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Abstract

YWHAZ encodes an adapter protein 14–3-3ζ , which is involved in many signaling pathways that control cellular proliferation, migration
and differentiation. It has not been definitely correlated to any phenotype in OMIM. To investigate the role of YWHAZ gene in intellectual
disability and global developmental delay, we conducted whole-exon sequencing in all of the available members from a large three-
generation family and we discovered that a novel variant of the YWHAZ gene was associated with intellectual disability and global
developmental delay. This variant is a missense mutation of YWHAZ, p.Lys49Asn/c.147A > T, which was found in all affected members
but not found in other unaffected members. We also conducted computational modeling and knockdown/knockin with Drosophila to
confirm the role of the YWHAZ variant in intellectual disability. Computational modeling showed that the binding energy was increased
in the mutated protein combining with the ligand indicating that the c147A > T variation was a loss-of-function variant. Cognitive
defects and mushroom body morphological abnormalities were observed in YWHAZ c.147A > T knockin flies. The YWHAZ knockdown
flies also manifested serious cognitive defects with hyperactivity behaviors, which is consistent with the clinical features. Our clinical
and experimental results consistently suggested that YWHAZ was a novel intellectual disability pathogenic gene.
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Graphical Abstract

Introduction
Intellectual disability (ID) and global developmental delay (GDD)
are common concerns in pediatric clinics. To this day, the preva-
lence of ID/GDD is about 1–3% of the general population (1).
Etiologies of ID/GDD are highly complex, comprising extrinsic
factors, such as acquired brain injury and intrinsic genetic factors
(2,3). Up to one-half of the unexplained ID/GDD are estimated
to be genetic origin, especially in the moderate or severe cases
(4). As body physiology is functioning with complex molecular
networks, the spatio-temporal expression of many proteins in
the brain needs to be regulated accurately and delicately (5).
Therefore, variations affecting any genes encoding these proteins
can result in serious consequences for the brain structure and/or
its function. With the recent advances in genetic technologies,
next-generation sequencing, new ID/GDD genes can be identified
rapidly. Until 2016, > 700 genes have been identified, including the
X-linked, autosomal-dominant and autosomal-recessive genes
(6). Despite these successes, the genetic background of a large
number of patients with ID/GDD remains unknown.

YWHAZ (OMIM∗601288) encodes tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein zeta (14–3-
3ζ ), one member of the 14–3-3 protein family which is highly

conserved among different species. 14–3-3ζ is ubiquitously
expressed in the brain and other tissues. It plays an important role
in diverse signaling pathways to regulate cellular proliferation,
migration and differentiation by binding to phosphoserine-
containing proteins (7). Although the association of YWHAZ
variants with schizophrenia and other neurodevelopmental
disorders has been reported in recent years (8,9), the pathogenicity
is not well studied yet.

In this study, we conducted a whole-exome sequencing for all
members of a three-generation family in which there are seven
patients with ID/GDD. A heterozygous variation in YWHAZ segre-
gated with the disease phenotype was identified. Bioinformatic
analysis, computational modeling and functional experiments
with Drosophila knockin and knockdown models suggested that
YWHAZ is a causative gene candidate of ID/GDD.

Results
Clinical findings
In this study, there were seven patients with ID/GDD from the
same family but in three generations, involving both male and
female members (Fig. 1). The main clinical features of the affected
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Figure 1. Genetic data of cases with YWHAZ variants. (A) Pedigrees of the family with YWHAZ variants and their corresponding phenotypes. (B) DNA
sequencing chromatogram of the YWHAZ c.147A > T variants. (C) Amino acid sequence alignment of YWHAZ p.Lys49Asn variants showed that the Lys49
is highly conserved across species.

