
ABSTRACT
Background: Genomic variations in mono-ADP ribosylhydrolase 2 (MACROD2) have been associated 
with autism spectrum disorder (ASD) in recent genome-wide studies and case reports. In this study, we 
aimed to evaluate the MACROD2 expression profile in patients with ASD.
Methods: The study group included 100 children with a DSM-5 diagnosis of ASD, and the control group 
consisted of 105 healthy controls. Blood samples were obtained from all participants in this study, and 
the gene expression level was determined using quantitative reverse transcription PCR (RT-qPCR). 
Statistical analysis was performed with R 3.4.0 and Statistical Program for Social Sciences (SPSS for 
Windows, 21.0).
Results: The mean ages of the participants in the study and control groups were 9.22 ± 3.62 and 9.27 
± 3.86 years, respectively. There was no significant difference concerning gender (P = .944) and age 
(P = .914) between the 2 groups. MACROD2 gene expression was found to be decreased in the study 
group compared to the control group (study group = 5.73, control group = 89.56; fold change =-3.967; 
P < .001). While the level of MACROD2 expression was not correlated with the ASD severity, it was 
associated with the severity of the hyperactivity/impulsivity symptoms (P = .008).
Conclusions: This is the first study in the literature investigating the peripheral expression of the 
MACROD2 gene. We showed that the expression level of MACROD2 was decreased in patients with 
ASD when compared to the control group. As the relationship between the MACROD2 gene expression 
profile and ASD remains to be further investigated, this study may provide an insight for further studies.

INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental 
disorder characterized by deficits in communicative/
social skills and repetitive behaviors and/or restricted 
interests, with early onset. The prevalence of ASD has 
increased drastically over the recent decades and is 
currently estimated to be over 1%, and even higher in 
males.1 Although the underlying pathological mechanisms 
and pathways involved in ASD have not been exactly 
clarified, there is compelling evidence in the literature 
suggesting that genetic factors constitute the most 
significant contributors. The genetic mechanisms 
underlying ASD are as complex and heterogenous as its 
clinical heterogeneity––from Mendelian inherited disorders 
to polygenic mechanisms and epigenetic alterations.2 
Although considerable progress has been achieved with 
cutting-edge sequencing technologies, the exact etiology 
of ASD remains unclear.

mono-ADP ribosylhydrolase 2 gene (MACROD2) contains 
17 exons and encodes a 425-amino acid nuclear ADP-
ribose glycohydrolase. The MACROD2 protein deacetylates 
monoADP-ribose from target proteins.3-5 Although its 
function is largely unknown, it is considered to have 
a significant role in the essential cellular processes 
including DNA repair, chromatin biology, regulation of gene 
expression, and long-term memory formation.6

Preliminary studies suggesting an association between the 
MACROD2 gene and ASD were from a transgenerational 
genome-wide screening study conducted by Tsang and 
colleagues. The authors reported the region in which 
MACROD2 is encoded as a candidate region for ASD.7 In 
the following studies, the genetic alterations on this gene 
and their associations with ASD were studied in more 
depth.8-15 One of the most consistently shown genetic 
variations, rs4141463, is located on the fifth intron of the 
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gene, which is a hypersensitive area, and it is suggested 
that this single nucleotide polymorphism and others 
within its neighborhood could alter the expression of this 
gene.8 Several studies have stated that the significance of 
genomic variations of MACROD2 in ASD may show ethnic 
differences.8-10 For example, in the study conducted by 
Anney and colleagues (2010),10 the authors stated that 
association with rs4141463 was more significant in subjects 
with European ancestry. In a case-control study which 
included 1170 subjects with ASD and 35 307 controls from 
5 different centers in Europe, researchers found supportive 
findings for rs4141463 in a German sample but not in 
English, Irish, Dutch, and Italian samples. In a study from 
Italy, researchers genotyped 233 probands, 423 parents, 
and 90 siblings from the Italian Autism Network and 
reported that they found no significant association between 
rs4141463 and ASD.13 In a genome-wide study from Taiwan, 
researchers stated that they also observed an association 
with rs4141463 in the Taiwanese Han population.12 In 
addition to genome-wide association studies, there is a case 
report of an autistic boy with a 388 kb deletion of a region 
located in the MACROD2 gene.16 There is also an identified 
deletion in the locus of MACROD2 in Kabuki Syndrome, 
which is known to be accompanied by autistic traits.3

