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SUMMARY

Axon pruning is critical for sculpting precise neural circuits. Although axon pruning has been described
in the literature for decades, relatively little is known about the molecular and cellular mechanisms
that govern axon pruning in vivo. Here, we show that the epigenetic reader Kismet (Kis) is required
for developmental axon pruning in Drosophila mushroom bodies. Kis binds to cis-regulatory elements
of the steroid hormone receptor ecdysone receptor (ecr) gene and is necessary for activating expres-
sion of EcR-B1. Kis promotes the active H3K36 di- and tri-methylation and H4K16 acetylation histone
marks at the ecr locus. We show that transgenic EcR-B1 can rescue axon pruning and memory defects
associated with loss of Kis and that the histone deacetylase inhibitor SAHA also rescues these pheno-
types. EcR protein abundance is the cell-autonomous, rate-limiting step required to initiate axon prun-
ing in Drosophila, and our data suggest this step is under the epigenetic control of Kis.

INTRODUCTION

The elimination and refinement of synaptic connections is an integral part of normal development in ver-
tebrates and invertebrates alike. Early in the developing nervous system, periods of progressive growth
result in an overelaboration of synaptic connections onto a target. Inappropriate synapses then need to
be eliminated to establish functional organization of the neuronal circuitry (Tau and Peterson, 2010). The
pruning of these exuberant connections can occur on a small scale, as with dendritic remodeling, or on
alarge scale, such as with axon retraction and degeneration, with each type occurring through distinct mo-
lecular mechanisms (Low and Cheng, 2006). Precise control of axon pruning is critical for proper nervous
system function, as defects in pruning have been well documented to lead to developmental neurological
and psychiatric disorders (Tau and Peterson, 2010). Despite its vital role, relatively little is known about the
mechanisms that govern axon pruning in vivo. What is well known about this process is that it requires tight
regulation of gene expression to execute the necessary signaling pathways in a temporal and tissue-spe-
cific manner (Awasaki et al., 2011; Yu and Schuldiner, 2014). Epigenetic regulation is key to orchestrating
precise gene expression programs for many tightly controlled processes in the body. However, its involve-
ment in axon pruning is still unclear.

Holometabolous insects provide an attractive model for studying axon pruning as their nervous system un-
dergoes extensive reorganization during metamorphosis (Levine et al., 1995; Truman, 1990). In Drosophila
melanogaster, the larval neuronal circuitry is eliminated to make way for adult-specific circuitry that governs
adult-specific behaviors. The most notable changes occur in the learning and memory processing center of
the fly brain known as the mushroom bodies (MBs) (Connolly et al., 1996; Ferveur et al., 1995; Heisenberg
etal., 1985; McBride et al., 1999). The MBs are bilaterally symmetrical structures in the central brain that are
composed of ~2,500 Kenyon cells divided into five populations of neurons: gamma, alpha, beta, alpha
prime, and beta prime (Ito et al., 1997; Lee et al., 1999). Each Kenyon cell has dendrites, which extend
into a structure called the calyx, as well as densely packed axons that make up the MB peduncle. From
the peduncle, the axons then divide to form two separate lobes that extend into the dorsal and medial di-
rection. The gamma neurons are generated first in development and initially during the larval stages
extend bifurcated axons in the dorsal and medial lobes (Ito et al., 1997; Lee et al., 1999; Spindler and Har-
tenstein, 2010; Technau and Heisenberg, 1982). During metamorphosis, however, the gamma neuron
axons are selectively pruned back to the peduncle to eliminate the bifurcation. At approximately
18-22 h after puparium formation (APF), the gamma neuron axons begin to re-extend new axons only
into the medial lobe. This stereotypical developmental pruning of the gamma neurons has been shown
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to be initiated by the steroid hormone 20-hydroxyecdysone (ecdysone) (Awasaki et al., 2011; Lee et al.,
2000; Zheng et al., 2003).

Ecdysone is most well known as the major molting hormone for its role in initiating each of the develop-
mental transitions in arthropods (Handler, 1982). In Drosophila, ecdysone is released in large quantities
by the prothoracic gland before each of the larval molts and pupation. The ligand is then able to enter
the cytoplasm of target cells where it can bind to the Ecdysone Receptor (EcR). The binding of ecdysone
to EcR stabilizes its interaction with its dimerization partner Ultraspiracle (Thummel, 2002; Yamanaka et al.,
2013). The stable heterodimer enters the nucleus and activates transcription of a small subset of regulatory
target genes known as immediate-early genes, which possess ecdysone response elements in the promo-
tor regions (Ashburner, 1974; Ashburner et al., 1974; Thummel, 2002; Yamanaka et al., 2013). The specific
responses different tissues have to induction of the ecdysone signaling cascade can be correlated to the
three different EcR isoforms expressed in Drosophila: EcR-A, EcR-B1, and EcR-B2 (Talbot et al., 1993; Tru-
man, 1990; Truman et al., 1994). The gamma neurons of the MBs in particular express EcR-B1, which has
been shown to be a rate-limiting and cell-autonomous step required for the developmental pruning of
axons during metamorphosis (Lee et al., 2000). In addition, EcR-B1 and functional gamma neurons in adult
flies were shown to be required for short-term memory and the formation of courtship-associated long-
term memory (Boulanger and Dura, 2015; Ishimoto et al., 2009; Redt-Clouet et al., 2012).

Our laboratory previously identified the chromodomain protein Kismet (Kis) as necessary for proper devel-
opmental axon pruning in the Drosophila MB neurons, although the mechanism by which Kis accomplished
this was unknown (Melicharek et al., 2010). Kis is the Drosophila ortholog of the mammalian chromatin
ATPase chromodomain helicase DNA-binding protein 7 (CHD7), a chromatin “reader” that is thought to
play a role in chromatin remodeling by binding to methylated histone tails (Layman et al., 2010). In humans,
heterozygous mutations in CHD7 cause CHARGE syndrome (Vissers et al., 2004), an autosomal dominant
neurodevelopmental disorder.

Here, we investigated the role of Kis in the developmental axon pruning of the Drosophila MB neurons. We
determined that the loss of Kis in the MBs results in pruning defects during metamorphosis, which persist
into adulthood and are due to a decrease in expression of ecr-b1. We show that endogenous Kis is enriched
at a previously identified region of the genome shown to be important for ecr gene expression and that Kis
binds to and is required to promote transcription from at least one cis-regulatory enhancer site in MB neu-
rons. Furthermore, loss of Kis leads to a decrease in the histone marks H3K36 di- and tri-methylation
(H3K36me2 and H3K36me3, respectively), which have been associated with actively transcribed genes in
flies. Additionally, loss of Kis results in a striking loss of H4K16 acetylation (H4K16ac). Adult flies with Kis
specifically decreased in the MB neurons display a loss of immediate recall memory, which is rescued by
transgenic expression of EcR-B1. Finally, we show that pharmacological intervention via the general his-
tone deacetylase (HDAC) inhibitor suberoylanilide hydroxamic acid (SAHA) can rescue the decrease in
ecr-bT mRNA, axon pruning, and memory defects associated with decreased Kis in MB neurons. Taken
together, these data show that Kis-mediated regulation of ecr-b1 is required for proper developmental
axon pruning in vivo by mediating the epigenetic marks H3K36me2, H3K36me3, and H4K16ac. These find-
ings suggest that the rate-limiting step required to initiate axon pruning (ecr-b1 expression) is under the
epigenetic control of Kis.

RESULTS

Kismet Is Required for MB Pruning

We have previously shown that Kismet protein is widely expressed throughout the larval brain, including in
the MB neurons (Melicharek et al., 2010). To characterize the pruning defects previously observed in kis
mutant MB neurons, we utilized the mosaic analysis with a repressible cell marker (MARCM) system to
generate homozygous mutant neuroblast clones tagged with a membrane-bound GFP (UAS:mCD8-
GFP) using the 201y-Gal4 driver (Lee and Luo, 1999; Melicharek et al., 2010; Schuldiner et al., 2008; Yang
et al., 1995). To quantify the pruning defects, we measured dorsal, medial, and total surface area of the
MB lobes in pupal brains 18-22 h APF. This developmental window is standard in the field and has been
extensively used because of the stereotypical timing in which axon pruning occurs in this model (Boulanger
etal, 2011; Lai et al., 2016; Lee et al., 1999, 2000). At this time point, the MB lobes are mostly eliminated in
control animals leaving only the peduncle (Figures 1A and 1E). In agreement with our previous work, the MB

clones of the null mutant kis"™?” (Melicharek et al., 2008), MB clones had significantly larger medial and
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Figure 1. Kis Is Required for Developmental Axon Pruning and EcR Expression

(A-D) Representative images of MARCM-generated MB clones expressing membrane-bound GFP using the 2071y-Gal4
driver 18-22 h APF. (A) control (w'""®; FRT40A), (B) kis null mutant (Kis™?”,FRT 40A), (C) Kis overexpression (UAS:Kis-
L,FRT40A), and (D) Kis rescue (UAS:Kis-L,Kis™%’,FRT40A).