subjects are summarized in Table 1. The proband (III-4) was a boy
admitted to the hospital diagnosed with GDD, febrile seizures and
abnormal behavior including hyperactivity and head bumping. He
was born at full term following normal spontaneous labor without
any complications. He could speak <10 single words when he was
a preschooler. The proband experienced two episodes of febrile
seizures between 2 and 3 years old. Physical examinations did not
reveal any specific positive signs, except for short stature and an
isolated cafe-au-lait macule on the right inner thigh. Gesell devel-
opmental scale (GDS) total development quotient (DQ) was 37.
Brain magnetic resonance imaging (MRI) showed simplified gyral
pattern, smaller volume of posterior cranial fossa and decreased
brainstem-tentorium angle (Fig. 2). Electroencephalogram (EEG)
showed slightly faster background rhythms without epileptic dis-

charges. No abnormality was found in biochemical and metabolic
laboratory results. His two brothers (III-3 and III-5) also had GDD
and hyperactivity with short stature. The elder brother was late
walking and could speak only two-character words in middle
childhood. Wechsler total IQ was <41. The early motor and speech
developmental milestones of the younger brother were slightly
delayed. GDS total DQ was 54 when he was a toddler. Their
mother, two uncles and grandmother (II-2, II-4, II-5, I-2) had mild
ID and were able to perform simple work. One of the uncles died
in an accident in his 20s. The mother had abnormal behavior,
such as mood fluctuation, irritability, self-giggle and self-talking
(Supplementary Material, Table S1). Brain MRI of the two brothers
and the mother displayed brain malformation as the proband
(Fig. 2).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac210#supplementary-data
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Table 1. Clinical features of the affected individuals

Patient Gender Age at
assessment

Degree of
ID/GDD

IQ/DQ
test

Seizures Behavior
problems

Neurologic
signs

Brain MRI EEG

I-2 Female 60s Mild NA No No No abnor-
malities

NA NA

II-2 Female 40s Mild NA No Mood
fluctuation,
irritability,
self-giggle,
and
self-talking

No abnor-
malities

Simplified gyral pattern,
small volume of
posterior cranial fossa
and decreased
brainstem-tentorium
angle

NA

II-4 Male 30s Mild NA No No No abnor-
malities

NA NA

II-5 Male Died in his
20s

Mild NA No No NA NA NA

III-3 Male Middle
childhood

Severe WISC total
IQ < 41

No Hyperactivity No abnor-
malities

Simplified gyral pattern,
small volume of
posterior cranial fossa
and decreased
brainstem-tentorium
angle

Background
EEG rhythms
are slightly
faster

III-4
(the
proband)

Male Toddler Severe GDS total
DQ 37

FS between
2 and
3 years

Self-harming
behavior
(headbang-
ing),
hyperactivity

An isolated
cafe-au-lait
Macule

Simplified gyral pattern,
small volume of
posterior cranial fossa
and decreased
brainstem-tentorium
angle

Background
EEG rhythms
are slightly
faster

III-5 Male Toddler Mild to
moderate

GDS total
DQ 54

No Hyperactivity No abnor-
malities

Simplified gyral pattern,
small volume of
posterior cranial fossa,
and decreased
brainstem-tentorium
angle

Normal

Abbreviations: EEG, electroencephalogram; FS, febrile seizures; GDS, Gesell developmental scale; ID/GDD, intellectual disability/global developmental delay;
IQ/DQ, intelligence quotient/development quotient; MRI, magnetic resonance imaging; NA, no available; WISC, Wechsler intelligence scale for children.

Identification of YWHAZ variation
We conducted whole-exome sequencing on the proband (III-4),
two affected brothers (III-3, III-5), one unaffected sister (III-1) and
their parents (II-1, II-2). After family analysis of the variant data,
10 rare variants located in 10 genes (ARHGAP4, AGPS, APOL3,
CES3, DACT2, ECH1, FAM71E2, KREMEN1, YWHAZ, ZFYVE26) that
co-segregated with the ID/GDD phenotype were identified. Sanger
sequencing was used to validate the candidate variations and
the variants in other family members (III-2, II-3, II-4, I-2) were
analyzed further for the segregation. We identified a heterozygous
missense variation c.147A > T in YWHAZ in all available affected
members of the family, whereas the unaffected members have no
variation (Fig. 1). The variants in ARHGAP4, AGPS, APOL3 and KRE-
MEN1 were not found in the affected uncle (II-4) and grandmother
(I-2). The variants in CES3, DACT2, ECH1, FAM71E2 and ZFYVE26
were either detected in the unaffected sister (III-2) or uncle (II-3)
(Supplementary Material, Table S2). Thus, the YWHAZ variation
was considered as the pathogen in this family.

