdh|\mir-317|klar|odd\grh|ft|mir-
9al|hth|scrt|LanA|cas|Rala|exba|pros
32502 2.07E-03  developmental process Ddc|Zasp52|ewg|by|let-7|stv|Mdh|mir-1|mir-
317|klar|odd|grhlft| Tsp|sas|mir-
9al|hth|scrt|LanA|cas|Rala|CG13253|exba|pros
7402 2.08E-03  ganglion mother cell fate determination  cas|pros|grh
48731 2.45E-03  system development Ddc|ewg|by|Mdh|mir-1|mir-
317|klar|odd|grhlft| Tsp|mir-
9al|hth|scrt|LanA|cas|Rala|CG13253|exba|pros
48856 3.05E-03  anatomical structure development Zasp52|Ddc|ewg|by|let-7|Mdh|mir-1|mir-
317|klar|odd|grh|ft| Tsp|mir-
9al|hth|scrt|LanA|cas|Rala|CG13253|exba|pros
48663 3.05E-03  neuron fate commitment hth|Rala|exba|pros|grh
50793 3.51E-03  regulation of developmental process Ddc|ewglft|let-7|hth|LanA|cas|Rala|pros|grh
32501 4.49E-03  multicellular organismal process Ddc|ewg|by|Oamb|Mdh|mir-1|mir-
317|klar|vis|odd|grh|ft| Tsp|sas|ir76a|mir-
9al|hth|scrt|LanA|cas|Rala|CG13253|exba|pros
7275 5.34E-03  multicellular organismal development Ddc|ewg|by|Mdh|mir-1|mir-
317|klar|odd|grhlft| Tsp|sas|mir-
9al|hth|scrt|LanA|cas|Rala|CG13253|exba|pros
7417 5.65E-03  central nervous system development ewgl|hth|LanA|cas|mir-317|pros|grh
7552 9.68E-03  metamorphosis bylewgl|ft|let-7|mir-9a|hth|cas|Mdh|odd
65007 1.50E-02  biological regulation Ddclewg|by|let-7|Oamb|Mdh|mir-
1\|klar|vis|odd|grh|ft|ir76a|mir-9a|hth|scrt|msl-
3|LanA|cas|Rala|CG13253|exba|pros
7420 1.50E-02  brain development hth|LanA|cas|mir-317|pros
5924 1.50E-02  cell-substrate adherens junction Zasp52|by|Tsp
30055 1.50E-02  cell-substrate junction Zasp52\by|Tsp
1752 1.50E-02  compound eye photoreceptor fate hth|Rala|pros|grh
commitment
42706 1.50E-02  eye photoreceptor cell fate commitment  Ath|Rala|pros|grh
2165 1.50E-02 instar larval or pupal development bylewgl|ft|sas|mir-9a|hth|cas|Mdh|odd
1071 1.50E-02  nucleic acid binding transcription factor  ewg|scrt|hth|cas|pros|vis|odd|grh
activity
46552 1.50E-02  photoreceptor cell fate commitment hth|Rala|pros|grh
3700 1.50E-02  sequence-specific DNA binding ewgl|scrt|hth|cas|pros|vis|odd|grh
transcription factor activity
9791 1.64E-02  post-embryonic development bylewgl|ft|sas|mir-9a|hth|cas|Mdh|odd
1751 1.72E-02  compound eye photoreceptor cell hth|Rala|klar|pros|grh
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5927
1754
48707
9886
45165
1745
7560
48563
7419
46530
48592
5886
48569
50789

16323
48699
7444

35120

6357

35107
48859
35114

48519

40034

48737

48736
10468

71944
48749
30182
5515

1964

1.72E-02
1.82E-02
1.82E-02
1.99E-02
2.17E-02
2.42E-02
2.42E-02
2.42E-02
2.42E-02
2.45E-02
3.03E-02
3.05E-02
3.05E-02
3.13E-02

3.64E-02
3.64E-02
3.64E-02
3.64E-02

3.64E-02

3.83E-02
3.83E-02
3.83E-02

3.83E-02

3.83E-02

3.87E-02

3.92E-02
4.50E-02

4.66E-02
4.66E-02
4.66E-02
4.66E-02

4.76E-02

differentiation

muscle tendon junction

eye photoreceptor cell differentiation
instar larval or pupal morphogenesis
post-embryonic morphogenesis

cell fate commitment

compound eye morphogenesis
imaginal disc morphogenesis
post-embryonic organ morphogenesis
ventral cord development
photoreceptor cell differentiation
eye morphogenesis

plasma membrane

post-embryonic organ development

regulation of biological process

basolateral plasma membrane
generation of neurons

imaginal disc development
post-embryonic appendage
morphogenesis

regulation of transcription from RNA

polymerase II promoter
appendage morphogenesis

formation of anatomical boundary

imaginal disc-derived appendage
morphogenesis

negative regulation of biological
process

regulation of development,
heterochronic

imaginal disc-derived appendage
development

appendage development

regulation of gene expression

cell periphery
compound eye development
neuron differentiation

protein binding

startle response

Zasp52|Tsp

hth|Rala|klar|pros|grh
bylewg|ft|mir-9a|hth|cas|Mdh|odd
bylewg|ft|mir-9a|hth|cas|Mdh|odd
stv|hth|cas|Mdh|Rala|exba|pros|grh
ft|hth|Rala|klar|pros|grh
bylewg|ft|mir-9a|hth|cas|odd
bylewg|ft|mir-9a|hth|cas|odd
cas|pros|grh

hth|Rala|klar|pros|grh
ft|hth|Rala|klar|pros|grh
Zasp52|by|ft| Tsp|sas|Oamb|Rala|tm4sf|pros
bylewg|ft|mir-9a|hth|cas|odd

Ddc|ewg|let-7|Oamb|Mdh|mir-
1|vis|odd|grhlft|ir7 6a|mir-9a|hth|scrt|msi-
3|LanA|cas|Rala|CG13253|exba|pros
Zasp52|by|Tsp

scrt|hth|LanA|cas|Rala|klar|exba|pros|grh
Ddc|by|ewgl|ft|imir-9a|hth|cas|odd
by|ft|mir-9a|hth|cas|odd

scrt|hth|cas|pros|vis|odd|grh

by|ft|mir-9a|hth|cas|odd
ftimir-9a|hth
by|ft|mir-9a|hth|cas|odd
ewgl|ft|mir-

9a|scrt|cas|Rala|CG13253|exba|pros|odd
let-7|cas

by|ft|mir-9a|hth|cas|odd

by|ft|mir-9a|hth|cas|odd
ewg|mir-9a|scrt|hth|msl-
3|cas|exba|pros|vis|odd|grh

Zasp52|by|ft| Tsp|sas|Oamb|Rala|tm4sf|pros
ft|hth|Rala|klar|pros|grh
scrt|hth|LanA|Rala|klar|exba|pros|grh

Zasp52|by|stv|klar|vis|grh|ft|hth| LanA|msl-
3|Rala|CG13253|exba
LanA|\mir-317
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48523 4.78E-02  negative regulation of cellular process ewglft|scrt|cas|Rala|CG13253|exba|pros|odd
7423 4.94E-02  sensory organ development ftimir-9a|hth|Rala|klar|pros|grh
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