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Abstract: Psychosis constitutes a cardinal component of schizophrenia and affects nearly
fifty percent of those with bipolar disorder. We sought to molecularly characterize psychosis
segregating in consanguineous families. Participants from eight multiplex families were
evaluated using standardized testing tools. DNA was subjected to exome sequencing
followed by Sanger sequencing. Effects of variants were modeled using in-silico tools,
while cDNA from a patient’s blood sample was analyzed to evaluate the effect of a splice-
site variant. Twelve patients in six families were diagnosed with schizophrenia, whereas
four patients from two families had psychotic bipolar disorder. Two homozygous rare
deleterious variants in INSR (c.2232-7T>G) and NFXL1 (c.1322G>A; p.Cys441Tyr) were
identified, which segregated with severe treatment-resistant psychosis/schizophrenia in
two families. There were none, or ambiguous findings in the other six families. The
predicted deleterious missense variant affected a conserved amino acid, while the intronic
variant was predicted to affect splicing. However, cDNA analysis from a patient’s blood
sample did not reveal an aberrant transcript. Our results indicate that INSR and NFXL1
variants may have a role in psychosis that requires to be investigated further. Lack of
molecular diagnosis in some patients suggests the need for genome sequencing to pinpoint
the genetic causes.
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1. Introduction

A psychiatric disorder is a psychological condition in which emotions and behavioral
patterns of an individual are disturbed. According to the Diagnostic and Statistical Man-
ual of Mental Disorders 5 (DSM-5), there are multiple categories of psychiatric illnesses
with diverse clinical symptoms. The most common psychiatric disorder with psychotic
features (hallucinations and delusions) is schizophrenia, with a worldwide prevalence of
1%, whereas psychosis with or without other comorbidities affects 3% of people globally [1].
Bipolar disorder (i.e., manic depressive illness) is the second most common psychiatric
illness affecting 1% of the world’s population; half experience psychosis in their lifetime [2].
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According to twin, family and adoption studies, genetics plays a significant role in the
etiology of schizophrenia and bipolar disorder with 80-85% heritability each for these
disorders [3,4].

Previously, a number of genome-wide genetic linkage studies on multiplex families
have revealed linkage regions on chromosomes 1q22, 5q33.2, 8p21-22, 11q23.3-24 and
20q12.1-11.23 associated with schizophrenia [5], as well as 4p16, 12q24, 18q22, 18p11,
21g21 and 22q11 with bipolar disorder [6], but these did not pinpoint the causative gene
variants. Recently, the Psychiatric Genomics Consortium conducted large-scale genome-
wide association studies (GWAS) for 76,755 schizophrenia cases and 243,649 controls which
revealed 287 distinct loci associated with schizophrenia. Functional genomic data analysis
and fine-mapping implicated 120 genes at these loci to be significantly associated with
schizophrenia [7]. Another study identified rare loss of function variants in GPR17 highly
associated with schizophrenia, with high expression in the cerebral cortex [8]. Large-scale
GWAS involving 41,917 affected individuals and 371,549 controls have similarly identified
64 distinct loci and 15 genes at these loci associated with bipolar disorder [9]. Exploration
of rare copy-number variants in 1839 patients suffering from bipolar disorder compared to
2760 controls revealed RNF216 significantly associated with bipolar disorder. Thus, these
studies suggest that multiple genes are involved in causing bipolar disorder as well as
schizophrenia, consistent with a polygenic disease model, along with some rare variant
associations with these devastating illnesses [10].

Although schizophrenia and bipolar disorder are highly polygenic complex disorders,
there are many examples of single rare variants associated with these illnesses in individual
multiplex families, even approaching a Mendelian model. Rare missense heterozygous
protein-altering variants in LRP1B, PPEF2, GRM5[11], RELN [12], GRIN3B [13], TENM4 [14],
SMARCA1, SHANK? [15], as well as in ANKK1 and ANK3 [16], have been identified as
segregating with the phenotype of schizophrenia in individual multiplex families. More
recently, we implicated three rare homozygous or hemizygous missense variants in RGS3,
IL1RAPL1 [17] and USP53 [18] as potential causes of inherited psychoses in multiple
patients in three different families. Similarly, there are also instances where predicted
damaging single candidate gene variants were found segregating with the symptoms of
bipolar disorder in a dominant Mendelian model, such as those affecting KCNH7 [19],
GRID1 [20], KANK4 [21] as well as NRBF2, ANK3 and PCDH15 [22].

The above studies indicate a continued need to search for monogenic causative genetic
variants for schizophrenia and bipolar disorder. The chances of finding rare, potentially
damaging genetic variants which segregate in Mendelian recessive mode of inheritance
are enhanced in consanguineous nuclear families with multiple affected individuals [23].
Therefore, we followed up our previous study [24] in which we reported recruitment of
families with multiple patients suffering from psychosis and included members from two
additional families. Molecular genetic analyses suggested potential candidate variants for
two families, and either none or ambiguous findings for the remaining participants.

2. Results
2.1. Clinical Features of the Patients

Detailed accounts of the medical histories, manifestations of the symptoms and medica-
tions for patients from families PSYAK1, PSYAK4, PSYAKS5, PSYAK6, PSYAK7 and PSYAKS
have been described previously [24]. In brief, patients from these consanguineous families
were suffering from psychosis (hallucinations and delusion) either as a sole symptom or in
the context of schizophrenia or bipolar disorder. In addition to psychosis, 75% of the pa-
tients displayed aggressive behaviors at various times. There were two affected participants
in each family. The parents and the other siblings were assessed to be unaffected.



Int. J. Mol. Sci. 2025, 26, 4925 30f24

Two male siblings and their deceased grandfather (IV:2, IV:3 and II:2) in family
PSYAK10 (Figure 1A) and female and male siblings (IV:1 and IV:2) in family PSYAK22
(Figure 1B) were diagnosed with schizophrenia when they were 19, 29, 18, 20 and 23 years
old, respectively. The three patients in family PSYAK10 had symptoms of severe treatment-
resistant psychosis. The patients IV:2 and IV:3 were hospitalized for the last 21 and 32 years,
respectively. The affected individuals were able to attend school with good grades in the
initial stages of their life. Near puberty, they exhibited cognitive and behavioral deficits
with intermittent angry outbursts, sadness and irritability. Symptoms common to the
affected individuals included auditory and visual hallucinations (talking to imaginary
objects and hearing voices of deceased people), abusive language, catatonia, paranoia,
self-talking and self-smiling. They were frequently unaware of their environment. At the
time of the clinical assessments for this study, the two patients were in a gross psychotic
state and were unable to answer questions. Clinical histories were provided by the doctors
at the hospital. These patients were unable to take care of themselves, had poor personal
hygiene, and frequently spat on the floor. They could be disoriented and physically violent
(Table 1). Their symptoms did not respond to the medications. Their grandfather, patient
II:2, was hospitalized for 40 years before his death and was reported to have had the
same symptoms.

(A) PSYAK10 (B) PSYAK22

Key Pedigree
INSR €.2232-7TT>G NFXL1¢.1322G>A, p.Cys441Tyr

. Affected male

@ Affected female
D Unaffected male

O Unaffected female

/ Deceased

1:1 :2 -3 -4 M1 :2 13 -4
tjc Gl % Participant
1 e O WO o
13 X Consanguineous
vt V2 Vi3 Ivi4 V1 v2 v3 V4 marriage
TG GIG GIG AIA - AIA G/A

Figure 1. Pedigrees for families PSYAK10 and PSYAK22. (A) Family PSYAK10. Genotypes for
INSR variant ¢.2232-7T>G are indicated below the symbols of the participants. (B) Family PSYAK22.
Genotypes for the NFXL1 ¢.1322G>A; p.Cys441Tyr variant are shown below each symbol. Arrow
indicates proband.

In family PSYAK22 (Figure 1B), affected individuals IV:1 and IV:2 attended school until
the ages of 12 and 13 years, respectively. Patient IV:1 developed some degree of mutism
at the age of 12 years when her mother died and did not want to socialize. Her guardian
reported that at the age of 18 years she displayed severe symptoms of psychosis (withdrew
socially, did not engage in conversations, had false beliefs). After two years of this, she was
subsequently diagnosed with negative symptoms of schizophrenia (catatonia and social
withdrawal). She was unable to answer questions during the clinical assessment. Her
father stated that she could perform elementary domestic chores and contribute to basic
household activities. At the time of the study, she had been suffering from schizophrenia
for 15 years with long intermittent periods of hospital admissions (Table 1). For patient IV:2,
his father reported that the child at the age of around 5 years had severe insomnia, was
physically violent, and used abusive language. He was not able to complete his education
because of angry outbursts and behavioral problems. Starting at the age of 18 years, the
patient would often hallucinate seeing his deceased mother. He was diagnosed with
positive symptoms of schizophrenia at 23 years of age. He has been admitted continuously
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to the hospital for the last 10 years. At the time of the clinical assessment at the age of
34 years, he exhibited positive symptoms of schizophrenia including delusions, visual and
auditory hallucinations, paranoia, self-smiling and self-talking. He was unable to provide
history because of his disruptive behavior, poor insight, and gross psychotic features
(low mMMSE).

Table 1. Clinical manifestations in the affected individuals of families PSYAK10 and PSYAK?22.

Family Patient

Sex

Age of
Onset
(Psy-
chosis)
(Years)

Current
Age
(Years)

Age of
Death
(Years)

Current

Status Status

Symptoms Diagnosis

II:2

Iv:2
PSYAK10

Iv:3

Male

Male

Male

Self-smiling,
Self-talking,
Unable to
concentrate,
Abusive
language,
Auditory
hallucinations
Self-smiling,
Self-talking,
Aggression,
Auditory
hallucinations,
Catatonia,
Spitting on
floor,
Wandering
aimlessly
Self-smiling,
Self-talking,
Unable to
concentrate,
Abusive
language,
Auditory
hallucinations,
Spitting on
floor,
Wandering
aimlessly

Treatment-

resistant Deceased

NA 18 65 Schizophrenia

Treatment-

resistant Alive

54 19 NA Schizophrenia

Treatment-

resistant Alive

52 29 NA Schizophrenia

Ivil

PSYAK22

Iv:2

Female

Male

Self-Smiling,
Self-talking,
Irrelevant talk,
Auditory
hallucinations,
Catatonia
Self-smiling,
Self-talking,
Delusions,
Unable to
concentrate,
Auditory and
visual
hallucinations,
Suicidal
thoughts

Stable
with med-
ication

38 20 NA Schizophrenia Alive

Treatment-

resistant Alive

36 23 NA Schizophrenia

NA = Not applicable or not available.

