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ABSTRACT Transcription factors (TFs) have emerged as essential cell autonomous mediators of subtype specific dendritogenesis;
however, the downstream effectors of these TFs remain largely unknown, as are the cellular events that TFs control to direct
morphological change. As dendritic morphology is largely dictated by the organization of the actin and microtubule (MT)
cytoskeletons, elucidating TF-mediated cytoskeletal regulatory programs is key to understanding molecular control of diverse dendritic
morphologies. Previous studies in Drosophila melanogaster have demonstrated that the conserved TFs Cut and Knot exert combina-
torial control over aspects of dendritic cytoskeleton development, promoting actin and MT-based arbor morphology, respectively. To
investigate transcriptional targets of Cut and/or Knot regulation, we conducted systematic neurogenomic studies, coupled with in vivo
genetic screens utilizing multi-fluor cytoskeletal and membrane marker reporters. These analyses identified a host of putative Cut and/or
Knot effector molecules, and a subset of these putative TF targets converge on modulating dendritic cytoskeletal architecture, which
are grouped into three major phenotypic categories, based upon neuromorphometric analyses: complexity enhancer, complexity
shifter, and complexity suppressor. Complexity enhancer genes normally function to promote higher order dendritic growth and
branching with variable effects on MT stabilization and F-actin organization, whereas complexity shifter and complexity suppressor
genes normally function in regulating proximal-distal branching distribution or in restricting higher order branching complexity,
respectively, with spatially restricted impacts on the dendritic cytoskeleton. Collectively, we implicate novel genes and cellular programs
by which TFs distinctly and combinatorially govern dendritogenesis via cytoskeletal modulation.
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EURONS are highly polarized cells comprised of two

structurally and functionally distinct processes, the axon,
which relays signals to other neurons, and the dendrites,
which receive signals from other neurons. Since dendrites
are the primary site of synaptic input and signal integration,
with dendritic size and the range of arborization patterns
affecting connectivity, the regulation of dendritic growth and
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branching is extremely important for the establishment of
functional neuronal networks (Lefebvre et al. 2015).
Genetic and molecular studies have demonstrated that the
acquisition of class-specific dendrite morphologies is medi-
ated by complex regulatory programs involving intrinsic fac-
tors and extrinsic cues (Jan and Jan 2010; Puram and Bonni
2013; Tavosanis 2014; Nanda et al. 2017). Many of these
factors are part of, or activate, signaling pathways that even-
tually converge on the neuronal actin and microtubule (MT)
cytoskeletons. These cytoskeletal elements form the scaffold
around which cell shape is built, and the tracks along which
intracellular components are transported (Rodriguez et al.
2003). Despite recent progress in dissecting the roles of tran-
scription factor (TF) activity in regulating dendritic cytoskeletal
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architecture (Jinushi-Nakao et al. 2007; Ye et al. 2011; Iyeret al.
2012; Nagel et al. 2012), much remains unknown regarding the
molecular mechanisms via which TFs spatio-temporally modu-
late cytoskeletal dynamics to direct developing and mature ar-
bor morphologies (Santiago and Bashaw 2014). Understanding
how such changes in cytoskeletal control lead to specific
changes in emergent neuron shape can be facilitated by com-
putational simulations (Samsonovich and Ascoli 2005), espe-
cially if directly and bidirectionally linked with imaging-driven,
systems-level molecular investigations (Megason and Fraser
2007).

Intriguingly, two TFs, Cut (Ct) and Knot (Kn), have been
shown to synergize in promoting class IV (CIV) da neuron-
specific arbor morphology by each exerting distinct regulatory
effects on the dendritic cytoskeleton (reviewed in Nanda et al.
(2017)). Ct, a member of the evolutionarily conserved CUX
family of TFs, is a homeodomain-containing molecule with
functional roles in external sensory organ cell fate specifica-
tion (Bodmer et al. 1987; Blochlinger et al. 1988, 1990),
class-specific da neuron dendrite morphogenesis (Grueber
et al. 2003a), and dendritic targeting of olfactory projection
neurons (Komiyama and Luo 2007). Ct regulates dendritic
diversity among da sensory neurons in an expression-level-
dependent manner. Ct protein expression in da neurons is
highest in class III (CIII) neurons, followed by medium and
low expression levels in CIV and class II (CII) neurons,
respectively, and is undetectable in class I (CI) neurons
(Grueber et al. 2003a). Genetic disruption of ct leads to se-
vere reductions in dendritic arbor complexity, particularly the
formation of actin-rich structures such as short, unbranched
dendrites. Conversely, ectopic misexpression of Ct in CI neu-
rons results in supernumerary branching and the de novo
formation of F-actin-rich dendritic filopodia converting typi-
cal CI dendritic morphology toward the characteristic fea-
tures of CIII neurons (Grueber et al. 2003a). In mammals,
Cux1/Cux2, the vertebrate homologs of Ct, also function in
regulating dendritic branching, spine morphology, and syn-
aptogenesis in the mammalian cortex revealing the Ct/Cux
molecules have evolutionarily conserved roles in dendritic
development and maturation (Cubelos et al. 2010; Li et al.
2010).

Similarly, the Collier/OIf1/EBF (COE) family TF Kn, which
is exclusively expressed in CIV neurons, endows these neurons
with an expansive and highly branched dendritic arbor by
promoting MT-dependent branching and elongation. As with
ct defects, loss of kn function in CIV neurons leads to signif-
icant reductions in dendritic growth and branching resulting
in rudimentary arbor complexity, and conversely, ectopic mis-
expression of Kn in CI da neurons promotes supernumerary
higher order branches coupled with excessive dendrite
branch elongation (Hattori et al. 2007; Jinushi-Nakao et al.
2007; Crozatier and Vincent 2008).

The combinatorial action of Ct and Kn in specifying class-
specificarbor shapes is achieved, atleast in part, by differential
regulatory effects on the F-actin and MT cytoskeletons
(Jinushi-Nakao et al. 2007). Furthermore, Kn and Ct exert
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their effects on the dendritic cytoskeleton through primarily
parallel pathways. Ct, acting via Racl, promotes the forma-
tion of actin-rich dendritic filopodia, whereas Kn promotes
the expression of the MT severing protein Spastin, which is
thought to generate new sites for MT polymerization thereby
promoting branch initiation, elongation, and arbor complex-
ity (Jinushi-Nakao et al. 2007). Interestingly, the Kriippel-like
TF Dar1, which is expressed in all da neuron subclasses, is
required for Kn-mediated dendritogenesis and appears to re-
strict Spastin expression to achieve proper levels of this mol-
ecule in promoting dendritic growth (Ye et al. 2011). In CIV
neurons, Kn suppresses Ct-induced actin-rich dendritic filo-
podial formation contributing to cell-type specific arboriza-
tion, whereas in CIII neurons, Ct promotes the formation of
these structures (Jinushi-Nakao et al. 2007). Moreover, Kn
does not function in regulating Ct protein levels, however Ct
controls the amplitude of Kn expression (Jinushi-Nakao et al.
2007). Despite recent advances, much remains unknown re-
garding the identity and function of putative targets of Ct
and/or Kn, and while these molecules exert combinatorial
synergistic effects on sculpting the dendritic cytoskeleton
and promoting dendritic diversity, there are, as yet, no identi-
fied convergent transcriptional targets, nor do we have a com-
plete picture of the potential cellular programs that these TFs
modulate to direct cell-type-specific dendrite development.

Here, we address these knowledge gaps by specifically
focusing on transcriptional programs that are directed by Ct
and/or Kn via combined neurogenomic analyses, bioinfor-
matics, genetic screens, and cytoskeletal reporter studies of
putative target function in regulating dendritic architecture.
We implicate a broad cross-section of molecules by which
these important transcriptional regulators govern dendritic
development and cytoskeletal regulation, and reveal unique
and combinatorially regulated targets that contribute to den-
dritic diversification.