On the other hand, most of the studies mentioned above 
were mainly focused on investigating genetic variations 
at the DNA level, such as single-nucleotide polymorphisms 
and copy number variations (CNV). Nevertheless, the 
potential influences of these genetic variations at the level 
of trancription have not been investigated. In general, 
many of the genetic alterations reported to be associated 
with ASD only possess a small risk for the disease and tend 
to show great variations between individuals.17 Moreover, 
a number of these variants show incomplete penetrance 
and may be localized in non-coding regions.17,18 Thus, it 
may be useful to evaluate the transcriptional activity of 
a gene in which genetic variations have been previously 
identified. In a meta-analysis of gene expression studies in 
ASD, Voineagu and colleagues (2012)19 concluded that the 
transcriptome analyses were more efficient than the DNA 
studies to identify differences between ASD and controls.

In this cross-sectional study, we aimed to investigate the 
expression profile of the MACROD2 gene which has been 
linked with ASD by both GWAS and CNVs studies, in a group 
of young subjects diagnosed with ASD, compared to the 
typically developing controls, in Turkey.

METHODS

Participants

This study was conducted in Istanbul University’s Istanbul 
Faculty of Medicine, Child and Adolescent Psychiatry 
Department, during the period between June and December 
2017. Subjects for the study group were recruited from 

among the patients who were followed up with the diagnosis 
of ASD based on the DSM-5 criterion. One hundred young 
subjects aged 2 to 18 years old and who had a DSM-5 diagnosis 
of ASD were involved, upon obtaining parental written 
informed consent. Subjects were re-evaluated through 
comprehensive clinical examinations prior to the study and 
their diagnoses of ASD were confirmed by an experienced 
child and adolescent specialist. The Childhood Autism Rating 
Scale (CARS) and the Aberrant Behavior Checklist (ABC) 
were applied to assess symptom severity and/or other 
accompanying emotional and behavioral problems. While 
all CARS evaluations were performed by an experienced 
child and adolescent psychiatrist, parents were asked to 
complete the ABC questionnaire. We excluded the cases with 
severe or profound intellectual disability since the subjects 
with severe/profound intellectual disability have a higher 
possibility of being syndromic ASD (monogenic causative 
mutations, accompanying any metabolic syndrome, etc.) 
or of having accompanying structural brain pathologies. 
A diagnosis of severe/profound intellectual disability was 
given by the psychometric assessments of subjects, as well 
as by clinical examination. Thus, as the exclusion criteria, 
participants were required to be free of any severe/profound 
intellectual disability and previously known genetic, 
metabolic, or progressive neurologic diseases. The control 
group of the study was drawn from a population referred 
to a general pediatric outpatient clinic with the complaints 
of non-psychiatric symptoms. Age and gender-matched 
subjects were invited to participate this study. They had 
to be free of a diagnosis of ASD, intellectual disability, 
and previously known genetic, metabolic, or progressive 
neurologic diseases. The candidate subjects were also asked 
if they had ever been to a psychiatric unit or had thought 
that they needed psychiatric help at anytime during their 
lives. Subjects with no history of any psychiatric diagnosis 
and no complaints of any psychiatric symptoms were 
enrolled in the study. A total of 105 subjects were included as 
the control group upon obtaining parental written informed 
consent. An approval from the Ethics Committee of Istanbul 
University School of Medicine was obtained prior to the study 
(2017/748; June 23, 2017). This study was supported by a 
grant from Scientific Research Project Coordination Unit of 
Istanbul University (Project ID no. TTU-2017-26608).

INSTRUMENTS

Interview Form

The authors developed the interview form that was used 
in this study. In the interview form, there were questions 
to obtain information about patients’ sociodemographic 
information.

Childhood Autism Rating Scale (CARS)

The Childhood Autism Rating Scale (CARS) is a 15-item 
questionnaire developed by Schopler et al.22 (1980). It is a 
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widely used instrument with sound psychometric properties 
and is often utilized by researchers to assess ASD severity 
and to differentiate patients with ASD from patients with 
other types of developmental delays.20-22 The study of the 
scale’s Turkish adaptation revealed that the Turkish form 
of the scale is also valid and reliable.23

Aberrant Behavior Checklist (ABC)

