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paralogs midline and H15 in the follicular epithelium
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ABSTRACT

The posterior end of the follicular epithelium is patterned by midline
(MID) and its paralog H15, the Drosophila homologs of the
mammalian Tbx20 transcription factor. We have previously
identified two cis-regulatory modules (CRMs) that recapitulate the
endogenous pattern of mid in the follicular epithelium. Here, using
CRISPR/Cas9 genome editing, we demonstrate redundant activity of
these mid CRMs. Although the deletion of either CRM alone
generated marginal change in mid expression, the deletion of both
CRMs reduced expression by 60%. Unexpectedly, the deletion of the
5’ proximal CRM of mid eliminated H15 expression. Interestingly,
expression of these paralogs in other tissues remained unaffected
in the CRM deletion backgrounds. These results suggest that the
paralogs are regulated by a shared CRM that coordinates gene
expression during posterior fate determination. The consistent
overlapping expression of mid and H15 in various tissues may
indicate that the paralogs could also be under shared regulation by
other CRMs in these tissues.

KEY WORDS: Developmental genes, Anterior-posterior axis
coordination, Genes tagging, Gene regulatory network, Shared
enhancers, Cis-regulation

INTRODUCTION

The follicular epithelium of the Drosophila egg chamber is an
established model system for studying the genetic coordination of
tissue patterning and axis formation (Bastock and St Johnston,
2008; Berg, 2005; Horne-Badovinac and Bilder, 2005; Revaitis
et al., 2017; Ward and Berg, 2005; Yakoby et al., 2008b). In
particular, the posterior end of the adult fly is set during early
oogenesis by the secretion of Gurken, a transforming growth factor
o-like ligand, from around the oocyte nucleus, and the subsequent
activation of the epidermal growth factor receptor (EGFR) in the
overlying follicle cells (Gonzalez-Reyes and St Johnston, 1998;
Neuman-Silberberg and Schupbach, 1993; Ray and Schupbach,
1996; Sapir et al.,, 1998). This activation of EGFR establishes
posterior fate by driving the expression of the ETS-transcription
factor gene pointed, which regulates the Drosophila Tbx20
homolog midline (mid) (Fregoso Lomas et al., 2016, 2013;
Stevens et al., 2020). As oogenesis proceeds, these ‘pre-patterned’
follicle cells establish the boundary between the future dorsal
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anterior and posterior domains by inhibiting broad (br): a marker of
the future dorsal appendage domain of the Drosophila eggshell
(Cheung et al., 2013; Deng and Bownes, 1997; Fregoso Lomas
etal., 2013; Fuchs et al., 2012; Pyrowolakis et al., 2017; Tzolovsky
et al.,, 1999). The mid paralog HI15 is expressed in a partially
overlapping posterior domain (Fregoso Lomas et al., 2013), which
may indicate a common regulatory mechanism. In addition, a basic
alignment of mid and H15 nucleotide-coding sequences reveals a
63% alignment, of which 76% was identical, further supporting the
origin of the paralogs by gene duplication (Altschul et al., 1997,
Gramates et al., 2022; Sebe-Pedros et al., 2013).

Recently published findings show that paralogous genes can
maintain co-expression via shared CRMs in different developing
tissues, including the embryo, leg and wing imaginal discs,
indicating this mechanism is fundamental for proper animal
development (Baudouin-Gonzalez et al., 2017; Bourbon et al.,
2022; Lan and Pritchard, 2016; Levo et al., 2022; Loker and Mann,
2022). Here, we have analyzed two cis-regulatory modules (CRMs)
that recapitulate the posterior pattern of mid in the follicle cells
(Revaitis et al., 2017). We show using CRISPR/Cas9 genome
editing that these CRMs are redundant. The deletion of both regions
resulted in a 60% reduction of mid expression. Remarkably, the
proximal upstream CRM is functionally shared between the two
paralogs; its deletion eliminates HI5 expression in the follicle
cells. The shared function of this CRM is limited to the regulation of
HI5 and mid in the follicular epithelium, as its deletion did not
affect the pattern of these genes in other developing tissues. Here,
we have identified a coordinating-CRM that regulates tandem
paralog genes during posterior fate determination in the female
ovaries.