Materials and Methods
Drosophila strains

Drosophila stocks were reared at 25° on standard cornmeal-
molasses-agar media. Fly strains used in this study were
obtained from Bloomington (UAS-RNAi TRiP lines) and the
Vienna Drosophila Research Center (UAS-RNAi GD and
KK lines). Additional stocks included: GAL4%21 UAS-mCDS8::
GFP; GAL4%77 UAS-mCD8::GFP/CyO,tubP-GAL80;GAL4PPx- 1.2,
UAS-CD8::GFP; GAL4*7;ppk-CD4::tdTomato; ppk-CD4::tdTomato
(Han et al. 2011); ppk::EGFP (Grueber et al. 2003b); UAS-
ct/CyO,tubP[GAL80]; GAL4?21 UASmCD8::GFP; UAS-kn/
CyO,tubP[GAL80];GAL4??! UASmCD8::GFP; UAS-GMA::GFP;
GALA#”7 UAS-mCherry::Jupiter (Trunnell et al. 2015); w, elav©1>>-
GAL4,UASmCDS8GFP,hsFLP; FRT¢!3 tubP-GAL80 (2R MARCM);
P{ry[+t7.2]=hsFLP}! P{w[+mC]=tubP-GAL8O} 1, w[*], P{ry
[+t7.2]1=neoFRT}%4; P{w[+mW.hs] =GawB}®@80 p{y[+mC]=
UAS-mCD8::GFP.LY*>, P{w[+mC]=SOP-FLP}”3/CyO (X MARCM,;
Shimono et al. 2014); P{w[+m*]=GAL4}>%0, P{w[+mC]=
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UASVenus.m}!, P{w[+mC]=SOP-FLP}*; P{ry[ +t7.2]=neoFRT}*P,
P{w[+mC]=tubP-GAL80}'12/Cy0O, y[+] (2R MARCM,;
Shimono et al. 2014); P{w[+m*]1=GAL4}>%°, P{w[+mC]=
UASVenus.m}!, P{w[+mC]=SOP-FLP}*?; P{ry[+t7.2]=neoFRT}5%8,
P{w[+mC]=tubP-GAL80}"3/TM6C, Sb[1], Tb[1] (3R MARCM,;
Shimono et al. 2014); Oregon-R was used as a wild-type
strain. As available, a minimum of two gene-specific UAS-
RNA:i lines were used for mitigating off-target effects, and
crosses were performed at 29°. Supplemental Material,
Table S1 provides a list of all genotypes by figure and
panel. Table S2 provides a list of all UAS-IR transgenes,
mutant alleles, and overexpression transgenes used in this
study.

Cell isolation, purification, microarray expression
profiling, and qRT-PCR

The isolation and purification of da neurons was performed as
previously described (Iyer et al. 2009; S. C. Iyer et al. 2013;
E. P. Iyer et al. 2013) with minor modifications . Briefly, 40—
50 age-matched third instar larvae expressing mCD8::GFP
under the control of the class I GAL4?2! driver, in the presence
or absence of UAS-ct or UAS-kn, were collected and washed
several times in ddH20. The larvae were then rinsed in
RNAse AWAY and double-distilled water (ddH20) and finally
dissected. The tissue was then dissociated to yield single cell
suspensions, which were filtered using a 30-..m membrane.
The filtrate was then incubated with superparamagnetic
beads (Dynabeads MyOne Streptavidin T1, Invitrogen, Carlsbad,
CA) coupled with biotinylated mouse anti-CD8a antibody
(eBioscience) for 60 min. Finally, the da neurons plus mag-
netic bead complex were separated using a powerful mag-
netic field. The isolated neurons were washed at least five
times with PBS to remove any potential nonspecific cells, and
the quality and purity of isolated neurons was assessed under
a stereo-fluorescent microscope equipped with phase con-
trast for examining the number of fluorescent (GFP-
positive) vs. nonfluorescent (GFP-negative) cells. Only if
the isolated cells were free of cellular debris and nonspecific
(i.e., nonfluorescing) contaminants were they retained. The
purified class I neuron populations (control; ectopic Ct; ec-
topic Kn) were then lysed in SuperAmp (Miltenyi Biotec)
RNA lysis buffer followed by storage at —80°. Messenger
RNA (mRNA) isolation, amplification, labeling, and micro-
array hybridization were conducted by Miltenyi Biotec.
Two hundred fifty nanograms of complementary DNAs
(cDNAs) were used as a template for Cy3 labeling followed
by hybridization to Agilent whole Drosophila melanogaster
genome oligo 4 X 44 K microarrays. All microarray analyses
were performed in triplicate. qRT-PCR analyses were per-
formed in quadruplicate as previously described (S. C. Iyer
et al. 2013) using prevalidated Qiagen QuantiTect Primer
Assays (Qiagen, Germantown, MD) for the following genes:
cut (QT00501389), dmn (QT00500717), cpb (QT00927731),
CCT2 (QT00918806), wdb (QT00984067), Cdlc2 (QT00927605),
RhoGAP18B (QT00925113), cpa (QT00951342), ctp (QT00498183),
RpL36A (QT00932155), msps (QT00975919), SkpA (QT00495845),

knot (QT00502005), Ank2 (QT00960064), T-cp1 (QT00980007),
and RpL7 (QT00932155). Expression data were normalized
against RpL32 (QT00985677) or GAPDH2 (QT00922957)
and are reported as the mean fold change in expression.

Neurogenomic analyses

Bioinformatic and statistical analyses of microarrays
were performed essentially as previously described
(Bhattacharya et al. 2014) with additional statistical analyses
(described below). Briefly, Agilent Feature Extraction Soft-
ware was used to read out and process the triplicate micro-
array image files. The software was used to determine feature
intensities and perform background subtraction, reject out-
liers, and calculate statistical confidences. The raw data were
quantile normalized and only those gene probes which are
flagged as positive and significantly expressed above back-
ground are selected for further analysis. Microarray data, in-
cluding metadata, raw data, and quantile normalized data
sets have been deposited into the Gene Expression Omnibus
(GEO) under accession number GSE83938. Differential ex-
pression analysis is then performed on these normalized data
using three different methods: t-test, Limma (Ritchie et al.
2015), and GeneSpring GX (Agilent Technologies). While
t-test is a hypothesis test, Limma uses linear models, with em-
pirical Bayesian methods to get the differentially expressed
genes. GeneSpring, on the other hand, uses ANOVA to per-
form these analyses. The output change in differential
expression is fold change for GeneSpring and Limma,
whereas for t-test it is t-value. Adjusted P-value was calcu-
lated for t-test analysis using p.adjust function in R, whereas
GeneSpring and Limma provide adjusted P-value as an out-
put. A threshold false discovery rate (FDR) corrected P-value
of <0.05 (Benjamini and Hochberg 1995) and a fold change
of > +1 (for overexpressed) and < —1 (for underexpressed)
were considered for Limma and GeneSpring, whereas for the
t-test a t-value of > +1 and value < —1 were considered.
Genes discovered in >1 method were considered for further
analysis. The functional annotation tool DAVID (Huang et al.
2009a,b) was used to cluster targets based on their biological
functions.

Phenotypic screening and live image
confocal microscopy

Virgin GAL4%77 UAS-mCD8::GFP/CyO,tubP-GAL80; GAL4PPk-1.9,
UAS-mCD8::GFP (CIV-GAL4) were crossed to individual, gene-
specific UAS-RNAI transgenic males (Table S2) or out-crossed
to wild-type Oregon-R males as control, followed by rearing at
29°. Each gene-specific UAS-RNAI strain was assigned a ran-
domly generated numerical code and screening was conducted
double-blind to the identity of the gene targeted by the UAS-
RNAi construct. MARCM clonal and mutant allele pheno-
typic analyses were performed as previously described and
compared to their respective controls (S. C. Iyer et al. 2013;
Gokhale et al. 2016). Six to ten fluorescent third instar larvae
were analyzed by genotype via live image confocal microscopy
and representative image data were collected. For live confocal
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analyses, larvae were placed on a microscope slide, immersed in
1:5 (v/v) diethyl ether to halocarbon oil and covered with a 22 X
50 mm glass coverslip. Neurons expressing fluorescent protein
transgenes were visualized on a Zeiss LSM 780 confocal micro-
scope. Images were collected as z-stacks using a 20X dry objec-
tive at a step-size of 1.0-2.0 pm and 1024 X 1024 resolution.

Neurometric quantification

Maximum intensity projections of the Z-stacks were exported
as a jpeg or TIFF using Zen-blue software. Once exported,
images were manually curated to eliminate nonspecific auto-
fluorescent spots such as the larval denticle belts using a
custom designed program, Flyboys. Images were processed
and skeletonized as previously described (E. P. Iyer et al.
2013). Quantitative neurometric information including total
dendritic length and total dendritic branches was extracted
and compiled using custom Python algorithms freely avail-
able upon request. The custom Python scripts were used to
compile the output data from the Analyze Skeleton ImageJ
plugin and the compiled output data were imported into
Excel (Microsoft). Neurometric data were analyzed in Micro-
soft Excel and statistical tests were performed and plotted in
GraphPad Prism 7. For Sholl analysis, we used NeuronStudio
(Wearne et al. 2005) to plot the density profiles of branches
as a function of distance from the cell soma and to determine
the peak of maximum branch density (critical value/# of in-
tersection) and its corresponding radius. Proportion coverage
analyses were performed using an internal coverage macro
plugin for ImageJ (https://github.com/JamesCSears/Internal-
Coverage-Macro) (Sears and Broihier 2016). In these analyses,
we employed a 10 X 10 pixel grid on the image, and quanti-
fication of coverage is defined as the proportion of grid boxes in
which there is dendritic arbor against the total number of grid
boxes. For reversed Strahler analysis of dendritic membrane
images, we used a FIJI plugin (http://fiji.sc/Strahler Analysis)
to analyze the skeletonized images by iteratively pruning ter-
minal branches and counting branch number in each iteration,
where terminals are defined as branch order 1.

