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ABSTRACT

Mutations in hundreds of genes cause neurodevelopmental disorders with abnormal motor behavior
alongside cognitive deficits. Boys with fragile X syndrome (FXS), a leading monogenic cause of intellec-
tual disability, often display repetitive behaviors, a core feature of autism. By direct observation and
manual analysis, we characterized spontaneous-motor-behavior phenotypes of Drosophila dfmri
mutants, an established model for FXS. We recorded individual 1-day-old adult flies, with mature ner-
vous systems and prior to the onset of aging, in small arenas. We scored behavior using open-source
video-annotation software to generate continuous activity timelines, which were represented graphic-
ally and quantitatively. Young dfmr1 mutants spent excessive time grooming, with increased bout
number and duration; both were rescued by transgenic wild-type dfmr1™. By two grooming-pattern
measures, dfmri-mutant flies showed elevated repetitions consistent with perseveration, which is com-
mon in FXS. In addition, the mutant flies display a preference for grooming posterior body structures,
and an increased rate of grooming transitions from one site to another. We raise the possibility that
courtship and circadian rhythm defects, previously reported for dfmrl mutants, are complicated by
excessive grooming. We also observed significantly increased grooming in CASK mutants, despite their
dramatically decreased walking phenotype. The mutant flies, a model for human CASK-related neurode-
velopmental disorders, displayed consistently elevated grooming indices throughout the assay, but
transient locomotory activation immediately after placement in the arena. Based on published data
identifying FMRP-target transcripts and functional analyses of mutations causing human genetic neuro-
developmental disorders, we propose the following proteins as candidate mediators of excessive
repetitive behaviors in FXS: CaMKlla, NMDA receptor subunits 2A and 2B, NLGN3, and SHANKS3.
Together, these fly-mutant phenotypes and mechanistic insights provide starting points for drug dis-
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covery to identify compounds that reduce dysfunctional repetitive behaviors.

Introduction

Mutations in hundreds of different human genes are respon-
sible for neurodevelopmental disorders that include intellec-
tual disability (ID) as a phenotype, hereafter referred to as
“ID disorders” (Inlow & Restifo, 2004; Jamra, 2018; Neri,
Schwartz, Lubs, & Stevenson, 2018; van Bokhoven, 2011;
Wieczorek, 2018). For an individual child, the degree of
functional disability depends on a complex interplay of cog-
nitive deficits, fine- and gross-motor skills, voluntary behav-
ior, and emotional regulation (Hartman, Houwen, Scherder,
& Visscher, 2010; Lee & Jeoung, 2016; Mehregan,
Najmabadi, & Kahrizi, 2016). For example, boys with fragile

X syndrome (FXS; MIM #300624, see Online Mendelian
Inheritance in Man in Web resources), a well-characterized
monogenic cause of ID (Macpherson & Murray, 2016), often
display stereotyped repetitive behaviors, hyperactivity, and/
or decreased motor coordination (Hagerman, Hoem, &
Hagerman, 2010; Hall, Lightbody, & Reiss, 2008; Oakes
et al, 2016). Stereotyped repetitive behaviors meet one of
the core diagnostic criteria for autism spectrum disorder
(ASD) (American Psychiatric Association, 2013), which co-
occurs in a substantial minority of children with FXS
(Abbeduto, McDuffie, & Thurman, 2014; Wheeler et al.,
2015). While less information is available for children with
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CASK-related neurodevelopmental disorders (MIM #s
300422, 300749), delayed motor development and abnormal
muscle tone are common, with ataxia and atypical behavior
reported in some cases (Burglen et al, 2012; Cristofoli,
Devriendt, Davis, Van Esch, & Vermeesch, 2018; Dunn
et al., 2017; Hackett et al., 2010; Moog et al., 2011, 2015).
Animal models of developmental brain disorders that display
both cognitive deficits and relevant aberrant behaviors have
strong face validity and, therefore, greater applicability for
pathogenesis research and drug discovery (Nestler &
Hyman, 2010).

Drosophila melanogaster is a well-established neurogenetic
model system (Hall, 1982), especially for studying experi-
ence-dependent behavior (Davis, 1993; Dubnau & Tully,
1998; Dudai, 1988; Kahsai & Zars, 2011; Skoulakis &
Grammenoudi, 2006), circadian biology (Dubowy & Sehgal,
2017), and nervous system development (Corty, Matthews,
& Grueber, 2009; De Marco et al, 2014; Garbe & Bashaw,
2004). Its use to model ID disorders is increasing
(Androschuk & Bolduc, 2015; Coll-Tané, Krebbers, Castells-
Nobau, Zweier, & Schenck, 2019; Drozd, Bardoni, &
Capovilla, 2018; Restifo, 2005, van der Voet, Nijhof,
Oortveld, & Schenck, 2014). For that purpose, the experi-
mental strengths of the Drosophila system include, first and
foremost, the extraordinary phylogenetic conservation of ID
genes (Inlow & Restifo, 2004), the ease of genetic manipula-
tions (Venken et al, 2016), and the availability of behavioral
assays for cognitive phenotype characterization (Jiang et al.,
2016; Pitman et al., 2009). One of the key validations of ID
models in flies is impaired performance in tests of learning
and various phases of memory (Androschuk & Boldug,
2015), which are proxies for the nonverbal cognitive deficits
seen in humans with ID disorders. However, the assessment
of other behavioral attributes has been important as well.

For example, the first targeted effort to model ID in flies
began with the generation of mutations in the sole
Drosophila ortholog of FMRI, Drosophila fragile X mental
retardation 1 (dfmrl) (Dockendorff et al., 2002; Inoue et al.,
2002; Morales et al., 2002; Wan, Dockendorff, Jongens, &
Dreyfuss, 2000). Flies with homozygous or compound het-
erozygous dfmrl mutations have disrupted circadian
rhythms (Dockendorff et al, 2002; Inoue et al, 2002;
Morales et al., 2002), reminiscent of the abnormal sleep pat-
terns and other dysregulated circadian behaviors experienced
by patients with FXS (Kidd et al, 2014). In addition, mutant
males exhibit low levels of courtship interest (Dockendorff
et al., 2002), which one might (albeit anthropomorphically)
consider as reflecting difficulties in social interaction with
conspecifics. As dfmrl mutants age, they engage in progres-
sively  increasing levels of self-grooming (Tauber,
Vanlandingham, & Zhang, 2011). However, grooming
behavior has not previously been reported for young dfmrl
flies, namely at a time when the nervous system reveals its
developmental potential, but prior to the onset of aging-
related changes.

Consistent with the human FXS phenotype, dfmrl
mutants showed impaired performance in several cognitive
tasks. In the olfactory conditioned-avoidance assay that has

been the gold standard for neurogenetic studies of associa-
tive learning and memory in Drosophila (Keene & Waddell,
2007), dfmrl-mutant flies showed impaired long-term mem-
ory (LTM) (Bolduc, Bell, Cox, Broadie, & Tully, 2008). LTM
in this assay requires normal morphology and function of
the mushroom bodies (Heisenberg, 2003; Owald & Waddell,
2015), a well-studied information-processing and decision-
making center of the arthropod brain (Strausfeld, Hansen,
Li, Gomez, & Ito, 1998). Thus, it is not surprising that
Drosophila fragile X mutants have defective mushroom-body
development (Michel, Kraft, & Restifo, 2004; Pan, Zhang,
Woodruff, & Broadie, 2004; Tessier & Broadie, 2008). In the
courtship-conditioning associative-learning paradigm (Hall,
1994), dfmrl homozygous mutant males showed reduced
experience-dependent modification of courtship behavior,
interpreted as deficits in short-term memory (STM) and
LTM (Banerjee et al., 2010; McBride et al., 2005). The ameli-
oration of naive courtship and courtship-related STM defi-
cits, as well as mushroom body development, by several
different metabotropic glutamate receptor (mGluR) antago-
nists (McBride et al, 2005) provided some of the first
in vivo support for the hypothesis that FXS results from
excessive mGluR signaling (Bear, Huber, & Warren, 2004).
Subsequently, dfimrl heterozygous (null allele/+) flies were
shown to have LTM deficits in the olfactory-avoidance para-
digm, which were rescued by acute treatment with 2-methyl-
6-(phenylethynyl)pyridine ~(MPEP), a non-competitive
mGluR antagonist, or by genetic reduction in mGluR signal-
ing (Kanellopoulos, Semelidou, Kotini, Anezaki, &
Skoulakis, 2012).

While viewing video recordings of individual young-adult
flies in small circular arenas, we were struck by behavioral
differences between dfmrl homozygous mutants and con-
trols. These were apparent to both experienced practitioners
of Drosophila genetics and to naive observers who nonethe-
less had expertise in the evaluation of other-insect or human
behavior. Together, we used direct observation and manual
analysis to detect and characterize alterations of spontaneous
motor behavior in mutant flies. Although we focused ini-
tially on the fly model of FXS, we illustrate the broad applic-
ability of this approach by re-examining the locomotor
deficits of Drosophila CASK loss-of-function mutants
(Slawson et al., 2011). A comparison of the motor-behavior
phenotypes of dfmrl- and CASK-mutant flies revealed intri-
guing similarities and differences. Our methods reveal
abnormalities that may be missed, or misinterpreted, by
automated tracking systems.