RESULTS AND DISCUSSION

Two CRMs recapitulate the endogenous pattern of MID/H15
The tandem paralogs mid and HI5 reside on the second
chromosome about 55 kb apart (Fig. S1A). In a previous screen
for oogenesis CRMs using the FlyLight collection, two CRMs
recapitulated the endogenous posterior pattern of mid in the
follicular epithelium (Fig. S1) (Jenett et al., 2012; Pfeiffer et al.,
2008, 2010; Revaitis et al., 2017). One CRM, GMR86G04 (named
here G04), is located upstream proximal to the mid promoter, and
the other, GMR86F 11 (named here F11), is located in the first intron
of mid (Fig. S1B) (Gramates et al., 2022). We also tested whether
the Ventral Leg Enhancer (VLE) is activated during oogenesis;
however, no expression was detected (Fig. S1J-L") (Svendsen et al.,
2015, 2019). During stages 8/9 (S8/9) of oogenesis, both G04
and F11 drive a pattern of GFP expression similar to that of
endogenous MID (Fig. S1D’,F’,H"). At S10, both CRMs drive a
posterior pattern that remains outside the dorsolateral patches of
Broad (BR) (Fig. S1E’, G', "), as was previously described for MID
(Fregoso Lomas et al., 2013, 2016; Stevens et al., 2020). We note
that the expression of GFP for both G04 and F11 is elevated in some
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cells compared with others. This is likely influenced by the insertion
of the GMR drivers outside the genome context of the mid locus,
thus encompassing other elements non-native to the gene. In
comparison with the native genome context, multiple CRMs
reinforce the transcription of the endogenous gene, resulting in a
more-robust expression pattern. In addition, the use of UAS/Gal4
system may lead to slight delays in reporter expression, as the system
depends on the transcription and translation of the GAL4
transcription factor before driving the expression of the reporter
gene.

MID and H15 exhibit overlapping patterns in multiple tissues

The patterns of mid and HI5 partially overlap during early
developmental stages at the posterior follicular epithelium,
suggesting a potential coordinating transcriptional mechanism
(Fregoso Lomas et al.,, 2013). In the absence of a reliable
antibody against H15, and with the consideration that high
homology between mid and H15 could allow the MID antibody
to detect both proteins, we decided to differentially tag both
proteins. We used CRISPR/Cas9 genome editing to tag the genes.
The HI5 C terminus was HA-tagged (Fig. 1A) and the mid C
terminus was tagged with a super-folder GFP (sfGFP) (Fig. 1B). A
line containing both tagged genes was generated via co-injection of
both donor vector plasmids (see Material and Methods, not shown

in the schematic diagram — H15-HA, mid-sfGFP). All transgenic
lines are homozygous fertile and viable healthy stocks that exhibited
no apparent abnormalities in eggshell development (Fig. 1C) or in
the adult flies when compared with the wild type.

During S7/8 of oogenesis, H15-HA and MID-sfGFP are detected
in the posterior follicle cells (Fig. 1D,D’). In agreement with the
previously reported patterns (Fregoso Lomas et al., 2013), HI5-HA
is more posteriorly restricted than the MID-sfGFP pattern. Beyond
S9, H15-HA is no longer detected in the posterior (Fig. 1E);
however, the MID-sfGFP is still expressed in the posterior end
(Fig. 1E’), as was previously reported (Fregoso Lomas et al., 2013,
2016). The boundary between the posterior and dorsal anterior
domains is established through the inhibition of the late expression
of br by MID (Cheung et al., 2013; Deng and Bownes, 1997,
Fregoso Lomas et al., 2013; Fuchs et al., 2012; Pyrowolakis et al.,
2017; Tzolovsky et al., 1999). In agreement with this mechanism,
MID-sfGFP does not overlap the dorsolateral patches of BR
(Fig. 1F,F"). We detected a greater invasion of MID into the dorsal
midline (compare Fig. S1E,E’ with Fig. 1F,F’, see also Fig. 2C’,C"),
which may indicate that detection of MID-sfGFP is more sensitive
than detection of MID using anti-MID antibodies.