Next generation multichannel neuronal reconstructions,
benchmarking, and visualizations

The two channel (GFP for F-actin and RFP for MT) image
stacks (.czi file format) of da neurons from all the genetic lines
were first processed in FIJI (Schindelin et al. 2012) where a
third pseudochannel was created by adding the signals from
the two original channels. These new files with three chan-
nels were then imported to Vaa3D (Peng et al. 2014), and the
third pseudochannel was manually reconstructed into the
SWC file format (Cannon et al. 1998). These initial traced
SWC files and the image stacks were then reopened in Neu-
tube (Feng et al. 2015), and additional tracing, editing, and
quality checks were conducted. Remaining topological errors
were programmatically repaired in batch, by building small
custom scripts within the TREES toolbox (Cuntz et al. 2010)
package in the MATLAB environment (MathWorks, Natick,
MA). The corrected reconstruction files and the image stacks
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were used as input in Vaa3D plugin to create multichannel
ESWC files that represent the morphology along with the
intensity and volume occupied by each channel. Then the
internal and external structural features were quantified us-
ing L-Measure (Scorcioni et al. 2008). Reversed Strahler or-
der based cytoskeletal quantification of ESWC files was
carried out in a new analysis program built using TREES
toolbox functions (Cuntz et al. 2010). MT or F-actin quantity
of a compartment is defined as (the relative signal intensity
of the compartment) X (the volume of the compartment) X
(the fraction of the volume occupied by the MT or F-actin
signal). Total relative quantity of MT or F-actin has been
quantified against path distance from the soma at 40-wm
intervals (binning).

To perform benchmark tests of whether the multichannel
plugin measures the intensity values correctly for arbor-wide
cytoskeletal distributions, we created an artificial three-
channel image stack (representing MTs, F-actin, and a third
channel, which is a merge of the first two) containing a
surrogate dendritic branch (cylinder). We assigned arbitrary
intensity values (between 0 and 255) to all of its voxels. The
voxels in the image stack are isotropic in shape and 1 pm in
length in each of its three dimensions. The overall image
stack dimensions are 512*512*7, and the length of the sur-
rogate cylinder is 100 pwm, with the radius of 2.5 pwm. Since
we assigned the voxel intensities ourselves, we knew the in-
tensity values (between 0 and 255) of all the voxels that
make up that cylinder. We then traced the artificial dendritic
cylinder and created an ESWC file using our multichannel
plugin. We then compared the intensity distribution (against
path distance) of the generated ESWC (for both the green/
F-actin and the red/MT channels) against known distribu-
tions of the artificially created surrogate cylinder (Figure
S7, A-D in File S1).

To generate visual representations showing the relative
distributions of F-actin and MT cytoskeletal elements in a
binary fashion, as either high vs. low (see Figure S6, M and N
in File S1) by genotype, we created a total of four (2*2)
possible combinations (MT and F-actin high; MT high and
F-actin low; MT low and F-actin high; MT and F-actin low).
Here, we normalize each compartment’s intensity based on
the relative volume (values ranging from O to 1) occupied by
the particular signal and its normalized average voxel inten-
sity (0-255, normalized to 0-1) within that compartment.
For example, if a GFP/F-actin signal occupies 100% of the
overall structure of a dendritic compartment (i.e., the GFP
signal is present in all of the voxels that make up that den-
dritic compartment), and all the voxels have the maximum
intensity value of 255, then the F-actin intensity value
assigned to that compartment is 1*1 = 1. If the signal oc-
cupies 50% of the overall compartment, and the average in-
tensity is 127.5 (half of maximum possible intensity), then
F-actin intensity value assigned to that compartment is
0.5*0.5 = 0.25. The volume of the compartment is repre-
sented by the thickness of the branches. Each dendritic (or
somatic or axonal) compartment in a neuron reconstruction
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is a cylinder defined by two points/two rows (start point and
end point of the cylinder) and the radius value of the end
point in basic SWC files (Cannon et al. 1998).

Statistics

Error bars reported in the study represent SEM. Analyses were
performed using either ANOVA with correction for multiple
comparisons using FDR of Benjamini, Kriega, and Yekutieli, or
Student’s t-test for comparing two groups. All data sets were
tested for normality (Shapiro-Wilk normality test) and homoge-
neity of variance (Bartlett’s test or F test) before statistical analysis.
Heatmap to show sample correlation was done with gplots
(Warnes et al. 2016) package of R Core Team (2014). Signif-
icance scores were: */# P < 0.05, ** P < 0.01, *** P < 0.001.

Data availability

All the new genotypes presented here are available upon
request. The microarray data are available for download at
GEO GSE83938. Digital reconstructions of neuronal morphol-
ogy have been deposited into the NeuroMorpho.Org database
(Ascoli 2006) for public distribution under the Cox and Ascoli
archives.

Results

Neurogenomic dissection of Ct and Kn
transcriptional effectors

The TFs Ct and Kn have been demonstrated to regulate
dendritic morphogenesis and to contribute to dendritic di-
versification among complex CIII and CIV da neurons
(reviewed in Tavosanis (2014), Nanda et al. (2017)). More-
over, recent advances have begun to dissect the regulatory
programs these TFs govern in directing dendritogenesis, in-
cluding cytoskeletal regulation. While previous studies have
investigated Kn transcriptional targets via DamlID analyses of
in vivo Kn binding sites in embryos and microarray analyses of
pan-da overexpression of Kn (Hattori et al. 2013), genome-
wide analyses of Ct-mediated transcriptional targets in da
neurons have not been reported. To extend these previous
analyses, we implemented unbiased genome-wide neuroge-
nomic analyses of transcriptional regulatory programs medi-
ated by Ct and/or Kn that operate in da neurons to modulate
dendritic architecture. The overall neurogenomics strategy is
summarized in Figure S1 in File S1. We capitalized on the
observation that neither Ct nor Kn are normally expressed in
CI da neurons and thus ectopic misexpression of Ct or Kn in CI
neurons provides a platform for comparative analyses of Ct-
or Kn-mediated gene expression relative to control CI neu-
rons. This strategy avoids potential confounds that may arise
from overexpression in all da neurons or individual classes
that normally express Ct or Kn. Microarray analyses were
conducted in triplicate with a high degree of correlation be-
tween replicates, and with Ct- or Kn-expressing CI neuron
profiles exhibiting higher correlation levels to each other,
relative to control CI neurons (Figure 1A). Differential expres-
sion analyses of microarray gene expression were performed

using three different methods: (i) a two sample Hypothesis
test (t-test); (ii) a one-way ANOVA followed by a Fold
Change Calculation (GeneSpring); and (iii) a linear model
fit approach (Linear Model for Microarray Data; Limma)
(Ritchie et al. 2015). Venn diagrams reveal the number of
common and unique differentially expressed target genes
identified by these three distinct statistical methods for
Ct-expressed genes (Figure 1B and File S2) or Kn-expressed
genes (Figure 1C and File S3). Differences between the inter-
sections of the statistical analyses are due to the nature of the
statistical analysis performed and variability in stringency.
Genes appearing in >1 statistical method were considered as
eligible candidates for further analyses. The differentially
expressed genes from the Kn microarray analyses were also
cross-referenced with DamID data sets (Hattori et al. 2013)
for TF binding to the putative genes’ promoter region. These
analyses revealed that ~27% of the genes identified from our
Kn microarray analyses overlapped with the DamID data set
shedding potential regulatory insights on putative effector
genes as direct vs. indirect Kn targets (File S4). The differen-
tially expressed genes lists were then used as an input for
functional annotation using DAVID to identify enriched cellu-
lar programs or biological processes (File S2 and File S3). Gene
Ontology (GO) analyses conducted via DAVID identified
enrichment for genes implicated in a variety of cellular and
biological processes including neuronal and cytoskeletal func-
tions, which were of particular interest for this study given the
roles of Ct and Kn in modulating dendritic architecture and the
importance of cytoskeletal architecture in directing dendrite
morphology (File S2 and File S3). To simplify the visualiza-
tion, we clustered GO functional annotation terms for Ct and
Kn under broader parent terms (Figure 1, D and E). From the
lists of Ct and/or Kn differentially expressed genes that satis-
fied the above described statistical considerations and were
linked to GO terms for neuronal and/or cytoskeletal function,
we narrowed the pool of candidates for more detailed analyses
to 49 putative target genes. These putative targets were se-
lected based upon sampling genes involved in various aspects
of neuronal and cytoskeletal development/function and omit-
ting genes that had been previously characterized with respect
to functions in larval dendritic development to avoid duplica-
tion (Table S2). A summary of major GO terms associated with
these genes reveals their links to neuronal and cytoskeletal
processes, as well as additional cellular functions for select
genes that are associated with multiple GO terms (Figure S2
in File S1).