2.2. Exome Analyses Identified Predicted Deleterious Variants in Different Genes

In family PSYAK10, a total of 22 homozygous, exonic or splice-site variants were
identified with gnomAD allele frequencies less than 0.01, segregating with the phenotype
(Table 2). Only a splice-site variant in INSR (NM_000208.4; c.2232-7T>G) was found delete-
rious by multiple prediction tools (Table 2). Data filtration also revealed four compound
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heterozygous variants in two genes segregating with the disorder (Table S2), but none of
these were predicted to be deleterious.

Table 2. Filtered homozygous variants for families PSYAK10 and PSYAK22 after exome data analyses.

Allele
Fre- -
) cDNA quency S(efg‘:la-_ Predictions
Family ~Gene /4 23:;: RefSeq ID andA"ti‘gmo dbSNP (%) ton Comments
GERP
Change Poly- REV FAT  gplic
gnomAD SIFT Phen2 EL MT H1\1/}/[ eAl
Predicted
0.0002006 mostly
chrl: c.1972C>G ~ benign,
MTFI 3828109 ~ NML_0059553  pProcsAla  rss3ds7szl (0o 503 042 a2 047 301 000 CTEES
G>C Missense o te})l acid not
g con-
served
Predicted
mostly
0.0017180 uncertain
chrl: c.112C>T - <
RLF 40627183 NML0124214  p.ArgdsCys  rsla7792979 ~ MODO- 559 0008 012 006 099 235 000 orbenign,
C>T Missense Y amino
gote) acid not
con-
served
Not likely
to affect
chrll: 279G>T 0:0062974 rslftllllﬁglge
CCS 66366958 ~NM_0051252  pleudBleu  rs61731811 PO NA NA NA  NA  NA NA 000 e
G>T ynonymous 4 of
gotes) h
omozy-
gotes in
controls
chrll: ¢.2550C>T 0.((%0}?(9)_627 0.00 Not likely
PC 66617859 NM_001040716.1 p.Cys850Cys rs61749179 mozy- NA NA NA NA NA NA B to affect
G>A ynonymous gotes},,) splicing
Predicted
mostly
chrll: c.663C>G benign,
SoY SR oasledl  NML0177043  pllle221Met NA 0 a7 067 nao 005 1 052 000 TLED
C>G Missense acid not
con-
served
Predicted
0.0001670 mostly
chrl5: c.1195G>A - benign,
TYRO3 41861163 NM_0062934  p.Ala399Thr  rs199712738 ~(MOho-5og 016 007 006 094 043 004  DORET
G . mozy- B B B D U B .
>A Missense ote) acid not
& con-
served
Predicted
mostly
0.0001003 uncertain
chr15: ¢.2543C>T ~ <
MGA 42003006 NM_0011642731 pAlaSd8Val  rs532680103 hoho~ oz 0003 0545 02 0081 227 000 orbenign,
C>T Missense 4 amino
gote) acid not
con-
served
Predicted
mostly
chrl5: ¢.1505G>C benign,
LCMT2 43621183  NM_0147934  p Ser502Thr NA 0 234 0P na 003 000 024 000 TLED
C>G Missense acid not
con-
served
Predicted
mostly
chrl5: ¢.1435T>C benign,
LCMT2 43621253 NM_0147934  pCysd79Arg rs1237017176 0 263 0B Nna 099 0630 28 000 amino
A>G Missense acid not

con-
served
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Table 2. Cont.
Allele
Fre- o e
X DN A quency SSS:;- Predictions
Family  Gene C%]grl:lgﬁ RefSeq ID a“dAlzi"gmo dbSNP (%) tion Comments
GERP FAT s
Change Poly- REV Splic
gnomAD SIFT Phen2 EL MT H1\1/}/I eAl
Predicted
mostly
chrl5: c10G>A uncertain
TPB 43781664  NM_0011419802 pGludLys NA 0 428 5 na 0081 26 005 orbenign,
. amino
C>T Missense acid not
con-
served
cars chrls: 87T>C o 000 Notlikely
PER2 43940173 NM_172095.3 p-lle291le 1528494549 mozy- NA NA NA NA NA NA B to affect
A>G Synonymous gotes) splicing
Predicted
0.0000248 mostly
chrlé: ¢316C>T e uncertain
PDIA2 334503 ~ NM_O06849.3  p.Argl0eCys rs199711437 oMo _ggg5 0023 0118 015 0 102 000  orbenign,
C>T Missense ¥ amino
gote) acid not
con-
served
CACN chrlé: c.99A>G 0'(%0}?5_692 Not likely
AlH 1250451 NM_021098.3 .Ala333Ala rs529471626 mozy- NA NA NA NA NA NA 0.00B to affect
A>G ynonymous goteZ) splicing
Predicted
mostly
benign,
ar_nino
el 2348 0.0008334 acid not
TSC2 2122977 NML0005485 1 SoO o rs562945619 (ho 359 063 001 024 Q00027213 000 served,
PSY C>G v b A multiple
AK10 issense gotes) number
of
homozy-
gotesin
controls
Not likely
to affect
splicing,
chrlé: 1821C>T S 0go  multiple
ANKS3 4747407 NM_133450.3 .Gly607Gly  rs146041043 mozy- NA NA NA NA NA NA B number
G>A ynonymous otes},,) of
8 homozy-
gotes in
controls
Predicted
0.0004124 mostly
chr19: c.206C>A - benign,
SHD 4280266 ~ NM_0202093  p.Ala69Asp  rs535190570 (MO 534 020 011 006 0007 092 004  OTEED
; mozy: B B B B U B .
C>A Missense ote) acid not
8 con-
served
chr19: 0.0023824 .
¢.2010G>A ~ Not likely
oA agalt NMLOBMSSS o GluzoGlu 11556317 0T NA NA Na - NA Na NA %0 ioaffect
ynonymous gotes) splicing
Predicted
mostly
chr19: ¢2196C>G uncertain
CATS 5778486 NM_1527844  pSer732Arg NA 0 19 %7 nao 008 8 1S 008 orbenign,
. amino
C>G Missense acid not

con-
served
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Table 2. Cont.
Allele
Fre- o e
X DN A quency SSS:;- Predictions
Family  Gene C%Erl\vgﬁ RefSeq ID a“dAlti"gmo dbSNP (%) tion Comments
GERP FAT s
Change -
8 gnomAD siFT POly- - REV. v HM Splic
Predicted
0.0000575 mostly
chr19: c.1184C>T (no ho- 0.38 0.01 0 0.92 0.00 ben}gn,
PRR22 5783074 NM_001134316.2 p.Pro395Leu rs199650444 mozy- 1.26 B NA B B U B amino
G>A Missense t })7 acid not
gote con-
served
Selected,
chr19: 22327 0.0000717 as variant
y g (no ho- 0.65 was
INSR 7150550 NM_000208.4 T>G rs775596300 mozy- NA NA NA NA NA NA D predicted
A>C Splicing ** gote) to affect
splicing
Predicted
mostly
PSY uncertain
AK10 chr19: 0.0017607 or benign,
STXBP2 7712143 NML006949.4  ORBSHIOCT 30000507 BhO nA NA NA NA NA N 00 intronic
CsT plicing mozy B variant,
gotes) nu-
cleotide
not con-
served
Predicted
0.0006879 mostly
chr19: C1345A>G 1 ho. uncertain
ZNF493 21606806  NM_001076678.2 p.Thrd49Ala  rs553037933 I(T}O};‘; —0131 (78 008402 B 13090 Orabrs{ggn'
A>G Missense gote) acid not
con-
served
Predicted
0.001268652 oSty
.00126865! uncertain
hrl: c.3479A>G !
NOT S . (2ho- 0.002 0.42 0.632 1 —2.44 0.00 or benign,
CH? 120479948 NM_024408.4 p.H}51160Arg rs142876168 mozy- 5.06 U U U D U B aminG
T>C Missense gotes) acid not
con-
served
0.00002409
chré: c.3369G>A 44 (no 0.00 Not likely
WDR19 39271606 NM_025132.4 Argl123Arg 15775035034 ho- NA NA NA NA NA NA B to affect
G>A ynonymous mozy- splicing
gote)
Predicted
mostly
£y chrd: c1274C>A R 002 052 006 00005226 000  orbemem
N4BP2 40104739  NM_018177.6  p.Thr425Asn 1562621880 (3 ho- 434 U T B B 5 B Rieiein
C>A Missense mozy- acid ngt
gotes) con-
served
Selected
due to
high
damag-
. 0.000003985 in;
chrd: €1322G>A (no ho- 0 1 074 1 —018 000  predic
NFXL1 47898547 NM_001278624.2 p.Cys441Tyr  rs748118226 mozy- 4.69 D D D D U B tion
C>T Missense gote})l scores
amino
acid was
con-

served
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Table 2. Cont.
Allele
DNA qlfer;-cy Con- Predictions
Family  Gene E%Erl:lgt RefSeq ID andAlzirgino dbSNP (%) Son Comments
GERP FAT s
Change Poly- REV Splic
gnomAD SIFT Phen2 EL MT H1\1/}/I eAl
Predicted
0.00006793 mostly
chr4: c.1144G>A 640 benign,
NFXLI 4790004 NM_012786242 pValds2lle 1751474556  (Lho- 283 0204 0005 0063 0007 0.9 000 RS
C>T Missense mozy- acid not
gote) con-
served
Predicted
0.000208562 mostly
chr4: ¢.1940T>C - _ benign,
CNGAI 47938559 NMLO01379270.1 pMetod7The  rs776545639  (LHO” 357 0808 0003 0291 002 —404 000 ZER7
A>G Missense o te})/ acid not
& con-
served
ADGR Chr: c.1071A>G (z-r(l)g(}ll904_7856 000 Notlikely
13 62598944 NM_001387552.1 p.GIn357GIn  rs530970218 mozy- NA NA NA NA NA NA B to affect
A>G ynonymous gote})I splicing
Predicted
0.000425196 mostly
chr7: .2642C>T - benign,
KIAL 138601730  NML0011646652 p.ThrdsiMet rs13s709216 (1RO 430 013 OIL 006 0178000 CELES
G>A Missense Y acid not
ote)
8 con-
served
Predicted
PSYA 0.000100431 mostly
K22 chr7: c.1402G>A . - benign,
KIAA 138600970 NM_0011646652 p.Valdéslle  rs545645203  "OhO: —7 10004 0003 0 197 000  TERES
1549 C h mozy- B B B N U B :
>T Missense ote) acid not
8 con-
served
chr7: C1734G>A oot oo Notlikely
EPHAT 143094434 NM_005232.5 .GIn578GIn 15542197026 mozy- NA NA NA NA NA NA B to affect
C>T ynonymous gote}), splicing
chr12: 2892G>A e b 506 000 Notlikely
ITPR2 26784841 NM_002223.4 .Val964Val 75199942805 mozy- NA NA NA NA NA NA B to affect
C>T ynonymous gote})l splicing
Very
common
with a fre-
quency of
>10% in
in-house
57936451 e rssessr2 g 000 5D0imas
ZXDA  lroieass  NM_007156.5 T3P and 3 NA NA NA NA NA NA B 300 indi-
57936453 p.Cys135Pro  or3503306 mozy- viduals,
delinsGGC Missense gote) including
multiple
homozy-
gous
geno-
types

* Variant positions according to the Human Feb. 2009 (GRCh37/hg19) Assembly. RefSeq = Reference Sequence,
gnomAD = Genome Aggregation Database (accessed on 1 March 2024), GERP = Genomic Evolutionary Rate
Prediction (negative and low scores indicate no or low conservation), SIFT = Sorting Intolerant from Toler-
ant algorithm, PolyPhen2 = Polymorphism phenotyping v2, REVEL = Rare Exome Variant Ensemble Learner,
MT = Mutation Taster, FATHMM = Functional Annotation Through Hidden Markov Models, SpliceAlI = Splice-
Altering algorithm, D = Damaging or Deleterious, T = Tolerated, NA = Not applicable, B = Benign, U = Uncertain.
** Splicing predictions were also completed using Human Splice Finder (https:/ /hsf.genomnis.com; accessed on 1
March 2024) and other software, which predicted a deleterious effect as well.