FXS results from loss-of-function mutations in the X-
linked gene FMRI1 (FMRP Translational Regulator 1, MIM
#309550; Santoro, Bray, & Warren, 2012). The protein prod-
uct, FMRP (dFMRP in Drosophila), is widely expressed in
neurons, where it engages in selective RNA binding and
transport, mediating translational repression (Darnell et al.,
2011). By slowing ribosomal translocation on its mRNA tar-
gets, many of which encode synaptic proteins (Darnell &
Klann, 2013), FMRP controls a large gene network necessary
for normal neuronal differentiation and activity-dependent
synaptic plasticity (Lee et al., 2003; Pfeiffer & Huber, 2009;



Reeve et al, 2005; Schenck et al., 2003). Many genes with
mutations causing neurodevelopmental disorders in humans,
often with ASD as a phenotype, were independently identi-
fied in the mouse brain as having FMRP-targeted transcripts
(Chmielewska,  Kuzniewska, = Milek, = Urbanska, &
Dziembowska, 2019; Darnell et al, 2011; Muddashetty,
Keli¢, Gross, Xu, & Bassell, 2007). The growing list now
includes CAMK2A, CYFIP2, DLG4, GRIA2, GRIN2A,
GRIN2B, KIF1A, LINGO1, MAPIB, NF1, NLGNI1, NLGN2,
NLGN3, NRXNI1, PTEN, SHANK3, and TSC2 (Table S1).
Using published clinical and laboratory data about these
genes, we formulated a mechanistic hypothesis to explain
the motor-behavior phenotypes observed in humans and
flies lacking functional FMRP.

Materials and methods
Drosophila stocks and genetics

Flies stocks were maintained at room temperature on a
nutrient medium (“fly food”) of corn flour, nutritional yeast,
and sugars (Elgin & Miller, 1978). Cultures to generate
experimental animals were established and maintained for
optimal larval density on the same medium in an incubator
at 25°C with 60-80% relative humidity on a 12:12 LD cycle.
The null allele, dfmr13, is an internal deletion derived via
imprecise excision of the P-element insertion P[EP]3517
(Dockendorft et al., 2002). The stock was originally obtained
from T. Jongens (University of Pennsylvania) and main-
tained in our lab for many years; as in our previous studies
(Michel et al., 2004), we refer to this allele as A3. A precise-
excision allele of P[EP]3517, Ex(3517)-16, referred to as
Ex16, was generated in our lab (Michel et al., 2004) to pro-
vide a control for genetic background. These two stocks are
marked with w''’® on the X-chromosome and have been
maintained balanced over TM6C, Tb Sb e, with homozygous
experimental animals distinguished from balancer sibs by
selecting against Tubby and Stubble. To reduce genetic het-
erogeneity in our long-maintained A3 stock, we performed
single-pair matings between balancer heterozygotes (w; A3/
TM6C, Tb Sb e) and conducted subsequent behavioral
experiments on the stock derived from one of those.

A separate stock, also originally obtained from T. Jongens
(w; Pldfmr1*)/+; A3/TM6C Tb Sb e), carrying a second-
chromosome insertion of a wild-type genomic transgene that
spans the entire dfmrl transcription unit (Dockendorff et al.,
2002), was used to test for the transgenic rescue of pheno-
types. Those experiments were carried out on F1 progeny of
w/w; A3/TM6C, Tb Sb e virgin females crossed with w/Y;
Pldfmr1*]/+; A3/TM6C, Tb Sb e males, with eye color used
to select the two sibling groups for comparison: w;
PldfmrI™]/+; A3/A3 (pale orange) and w; +/+; A3/A3
(white). The quantitative lethal-phase analysis revealed that
only ~25% of A3 homozygous mutants initiating metamor-
phosis complete adult emergence, with most lethality in late-
pupal stages (Supplemental Text and Figure S1). Therefore,
all dfmrl cultures and crosses were set up on a large scale to
ensure that the collection of late pupae would provide suffi-
cient adults for experiments.
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CASK stocks were obtained from L. Griffiths (Brandeis
University, Waltham, MA), whose lab used P-element exci-
sion to generate CASK alleles. Imprecise excision of
EY07081 created the deletion mutation, CASK*'®, herein
referred to as A18, which produces no CASK-f protein; pre-
cise excision of the same P-element generated CASK™,
herein referred to as Ex33, which serves as a genetic back-
ground control (Slawson et al., 2011). CASK is an acronym
for calcium/calmodulin-dependent serine protein kinase, a
name that was bestowed based on sequence similarity of its
N'-terminal domain, ignoring many other domains, and
without any biochemical data. However, the well-docu-
mented scaffolding functions of CASK (Hsueh, 2006) do not
fit the name; indeed, its N'-terminal domain is either a pseu-
dokinase (Boudeau, Miranda-Saavedra, Barton, & Alessi,
2006) or a highly atypical protein kinase (Mukherjee
et al., 2008).

Motor behavior assay optimization and validation

Research sites

Assay development and refinement took place over a period
of several years at three geographical locations: Wake Forest
University, University of Arizona main campus (UA), and
University of Arizona Health Sciences Center (UAHS). For
data presented here, the behavioral studies were performed
at both UA and UAHS. The dfmrl experiments were carried
out during a ~12-month period; the CASK behavioral assays
were done at UAHS during a subsequent ~4-month period.
All personnel involved in these behavioral studies were
trained by the same investigator (D.R.A.).

Animal handling, testing, and recording

Homozygous mutants and controls of both sexes were
selected as late-stage pupae, with visible bristle pigmentation
(at least stage P11; Bainbridge & Bownes, 1981), from the
walls of culture vials and gently transferred via a moist
paintbrush to individual, single-use 16 x 100-mm glass cul-
ture tubes (VWR, Radnor, PA) containing fly food with a
cotton-plug closure. These isolation-and-monitoring tubes
were stored in an enclosed humid chamber within a 25°C
incubator. The next morning, tubes were monitored hourly
for eclosion, and immediately returned to the humid cham-
ber within the incubator. Flies were tested the following day,
at 24-28h after eclosion, that is, as young adults who have
just reached sexual maturity. Moreover, while the protocol
was very labor-intensive, it allowed us to study a narrow,
precisely defined age bracket, in contrast to an earlier aging
study that assayed flies from 5 to 25 days old (Tauber
et al., 2011).

The tubes with flies for testing were transported to a
dedicated behavior-recording studio, maintained at 22-25°C
and 50-70% relative humidity, and allowed to acclimate to
the conditions in the room for at least 2h. For biological
and practical reasons, all motor-behavior assays were per-
formed within a 7-h range during the subjective day,
between 11 AM and 6 PM, corresponding to Zeitgeber times
ZT3 and ZT10, respectively. For the dfmrl experiments, the
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male:female ratio varied from 0.62 to 1.8. For the CASK
experiments, there were 10 males and 10 females of
each genotype.

The single-fly arenas consisted of 6.4-mm wells of a
standard polystyrene 96-well plate (Corning Glass Works,
Corning, NY), customized by the installation of ~5-mm-
thick plugs of 1.5% agar (Figure 1(A)). The agar floor both
limited the depth of the arena and helped maintain high
humidity. The arena dimensions permit freedom of move-
ment on the substrate but inhibition of jumping and, there-
fore, of flying. The overhead view of the camera allowed
observation and recording of spontaneous motor behavior of
isolated flies at a resolution sufficient for detailed analysis of
leg movement.

To record spontaneous motor behavior, each fly was gen-
tly aspirated from its isolation tube and placed into a fresh
well/arena. The well was then quickly covered with a stand-
ard glass microscope slide through which the flies were
recorded for at least 15min with a Canon Rebel T3i EOS
600D digital SLR camera equipped with a Canon EF
100 mm /2.8 Macro USM lens (Canon U.S.A., Inc., Melville,
NY). For the dfimrl experiments, up to six flies were trans-
ferred into individual wells and recorded at the same time;
loading typically took ~2min. For the CASK experiments,
two flies were loaded into adjacent wells and recorded sim-
ultaneously. To avoid potential effects of residual olfactory
cues from previous flies, each well was used only once and
the agar plug was discarded after use. Video recordings were
made at 1920 x 1080-pixel resolution, 30 frames/s, and com-
pressed to 640 x 480 pixels in Adobe Media Encoder CS6
(Adobe Systems Inc., San Jose, CA) for ease of handling by
the analysis software. For some scoring, videos were cropped
to individual wells using Adobe After Effects CS6 (Adobe
Systems Inc., San Jose, CA). For some experiments, flies
were recovered after recording and stored individually at
—20°C for subsequent genotyping.

Scoring and analysis of motor behavior

All recordings were scored using the open-source video-
annotation software VCode v1.2.1 (Hagedorn, Hailpern, &
Karahalios, 2008; see Web resources), which has been used
to analyze the behavior of humans (Chen, Yoder, Ganzel,
Goodwin, & Belmonte, 2012; Hailpern, Karahalios, & Halle,
2009), mice (Jennings et al., 2016), as well as Drosophila
adult flies (Higuchi, Kohatsu, & Yamamoto, 2017; Tanaka,
Higuchi, Kohatsu, Sato, & Yamamoto, 2017) and larvae
(Gjorgjieva, Berni, Evers, & Eglen, 2013). VCode allows
experimenters to simultaneously view recorded videos and
annotate user-specified behaviors at real-time video playback
speeds or with frame-by-frame precision. VCode then pro-
vides simple, comma-delimited text-output files, based on
observer input of behaviors scored, that indicate the cat-
egory, start time (from the beginning of the video), and dur-
ation of behavior bouts (in ms).