The Aberrant Behavior Checklist (ABC) was developed 
by Aman and colleagues to evaluate and grade the 
intensity of inappropriate and maladaptive behaviors.24 
The Turkish form of the ABC has 46 questions with 5 
subscales: Hyperactivity/Noncompliance, Lethargy/Social 
Withdrawal, Stereotypic Behavior, Self-injurious Behavior, 
and Other Behaviors.25 Each question is rated on a 4-point 
scale, ranging from 0 (no problem at all) to 3 (severe 
problem). The Turkish version of the scale was studied by 
Sucuoglu et al.25 and Karabekiroglu et al.26

Quantitative Reverse Transcription PCR (RT-qPCR) Study

The procedure of total RNA extraction from whole blood 
samples was performed using Hybrid-RTM (GeneAll, Seoul, 
South Korea, catalog no: 315-150) and products were then 
transcribed into complementary DNA from 1 μg of RNA with 
Ipsogen® cDNA Synthesis Kit, according to the manufacturer’s 
instructions (Qiagen GmbH, Hilden, Germany, catalog no: 
679923). The quantity and quality of RNA were evaluated 
on the Qubit 2 fluorometer (Thermo Fisher Scientific 
Inc, Wilmington, DE, USA). The following primer sets 
specific to MACROD2 were designed with primer blast 
software (5′ to 3′): 5’-GGCTGTGATACTGGACATGC-3’ and 
5’-ATATGGCCCCTGGCTATTGG-3’.27 All PCR amplifications 
were performed in 20 μL reactions containing 10  μL Real-
time PCR Master Mix with EVAGREEN (GenMark, Turkey), 
1  μL primer mix (10 pmol), 3 μL double-distilled water, 
and 5  μL sample DNA. All reactions were run on the CFX96 
Real-time PCR device (Bio-Rad). Fragments were amplified 
using the following parameters: initial denaturation at 95°C 
for 15 minutes, 45 cycles of 95°C for 15 seconds, and 60°C 
for 1 minute (Supplementary Figure 1). Three different 
reference genes, ABL-1, CUL1, and ZNF207, were used to 
normalize the data. The specificities of the PCR products 
were assessed by the melting curve analysis. Fold change 
was calculated using the 2−ΔΔCT method (−ΔΔCT value was 
used as logarithmic gene expression at the base of 2).28

Statistical Analysis

The Statistical Program for Statistical Package for the Social 
Sciences (SPSS) version 21.0 (IBM SPSS Corp.; Armonk, NY, 
USA) and R 3.4.0 (Vienna, Austria) software programs 
were used for statistical analyses. The Kolmogorov–
Smirnov test was used for assessing normal distribution 
of data. Descriptive data were presented as mean and 
standard deviation. Two different statistical analyses 
(t-test and Wilcoxon rank-sum test) were performed, 

and a P-value of less than .05 was considered to be  
statistically significant.

RESULTS

A total of 205 children and adolescents were included in 
the current study. The mean ages of the participants in the 
study and control groups were 9.22 ± 3.62 (2-17 years) and  
9.27 ± 3.86 (3-17 years), respectively. Eighty-seven percent 
of the study group and 86.7% of the control group were male. 
There was no significant difference concerning gender and  
age between the 2 groups. There was no statistically significant 
difference between the 2 groups concerning mother’s  
(t = 0.918; P = .349) and father’s age (t = 1.754, P = .081) 
at birth. Consanguineous marriage was more frequent in the 
study group (26%) than the control group (13%) (P = .02). 
The mean CARS score of the study group was 42.19 ± 4.51, 
and mean scores of ABC subscales were: 20.50 ± 9.05 for 
Hyperactivity/Noncompliance; 21.12 ± 9.89 for Lethargy/
Social Withdrawal; 6.49 ± 4.82 for Stereotypic Behavior; 
1.59 ± 2.30 for Self-Injurious Behavior, and 6.15 ± 3.05 
for Other Behaviors. The CARS scores of the subjects were 
correlated with the total ABC scores, as well as the subscales. 
The sociodemographic and clinical characteristics of the 
participants are shown in Table 1.

Quantitative Reverse Transcription PCR (RT-qPCR)

Gene expression of MACROD2 was observed at measurable 
levels in 27% of the study group and 71.9% of the control 
group. All the 3 reference genes (defined as housekeeping 
genes) (ABL-1, CUL1, and ZNF207) were expressed in all 
samples in the present study. MACROD2 expression was 
significantly less frequent in the study group than in the 
control group (chi-square value = 30.831; P < .001).

The findings obtained in this study suggest that 
MACROD2 gene expression decreased in the study group 
by up to 4 to 5 times when compared to the control group. 
The salient results are presented in Table 2and shown as a 
box plot graphic in Figures 1and 2.