In family PSYAK22, 12 homozygous variants (Table 2) and 14 compound heterozygous
variants (Table 52) were found after filtering, which segregated with the phenotype (Table 2).
Most variants either did not have deleterious supporting scores or lacked evolutionary
conservation of the affected amino acids (Table 2). Only a missense variant of NFXL1
(NM_001278624.2; ¢.1322G>A; p.Cys441Tyr) had high deleterious scores according to mul-
tiple prediction tools, affected an evolutionary conserved amino acid, and also implicated
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a gene which had high expression in the brain. None of the identified shared compound
heterozygous variants were predicted to be deleterious (Table S2).

Filtration of exome data for families PSYAK1, PSYAK4, PSYAKS5, PSYAK®6, PSYAK7
and PSYAKS revealed various homozygous/hemizygous variants (Table S3). Multiple com-
pound heterozygous variants were also detected for families PSYAK1, PSYAK4, PSYAK6
and PSYAKS (Table S4), but none for families PSYAK5 and PSYAK?. Most of the variants
detected in the different families were predicted to be non-detrimental to splicing, were
also homozygous/hemizygous in numerous controls, and/or did not affect amino acids
conserved in different orthologues. A few exceptions were observed for two families as de-
tailed below. In family PSYAKS5, a homozygous variant of CRYBB3 c.470C>T, p.(Thr157Met)
was predicted deleterious by multiple software (Table S3), but the affected amino acid was
not conserved among different orthologues (UCSC genome browser). The patients also
had a homozygous variant of DOCK1 ¢.814A>C, p.(Ile272Leu) which affected a conserved
amino acid (https://genome.ucsc.edu/; accessed on 1 March 2024) but was predicted
deleterious by only a few software programs (Table S3).

In family PSYAKS, two pairs of compound heterozygous variants (Table S4) segregated
with the phenotype. Only one of the variants, RYR1 p.(Arg2650His) was predicted to be
deleterious and had high damaging scores. The second RYR1 p.(Val370Leu) variant was
predicted to be benign. It also affected an amino acid which was not conserved in evolution.
Subsequent genotype analyses for RYR1 included five newly recruited unaffected children
of patient IV:5 (Figure 2) and further supported the segregation of the variants with the
phenotype. RYR1 variants have previously been associated with bipolar disorder [25].

PSYAKS8

RYR1
¢.1108G>C; p.Val370Leu

c.7949G>A; p.Arg2650His Key Pedigree

. Affected male

. Affected female
D Unaffected male

O Unaffected female

/ Deceased

% Participant

— Consanguineous

% | s ,
D O marriage

V.4 \:5 V.6
GC GC GC
GG GG GG

Figure 2. Updated pedigree of PSYAKS. The family was previously presented [24]. However, individ-
uals IV:6, V:1 and V:3 to V:6 were newly recruited for this study. Two patients were diagnosed with
psychotic bipolar disorder. Genotypes for RYR1 ¢.1108G>C and ¢.7949G>A variants are mentioned
below the symbol of each participant. The paternal haplotype is shown first in each case. Only two
patients had both RYR1 variants present together in trans.

2.3. Multiple Regions of Shared Homozygosity Were Detected for All Families Except in
Family PSYAK1

No region on any chromosome was identified which was homozygous only in the
patients and heterozygous in the unaffected individuals for family PSYAK1 (Figure S1).
Multiple regions of homozygosity shared by affected individuals were identified in families
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(A)

PSYAK4 PSYAKS, PSYAK6 and PSYAK? (Figures 52-55). Only one region of homozygosity
was identified for the patients of family PSYAKS (Figure S6). However, no predicted
deleterious variants were found in these regions of homozygosity for any of the patients in
these families (Table S3).

Autozygosity mapping of exome data of all members of families PSYAK10 and
PSYAK?22 also revealed multiple regions of homozygosity (Figures S7 and S8). Variants
INSR (c.2232-7 T>G) and NFXL1 (c.1322G>A) were identified in the regions of homozygos-
ity on chromosomes 19 and 4 in the respective families (Figure 3A,B).

(B)

1:3 -2

V:1
IV:1

- MR -

f NFXLT c.1322G>A

INSR ¢.2232-7T>G

Figure 3. AgileVCFMapper displays for families PSYAK10 and PSYAK22. (A) AgileVCFMapper
display for chromosome 19 of family PSYAK10. IV:2 and IV:3 are affected individuals, IV:1 is an
unaffected sibling, and III:3 is the unaffected mother. Each individual chromosome is represented by
a horizontal box in which yellow bars indicate heterozygous calls, black bars denote homozygous
calls and long, uninterrupted black/gray segments signify regions of autozygosity or homozygosity.
(B) AgileVCFMapper display for chromosome 4 of family PSYAK22. Individuals IV:1 and IV:2 are
affected, and III:2 is the unaffected father.

2.4. The Predicted Deleterious Variants Segregated with the Phenotypes

Sanger sequencing confirmed the segregation of INSR and NFXL1 variants in the re-
spective families since the obligate carriers and the unaffected siblings were heterozygous
while only the patients were homozygous (Figure 4A,B). The aggregated allele frequencies in
the public gnomADv4 database for INSR rs775596300 and NFXL1 rs748118226 variants were
0.0000717 and 0.000003985, respectively, with none homozygous (accessed on 1 March 2024).

(A) (B)

INSR ¢.2232-7T>G NFXL1 c.1322G>A, p.Cys441Tyr

'

Carrier

Carrier

RIEC A CTAACTTGICTACATG
CTAACTTGT TATG

TA A
Affected
Affected

TCTGTG CITAACTTGICTALAEGLETCACAGSO
TTTT CTGTG AAA CTAACTTGEGTETATATGTITECGACAGS

»>

Figure 4. Sequence traces for families PSYAK10 and PSYAK22. (A) Partial electropherograms for
family PSYAK10. DNA sequence traces of INSR ¢.2232T>G for the heterozygous mother and the
homozygous affected individuals. Arrow indicates the position of variant. Reverse complement
sequences are shown. (B) Partial electropherograms for NFXL1 variant. Sequence traces of NFXL1
¢.1322G>A for the heterozygous father and the homozygous affected individuals. Reverse comple-
ment sequences are shown.
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2.5. The Predicted Deleterious Alleles Are Absent in the Ethnically Matched Population

We did not detect INSR and NFXL1 variants in 102 and 122 unrelated ethnically
matched controls, respectively, after allele-specific PCR or within the in-house exome data
of 300 unrelated ethnically matched individuals, supporting the rarity of these variants
in the Pakistani population. In-house exome data of 300 individuals also lacked the
shortlisted compound heterozygous RYR1 variants. However, although the public database
gnomADv4 allele frequency of RYR1 p.(Val370Leu) variant was 0.0000369 (accessed on
1 March 2024), allele-specific PCR on 122 ethnically matched controls detected seven
individuals heterozygous for the RYR1 p.(Val370Leu) variant (>0.02 allele frequency),
which indicates that it is a common allele in our local population. We did not detect the
RYR1 p.(Arg2650His) variant in any of our ethnically matched controls, although it is
present in the public databases with a gnomADv4 allele frequency of 0.0000143 (accessed
on 1 March 2024).

2.6. The Candidate Genes Are Expressed in the Brain

The Human Brain Transcriptome database (https:/ /hbatlas.org/pages/hbtd; accessed
on 1 January 2025) shows high expression of INSR [26], NFXL1 [27] and RYR1 [28] in
adult and developing human brains (Figures S9-511). The Human Protein Atlas (https:
/ /www.proteinatlas.org/; accessed on 1 January 2025) revealed a high level of INSR
(Figure S12), NFXL1 (Figure S13) and RYR1 (Figure S14) in the human brain, especially in
the regions of white matter, the cerebellum and the hypothalamus.

2.7. Insulin Receptor (INSR) ¢.2232-7T>G Variant

The INSR variant ¢.2232-7T>G affects an absolutely conserved intronic site (Figure 5A).
Two isoforms exist for INSR. The longest isoform of INSR (NM_000208.4) consists of
22 exons. The variant detected in family PSYAK10 is in intron 10 (Figure 5B). The other
isoform (NM_001079817.3) consists of 21 exons, as it lacks translated sequences corre-
sponding to the 11th exon of the longer isoform (Figure 5C). In silico analysis for the
INSR isoform (NM_000208.4) shows no significant impact on splicing as a result of the
€.2232-7T>G variant, whereas significant alteration of RNA splicing was predicted due to
disruption of exonic splicing enhancers (ESEs) and exonic splicing silencers (ESSs) for the
INSR isoform (NM_001079817.3). The Berkeley Drosophila Genome Project predicted the
intronic variant to significantly reduce the splicing of both isoforms. The SpliceAid tool
predicted that during post-transcriptional RNA processing, five proteins likely interact
with the wild-type sequence, out of which three proteins act as exonic splicing enhancers
(ESEs) and two as intronic splicing silencers (ISSs), whereas only two proteins interact with
the mutant INSR sequence (Figure 5D-E). This could significantly reduce the efficiency
of splicing.