For dfmrl experiments, the four mutually exclusive
behaviors considered were walking, standing, grooming, and
falling. In the subsequent experiments with CASK-mutant
flies, twitch and tumble were added. Twitch is a rapid,

(B) dfmr1 control: Ex16 / Ex16

R NN
(I A (1
T Y 111 T
[T A1 A e 0 RN
|1 L 1] 1]
IR AN N R RY R
LA T EEL ]

I I
R .
JLCUTLL L L, w||\||||n|u

11 12 13 14 15
Mlnutes

IGrooming IStanding ’Falling Walking

(©) dfmr1 mutant: A3/ A3
I

I [ 1] I
I 01 e A I
AN IR (A (R
IR A AR B .
NN L U e T U
ﬁ||| LT L I

|
m

0 UG TR O AL IGHT R R

N1 AT H|I|I|I| H|II I

JLLRLL TN, T,

(N
H H||I Wl II||\ LIl
M NN N |
01234567 10 11 12 13 14 15
Mlnutes

Figure 1. Spontaneous motor behavior in a circular arena distinguishes dfmri-
mutant from control flies. (A) White-eyed female fly, photographed from above,
standing on the wall of an arena, that is, the well of a 96-well plate with an agar-
plug floor. All three pairs of legs are visible as indicated by arrowheads: T1, front
(prothoracic); T2, middle (mesothoracic); T3, rear (metathoracic). (B, C) Timeline
ethograms of dfmri-control (Ex16/Ex16) and -mutant young adult flies (A3/A3),
respectively, with color legend showing scored behaviors. Each row represents a
different fly, with nine representatives of each genotype illustrating the range of
variation in grooming behavior; for each genotype, they are arranged from top to
bottom by increasing Gl. Both controls (B) and mutants (C) show grooming bouts
distributed over the entire 15-min test period, with excessive numbers and dur-
ation in dfmrl mutants. In controls, there are minor differences among flies in
both grooming parameters, whereas variation among the dfmri-mutant flies is
much greater. Flies of both genotypes spend very little time standing.



jerking movement of the entire animal, whereas tumble is a
quick roll from the wall or ceiling of the arena. The differ-
ence between fall and tumble is that the former ends with
the fly landing on its dorsum and flailing to right itself,
whereas tumble results in the fly landing on its feet.

For genetic control flies, walking was the most commonly
observed behavior, especially walking around the perimeter
of the arena, often on the walls. Occasionally while walking,
or as they used their front legs to touch the glass ceiling,
flies fell from the walls and landed on the agar floor. Falls
could have been due to simple loss of traction with the wall
or may have followed jumping in an effort to initiate flight,
that is, because of the restricted height of the arena.
Regardless of the reason, having fallen, flies landed on their
backs on the agar floor — and typically righted themselves
within about half a second (Ex16 homozygous control flies
median righting time = 580 ms; n=29).

During assay development, and depending on the goal of
a given experiment, several different scoring schemes were
used. In one version, focused on overall grooming, each
grooming bout was scored as a discrete event and coded
with start-time and duration, which was particularly helpful
for the training of scorers and inter-rater reliability determi-
nations. This allowed real-time scoring of grooming pheno-
types for up to three flies in adjacent wells. A second
scheme allowed a comprehensive analysis of all successive
motor-behavior transitions (e.g. groom-walk-stand), as well
as detection of repetition patterns.

In a third variant, the analysis was expanded by scoring
the recording frame-by-frame to identify (i) motor behaviors
preceding and following each grooming bout (e.g. standing,
walking, falling) and (ii) the body part that the animal
groomed. From the 20 distinct Drosophila grooming move-
ments originally described by Szebenyi (1969), we identified
the nine body regions that are the targets of grooming: (1)
head, including eyes, antennae, and proboscis being rubbed
primarily with the front (T1) legs; (2) front legs, rubbing
both T1 legs together; (3) middle (T2) leg with front legs (T2
with T1), wherein one or both front legs are rubbed together
with one of the middle legs; (4) thorax, wherein the dorsal
surface of the thorax is swept with any leg; (5) ventral wing,
where the rear (T3) leg(s), often in unison, sweep up and
under the ventral surface of the wings, slightly raising them
in the process; (6) dorsal wing, in which a rear leg swings
around and sweeps down over the dorsal surface of the ipsi-
lateral wing; (7) middle leg with rear legs (T2 with T3), using
both rear legs to rub one of the middle legs; (8) rear legs
(T3), where the two rear legs are rubbed together; and (9)
abdomen, performed by rear leg sweeps of the dorsal and/or
ventral surfaces of the abdomen and genitalia. The most dif-
ficult distinction was between the ventral wing and abdom-
inal grooming, with scorers often relying on the elevation of
wings to indicate a ventral wing sweep. Grooming bouts
were defined as starting at the frame when the animal first
lifted the leg(s) that initiated a grooming behavior and end-
ing when the fly placed the leg(s) with which it had been
grooming back upon the substrate.
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We wrote custom scripts in Perl to parse the VCode out-
put and quantify behavioral metrics for each fly, such as
total grooming time, a number of grooming bouts, groom-
ing index (GI, the percentage of time spent grooming during
a given interval), and comparable indices for standing, walk-
ing and falling. For a detailed analysis of grooming, add-
itional parameters were the type and frequency of
grooming-site transitions within grooming bouts, and time
spent grooming specific body parts. The Perl scripts produce
tab-delimited output files that were imported to Microsoft
Excel (Microsoft Corporation, Redmond, WA, USA) and
MATLAB (MathWorks®, Natick, MA, USA) for further ana-
lysis. To display large-scale patterns in grooming between
individuals and genotypes, grooming-bout start times and
durations were converted to graphical timeline ethograms in
MATLAB. Ethograms focused on grooming locations and
behavioral transitions were prepared in Adobe Illustrator
(Adobe Systems Inc., San Jose, CA, USA).

Inter-rater reliability

For initial validation and training purposes, each fly’s video
recording was scored for walking, standing, grooming, and
falling by two independent observers who were blind to its
genotype. To assess inter-rater reliability, we plotted an indi-
vidual behavioral measure between pairs of scorers and used
geometric mean regression to test for both fixed and propor-
tional biases (Ludbrook, 2010). Deviations from identity
were defined by the 95% confidence intervals of either the
slope or intercept of the regression line failing to include
one or zero, respectively. If this occurred, the video and
VCode file of flies that differed between scorers were exam-
ined to locate areas of disagreement. After observing these
together, the scorers reached a consensus on the call of
the behavior.

After implementing these quality-control measures, scor-
ers differed only slightly in the grooming onset and offset
times (and hence duration) of bouts and rarely in the num-
ber of bouts called when scoring real-time videos.
Specifically, we saw consistent reliability between scorers as
measured by geometric mean regression, demonstrating that
the assay is resistant to systemic and proportional biases
(Figure S2). For example, plotting the grooming index (GI)
of one scorer against another (Figure S2(A)) demonstrated
near-identical values between observers across the entire
range of GI, with the geometric mean regression line over-
lapping the identity line. The values of the slope and inter-
cept of the geometric mean regression line are well within
the 95% confidence interval. This held true for all measured
phenotypes, including the number of grooming bouts
(Figure S2(B)), as well as walking and standing indices (data
not shown). We, therefore, used the average of the two scor-
er’s values for GI, grooming-bout number, and total groom-
ing time for further analyses. Timeline ethograms obtained
from scores of independent observers were also directly
compared for qualitative evaluation of inter-rater reliability.
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Assessing the effects of time

Although the flies had been acclimated to the behavior-
recording studio, they were aspirated for placement in the
arena, a substantial mechanosensory stimulus, just before
recording began. Therefore, we determined whether their
behavior in the arena changed over time, which could indi-
cate acclimation to handling and a novel environment.
Specifically, we examined GI and WI by computationally
attributing acclimation periods of varying lengths in 1-min
increments from the start of the 15-min recordings and
comparing these measurements to the remaining test period.
For both Ex16 and A3 homozygotes, grooming and walking
parameters were remarkably stable across the 15-min obser-
vation period (Figure S3). There were no statistically signifi-
cant differences in GI (Figure S3(A,B)), WI (Figure S3(C,
D)), grooming-bout number or duration (data not shown)
between any combination of acclimation and test periods in
flies of either dfmrl genotype. Therefore, in the dfinrl study,
we considered the entire 15min to be the test period for all
analyses. The behavior of CASK-mutant flies in this regard
was quite different. Because of the quantitative behavioral
variation of the CASK mutants between the early and later
parts of the observation period, the 15-min recording time
was separated into a 4-min introductory period and the sub-
sequent 11-min test period.

Because many Drosophila behaviors are influenced by cir-
cadian rhythms (Dubowy & Sehgal, 2017) and because
dfmrl mutants have phase-delayed eclosion times and
abnormal locomotor rhythmicity (Inoue et al., 2002; Morales
et al., 2002), we tested whether GI or WI were influenced by
testing at different times of day, with ZT0=lights on, the
start of the subjective day. For all four genotypes assayed,
across the 7-h range of ZTs when data were collected, geo-
metric mean regressions of GI and WI versus ZT showed no
significant effect of ZT on either measure (Figures S4 and
S5, respectively).

Assessing behavioral transitions and
repetitive behaviors

We analyzed the frequency with which a fly transitioned
from grooming one body part to grooming another anatom-
ical location or to a non-grooming behavior. From these
data, we calculated the number of unique pairwise groom-
ing-related transitions displayed by each fly. For each unique
transition type performed by each fly, we calculated its fre-
quency, namely the number of those transitions divided by
the number of all grooming-related transitions. We also
counted all grooming-site transitions, that is, within groom-
ing bouts.