To increase confidence in our tagged constructs, we looked
for the patterns of MID and H15 in other developing tissues. Both
H15-HA and MID-sfGFP express in the pre-cardioblast cells
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H]5EI: — a5 O?? . — EAATT Cas9 genome editing of H15 and mid
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dashed lines indicate the anterior
boundary; white arrowheads indicate the
dorsal midline. All images are shown
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Fig. 2. Testing the function of G04 and F11 CRMs in the regulation of mid expression. (A) Schematic diagram of CRISPR/Cas9 genome editing of CRM
deletions in the mid locus; horizontal line with small vertical lines marks the scaffold location on left arm 2nd chromosome. Scissors indicate the location of
guide RNAs. Double diagonal lines indicate CRM deletion (A) regions. (B-C”) MID-sfGFP within the control at stage 8 (B,B’) (n=8) and stage 10B (C-C”)
(n=16). (D-E”) MID-sfGFP within the G04 CRM deletion (AG04) at stage 8 (D,D’) (n=18) and stage 10B (E-E") (n=10). (F-G”) MID-sfGFP within the F11
CRM deletion (AF11) at stage 8 (F,F’) (n=11) and stage 10B (G-G”) (n=6). White arrows in G’,I" indicate loss of MID-sfGFP in dorsal midline domain.
MID-sfGFP within G04 and F11 CRM deletion (AG04/F11) at stage 8 (n=6) and stage 10B (G,G’,I,I) (n=5). Yellow arrows indicate loss of observable
MID-sfGFP and MID. (C,E,G,l) Broad (BR, red). Yellow dashed line marks the anterior boundary; white arrowheads mark the dorsal midline; white dashed
lines mark the boundary of the MID-sfGFP pattern. (B-1") Using the antiGFP antibody together with the anti-MID increases the detection sensitivity of the anti-
GFP antibody. (J) Eggshell of control (n=23) and (K) AG04/F11 line (n=70). The areas outlined by the dashed yellow boxes at the base of the two dorsal
appendages are shown on the right. (L) gPCR for relative expression of mid transcripts compared with control NosAttP2 for each respective background. mid
is reduced compared with control NosAttP2 expression (*P<0.05; unpaired Student’s t-test). All images are shown with anterior towards the left; n, number of
images with same results. Scale bars: 25 ym (B,B’,D,D’,F,F’,H,H’); 50 ym (C-C”,E-E",G-G",I-K).

(Fig. S2A-A"), in agreement with their embryonic patterns
(Buescher et al., 2004; Miskolczi-McCallum et al., 2005; Qian
et al., 2005). We also later show (Fig. 3) that these patterns are
conserved in the larvae brain and leg imaginal disc. We conclude
that the tagged proteins are expressed and function correctly during
development.

mid CRMs showcase redundancy in oogenesis

Using CRISPR/Cas9, we generated single and double deletions of
G04 and F11 within the background of the mid-sfGFP and H15-HA
lines (Fig. 2A™Y, HI5-HA is not represented in the schematic
diagram). The F11 CRM overlaps the first and second exons of mid,
hence, we targeted the intron while ensuring the intron splice sites

remained intact (Fig. 2A%). This removed ~70% of the intron.
Adult homozygous flies containing a single and double deletion
(AG04, AF11 and AG04/F11) are viable, fertile and phenotypically
wild type.

At S8, all deletion backgrounds express MID-sfGFP in a
posterior pattern (Fig. 2B,D,F,H). However, sporadic cell-
autonomous expression loss of MID-sfGFP was observed in
AGO4/F11 background (Fig. 2H). At S10, the MID-sfGFP pattern
in AG04 is comparable with the control (Fig. 2C",E’); however,
AF11 shows loss of expression in the dorsal midline (compare
Fig. 2C’,E’ with G’) and reflects by the MID pattern (Fig. 2G”). In
the AG04/F11 background, MID-sfGFP was lost in the dorsal
midline (as in the AF11, Fig. 2G’,I') and in some posterior cells
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Fig. 3. The G04 CRM co-regulates mid and H15 expression. The pattern of H15-HA in the control (A,A’) (n=21), (B,B’) AG04 (n=11), (C,C’) AF11 (n=12),
(D,D’) AGO4/F11 (n=10). (A,B,C,D) Corresponding DAPI staining of nuclei (blue). (E) qPCR for relative expression of H15 transcripts compared with control
NosALttP2 during oogenesis in each background. H15 transcripts are significantly reduced compared with the control NosAttP2 (*P<0.05; unpaired Student’s
t-test). (F) Schematic diagram of 3rd instar larval brain and leg imaginal discs. Green indicates known mid/H15 expression. A, anterior, P, posterior, D, dorsal,
V, ventral. (G-J) Control line exhibiting the patterns of H15-HA and MID-sfGFP in larval brain ventral nerve cord and leg imaginal disc (yellow arrows) (n=7, 5,
10 and 8, respectively). (K-N) AG04/F11 line exhibiting the pattern of H15-HA and MID-sfGFP as in G-J (n=3, 4, 14 and 8, respectively). For egg chambers,
anterior is towards the left. n, number of images with same results. Yellow arrow indicates the protein pattern. Scale bars: 25 pm in A-D’; 50 ym in 1,J,M,N;