The full length INSR protein (UniProt ID: P06213) possesses multiple domains. The
variant detected in the affected individuals in family PSYAK10 is present in an intron
preceding an exon encoding a fibronectin type III domain (Figure 5F). This domain forms a
beta sandwich structure and is responsible for binding different ligands to INSR [29].
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Figure 5. INSR conservation, isoforms, predicted splicing effects and protein domains. (A) Evolution-

ary conservation of INSR intronic nucleotide ¢.2232-7T>G. A comparison is shown for eight diverse
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representative orthologues from all vertebrate groups. The vertical dimension of each letter in
the consensus sequence above the nucleotide sequence is proportional to the frequency of the
corresponding nucleotide in the analyzed orthologues. The exonic nucleotides are denoted by the
capital letters, and the intronic nucleotides are represented by the lowercase letters. The yellow-
highlighted nucleotide indicates the position of the variant. Analysis indicates that the ¢.2232-7T
position is fully conserved. (B) INSR isoform (NM_000208.4) encodes a protein with a molecular
weight of 1382 amino acids and consists of 22 exons. The arrow indicates the position of the variant
identified in family PSYAK10. Black boxes represent the exons that are non-coding, while empty
boxes represent the coding exons. Horizontal lines are used to illustrate the introns. (C) INSR
isoform (NM_001079817.3) contains only 21 exons. (D) SpliceAid predicted that ESEs (exonic splicing
enhancers) and ISSs (intronic splicing silencers) within the wild-type pre-mRNA of INSR will interact
with the splicing proteins ETR-3, TIA-1, TIAL-1, HuR and HuB. Green and red arrows indicate the
wild-type and the mutated sequences of the pre-mRNA, respectively. (E) The same program predicted
only ETR-3 and MBLN1 proteins interacting with the mutant pre-mRNA INSR due to the variant
¢.2232-7T>G. (F) Domain structure of INSR. Variant ¢.2232-7T>G will potentially affect the fibronectin
type III (FN3) domain, which forms an immunoglobulin-like fold spanning amino acids 462 to 541.

2.8. The INSR ¢.2232-7T>G Variant Did Not Affect Splicing of RNA Obtained from Blood

The sequencing of recombinant plasmids from six colonies obtained after cloning
INSR-specific cDNA from a patient’s blood sample, did not reveal any aberrant transcripts.
Any effect of the variant on splicing, specifically in the brain, or other potential ways the
variant may affect the INSR transcripts, remains to be explored.

2.9. Nuclear Transcription FACTOR, X-Box Binding-like 1 (NFXL1) c.1322G>A; p.(Cys441Tyr) Variant

The three-dimensional structure of the wild-type NFXL1 protein structure from Alpha-
fold (UniProt ID: Q6ZNB6) suggests that the p.Cys441 resides on an «-helix, with a confi-
dence score of 86.2% (Figure 6A). p.Cys441 is not predicted to form ionic interactions with
other neighboring amino acids, including p.Thr440, p.Arg442 and p.GIn443 (Figure 6B).
Substitution of Tyr at this position p.(Cys441Tyr) results in the formation of a new hydro-
gen bond with p.GIn443, with a bond length of 1.9 A (Figure 6C). The variant NFXL1
p-(Cys441Tyr) affects an amino acid which is highly conserved among different orthologues
(Figure 6D). NFXL1 isoform (NM_001278624.2) consists of 23 exons, and the variant iden-
tified in the family PSYAK22 is in exon 10 (Figure 6E). There are four other isoforms as
well (Figure 6F-H). The protein NFXL1 (UniProt ID: Q6ZNB6) has multiple conserved
domains, with the variant affecting the NF-XN1-type zinc finger domain (Figure 6I). The
NF-XN1-type zinc finger domain is a zinc binding domain which is predicted to facilitate
the function of DNA-binding transcription factors, specifically those that interact with RNA
polymerase II in a sequence-specific manner [30].

PredictProtein indicated that p.Cys441 is present in a highly conserved (conserva-
tion score = 7-9, high) buried region of the protein with limited solvent accessibility
(B-value = 30-70). I-Mutant Suite showed a large decrease in protein stability due to the
p-Cys441Tyr variant (reliability index = 1). SNAP2 suggested the p.(Cys441Tyr) variant
as strongly unfavorable to the function of the protein (score = 90). CUPSAT predicted
that this variant destabilizes the torsion angle and is unfavorable with a AAG value of
—5.37kcal/mol. Analysis by HOPE revealed that the mutant residue is bigger, which might
cause bumps in the protein and disturb hydrophobic interactions of the protein (Variant’s
MetaRNN score is 0.988 = pathogenic) [31].
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Figure 6. Structural modeling, evolutionary conservation, isoforms and protein domains of NFXL1.

(A) Structural model of wild-type NFXL1 protein representing N-terminal and C-terminal, as well
as the amino acids p.Cys441, p.Arg442, and p.GIn443. (B) Wild-type NFXL1 p.Cys441 forms cova-
lent bonds with p.Thr440 and p.GIn443. (C) Mutated NFXL1 p.Tyr441 resulted in the formation of
an additional interacting bond with p.GIn443, with a bond length of 1.9 A? (shown by an arrow).
(D) Multiple sequence alignment of NFXL1 displaying the conservation of cysteine 441 amino acid in
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H. sapiens
M. mulatta
M. musculus
R. norvegicus
G. gallus

P. muralis

X. tropicalis
D. rerio

1

human, monkey, mouse, rat, chicken, turtle, frog and fish. Absolutely conserved amino acids,
“:” Conservative amino acid change, “.” Amino acid conserved in some species. (E) NFXLI isoform
(NM_001278624.2) encodes a protein with 911 amino acids. The arrow denotes the position of
the variant detected in family PSYAK22. Black boxes indicate the non-coding exons, empty boxes
represent the coding exons, and the black lines denote the introns. (F) NFXL1 isoform (NM_152995.6)
contains 23 exons. (G) NFXL1 isoform (NM_001278623.1) with the variant ¢.1322G>A within exon
10. (H) NFXL1 isoform (NR_103795.1) contains 24 exons. (I) Schematic representation of NFXL1
isoform encoded by NM_001278624.2, showing multiple domains including RING-type zinc finger,
NF-XNI1-type zinc finger and NF-X-type zinc finger domains. The ¢.1322G>A, p.(Cys441Tyr) variant
is within the NF-XN1-type zinc finger domain, which is involved in DNA binding.

2.10. Ryanodine Receptor 1 (RYR1) p.Val370Leu and p.Arg2650His Compound Heterozygous Variants

The RYR1 Val370 residue was only conserved in mammals, whereas the Arg2650
residue was conserved among all the diverse orthologues (Figure 7A, B). Structural model-
ing of the wild-type RYR1 protein (UniProt ID: P21817) revealed that the residues p.Val370
and p.Arg2650 reside in the exposed and buried positions, respectively (Figure 8A-D).
PredictProtein revealed that p.Val370 is located within a loop and p.Arg2650 is situated
within an «-helix. It further predicted that the RYR1 arginine variant is in a buried region
of the protein, whereas valine is in an exposed region of the protein with high accessibility
to solvent molecules. I-Mutant Suite predicted that p.Val370Leu substitution causes only a
slight decrease in the stability, whereas the p.Arg2650His variant greatly reduces the stabil-
ity of the protein. The functional prediction provided by SNAP2 showed the p.Val370Leu
variant as neutral, with a score of —94 and an accuracy of 97%, whereas the p.Arg2650His
variant was highly unfavorable with a score of 43 and an accuracy of 71%. CUPSAT sug-
gested that the torsion angles created by the p.Val370Leu and the p.Arg2650His variants
are essentially unfavorable to the protein structures, with a AAG value of 0.56 kcal/mol
and 0.81 kcal/mol, respectively.

RYR1: p.Val370Leu (B) RYR1: p.Arg2650His
AAPDPKALRLGVLKKK H. sapiens
AAPDPKALRLGVLKKK M. mulatta
AAPDPKALRLGV|KKK M. musculus
AAPDPKALRLGV]KKK R. norvegicus
K/PD/ K-/ RLGLLK K G. gallus
AA’ D" KALRLGLLK P. muralis
ALD" K/ RLGPLK K X. tropicalis
AA D KA RLGT /K D. rerio

Figure 7. Evolutionary conservation of amino acids affected by the variants in family PSYAKS.
(A) Multiple sequence alignment for RYR1 p.Val370 among diverse orthologues. Valine is conserved
in mammals, while other species possess leucine, proline or threonine as the wild-type sequence.
(B) Clustal Omega sequence alignment of RYR1 p.Arg2650 conservation from diverse vertebrates.
Arginine is conserved in all vertebrate orthologues, with the exception of A. spinifera (softshell turtle),
where it is substituted with glutamine (not shown in this alignment). Note that histidine as found in
PSYAKS patients in this position has different properties from glutamine. Yellow highlights indicate
the amino acids of RYR1 affected by the variants in the family.

RYR1 isoform (NM_000540.2) comprises 106 exons. The variants c.1108G>C and
€.7949G>A are located within exons 11 and 50, respectively (Figure 9A). Alternative splicing
gives rise to four additional isoforms (Figure 9B-D). RYR1 possesses multiple evolutionarily
conserved domains, including the helical domain which contains phosphorylation sites
for protein A (Figure 9E). RYR1 serves an integral function in neuronal calcium signaling
dynamics by releasing calcium from its intracellular stores [32].
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Figure 8. Structural modeling of RYR1 variants in family PSYAKS. (A) Structural model of wild-type
RYR1 protein showing p. Gly369, p.Val370 and p.Leu371 amino acids in which p.Val370 did not
form any polar interactions with other amino acids. (B) Replacement of valine by leucine in RYR1

p.(Val370Leu) also did not affect any of the polar interactions of the wild-type or mutated amino acid.
(C) Wild-type RYR1 p.Arg2650 forms four polar interactions with p.Cys2612, p.Arg2613, p.1112615
and p.Asn 2647. (D) Mutated RYR1 p.(Arg2650His) forms only two polar bonds with p.Asn 2647
and p.His2648.

c.1108G>=C c.7949G>A
4 ¥
(By RYR1NM_001042723
¢.1108G>C c,?94%G>A
4

S HHHHHHH R AHH A

(C) RYR1 uc0020iv.2

(D) RYR1 uc010xuf.1

(E)RYR1 NP_000531.2

c.7949G>A

p.V370L p.R2650H
NTD P1 Handle Pz HDZ S1 VsC 55 SE CTD
1
SPRY1 SPRYZ!:i HD1 Central EF 52 33 34 35 SF
linker

Figure 9. Isoforms and domains of RYR1. (A) RYRI isoform (NM_000540.2) encodes the highest
molecular weight protein, consisting of 5038 amino acids. A black box indicates non-coding exons,
and arrows mark the position of the compound heterozygous variants detected in family PSYAKS.
(B) RYR1 isoform (NM_001036188.1) contains 106 exons with the variant ¢.1108G>C within exon 11
and variant ¢.7949G>A within exon 50. (C) RYR1 isoform (uc0020iv.2) encodes a truncated protein.
(D) RYRI isoform (uc010xuf.1) is the shortest isoform. (E) Schematic representation of RYR1 isoform
(NP_000531.2) showing multiple domains. The ¢.1108G>C, p.(Val370Leu) variant is within the N-
terminal domain (NTD), and the ¢.7949G>A, p.(Arg2650His) variant is within helical domain 2 (HD2)
of RYR1 [33].