We quantified two types of repetitive behavior patterns
based on transitions either within individual grooming bouts
or between successive grooming bouts. ABA transitions
occur within a single grooming bout, when a fly grooms one
location, A, then grooms a different location, B, and then
returns to the original location, A. These ABA transitions
can occur in series of different lengths (i.e. ABABABA...);
to quantify them we counted the first ABA as 1 and

increased this value by 0.5 for each subsequent grooming
transition that maintains this pattern. For example, the pat-
tern ABABA has a score of 2=1 (ABA...) + 0.5 (...B...)
+ 0.5 (... A). To further characterize the selection of groom-
ing locations within grooming bouts, we quantified
AB(nonA) transitions. AB(nonA) transitions could also occur
in succession during bouts in which more than three body
parts were groomed. For example, a grooming pattern of
ABCD would have an AB(nonA) score of 2=1 (ABC) + 1
(BCD). A second repetitive pattern, X-Stop-X, occurs when a
fly grooms a particular body part (X), ceases grooming, exe-
cutes any non-grooming behavior(s) including walking,
standing, and/or falling (Stop), and then resumes grooming
the same location (X).

Statistical analyses

All statistical analyses were implemented in MATLAB ver-
sion R2016a. Population data were compared between geno-
type groups, between time intervals, or between anatomical
grooming modules using the nonparametric Wilcoxon rank-
sum test (also known as the Mann-Whitney test) via the
MATLAB function ranksum. There were no significant dif-
ferences between male and female flies for any behavioral
measure, for any genotype (data not shown). Therefore, the
sexes were pooled for all comparisons presented here. Inter-
rater reliability was assessed by implementing a geometric
mean regression in MATLAB, using the function gmregress
(MATLAB central file exchange; see Web resources), on
grooming, walking, and standing indices measured on the
same set of videos by two or more scorers. Linear regression
models for ZT analyses were fit in MATLAB with the func-
tion fitlm, which also provides p values for the F-statistic for
the hypothesis that the slope of the regression line differs
from zero. Analysis of covariance and determination of cor-
relation coefficients were also implemented in MATLAB
using the aoctool and corrcoef functions, respectively.

Analysis of neurodevelopmental disorders caused by
mutations in FMRP target genes

For each of the 23 mouse genes whose transcripts bind
FMRP (Chmielewska et al., 2019; Darnell et al., 2011; Fahling
et al, 2009; Muddashetty et al, 2007; Zhang, Gaetano,
Williams, Bassell, & Mihailescu, 2014), we searched PubMed
and OMIM (Amberger, Bocchini, Scott, & Hamosh, 2019).
For 17 of the human orthologs, we found evidence that muta-
tions cause one or more neurodevelopmental disorders (Table
S1). An in-depth review of the clinical literature was con-
ducted to determine which disorder phenotypes include ASD.
Then, published laboratory research data were reviewed to
determine the functional nature of the mutations, that is, loss
vs. gain of function, that causes each ASD-associated disorder.
An additional PubMed search, including the use of human
cytogenetic regions as search terms, was focused on identify-
ing whole-gene duplications that are associated with neurode-
velopmental disorders and determining whether ASD is part
of the microduplication phenotype.
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Results

dfmr1*® mutants groom excessively at the expense
of walking

Holistic observation of dfmrl A3 homozygous young adults
revealed frequent interruptions of walking bouts to engage
in grooming. Excessive grooming by A3 mutants, compared
with ExI6 homozygous control flies, was readily evident in
the color-coded timeline ethograms (Figure 1(B,C)). Brief
representative  video recordings are available online
(Supplemental video recordings #1 and 2). The latency to
groom after introduction to the arena (Figure 2(A)) was
reduced ~4-fold for A3 mutants compared with the ExI16
controls (medians: 5.8s vs. 23.65, respectively, p < 0.05). GI
was highly significantly increased in A3 mutant flies (Figure
2(B); p<0.0005), and could be attributed to increases in
both grooming-bout number (Figure 2(C); p <0.005) and
mean grooming-bout duration (Figure 2(D); p < 0.0005).
The differences between genotypes were consistent over the
entire 15-min test period (compare Figure S3(A,B)).
Variation in individual grooming-behavior parameters was
markedly elevated by the absence of FMRP, as is illustrated
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by the larger interquartile ranges of the A3 mutant flies for
GI and mean grooming-bout duration (Figure 2(B,D)). For
each of these metrics, providing a single transgenic copy of
wild-type dfmrl in A3 homozygous flies rescued their
grooming behavior (Figure 2(A-D)), as well as reduced the
dispersion of the data values to control levels of variation.
Thus, the excessive grooming previously reported in older
dfmrl-null-mutant flies is not solely an aging-associated
phenotype (Tauber et al., 2011) but, rather, begins early in
adult life, consistent with a neurodevelopmental abnormality
caused lack of FMRP.

Excessive grooming of dfinrl A3 mutants came at the
expense of walking. Control flies’ walking index (WI) was
~90 (mean: 89.8, median: 92.2; Figure 3(A)), whereas that
of the A3 mutants was reduced to ~80 (mean: 78.9, median:
83.6; p < 0.0005; Figure 3(A)). WI of A3 homozygotes was
restored to control levels by the dfmrl™* transgene (Figure
3(A); p<0.0005). The standing indices (SI) were not statis-
tically significantly different among genotypes (Figure 3(B)).

The excessive-grooming phenotype of dfmri-mutant flies
was demonstrated repeatedly over >5years at three geo-
graphical research sites (see Methods), each with somewhat

(B)
*¥%¥%
30
*¥¥%
3
©
£
220
£
IS
o
o
(5 10 é‘
(29) (26) # (42) (28)
Ex16 A3 Pldfmr1*]/+; A3
A3
Siblings
(D)
10

[ec]

[}

N

e @

7l
0 77

Mean Grooming Bout
Duration (s)
N

(29) (26) (42) (28)

Ex16 A3 P[dfmr1*]/+; A3
A3
Siblings

Figure 2. Lack of FMRP causes excessive grooming behavior. Box-plot distributions of data, with the median highlighted by a black arrowhead. Each box represents
the interquartile range (i.e. 25th-75th percentiles), whiskers show the spread from 10th (bottom) to 90th (top) percentile. At the dfmr1 locus, all flies were homozy-
gous Ex16 (control) or A3 (mutant), compared on the left side of each graph. The right side of each graph shows an independent experiment, comparing A3 homo-
zygous mutants with and without the wild-type transgene (P[dfmr1*]) who were siblings from a cross. The number of flies is shown in parentheses above each
genotype symbol. (A) The latency to first grooming bout was reduced in mutants compared with controls. Other parameters were increased in the mutants: (B)
grooming index, (C) grooming-bout number, and (D) mean grooming-bout duration. Each grooming phenotype was rescued toward control levels by a transgenic
copy of wild-type dfmr1 (A-D). Significance levels: *p < 0.05; **p < 0.005; ***p < 0.0005.
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Figure 3. Non-grooming behavioral metrics in dfmri-mutant flies. Box-plot distributions of data and dfmr1 genotypes as in Figure 2. The number of animals is
shown in parentheses above each genotype symbol. (A) Walking index was greatly reduced in mutants compared to controls, and rescued by one transgenic copy
of wild-type dfmr1. (B) There was no significant difference between dfmr1-mutant and control flies in standing index, and no significant effect of the wild-type trans-
gene in the mutant background. (C) Although mutants showed a large increase in the number of falls, this was not rescued by the wild-type transgene; in fact, it
worsened. Therefore, increased falling does not map to dfmrl. Significance levels: *p < 0.05; **p < 0.005; ***p < 0.0005; ns, not significant.

different laboratory environmental features, equipment, and
personnel - but always using the same fly food recipe and
basic arena design. While the absolute values of behavioral
metrics varied over time and location, the excessive-and-
repetitive-grooming phenotype was robust and consistent.

A3 homozygous mutant flies displayed a far greater num-
ber of falls (Figures 1(C) and 3(C), p<0.0005), with
increased falling index and maximum fall duration, but no
change in mean fall duration (Figure S6(A-C)). None of the
excessive falling-behavior metrics was rescued by wild-type
dfmrl; in fact, fall number and falling index increased fur-
ther in the presence of the transgene (Figure 3(C), p < 0.005;
Figure S6(A)). Furthermore, excessive grooming is not a sec-
ondary sequence of excessive falling because GI is rescued
by dfmrl* and, more generally, the two measures are not
correlated (data not shown). In addition, excessive falls by
dfmrl-mutant flies were not observed in several other data
sets collected during assay optimization (data not shown).
Thus, excessive falling is not a bona fide phenotype caused
by the absence of FMRP.

Excessive grooming by dfmr1*? mutants is anatomically
biased toward posterior structures

To better understand the anatomy of spontaneous grooming
in dfmrl-mutant and -control flies, we scored the nine struc-
tures that fly routinely groom (Figure 4(A-D)). During indi-
vidual grooming bouts, A3 homozygous mutants groomed a
significantly greater number of locations, and this was
reduced by the wild-type dfmrl transgene (Figure 4(B)).
When the mean location number was plotted against the
mean grooming-bout duration for each fly, there was no dif-
ference among any of the four genotypes (Figure S7; mul-
tiple analysis of covariance, p=0.22). In other words, in the
absence of FMRP, the additional locations groomed can be
explained simply by prolongation of the bouts. However, as

described below, distinctive grooming-pattern alterations
were observed in dfmrI-mutant homozygotes.