YWHAZ, encoding 14–3-3 ζ , is highly conserved in different
species and abundantly expressed in the brain. Homozygous
Ywhaz knockout mice display neurodevelopmental and neu-
ropsychiatric behavioral defects (http://www.informatics.jax.org/
marker/MGI:109484). The c.147A > T variation in YWHAZ led to a
substitution of asparagine for lysine at codon 49 of the 14–3-3ζ

protein (p.Lys49Asn), and was not present in any public databases,
including the 1000 Genomes Project, ESP, ExAC and gnomAD
(Table 2). Sequence alignments suggested that the mutation site
was highly conserved in various species (Fig. 1). Moreover, most

commonly used silico tools predicted that the missense variation
is damaging (Table 2).

Ywhaz knockin in flies
ID and developmental delay are the major phenotypes in the
family with YWHAZ variation. To confirm the effect of c.147A > T
missense variation of YWHAZ, the c.147A > T missense varia-
tion knockin fly was created by using the CRISPR/Cas9 system.
The DNA sequence of the knockin fly was confirmed by Sanger
sequencing (Fig. 3A). In the short-term aversive olfactory memory
test, the c.147A > T knockin flies showed significant memory
defect, lower PI, compared with the wild-type flies (0.11 ± 0.04,
n = 5 vs. 0.46 ± 0.06, n = 5, ∗∗P = 0.002, Fig. 3B). The odor avoidance
test and shock avoidance test were used to exclude the basic dis-
turbance of odor and shock performances in different genotypes
of flies (Fig. 3C and D).

Febrile seizures were also observed in the proband, thus
we used mechanical stimulus to test seizure-like behavior
in c.147A > T knockin flies. No obvious seizure behavior was
observed in c.147A > T knockin flies (Fig. 3E). This suggested that
febrile seizures were not relative to the c.147A > T variation.

Brain structure in Ywhaz knockin flies
The II-2, III-3, III-4 and III-5 members exhibited abnormal brain
structure in MRI, thus we further studied the brain morphology in
knockin flies. The mushroom body is an important brain structure
in flies for cognitive functions such as learning and memory
(10). There are three major substructures in the mushroom body:

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac210#supplementary-data
http://www.informatics.jax.org/marker/MGI:109484
http://www.informatics.jax.org/marker/MGI:109484
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Figure 2. Brain MRI in subjects with YWHAZ variation axial (the above two rows) and mid-sagittal (the third row) images are shown from subjects II-2
(A–C), III-3 (D–F), III-4 (G–I), and III-5 (J–L). Images of the cortex reveal different degrees of diffuse simplified gyral pattern, with slightly shallow sulci
and a reduced number of gyri. Generally, the width of the gyri is equal to the depth of the sulci. The mid-sagittal images demonstrate small volume of
posterior cranial fossa, and decreased brainstem-tentorium angle (<30 degrees).

Table 2. Genetic characteristics of the YHWAZ variation

Gene Nucleotide
change

Amino acid
change

MAF SIFT Plolyphen2_
HVAR

Mutation
taster

CADD LRT

KG ESP ExAC gnomAD

YWHAZ c.147A > T p.Lys49Asn NA NA NA NA T
(0.059)

D
(0.999)

D
(1.000)

D
(25.1)

D
(0.000)

CADD, combined annotation dependent depletion; D, damage/deleterious; ESP, NHLBI Exome Sequencing Project; ExAC, Exome Aggregation Consortium;
gnomAD, Genome Aggregation Database; KG, the 1000 Genomes Project; LRT, a likelihood ratio test; MAF, minor allele frequency; NA, not available; T, tolerable.
GenBank accession number for YWHAZ: NM_001135699

alpha/beta lobes, alpha′/beta′ lobes and gamma lobes. Different
substructures of mushroom body were responsible for different
time-phases of memory (11,12). Under the Green Fluorescent
Proteins (GFP) guiding, mushroom body lobes can be identified
clearly. The gamma lobes of knockin flies were smaller than that
of wild-type flies (3420 ± 163.2 μm2, n = 3 vs. 4303 ± 88.2 μm2,
n = 3, ∗∗P = 0.0089, Fig. 4A, B and E). The alpha/beta lobes and
alpha′/beta′ lobes showed no difference between wild-type flies
and knockin flies (Fig. 4C and D).