3. Discussion

We describe molecular genetic findings from sixteen patients exhibiting severe forms
of psychoses from eight different families. Biallelic variants in INSR, NFXL1 and RYR1
were identified in affected individuals of three families, while we could not pinpoint
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predicted deleterious variants for patients in five families. Taken together with our previous
results [17,18] (Figure S15), and excluding RYR1, we have potential candidates for patients
in five families with psychosis. This indicates that even in highly consanguineous families
where multiple variants may be homozygous in offspring and seem to segregate with the
disorder by chance alone, this is not actually the case. Either no homozygous deleterious
variant was identified at all, or only one homozygous or hemizygous deleterious variant
was correlated with the phenotype, indicating the importance of rare variants as possible
causes of psychotic disorders. On the other hand, the lack of clear molecular diagnosis for
six families may indicate that many cases of psychoses are polygenic or are due to variants
undetected by exome sequencing.

The gene for the insulin receptor (OMIM#147670), also known as HHF5 or CD220, is
located on chromosome 19p13.2. It encodes a protein of 1382 amino acids which consists
of multiple functional domains including fibronectin type III-1, fibronectin type III-2,
fibronectin type III-3 and a protein kinase domain (Figure 5F). INSR is encoded as a single-
chain polypeptide precursor which, upon post-translational modification, forms «- and
[B-subunits. Mature INSR is heterotetrameric, with two extracellular «-subunits and two
transmembrane 3-subunits which together function in ligand binding and intrinsic tyrosine
kinase activity responsible for signal transduction [34].

INSR is encoded by two alternatively spliced isoforms, distinguished by the presence
(Figure 5B; isoform B) or absence (Figure 5C; isoform A) of a 36-nucleotide exon 11 inserting
12 amino acids in the fibronectin domain [35]. In vitro experiments have indicated that
the length of the polypyrimidine tract at the 3’ end of intron 10 (including position c.2232-
7T>G) causes alternative splicing of exon 11 [36]. Additional nucleotides in exon 11 within
the promoter region of INSR have also been found to exert an influence on alternative
splicing [36]. Although predicted to affect splicing, the variant ¢.2232-7T>G was not seen to
affect INSR in analysis of cDNA obtained from a patient’s blood sample. It is possible that
the variant could reduce the amount of isoform-specific mRNA, without affecting splicing,
as has been reported before [37]. Another possibility is that the variant may result in large-
sized intronic/exonic retentions within aberrant transcripts, which would not be captured
by our analysis because of the experimental design. Assays using exon-trap systems or
studying splicing after engineering the variant into the genome of an appropriate cellular
or organoid system may help determine if the variant effects splicing or changes the levels
of different isoforms.

There is evidence supporting the role of INSR variants in psychiatric disorders. Sixteen
variants in INSR have been reported to be associated with autism spectrum disorder
(HGMD, accessed on 1 April 2025). INSR SNPs 152229431 and rs12610022 were found to be
significantly different in allele frequencies and genotypic distributions in schizoaffective
disorder patients as compared to the controls [38]. In another study, INSR SNPs rs747721248
and 52229431 were significantly associated with schizophrenia [39]. INSR expression level
is also affected in other brain disorders such as in patients with Alzheimer’s disorder [40].

The role of INSR in brain health has been shown in model organisms as well. In
zebrafish, Insr is expressed in neurons and neural stem cells where it plays a role in
neurogenesis [41]. Hippocampal-specific deletion of Insr impairs episodic memory and
spatial memory in engineered mice [42]. In another model mouse, anxiety symptoms
were noted after reducing Insr expression in glutamatergic and GABAergic neurons [42].
In a separate study, lentivirus-mediated downregulation of hypothalamic Insr caused
anhedonia, depressive-like and anxiety-like behaviors in rats [43].

Nuclear Transcription Factor, X-Box Binding-Like 1 NFXL1 (OMIM#620488), also
known as HOZFP, URCC5, OZFP or CDZFP, is located on chromosome 4p12 and encodes
a protein of 911 amino acids. NFXL1 is a DNA-binding transcription factor. It has zinc
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finger domains which facilitate the binding to DNA and a RING domain which functions
as an E3 ubiquitin ligase [44]. The expression level of this particular transcription factor
has been demonstrated to be significantly elevated in embryonic stem cells before they
differentiate into myelinated oligodendrocytes. Additionally, it exhibits an increased level
of expression during the early stages of mouse embryonic development (E11.5) and in the
cerebellar structures in humans. NFXL1 has been reported to play a role in regulating the
NFkB pathway [44], whose dysregulation is already known to cause neuroinflammation in
a subset of schizophrenia patients [45].

Ten heterozygous NFXL1 missense/nonsense variants have been associated with
various neurological disorders which include specific language impairment, speech de-
lay and intellectual disability. Among these, different heterozygous nonsynonymous
variants in NFXL1 were identified to cause specific language impairment in a founder
population from Robinson Crusoe Island [44]. Four missense variants p.(Cys312Arg),
p-(Trp359Cys), p.(GIn583=) and p.(Arg815His) were associated with autism spectrum dis-
order [46] (HGMD, accessed on 1 April 2025). NFXL1 is highly expressed in the human
cerebellum, which is known to play a significant role in cognitive function and in language
development [47]. NfxI1 knock-out mice have decreased body weights and body lengths
along with skeletal abnormalities (https:/ /www.informatics.jax.org/, accessed on 1 March
2024). However, behavioral defects remain unexplored.

Ryanodine receptor 1 RYR1 (OMIM#180901), also known as PPP1R137, RYR-1 and
RYDR, is located on chromosome 19q13.2 and encodes a protein of 5038 amino acids. RYR1
functions by releasing calcium ions from intracellular stores in neuronal cells and is known
to promote extended calcium signaling in the brain [32]. The full length protein contains
multiple evolutionary conserved domains including N-terminal domain (NTD), SPRY1
domain, two helical domains, central domains, a transmembrane domain with ion pore,
and a C-terminal domain [33] (Figure 9E). Multiple variants of RYR1 cause disorders such
as congenital myopathy 1B, autosomal recessive (OMIM#255320); the dominantly inherited
King Denborough syndrome (OMIM#619542); as well as congenital myopathy 1A, auto-
somal dominant, with susceptibility to malignant hyperthermia and central core disease
(OMIM#117000). Some RYRI de novo variants, such as p.(Arg3672His), p.(Asn4036Asp),
and p.(Thr5005Ala), have been found to be associated with neurological disorders including
autism spectrum disorder [46].

Many genes associated with bipolar disorder encode calcium channel subunits [48].
GWAS have also implicated calcium channel regulation as one of the major pathways in-
volved in genetic predisposition to bipolar disorder [48]. Genes encoding calcium channels,
such as RYR1 and CACNA1D, have been identified as risk loci for bipolar disorder due to
their roles in calcium signaling and the regulation of circadian rhythms [25]. Some studies
have also associated RYR1 protein expression in regulating depression-like behaviors in
mouse models [49].

In family PSYAKS, we detected a predicted deleterious variant of RYR1, while the sec-
ond variant was not supported as deleterious, and moreover, our experiments determined it
to be a polymorphism. There are several cases where otherwise non-damaging variants, in-
cluding polymorphisms, can cause a disease when present in trans with a deleterious allele.
For example, compound heterozygous ABCA13 variants p.(His3609Pro) and p.(Thr4550Ala)
were correlated with the phenotype in three patients suffering from bipolar disorder [50].
Both of these variants impact partially-conserved amino acids, with some mammalian or
reptilian species orthologues having the Pro or Ala residues at the respective sites of the
wild-type sequences [50]. A second instance is that of a heterozygous 200 kb deletion in
RBMSA causing thrombocytopenia-absent radius-TAR syndrome (OMIM#274000) only
when inherited in trans with a heterozygous c.-21G>A common polymorphism [51]. This
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suggests that the RYR1 compound heterozygous variants detected in the current research
require further study to establish their link to the phenotype.

Interestingly, mice with selective reduced expression of Ryr1 in the cerebral cortex and
hypothalamus display impaired behavioral capabilities [52]. Repeated administration of
oligonucleotides that are antisense to the Ryr1 sequence resulted in an antidepressant-like
response in mice, evidencing the significance of RYR1 as a crucial target in the context of
mood disorders [53]. Ryr2 and Ryr3 knockdown mice also display memory deficits [53].
Ryr3 knockout mice have symptoms of social isolation and excessive hyperactivity [49,54].

Our research indicates a need for further evaluation of INSR, NFXL1 and possibly
RYR1 in psychosis in humans. However, there are notable limitations in our studies. First,
though the detected variants are potentially highly penetrant and likely pathogenic for
psychosis, they cannot be definitively asserted as monogenic causative variants. This is due
to the possibility of combined effects of multiple common variants (>1% allele frequency)
contributing to the disease in patients in the presence of these high-risk alleles. Second,
these variants could be specific to individual families and may not be replicated in future
studies. Third, due to a lack of funding, the pathogenicity of the detected variants was
not experimentally demonstrated, which is an important step in establishing a causal link
between the genetic variant and the observed phenotype. Lastly, other types of genetic
variations, such as copy number variants, repeat expansions or intragenic variants, cannot
be ruled out as the underlying cause of the disorders. Therefore, we suggest leveraging
emerging technologies, such as long-read whole-genome sequencing in multiplex families
to delineate the underlying causes. However, notwithstanding these limitations, we believe
that it is unlikely to be the case that every detected variant and finding is by chance alone.
This is further strengthened by the fact that the deleterious variants were detected in
genes expressed in the brain which have previous correlations with various neurological
disorders, including psychiatric symptoms in some cases.

4. Materials and Methods
4.1. Ethical Approval and Recruitment

The study was completed according to the guidelines and regulations of the insti-
tutional review boards at the School of Biological Sciences, University of the Punjab,
Lahore, Pakistan (IRB# 00005281, FWA 00010252) and the University of Minnesota, Min-
neapolis, USA (FWA00000312). Detailed information regarding recruitment procedures
and the clinical tests for six families PSYAK1, PSYAK4, PSYAKS5, PSYAK6, PSYAK7 and
PSYAKS has been reported previously [24], though five new unaffected individuals of
family PSYAKS8 were also inducted into the current study (see below). Two families,
PSYAK10 and PSYAK22, were newly identified by visiting psychiatric wards of a local
hospital in Lahore. Participants were recruited by written informed consents. Clinical
testing was performed using Diagnostic Interview for Genetic Studies (DIGS) [55], mod-
ified MiniMental Status Examination (mnMMSE) [56], Hamilton Depression and Anxiety
Rating Scales (HAM-D, HAM-A) [57], Positive and Negative Syndrome Scale (PANSS) [58],
and Positive and Negative Syndrome Scale (PANSS) [59] and sampling were completed
(Supplementary Methods).