Genetic screen and phenotypic analyses of
neurogenomic targets of Ct and Kn

The candidate target genes identified from neurogenomic and
statistical analyses were functionally validated via an in vivo
RNAI genetic screen coupled with mutant and overexpression
analyses for selected genes. Given that these candidate genes
were identified via ectopic expression in CI neurons, we
sought to test their putative functional roles in CIV neurons
that normally express both Ct and Kn. To avoid any screening
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bias, all transgenic RNAI lines were screened double-blind to
the identity of the gene being analyzed and phenotypic anal-
yses were performed at the third instar larval stage of devel-
opment. In this study, we recorded over 1100 neuronal CIV
images for knockdown phenotypes coupled with neuromor-
phometric analyses. The key morphological features that
were analyzed included total dendritic length, total dendritic
branches, number of branches as a function of distance from
the soma (Sholl), field coverage (proportion covered), and
branch order distribution (reversed Strahler).

Genetic screening identified putative target genes that
were differentially regulated by Ct and/or Kn and that either
suppressed or enhanced Ct- and/or Kn-mediated regulation
of CIV da neuron dendrite morphology. The genes uncovered
in our screen cover a broad range of biological functions
including cytoskeletal regulation, ribosomal regulatory func-
tion, neurogenesis, MT-based transport, autophagy, den-
dritic development, and chaperonin activity (Figure S2 in
File S1). Collectively, quantitative neuromorphometric analyses
revealed that ~70% of the genes screened had a significant
phenotypic effect on CIV dendritic architecture (Figure S3
in File S1). Among these phenotypic hits, we identified
groups of genes where knockdown resulted in one of three
major phenotypic categories based on defects observed in

1406 R. Das et al.

dendritic arborization and denoted these as follows: (1) com-
plexity enhancer; (2) complexity shifter; and (3) complexity
suppressor. These putative downstream Ct and/or Kn target
effector molecules were then selected for further analyses.

Complexity enhancer genes

Disruption of genes that fall in this category (RpL7, RpL36A,
dmn, msps, T-cpl, and CCT2) leads to a severe reduction in
total dendritic complexity, which is manifested by the reduc-
tions in both total dendritic branches and concomitant reduc-
tions in total dendritic length, as well as proportion coverage
(Figure 2, A-D). Morphologically, RpL7-IR, RpL36A-IR, and
dmn-IR knockdowns produced similar reductions in arbor
morphology, characterized by a loss of higher order branch-
ing (Figure 2A). Moreover, knockdown of these genes led to
the presence of short, fine dendrites emanating from lower
order branches in the region proximal to the soma, whereas
higher order branching distal to the soma (termini) was sup-
pressed relative to controls (Figure 2A and Figure S4A in File
S1). For example, RpL7-IR, RpL36A-IR, and dmn-IR neurons
completely lacked Strahler order 1 (terminal) dendrites as
compared to controls (Figure S4A in File S1). Consistent with
these findings, analyses of proportion covered likewise
revealed significant reductions in field coverage (Figure
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2D). While no mutant alleles are available for RpL7 or
RpL36A, MARCM clonal analyses of dmn mutants revealed
a phenocopy of defects observed with dmn-IR (Figure 2,
A-D). Similarly, knockdown of msps, T-cp1, and CCT2 led
to similar dendritic defects that likewise suppressed higher
order dendritic terminal branching, overall growth, and pro-
portion coverage, but exhibited clustered interstitial branch-
ing at an intermediate location along the proximal-distal axis
relative to the soma (Figure 2, A-D and Figure S4A in File
S1). Although no loss-of-function CCT2 alleles were avail-
able, we analyzed heterozygous mutant alleles for msps and
T-cp1 as homozygotes were lethal prior to the third larval
instar stage. Phenotypically, these heterozygous alleles were
not as severe as the RNAi knockdowns (Figure 2A), although
both msps and T-cp1 heterozygotes exhibited reductions in
dendritic branching and total growth (Figure 2, B and C);
however, only msps heterozygotes had a reduction in propor-
tion coverage (Figure 2D).

To quantify effects on dendritic branch distribution, Sholl
analyses were used to plot the density of profiles of branches
as afunction of distance from the soma and compare the peak
of maximum branch density (critical value) and its corre-
sponding radius. Both parameters were dramatically re-
duced in all complexity enhancer gene knockdowns as
compared to control (Figure 2E). RpL7-IR, RpL36A-IR,
dmn-IR, and dmn MARCM clones all exhibited a strong prox-
imal shift in the critical value and corresponding radius
(Figure 2, E and E’) whereas msps-IR, T-cp1-IR, and CCT2-
IR displayed a more moderate, albeit significant, proximal
shift in the critical value and corresponding radius consis-
tent with the phenotypic differences observed (Figure 2E).
In contrast, the msps and T-cpI heterozygous mutants did
not reveal any significant change in measured Sholl param-
eters (Figure 2E”).

As compared to the loss-of-function effects for these com-
plexity enhancer genes, overexpression analyses of available
transgenes for RpL7, RpL36A, dmn, and CCT2 revealed no
obvious effects on overall dendritic growth and branching
of CIV neurons (Figure S4, G and H in File S1), which may
be consistent with the fact that these molecules are compo-
nents of multi-protein macromolecular complexes.

To determine if these genes may also regulate axonal
development, we examined CIV axonal patterning in the
ventral nerve cord (VNC). Analysis of RpL7-IR and RpL36A-
IR revealed variable reductions in CIV axon terminal signal
intensities in the VNC; however, overall patterning of longi-
tudinal and commissural axon tracts is relatively consistent
with controls indicating that these genes may disrupt termi-
nal axon branching/elaboration, but do not appear to disrupt
axon pathfinding (Figure S5, A-C in File S1). In contrast,
disruptions in dmn, msps, T-cp1, and CCT2 do not appear to
have any gross defects in CIV axon patterning (Figure S5, A
and D-G in File S1) suggesting the phenotypic defects are
more specific to dendritic arborization. Collectively, these
data indicate that RpL7, RpL36A, dmn, msps, T-cp1, and
CCT2 promote the appropriate number and positions of
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branches along the proximal-distal axis of dendritic arbors,
and are required to promote higher order branches.

Complexity shifter genes

In contrast to the defects observed with the complexity enhancer
gene group in which dendritic terminal branching is suppressed
resulting in a loss of high order branching, we identified another
set of genes (wdb, Ank2, RhoGAP18B, and ctp/Cdic2) that when
disrupted by RNAi knockdown led to a distal shift in iterative
branching favoring clustered tufting of short dendrites near
terminals and reduced interstitial branching proximal to the cell
body (Figure 3A). Within this gene group, the one exception is
Ank2 disruption, which displayed an increase in aberrant short
dendritic branches emanating first and second order branches
relative to the cell body (Figure 3A). Morphometric analyses
revealed that RNAi knockdown of all genes in this category
exhibit significant reductions in the total number of branches,
which was also observed in MARCM clones (wdb, ctp) or het-
erozygous mutants (Ank2, RhoGAP18B) (Figure 3B). Similarly,
with the exception of Ank2 heterozygotes, loss-of-function anal-
yses for the other genes in this category revealed reductions in
total dendritic length (Figure 3C). With respect to altered
branching proximal to the cell body, proportion coverage anal-
yses revealed reductions in dendritic field coverage for most
loss-of-function conditions with the exception of Ank2-IR
where an increase in coverage was observed consistent with
the knockdown phenotype (Figure 3D). Similar to the loss-of-
function effects observed with wdb and ctp, overexpression of
these genes in CIV neurons resulted in reductions in dendritic
branching and overall growth, with features of reduced branch-
ing near the cell body in favor of clustered short dendrites at
intermediate locations between the lower order branches and
the dendritic terminals (Figure S4, D-F in File S1).