(E) Quantification of dorsal, medial, and total MB lobe surface areas in MARCM animals (from left to right, n = 12,11, 10, 12 MBs).
(F-Q) Representative images of pupal Kenyon cells using the elav-Gal4,UAS:mCD8-GFP driver 18-22 h APF. (F) control
(w'""®) membrane bound GFP, (G) control (w'’"® EcR-B1 protein staining, Kis knockdowns: (H) GFP and (1) EcR-B1 in
UAS:Kis.RNAi.a and (J) GFP and (K) EcR-B1 in UAS:Kis.RNAi.b. (L) Kis overexpression (UAS:Kis-L) GFP, and (M) EcR-B1
protein staining and Kis rescues: (N) GFP and (O) EcR-B1 in UAS:Kis-L; UAS:Kis.RNAi.a, and (P) GFP and (Q) EcR-B1 in
UAS:Kis-L,UAS:Kis.RNAI.b.

(R) Quantification of a-EcR-B1 fluorescence intensity within pupal Kenyon cells (from left to right, n = 10, 10, 10, 10, 7, 10 MBs).
(S) Abundance of ecr-b7 mRNA isolated from pupal heads analyzed by RT-qPCR using the elav-Gal4 driver (number of
biological replicates from left to right, 3, 3, 4, 3, 3, 3; 10 heads/biological replicate).

Scale bars: 10 pm in (A) and 20 um in (F). Statistical significance is represented by * = p < 0.05, ** = p < 0.01, *** = p < 0.001,
and **** = p < 0.0001. Error bars represent the SEM.

total lobe surface areas compared with control MB clones, indicative of unpruned axons (Figures 1A, 1B,
and 1E) (Melicharek et al., 2010).

To expand upon our previous results, and to verify that loss of Kis was responsible for the MB pruning
defect we observed, we expressed the wild-type Kis-L protein isoform (full length) in kis*™?” mutant MB
clones. MB clones expressing Kis-L in the kis*™?” mutant background showed a significant reduction of
the medial and total lobe areas (Figures 1D and 1E), suggesting the pruning defect is in fact due to loss
of Kis protein function. Overexpression of Kis-L alone did not have an effect on lobe surface area compared
with control MBs (Figures 1C and 1E). To verify the pruning defects we observed with the MARCM analysis,
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we also utilized a second knockdown system: RNA interference (RNAi)-mediated knockdown of Kis with two
separate previously validated RNAI constructs (Melicharek et al., 2010). Expression of Kis-L using the
neuronal elav-Gal4 driver produces nearly 3-fold the normal amount of kis mRNA (Figure S1). Additionally,
expression of Kis-L in conjunction with either Kis.RNAi.a or Kis.RNAI.b significantly reduced kis mRNA
levels compared with Kis-L alone (Figure S1), which would compensate (at least partially) the loss of Kismet
knockdown provided by Kismet RNAI. Pan-neural knockdown of Kis using the elav-Gal4,UAS:mCD8-GFP
driver showed a significant increase in the medial and total lobe surface areas compared with outcross con-
trols (Figure S2). Similar to the MARCM analysis, pan-neural expression of Kis-L in the knockdown genetic
backgrounds was able to significantly rescue the medial and total surface area levels (Figure S2). Taken
together, these data validate and expand upon our previous findings and show that Kis is required for
the developmental axon pruning of MB gamma neurons during metamorphosis.

Kismet Promotes EcR-B1 Protein and mRNA Expression

Expression of the steroid hormone receptor EcR-B1 is the first step in the developmental axon pruning of
the MB neurons, and loss of EcR-B1 function produces defects in pruning similar to what we observe with
decreased Kis function (Lee et al., 2000). Therefore, we sought to determine if Kis affects expression of EcR-
B1. Pan-neural knockdown of Kis using the elav-Gal4, UAS:mCD8-GFP driver showed a significant decrease
in EcR-BT immunofluorescence in the MB Kenyon cells compared with those of control MBs at 18-22 h APF
(Figures 1F-1K and 1R). Analysis of EcR-B1 protein staining during late third instar larval stage,
when the ecdysone pulse is the highest, also reveals that MB Kenyon cells had a significant decrease of
immunofluorescence levels upon loss of Kis (Figure S3) (Thummel, 2002). In support of these results,
mRNA levels of ecr-b1 were significantly reduced in pupal brains with pan-neural decreased expression
of Kis as shown by RT-gPCR (Figure 1S). Additionally, replacement of Kis-L protein in the Kis knockdown
background successfully rescued both decreased ecr-b7 mRNA and EcR-B1 protein levels (Figures
1L-1S). Importantly, even though the Kis-L construct produces an overexpression of kis mRNA (Figure S1),
this does not lead to a concomitant increase of EcR-B1 protein or mRNA levels outside of normal range
(Figures 1R and 1S). This may be indicative of an upper limit to Kis's ability to promote EcR-B1 expression.
Taken together, these data suggest that Kis is required to regulate EcR-B1 levels within MB neurons.

Kismet Binds Ecr Locus In Vivo

Given that Kis is an epigenetic chromatin reader, we theorized that it may be affecting ecr-b T mRNA and EcR-B1
protein levels by promoting transcription. To begin testing this hypothesis, we performed chromatin immuno-
precipitation (ChlIP) followed by gPCR using chromatin isolated from third instar larval brains to analyze Kis oc-
cupancy at the ecr locus. We probed three cis-regulatory element sites between 7 and 33 kb upstream of the
ecr-btranscription startsite (TSS) (Figure 2A). We chose this genomic region for analysis as previous work showed
that multiple transcription factor binding sites important for ecr-b 1 expression are present in this area (Figure 2A)
(Boulangeretal., 2011). We utilized a Kis-eGFP protein trap animal previously described to express an enhanced
Green Fluorescent Protein (eGFP) tagged version of the endogenous Kis protein (Buszczak et al., 2007; Ghosh
et al., 2014). Importantly, the Kis-eGFP protein did not affect protein localization or function compared with
wild-type Kis (Ghosh et al., 2014), and UAS:Kis.RNAI.a can successfully knock down the eGFP-tagged Kis protein
and kis-eGFPmMRNA (Figure S4). The forkhead (fkh) TSS served as a positive control, as it was previously reported
to be bound by endogenous Kis (Srinivasan et al., 2008). Additionally, we used the dynamin homolog shibire (shi)
as a negative control, since we had previously shown via microarray analysis that loss of Kis did not have any
significant effect on shi mRNA expression (Ghosh et al., 2014). We verified that Kis was not enriched at the shi
promoter region, and that knockdown of Kis did not have any significant effect on Kis abundance at the shi
promoter (Figure 2B). In contrast, wild-type control brains showed enrichment of Kis at the three presumptive
cis-regulatory sites in the ecr locus (EcR.1, EcR.2, EcR.3) (Figure 2B). Upon pan-neuronal knockdown of Kis-
eGFP, we observed a significant decrease in enrichment at the fkh TSS, EcR.1, EcR.2, and EcR.3sites, confirming
specificity for Kis binding (Figure 2B). These results suggest that Kis binds to presumptive cis-regulatory sites of
the ecrlocus in Drosophila third instar larval brains.

Kismet Does Not Affect Nucleosomal Positioning at the Ecr Locus

One mechanism by which chromatin remodeling proteins promote transcriptional activation is by
mobilizing nucleosomes and allowing transcriptional machinery access to enhancer sites and promoters
of target genes (Clapier et al., 2017). Given Kis's homology to CHD7 and its conserved ATPase domain,
we hypothesized that Kis may be remodeling nucleosomes at the ecrlocus to allow access for the transcrip-
tional machinery. To test this possibility, we immunoprecipitated total histone 3 (H3) protein at the ecrlocus

82 iScience 16, 79-93, June 28, 2019

Cell



iIScience Cell

= Control

5 B3 Kis-eGFP;Kis RNAia
4 .
—
A

&
EcR locus Y

Fold Enrichment (to IgG)
W

A A A
Fkh Tss EcR1 EcR2 EcR3

80 0.8
* = Control
B Kis-eGFP;Kis RNAia

Total H3 (% Input)
n £ =]
o S 3 o
|
|
pe—
| —
H3K36me2/H3
° o o °
> i FY >

e A y Sy e ~ A A
Shi. Fkh Tss EcR.1 EcR2 EcR.3 Shi Fkh Tss EcR.1 EcR.2 EcR.3
E F
0.8 1.0
@ * = Control
0.6 0.8
o
£ 2
© =
2 FE e e
I 0.4 ©
s 3 o4 B
T - 4 *
0.2:
0.2 I-I-‘
0.0 o. = i
gt N
Shi Fkh Tss EcR.1 EcR2 EcR.3 Shi Fkh Tss EcR.1 EcR2 EcR.3

Figure 2. Kis Binds to Ecr Locus In Vivo Promoting H3K36 Methylation and H4K16 Acetylation

(A) A schematic representation of the ecr locus. Black arrowheads upstream of the ecr-b TSS (black arrow) indicate
location of primers. Black box denotes endogenous location of GMR46E06-Gal4 enhancer site reporter. B set denotes
location of primer set B from Boulanger et al. (Boulanger et al., 2011).