3D modeling and docking
The 14–3-3ζ p.Lys49Asn (c.147A > T) variant protein was suc-
cessfully modeled by the SWISS-MODEL. Variant Asn49 formed
fewer hydrogen bonds between adjacent amino acids than that
of wild-type Lys49 (2 vs. 5. Fig. 5A and B), suggesting 14–3-3
p.Lys49Asn may disturb hydrogen bonds and structural stabil-
ity. Phosphopeptide is an important ligand of 14–3-3ζ (13), and
protein–protein docking results showed that Lys49Asn/c.147A > T
potentially altered the docking energy in the phosphopeptide-

14-3-3ζ complex, with a significant increase of Gibbs free energy
(from −6.13 kcal/mol to −4.16 kcal/mol. Figure 5C–F). This indi-
cated that Lys49Asn/c.147A > T could decrease the binding ability
to phosphopeptide, which suggested Lys49Asn/c.147A > T would
be a loss-of-function variation.

Ywhaz loss of function in flies
The computational protein modeling results suggested that
Lys49Asn/c.147A > T would be a loss-of-function variation. Thus,
we established Ywhaz knockdown flies, tub > 14–3-3ζ -RNAi, to fur-
ther study the 14–3-3 function. In the memory test, we found that
Ywhaz knockdown flies also showed lower memory index than
that of the wild-type flies (0.17 ± 0.02, n = 5 vs. 0.55 ± 0.04,n = 5,
∗∗∗∗P < 0.0001, Fig. 6A), which is consistent to our previous results
(Fig. 3B). The knockdown efficiency of tub > 14–3-3ζ -RNAi flies was
about 50.5% (Fig. 6B). The Ywhaz knockdown flies also showed
no seizure-like behavior (Fig. 6C) as the c.147A > T knockin flies.
Interestingly, about 70% of the Ywhaz knockdown flies showed
hyperactivity-like behaviors with repetitive non-flying wing
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Figure 3. Behavior performance of YWHAZ knockin flies. (A) DNA sequencing of the knockin fly and wild-type fly. (B) Short-term memory performance
of YWHAZ knockin flies. (C) Electrical shock test of knockin and wild-type flies. (D) Odor avoidance test of knockin and wild-type flies. (E) Bang-sensitive
test of knockin and wild-type flies.

vibration (Fig. 6D) and repetitive drop and jump (Fig. 6E), and this
hyperactivity behavior was not observed in the wild-type flies
(Fig. 6F). In clinical data, three members (III-3, III-4, III-5. Table 1)
have hyperactivity features. This feature can be also caused by 14–
3-3 dysfunction. To further confirm that the c.147A > T is loss-of-
function variant, we cross Ywhaz knockdown flies with c.147A > T
knockin flies to establish tub/c.147A > T; 14–3-3zeta-RNAi flies.
The cognitive performance of tub/c.147A > T; 14–3-3zeta-RNAi
flies showed no difference with that of Ywhaz knockdown
flies (0.15 ± 0.02 vs. 0.17 ± 0.03, n = 6, P = 0.60), suggesting that
c.147A > T is not gain-of-function variant (Fig. 6G).

Discussion
We clarified a novel pathogenic variant, YWHAZ c.147 T > A, from
a large three-generation family with ID. The YWHAZ encoded tyro-
sine 3-monooxygenase/tryptophan 5-monooxygenase activation
protein ζ that is intolerant to both LoF (pLI = 0.94) and missense
(Z = 3.1) variant on the basis of the gnomAD (v2.2.1). YWHAZ was
involved in multifunction in various tissues and organs. It could

promote epithelial–mesenchymal transition by elevated ERK1/2
phosphorylation in hepatocellular carcinoma and inhibit Cdc2
phosphorylation in lung cancer cells (14). In the mouse study,
knockout of YWHAZ could improve glucose tolerance by elevating
glucagon-like peptide-1 (GLP-1) synthesis and increasing GLP-1
release (15). The neurodevelopmental defect was also observed in
the YWHAZ-deficient mice (16).