A second ethogram format, that emphasizes grooming loca-
tions in the context of the overall motor-behavior repertoire,
was used to depict behavioral transitions within grooming bouts,
as well as between grooming and non-grooming behaviors
(Figures 4(E,F) and 5(A,B)). This allowed qualitative and quanti-
tative comparison between the dfmrl mutant and control geno-
types. Although whole-body grooming is performed in a
stereotyped anterior-to-posterior sequence along the body sur-
face (Phillis et al, 1993), wild-type grooming movements are
organized into two distinct and virtually non-overlapping ana-
tomical domains: an anterior module that combines grooming
performed by the front and middle (T1 and T2) legs, and a pos-
terior module that includes all grooming performed by the rear
(T3) legs (Figure 4(E)). These anterior- and posterior-specific
grooming patterns were described decades ago (Szebenyi, 1969)
and have somewhat distinct neural mechanisms based on evi-
dence from genetic manipulations (Seeds et al., 2014). The Ex16
control flies split their grooming activity roughly equally between
the anterior and posterior modules (median anterior region GI
= 2.8, median posterior region GI = 3.4; p > 0.05).

While the modular dichotomy of grooming was still quite
evident in the dfmrl mutant flies, the increased grooming activ-
ity was primarily seen in the posterior module (Figure 4(F)),
whereas anterior modules remained similar to control levels
(for A3 mutants, median anterior region GI = 2.6 vs. median
posterior region GI = 10.7; p<1.0 x 107°). In other words,
there was significantly more posterior than anterior grooming
in dfmrl mutant flies (posterior:anterior GI ratio = 4.1) com-
pared to control flies (posterior:anterior GI ratio = 1.2). These
posterior-anterior differences are readily apparent when com-
paring the aggregate behavioral data between genotypes (Figure
5(A,B)). In addition, the number of unique transition types
within a grooming bout (e.g. from grooming head to T1 legs or
from grooming dorsal wing to T3 legs) was significantly
increased in dfmrl mutants and reduced by the wild-type trans-
gene (Figure 5(C); p < 0.0005 for each comparison).
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tributions of mean number of body parts groomed per bout, displayed as in Figure 2. Mutants (A3 homozygotes) groomed more locations than did their controls
(Ex16 homozygotes), and this was rescued by a wild-type dfmri transgene, P[dfmr1™]. Significance levels: *p < 0.05; ***p < 0.0005. (C, D) Representative timeline
ethograms for grooming only in dfmri-control (Ex16/Ex16) and -mutant (A3/A3) flies; ten ethograms for each genotype are arranged from top to bottom by increas-
ing Gl. All non-grooming behaviors are depicted as light gray; each grooming bout is color-coded, as in (A). Notice that each fly grooms a variety of locations during
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ical individual dfmri-control (Ex16/Ex16) and -mutant (A3/A3) flies. Arrow thicknesses indicate number of transitions to/from particular locations groomed, as well as
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and the ratio of posterior to anterior grooming are shown below the ethogram for each fly.
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Figure 5. Analysis of altered behavioral transitions in dfmr1 mutants. (A, B)
Ethograms showing the behavioral transitions within grooming bouts (arrows
from one body location to another) and between grooming and non-grooming
behaviors (walk, fall, and stand). Data for each genotype have been pooled and
arrow thickness represents transition frequency (cf., Figure 4). (A) Genetic con-
trols (Ex16/Ex16, n =29); (B) dfmr1 mutants (A3/A3, n=26). (C) Box-plot distri-
butions of the number of unique grooming-related transition types; data and
genotypes displayed as in Figure 2. The dfmri-mutant flies (A3/A3 in both
experiments) showed significantly elevated transition-type numbers, which
returned to control levels in the presence of one copy of the wild-type dfrm1
transgene. Significance level: ***p < 0.0005.

Hypergrooming in dfmr1*® mutants includes
patterned repetition

When dfmrl-mutant flies groomed excessively, their
increased grooming-bout numbers and duration did not
focus on single anatomical sites. Rather, their total number
of grooming-site transitions increased significantly, and this
was rescued by a single copy of dfmrl™ (Figure 6(A)). In
addition, we identified two types of patterned repetitive
grooming, one exclusively within individual bouts and
another between successive bouts, that were increased in fre-
quency by the absence of FMRP. Within a bout, ABA repeti-
tions refer to grooming that alternates between any two
locations with varying numbers of repetitions, for example,
T1-Head-T1-Head-T1. Between bouts, X-Stop-X refers to
returning to groom the same location after engaging in any
non-grooming behavior(s) for any amount of time, for
example, T1-Walk-T1. Homozygous A3 mutant flies showed
marked increases in both patterns, and both were rescued by
the wild-type dfmrl transgene (Figure 6(B,C)). Thus, the
dfmrl-mutant phenotype of excessive grooming is persevera-
tive and patterned, with flies engaging in heightened alterna-
tion between pairs of sites and resumption of grooming,
after non-grooming activity, at the previously-groomed site.

Increased total within-bout transitions and site-alternating
(ABA) repetition could result from faster transitions between
grooming locations, or from the prolongation of grooming
bouts at the same average transition rate. To distinguish
between these possibilities, we normalized each fly’s total
within-bout transitions and ABA score by its mean groom-
ing-bout duration. For each metric, the differences between
dfmrl genotypes persist (Figure 6(D,E)). Therefore, increased
within-bout total grooming transitions and ABA repetition
performed by dfmrI-mutant flies was due not only to abnor-
mal persistence of patterned grooming during prolonged
bouts, but also to increased transition rates.

When each fly’s X-Stop-X repetitions were normalized by
its total grooming-bout number (Figure 6(F)), the effect of
FMRP absence was reduced but remained significant in the
mutant vs. control comparison (p <0.05). A similar effect
had been seen in independent pilot experiments when X-
Stop-X was normalized by grooming time (data not shown).
While some of the elevated X-Stop-X repetitions by dfinrl-
mutant flies can be accounted for by their increased number
of grooming bouts, the flies still tended to return to groom-
ing the same rather than to a different site.

To better understand the increased number and pace of
alternating ~ ABA-patterned  grooming, we  considered
AB(nonA)-type grooming transitions. AB(nonA) patterns were
also elevated in the dfimrl mutants, and this was still seen
when AB(nonA) values were normalized by mean grooming-
bout duration (Figure 6(G,H)). Hence, both alternating and
non-alternating grooming-site transitions were more frequent
in the mutants. In addition, ABA and AB(nonA) values for
individual flies were highly correlated (for A3/A3, Pearson cor-
relation coefficient = 0.8483; linear regression R> = 0.72 with
p<10""°). Moreover, the ratio of ABA to total within-bout
transitions, while highly variable among individuals, did
not differ significantly among the four genotypes tested
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Figure 6. Patterned grooming in dfmri-mutant flies. Box-plot distributions of data, displayed as in Figure 2. All nine panels reflect data from the same four groups,

as detailed in the x-axis labels of panels (A), (B) and (C). (A) Total within-bout transitions between grooming sites are increased in dfmr1 mutants (A3/A3), and res-
cued by a single copy of the dfmr1™ transgene. (B) Within-bout ABA-type patterned grooming was increased in dfmr1 mutants (A3/A3), and rescued by one copy of
the wild-type dfmr1™ transgene. This increase persisted when total transition number was normalized by mean grooming-bout duration. (C) Between-bout X-Stop-
X-type repetitive grooming was elevated in dfmri-mutant flies, and rescued by the dfmri™ transgene. (D) Total within-bout transitions remained elevated in dfmr1
mutants when normalized by mean grooming-bout duration; this increase was rescued by providing the dfmr1™ transgene. (E) The number of ABA repeats remained
elevated in dfmr1 mutants when normalized by mean grooming-bout duration; this increase was rescued by providing the dfmr1™ transgene. (F) When normalized
by grooming-bout number, X-Stop-X repeats were more similar between genotypes, but remained significantly increased in the dfmr7 mutants. (G) Three-location
grooming transitions, AB(nonA), were increased in dfmr1 mutants and rescued by the wild-type transgene. (H) The increase in AB(nonA) persisted after normalization
by mean grooming-bout duration, and was rescued by the wild-type transgene. (I) The ratio of ABA to total transitions was not statistically significantly different
among the four genotypes. Significance levels: *p < 0.05; ***p < 0.0005; ns: not significant.

(Figure 6(I)). In other words, all types of grooming-site transi-
tions were elevated in number and rate; the ABA type is not
selectively increased by lack of FMRP.

CASK-mutant flies exhibit hypergrooming despite being
markedly sedentary

In the small arena used for the spontaneous motor behavior
assay, control flies are very active, almost in constant loco-
motion. This raises the question of whether alterations in
grooming intensity are related to overall locomotor activity.

We tested CASK-mutant flies because (i) they have previ-
ously been reported to have severe locomotor deficits
(Slawson et al, 2011); and (ii) they represent another
Drosophila model of Mendelian neurodevelopmental disor-
ders (Tello Vega, 2018). One possible outcome was reduced
grooming due to loss of CASK function.