(B) ChIP-gPCR analysis of chromatin isolated from third instar larval brains. Differences in Kis enrichment at the ecr
enhancer sites (EcR.1, EcR.2, and EcR.3), the fkh TSS, and the shi promoter site between control (Kis-eGFP) and Kis
knockdown (elav-Gal4; Kis-eGFP/Kis-eGFP; Kis.RNAi.a/+) animals displayed (n = 6 biological replicates).

(C) Total H3 as a percentage of the input DNA was determined by gPCR at the previously noted genomic loci (from left to
right, n =5, 8, 8, 8, 8 biological replicates).

(D and E) ChIP-gPCR analysis of (D) H3K36me2 and (E) H3K36me3 abundance relative to total H3 at the above-mentioned
genomic loci, respectively (from left to right, n = 2, 4, 4, 4, 4 biological replicates).

(F) ChIP-qPCR analysis of H4K16ac abundance relative to total H4 at the above-mentioned genomic loci (n = 3 biological
replicates). Statistical significance is represented by * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. Error bars represent
the SEM.

in control and Kis knockdown third instar larval brains. We found no significant difference between these
conditions at each of the cis-regulatory loci we analyzed (Figure 2C). To verify this, we performed an MNase
protection assay, which utilizes an endo-exonuclease to examine the nucleosomal occupancy at desired
loci by quantifying the amount of DNA bound and thus protected by the nucleosomes (Berson et al.,
2017). Consistent with our total H3 analysis, we observed no change in the quantity of DNA digested
upon Kis knockdown (Figure S5). Taken together, these data suggest that Kis is not affecting the movement
of nucleosomes at the ecr locus as a mechanism to promote expression of ecr-b1.

Kismet Does Not Affect H3K4 or H3K27 Methylation at the Ecr Locus

Another way chromatin readers can affect gene expression is by altering the histone modifications present
at relevant genomic loci (Clapier et al., 2017), and Kis has been shown to affect histone modifications
previously (Srinivasan et al., 2008). We began by analyzing H3K4 methylation states (mono-, di-, and
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tri-methylation) at the ecr locus in control and Kis knockdown animals, as it is the type of methylation most
commonly associated with actively transcribed genes. ChIP-qPCR analysis showed no change in all types of
H3K4 methylation levels upon Kis knockdown at these loci (Figures S6A-S6C). We next analyzed H3K27 tri-
methylation (H3K27me3), as this modification is often associated with transcriptional repression and has
been previously shown to be increased in kis mutant polytene salivary glands (Srinivasan et al., 2008).
We did not observe any significant change in H3K27me3 upon Kis knockdown at any of the loci examined
(Figure S6D). These data suggest that alteration of H3K4 methylation or H3K27 trimethylation is not part of
the mechanism by which Kis controls ecr gene expression in the Drosophila larval CNS.

Kismet Promotes H3K36 Methylation and H4K16 Acetylation

Previous studies demonstrated a global decrease in H3K36me2 and H3K3éme3 upon Kis loss in Drosophila
larval salivary gland polytene chromosomes (Dorighi and Tamkun, 2013). This type of modification is usually
associated with actively transcribed genes in Drosophila (Dorighi and Tamkun, 2013; Stabell et al., 2007,
Wagner and Carpenter, 2012). We therefore sought to determine if the same effect on H3K36 methylation
was present in the Drosophila larval nervous system upon pan-neural knockdown of Kis protein. We
observed that H3K36me2 was significantly decreased at all of the putative ecr cis-regulatory sites we
analyzed, as well as at the fkh positive control, in Kis knockdown brains compared with controls (Figure 2D).
Additionally, H3K36me3 was also significantly decreased at EcR.3 and the fkh TSS (Figure 2E). Importantly,
this decrease in H3K36 methylation was not global, as there was no significant change with either H3K36 di-
or tri-methylation at the shi promoter, which is not bound by Kis (Figures 2B, 2D, and 2E). Also, given that
H3K36me?2 is the substrate for the tri-methylated form, it is likely that the decrease in H3K3éme3 is due to
the decrease in H3K36me2. Combined, these results suggest Kis affects H3K36me2 and H3K36me3 histone
marks at putative cis-regulatory elements upstream of the ecr TSS in third instar larval brains.

Previous studies with H3K36me2 have demonstrated a synergistic relationship with other histone modifica-
tions, particularly H4K1éac (Bell et al., 2007). H4K16ac directly influences transcription by positively regu-
lating chromatin accessibility to non-histone proteins (Zhang et al., 2017). Additionally, this type of post-
translational modification has been shown to negatively impact chromatin condensation by preventing
the function of ATP-dependent chromatin-assembly factor, which is involved in the condensation of
30-nm chromatin fibers (Shogren-Knaak et al., 2006; Yang et al., 2006). Since we saw a significant decrease
in H3K36me?2 at our loci of interest, we wanted to determine if H4K16ac levels were also affected in Kis
knockdown animals. ChIP-gPCR revealed that H4K16ac was significantly decreased when Kis was knocked
down compared with controls (Figure 2F). This was consistent at all of the loci analyzed, including the shi
promoter, possibly indicative of a universal decrease in H4K16éac. These results suggest a role for Kismet in
maintaining the active histone modifications H3K36me2, H3K36me3, and H4K16ac at cis-regulatory sites as
a potential mechanism for activating gene expression.

Kismet Promotes Transcription In Vivo

To determine if Kis can specifically control transcriptional output from this genomic area, we utilized a tran-
scriptional reporter that was generated as part of an effort to find putative brain enhancers in Drosophila
(GMR46E06-Gal4, described in Pfeiffer et al., 2008). This reporter drives the expression of transgenic Gal4
protein from a 3,999-kb region endogenously located 16 kb upstream of the ecr-b TSS. The 3,999-kb region
contains two binding sites of the transcription factor FTZ-F1, which has previously been shown to be
required for ecr gene expression (Boulanger et al., 2011), and is capable of driving expression of Gal4 in
larval, pupal, and adult MBs (Figures 3A and 3B), suggesting this is a bona fide enhancer region for ecrtran-
scription and underscoring the importance of GMR46E06 as a CNS enhancer. We hypothesized that, if Kis is
required for promoting transcriptional output from this region in vivo, then expressing the UAS:Kis.RNAi in
the GMR46E06-Gal4 background will decrease Kis protein levels and in turn decrease Gal4 transcriptional
output. We therefore measured the levels of gal4 mRNA and Gal4 protein in control and Kis knockdown
brains via RT-gPCR and in MB neurons specifically via immunohistochemistry (Figures 3C-3G). We
observed a significant decrease in both gal4 mRNA and Gal4 protein levels from this reporter in Kis knock-
down animals compared with controls, suggesting Kis is required for promoting transcriptional output
from this GMR46E06 region in vivo (Figures 3C-3G).

We next wanted to determine if Kis is enriched at this region by performing ChIP-gqPCR. We utilized a pre-

viously validated site (B site [2011], Figure 2A) within the GMR46E06 region to test for binding as this site
was also bound by the FTZ-F1 transcription factor, which is required for ecr-b1 gene expression (Boulanger
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Figure 3. Kis Can Promote Transcription via Putative Enhancer Site 16 kb Upstream of EcR-B TSS

(A and B) Representative images of UAS:GFP; GMR46E06-Gal4 expression in larval and pupal brain, respectively. Arrow in
(B) denotes location of MB peduncle area.

(C-E) Representative images of (C) control (w'""®) and Kis knockdowns (D) (UAS:Kis.RNAI.a) and (E) (UAS:Kis.RNAI.b) in
larval MB Kenyon cells stained with a-Gal4 expressed using the GMR46E06-Gal4 enhancer site reporter.

(F) Quantification of fluorescent intensity of a-Gal4 (from left to right, n = 10, 10, 8 MBs).

(G) gal4 mRNA levels analyzed by RT-gPCR (n = 3, 10 heads/biological replicate).