A characteristic phenotypic feature of genes in this category is
the shift in the dendritic branch distribution pattern as a function
of distance from the soma with RNAi-mediated knockdown. In
addition to standard Sholl plots depicting changes in the critical
value or corresponding radius (Figure 3, E-E™), we also plotted
the RNAIi data as the number of intersections per radial distance
from the soma to enhance visualization of the local effects on
branch distributions (Figure 3E’). These analyses revealed vari-
able effects depending upon the nature of the genetic manipu-
lation (RNAi/MARCM/heterozygous mutant) relative to their
respective controls, though in all cases there were alterations in
branch distribution for these genes. Analyses of wdb-IR, Ank2-
IR, and ctp/CdIc2-IR revealed an increase in the critical value of
peak branch density relative to controls (Figure 3E). The in-
crease in branch density appears to occur primarily in the
205- to 300-um radial distance from the soma, whereas a de-
crease in branch density occurs in the 305- to 400-um radial
distance from the soma (Figure 3E). In contrast, mutant anal-
yses of wdb MARCM clones and Ank2 or RhoGAP18B heterozy-
gous mutants revealed reductions in the critical value, and in
the case of RhoGAP18B, there was also a proximal shift in the
corresponding radius (Figure 3, E” and E”). In contrast to Sholl
analyses, reversed Strahler analyses of the genes in this
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category did not identify any significant changes in branch or-
der suggesting the altered morphology is predominantly due to
effects on branch order distribution (Figure S4B in File S1).
Relative to the defects observed in dendritic arborization,
analyses of CIV axon patterning for wdb-IR, RhoGAP18B-IR,
and ctp/Cdlc2-IR revealed largely unaffected longitudinal
and commissural axon tracts, whereas Ank2-IR appear to
have some mild disruptions (Figure S5, A and H-K in File S1).

Complexity suppressor genes

In contrast to the other two phenotypic categories, we also
identified a subset of genes that when disrupted enhanced
dendritic arborization (Figure 4A and Figure S4C in File S1).
Knockdowns of the SCF ubiquitin ligase complex component
SkpA resulted in an increase in the number of dendritic
branches, total dendritic length, and proportion coverage,
which was also observed, with the exception of total dendritic
length, for SkpA mutant MARCM clones (Figure 4, B-D). We
also identified two F-actin capping molecules, cpa and cpb,
which exhibited variable effects between RNAi knockdowns
and heterozygous mutant genetic backgrounds relative to their
respective controls. In the case of cpa-IR, we observed increases
in number of branches, total dendritic length, and proportion
coverage, whereas, surprisingly, cpa heterozygotes exhibited re-
ductions in these three categories (Figure 4, B-D). Similar to
what was observed with cpa, for cpb-IR there was an increase in
total dendritic length and proportion coverage; however, in cpb
heterozygotes there was a reduction in the number of branches
and proportion coverage (Figure 4, B-D). The differences in
phenotypic effects observed for cpa and cpb disruptions may
be due to variability between the genetic controls to which each
is compared or perhaps the degree to which gene function is
inhibited in the different genetic backgrounds (RNAi vs. hetero-
zygous mutant). In contrast to loss-of-function effects, neither
SkpA nor cpb overexpression had any significant effect on CIV
dendritic growth or branching (Figure S4, G and H in File S1).

Sholl analyses revealed a significant increase in the peak of
maximum branch density for SkpA-IR, SkpA* MARCM clones,
cpa-IR, and cpb-IR compared to control (Figure 4, E and E’).
With respect to cpa and cpb heterozygous mutants, there was
no change in the critical value, but a significant shift in the
corresponding radius where maximum branch density occurs
(Figure 4E”). Consistent with the observed phenotypic ef-
fects, reversed Strahler analyses revealed excessive higher
order branching for these genes (Figure S4C in File S1).

Analyses of CIV axon projections for SkpA-IR revealed
thickened longitudinal and commissural axon tracts (Figure
S5L in File S1), suggesting axon terminal branching may be
overelaborated, whereas cpa-IR exhibited thickened commis-
sural axons (Figure S5M in File S1) and cpb-IR appears
largely unaffected (Figure S5N in File S1).

Phenotypic and molecular validation of putative Ct and
Kn effector molecules

We hypothesized that if Ct or Kn functionally require these
putative target genes for dendritogenesis, then knockdown
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of the target gene should exhibit a suppression, or possibly
enhancement, of the dendritic phenotype that results from
ectopic misexpression depending on the nature of the reg-
ulatory relationship (positive vs. negative) between the TF
and the target gene. To test this hypothesis, CI neurons
ectopically misexpressing Ct or Kn were phenotypically
compared to CI neurons in which Ct or Kn were ectopically
overexpressed with simultaneous expression of gene-
specific RNAI for putative target genes. Consistent with this
prediction, phenotypic analyses of putative Ct targets
revealed that knockdown of RhoGAP18B, RpL36A, ctp/
Cdlc2, wdb, and msps suppressed Ct-induced dendritic
branch formation, particularly short dendritic filopodia, as
well as dendritic growth as compared to control neurons
misexpressing Ct alone (Figure 5, B-G and Figure S6, A
and B in File S1). These findings indicate that these pu-
tative downstream effectors are required in promoting
Ct-mediated dendritic branching and growth. In contrast,
one putative Ct target, SkpA, exhibited an enhancement of
the Ct ectopic expression phenotype leading to an overall
increase in branching complexity and dendritic growth (Fig-
ure 5J and Figure S6, A and B in File S1), suggesting that Ct
regulates the expression of SkpA to restrict filopodial forma-
tion and dendritic branching/growth. In the case of cpa and
cpb, while we did not observe a statistically significant change
in the total number of dendritic branches, we observed sig-
nificant reductions in total dendritic length (Figure 5, H and I
and Figure S6B in File S1). To further examine the regulatory
relationships between Ct and putative target genes identified
by the microarray and genetic interaction studies, we per-
formed qRT-PCR analyses on isolated CI neurons ectopically
expressing Ct vs. control CI neurons. These analyses con-
firmed that Ct positively regulates many of the putative target
genes, but interestingly, negatively regulates SkpA (Figure
5R).

Similarly, putative Kn-regulated genes that were positive
hits from the CIV phenotypic analyses were examined to assess
their requirement for Kn-mediated supernumerary branching
and increased dendritic growth observed with Kn ectopic
expression in CI neurons. Knockdown of the putative Kn target
genes RpL7 and RpL36A results in a strong suppression of
Kn-mediated dendritic growth and branching returning mor-
phology to nearly wild type for CI vpda neurons (Figure 5, A,
K, O, and P and Figure S6, C and D in File S1). Similarly, we
observed significant suppression of total dendritic length
with wdb-IR, Ank2-IR, RhoGAP18B-IR, and T-cp1-IR expres-
sion relative to Kn ectopic misexpression alone (Figure 5, K-N
and Q and Figure S6D in File S1), whereas reductions in the
total number of branches were observed for only Rho-
GAP18B-IR, RpL7-IR, and RpL36A-IR (Figure S6C in File
S1). With respect to the regulatory relationship between Kn
and these putative targets, qRT-PCR analyses confirmed sig-
nificant upregulation for all of these genes consistent with the
microarray studies (Figure 5R).

Collectively, these analyses, in combination with CIV-
specific phenotypic studies, suggest a role for at least a large
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Figure 4 Phenotypic analyses of Ct and Kn neurogenomic targets: Complexity suppressor category. (A) Representative images of dendritic arborization
in controls, gene-specific RNAi knockdowns of CIV (ddaC) neurons (IR), MARCM clones, or heterozygous mutant alleles. (B and C) Quantitative analyses
measuring number of branches (B) and total dendritic length (C), for RNAi knockdown (IR), MARCM, and mutant analyses. (D) Quantification of the
proportion of 10 X 10 pixel squares covered by dendrite for a quadrant of the overall dendritic arbor (upper right quadrant relative to the cell body).
(E-E") Sholl analysis profiles where values are the mean (= SEM) for the number of intersections as a function of radius distance (Euclidean) from the cell
body (zero), where * and # refer to the significance scores for the critical value and the corresponding radius, respectively. Statistical tests performed in:
(B-E") one-way ANOVA with FDR correction of Benjamini, Kriega, and Yekutieli. N = 7-10 neurons, and significance scores were: * P < 0.05, ** P <
0.01, # P < 0.05. Bar, 200 pm.
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Figure 5 Phenotypic and molecular validation of putative Ct and Kn effector molecules. Relative to wild-type controls (A), Ct ectopic misexpression in Cl
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formation of de novo dendritic filopodia (B). (C-J) CI vpda neurons overexpressing Ct with simultaneous RNAi knockdown of Ct candidate target
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subset of these molecules as important downstream effectors
of Ct- and/or Kn-mediated dendritic morphogenesis.