Among all the participants in this study, the mean age of 
subjects with MACROD2 expression was significantly higher 
those in whom MACROD2 was not expressed (10.45 ± 4.10  
and 8.89 ± 3.36 for the groups with and without expression, 
respectively, mean difference = 1.55; P = .023, independent 
samples t-test) (Figure 3).

While the mean age of subjects with MACROD2 expression was 
significantly higher than those without MACROD2 expression 
(10.75 ± 4.30 and 8.87 ± 3.32 for the groups with and 
without expression respectively, mean difference = 1.88; 
P = .042, independent samples t-test) in the control group, 
this difference was not significant regarding the study 
group (10.24 ± 4.03 and 8.91 ± 3.42 for the groups with and 
without expression respectively, mean difference = 1.32; 
P = .137, independent samples t-test)
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We then performed correlation analyses to investigate any 
correlation between the expression level of MACROD2 and 
total CARS score and ABC sub-scores (within the study 
group). A significant correlation was revealed between 
expression level and ABC Hyperactivity/Impulsivity 
subscale scores (R = 0.499, P = .08) (Figure 4). CARS 
(R = .026, P = 0.898), ABC Lethargy (R = 0.269, P = .175), 
ABC Stereotypic behavior (R = 0.080, P = .690), ABC 
Self-injurious (R = 0.072, P = .720), ABC other behaviors 
(R = 0.07 P = .720), and ABC total (R=0.344, P = .78). There 
were no significant differences between subjects with 
and without expression with regard to gender (P = .177), 
consanguineous marriage (P = .615) and having a relative 
diagnosed with ASD, intellectual disability (ID), or 
developmental delay up to the third-degree (P = .692).

DISCUSSION

In this study, we evaluated MACROD2 expression levels of 
subjects with ASD compared to their age and gender-matched 
healthy peers, and found a four-to-five-fold decrease in the 
study group when compared to the control group. To the 
authors’ knowledge, no previous study has evaluated the 

expression level of MACROD2 in peripheral blood of subjects 
with ASD, relative to either with or without genetic variants 
possibly affecting its expression.

Regarding the genetic variants associated with ASD, 
Anney et al.8, for the first time, linked the MACROD2 gene 
with ASD by a genome-wide association study. After this 

Table 1. Sociodemographic and Clinical Characteristics of 
the Subjects

Study Group 
(n = 100)

Control Group 
(n = 105) χ²/t P

Gender (male/
female) (n)

87/13 91/14 0,005 .944*

Age (years) 9.22 ± 3.62 9.27 ± 3.86 0.107 .914**

Mother’s Age at 
Birth (years)

37.55 ± 6.62 27.57 ± 5.08 195.28 .349**

Father’s Age at 
Birth (years)

32.06 ± 6.46 30.56 ± 5.51 192.98 .081**

CARS Score 42.19 ± 4.51

ABC Scores

Hyperactivity 20.50 ± 9.05

Lethargy 21.12 ± 9.89

Stereotypic 
Behavior

6.49 ± 4.82

Injurious Behavior 1.59 ± 2.30

Other Behaviors 6.15 ± 3.05

Total 55.85 ± 23.41

*Pearson chi-square test; **Independent samples t-test.

Table 2. Comparison of MACROD2 Gene Expression Level 
Between the 2 Groups

Study 
Group

Control 
Group

Fold Change 
(log2(S/C)) P

MACROD2 5.73 89.68 −3.967 <.001*

MACROD2 1.73 59.59 −5.104 <.001**

*Independent samples t-test (subjects without gene expression are 
not included); **Wilcoxon Rank-Sum test (The value of 0 was assigned 
for subjects without gene expression).

Figure 1. Boxplot graphic view of MACROD2 expression 
distribution of patient and control groups when the 
independent samples t-test was performed. Subjects with no 
gene expression have not been included.