The timeline ethograms of CASK-mutant A18 homozygous
flies revealed remarkably sedentary behavior, often with stand-
ing bouts lasting >1 min (Figure 7(A,B)). Nonetheless, the flies
showed excessive grooming, with increased GI compared to
Ex33 controls (Figure 8(A); p<0.05; Supplemental video
recordings #3 and 4). This was due to a substantial increase in
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Figure 7. Spontaneous motor-behavior in CASK mutants reveals increased grooming, stationery bouts, and behavioral activation. (A B) Timeline ethograms, similar
to those in Figure 1, with the addition of tumbling and twitch to the repertoire of mutually exclusive behaviors; for each genotype, they are arranged from top to
bottom by increasing Gl. Thin dotted lines at the end of 4min highlight differences in behavior between the introductory period (0-4 min) and the test period
(5-15min). (A) CASK-control flies (Ex33/Ex33) spend most of their time walking, with no apparent differences across the 15-min observation period. (B) CASK-mutant
flies (A18/A18) show markedly increased standing behavior, especially after 4 min. (C-F) Genotype-dependent changes in motor-behavior metrics between 4-min
introductory and 11-min test periods for standing index (SlI), walking index (WI), grooming index (Gl) and grooming-bout duration. Each circle represents a single
fly: homozygous CASK Ex33 controls (open circles, n =20) and homozygous CASK A18 mutants (gray-filled circles, n = 20). For a given metric, the change was calcu-
lated by subtracting each fly's value for the 11-min test period from the value for the 4-min introductory period. For control flies, the median values of all four par-
ameter changes were close to zero. (See also Figure S7 for direct comparisons of the two time periods in each genotype). (C) CASK-mutant flies showed a marked
increase in Sl during the test period, whereas control animals displayed no change. (D) WI of mutant flies was substantially decreased compared with that of con-
trols. (E) The change in Gl did not differ significantly between the two genotypes. (F) Grooming-bout duration increased markedly in CASK mutants, but not in con-
trol flies, after the introductory period. Significance levels: ***p < 0.0005; ns: not significant.

mean grooming-bout duration (Figure 8(B); p < 0.0005),
whereas the number of grooming bouts was not different
between the genotypes (Figure 8(C)). As expected, WI was
markedly reduced in the mutants (Figure 8(D); p < 0.0005),
primarily due to the decrease in mean walking-bout duration
(Figure 8(E)), whereas walking-bout number, while highly vari-
able, was not significantly different between genotypes (Figure
8(F)). The CASK AI8 homozygous mutants showed a corre-
sponding dramatic increase in standing measures (Figure
8(G-1)), with elevated SI (p < 0.0005) conferred by increases in
both standing-bout numbers and mean duration. Falls,
twitches, and tumbles were significantly reduced in CASK
mutants compared to controls, generally in proportion to their
reduced walking (data not shown).

CASK mutants display behavioral activation
after handling

CASK-control flies (Ex33/Ex33) showed consistent behavior
across the 15-min observation period (Figure 7(A,C)).

However, unlike the dfmrl mutants, CASK-mutant flies
modified their behavior, with a transition point at ~4 min
that was apparent for standing and walking in the timeline
ethograms (Figure 7(B), dotted line). Initially, the AI8
homozygous mutants exhibited robust walking behavior, fol-
lowed by a shift to persistent standing. Recall that the
recording starts shortly after the flies are handled, and there-
fore mechanically stimulated, to load them into the arena.
We separated the 15-min observation interval into an intro-
ductory period, immediately after transfer into the arena
(Ist through 4th min), and an 11-min test period (5th
through 15th min).

Walking and standing metrics demonstrated significant
changes between introductory and test periods at the level of
individual mutant flies (Figure 7(C,D)) and population distri-
butions (Figure S8(C-F)). In brief, CASK mutants (AI8 homo-
zygotes) spent significantly more time standing during the test
period (Figure 7(C); Figure S8(C); p < 0.05), with a concurrent
reduction in walking (Figures 7(D), S8(E); p<0.05). The
large majority of mutant flies (17 of 20) increased their SI
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Figure 8. Elevated grooming and standing in CASK-mutant flies. Box-plot distributions of data from 15-min observation periods, as in Figure 2, for CASK-control
(Ex33/Ex33) and CASK-mutant (A18/A18) flies. (A) CASK mutants groomed significantly more than did control flies. (B, C) The elevated Gl was due to a significant
increase in the mean grooming-bout duration (B) and not due to an increase in grooming-bout number (C). (D) Walking was greatly reduced in CASK mutants, not
because of a reduction in walking-bout number (F), but because those bouts were significantly shorter (E). (G) Standing index, conversely, was increased dramatic-
ally in CASK mutants, with both (H) standing-bout duration and (I) the number of standing bouts markedly elevated. Significance levels: *p < 0.05; **p < 0.005;

*¥%p < 0.0005; ns: not significant.

(Figure 7(C)) during the test period, by increasing their mean
standing-bout duration (Figure S8(D); p < 0.05). In contrast,
individual Ex33 controls showed virtually no change in SI
(Figure 7(C); Figure S8(C)) or walking metrics (Figure 7(D);
Figure S8(E,F)) between introductory and test periods. In strik-
ing contrast to the shift in mutants’ walking and standing
behavior over time, grooming by CASK-mutant flies remained
stable. GI values showed no change at the population level
between introductory and test periods (Figure S8(A)), albeit
with  considerable individual variation (Figure 7(E)).
Nonetheless, the mean grooming-bout duration did increase
during the test period (Figure 7(F); Figure S8B).

In summary, despite displaying prolonged periods of sta-
tionary behavior, as previously reported (Slawson et al., 2011),
CASK mutants are nonetheless capable of moderate ambulation
during the several minutes after handling and placement into

the arena. Locomotor activation, in apparent response to mech-
anical stimulation, demonstrates that their primary motor sys-
tem is intact despite the loss of CASK function. In addition, we
have shown that the mutant phenotype of excessive grooming
is not dependent on normal locomotion and, indeed, seems
largely unrelated to locomotory activity level when comparing
within and between genotypes.

Discussion

Excessive spontaneous grooming in two animal models
of monogenic mendelian ID

We discovered a shared phenotype of excessive spontaneous
self-grooming (Figures 1 and 7) in young adult flies of two
Drosophila  models for monogenic neurodevelopmental
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conditions, FXS and CASK-related disorders. Both fly mod-
els had already shown memory deficits in olfactory associa-
tive learning paradigms (Bolduc et al., 2008; Kanellopoulos
et al., 2012; Malik & Hodge, 2014), providing face validity
for ID in the affected children.

To understand the excessive grooming of mutant flies it
helps to consider the characteristics of normal grooming.
Grooming is a highly conserved, innate, complex behavior,
by which limbed animals remove debris and parasites from
the body surface using stereotyped limb motor patterns
(Sachs, 1988). For terrestrial adult insects, grooming requires
coordination around several joints of up to three legs, while
maintaining a balanced stance with the other legs. The two
basic grooming movements are leg sweeps, which brush one
or two legs across a body region, collecting detritus onto the
legs, and leg rubs, which often follow sweeps, scraping two
or three legs together in a rapid back-and-forth pattern to
remove the debris (Szebenyi, 1969). Drosophila grooming
behaviors are modular, with distinct patterns for each ana-
tomical location, as well as patterned within larger anatom-
ical zones, for example, anterior and posterior (Figure 4(A);
Szebenyi, 1969; Corfas & Dudai, 1989; Seeds et al., 2014).
Targeted grooming can be triggered experimentally by stim-
ulating individual sensory bristles (Corfas & Dudai, 1989;
Vandervorst & Ghysen, 1980) or neurons (Hampel,
McKellar, Simpson, & Seeds, 2017), as well as by dusting
flies with fine powder, which induces a stereotyped anterior-
to-posterior cleaning sequence across the body surface
(Phillis et al., 1993; Seeds et al., 2014).

As with mammals, grooming without an apparent need
for cleaning is within the realm of neurotypical fly motor
behavior (Szebenyi, 1969). Spontaneous grooming performed
by visibly-clean flies in a clean arena could be a response to
subtle mechanosensory or chemical stimulation (Yanagawa,
Guigue, & Marion-Poll, 2014), including microscopic
detritus, microbial pathogens, or local air currents.
Alternatively, self-grooming may represent displacement
behavior with or without anxiety (e.g. Kalueff & Tuohimaa,
2005). Thus, plausible explanations for the excessive spon-
taneous grooming we observed include hypersensitivity to
mechanical stimuli, failure to habituate once the stimulation
subsides, and excessive displacement behavior. Precedents
for the involvement of habituation include impaired groom-
ing habituation in the learning-and-memory mutant, ruta-
baga (Corfas & Dudai, 1989). Deficits of habituation in the
lights-off jump assay were observed in dfinrl- and CASK-
deficient flies, as well as in dozens of lines with RNAi-medi-
ated reductions in other ID/ASD-associated orthologs
(Fenckova et al., 2019). While we are not inclined to specu-
late about a possible role of emotional dysregulation in
hypergrooming by Drosophila mutants, we note that the
BTBR (Black and Tan BRachyury) mouse, a model for ASD,
engages in repetitive self-grooming without physiological
indicators of elevated stress and without behavioral indica-
tors of abnormal mood or anxiety level (Silverman et al.,
2010). In other words, there need not be an emotional cor-
relate or mediator of excessive self-grooming.

Striking differences characterize the overall motor-behav-
ior profiles of one-day-old dfmrl- and CASK-mutant flies.
In the model of FXS, grooming was elevated across the test-
ing timeline, with increased grooming-bout frequency and
duration, and greater numbers of anatomical locations
groomed per bout - all at the expense of walking (Figures
1-4). In other words, the flies were not hyperactive but
rather shifted their motor behavior in favor of grooming.
Whereas control flies showed no apparent anterior-to-pos-
terior bias during spontaneous grooming, the excessive
grooming of dfmrl mutants was disproportionately elevated
in the posterior module, without aberrant transitions
between anterior and posterior modules (Figures 4 and 5).
This suggests that FMRP selectively suppresses the posterior
grooming module, which is controlled by distinct neural and
genetic circuitry, and ordinarily has lower priority in the
hierarchy of body cleaning (Hampel et al, 2017; Seeds
et al., 2014).