Ct and Kn effector molecules are required for dendritic
cytoskeleton organization and stabilization

Ct and Kn have been demonstrated to exert their effects on
dendritic morphogenesis at least in part by regulation of the
arbor cytoskeleton (Jinushi-Nakao et al. 2007; Ye et al. 2011;
Iyer et al. 2012; Nagel et al. 2012; Ferreira et al. 2014). To
test the hypothesis that the putative Ct and/or Kn target
molecules we identified in our neurogenomic-driven pheno-
typic analyses may regulate dendritic cytoskeletal organiza-
tion, we implemented the use of multi-fluor-labeled
transgenic reporters to visualize F-actin and MT organiza-
tion/dynamics in combination with target molecule RNAi-
mediated knockdown using live image confocal microscopy.
This approach facilitates analyses of distinct subcellular or-
ganizations of F-actin and MT cytoskeletons in da neurons in
both control and gene-specific disruption backgrounds (Fig-
ure 6, Figure 7, and Figure 8). Dendritic arbor cytoskeleton
was visualized by using a CIV-GAL4 to drive the expression of
UAS-GMA::GFP, in which the F-actin cytoskeleton is labeled
by a GFP-tagged Moesin actin binding domain, and UAS-
mCherry::Jupiter, in which the MT cytoskeleton is labeled
by the mCherry-tagged MT associated protein Jupiter. To
verify that the F-actin and MT transgene reporters do not
themselves exert effects on dendrite development, we per-
formed comparative neuromorphometric analyses of CIV
neurons expressing cytoskeletal markers to CIV neurons
expressing a CD8::GFP dendritic membrane marker and dis-
covered no significant differences in arbor morphology (Fig-
ure S7, I and J in File S1).

While powerful methods exist to reconstruct and analyze
dendritic morphology (Parekh and Ascoli 2013), quantitative
characterization of dendritic developmental mechanisms re-
mains challenging as standard descriptions of dendritic archi-
tecture do not incorporate an explicit representation of
subcellular cytoskeletal compositions among distinct neuro-
nal subtypes. To address this, we have developed novel forms
of multichannel (e.g., cytoskeletal/cell membrane) digital re-
constructions of dendritic morphology to enable statistical
analyses of morphological changes and underlying molecular
mechanisms via which global or local modulation of the cy-
toskeleton may affect dendritic architecture. To test whether
this novel quantitative method accurately measures cytoskel-
etal intensity values correctly, we performed benchmark test-
ing of the multichannel plugin on a surrogate artificial
dendrite where all intensity values are known (see Materials
and Methods) and then compared the intensity distributions
against path distance of the multichannel reconstruction to
the artificial dendrite. The results reveal a high degree of
accuracy for the multichannel reconstruction output (Figure
S7, A-D in File S1). In assessing quantity distributions of
cytoskeletal elements, we describe changes in total F-actin
or MT relative quantities as a function of 40 pm binning (see
Materials and Methods) against path distance from soma

(across different genotypes) rather than the average relative
quantities per unit length. Therefore, the data are not nor-
malized to length in order to focus on alterations in cytoskel-
etal distributions against path distance from the soma. As
such, changes in quantity distribution for cytoskeletal signals
are independent of total arbor length. This point is illustrated
in comparisons between control and RpL7-IR CIV neurons
(Figure S7, E-H in File S1). Utilizing this approach, we can
qualitatively and quantitatively assess the distribution of cy-
toskeletal elements as a function of genotype across the den-
dritic arbor and discern primary defects a gene may have on
cytoskeletal organization (Figure 6, Figure 7, and Figure 8
and Figure S8 in File S1).

For example, in control CIV neurons, F-actin structures
extend throughout the dendritic arbor and are enriched at
dendritic terminals (Figure S8, A and E in File S1), whereas
MT signal intensity is more uniform across the arbor and
appears correlated with branch thickness such that as the
taper rate diminishes with iterative branching toward den-
dritic termini, so too does the signal (Figure S8, B, F, and J in
File S1). Moreover, F-actin displays an uneven distribution
along an arbor, as seen by presence of F-actin-rich islands
along the arbor, and presence of stronger F-actin signal at
branch points (Figure S8I in File S1). In contrast, RpL36A-
IR expression in CIV neurons leads to a severe MT defect
(Figure S8L in File S1) and exhibits a shift in F-actin distri-
bution where the majority is accumulated proximal to the cell
body relative to control distribution (Figure S8K in File S1).
The composite effects of changes in cytoskeletal distributions
and/or levels can also be visualized between genotypes to
highlight the consequences of gene perturbation on local
changes in cytoskeletal architecture (Figure S8, M and N in
File S1). Therefore, we utilized this technique to assess the
roles of putative Ct and/or Kn effector molecules in modulat-
ing dendritic cytoskeletal architecture.

Analyses of the complexity enhancer group revealed that
knockdown of these genes variably affected the organization
of actin-rich dendrite structures and had gross phenotypic
defects in MT architecture/stabilization. More specifically,
disruption of RpL36A (Figure 6, C-C”), and dmn (Figure 6,
D-D”), leads to an abnormal accumulation of F-actin-rich
branches in the proximity to soma. The predominant cyto-
skeletal defect in this gene group is changes in MTs, with
defects in RpL7 (Figure 6, B-B™), RpL36A (Figure 6, C-C”),
dmn (Figure 6, D-D), msps (Figure 6, E-E”), and CCT2
(Figure 6, F-F") severely reduced levels of MT-based den-
dritic cytoarchitecture relative to controls. Disruption of
these genes revealed overall reductions in F-actin and MT
quantities (area under the curve) when compared to control.
Comparing the critical value (maximum peak of the curve)
for relative quantities of F-actin or MTs revealed that all com-
plexity enhancer genes are significantly reduced for both cy-
toskeletal elements (Figure 6, G and H). Next, we analyzed
the distribution of the cytoskeletal components as a function
of arbor branch order (Strahler order). Reductions in F-actin
were observed from Strahler order 3 to Strahler order
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Figure 6 Cytoskeletal effects of Ct and Kn effector molecules in the complexity enhancer category. Representative images of CIV (ddaC) neurons
labeled by class-specific GAL4 expression of UAS-GMA (F-actin) (A-F) and UAS-mCherry::Jupiter (MT) (A'—F’). (A) Wild-type (B—F) gene-specific RNAi (IR)
knockdowns. Zoomed views in (A"'-F'") represent the dashed boxes in the corresponding merge panel (A”-F"). (G-J) Quantitative analyses of
multichannel next generation reconstructions of CIV neurons. (G and H) Sholl profiles of total relative F-actin quantity (G) or total relative MT quantity
(H) measured as a function of path distance from the soma. Colored asterisks report significant changes in critical value. (I and J) Total relative F-actin
quantity (1) or total relative MT quantity (J) by Strahler order distribution, where 7 = primary branch from cell body and 1 = terminal branches and values are
the mean (= SEM). Statistical tests performed in: (G and H) one-way ANOVA with FDR correction of Benjamini, Kriega, and Yekutieli; (I and J) two-way
ANOVA with FDR correction of Benjamini, Kriega, and Yekutieli. N = 3-6 neurons, and significance scores are * P < 0.05.
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Figure 7 Cytoskeletal effects of Ct and Kn effector molecules in the complexity shifter category. Representative images of CIV (ddaC) neurons labeled
by class-specific GAL4 expression of UAS-GMA (F-actin) (A-E) and UAS-mCherry::Jupiter (MT) (A'-E’). (A) Wild type, (B-E) gene-specific RNAI (IR)
knockdowns. Zoomed views in (A"'—E'") represent the dashed boxes in the corresponding merge panel (A”"-E"). (F-I) Quantitative analyses of
multichannel next generation reconstructions of CIV neurons. (F and G) Sholl profiles of total relative F-actin quantity (F) or total relative MT quantity
(G) measured as a function of path distance from the soma. Colored asterisks report significant changes in critical value. (H and I) Total relative F-actin
quantity (H) or total relative MT quantity (I) by Strahler order distribution, where 7 = primary branch from cell body and 1 = terminal branches and values are
the mean (= SEM). Statistical tests performed in: (F and G) one-way ANOVA with FDR correction of Benjamini, Kriega, and Yekutieli; (H and 1) two-way
ANOVA with FDR correction of Benjamini, Kriega, and Yekutieli. N = 3-6 neurons, and significance scores are * P < 0.05.
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Figure 8 Cytoskeletal effects of Ct and Kn effector molecules in the complexity suppressor category. Representative images of CIV (ddaC) neurons
labeled by class-specific GAL4 expression of UAS-GMA (F-actin) (A-D) and UAS-mCherry::Jupiter (MT) (A'-D’). (A) Wild type, (B-D) gene-specific RNAI
(IR) knockdowns. Zoomed views in (A"'-D"") represent the dashed boxes in the corresponding merge panel (A”"-D"). (E-H) Quantitative analyses of
multichannel next generation reconstructions of CIV neurons. (E and F) Sholl profiles of total relative F-actin quantity (E) or total relative MT quantity (F)
measured as a function of path distance from the soma. Colored asterisks report significant changes in critical value. (G and H) Total relative F-actin
quantity (G) or total relative MT quantity (H) by Strahler order distribution, where 7 = primary branch from cell body and 1 = terminal branches and values
are the mean (= SEM). Statistical tests performed in: (E and F) one-way ANOVA with FDR correction of Benjamini, Kriega, and Yekutieli; (G and H) two-way
ANOVA with FDR correction of Benjamini, Kriega, and Yekutieli. N = 3-6 neurons, and significance scores are * P < 0.05.
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1 (termini). Moreover, in RpL7-IR and RpL36A-IR neurons the
terminal order branches were completely absent (Figure 6, I
and J). However, the effects on MTs were more uniformly
distributed throughout the arbor (Figure 6J). Within this cat-
egory, select genes appeared to cluster together in terms of
their effect on these cytoskeletal components, for instance
RpL7-IR and RpL36A-IR in one cluster and the rest in the other
(Figure 6, G-J). This may suggest that these genes operate in
similar pathways/biological processes to modulate the den-
dritic cytoskeleton.