75 umin G,H,K,L.

(Fig. 2LI"). In agreement, loss of MID was observed with anti-MID
antibodies (Fig. 2H',I”). Of note, our results show the greater
sensitivity of the tagged MID-sfGFP in comparison with the use of
antibodies (Fig. 2C’,E’ compared with C”,E”, respectively).
Eggshells from the AG04/F11 backgrounds also exhibited dorsal
appendages with a slightly connected base (56% connected, 44%
wild type, n=70) (Fig. 2J,K), in agreement with the loss of MID in
this domain (Fregoso Lomas et al., 2013).

We used a quantitative PCR (qPCR) assay of whole ovaries to
determine the reduction in mid in these deletion backgrounds. We
found a mild but significant (P<0.05) 21% reduction of mid in
AGO04 compared with the NosAttP2 control (Fig. 2L). No significant
reduction was observed in AF11 (P>0.05) compared with the
NosAttP2 control. We noted that the reduction of the MID pattern
seen in the dorsal midline domain of stage 10 egg chambers in the
AF11 background (Fig. 2G) might be compensated for by the
elevated early expression of MID in this background (Fig. 2F).

The difference between AG04 and AF11 was not significant
(Fig. 2L). In agreement with the morphological changes observed in
the eggshells (Fig. 2K), AG04/F11 shows a 56% reduction (P<0.05)
in mid transcripts compared with the NosAttP2 control, with 44%
reduction compared with AG04 and 50% reduction compared
with AF11 (Fig. 2L). Although mid is significantly, but slightly,
reduced in the AG04 background, this is not sufficient to change the
eggshell structure. Hence, we propose that G04 and F11 are
redundant CRMs in oogenesis; although each may be sufficient to
drive biological functions in wild-type flies, the deletion of both
reduces MID to a level where eggshell morphological defects are
detected. The retention of mid transcription within the AG04/F11
background means that we cannot rule out the possibility of a third,
or more, unknown CRMs. However, none were found when the
surrounding locus was screened (Fig. S1B) (Revaitis et al., 2017).
Of note, as is the case with shadow enhancers, these transgenic flies
are housed under laboratory conditions. However, in the natural
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environment, under stress, the severity of losing both CRMs could
dramatically reduce mid transcription, as described for other genes
(Frankel et al., 2010). Such experiments are beyond the scope of this
report.

The G04 CRM is a coordinating cis-regulatory module in the
posterior follicular epithelium

It was recently demonstrated that tandem paralogs can be regulated
by shared CRMs (Bourbon et al., 2022; Levo et al., 2022; Loker and
Mann, 2022). MID and H15 have a redundant role in Drosophila
development (Miskolczi-McCallum et al., 2005; Qian et al., 2005,
Svendsen et al., 2009, 2015, 2019). The patterns of MID and H15
overlap in the posterior follicular epithelium, which suggests a
coordinating regulatory mechanism (Fig. 1D,D’) (Fregoso Lomas
etal., 2013,2016; Yakoby et al., 2008a). Additionally, we could not
find any CRMs near HI5 that drive GFP expression during
oogenesis (Fig. S1) (Revaitis et al., 2017). Accordingly, we aimed
to determine whether the G04 and/or F11 functionally evolved to
also regulate H/5. Remarkably, the pattern of H15-HA was
eliminated in the AG04 and AG04/AF11 backgrounds and reduced
in the AF11background (Fig. 3A-D’).