In this study, we identified the YWHAZ Lys49Asn variant in
seven members of a large three-generation family with total 12
members. All these seven members with Lys49Asn had either
mild or severe ID/GDD. All the third-generation members had low
IQ/DQ, motor development delay, speech development delay and
hyperactivity behavior. Thus, the YWHAZ Lys49Asn variant may
affect neurodevelopment and cognitive functions. Our YWHAZ
Lys49Asn knockin flies showed a low cognitive performance index
(PI) (Fig. 3) and aberrant mushroom body structure (Fig. 4). The
mushroom body is a crucial structure for fly cognitive function.
The experimental results and clinical data consistently suggested
that YWHAZ would be an ID/GDD pathogenic gene. Febrile seizure
was not found in our case except the proband (Fig. 1A), and the
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Figure 4. Brain morphology of YWHAZ knockin flies. (A) Wild-type and
(B) YWHAZ knockin fly brain structure: dotted line indicated the gamma
lobes of the mushroom body. (C, D) Alpha/beta lobes and alpha′/beta′
lobes of wild-type (C) and knockin flies (D). Scale bar: 100 μm. (E) Average
area of gamma lobes in wild-type and Ywhaz knockin flies.

f ly behavior test also showed no classical seizure-like behavior
(Fig. 3E). This indicated that febrile seizure or epilepsy should
not be a common feature in this large three-generation family
with the YWHAZ variation. However, it cannot entirely exclude
the possibility that seizure or epilepsy is a subsequent outcome
form of YWHAZ variation and the hyperactivity behavior is a non-
classical seizure-like behavior in the Ywhaz knockdown flies.

YWHAZ variation has not been correlated to any phenotype in
OMIM. Ivan K. Popov et al. had reported that YWHAZ Ser230Trp
variant is a gain-of-function variation in the RAS–ERK pathway,
which was associated with Cardiofaciocutaneous syndrome; how-
ever, the patient also carried SCN8A variant in that case (9).
In our results, 10 rare variants were found in this large family
(ARHGAP4, AGPS, APOL3, CES3, DACT2, ECH1, FAM71E2, KREMEN1,
YWHAZ, ZFYVE26) but only YWHAZ variant perfectly match the
phenotypes of all affected and unaffected members in that family.
In addition, YWHAZ knockin flies showed relative behavioral and
morphological phenotypes with the clinical case. The computa-
tional modeling (Fig. 5) and knockdown crossed with knockin ani-
mal results (Fig. 6G) further suggested that the YWHAZ Lys49Asn
variant should be a loss-of-function variant.

Interestingly, the II-2 (irritability), III-3 (hyperactivity), III-
4 (hyperactivity) and III-5 (hyperactivity) members exhibited
irritability/hyperactivity behavior besides ID/GDD (Table 1),
and these four members also carried variants of another
four genes: ARHGAP4, AGPS, APOL3, KREMEN1(Supplementary
Material, Table S2). This suggested that these four genes may be
directly associated with irritability/hyperactivity phenotype, or
may interact with YWHAZ to promote irritability/hyperactivity
phenotype. Furthermore, III-3 (male), III-4 (male) and III-5 (male)
but not II-2 (female) also showed severer degree of ID/GDD than
other family members (Table 1). As the ARHGAP4 is a gene on the
X chromosome, it may interact with YWHAZ and induce severer
ID/GDD in this family. Actually, hyperactivity and lower cognitive
index were also observed in the YWHAZ knockdown flies but
not in knockin flies (Figs 3 and 6). The clinical and experimental
data consistently suggested that hyperactivity and severe ID/GDD
occurred simultaneously in the YWHAZ-associated disorder. And
the effect of YWHAZ variants with ARHGAP4 variants in our case
would be equivalent to the effect of YWHAZ knockdown. However,
the interaction between ARHGAP4 between YWHAZ should be
further studied.

In summary, we identified the YWHAZ Lys49Asn variant in a
three-generation family with ID/GDD. By combining the results
from the whole-exon sequencing analysis, computational mod-
eling test, knockin animal cognitive function and morphologi-
cal tests, and knockdown animal behavior tests, we suggested
that YWHAZ would be a novel ID/GDD pathogenic gene. YWHAZ
function-related drugs or YWHAZ nanoliposomes could be con-
sidered applied to the YWHAZ variant patients, and this would be
a potential therapeutic strategy for precision medicine.