In contrast to complexity enhancer genes, those in the
complexity shifter category had no obvious defects in MT
cytoskeletal organization; however, consistent with an elab-
oration of distally tufted dendrites, wdb-IR (Figure 7, B-B”),
Ank2-IR (Figure 7, C-C”), RhoGAP18B-IR (Figure 7, D-D”),
and ctp/Cdlc2-IR (Figure 7, E-E™) neurons showed altered
organization of F-actin-populated distal dendritic branches,
suggesting a preferential role for these genes in regulating
F-actin processes. Phenotypic analyses demonstrate that dis-
ruption of these genes resulted in more evident reductions
(area under the curve) in F-actin (Figure 7, A-F) relative to
MTs when compared to control, with an exception of Ank2-IR
neurons (Figure 7, A-E and G). We observed a significant
reduction in critical value for relative F-actin quantity for
all of these genes (Figure 7F), as well as a modest proximal
shift of the overall curves suggesting a reorganization of these
cytoskeletal components. With respect to relative MT quan-
tity, only Ank2-IR neurons exhibited a significant reduction in
the critical value (Figure 7G). Strahler branch order distribu-
tion analyses revealed variable local effects on relative
F-actin or MT quantity for these genes with F-actin effects
restricted to terminal branch orders (Strahler order 1 and 2)
and MT effects to intermediate and lowest order (primary)
branch orders (Figure 7, H and I).

Finally, disruption of genes in the complexity suppressor
category lead to exuberant terminal branching/elongation.
We observed that SkpA-IR (Figure 8, B-B™), cpa-IR (Figure 8,
C-C"), and cpb-IR (Figure 8, D-D””) neurons exhibited hyper-
proliferation of F-actin-rich branches. Defects in these genes
resulted in complex, localized effects on the dendritic cyto-
skeleton. SkpA-IR or cpb-IR neurons displayed a qualitative,
albeit nonsignificant, increase in F-actin quantity (area under
the curve) (Figure 8E) that is significantly increased at ter-
minal branches (Figure 8G). In contrast, SkpA-IR and cpb-IR
neurons had a significant increase in the critical value for
relative MT quantity (Figure 8F), and SkpA-IR resulted in
spatially restricted increases in MTs, particularly at higher
(Strahler order 1) and intermediate (Strahler order 3, 4)
order branches, when compared to control (Figure 8H),
which could not have been predicted solely by qualitative
analyses (Figure 8, B-B™).

Collectively, these studies strongly implicate Ct or Kn
effectors in the complexity enhancer category in the stabili-
zation of MTs and F-actin organization, those in the complex-
ity shifter category in regulating F-actin organization on
distally localized dendrites, and those in the complexity

suppressor category in restricting F-actin-mediated terminal
dendritic branching coupled with local effects on the MT
cytoskeleton.

Discussion

Transcriptional control programs directing
cytoskeletal-mediated dendritic architecture

Proper dendritic development is a key feature in the formation
of functional neural circuitry as defects in this process have
been broadly implicated in a diverse spectrum of neuropath-
ological and neurodegenerative disease states including Alz-
heimer, Parkinson, Huntington diseases, schizophrenia, and
various muscular dystrophies. Moreover, defects in dendrito-
genesis are a common neuroanatomical pathology correlated
with cognitive impairments such as mental retardation
(Down, Rett, and Fragile X syndromes) and autism (Fiala et al.
2002; Ramocki and Zoghbi 2008; Kulkarni and Firestein
2012). Given these observations and the critical role of the
cytoskeleton in specifying and modulating dendritic shape,
characterizing the molecular genetic mechanisms that gov-
ern cell-type-specific cytoskeletal architecture is pathophy-
siologically relevant.

TF regulation represents a critical, cell autonomous mech-
anism for driving cell-type-specific dendritic diversity; how-
ever, until recently, relatively little was known of the
downstream effector pathways by which TFs exert control
over dendritogenesis, nor do we have an understanding of
the role of combinatorial TF regulation in governing neuro-
nal development (Nanda et al. 2017). Drosophila da neurons
provide a powerful neurogenetic and neurogenomic plat-
form for probing these questions. Here, we have used this
platform to uncover novel cellular and molecular mecha-
nisms by which the TFs Ct and Kn regulate cell-type specific
dendrite development, both uniquely and in a combinatorial
fashion. Our neurogenomic-driven screen has identified a
broad range of previously uncharacterized effector mole-
cules that lie downstream in the Ct and/or Kn transcrip-
tional regulatory pathways, many of which ultimately
converge on the cytoskeleton to direct dendritic architec-
ture in differential ways. Detailed phenotypic studies for a
subset of these putative effector genes revealed variable
defects in CIV dendritogenesis, and based upon phenotypic
similarities, we classified these genes into the following
groups: (1) complexity enhancer; (2) complexity shifter;
and (3) complexity suppressor. Interestingly, genes that fell
within these categories, and were transcriptional targets of
Ct and/or Kn, shared common molecular functions and
exerted similar effects on regulating the dendritic cytoskele-
ton. In addition, genes identified as downstream effectors
of Ct and/or Kn are largely evolutionarily conserved from
flies to humans, and a number of the major phenotypic hits
from the screen have human orthologs that have either
been directly linked to neuropathologies, though the mech-
anistic basis in disease etiologies is incompletely under-
stood, or the biological process the molecule participates
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in (e.g., ribosomal regulatory function) has been broadly
linked to human disease (Table S3).

Complexity enhancer group

The complexity enhancer group included the following cyto-
skeletal regulatory molecules: Dynamitin (Dmn) and Mini
spindles (Msps). Other genes in this group with major regu-
latory roles in CIV dendritogenesis were two components of
the large ribosomal subunit, RpL36A and RpL7, and two
chaperonins, T-cp1 and CCT2, which are paralogous subunits
that assemble to form a multi-subunit ring complex, the TCP-1
Ring Complex (TRiC) or Chaperonin Containing TCP-1 (CCT)
complex. Dmn (also known as DCTN2-p50) is a component of
the Dynactin complex, alarge 1.2-MDa multi-subunit complex
that associates with the cytoplasmic dynein complex to drive
MT-based transport. Msps (also known as XMAP215) is like-
wise linked to regulation of the MT cytoskeleton where it has
been shown to function as a processive MT polymerase adding
a—B tubulin heterodimers to the plus end to promote MT
polymerization (Brouhard et al. 2008). The TRiC/CCT mol-
ecules, T-cpl and CCT2, function as molecular chaperonins
catalyzing the ATP-dependent folding of ~10% of all newly
synthesized proteins, and while the spectrum of physiological
substrates of the TRiC/CCT complex remain poorly defined,
biochemical and genetic studies have demonstrated that this
complex functions in folding of actin and tubulin cytoskeletal
proteins (reviewed in Dunn et al. (2001)). Recent studies
have indicated the importance of proper folding of mono-
meric tubulins into MT polymerization in regulating neural
circuitry including neuronal morphogenesis, cellular polari-
zation, and neurite growth and branching (Hattori et al.
2008; Okumura et al. 2015). An MT is a polymer composed
of a- and B-tubulin heterodimers that are formed by a mul-
tistep process coordinated by several tubulin-folding cofac-
tors (Lopez-Fanarraga et al. 2001). Nascent a- and B-tubulins
associate with the cytosolic chaperonin complex (TRiC/CCT)
suggesting that tubulin-folding cofactors may play a role in
both the synthesis and degradation of tubulin heterodimers
ultimately affecting the neuronal cytoskeleton (Okumura
et al. 2015). Defects in the TRiC/CCT complex have been
linked to both Huntington and Gaucher disease, and this com-
plex has been shown to physically interact with polyglutamine-
expanded variants of Huntingtin (Htt) where it effectively
inhibits their aggregation and reduces Htt-induced neuronal
toxicity (Tam et al. 2006). Moreover, improper folding of tubulin,
which is dependent upon the action of the TRiC/CCT
chaperonin complex, has also been implicated in hypopara-
thyroidism-retardation-dysmorphism and Kenny—Caffey syn-
dromes, which is attributed to a mutation in tubulin-folding
cofactors (Parvari et al. 2002).