Figure 2. Boxplot graphic view of MACROD2 expression 
distribution in patient and control groups when the Wilcoxon 
rank-sum test was performed. The value of 0 was assigned for 
subjects with no gene expression.
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initial report, replication studies were performed and 
positive9,12,15,29,30 and negative associations10,13,14 were 
found. Additional supportive findings31,32 and case reports 
in patients with ASD and MACROD2 mutations were 
reported.3,16,33 After all, MACROD2 is proposed to be a 
strong candidate gene for ASD by different large databases 
(SFARI)34 or consortiums (Autism Genome Consortium).29

On the other hand, very little is known about functions 
of the MACROD2 gene in cellular processes and the 
contributing mechanisms for various neuropsychiatric 
diseases during different developmental stages. While 
MACROD2 is most commonly associated with ASD, it is also 
found to be associated with a few other neuropsychiatric 
diseases (attention deficit hyperactivity, schizophrenia, 
and depression),35-38 brain infarct,39 neurologic measures 

(temporal lobe volume and brain connectivity),40,41 and 
transient hydrops fetalis.42 Regarding animal models, 
behavioral, morphological, and neurological phenotypes 
were shown in the MACROD2 knock-out mice, which 
may also confirm a functional role of MACROD2 in brain 
development.6,43 In some studies, it is proposed that 
mutations on the MACROD2 gene disrupt the organization 
of cytoskeletal structures and synaptic formations, which 
eventually lead to impairment of neural networks and brain 
connectivity.40 Moreover, MACROD2 plays an important role 
in chromatin formation and remodeling. By its metabolic 
sensing properties, it may change the chromatin dynamics 
and ameliorate the hazardous effects of cellular stress 
or inflammatory states.44 While these explanations 
might be helpful to get an insight into the contributions 
of MACROD2 to ASD etiology, potential pathogenetic 
mechanisms remain largely unknown.

There are no precise data on the levels of expression of 
MACROD2 throughout tissues and life course. It is only 
known that the gene reaches its highest level of expression 
during the fetal period in the periventricular areas of 
brain.10,11 To the best of the authors’ knowledge, there 
are no certain data regarding the postnatal period. In our 
study, gene expression was found to be higher in the older 
children than in the youngers. While the implications of 
this difference remain unknown, our findings may provide 
a basis for further studies. On the other hand, the same 
age-dependent variation was not observed in subjects with 
ASD. This may further support our finding of altered gene 
expression in the subjects with ASD.

Before we further investigate the relationships of 
MACROD2 expression and ASD severity or the accompanying 
emotional/behavioral problems, we wanted to optimize 
our clinical assessment data. While CARS is a commonly 
used instrument worldwide, it was developed more than 
2 decades ago and it may not actually reflect the severity 
of ASD based on the DSM-5 criterion. On the other hand, it 
is reported that higher ABC scores are associated with more 
severe symptoms of ASD.45 Consistent with these reports, 
there was a positive correlation between CARS and ABC 
scores in our study. This may suggest that our rating of 
symptom severity was accurate and provides reliable data 
to explore any association between symptom severity and 
gene expression level.

When the relationship between MACROD2 expression and 
severity of ASD or accompanying behavioral or emotional 
problems was evaluated, MACROD2 expression was not 
associated with ASD severity, as rated on CARS. This 
may vaguely suggest that MACROD2 expression is not 
associated with overall ASD severity, but with some of 
the different domains of symptoms seen in ASD. Rather, 
among ASD subjects with detectable MACROD2 expression, 
the severity of hyperactivity/impulsivity symptoms was 
moderately correlated with the gene’s expression level. 
In a study, it has been shown that genetic alterations on 

Figure 3. Comparison of participants according to their 
MACROD2 expression status in terms of age.

Figure 4. Correlation between MACROD2 expression level 
and Aberrant Behavior Check list- Hyper activ ity/I mpuls ivity  
score.
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the MACROD2 gene were linked with obesity associated 
with physical activity.46 In another recent study 
conducted by Crawford and colleagues, MACROD2 knock-
out mice showed increased motor activity.47 Moreover, 
diagnoses of attention-deficit hyperactivity disorder 
were reported in 2 males, both with exonal deletions in 
the MACROD2 gene.37 Along with our findings, it may be 
reasonable to consider a linkage between MACROD2 gene 
function and activity level, either in the normative or 
pathological range of motor activity.

However, the significance of correlation in our study 
remains largely unknown since literature is scarce.