Using qPCR, we quantified the levels of H/5 mRNA in the
deletion backgrounds. As expected, both AG04 and AGO04/F11
exhibited a dramatic reduction in H15 expression (P<0.05, 88% and
90%, respectively) when compared with the control (Fig. 3E).
Whereas, in AF11, we found a 16% reduction in H15 expression
(P=0.04). Deletion of F11 primarily drove the posterior retraction of
MID-sfGFP (Fig. 2G’, white arrow), suggesting that F11 is required
for MID expression in the posterior region of the dorsal midline. If
indeed F11 reinforces the boundary between MID and BR, this may
explain why H15, which is more posteriorly restricted than MID, is
less affected by the deletion of F11 than the deletion of G04
(Fig. 3E). We conclude that, although both CRMs contribute to H15
expression, G04 appears to be the primary driver of mid and H15
expression during posterior fate determination.

The expression of mid and H15 is regulated by other CRMs in
other tissues

Developmental genes, like mid and HI5, are often regulated by
multiple CRMs (Andersson and Sandelin, 2020; Field and
Adelman, 2020; Furlong and Levine, 2018; Long et al., 2016;
Schoenfelder and Fraser, 2019; Shlyueva et al., 2014; Visel et al.,
2009). These genes are also expressed in different tissues during
animal development, which raises a question about the underlying
mechanism controlling their expression. Are the identified CRMs
for these genes tissue-specific or used across multiple tissues? Both
mid and H15 are expressed in numerous tissues, such as the embryo
pre-cardioblast, the ventral nerve cord and leg imaginal discs of the
developing larvae (Fig. 3F and Fig. S2) (Buescher et al., 2004,
Svendsen et al., 2009). Our tagged proteins are detected in the
control background patterning the ventral nerve cord neuroblasts
and the leg imaginal disc (Fig. 3G-J). Interestingly, both proteins
are also detected in the AGO4/F11 background in these tissues
(Fig. 3K-N). This indicates that other CRMs control mid and H15 in
these tissues, highlighting the necessity of multiple regulatory
safeguards for these genes during development (Buescher et al.,
2004). These results also explain how deletion of both CRMs still
produced viable flies. The resultant flies produce fertile offspring,
with changes at the base of the dorsal appendages (Fig. 2K). We
conclude that the G04 and F11 CRMs are necessary for correct
patterning in oogenesis, but mid and H15 are regulated by different
CRMs in other tissues. Support for this hypothesis was recently

published; the VLE is predicted to be a shared CRM for the
regulation of mid and H15 in the leg disc (Levo et al., 2022).

Using a shared CRM to maintain the spatiotemporal overlapping
activity of tandem paralogs is a simple mechanism reminiscent of
the way a bacterial operon coordinates the expression of functionally
linked genes (Kuhlman et al., 2007; Levo et al., 2022; Mayo et al.,
2006; Setty et al., 2003). In this manner, MID and H15 reinforce
central functions, including defining the posterior end, controlling
heart development and setting the ventral side of the leg. Here, we
show that although the contribution of G04 to the expression of the
proximal mid gene is buffered by redundancy with F11, G04 is
necessary for the expression of H15 (residing 55 kb away) during
posterior fate determination (Frankel et al., 2010; Perry et al., 2010,
2011).

Multiple CRMs driving overlapping patterns have been shown to
buffer crucial gene expression under unstable environmental
conditions (Frankel et al., 2010; Hong et al., 2008). Additionally,
these redundant CRMs can provide ‘safeguards’ in the event of the
loss of function of one CRM due to mutation. This phenomenon is
supported in work on the transcription factor dorsal, for which it is
estimated that 50% of its targets contain multiple CRMs (Perry
et al., 2009). In contrast to the duplication of regulatory elements,
gene duplication may double the amount of transcript, and in some
cases could be deleterious (Lan and Pritchard, 2016). Given that mid
and HI5 are expressed in multiple tissues during development,
shared regulation of the paralogs may initially act as a protective
mechanism that prevents overexpression of similar proteins before
divergence.