In contrast, CASK mutants engaged in excessive groom-
ing against the backdrop of an extraordinary hypoactivity
phenotype, with extended periods of standing still (Figures 7
and 8). The locomotor phenotype was consistent with prior
reports of reduced initiation and failure to maintain walking
(Slawson et al., 2011). Nonetheless, these mutants readily
initiated and maintained grooming behaviors: their groom-
ing-bout numbers were normal compared with those of con-
trols, while mean grooming-bout duration was markedly
elevated. Thus, in CASK mutants, adaptive behaviors of
walking and grooming were dissociated, with opposite
abnormalities.

Furthermore, although their walking was abnormally low
throughout the 15-min assay, CASK-mutant flies walked at
moderate levels during the first ~4 min, then became very
sedentary; in contrast, their elevated grooming activity was
consistent across the assay interval (Figure 7). Flies of the
other genotypes showed no differential motor behavior
between initial and later phases of the assay, which is con-
sistent with a previous detailed study of Drosophila loco-
motor assays in arenas of various sizes and shapes. Liu,
Davis, and Roman (2007) found that elevated initial activity,
which they characterized as exploratory rather than a
response to handling, was not observed in small arenas
(<7 mm diameter) or with wﬁe—eyed flies. Thus, there are
two plausible, and not mutually exclusive, explanations for
the time-dependent CASK-mutant walking phenotype we
observed. They could have an aberrant response to the
arena, despite its small size (6.4-mm) and despite their lack
of eye pigment. That response could represent a form of
acclimation (Melvin, Petit, Duvignacq, & Sumpter, 2017;
Teske, Perez-Leighton, Billington, & Kotz, 2014), with initial
exploration followed by settling down to their baseline qui-
escent phenotype. Second, CASK mutants might be unable
to sustain even moderate walking, perhaps because of meta-
bolic insufficiency. Indeed, reduction of CASK expression in
human-cell or mouse models caused impaired metabolic
activity, with decreased oxidation rates and increased lactate
production (Srivastava et al, 2016). Consistent with this
explanation are data from a pilot study in which quiescent



CASK-mutant flies, 5min after initial handling, were mech-
anically re-stimulated. We observed brief (<30s) and slug-
gish reactivation of walking, with many of the flies moving
slowly for short distances (data not shown).

Advantages and implications of direct observation and
neutral motor-behavior assessment

Our approach to motor-behavior assessment enabled a
detailed quantitative analysis of individual, isolated flies,
recorded from an overhead viewpoint in a simple arena that
permits ambulation but not flight. An important feature of
this approach is its neutrality — it makes few assumptions
about what behaviors should be performed. By scoring the
entire 15-min interval at high temporal resolution (33.3 ms),
we could easily determine how mutant flies differed from
controls. Increased computational power and reduced cost
of digital recording and automated behavior-analysis systems
have facilitated high-throughput approaches, particularly in
Drosophila (e.g. Branson, Robie, Bender, Perona, &
Dickinson, 2009; Dankert, Wang, Hoopfer, Anderson, &
Perona, 2009; Jiang et al., 2016). Yet, manual analysis of
video recordings can have advantages over automated loco-
motor activity assays when excessive grooming is part of the
mutant phenotype. The monitors, in which activity is
inferred when an infrared beam is crossed (Zordan, Benna,
& Mazzotta, 2007), could be ‘blind’ to some grooming or
conflate grooming with locomotion. For example, King et al.
(2016) first detected excessive grooming in NfI mutants as
unusual high-amplitude spikes that could have been mis-
taken for hyperactivity, especially in group data. They fur-
ther showed that grooming when the fly is positioned near
the infrared beam, especially when grooming involves the
wings, was detected as activity. One can surmise, therefore,
that grooming when the fly is away from the beam location,
even for long bouts, would look like inactivity. Similarly, the
tracking software, based on whole-body position, used to
characterize the locomotor deficit of Drosophila CASK
mutants (Slawson et al, 2011), would also be ‘blind’ to
excessive grooming.

Based on locomotor behavior assayed in automated activ-
ity monitors, dfmrl-mutant flies showed “circadian rhythm
defects”, with weak rhythmicity or outright arrhythmicity
(Dockendorff et al., 2002; Morales et al., 2002). Is it possible
that some aspects of this analysis were impacted by excessive
grooming? For example, could excessive grooming interfere
with normal patrolling along the length of the tubes used
for locomotor activity monitoring?

Excessive grooming could also complicate interpretation
of a fly’s performance in assays based on predefined behav-
ioral patterns, such as courtship displays and the associative
courtship-conditioning paradigm (Hall, 1994). For example,
published courtship studies of dfmri-mutant males (A3/A3,
the same genotype used here) reported a marked reduction
in courtship index and failure to progress through successive
steps of the courtship ritual, which were interpreted as a
failure to “maintain courtship interest” (Dockendorff et al.,
2002). Based on our findings with young dfmrl-mutant
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adults, as well as those from Tauber et al. (2011) showing
progressive increases in grooming during aging, we won-
dered whether these males had groomed excessively during
courtship assays. Indeed, this was confirmed by Dr. K.
Siwicki (Swarthmore College, PA), who reviewed the raw
courtship data - notebook entries of live scoring sessions —
published in Dockendorff et al. (2002). She found numerous
margin notes documenting “grooming” or “lots of
grooming” while dfmrl-mutant males were observed in a
small chamber under conditions that stimulate courtship (K.
K. Siwicki, personal communication). Because the standard
courtship-scoring protocol did not include grooming, these
grooming bouts were not quantified or otherwise incorpo-
rated into the analysis.

CASK-mutant males (A18/A18, same genotype used here)
were also reported to display reduced courtship behavior
(Slawson et al., 2011). The question is whether dfmrl- and
CASK-mutant flies scored abnormally in courtship assays in
part because of excessive grooming. Might an excessive drive
to groom interfere with other behaviors that require social
interactions with a conspecific? Human behavioral pheno-
types are instructive in this regard.

Deficits in social communication and interactions are
included in both previous and current diagnostic criteria as
a core domain of autistic deficit or ASD, respectively
(American  Psychiatric = Association, 2013;  American
Psychiatric Association & Task Force on DSM-IV, 2000).
While social and repetitive behaviors are rated separately,
and may well have distinct molecular genetic causes (Happé
& Ronald, 2008), in day-to-day life they can interact to
impair function synergistically. Social anxiety can heighten
the occurrence of motor stereotypies, perhaps as a form of
self-soothing to reduce anxiety (Factor, Condy, Farley, &
Scarpa, 2016; Joosten, Bundy, & Einfeld, 2009). Repetitive
motor behaviors interfere with social communication, either
directly, as in the case of perseverative speech (Friedman,
Sterling, & Barton-Hulsey, 2018), or because they shift atten-
tion away from social interaction. With these points in
mind, it is easy to envision how repetitive grooming behav-
ior may interfere with social communication and interac-
tions between male and female flies in the context of
courtship. In other words, while FMRP is essential for nor-
mal levels of both courtship behavior and spontaneous
grooming, the two phenotypes may interact synergistically.

One feature of Drosophila motor control not yet quanti-
fied is smoothness of movement (Balasubramanian,
Melendez-Calderon, Roby-Brami, & Brudet, 2015). In com-
parison with control flies, dfmrl mutants appeared jittery.
Their walking was less fluid, with individual limb move-
ments that were coarse and jerky, and these were qualita-
tively normalized by wild-type dfmrl. We considered
whether dfmrl mutants have disruptions of CNS-controlled
rhythmic motor patterns (Dougherty & Ha, 2019). To find a
qualitative assessment aid, we screened popular music tracks
for one that ‘sets the beat’ for normal fly walking, and iden-
tified a classic hit, “The Locomotion” (King & Goffin,
1962; see Web resources). At ~120 beats/steps per min, this
locomotor tempo is a preferred walking cadence for humans
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(MacDougall & Moore, 2005). When the soundtrack is over-
laid with video recordings of spontaneous walking by dfmrI-
and CASK-control flies (Supplemental videos 1, 3), there is a
remarkable alignment of rhythm and tempo, perhaps indi-
cating evolutionary conservation of fundamental features of
locomotor rhythm generation. However, the lack of FMRP
in the dfmrl-mutant flies did not disrupt their overall
rhythm or tempo (Supplemental video 2). Thus, the mutants
do not lack gross locomotor coordination, but rather have a
selective reduction in the smoothness of the individual
movement components.

Connecting excessive repetitive grooming to
human phenotypes

Perseveration is a feature of the behavioral phenotype of
FXS (Boyle & Kaufmann, 2010). Tauber et al. (2011) specu-
lated that progressively increasing grooming during aging of
dfmrl-mutant flies (5-35days old) was analogous to repeti-
tive behaviors in FXS, but did not demonstrate repetition in
their data analysis. Because FXS is a neurodevelopmental
disorder, we studied young flies, controlling carefully for age
(24-28h old), specifically to address the impact of FMRP on
nervous system maturation required to support normal fly
behavior. By analyzing anatomical grooming sites and transi-
tions, we showed that the excessive spontaneous grooming
of flies lacking FMRP includes an exaggerated tendency to
perform patterned grooming of several types that are part of
their normal repertoire (Figure 6). The prolonged grooming
bouts included increased numbers of intra-bout oscillatory
ABA repeats, as well as non-oscillatory AB(nonA) sequences,
with both types showing an increased rate of grooming-site
transitions. This revved-up grooming does not seem to
reflect overall hyperactivity because walking speed was not
obviously increased. Increased inter-bout repetition, quanti-
fied by instances of X-Stop-X grooming in dfmrl mutants
indicated that grooming a particular location made that site
more likely to be selected for grooming at the onset of the
next bout. Together, these grooming-site phenotypes repre-
sent perseveration of patterned behavior due to the absence
of FMRP in Drosophila.