Materials and Methods
Patients
Members in which there are seven patients from a large three-
generation family were recruited from the Children Rehabili-
tation Center of Foshan Women and Children Hospital affili-
ated to the Southern Medical University. Clinical data were col-
lected, including gender, age, perinatal history, neurodevelopmen-
tal history, family history, and general and neurological exami-
nations. Wechsler intelligence scale for children (WISC) and GDS
were used to evaluate intelligence quotient (IQ) or DQ. Brain
MRI was conducted to detect brain structure abnormalities. EEG
was performed to monitor abnormal rhythms and discharges. ID
was defined as a disability characterized by significant limita-
tions both in intellectual functioning and in adaptive behavior
as expressed in conceptual, social and practical adaptive skills,
which originated before 18 years of age (17). GDD was defined as
a significant delay in two or more developmental domains, includ-
ing gross or fine motor, speech/language, cognitive, social/per-
sonal and activities of daily living, and is being considered as a
diagnostic criterion of ID (18). This study was approved by the
ethics committee of the hospital. Signed informed consents were
obtained from the participants or their parents. This study was
approved by the ethics committee of Affiliated Foshan Maternity
& Child.

Healthcare Hospital and Southern Medical University (No.
FSFY-MEC-2018–016) had received written informed patient
consent in this study.

Whole-exome sequencing and analysis
Blood samples were obtained from the proband, his siblings,
their parents and other available family members. Qiagen Flexi

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac210#supplementary-data
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Figure 5. 3D protein model of 14–3-3 Lys49Asn variants. (A, B) Schematic illustration of hydrogen bonds in wild-type 14–3-3ζ (A) and Lys49Asn variants
(B). The black rectangle indicated the 49 amino acids in 14–3-3ζ . (C, D) Model of calmodulin docking on 14–3-3ζ and the Lys49Asn variants.

Gene DNA kit (Qiagen, Hilden, Germany) was used to extract
genomic DNA from peripheral blood. Whole-exome sequencing
was carried out on an Illumina HiSeq 2000 instrument in accor-
dance with standard procedures as previously described (14,19).
Public databases including 1000 Genomes Project, NHLBI Exome
Sequencing Project (ESP), Exome Aggregation Consortium (ExAC)
and Genome Aggregation Database (gnomAD) were used to filter
variants with a minor allele frequency (MAF) ≥ 0.005. We recruited
296 healthy volunteers as normal controls. Variant sites with a
read depth below 10× were excluded as the low-quality data.
Genes known to be associated with a non-neurological disease
were also excluded. Further filtration for potentially pathogenic
variants was on the basis of the family history and possible
inheritance models. The candidate variants were validated by
Sanger sequencing.

Bioinformatic analysis
Sequence alignments of multiple species were conducted to eval-
uate the evolutionary conservation of the variant. Software for
functional prediction, including SIFT, PolyPhen-2, Mutation Taster,

CADD and LRT, were used to predict the potential deleterious
effect of the variant on protein function.

3D structural modeling and docking
3D structure of 14–3-3ζ modeling was carried out to predict
the effect of the variant on protein structure by SWISS-MODEL
(https://swissmodel.expasy.org/). The full-length structural
model of 14–3-3ζ 1qjb.1.pdb was used as a template from the
Protein Data Bank (PDB) (https://www.rcsb.org/). The protein
structure was displayed by the PyMol Molecular Graphics System
version 2.3. Phosphopeptide (PHOSPHOPEPTIDE 1qjb.1.pdb) was
used as the ligand of 14–3-3ζ to predict the effect of the variant
on protein function by AutoDock version 4.2.6.

Drosophila knockin and knockdown model
The establishment of the c.147A > T point mutation knockin
model of Ywhaz in Drosophila was conducted by Qidong Fungene
Biotechnology Co., Ltd (http://www.fungene.tech, China). In brief,
w1118 was used as the background fly. Preparation of gRNA,
preparation of cas9 mRNA, construction of donor plasmid,

https://swissmodel.expasy.org/
https://www.rcsb.org/
http://www.fungene.tech
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Figure 6. Behavior features of YWHAZ knockdown flies. (A) Short-term memory performance in YWHAZ knockdown flies. (B) Relative expression of
mRNA in YWHAZ knockdown flies and wild-type flies. (C) Both YWHAZ knockdown flies and wild-type flies showed no classical seizure behavior in the
Bang-sensitive test. (D, E) Hyperactivity-like behavior in Bang-sensitive test: repeat non-flying wing vibration (C) and repeat drop and jump (D). Black
arrows indicated the wing vibration. Dotted lines showed the drop and jump trajectory. (F) About 70% of YWHAZ knockdown Flies showed hyperactivity-
like behavior in the Bang-sensitive test. (G) Ywhaz knockdown flies and Ywhaz knockdown plus knockin flies show no significant difference in cognitive
performance.