(H-J) ChIP-gPCR analysis of (H) Kis enrichment, () H3K3éme2, and (J) H4K16ac at B site 2011 from Boulanger et al., (2011),
respectively (from left to right, n =5, 5, 2, 3, 6, 7 biological replicates).

Scale bars: 4 pmin (A), 100 um in (B), and 20 um in (C). Statistical significance is represented by *
and *** = p < 0.001. Error bars represent the SEM.

=p<0.05**=p<0.01,

2011). We found that Kis is enriched at this site and that RNAi-mediated knockdown of Kis-eGFP
significantly decreased this enrichment (Figure 3H). We next sought to determine if Kis is also affecting
H3K36éme2 and H4K16ac modifications at the GMR44EQ6 site as it does at the other loci we have tested.
We found that loss of Kis significantly decreased both H3K36me2 and H4K16ac (Figures 31 and 3J). Addi-
tionally, there was no significant difference in the total histone 3 levels at this site upon Kis knockdown (Fig-
ure S7), consistent with our findings at the other loci we analyzed. Taken together, these data suggest that
Kis protein can promote transcriptional activation, and potentially increase EcR-B1 expression, by

et al,,
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increasing H3K36me2 and H4K16ac in the Drosophila nervous system. Additionally, the Kismet homolog
(CHD7) has been suggested to bind to sites distal to TSSs, sites with features suggesting that they are
gene enhancer elements. Thus, these data are consistent with at least one other CHD protein binding func-
tion (Schnetz et al., 2009).

EcR-B1 Rescues Kis Loss of Function Axon Pruning Defects

EcR-B1 is well documented to be a key player in initiating the axon pruning cascade in MB neurons (Lee
et al., 2000; Yu and Schuldiner, 2014). Given that we have shown Kis acts to promote expression of ecr-
b1in MB neurons from at least one transcriptional enhancer, we sought to determine if we could rescue
the pruning defects we observe in kis mutants by expressing transgenic EcR-B1. Utilizing the MARCM sys-
tem, we expressed transgenic EcR-B1 protein within kis"M?” mutant MB clones (Figure 4). We observed that
transgenic expression of EcR-B1 significantly reduced the abnormal pruning observed in kis"™?” mutant MB
clones (Figures 4B, 4D, and 4E). We also observed a significant reduction in pruning defects when trans-
genic EcR-B1 was pan-neurally co-expressed with Kis.RNAI constructs using the elav-Gal4,UAS:mCD8-
GFP driver (Figure S8). Interestingly, EcR-B1 overexpression alone, as well as EcR-B1 expression in Kis
loss of function backgrounds, produced smaller surface areas in the dorsal and total lobes compared
with outcross controls (Figures 4A, 4C, and 4E). This is consistent with Kis functioning upstream of EcR-
B1in the pruning process, as well as with EcR-B1 being the rate-limiting factor for pruning. Therefore, these
data suggest that Kis mediates axon pruning in pupal MB neurons by transcriptionally activating ecr-b1,
thereby controlling EcR-B1 protein levels.

Pruning defects observed during metamorphosis may simply reflect a delay in normal pruning. Therefore, to
determine that homozygous MARCM kis"™?7
as opposed to having delayed pruning, we sought to determine if the unpruned axons persisted into adulthood.
We generated MARCM clones with homozygous kis™*?” MBs (as previously described) and aged the adults for

mutant clones indeed have defective developmental pruning,

5 days after eclosion. At the adult stage, the 207y-Gal4 driver is expressed in a subset of alpha and beta neurons
in addition to all the gamma neurons (Bornstein et al., 2015). To differentiate, with certainty, between novel pu-
pal-stage generated axons and pre-pupal stage retained axons, we chose to examine an area that should
not contain many GFP-positive bundles, i.e., the dorsal lobe. We then immunostained the adult brains with
anti-FASII, a transmembrane cell adhesion protein, which is differentially expressed in the separate populations
of MB neurons (Bornstein et al., 2015; Stewart and McLean, 2004). FASII expression is lowest in the early born
gamma neurons and highest in the late born alpha/beta neurons in adult MBs; therefore, the appearance of
GFP-labeled MARCM axons in the dorsal lobe that are weakly or unstained for FASII would constitute aberrant
unpruned axons that persisted into adulthood (Bornstein et al., 2015). Compared with control MBs, kis-"2”
MARCM clones had significantly more weakly-stained and/or unstained FASII GFP-positive axons outside the
dorsal lobe bundle, indicating that pruning is in fact prevented and not delayed in this mutant (Figures 4F-
4K and 4R). Given that transgenic expression of EcR-B1 in the kis"™?” MARCM background rescued the pruning
defects during the pupal stage, we tested whether transgenic EcR-B1 can also rescue the presence of aberrant
axons in adulthood. Expression of EcR-B1 in kis"™?” mutant MARCM clones showed significantly fewer GFP-pos-
itive axons outside the dorsal lobe in the adult MB (Figures 41, 4L.-4Q, and 4R). Collectively, these data suggest
that the defective pruning observed during metamorphosis in kis loss-of-function MB neurons persists into
adulthood.

EcR-B1 Rescues Memory Defects

Previous studies from our laboratory showed that reduction of Kis levels in MB neurons produced signifi-
cant defects in immediate recall memory (Melicharek et al., 2010). Next, we wanted to determine if trans-
genic expression of EcR-B1 could also rescue the memory defect associated with loss of Kis function. We
utilized the conditioned courtship suppression assay, which takes advantage of the innate courting behav-
iors carried out by male Drosophila in response to multimodal signals transduced by females (McBride
et al., 2005; Siegel and Hall, 1979; Siwicki et al., 2005). Wild-type males will decrease their rate of courting
during a training (learning) period of one hour with an unresponsive female. These males will continue to
court at lower rates even with subsequent receptive females for an average of 1-3 h after exposure
(McBride et al., 2005; Siegel and Hall, 1979; Siwicki et al., 2005). We utilized UAS:Kis.RNAi.a to knock
down Kis in MB neurons using the ok107-Gal4 driver. Importantly, expression of the Gal4 alone or Gal4-
mediated expression of transgenic EcR-B1 did not produce any learning (Figure 5A) or memory (Figure 5B)
defects. We observed that males with decreased Kis protein displayed intact learning, as evident by the
significant decrease in courtship from the initial to final stages of exposure to an unresponsive female
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Figure 4. Transgenic EcR-B1 Rescues Defective Axon Pruning Associated with Loss of Kis

(A-D) Representative images of MARCM-generated MB clones expressing membrane-bound GFP using the 201y-Gal4
driver 18-22 h APF. (A) control (w'""8; FRT40A), (B) kis null mutant (Kis“"*?,FRT40A), (C) EcR-B1 overexpression (FRT40A;
UAS:EcR-B1), and (D) EcR-B1 rescue (Kis"™?”,FRT40A; UAS:EcR-B1).

(E) Quantification of dorsal, medial, and total MB lobe surface areas in MARCM animals (from left to right, n = 12, 11, 10,
12 MBs).

(F-Q) Representative adult MARCM-generated MB clones expressing membrane-bound GFP or stained with a-Fasll. (F)
control (w'""®; FRT40A) membrane-bound GFP, (G) a-Fasll immunostaining, and (H) merge images. (I) kis null mutant
(Kis"M?” FRT40A) GFP, (J) a-Fasll, and (K) merge. (L) EcR-B1 overexpression alone (FRT40A; UAS:EcR-B1) GFP, (M)
a-Fasll immunostaining, and (N) merge. (O) EcR-B1 rescue (Kis"™?”,FRT40A; UAS:EcR-B1) GFP, (P) a-Fasl|
immunostaining, and (Q) merge. Arrows indicate aberrant axonal projections in (I) and (K). Insets show magnified area
of medial lobes.

(R) Quantification of average aberrant axonal projections in MBs (from left to right, n = 13, 12, 8, 10 MBs).
Scale bars: 10 um in (A) and 20 um in (F). Statistical significance is represented by * = p < 0.05, ** = p < 0.01, and *** = p <
0.001. Error bars represent the SEM.

(Figure 5C). Similarly, males with both decreased Kis and transgenic EcR-B1 also had intact learning (Fig-
ure 5C). However, males with decreased Kis showed abnormal memory (Figure 5D), as these males had
rates of courtship that were not significantly different from those of sham males, which did not receive
exposure to an unreceptive female. In contrast, trained males with both decreased Kis and transgenic
EcR-B1 showed significantly reduced courtship compared with sham males, indicative of intact immediate
recall memory (Figure 5D). Taken together, these data suggest that the memory defects associated with
loss of Kis in the MB neurons are due to decreased EcR-B1 levels.
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Figure 5. Transgenic EcR-B1 Expression Rescues Memory Defects Rescued in Kis Knockdown MBs

(A and C) Assessment of male courtship index during the initial and final 10 min of the 60-min training period ([A] from left
to right, n = 16, 15 males; [C] from left to right, n = 21, 22 males).