4.2. Exome Sequencing

Exome sequencing was performed on DNA of twelve previously enrolled [24] and four
new patients affected with psychosis in eight families. Samples from available unaffected
siblings and unaffected parents were also included. The sequenced samples were from
34 participants: 16 patients (9 males and 7 females), with 11 samples from the unaffected
parents and 7 unaffected siblings of the patients (4 males and 3 females). Exome sequencing
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data were generated using 150-bp paired-end read length with 100X depth and aligned to
the Human GRCh37 /hg19 assembly.

4.3. Variant Analyses of the Exome Data

We uploaded the exome variant call files (VCF) to the Franklin website (https://
franklin.genoox.com/; accessed on 1 March 2024) and annotated them after applying
standard filters (Supplementary Methods). Homozygous and compound heterozygous
variants were selected. Priority was given to the variants with the highest deleterious
scores from multiple pathogenicity prediction tools (Supplementary Methods). We also
located all autosomal regions homozygous in the patients” data due to identity by descent.
For this purpose, the VCF data were separately uploaded to AgileMultideogram software
(http:/ /www.dna-leeds.co.uk/agile/ AgileVCFMapper/; accessed on 1 March 2024) and
AgileVCFMapper (https://dna-leeds.co.uk/agile/; accessed on 1 March 2024) [60] for
analyses (Supplementary Methods).

4.4. Segregation Analyses and Allele Frequencies in the Local Population

The segregation of each variant was checked in all the participants from each fam-
ily by performing gene-specific amplification and Sanger Sequencing. Primers were de-
signed with Primer3 (https:/ /bioinfo.ut.ee/primer3-0.4.0/; accessed on 1 March 2024)
(Table S1). The genomic sequences of INSR and NFXL1 corresponding to NM_000208.4
and NM_001278624.2, respectively, were obtained. Big Dye Terminator V3.1 kit (ABI
Thermo Fisher Scientific, Waltham, MA, USA) was used for Sanger sequencing, and
electrophoresis was completed on an ABI3730 sequencer. Primers (Table S1) for com-
petitive allele-specific [61] and Tetra primer ARMS [62] PCR was designed using Primer1
(http:/ /primerl.soton.ac.uk/primerl.html; accessed on 1 March 2024), and reactions were
performed in standard conditions (Supplementary Methods). Additionally, allele frequen-
cies of all filtered variants were also checked in the in-house exome data of 300 unrelated
ethnically matched individuals.

4.5. Nucleotides and Amino Acids: Conservation and Modeling

The conservation of the nucleotides affected by the splice-site variants was observed by
accessing genomic sequences of orthologues on the UCSC genome browser. If conservation
was suspected, the genomic sequences of all the diverse orthologous genes were retrieved
from the respective genome assemblies available on the UCSC genome browser. These se-
quences were aligned using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/;
accessed on 1 March 2024) with the “DNA” option. The region with the splice vari-
ant was identified from the generated alignment by using a simple search function.
The corresponding aligned sequences were uploaded at the WEBLOGO site (https:
/ /weblogo.berkeley.edu/logo.cgi; accessed on 1 March 2024) to generate a graphical rep-
resentation, in which each nucleotide was assigned a specific height based on the degree
of the conservation. For conservation of amino acids, protein sequences were retrieved
from UniProt (https:/ /www.uniprot.org/; accessed on 1 March 2024), and the amino acid
orthologous sequences were aligned using the Clustal Omega Sequence Alignment Tool
(https:/ /www.ebi.ac.uk/Tools/msa/clustalo/; accessed on 1 March 2024).

The three-dimensional structure of the wild-type NFXL1 and RYR1 proteins were
taken from the AlphaFold Protein Structure Database (https://alphafold.com/; accessed on
1 March 2024) using the UniProt IDs Q6ZNB6 and P21817, respectively. The variants NFXL1
p-(Cys441Tyr); RYR1 p.(Val370Leu); p.(Arg2650His) were introduced into the wild-type
protein sequences in PyMoL using the site-directed mutagenesis program option, and
non-polar contacts to any other atoms were found for the wild-type and the mutated amino
acids (Supplementary Methods).
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4.6. Isoforms and Domains Analyses for Different Genes and Encoded Proteins

Multiple DNA sequences corresponding to the different isoforms of NFXL1, INSR and
RYR1 were retrieved from the UCSC genome browser. Next, protein sequences were taken
from UniProt, and multiple in-silico tools were used to identify domain structures of the
proteins (Supplementary Methods).

4.7. INSR Splicing Prediction, Complementary DNA Synthesis and Cloning

The splicing effect of INSR variant ¢.2232+7T>G was also analyzed by the Human
Splice Finder (https:/ /hsf.genomnis.com; accessed on 1 March 2024), Berkeley Drosophila
Genome Project (https://www.fruitfly.org/seq_tools/splice.html; accessed on 1 March
2024) and SpliceAid (http://www.introni.it/splicing.html; accessed on 1 March 2024)
tools. To experimentally determine the effect of the variant, total RNA was extracted using
TriZol from a fresh blood sample of patient IV:2 from family PSYAK10. Oligo dT primers
(Thermo Fisher Scientific) were used to prepare a cDNA library. GAPDH primers were
utilized as a positive control (Table S1). A partial INSR cDNA sequence (exons 9-13) was
amplified by specific primers (Table S1) using Phusion® High-Fidelity DNA polymerase
(Thermo Fisher Scientific). The PCR product was cloned into the pJET 1.2/blunt cloning
vector (Thermo Fisher Scientific). Competent E. coli DH5x cells were transformed with the
recombinant vector, and the bacteria were spread on ampicillin, LB agar selection plates. Six
positive recombinant plasmids were analyzed using proprietary BT sequencing technology
(Celemics, Seoul, South Korea) (Supplementary Methods). The obtained sequences were
compared with the cDNA sequence of the wild-type INSR.

5. Conclusions

This study has increased the genetic spectrum associated with psychiatric illnesses.
Functional investigations utilizing animal models or cell lines can delineate the effects of
these variants. Such studies will provide insights into the function of the brain in health
and disease. Better understanding could pave the way for the development of therapeutic
drugs to better treat or cure psychosis.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/1jms26104925/s1.

Author Contributions: Conceptualization, S.N. and J.V.P,; methodology, SN., AK,, R.Z, HA.C,N]J,
Al, ALB. and S.A.S,; validation, S.N.; formal Analysis, S.N. and A K.; investigation, S.N. and A K,;
data curation, A.K.; writing—original draft preparation, S.N. and A K.; writing—review and editing,
R.Z,HA.C,NJ, AL, ALB, S.AS. and ].V.P; supervision, S.N. and J.V.P,; project administration,
S.N. and J.V.P; funding acquisition, S.N. and J.V.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the NIMH, National Institutes of Health, USA [Grant:
1R21MH120692-01A1 to J.V.P,, S.N.].

Institutional Review Board Statement: The study was conducted in accordance with the guidelines
and regulations of the institutional review boards at the School of Biological Sciences, University
of the Punjab, Lahore, Pakistan (IRB# 00005281, FWA 00010252) and the University of Minnesota,
Minneapolis, USA (FWA(00000312).

Informed Consent Statement: Written informed consent was taken from all participants or from legal
guardians in the case of severe ongoing symptoms of the patients. Patient anonymity is preserved.

Data Availability Statement: All the data are presented in the manuscript and the Supplementary
Files or can be obtained from the corresponding authors on reasonable request.


https://hsf.genomnis.com
https://www.fruitfly.org/seq_tools/splice.html
http://www.introni.it/splicing.html
https://www.mdpi.com/article/10.3390/ijms26104925/s1
https://www.mdpi.com/article/10.3390/ijms26104925/s1

Int. J. Mol. Sci. 2025, 26, 4925 22 0f 24

Acknowledgments: We are thankful to all the participants of the study. We are grateful to the doctors
of the Punjab Institute of Mental Health for their help. We acknowledge Faiza Aslam and Kanwal
Shabbir for technical assistance. The authors have reviewed and edited the output and take full
responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Saha, S.; Chant, D.; Welham, J.; McGrath, J. A systematic review of the prevalence of schizophrenia. PLoS Med. 2005, 2, e141.
[CrossRef] [PubMed]

Chakrabarti, S.; Singh, N. Psychotic symptoms in bipolar disorder and their impact on the illness: A systematic review. World J.
Psychiatry 2022, 12, 1204-1232. [CrossRef] [PubMed]

Cardno, A.G.; Gottesman, LI. Twin studies of schizophrenia: From bow-and-arrow concordances to star wars Mx and functional
genomics. Am. . Med. Genet. 2000, 97, 12-17. [CrossRef]

McGuffin, P; Rijsdijk, F; Andrew, M.; Sham, P; Katz, R.; Cardno, A. The heritability of bipolar affective disorder and the genetic
relationship to unipolar depression. Arch. Gen. Psychiatry 2003, 60, 497-502. [CrossRef]

Gurling, H.M.; Kalsi, G.; Brynjolfson, J.; Sigmundsson, T.; Sherrington, R.; Mankoo, B.S.; Read, T.; Murphy, P; Blaveri, E.;
McQuillin, A.; et al. Genomewide genetic linkage analysis confirms the presence of susceptibility loci for schizophrenia, on
chromosomes 1q32. 2, 5q33. 2, and 8p21-22 and provides support for linkage to schizophrenia, on chromosomes 11g23. 3-24 and
20q12. 1-11.23. Am. |. Hum. Genet. 2001, 68, 661-673. [CrossRef]

Berrettini, W.H. Molecular linkage studies of bipolar disorders. Bipolar Disord. 2001, 3, 276-283. [CrossRef]

Trubetskoy, V.; Pardifias, A.F; Qi, T.; Panagiotaropoulou, G.; Awasthi, S.; Bigdeli, T.B.; Bryois, ].; Chen, C.-Y.; Dennison, C.A.; Hall,
L.S.; et al. Mapping genomic loci implicates genes and synaptic biology in schizophrenia. Nature 2022, 604, 502-508. [CrossRef]
Cipriani, V.; Vestito, L.; Magavern, E.F.; Jacobsen, ].O.; Arno, G.; Behr, E.R.; Benson, K.A.; Bertoli, M.; Bockenhauer, D.; Bowl, M.R ;
et al. Rare disease gene association discovery in the 100,000 Genomes Project. Nature 2025, 1-9. [CrossRef]

Mullins, N.; Forstner, A.J.; O’Connell, K.S.; Coombes, B.; Coleman, J.R.; Qiao, Z.; Als, T.D.; Bigdeli, T.B.; Berte, S.; Bryois, J.; et al.
Genome-wide association study of more than 40,000 bipolar disorder cases provides new insights into the underlying biology.
Nat. Genet. 2021, 53, 817-829. [CrossRef]