embryo injection, validation and balancing were performed in
sequence. The gRNA sequences were: 17870-pm-sg1: GAAATGTG-
GTCGGTGCCCGC, 17870-pm-sg2: GTCCGTTGCCTACAAAAATG.
Primer pair: 17870-pm-1F: atcactaatggaacattttctatgc, 17 870-pm-
3R: AACGGATGGGATGTGTTGGCTG. The genotype of knockin fly
is w[1118]; CG17870-RA-K52N/CyO. The sequencing result of the
knockin fly was available online if necessary.

Ywhaz knockdown flies were crossed from tub-Gal4 and UAS-
14-3-3ζ -RNAi (CG17870, Bloomington Fly Stock Center, UAS). The

knockdown efficiency of RNAi lines was checked by qPCR (Taq
Pro Universal SYBR qPCR Master Mix, Vazyme, UK). The primer
sequences are: F: ACACCGTTGTCGATGACTCG, R: ATCGAACGC-
CTGTTTAGCCA.

Behavior tests
Memory test
Aversive olfactory memory test was conducted by using T-maze
equipment as previously mentioned (20). OCT (3-octanol, 0.1%
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dilution in mineral oil) and MCH (4-methylcyclohexanol, 0.15%
dilution in mineral oil) were used for odor stimulus. Twelve trains
of 1.25-s pulses of 90 V with 3.75-s intervals were conducted as
the electrical stimulus. At the training stage, one odor stimulus
(conditioned stimulus, CS+) was paired with an electric shock
(unconditioned stimulus, US+) for 60 s followed by a counter odor
(CS−) without an electric shock for another 60 s with 30-s inter-
vals. Then the trained flies were tested for 2 min with the exposure
to the two odors simultaneously. Memory PI was calculated using
the following formula: (CS− flies−CS+ flies)/(CS− flies + CS+
flies).

Odor test and electrical shock tests were used to evaluate the
basic performance of different genotypes of flies. For the odor test,
about 50 naive flies were exposed to one odor (OCT or MCH) and
air at the same time. The PI was calculated as the percentage
of flies that approached to the odor minus the percentage of
flies that approached to air. For the electrical shock test, about
50 naïve flies were placed at the center between the two tubes
with electrifiable grids. One of the electrifiable grid tubes were
applied electrical stimulus for 2 min. The PI was calculated as
the percentage of flies that avoided the electrical shock (positive)
minus the percentage of flies that approach the electrical shock
(negative).

Mechanical stimulation test
Mechanical stimulation test conducted on flies 3–5 days after
eclosion to observe seizure-like behavior following the previous
study with minor modulation. Flies were anesthetized with CO2

and transferred to a new vial to recover for 1 day. About three to
seven flies were placed in one vial and stimulated mechanically
by a vortex mixer (VWR, USA) at maximum speed for 20 s. The per-
centage and duration of abnormal behavior in flies were acquired
(21).

Morphology
The brain was dissected (22,23) and fixed with 4% paraformalde-
hyde in PBST for 1 h at room temperature, then washed and
permeabilized three times with 0.3% PBST. Brain samples were
mounted with mounting solution (Abcam). Morphological images
were captured using a confocal microscope (SP8; Zeiss) and ana-
lyzed with ImageJ software. UAS-mGFP flies were used as a tool
which cells’ membranes were labeled with GFP.

Statistical analysis
All quantitative data are presented as mean ± SEM. The Student’s
t-test was used to compare two independent or paired samples.
Statistical analyses were performed with GraphPad Prism 7.00 and
SPSS 20. The cutoff value for statistical significance is P < 0.05.

Supplementary Material
Supplementary Material is available at HMG online.
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