(B and D) Immediate recall of trained males was assessed and compared with genetically identical sham trained males ([B]
from left to right, n = 14, 13, 13, 15 males; [D] n = 21, 21, 19, 22 males).

Statistical significance is represented by * = p < 0.05 and ** = p < 0.01. Error bars represent the SEM.

SAHA Rescues Morphological and Behavioral Defects Associated with Loss of Kis

Recently, our laboratory showed that pharmacological inhibition of HDACs can rescue multiple defects
associated with loss of Kis at the neuromuscular junction (Latcheva et al., 2018). HDAC inhibition (HDACI)
did not significantly affect kis mRNA levels (Latcheva et al., 2018), so we hypothesized that the rescue may
be due to effects on a common set of target genes. To further examine this hypothesis, we tested whether
HDAC: treatment could rescue the decreased EcR-B1 expression, pruning, and memory defects observed
in Kis knockdown animals. We observed that treatment of Kis knockdown with SAHA significantly increased
ecr-b1 mRNA levels compared with DMSO-treated controls (Figure 6S). Importantly, SAHA treatment
alone had no significant impact on ecr-bT mRNA levels (Figure 6S) or axon pruning in either pupal (Figures
6A, 6B, and 6E) or adult MBs (Figures 6F-6H, 6L-6N, and 6R). However, we did observe that SAHA treat-
ment significantly decreased the number of unpruned axons in both pupal (Figures 6C, 6D, and éE) and
adult brains in kis"™?” mutant MB neurons (Figures 61-6K, 60-6Q, and 6R). Finally, SAHA treatment itself
did not have an observable impact on learning or memory in controls (Figures 7A and 7B, respectively),
or learning in Kis knockdown (Figure 7C). However, SAHA treatment was able to significantly rescue the
immediate recall defect in Kis knockdown animals compared with DMSO treatment alone (Figure 7D). In
each case, SAHA affected these phenotypes only in kis loss-of-function animals, and not in control animals,
suggesting a specificity of SAHA interaction with Kis function. SAHA's theraputic effect might be by coun-
teracting the loss of H4K16 acetylation we observed in Kis knockdown animals. Taken together, these re-
sults show that HDACi treatment significantly rescues multiple defects associated with Kis loss of function.

DISCUSSION

Axon pruning and elimination are critical steps to establishing and refining neural circuitry. However, rela-
tively little is known about how the precise extrinsic and intrinsic signals come together to initiate the prun-
ing cascade. Here, we begin to unravel the epigenetic mechanisms essential for initiating developmental
axon pruning in vivo. We show that the chromatin reader Kis activates transcription of ecr-b1 in the
Drosophila MBs and promotes methylation of H3K36 and acetylation of H4K16 at cis-regulatory sites of
the ecr-b1locus. Proper regulation of ecr-b1 expression by Kis is required for both pruning and immediate
recall memory in adults. Finally, we show that the general HDACi, SAHA, can increase ecr-b7 mRNA levels
in animals with decreased Kis and rescue their pruning and memory defects. SAHA may be counteracting
the loss of H4K16ac and reestablish a balance of gene expression in Kis knockdown animals. Taken
together, our data show that the essential rate-limiting step in developmental axon pruning, EcR-B1
expression, is under the epigenetic control of Kis.
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Figure 6. HDAC Inhibition Rescues Defective Axon Pruning and EcR-B1 Expression in Loss of Kis Animals

(A-D) Representative images of DMSO- or SAHA-treated MARCM-generated MB clones expressing GFP using the 201y-
Gal4 driver 18-22 h APF. (A) DMSO-treated control (w'""8; FRT40A), (B) SAHA-treated control (w'""8; FRT40A), (C) DMSO-
treated kis null mutant (Kist™?7, FRT40A), and (D) SAHA-treated kis null mutant (Kis-™?”, FRT40A).

(E) Quantification of dorsal, medial, and total MB lobe surface areas in DMSO- or SAHA-treated MARCM animals (from
left to right, n = 11, 11, 11, 10 MBs).

(F-Q) Representative DMSO- or SAHA-treated adult MARCM-generated MB clones expressing membrane-bound GFP
or stained with a-Fasll. (F) DMSO-treated control (w'""8; FRT40A) membrane-bound GFP, (G) a-Fasll immunostaining, and
(H) merge images. (I) DMSO-treated kis null mutant (Kis“*?’, FRT40A) GFP, (J) a-Fasll, and (K) merge. (L) SAHA-treated
control (w'""®: FRT40A) GFP, (M) a-Fasl| immunostaining, and (N) merge. (O) SAHA-treated kis null mutant (KistM27,
FRT40A) GFP, (P) a-Fasll immunostaining, and (Q) merge. Arrows indicate aberrant axonal projections in (I) and (K). Insets
show magnified area of medial lobes.

(R) Quantification of average aberrant axonal projections in MBs of flies treated with DMSO or SAHA (from left to right,
n =10, 10, 11, 10 MBs).

(S) ecr-b1 mRNA levels isolated from DMSO- or SAHA-treated control (w''"®) and pan-neural Kis knockdown
(UAS:Kis.RNAI.a) pupal heads analyzed by RT-qPCR (number of biological replicates from left to right, n = 4, 3, 4, 4; 10
heads/biological replicate).

Scale bars: 10 um in (A) and 20 um in (F). Statistical significance is represented by * = p < 0.05, ** = p < 0.01, and *** = p <
0.001. Error bars represent the SEM.

The expression of ecrin the MBs has been subject to studies indicating two distinct pathways of activation
(Boulangeretal., 2011; Boulanger and Dura, 2015; Zheng et al., 2003). First, the dTGF-p signaling pathway
has been implicated in MB gamma neuron remodeling, as mutations in both the Drosophila TGF-B recep-
tor, Baboon, and its downstream effector, dSmad2, produce pruning defects at 18-22 h APF (Zheng et al.,
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Figure 7. SAHA Treatment Rescues Immediate Recall Defects Rescued in Kis Knockdown Animals

(A and C) Assessment of DMSO- or SAHA-treated male courtship index during the initial and final 10 min of the 60-min
training period ([A] from left to right, n = 14, 23 males; [C] from left to right, n = 19, 22 males).

(B and D) Immediate recall of DMSO- or SAHA-treated trained males assessed and compared with sham trained males
with identical genetic background and treatment ([B] from left to right, n = 29, 15, 16, 23 males; [D] n = 22, 18, 21, 22 males).
Statistical significance is represented by * = p < 0.05 and ** = p < 0.01. Error bars represent the SEM.

2003). Furthermore, transgenic expression of EcR-B1 was able to rescue the pruning defects in the TGF-$
pathway mutant backgrounds indicating that EcR-B1 is downstream of TGF-B signaling (Zheng et al., 2003).
Similarly, our results demonstrate that transgenic EcR-B1 expression bypassed the need for Kis in a kis
mutant background and thereby rescued the pruning defects in both pupal and adult MBs. This parallels
the previous findings by demonstrating that Kis is upstream of ecr-b 1 transcription. Where Kis fits relative to
dTGF-B signaling, however, still remains to be answered.

A second pathway of activating ecr-b1 transcription in the MBs is via the nuclear receptor Ftz-f1 and its ho-
mologue Hr39 (Boulanger et al., 2011; Boulanger and Dura, 2015). Ftz-f1 binds directly to the ecr cis-reg-
ulatory sites and activates expression of ecr-b1, whereas Hr39 acts to block its expression in the MBs (Bou-
langeretal., 2011). Although this pathway also functions upstream of ecr-b 1 transcription, it is independent
of dTGF-B signaling as Ftz-f1 overexpression did not rescue pruning defects in baboon mutants (Boulanger
et al., 2011). Our data indicate that Kis is also enriched at one cis-regulatory site that Ftz-f1 binds (Figures
2A and 3H), but whether they act in coordination or independently of each other remains to be determined.
It may be that both Kis and Ftz-f1 act independently and help create redundancy in case of the failure of one
pathway. Given that reduction of neither Kis nor Ftz-f1 completely eliminated EcR-B1 levels may support
this redundancy hypothesis; however, more work is necessary to explore their relationship (Boulanger
etal., 2011).