Our study has a few limitations. First, the sample size 
is small and replication studies are needed with larger 
cohorts. Second, results should be evaluated cautiously 
since the peripheral expression level of MACROD2 is 
notably low. Third, gene expression is a tissue-specific 
phenomenon and peripheral expression of MACROD2 may 
not reflect actual levels in neural cells. While evaluating 
the expression levels of a gene within the tissues 
assumed to be affected (ASD in this case) would definitely 
provide more certain data, sampling from the brain 
is almost always impractical in living individuals and 
sampling from post-mortem tissues also has its own 
disadvantages, such as a limited number of samples and 
poor RNA quality.48 Moreover, it is also reported that gene 
expressions are correlated between peripheral blood 
cells and brain tissue at a moderate level.49 Fourth, 
peripheral expression of MACROD2 may not be predictive 
of genuinely neural expression.48 We should note that 
because changes in brain tissue in ASD arise in the fetal 
period and the early years of life, the gene expression 
levels in the age range of 2-18 years of our study may 
not reflect these periods. However, we should note 
that this is a limitation for expression studies in the 
relevant literature. Fifth, the genetic factors involved 
in the ASD etiology are complex and heterogeneous and 
vary considerably from one individual to another; the 
MACROD2 gene and its functions may have contributed 
to the etiology of ASD in some of the patients included 
in our study. Because MACROD2 expression was seen in 
only some of the subjects in the study group, we also 
compared subjects with MACROD2 gene expression and 
those without expression concerning the CARS score, ABC 
total score, and parental age at birth. No significance for 
these variables was detected.

CONCLUSION

Genetic variations in MACROD2 have been shown to be 
associated with ASD from several previous studies. As the 
first case-control study of MACROD2 gene expression in 
ASD in the Turkish population, we found that the MACROD2 
expression is decreased in subjects with ASD compared to 
normally developing children. Given the lack of information 

on the expression profile of the MACROD2 gene in different 
tissues through developmental periods, this case-control 
study may help in clarifying the current understanding of 
the potential consequences of mutations in the MACROD2 
gene for ASD.

Ethics Committee Approval: This study was approved by 
the Istanbul University Istanbul Medical Faculty Ethics 
Committee (2017/748; 23.06.2017).

Informed Consent: Detailed information about the study 
was given to the children and parents, and parental written 
informed consent was obtained from each participant and/or 
legal guardian.

Peer Review: Externally peer-reviewed.
Author Contributions: Concept - A.O.Ç., M.C.; Design - 

A.O.Ç, A.A., M.C.; Supervision - A.O.Ç., M.C.; Resource - 
A.O.Ç., M.C., İ.K.O., A.A.; Materials - M.C., A.A.; Data 
Collection and/or Processing - İ.K.O., A.A.; Analysis and/or 
Interpretation - A.O.Ç., M.C., A.A.; Literature Search - A.O.Ç., 
A.A.; Writing - A.O.Ç., M.C., A.A.; Critical Reviews - A.O.Ç., 
M.C.

Acknowledgments: The authors would like to thank from 
bottom of their hearts all participants and their parents.

Conflict of Interest: The authors have no conflicts of 
interest to declare.

Financial Disclosure: This study was supported by a grant 
from Scientific Research Project Coordination Unit of Istanbul 
University (Project ID no. TTU-2017-26608).

Presented in: A part of the current research’s results, 
with the same study population and different control samples, 
has been previously published as a part of conference pro-
ceedings (11th International Congress on Psychopharmacology & 
7th International Symposium on Child and Adolescent 
Psychopharmacology held at Antalya/Turkey, 2019).

REFERENCES

1.  Baio J, Wiggins L, Christensen DL, et al. Prevalence of 
autism spectrum disorder among children aged 8 years 
-Autism and Developmental Disabilities Monitoring 
Network, 11 sites, United States, 2014. MMWR Surveill 
Summ. 2018;67(6):1-23. [CrossRef]

2.  Caglayan AO. Genetic causes of syndromic and non-
syndromic autism. Dev Med Child Neurol. 2010;52(2):130-
138. [CrossRef]

3.  Maas NMC, Van De Putte T, Melotte C, et al. The 
C20orf133 gene is disrupted in a patient with Kabuki 
syndrome. J Med Genet. 2007;44(9):562-569. [CrossRef]

4.  Jankevicius G, Hassler M, Golia B, et al. A family of 
macrodomain proteins reverses cellular mono-ADP-
ribosylation. Nat Struct Mol Biol. 2013;20(4):508-514. 
[CrossRef]

5.  Rosenthal F, Feijs KLH, Frugier E, et al. Macrodomain-
containing proteins are new mono-ADP-
ribosylhydrolases. Nat Struct Mol Biol. 2013;20(4):502-
507. [CrossRef]