Consistent with the known molecular functions of these
genes, apart from the large ribosomal subunits, we discovered
that these genes play pivotal roles in promoting dendritic
arbor complexity and that the predominant cytoskeletal de-
fect appears to be a destabilization and/or reduction in
MT assembly, which results in a highly rudimentary arbor.
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Moreover, genes in this group also appeared to regulate the
organization of F-actin-rich dendritic branching. These find-
ings indicate that in addition to cytoskeletal regulatory mol-
ecules, like Msps and Dmn, biological processes including
ribosomal regulation and chaperonin function are required
for regulating the dendritic MT cytoskeleton to promote
complex arborization. This regulation may occur directly
via binding to MTs to promote their stabilization or assembly,
or could occur as an indirect consequence via defects in
ribosomal-based translation or chaperonin activity. For exam-
ple, in the case of T-cpl and CCT2, the observed defects are
likely due to improper folding of tubulin monomers, which
could lead to their degradation.

From a transcriptional regulation perspective, analyses of
complexity enhancer genes revealed interesting regulatory
patterns, both at the gene-specific level and with respect to
molecules that are linked to the same cellular machinery. For
example, Kn positively regulates both RpL7 and RpL36A,
while in the case of the TRiC/CCT subunits, we observed
distinct patterns of regulation whereby T-cpl is positively
regulated by Kn, whereas CCT2 is positively regulated by
Ct in both microarray and qRT-PCR analyses. While previous
studies have linked Ct to regulation of the actin cytoskeleton
in da neuron dendrites (reviewed in Nanda et al. (2017)),
this is an oversimplification, as here we demonstrate that Ct
regulates the MT-associated regulatory molecule Dmn, re-
vealing novel functional roles linking Ct to MT regulation.

Complexity shifter group

In contrast to the complexity enhancer group, genes in the
complexity shifter group function as downstream targets of Ct
and/or Kn to regulate the distribution of dendritic branching
throughout the proximal-distal axis relative to the cell body.
Loss-of-function analyses of the PP2A phosphatase complex
regulatory subunit widerborst (wdb), the cytoskeletal regula-
tory molecules Ankyrin2 (Ank2) and RhoGAP18B, and the
cytoplasmic dynein light chain encoding genes cut up (ctp)
and Cytoplasmic dynein light chain 2 (Cdlc2) revealed largely
consistent defects characterized by reduced interstitial
branching proximal to the cell body in favor of a distal shift
resulting in aberrant clustered terminal branches that have a
tufted appearance. In the case of ctp/Cdic2, the defects are
quite interesting as they produce a phenotype that is inverted
from what is observed with mutations of Dynein light inter-
mediate chain (Dlic). In previous studies, Dlic mutations in
CIV da neurons lead to hyper-proliferation of dendritic
branches proximal to the cell body and leave the dendritic
terminals completely stripped (Satoh et al. 2008; Zheng et al.
2008). This suggests that different classes of Dynein MT mo-
tor light chains exert distinct regulatory effects on the distri-
bution of dendritic branches, perhaps via differential regulation
of Dynein-linked cargo on MTs.

Strikingly, at the cytoskeletal level, many of these genes did
not appear to have any gross defects in the MT cytoskeleton;
however, terminal branching was characterized by clustered
and elongated branches that were predominantly populated
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by F-actin, indicative of a preferential role for these molecules
in modulating F-actin-mediated terminal branch structure
and organization. These findings are intriguing as wdb and
Ank2 have only previously been linked to functions related to
the MT cytoskeleton, e.g., spindle assembly (Chen et al.
2007) and MT organization (Koch et al. 2008; Pielage et al.
2008), whereas ctp has been linked to actin filament bundle
assembly (Ghosh-Roy et al. 2005). This suggests that both
wdb and Ank2 may have additional cytoskeletal functions
in regulating F-actin-mediated dendritic branching. In con-
trast, RhoGAP18B, which encodes a Rho-GTPase-activating
protein, has been linked to F-actin filament organization via
negative regulation of the small GTPase Rho (Kiger et al.
2003; Rothenfluh et al. 2006; Ojelade et al. 2015). When
activated, Rho promotes the formation of unbranched
F-actin stress fibers, promoting elongation, whereas Rho-
GAPs function to repress Rho-mediated F-actin organization,
which could explain, at least in part, why disruption of
RhoGAP18B leads to elongated, clustered F-actin-rich den-
dritic terminals by maintaining Rho in an activated GTP-
bound state.

As with the complexity enhancer group, genes in the
complexity shifter category also exhibit complex transcrip-
tional regulation by both Ct and Kn. Ct positively regulates
Cdlc2, whereas Kn positively regulates Ank2, and both wdb
and RhoGAP18B are positively coregulated by Ct and Kn.
Thus, in addition to previous findings linking Kn to regulation
of the MT cytoskeleton (Jinushi-Nakao et al. 2007), Kn also
appears to regulate the expression of genes that exert effects
on actin cytoskeletal organization.

Complexity suppressor group

Finally, in the complexity suppressor gene group, knockdown
of which lead to excessive dendritic growth and branching of
CIV neurons, we identified three targets of Ct and/or Kn
transcriptional regulation: SkpA, capping protein alpha
(cpa), and capping protein beta (cpb). SkpA encodes a subunit
of the Skp, Cullin, F-box (SCF)-containing ubiquitin ligase
complexes and has been previously demonstrated to be func-
tionally required for dendritic pruning in CIV neurons at the
larval-to-pupal transition (Wong et al. 2013). Consistent with
these previous findings, we found that SkpA function is re-
quired to restrict larval CIV dendritic complexity, which given
its functional role, is likely based on ubiquitin-linked protea-
somal degradation. Moreover, qRT-PCR analyses reveal SkpA
is negatively regulated by Ct and studies in CI neurons iden-
tify that Ct acts via SkpA to restrict overall dendritic growth as
further reduction of SkpA levels exacerbates the increased
dendritic complexity observed with ectopic Ct expression
alone. These results suggest that SkpA functions in restricting
supernumerary dendritic elaboration and that perhaps Cut-
mediated changes in dendritic arborization complexity are
dependent upon regulating the levels of SkpA. At the cyto-
skeletal level, downregulation of SkpA leads to increases in
relative F-actin and MT quantities in terminal branching rel-
ative to controls likely underlying the exuberant terminal

processes observed in SkpA disrupted CI and CIV neurons.
The other two genes identified in this group, cpa and cpb,
have related functions in capping F-actin filaments at the
barbed/plus end. Plus-end capping of F-actin by these factors
restricts further F-actin polymerization and thereby limits
filament growth. Consistent with these molecular functions,
RNAi knockdowns of cpa or cpb leads to excessive F-actin
growth, which is the characteristic cytoskeletal feature. Thus,
regulated growth and branching of CIV neurons appears de-
pendent upon the proper levels of Cpa and Cpb to cap F-actin
filaments and thereby limit their growth. Both cpa and cpb
were identified as Ct transcriptional targets by microarray
analyses and qRT-PCR analyses confirm Ct significantly upre-
gulates cpb expression together with a trending, albeit non-
significant, increase in cpa levels. While knockdowns for
either gene results in complexity enhancement, the CIV
knockdown phenotypes are not identical, nor are the pheno-
types when either Ct or Kn are ectopically expressed in CI
neurons in combination with cpa-IR or cpb-IR knockdowns.
These findings suggest that Ct-mediated dendritic arboriza-
tion requires the action of capping factors for controlling the
precise pattern of locally regulated F-actin dendritic growth
and branching that ultimately contributes to cell-type-
specific dendritic architectures.

Taken together, these studies set the stage for future
in-depth analyses aimed at revealing mechanistic underpin-
nings of how these molecules exert their distinct effects on
cytoskeletal-mediated dendritic architecture. More broadly,
our findings demonstrate functional roles of both unique and
combinatorial transcriptional regulatory programs in fine-
tuning gene expression that affects cytoskeletal organization/
stability and thereby contributes to both cell-type-specific den-
dritic architecture and the promotion of dendritic diversity.
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