Clifton, N.E.; Schulmann, A.; Schizophrenia Working Group of the Psychiatric Genomics Consortium; Holmans, P.A.; O’Donovan,
M.C.; Vawter, M.P. The relationship between case—control differential gene expression from brain tissue and genetic associations
in schizophrenia. Am. ]. Med. Genet. B Neuropsychiatr. Genet. 2023, 192B, 85-92. [CrossRef]

Timms, A.E.; Dorschner, M.O.; Wechsler, ].; Choi, K.Y.; Kirkwood, R.; Girirajan, S.; Baker, C.; Eichler, E.E.; Korvatska, O.; Roche,
K.W.,; et al. Support for the N-methyl-D-aspartate receptor hypofunction hypothesis of schizophrenia from exome sequencing in
multiplex families. JAMA Psychiatry 2013, 70, 582-590. [CrossRef] [PubMed]

Zhou, Z.; Hu, Z.; Zhang, L.; Hu, Z,; Liu, H; Liu, Z; Du, J.; Zhao, J.; Zhou, L.; Xia, K.; et al. Identification of RELN variation
p-Thr3192Ser in a Chinese family with schizophrenia. Sci. Rep. 2016, 6, 24327. [CrossRef]

Hornig, T.; Griining, B.; Kundu, K.; Houwaart, T.; Backofen, R.; Biber, K.; Normann, C. GRIN3B missense mutation as an inherited
risk factor for schizophrenia: Whole-exome sequencing in a family with a familiar history of psychotic disorders. Genet. Res. 2017,
99, el. [CrossRef]

Xue, C.-B.; Xu, Z.-H.; Zhu, J.; Wu, Y.; Zhuang, X.-H.; Chen, Q.-L.; Wu, C.-R;; Hu, J.-T.; Zhou, H.-S.; Xie, W.-H.; et al. Exome
Sequencing Identifies TENM4 as a Novel Candidate Gene for Schizophrenia in the SCZD2 Locus at 11q14-21. Front. Genet. 2019,
9,725. [CrossRef]

Homann, O.R.; Misura, K.; Lamas, E.; Sandrock, R.W.; Nelson, P.; McDonough, S.I.; DeLisi, L.E. Whole-genome sequencing
in multiplex families with psychoses reveals mutations in the SHANK2 and SMARCA1 genes segregating with illness. Mol.
Psychiatry 2016, 21, 1690-1695. [CrossRef]

Shirzad, H.; Beyraghi, N.; Ataei, K.M.; Akbari, M.T. Family-based whole-exome sequencing for identifying novel variants in
consanguineous families with schizophrenia. Iran. Red Crescent Med. J. 2017, 19, e35788. [CrossRef]

Kanwal, A.; Pardo, J.V,; Naz, S. RGS3 and ILIRAPL1 missense variants implicate defective neurotransmission in early-onset
inherited schizophrenias. |. Psychiatry Neurosci. 2022, 47, E379-E390. [CrossRef]

Kanwal, A.; Sheikh, S.A.; Aslam, F; Yaseen, S.; Beetham, Z.; Pankratz, N.; Clabots, C.R.; Naz, S.; Pardo, ].V. Genome Sequencing
of Consanguineous Family Implicates Ubiquitin-Specific Protease 53 (USP53) Variant in Psychosis/Schizophrenia: Wild-Type
Expression in Murine Hippocampal CA 1-3 and Granular Dentate with AMPA Synapse Interactions. Genes 2023, 14, 1921.
[CrossRef]


https://doi.org/10.1371/journal.pmed.0020141
https://www.ncbi.nlm.nih.gov/pubmed/15916472
https://doi.org/10.5498/wjp.v12.i9.1204
https://www.ncbi.nlm.nih.gov/pubmed/36186500
https://doi.org/10.1002/(SICI)1096-8628(200021)97:1%3C12::AID-AJMG3%3E3.0.CO;2-U
https://doi.org/10.1001/archpsyc.60.5.497
https://doi.org/10.1086/318788
https://doi.org/10.1034/j.1399-5618.2001.30603.x
https://doi.org/10.1038/s41586-022-04434-5
https://doi.org/10.1038/s41586-025-08623-w
https://doi.org/10.1038/s41588-021-00857-4
https://doi.org/10.1002/ajmg.b.32931
https://doi.org/10.1001/jamapsychiatry.2013.1195
https://www.ncbi.nlm.nih.gov/pubmed/23553203
https://doi.org/10.1038/srep24327
https://doi.org/10.1017/S0016672316000148
https://doi.org/10.3389/fgene.2018.00725
https://doi.org/10.1038/mp.2016.24
https://doi.org/10.5812/ircmj.35788
https://doi.org/10.1503/jpn.220070
https://doi.org/10.3390/genes14101921

Int. J. Mol. Sci. 2025, 26, 4925 23 of 24

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

Strauss, K.A.; Markx, S.; Georgi, B.; Paul, S.M.; Jinks, R.N.; Hoshi, T.; McDonald, A.; First, M.B.; Liu, W.; Benkert, A.R.; et al.
A population-based study of KCNH7 p. Arg394His and bipolar spectrum disorder. Hum. Mol. Genet. 2014, 23, 6395-6406.
[CrossRef]

Zhang, T.; Hou, L.; Chen, D.T.; McMahon, EJ.; Wang, ]J.-C.; Rice, ].P. Exome sequencing of a large family identifies potential
candidate genes contributing risk to bipolar disorder. Gene 2018, 645, 119-123. [CrossRef]

Anjanappa, R M.; Nayak, S.; Moily, N.S.; Manduva, V.; Nadella, R K.; Viswanath, B.; Reddy, Y.C,; Jain, S.; Anand, A. A linkage
and exome study implicates rare variants of KANK4 and CAP2 in bipolar disorder in a multiplex family. Bipolar Disord. 2020, 22,
70-78. [CrossRef] [PubMed]

Toma, C.; Shaw, A.D.; Heath, A.; Pierce, K.D.; Mitchell, P.B.; Schofield, PR.; Fullerton, .M. A linkage and exome study of multiplex
families with bipolar disorder implicates rare coding variants of ANK3 and additional rare alleles at 10q11-q21. . Psychiatry
Neurosci. 2021, 46, E247-E257. [CrossRef]

Dahdouh, A.; Taleb, M.; Blecha, L.; Benyamina, A. Genetics and psychotic disorders: A fresh look at consanguinity. Eur. J. Med.
Genet. 2016, 59, 104-110. [PubMed]

Kanwal, A.; Sheikh, S.A; Iftikhar, A.; Naz, S.; Pardo, ].V. Preliminary studies on apparent mendelian psychotic disorders in
consanguineous families. BMC Psychiatry 2022, 22, 709. [CrossRef] [PubMed]

Nudell, V.; Wei, H.; Nievergelt, C.; Maihofer, A.X,; Shilling, P.; Alda, M.; Berrettini, W.H.; Brennand, K.J.; Calabrese, J.R.; Coryell,
W.H,; et al. Entrainment of circadian rhythms to temperature reveals amplitude deficits in fibroblasts from patients with bipolar
disorder and possible links to calcium channels. Mol. Neuropsychiatry 2019, 5, 115-124. [CrossRef]

Rhea, E.M.; Banks, W.A. Insulin and the blood-brain barrier. Vitam. Horm. 2024, 126, 169-190.

Nudel, R. The biological basis of language: Insights from genetic studies of developmental language disorders. Biolinguistics Cut.
Edge Promises Achiev. Chall. 2025, 153, 177.

Hidalgo, C.; Paula-Lima, A. RyR-mediated calcium release in hippocampal health and disease. Trends Mol. Med. 2024, 30, 25-36.
[CrossRef]

Ward, C.W.; Lawrence, M.C. Ligand-induced activation of the insulin receptor: A multi-step process involving structural changes
in both the ligand and the receptor. Bioessays 2009, 31, 422-434. [CrossRef]

Cassandri, M.; Smirnov, A.; Novelli, F; Pitolli, C.; Agostini, M.; Malewicz, M.; Melino, G.; Raschella, G. Zinc-finger proteins in
health and disease. Cell Death Discov. 2017, 3, 17071. [CrossRef]

Venselaar, H.; Te Beek, T.A.; Kuipers, R K.; Hekkelman, M.L.; Vriend, G. Protein structure analysis of mutations causing inheritable
diseases. An e-Science approach with life scientist friendly interfaces. BMC Bioinform. 2010, 11, 548. [CrossRef] [PubMed]
Kakizawa, S.; Yamazawa, T.; Chen, Y,; Ito, A.; Murayama, T.; Oyamada, H.; Kurebayashi, N.; Sato, O.; Watanabe, M.; Mori, N.;
et al. Nitric oxide-induced calcium release via ryanodine receptors regulates neuronal function. EMBO J. 2012, 31, 417-428.
[CrossRef] [PubMed]

Dulhunty, A.F; Beard, N.A.; Casarotto, M.G. Recent advances in understanding the ryanodine receptor calcium release channels
and their role in calcium signalling. F1000Research 2018, 7, 1851. [CrossRef] [PubMed]

Olefsky, ].M. The insulin receptor: A multifunctional protein. Diabetes 1990, 39, 1009-1016. [CrossRef]

Seino, S.; Seino, M.; Nishi, S.; Bell, G.I. Structure of the human insulin receptor gene and characterization of its promoter. Proc.
Natl. Acad. Sci. USA 1989, 86, 114-118. [CrossRef]

Kosaki, A.; Nelson, J.; Webster, N.J. Identification of intron and exon sequences involved in alternative splicing of insulin receptor
pre-mRNA. J. Biol. Chem. 1998, 273, 10331-10337. [CrossRef]

Guan, B.; Bender, C.; Pantrangi, M.; Moore, N.; Reeves, M.; Naik, A ; Li, H.; Goetz, K.; Blain, D.; Agather, A.; et al. The qMini
assay identifies an overlooked class of splice variants. Medrxiv 2023, preprint. [CrossRef]

Melkersson, K. Sequencing of the insulin receptor (INSR) gene reveals association between gene variants in exon and intron 13
and schizoaffective disorder. Neuroendocrinol. Lett. 2018, 39, 371-379.