6.  Ito H, Morishita R, Mizuno M, et al. Biochemical and 
morphological characterization of a neurodevelopmental 
disorder-related mono-ADP-ribosylhydrolase, MACRO 

https://doi.org/10.15585/mmwr.ss6706a1
https://doi.org/10.1111/j.1469-8749.2009.03523.x
https://doi.org/10.1136/jmg.2007.049510
https://doi.org/10.1038/nsmb.2523
https://doi.org/10.1038/nsmb.2521


Psychiatry and Clinical Psychopharmacology

267

domain containing 2. Dev Neurosci. 2018;40(3):278-287. 
[CrossRef]

7.  Tsang KM, Croen LA, Torres AR, et al. A genome-wide 
survey of transgenerational genetic effects in autism. 
PLoS One. 2013;8(10):e76978. [CrossRef]

8.  Anney R, Klei L, Pinto D, et al. A genome-wide scan for 
common alleles affecting risk for autism. Hum Mol 
Genet. 2010;19(20):4072-4082. [CrossRef]

9.  Anney R, Klei L, Pinto D, et al. Individual common 
variants exert weak effects on the risk for autism 
spectrum disorders. Hum Mol Genet. 2012;21(21):4781-
4792. [CrossRef]

10.  Curran S, Bolton P, Rozsnyai K, et al. No association 
between a common single nucleotide polymorphism, 
rs4141463, in the MACROD2 gene and autism spectrum 
disorder. Am J Med Genet B Neuropsychiatr Genet. 
2011;156(6):633-639. [CrossRef]

11.  Jones RM, Cadby G, Blangero J, et al. MACROD2 gene 
associated with autistic-like traits in a general 
population sample. Psychiatr Genet. 2014;24(6):241-
248. [CrossRef]

12.  Kuo PH, Chuang LC, Su MH, et al. Genome-wide 
association study for autism spectrum disorder in 
Taiwanese Han population. PLoS One. 
2015;10(9):e0138695. [CrossRef]

13.  Prandini P, Pasquali A, Malerba G, et al. The association 
of rs4307059 and rs35678 markers with autism spectrum 
disorders is replicated in Italian families. Psychiatr 
Genet. 2012;22(4):177-181. [CrossRef]

14.  Torrico B, Chiocchetti AG, Bacchelli E, et al. Lack of 
replication of previous autism spectrum disorder GWAS 
hits in European populations. Autism Res. 2017;10(2):202-
211. [CrossRef]

15.  Bacchelli E, Cameli C, Viggiano M, et al. An integrated 
analysis of rare CNV and exome variation in Autism 
Spectrum Disorder using the Infinium PsychArray. Sci 
Rep. 2020;10(1):3198. [CrossRef]

16.  Frye RE, Tippett M, Delhey L, Slattery J. Heterozygous 
deletion of macro domain containing 2 (MACROD2) is 
associated with autism spectrum disorder. North Am J 
Med Sci. 2016;9(1):2015-2017. [CrossRef]

17.  Huguet G, Ey E, Bourgeron T. The genetic landscapes of 
autism spectrum disorders. Annu Rev Genomics Hum 
Genet. 2013;14:191-213. [CrossRef]

18.  Geschwind DH. Genetics of autism spectrum disorders. 
Trends Cogn Sci. 2011;15(9):409-416. [CrossRef]

19.  Voineagu I. Gene expression studies in autism: moving 
from the genome to the transcriptome and beyond. 
Neurobiol Dis. 2012;45(1):69-75. [CrossRef]

20.  Ozturk O, Basay O, Basay BK, et al. Oxidative imbalance 
in children and adolescents with autism spectrum 
disorder. Klin Psikofarmakol Bul. 2016;26(3):257-264. 
[CrossRef]

21.  Piven J, Elison JT, Zylka MJ. Toward a conceptual 
framework for early brain and behavior development in 
autism. Mol Psychiatry. 2017;22(10):1385-1394. 
[CrossRef]

22.  Schopler E, Reichler RJ, DeVellis RF, Daly K. Toward 
objective classification of childhood autism: Childhood 
Autism Rating Scale (CARS). J Autism Dev Disord. 
1980;10(1):91-103. [CrossRef]

23.  İncekaş S, Baykara B, Avcil S, Demiral Y. Validity and 
reliability analysis of Turkish version of Childhood Autism 
Rating Scale. Turk J Psychiatry. 2016;27(4).

24.  Aman MG, Singh NN, Stewart AW, Field CJ. The aberrant 
behavior checklist: A behavior rating scale for the 
assessment of treatment effects. Am J Ment Defic. 
1985;89(5):485-491.