A few compelling examples of the regulation of tandem paralogs
by shared CRMs have recently been published (Bourbon et al.,
2022; Levo et al., 2022; Loker and Mann, 2022). Here, we provide
the first example of mid and H15 regulation by a coordinating CRM
in oogenesis. Recent work has demonstrated the importance of
chromatin domain level effects on enhancer activity (Bolt et al.,
2022). It is currently unknown whether the dramatic loss of H15
seen with the deletion of the G0O4 CRM is due to a regulatory
composition or to a geographical position. Future investigation into
the DNA topology around the mid and HI5 will elucidate the
mechanism underlying the remote regulation of tandem paralog
genes by shared enhancers.

MATERIALS AND METHODS

Flies and reagents

Flies were raised on standard cornmeal agar and kept at room temperature.
Wild-type D. melanogaster (25211), GMR3°5%4.Gal4 (40467), GMR3¢F11.
Gald (40464), GMR®¥°S%_Gal4 (93199), GMR®C2.Gald (40465),
y[1]w[*]ubi-Cre;sna[Sco]/CyO;Dr/TM3,sb (34516) and nos-Cas9-AttP40
(78782) were obtained from the Bloomington Drosophila Stock Center.
y[1w[*]; if/SM6a;D/TM3,sb was a gift from Miki Fujioka (Thomas
Jefferson University, Philadelphia, PA, USA). Flies generated in this study
were: MID-VLE-LacZ, AG04, AF11, AGO04/F11, mid-sfGFP/HI5-HA,
AGO04-mid-stGFP, AGO04-HI5-HA, AF11-mid-sfGFP, AF11-HI5-HA,
AGO4/F11-mid-sfGFP and AG04/F11-H15-HA (all Rainbow Transgenics).

Immunohistochemistry

Immunohistochemistry analysis was carried out on 2- to 7-day-old flies
raised on active yeast for 24 h at room temperature (23°C) before dissection.
Ovaries were dissected in 1 ml Schneider’s media and fixed in a 4%
paraformaldehyde/heptane/0.2% Triton X-100 in PBS (PBST) solution for
20 min. Samples were rinsed three times, for 5 min each time, in 0.2% PBST
solution, then permeabilized in 1% PBST solution for 1 h. Samples were
rinsed once in 0.2% PBST then blocked in 0.2% PBST with 1% bovine
serum albumin (BSA) solution for 1 h. Samples were incubated overnight at
4°C in primary antibody cocktail with 0.2% PBST and 1% BSA. After
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incubation, samples were washed three times for 20 min each in 0.2% PBST,
then secondary antibody cocktail was added with 0.2% PBST and 1% BSA,
and incubated for 1 h protected from light at room temperature. Samples
were then washed three times for 20 min each time in 0.2% PBST and
mounted in Fluoromount-G mounting media. Imaginal discs and nervous
system were dissected from 3rd instar larva and immunohistochemistry
performed using the above outlined procedure. For the embryo dissection
procedure, approximately 3- to 7-day-old females were placed on grape
juice agar plates and left overnight. Embryos were collected 24 h later and
dechorionated in 4.125% sodium hypochlorite solution, subsequently
rinsed with deionized water. Embryos were then placed in fix solution
containing 4% paraformaldehyde. After fixation, embryos were washed in
methanol to remove the vitelline membrane, then rehydrated in successive
dilutions of methanol and 0.2% PBST. After rehydration, standard protocol
for egg chambers was followed. Primary antibodies were mouse anti-Broad
(1:250; DSHB, 25E9.D7), sheep anti-GFP (1:1000, Bio-Rad, 4745-1051),
rabbit anti-B-galactosidase (1:1000; Invitrogen, A-11132), guinea pig anti-
MID (1:1000; a gift from L. Nilson, McGill University, Montreal Quebec,
Canada), and rat-anti HA (1:75; Roche, 11867423001). Secondary
antibodies were Alex Fluor 488 donkey anti-mouse, Alexa Fluor 488
donkey anti-sheep, Alexa Fluor 568 donkey anti-rabbit, Alexa Fluor 568
donkey anti-mouse, Alexa Fluor 633 goat anti-guinea pig, and Alexa Fluor
568 donkey anti-rat (all at 1:1250; Invitrogen, A-21202, A-11015, A-10042,
A-10037, A-21105, A-78946, respectively). Samples were imaged on Lecia
SP8 confocal microscope with a 20x objective (Rutgers-Camden Imaging
Core Facility). Images were processed using F1JI software (Schindelin et al.,
2012). Eggshells were mounted on double-sided carbon tape, sputter coated
with gold (JEOL Smart Coater) and imaged using a JCM-6000 JEOL
NeoScope Scanning Electron Microscope (Rutgers-Camden Imaging Core
Facility).