Few studies have hinted at an epigenetic mechanism of ecr transcriptional activation. The Drosophila
Set2 K36 histone methyl transferase (HMT) was shown to genetically interact with the EcR signaling
pathway and positively regulate expression of EcR target genes (Stabell et al., 2007). However, as
dSet2 is required for general transcriptional elongation, this may be a global effect of dSet2 function.
Nonetheless, this implicates H3K36 methylation as an important factor in ecr expression. Although Kis
does not appear to affect expression of Drosophila set2, and the other H3K36 HMT genes ash1 or
dmes-4 (data not shown), it might be acting to recruit the HMTs to relevant target genes to transduce
effects on transcriptional regulation. To this effect, Kis was previously shown to increase the global as-
sociation of Ash1 on polytene chromosomes (Dorighi and Tamkun, 2013). Although other studies with
Kis have implied a role for the chromatin reader in transcriptional elongation (Srinivasan et al., 2005,
2008), we demonstrate a selectivity for Kis binding and Kis-mediated elevation of H3K36 methylation
as no significant changes were observed at the shi promoter in Kis knockdown animals. Further work
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needs to be done to tease apart the relationship between Kis, H3K36 methylation, and any other HMTs
responsible for this modification in the context of ecr regulation.

In the field of epigenetics, much work has been done to understand the cross talk between different his-
tone modifications and their cumulative outcome on transcription. For example, H3K36me2 by the HMT
dMes-4 was reported to specifically increase H4K16ac, a modification most well known for its role in de-
condensation of chromatin structure and maintenance of active gene expression (Bell et al., 2007; Shog-
ren-Knaak et al., 2006; Zhang et al., 2017). We provide evidence for this type of epigenetic cross talk by
demonstrating a targeted loss of H3K36 methylation as well as a loss of H4K16 acetylation in a Kis knock-
down background. It is therefore plausible that Kis might be affecting transcriptional output by promot-
ing H4K16ac via H3K36me2 cross talk. This may explain why HDAC inhibition with SAHA, seemingly un-
related to histone methylation, is able to restore ecr-bT mRNA levels and rescue pruning and memory
defects associated with loss of Kis. Consistent with this, SAHA treatment has been previously shown
to increase H4Kléac and ultimately increase transcriptional output in cancer cells (Barbetti et al.,
2013). Additionally, it may be the case that general HDAC inhibition by SAHA may be universally
increasing transcription in a non-specific manner. However, we show here that SAHA treatment alone
does not significantly affect either ecr-bT mRNA levels or axon pruning. Therefore, the phenotypic ef-
fects we observe with SAHA treatment are specific to animals where Kis function is decreased. Additional
work is essential to building a complete understanding of the integration of extrinsic and intrinsic cues
that control transcriptional regulation.

One interesting observation from our work is that Kis appears to affect pruning of the medial lobes of the
MB, while largely leaving the dorsal lobes unaffected. This was the case for both our MARCM analysis as
well as our RNAI analysis. It is well established that Ecr-B1 is required for axon pruning of both the dorsal
and medial lobes (Lee et al., 2000). Indeed, our data further confirm this, as Ecr-B1 expression does show an
effect on the pruning of both the dorsal and medial lobes (Figure 4). Thus, these data suggest that Kis must
not be regulating axon pruning solely by promoting the transcription of ecr-b1and may also be modulating
some other factor that can discriminate between dorsal and medial lobes. Recent work has shown that the
neuronal architecture of the MB is quite extensive and forms 15 distinct compartments that tile the MB
lobes (Aso et al., 2014a, 2014b). Thus, Kis may only be affecting ecr-b1 expression and pruning in a subset
of the neurons that innervate the medial lobes, or, alternately, may be affecting additional factors besides
Ecr-B1 that can discriminate pruning between these two lobes. Determining what these factors may be will
require additional work.

In summary, our work has helped to shed light on the epigenetic factors that are involved in the regulated
developmental pruning required in Drosophila MB neurons. Determining how axons are properly pruned is
fundamental to unraveling the mechanisms that underlie the refinement of neural circuits.

Limitations of the Study

One limitation of the current study is the method we use to overexpress the Kismet protein, in that the over-
expressed RNA can be targeted by our RNA: strategy. Future studies should consider utilizing an overex-
pression transgene that cannot be targeted by RNAI. A second limitation to the current study is that fact
that, although we have identified a protein that differentially affects pruning in the medial vs. the dorsal
lobes of the MB, we cannot fully explain how Kismet was able to accomplish this. Future studies should
be cognizant that proteins may regulate the pruning of MB lobes differentially.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/}.is¢i.2019.05.021.
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Relative Kismet mRNA

Figure S1. Exogenous Kis rescues Kis transcript levels in Kis RNAi animals, related to
Figure 1. Quantification of kis mRNA levels of control (w/!!%), Kis knockdown (UAS:kis RNAi.a
and UAS:kis RNAi.b), Kis overexpression (UAS:kis-L), and Kis rescue (UAS:kis-L; UAS:kis
RNAi.a and UAS:kis-L,UAS:kis RNAi.b) pupal brains analyzed by RT-qPCR (n=5, 3, 3, 3, 3, 5;
10 brains/ biological replicate). Error bars represent the SEM.
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Figure S2. Kis is required for axon pruning in Kis knockdown pupae, related to Figure 1.
Quantification of dorsal, medial, and total MB lobe surface areas in control (w//’%), Kis
knockdown (UAS:Kis.RNAi.a and UAS:Kis.RNAi.b), Kis overexpression (UAS:Kis-L), and Kis
rescue (UAS:Kis-L,; UAS:Kis.RNAi.a and UAS:Kis-L,UAS:Kis.RNAi.b) using the elav-Gal-
4,UAS:mCD8-GFP driver 18-22 hrs APF (from left to right, n=9, 9, 8, 8, 9, 10 MBs). Statistical
significance is represented by * = p < 0.05 and ** = p < 0.01. Error bars represent the SEM.
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Figure S3. Kis knockdown decreases EcR-B1 expression in late 3rd instar larva, related to
Figure 1. (A-C) Representative images of ECR-B1 in control (w!//%) and Kis knockdown (UAS: kis
RNAi.a and UAS:kis RNAi.b) late 3rd instar larval Kenyon cells using the elav-Gal4 driver. (D)
Quantification of EcR-B1 within larval Kenyon cells via average fluorescence (n = 5, 6, 4 MBs).
Error bars represent the SEM.
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Figure S4. Kis-eGFP is knocked down by Kis.RNAi.a, related to Figure 2. (A-F)
Representative images of Kis-eGFP (control) and elav-Gal4; Kis-eGFP/Kis-eGFP; kis RNAi.a/+
(Kis knockdown) 3™ instar larval brains stained with DAPIL (G) Quantification of GFP
fluorescence intensity compared to that of DAPI (n = 6). (H) kis mRNA levels of control and Kis
knockdown 3™ instar larval brains analyzed by RT-qPCR (n = 4, 50 brains/ biological replicate).
Statistical significance is represented by ** = p < 0.01. Error bars represent the SEM.
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Figure S5. Kis does not alter DNA protection at EcR loci, related to Figure 2. Quantification
of MNase protection assay using Kis-eGFP (control) and elav-Gal4; Kis-eGFP/Kis-eGFP;
Kis.RNAi.a/+ (Kis knockdown) 3™ instar larval brains by qPCR at the ecr enhancer sites and the
fkh TSS (n = 6 biological replicates). Error bars represent the SEM.
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Figure S6. Kis does not alter H3K4 or H3K27 methylation at EcR loci, related to Figure 2.
(A-D) ChIP-qPCR analysis of chromatin isolated from brains of control (Kis-eGFP) and Kis
knockdown (elav-Gal4; Kis-eGFP/Kis-eGFP; Kis.RNAi.a/+) 3" instar larvae. qPCR analysis of
H3K4mel (n = 2 biological replicates), H3K4me?2 (n = 2 biological replicates), H3K4me3 (n =2
biological replicates), H3K27me3 (n = 4 biological replicates) abundance at the ecr enhancer
sites, the fkh TSS, and the shi promoter site, respectively. Error bars represent the SEM.
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Figure S7. Kis does not alter total histone 3 at GMR46E06 locus, related to Figure 3. Total
H3 as a percentage of the input DNA was determined by qPCR at the previously noted genomic
loci using Kis-eGFP (control) and elav-Gal4,; Kis-eGFP/Kis-eGFP; Kis.RNAi.a/+ (Kis
knockdown) 3™ instar larval brains at the ski and the B site 2011 from Boulanger et al 2011
(Boulanger et al., 2011) (n = 3 biological replicates). Error bars represent the SEM.
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Figure S8. Transgenic EcR-B1 rescues defective axon pruning in Kis knockdown pupae,
related to Figure 4. Quantification of dorsal, medial, and total MB lobe surface areas in control
(w!18), Kis knockdown (UAS:Kis.RNAi.a and UAS:Kis.RNAi.b), ECR-B1 overexpression
(UAS:EcR-B1), and rescue (UAS:EcR-B1,UAS:Kis.RNAi.a and UAS:Kis.RNAi.b; UAS:EcR-BI)
using the elav-Gal-4,UAS:mCD8-GFP driver 18-22 hrs APF (n=9,9, 8, 7, 10, 11). Statistical
significance is represented by ** = p < 0.01. Error bars represent the SEM.
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Figure S9. Model of Kis mediated expression of EcR-B1 necessary for MB pruning and
behavior, related to Figures 1-7. In wild-type flies, Kis promotes the active H3K36 methylation
(blue square) and H4K 16 acetylation (green triangle) histone marks and binds to cis-regulatory
elements of the ecr locus promoting ecr-bl transcription, which is required for proper
developmental MB axon pruning. In Kis knockdown animals, Kis binding to the ecr locus is
reduced, thereby decreasing H3K36 methylation and H4K 16 acetylation

marks leading to decreased ecr-bl mRNA and EcR-B1 protein. Further, reduction of Kis also
leads to defects in MB pruning and immediate recall memory.