Melkersson, K.; Persson, B. Associations between heredity, height, BMI, diabetes mellitus type 1 or 2 and gene variants in the
insulin receptor (INSR) gene in patients with schizophrenia. Neuroendocrinol. Lett. 2023, 44, 39-54.

da Costa, I.B.; de Labio, R W.; Rasmussen, L.T.; Viani, G.A.; Chen, E.; Villares, J.; Turecki, G.; Smith, M.d.A.C.; Payao, S.L. Change
in INSR, APBA2 and IDE gene expressions in brains of Alzheimer’s disease patients. Curr. Alzheimer Res. 2017, 14, 760-765.
[CrossRef]

Gence, L.; Fernezelian, D.; Meilhac, O.; Rastegar, S.; Bascands, J.L.; Diotel, N. Insulin signaling promotes neurogenesis in the
brain of adult zebrafish. J. Comp. Neurol. 2023, 531, 1812-1827. [CrossRef] [PubMed]

Xue, C.-Y,; Gao, T.; Mao, E.; Kou, Z.-Z.; Dong, L.; Gao, F. Hippocampus Insulin Receptors Regulate Episodic and Spatial Memory
Through Excitatory/Inhibitory Balance. ASN Neuro 2023, 15, 17590914231206657. [CrossRef]

Grillo, C.A; Piroli, G.G.; Kaigler, K.E,; Wilson, S.P.; Wilson, M.A.; Reagan, L.P. Downregulation of hypothalamic insulin receptor
expression elicits depressive-like behaviors in rats. Behav. Brain Res. 2011, 222, 230-235. [CrossRef] [PubMed]


https://doi.org/10.1093/hmg/ddu335
https://doi.org/10.1016/j.gene.2017.12.025
https://doi.org/10.1111/bdi.12815
https://www.ncbi.nlm.nih.gov/pubmed/31400178
https://doi.org/10.1503/jpn.200083
https://www.ncbi.nlm.nih.gov/pubmed/26721321
https://doi.org/10.1186/s12888-022-04304-4
https://www.ncbi.nlm.nih.gov/pubmed/36384485
https://doi.org/10.1159/000497354
https://doi.org/10.1016/j.molmed.2023.10.008
https://doi.org/10.1002/bies.200800210
https://doi.org/10.1038/cddiscovery.2017.71
https://doi.org/10.1186/1471-2105-11-548
https://www.ncbi.nlm.nih.gov/pubmed/21059217
https://doi.org/10.1038/emboj.2011.386
https://www.ncbi.nlm.nih.gov/pubmed/22036948
https://doi.org/10.12688/f1000research.16434.1
https://www.ncbi.nlm.nih.gov/pubmed/30542613
https://doi.org/10.2337/diab.39.9.1009
https://doi.org/10.1073/pnas.86.1.114
https://doi.org/10.1074/jbc.273.17.10331
https://doi.org/10.1101/2023.11.02.23297963
https://doi.org/10.2174/1567205014666170203100734
https://doi.org/10.1002/cne.25542
https://www.ncbi.nlm.nih.gov/pubmed/37750011
https://doi.org/10.1177/17590914231206657
https://doi.org/10.1016/j.bbr.2011.03.052
https://www.ncbi.nlm.nih.gov/pubmed/21458499

Int. J. Mol. Sci. 2025, 26, 4925 24 of 24

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

Villanueva, P.; Nudel, R.; Hoischen, A.; Fernandez, M.A.; Simpson, N.H.; Gilissen, C.; Reader, R.H.; Jara, L.; Echeverry, M.M.;
Francks, C.; et al. Exome sequencing in an admixed isolated population indicates NFXL1 variants confer a risk for specific
language impairment. PLoS Genet. 2015, 11, €1005336. [CrossRef]

Murphy, C.E.; Walker, A K.; O'Donnell, M.; Galletly, C.; Lloyd, A.R;; Liu, D.; Weickert, C.S.; Weickert, T.W. Peripheral NF-«B
dysregulation in people with schizophrenia drives inflammation: Putative anti-inflammatory functions of NF-«B kinases. Transl.
Psychiatry 2022, 12, 21. [CrossRef]

lossifov, I.; O’roak, B.J.; Sanders, S.J.; Ronemus, M.; Krumm, N.; Levy, D.; Stessman, H.A.; Witherspoon, K.T.; Vives, L.; Patterson,
K.E; et al. The contribution of de novo coding mutations to autism spectrum disorder. Nature 2014, 515, 216-221. [CrossRef]
Nudel, R. An investigation of NFXL1, a gene implicated in a study of specific language impairment. |. Neurodev. Disord. 2016, 8,
13. [CrossRef]

Nurnberger, ].I; Koller, D.L.; Jung, ].; Edenberg, H.]J.; Foroud, T.; Guella, I.; Vawter, M.P; Kelsoe, ].R. Identification of pathways
for bipolar disorder: A meta-analysis. JAMA Psychiatry 2014, 71, 657-664. [CrossRef]

Nakamura-Maruyama, E.; Kai, R.; Himi, N.; Okabe, N.; Narita, K.; Miyazaki, T.; Aoki, S.; Miyamoto, O. Ryanodine receptors are
involved in the improvement of depression-like behaviors through electroconvulsive shock in stressed mice. Brain Stimul. 2021,
14, 36-47. [CrossRef]

Knight, H.M.; Pickard, B.S.; Maclean, A.; Malloy, M.P; Soares, D.C.; McRae, A.F; Condie, A.; White, A.; Hawkins, W.; McGhee, K,;
et al. A cytogenetic abnormality and rare coding variants identify ABCA13 as a candidate gene in schizophrenia, bipolar disorder,
and depression. Am. J. Hum. Genet. 2009, 85, 833-846. [CrossRef]

Albers, C.A.; Paul, D.S; Schulze, H.; Freson, K.; Stephens, ]J.C.; Smethurst, P.A.; Jolley, ].D.; Cvejic, A.; Kostadima, M.; Bertone,
P; et al. Compound inheritance of a low-frequency regulatory SNP and a rare null mutation in exon-junction complex subunit
RBMBSA causes TAR syndrome. Nat. Genet. 2012, 44, 435-439. [CrossRef] [PubMed]

Galeotti, N.; Quattrone, A.; Vivoli, E.; Norcini, M.; Bartolini, A.; Ghelardini, C. Different involvement of type 1, 2, and 3 ryanodine
receptors in memory processes. Learn. Mem. 2008, 15, 315-323. [CrossRef]

Galeotti, N.; Vivoli, E.; Bartolini, A.; Ghelardini, C. A gene-specific cerebral types 1, 2, and 3 RyR protein knockdown induces an
antidepressant-like effect in mice. J. Neurochem. 2008, 106, 2385-2394. [CrossRef] [PubMed]

Matsuo, N.; Tanda, K.; Nakanishi, K.; Yamasaki, N.; Toyama, K.; Takao, K.; Takeshima, H.; Miyakawa, T. Comprehensive
behavioral phenotyping of ryanodine receptor type3 (RyR3) knockout mice: Decreased social contact duration in two social
interaction tests. Front. Behav. Neurosci. 2009, 3, 486. [CrossRef] [PubMed]

Shaffer, D.; Fisher, P.; Lucas, C.P,; Dulcan, M.K.; Schwab-Stone, M.E. NIMH Diagnostic Interview Schedule for Children Version
IV (NIMH DISC-IV): Description, differences from previous versions, and reliability of some common diagnoses. . Am. Acad.
Child Psychiatry 2000, 39, 28-38. [CrossRef]

Folstein, M.E,; Folstein, S.E.; McHugh, PR. “Mini-mental state”: A practical method for grading the cognitive state of patients for
the clinician. J. Psychiatr. Res. 1975, 12, 189-198. [CrossRef]

Hamilton, M. Rating depressive patients. J. Clin. Psychiatry 1980, 41, 21-24.

Semple, R. Diagnostic Interview for Psychosis and Affective Disorders (DI-PAD); University of Southern California: Los Angeles, CA,
USA, 2008.

Kay, S.R.; Opler, L.A.; Spitzer, R.L.; Williams, ].B.; Fiszbein, A.; Gorelick, A. SCID-PANSS: Two-tier diagnostic system for psychotic
disorders. Compr. Psychiatry 1991, 32, 355-361. [CrossRef]

Carr, LM.; Bhaskar, S.; O’Sullivan, J.; Aldahmesh, M.A.; Shamseldin, H.E.; Markham, A F; Bonthron, D.T.; Black, G.; Alkuraya,
ES. Autozygosity mapping with exome sequence data. Hum. Mutat. 2013, 34, 50-56. [CrossRef]

Zhu, K.Y,; Clark, ].M. Addition of a competitive primer can dramatically improve the specificity of PCR amplification of specific
alleles. Biotechniques 1996, 21, 586-590. [CrossRef]

Ye, S.; Dhillon, S.; Ke, X.; Collins, A.R.; Day, LN. An efficient procedure for genotyping single nucleotide polymorphisms. Nucleic
Acids Res. 2001, 29, e88. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pgen.1004925
https://doi.org/10.1038/s41398-021-01764-2
https://doi.org/10.1038/nature13908
https://doi.org/10.1186/s11689-016-9146-9
https://doi.org/10.1001/jamapsychiatry.2014.176
https://doi.org/10.1016/j.brs.2020.11.001
https://doi.org/10.1016/j.ajhg.2009.11.003
https://doi.org/10.1038/ng.1083
https://www.ncbi.nlm.nih.gov/pubmed/22366785
https://doi.org/10.1101/lm.929008
https://doi.org/10.1111/j.1471-4159.2008.05581.x
https://www.ncbi.nlm.nih.gov/pubmed/18643873
https://doi.org/10.3389/neuro.08.003.2009
https://www.ncbi.nlm.nih.gov/pubmed/19503748
https://doi.org/10.1097/00004583-200001000-00014
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1016/0010-440X(91)90085-Q
https://doi.org/10.1002/humu.22220
https://doi.org/10.2144/96214bm04
https://doi.org/10.1093/nar/29.17.e88

	Introduction 
	Results 
	Clinical Features of the Patients 
	Exome Analyses Identified Predicted Deleterious Variants in Different Genes 
	Multiple Regions of Shared Homozygosity Were Detected for All Families Except in Family PSYAK1 
	The Predicted Deleterious Variants Segregated with the Phenotypes 
	The Predicted Deleterious Alleles Are Absent in the Ethnically Matched Population 
	The Candidate Genes Are Expressed in the Brain 
	Insulin Receptor (INSR) c.2232-7T>G Variant 
	The INSR c.2232-7T>G Variant Did Not Affect Splicing of RNA Obtained from Blood 
	Nuclear Transcription FACTOR, X-Box Binding-like 1 (NFXL1) c.1322G>A; p.(Cys441Tyr) Variant 
	Ryanodine Receptor 1 (RYR1) p.Val370Leu and p.Arg2650His Compound Heterozygous Variants 

	Discussion 
	Materials and Methods 
	Ethical Approval and Recruitment 
	Exome Sequencing 
	Variant Analyses of the Exome Data 
	Segregation Analyses and Allele Frequencies in the Local Population 
	Nucleotides and Amino Acids: Conservation and Modeling 
	Isoforms and Domains Analyses for Different Genes and Encoded Proteins 
	INSR Splicing Prediction, Complementary DNA Synthesis and Cloning 

	Conclusions 
	References