Generation of MID-VLE Reporter

All primers used for molecular manipulations are in Table S1. The mid
ventral leg enhancer (VLE) (Svendsen et al., 2019, 2015) was amplified
from OreR genomic-DNA. The fragment was Gibson assembled (NEB) into
Xhol- and Notl-digested pattBGWhZn vector, upstream of LacZ alpha
(Marmion et al., 2013). Reporter construct was injected into an attP40 line
(Stock R8621, Rainbow Transgenics), integrating via PhiC31/attB-
mediated integration (Groth et al., 2004). The generated fly was labeled
MID-VLE-LacZ.

Generation of H15-HA and MID-sfGFP tagged transgenic flies

The H15-HA and MID-sfGFP transgenic flies were generated using one
guide RNA (Gratz et al., 2014) to create the double-stranded break between
the CDS and 3"UTR of each respective gene, and cloned into separate pU6-
BbsI-chiRNA vectors (Gratz et al., 2013). Two 1 kb homology arms
flanking the gRNA cut site were cloned into a modified pHd-HA-scarless
vector for H15, and a phd-sfGFP-scarless vector for MID (Addgene,
80811). Flies were co-injected with both respective plasmids. Emerging
progeny were crossed to y[1]w[*]; if/fSM6a;D/TM3,sb and screened for an
EGFP marker for HI15-HA or a DsRED marker for MID-sfGFP, driven by a
3xP3 promoter in the adult eye. Transgenics expressed either EGFP or
DsRED for a single integration, or both EGFP and DsRED for dual
integration in the same injection background. Positive transgenics were PCR
validated by comparing unadulterated Nos-AttP2 control and mutant
gDNA. All amplicons were sequence validated (GeneWiz). Generated flies
were labeled mid-sftGFP/H15-HA.

Generation of CRM deletions

To generate the AG04 and AF11 transgenic flies, two guide RNAs were
cloned into pU6-Bbsl chiRNA vectors (Gratz et al., 2014). Two 1 kb
homology arms flanking the gRNA cut sites were cloned into a pHD-
dsRED-attP vector (Gratz et al., 2014). Flies were injected with both guide
and donor vector plasmids. Emerging progeny were crossed to y[1Jw[*]; if/
SM6a;D/TM3,sb and screened for the DsRED marker driven by a 3xP3
promoter. Once validated, the DsRED cassette was removed by crossing
homozygous transgenic flies to y[1Jw[*]ubi-Cre;sna[Sco]/CyO;Dr/TM3,sb,
and screened for loss of DsRED. Positive transgenics were PCR validated by

comparing Nos-AttP2 control and mutant gDNA. All amplicons
were sequence validated (GeneWiz). Generated flies were labeled AG04,
AF11.

To generate the AG04/F11 transgenic fly, the AF11 transgenic fly with the
DsRED selection cassette removed was used as an injection background.
The AG04 CRM was then targeted for deletion as previously described.
Flies were injected with both guide and donor vector, as well as 400 ng/ul
TrueCut Cas9 protein (Thermo Fisher; A36496). Positive transgenics were
PCR validated by comparing Nos-AttP2 control and mutant gDNA. All
amplicons were sequence validated (GeneWiz). Generated flies were
labeled AG04/F11.

RT-qPCR

Quantitative PCR (qPCR) analysis on whole-ovary cDNA was conducted
using an Applied Biosystems Quant-studio 6 Flex qPCR machine. 1 pg total
RNA (Zymo RNA-easy Kit, standard protocol) was used to generate cDNA
libraries (Protoscript II cDNA synthesis kit, standard protocol). SYBR-
green PowerUp Master Mix (Thermo Scientific) was used for qPCR
amplification of transcripts. Mitochondrial gene RPL32 was used as
housekeeping gene for fold-change calculations. For H15 and midline
genes, two primer sets were used and cT values averaged together for
calculation of fold change. Three independent qPCR analyses, each
comprising three biological replicates for each representative group, were
averaged to represent the fold change. An unpaired Student’s #-test was used
for calculation of significant differences between the perturbation and the
control.
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