Supplemental Tables

Table S1. Quantitative RT-PCR primer sequences, related to Figure 1 and Figure 6

Gene of

Interest | Forward (5° to 3”) Reverse (5’ to 3”)

kismet | GCTCGCATCATACTTCTTTACTG | TCGTGTTTCCACTATTGCTTCC
ecr-bl | ACT GGC GCA CTA TAT CGA CG | ACATTTTCGCCCGAATCCCT
gatt GGATGCTCTTCATGGATTTG CAACATCATTAGCGTCGGTGAG
rp49 CTGCTCATGCAGAACCGC CTGCTCATGCAGAACCGC

Table S2. Quantitative PCR primer sequences, related to Figure 2 and Figure 3

TC

Gene of

Interest | Forward (5° to 3”) Reverse (5’ to 3°)

fkh TSS | TCGAGCGGACCAGCAGCTAAA | TGGGGATTTTTGTTGTCTGCCG
G

EcR.1 CGTGGCTAGATCGTTATTAACT | CGTATTTCGATGGTAGGGTGTC
G

EcR.2 GATGTTCGCATACGCGAATACA | GCAAATTCGCCTCTTTGTTTGTG
G

EcR.3 CCGTATCCAACATTCACGTAGA | TGTATTGCCGAATCGTTGTTGT
G G

shi pro | GAAGTGCCAAAGATCAAGTTTG | GAGGAAATCCTGTCGCATCTC




Transparent Methods

Drosophila stocks and genetics

Unless otherwise noted, all crosses were carried out at 25 °C in a 12:12 light:dark cycle at
60% humidity on standard cornmeal-molasses-agar medium. BL numbers refer to Bloomington
Stock Center stock numbers (http://flystocks.bio.indiana.edu/bloomhome.htm). VDRC numbers
refer to the Vienna Drosophila Resource Center stock numbers
(http://stockcenter.vdre.at/control/main). To drive the expression of transgenes in Drosophila, the
Gal4/UAS bipartite system was used as previously described (Brand and Perrimon, 1993).
UAS:Kis.RNAi.a and UAS:Kis.RNAi.b constructs were previously described (Melicharek et al.,
2010). The kis*™*7 allele was generated by EMS mutagenesis, as previously described (Melicharek
et al., 2008). UAS:Kis-L and Kis-eGFP stocks were gifts from J. Tamkun, A. Spradling,
respectively (Buszczak et al., 2007; Ghosh et al., 2014). The 201y-Gal4 and Frt40A MARCM
stocks were gifts from L. Luo (Melicharek et al., 2010). The ecr putative enhancer site reporter,
GMR46E06-Gal4, was obtained as described (Pfeiffer et al., 2011; Pfeiffer et al., 2008). Animals
utilized in each assay are listed below.
Assessment of axon pruning (MARCM)

(1)  y,w,hs:Flp,UAS:CD8-GFP; tubP-Gal80,Frt404,201y-Gal4/CyO
(2) w; Frt404

(3)  w; Kist™?7 Frt404/CyO

(4) w,; UAS:Kis-L,Frt 404/CyO

(5) w7 UAS:Kis-L,Kis"™?” Frt404/CyO
(6) w, Frt404/CyO; UAS:EcR.B1

(7)  w-; Kist™™?7 Frt404/CyO, UAS:EcR.BI

EcR-BI1 staining and assessment of axon pruning (RNA1)
(1) elav-Gal4,UAS:mCDS8-GFP (BL #5146)
(2) w8 (BL #5905)
(3) w7, +/+; UAS:Kis.RNAi.a (VDRC #10762)
(4) w7, UAS:Kis.RNAi.b (VDRC #46685)



(5) w7, UAS:Kis-L

(6) w; UAS:Kis-L; UAS:Kis.RNAi.a

(7) w7, UAS:Kis-L,UAS:Kis.RNAi.b

(8) w, +/+, UAS:EcR.BI (BL #6469)

(9) w, +/+, UAS:EcR.B1/UAS:Kis.RNAi.a
(10) w7, UAS:Kis.RNAi.b; UAS:EcR.B1

ecr-bl mRNA quantification
(1) elav-Gal4 (BL #458)

(2) w18

(3) w, +/+,; UAS:Kis.RNAi.a

(4) w, UAS:Kis.RNAi.b

(5) w; UAS:Kis-L

(6) w; UAS:Kis-L; UAS:Kis.RNAi.a
(7) w7, UAS:Kis-L,UAS:Kis.RNAi.b

ChIP-qPCR, kis-eGFP validation, MNase protection
(1) w; Kis-eGFP
(2) elav-Gal4; Kis-eGFP
(3) w7, Kis-eGFP; UAS:Kis.RNAi.a

Gal4 staining and ga/4 mRNA quantification
(1) w,; +/+; GMR46E06-Gal4 (BL #48166)
(2) w18
(3) w, +/+; UAS:Kis.RNAi.a
(4) w,; UAS:Kis.RNAi.b
(5) w-; UAS:mCDS-GFP (BL #5137)

Behavioral testing
(1)  w,hs:Flp,tubP-Gal80,FRT194; mCDS8-GFP/CyO; ok107-Gal4 (BL #44407)
(2) w18
(3) w, +/+; UAS:EcR.BI
(4) w,; +/+; UAS:Kis.RNAi.a
(5) w, +/+; UAS:EcR.B1/UAS:Kis.RNAi.a
(6) Canton S

Pharmacological Treatment

Pharmacological treatment media was prepared as described (Latcheva et al., 2018).
Treated fly media was made using dried instant food (Nutri-Fly Instant, Genesee Scientific) with

water containing 1.6% of 10% w/v tegosept (methyl p-hydroxybenzoate in 95% ethanol) and 0.1%



of DMSO vehicle or 10uM SAHA. Drosophila were raised on drug containing food for their entire

lifespan.

Immunohistochemistry

Immunohistochemical staining was carried out as previously described (D'Rozario et al.,
2016). Unless otherwise noted, dissections were performed on Sylgard-coated plates in phosphate
buffer and fixed in 4% paraformaldehyde for 25 minutes. In instances of staining, tissues were
washed and permeabilized with 0.5% and then 0.1% TritonX-100 in phosphate buffer (0.5% and
0.1% wash buffers, respectively). Tissue was blocked with 10% normal goat serum (in 0.1% wash
buffer) before and after incubation with a primary antibody. Overnight incubations with primary
and secondary antibodies were performed. Primary antibodies obtained from the Ilowa
Developmental Hybridoma Bank include a-EcR-B1 (1:200), a-Gal4 (1:200), and a-FaslII (1:200).
Fluorescently conjugated goat a-rabbit or goat a-mouse secondary antibodies (1:100, Jackson
Immunoresearch Labs). Brains were mounted in Vectashield with DAPI (Vector Laboratories, H-
1000) and images were obtained using an Olympus Fluoview 1000 laser scanning confocal
microscope. Corrected fluorescence intensity was calculated in Imagel] using the following

formula: Intergraded Density of selected area — (selected Area * Mean of background).

MARCM Analysis

Mosaic analysis clones were generated as previously described (Bornstein et al., 2015; Lee
and Luo, 1999; Wu and Luo, 2006). A 60-minute heat shock at 37 °C occurred 24 hours after
initial egg laying. For pupal MB assessment, white pre-pupae were marked throughout a 4-hour

window, were fixed overnight in 2% paraformaldehyde 18-22 hours APF, and then dissected in



phosphate buffer. Pupal MB lobes were visualized via mCD8-GFP and confocal stacks of the
dorsal and medial lobes were obtained. In ImagelJ, Z-projections of Max Intensity were generated
for each lobe and surface area was measured by outlining the mCD8-GFP positive axon bundles.
Total lobe surface area was calculated by adding dorsal and medial surface areas together. For
adult MB assessment, adults were aged 5 days following eclosion and brains were dissected and
fixed in 2% paraformaldehyde. Quantification of the number of aberrant axonal projections was
performed by observing MBs in the 3D conformation in ImageJ of mCD8-GFP positive FaslI

negative projections outside of the dorsal lobe (Bornstein et al., 2015).