In the setting of brain-development disorders, the most
likely human counterparts of perseverative patterned groom-
ing are in the partially overlapping categories of (i) motor
stereotypies, for example, hand flapping, and (ii) stereotyped
repetitive behaviors that reflect a core domain of ASD.
These vary in complexity, intensity, and function of the
motor behavior, as well as in the degree to which they inter-
fere with other life activities (American Psychiatric
Association, 2013; Mackenzie, 2018).

For CASK-related disorders, there has been no systematic
evaluation of behavioral phenotypes. In two multiplex fami-
lies, the affected individuals were described as having
“autistic” or “obsessive” behaviors (Hackett et al., 2010; Seto
et al, 2017). In one study of de novo CASK mutations,
motor stereotypies were noted in about half of the children
(Burglen et al., 2012). In contrast, the co-occurrence of FXS
and ASD has been documented in dozens of studies over a

two-decade period of (Richards, Jones, Groves, Moss, &
Oliver, 2015), with estimates ranging from ~20% to >50%
of FXS patients exhibiting autism, ASD, or autism-like
behaviors (Bailey, Raspa, Olmsted, & Holiday, 2008; Hall
et al., 2008; Harris et al, 2008; Hatton et al, 2006;
Kaufmann et al., 2004, 2017; Rogers, Wehner, & Hagerman,
2001). Leaving aside the debate over the degree to which
autism in FXS is phenotypically or mechanistically distinct
from non-syndromic ASD (Abbeduto et al., 2014, Thurman,
McDuffie, Kover, Hagerman, & Abbeduto, 2015; Bailey,
Hatton, Mesibov, Ament, & Skinner, 2000; Belmonte &
Bourgeron, 2006; Budimirovic & Kaufmann, 2011), we note
that the presence of patterned repetitive motor behavior is
highly similar in both types of autism (Wolff et al., 2012).
Moreover, motor stereotypies can be detected in babies with
FXS before two years of age (Hogan et al, 2017; Roberts,
Tonnsen, McCary, Caravella, & Shinkareva, 2016). Thus, the
Drosophila model of FXS, with perseveration of patterned
repetitive behavior, along with cognitive and circadian
rhythm deficits, provides strong face validity (Nestler &
Hyman, 2010), adding to its utility for drug discovery.

Other monogenic ID disorders with high prevalence of
ASD include Neurofibromatosis type 1 (NFI), tuberous scler-
osis (TSCI, TSC2), and other syndromes - CHARGE (CHD?),
Angelman (UBE3A), Cornelia de Lange (NIPBL, SMCIA,
SMC3, RAD21, HDACS), and Rett (MECP2) (Richards et al.,
2015). Drosophila mutants with loss of NfI function show dra-
matically elevated grooming levels, especially of anterior struc-
tures (King et al, 2016). If, as we predict, the fly models of
other ID disorders with high ASD prevalence also demonstrate
excessive grooming, then the Drosophila system will be well-
positioned to determine whether common underlying mecha-
nisms are responsible, and whether the same drugs provide
pharmacological rescue. The potential significance of such pre-
clinical research is heightened by recent efforts, funded by the
FDA, to consider the therapeutic landscape of rare disorders
from a perspective broader than one at a time (Critical Path
Institute, 2019; see Web resources).

Lovastatin could be an instructive pharmacological agent for
testing different fly mutants. It altered neurite outgrowth of
cultured Drosophila neurons (Kraft et al., 2013) and, in human
subjects with FXS, it decreased aberrant behavior (Gaku,
Pellerin, Bouvier, Riou, & Corbin, 2014) and normalized a
platelet biomarker (Pellerin et al., 2016). In children with NF1,
short-term treatment with lovastatin normalized cortical rest-
ing-state functional connectivity (Chabernaud et al, 2012),
reduced intracortical inhibition, and improved synaptic plasti-
city and phasic alertness (Mainberger et al, 2013). We await
the publication of data from two additional completed clinical
trials testing the effects of lovastatin in FXS (U.S. National
Library of Medicine, ClinicalTrials.gov database: NCT02642653,
NCT02680379; sece Web resources).

Proposed mechanism of excessive repetitive behavior
in FXS

The neurobiological basis of repetitive behaviors in FXS,
other syndromic ASD, or in nonsyndromic ASD is unknown
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but may include sensory hypersensitivities and/or deficits in
habituation (Bruno, Garrett, Quintin, Mazaika, & Reiss,
2014; Ethridge et al, 2016; Rigoulot et al, 2017). It is
unclear which neural circuits are responsible, or where in
the nervous system they are located.

We expect to find a neuroanatomical basis for excessive
patterned grooming in dfmrl mutants, based on previous
demonstrations of abnormalities involving larval sensory and
motor neurons, as well as adult CNS regions controlling
vision and memory (Drozd et al., 2018). The central pattern
generators for grooming are located in the thoracic ganglia
(Yanagawa et al., 2014), which are presumably modulated by
higher centers. We can also propose molecular mechanisms,
based on the working model of FMRP function as a transla-
tional repressor (Darnell & Klann, 2013), from which it is
proposed that FXS phenotypes result from overexpression of
FMRP targets. We note that mutations in many individual
FMRP target genes also disrupt brain development with
effects on cognitive function and behavior (Table S1). Thus,
FMRP target genes with gain-of-function (GOF) phenotypes
that include ASD would become prime candidates for medi-
ating repetitive behaviors (and social deficits) in FXS.
Moreover, their gene products could serve as drug targets to
ameliorate FXS phenotypes (e.g. Mir, Qahtani, &
Bashir, 2020).

Among the genes whose transcripts are known to be
FMRP targets (Chmielewska et al., 2019; Darnell et al., 2011;
Muddashetty et al., 2007) are 17 whose mutations cause
Mendelian brain-development disorders, and most of those
include ASD or “autistic features” as clinical phenotypes
(Table S1). Remarkably, however, for the large majority of
these, laboratory-based functional analyses of the mutations
demonstrated that they are loss-of-function (LOF) alleles,
often with haploinsufficiency and sometimes with dominant-
negative characteristics. Those genes are CYFIP2, DLG4,
GRIA2, KIFIA, LINGOI1, MAPIB, NF1, NLGNI, NLGN2,
NLGN3, NRXNI1, PTEN, SHANK3, and TSC2. Currently,
only CAMK2A, GRIN2A, and GRIN2B have documented
GOF mutations causing disorders that include ASD; none-
theless, LOF mutations in all three genes can also cause
ASD. The immediate and very important implication is that
these three genes are very dosage-sensitive, with normal cog-
nition and behavior (as well as seizure threshold) requiring
a ‘sweet spot’, between LOF and GOF, for the activity of
CaMKIIa and NMDA receptor subunits NR2A and NR2B
(products of GRIN2A and GRIN2B, respectively). Excessive
potency or dosage of a pharmacological antagonist might
well backfire as a therapy for FXS.

CAMK2A, GRIN2A, and GRIN2B also help explain why
dfmrl and CASK mutants share excessive repetitive behavior
phenotype. CASK regulates CaMKII autophosphorylation
(Malik & Hodge, 2014) and the expression of NMDA recep-
tor subunit 2B (Mori et al., 2019). CASK also has complex
protein-binding interactions essential for NMDA receptor
trafficking (Hsueh, 2006; Lin, Jeyifous, & Green, 2013).
Therefore, CASK LOF could result in repetitive behavior by
reducing the function of CAMK2A, GRIN2A, and/
or GRIN2B.
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When evaluating FMRP targets, we must also consider
whole-gene duplications, the simplest kind of GOF alter-
ation. Microduplications and deletions (collectively called
“copy number variants”) at many genomic sites are increas-
ingly understood to cause or greatly elevate the risk of ASD
(Coe et al., 2019; Leppa et al., 2016; Zarrei et al., 2019). This
class of mutations is detected by quantitative hybridization
of patient DNA to high-resolution panels of genomic probes,
with testing now in widespread clinical use. For 8 of these
17 FMRP target genes (DLG4, GRIA2, GRIN2A, GRIN2B,
NF1, NLGN3, PTEN, and SHANK3), we found published
case reports of microduplications associated with neurodeve-
lopmental disorders, almost all having ID as a prominent
phenotype (Table S1). However, for two of them, NLGN3
(Gumus, 2019; Kaya et al., 2012; Wentz, Vujic, Kérrstedt,
Erlandsson, & Gillberg, 2014) and SHANK3 (Johannessen,
Haugen, Bakken, & Braaten, 2019), a handful of case reports
document ASD in children with whole-gene duplications.
Thus, based on human genetics data and the lab analysis of
mutant alleles, the strongest candidates for causing excessive
repetitive behaviors in FXS through overexpression are:
CaMKIla, NMDAR2A, NMDAR2B, NLGN3, and SHANK3.
We note that SHANK3 and CaMKIIo are direct binding
partners whose interaction regulates L-type calcium channel
signaling (Perfitt et al., 2020).
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