Quantitative RT-PCR

10 pupal (approximately 18 hours APF) heads or 50 3™ instar larval brains were dissected
in ice-cold phosphate buffer per condition for each biological replicate. These were immediately
transferred to RNA Later (Abion) and stored in —80 °C. Isolation of total RNA was done using
phenol:chloroform extraction followed by alcohol precipitation for purification. RNA was stored
in DEPC water at —80 °C. An adapted version of iTaq™ Universal SYBR® Green One-Step
protocol (Bio-Rad) was utilized and samples were run on Bio-Rad C1000 Thermal Cycler CFX96
Real-Time system. Primers were made to kis, ecr-b1, and gal4 mRNAs (IDT). AC(t) values were
calculated by subtracting the C(t) value of each primer set from C(t) value of 7p49 housekeeping
control. Fold change in expression was calculated from AAC(t) values. Each experiment was

performed in triplicate with at least three biological replicates.

Chromatin Immunoprecipitation




350 brains from 3rd instar larvae were isolated in ice-cold phosphate buffer per condition
for each biological replicate. Brains were transferred to 1X phosphate buffered saline (PBS,
Hyclone) and stored at —80 °C. A modified version of truChIP Tissue Chromatin Shearing Kit with
SDS Shearing Buffer protocol (Covaris) was used to shear the DNA. Heads were washed twice
with 1X PBS and then fixed in Buffer A with 1% methanol-free formaldehyde for 5 minutes at
room temperature. Fixing was stopped with Quenching Buffer E followed by incubation for 5
minutes at room temperature. Tissue was pelleted by centrifugation at 4 °C for 5 minutes.
Supernatant was removed, and tissue was washed twice with cold 1X PBS. Wash buffer (WB) was
removed and tissue was homogenized for 2-3 minutes in 500uL Lysis Buffer (LB) B. Volume was
increased to ImL with LB B followed by incubation on rocker at 4 °C for 20 minutes with 3 second
vortex every 10 minutes. Lysed tissue was pelleted and resuspended in WB C. Tissue was washed
on rocker for 10 minutes at 4°C at which time it was pelleted, followed by an additional washing
with WB C without incubation. Pelleted lysed and washed tissue, largely consisting of nuclei, was
resuspended in Covaris SDS Shearing Buffer D. The aggregate of nuclei was incubated with Buffer
D for 10 minutes with occasional vortex prior to transfer to a TC 12X12 tube for shearing. Shearing
followed the S- and E-Series Shearing recommendations for 10 minutes. 1mL aliquots were stored
at —80 °C.

Sheared DNA was confirmed to be within a target range of 100-600 bp fragments.
Chromatin was immunoprecipitated using Magna ChIP™ HiSens kit (Millipore). 50uL of sheared
chromatin was incubated with antibody-coated Magna ChIP Protein A/G Magnetic Beads for 3
hours. Antibodies against modifications H3K27me3 (rabbit, ab195477), H3K4mel (rabbit,
ab8895), H3K4me2 (rabbit, ab7766), H3K4me3 (rabbit, ab8580), H3K36me2 (rabbit, ab9049),

H3K36me3 (rabbit, ab9050), H4K 16ac (rabbit, emd millipore 07-329) were used and compared to



Histone H3 (rabbit, ab1791) and Histone H4 (rabbit, ab10158) antibodies, as appropriate. a-GFP
(rabbit, ab290) was used to examine Kis abundance and a-IgG (rabbit, ab171870) was utilized as
a background control. After elution, samples were incubated
with RNaseA (10mg/mL, ThermoScientific) at 37 °C for 30 minutes followed by an incubation
with proteinase K (10mg/mL, Millipore) at 57 °C overnight and then inactivate at 75 °C for 15
minutes the next day. Isolated DNA was purified via QIAquick® PCR Purification Kit (Qiagen)

and stored at —20 °C.

MNase Protection Assay

350 brains from 3rd instar larvae were dissected in ice-cold phosphate buffer per condition
for each biological replicate. Brains were transferred to 1X PBS, and stored at —80 °C. An MNase
protection assay was performed using an adapted protocol from (Berson et al., 2017; Chereji et al.,
2016). Tissue was homogenized in 500uL of crosslinking buffer (60mM KCI, 15mM NaCl, 4mM
MgCl12, 15mM HEPES pH 7.6, 0.5mM DTT, 0.5% Triton X-100, protease inhibitor (100X), 2%
formaldehyde) and incubated at room temperature for 15 minutes. Crosslinking was quenched with
50uL of 2.5M of glycine and incubated at room temperature for 5 minutes. Samples were washed
twice in crosslinking buffer and twice in D1 buffer (25% glycerol, 5SmM Mg Acetate, S0mM Tris
pH 8.0, 0.1mM EDTA, 5SmM DTT) and resuspended in 1mL of MNase buffer (60mM KCI, 15mM
NaCl, 15mM Tris pH 7.4, 0.5mM DTT, 0.25M sucrose, 1.0mM CaCl2). 10units MNase (70196Y,
Affymetrix) was added to sample tubes and incubated at 37 °C for 30 minutes. Reaction was
quenched with EDTA (final 12.5mM) and SDS (final 0.5%). Samples were equilibrated with NaCl

(final 140mM) and incubated with RNaseA (10mg/mL) at 37 °C and then overnight with



proteinase K (10mg/mL) at 65 °C and then 15 minutes at 75 °C the next day. DNA was purified

via QIAquick PCR Purification Kit and stored at —20 °C.

Quantitative PCR

Purified DNA was used to prepare PCR reaction mixes according to DyNAmo Flash SYBR Green
gPCR Kit (ThermoFisher Scientific). Samples were run using Bio-Rad C1000 Thermal Cycler
CFX96 Real-Time system. Primers were made to the EcR.1, EcR.2, and EcR.3 enhancer sites as
well as to the B site (Boulanger et al. 2011) of the ecr locus (IDT). Additionally, positive and
negative control primers were made to the TSS of fkh and the shi promoter site, respectively (IDT).
For control and RNAi knockdown analysis, values were adjusted for input at each primer set and
AAC(t) values were calculated by subtracting the adjusted AC(t) value of each primer set from the
corresponding AC(t) IgG control. Fold change in expression was calculated from AAC(t) values.

Each experiment was performed in triplicate with at least three biological replicates.

Behavioral testing

To evaluate learning and memory, the canonical fly courtship behavior was used as a
readout in an associative conditioning assay described by Siegel and Hall (Siegel and Hall, 1979).
Virgin male flies (0 to 6 hours following eclosion) were collected in individual food vials and aged
5 days. Similarly, virgin female wild-type flies were collected, transferred to collective food vials,
and aged 5 days. 24 hours before assessment, virgin wild-type females were mated individually
using wild-type males. These flies were subsequently separated from virgin females. This
behavioral test was executed in a separate room kept at 25°C and 50% humidity, recorded using a

Sony DCR-SR47 Handycam with Carl Zeiss optics, and illuminated from below using a constant



115V white light transilluminator. Genotypes of each male were blinded on the day of the assay
and all fly transfers were performed without anesthesia. Aged male flies were transferred to mating
chambers (Aktogen) each containing a portioned-off mated female fly. Flies were allowed to
acclimate for 2 minutes before the assay. Training was recorded and commenced for 60 minutes.
After, the male fly was transferred to a clean mating chamber containing a portioned-off virgin
female fly. After a 2-minute acclimation period, the divider was removed, and immediate recall
was recorded for 10 minutes. Shams experienced the same manipulations however these aged
males were not exposed to any fly during the training portion. Digital video analysis of the time
spent courting was performed using iMovie software (Apple). Courtship indices were calculated

by total time observed performing courtship behaviors divided by total time assayed.

Statistical analysis

All statistical analyses were performed using GraphPad Prism (v. 7.03). Significance was
determined at the 95% confidence interval. Unpaired student's #-test was used for all experiments,
except pupal pruning analysis (utilized two-way ANOVA test) and the learning portion of the
associative conditioning assay (utilized paired student's z-test). Statistical significance in figures is
represented by * =p <0.05, ** =p <0.01, *** =p <0.001, **** =p <0.0001. Error bars represent

the standard error of the mean (SEM).
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