25.  Sucuoğlu B. Sorun davranişlar kontrol listesi türkçe 
formunun psikometrik özelliklerinin incelenmesi. Türk 
Psikol Derg. 2003;18(52):77-91.

26.  Karabekiroglu K, Aman MG. Validity of the aberrant 
behavior checklist in a clinical sample of toddlers. Child 
Psychiatry Hum Dev. 2009;40(1):99-110. [CrossRef]

27.  Ye J, Coulouris G, Zaretskaya I, et al. Primer-BLAST: a tool 
to design target-specific primers for polymerase chain 
reaction. BMC Bioinformatics. 2012;13:134. [CrossRef]

28.  Schmittgen TD, Livak KJ. Analyzing real-time PCR data by 
the comparative CT method. Nat Protoc. 2008;3(6):1101-
1108. [CrossRef]

29.  Autism Spectrum Disorders Working Group of The 
Psychiatric Genomics Consortium. Meta-analysis of GWAS 
of over 16,000 individuals with autism spectrum disorder 
highlights a novel locus at 10q24.32 and a significant 
overlap with schizophrenia. Mol Autism. 2017;8(1):21. 
[CrossRef]

30.  Namjou B, Marsolo K, Caroll RJ, et al. Phenome-wide 
association study (PheWAS) in EMR-linked pediatric 
cohorts, genetically links PLCL1 to speech language 
development and IL5-IL13 to eosinophilic esophagitis. 
Front Genet. 2014;5:401. [CrossRef]

31.  Prasad A, Merico D, Thiruvahindrapuram B, et al. A 
discovery resource of rare copy number variations in 
individuals with autism spectrum disorder. G3 Genes, 
Genomes, Genet. 2012;2(12):1665-1685. [CrossRef]

32.  Egger G, Roetzer KM, Noor A, et al. Identification of risk 
genes for autism spectrum disorder through copy number 
variation analysis in Austrian families. Neurogenetics. 
2014;15(2):117-127. [CrossRef]

33.  Görker I, Gürkan H, Ulusal S, et al. Investigation of copy 
number variation by array CGH in Turkish children and 
adolescents diagnosed with autism spectrum disorders. 
Noro Psikiyatr Ars. 2018;55(3):215-219. [CrossRef]

34.  Simons Foundation Autism Research Initiative. Gene: 
MACROD2. SFARI Gene. 2021. Available at: https ://ge 
ne.sf ari.o rg/da tabas e/hum an-ge ne/MA CROD2 , Accessed 
July 10, 2021.

35.  Lesca G, Rudolf G, Labalme A, et al. Epileptic 
encephalopathies of the Landau-Kleffner and continuous 
spike and waves during slow-wave sleep types: genomic 
dissection makes the link with autism. Epilepsia. 
2012;53(9):1526-1538. [CrossRef]

36.  Xu B, Woodroffe A, Rodriguez-Murillo L, et al. Elucidating 
the genetic architecture of familial schizophrenia using 
rare copy number variant and linkage scans. Proc Natl 
Acad Sci USA. 2009;106(39):16746-16751. [CrossRef]

37.  Lionel AC, Crosbie J, Barbosa N, et al. Rare copy number 
variation discovery and cross-disorder comparisons 
identify risk genes for ADHD. Sci Transl Med. 
2011;3(95):95ra75. [CrossRef]

38.  Perlis RH, Ruderfer D, Hamilton SP, Ernst C. Copy number 
variation in subjects with major depressive disorder who 

https://doi.org/10.1159/000492271
https://doi.org/10.1371/journal.pone.0076978
https://doi.org/10.1093/hmg/ddq307
https://doi.org/10.1093/hmg/dds301
https://doi.org/10.1002/ajmg.b.31201
https://doi.org/10.1097/YPG.0000000000000052
https://doi.org/10.1371/journal.pone.0138695
https://doi.org/10.1097/YPG.0b013e32835185c9
https://doi.org/10.1002/aur.1662
https://doi.org/10.1038/s41598-020-59922-3
https://doi.org/10.7156/najms.2016.0901035
https://doi.org/10.1146/annurev-genom-091212-153431
https://doi.org/10.1016/j.tics.2011.07.003
https://doi.org/10.1016/j.nbd.2011.07.017
https://doi.org/10.5455/bcp.20160323105909
https://doi.org/10.1038/mp.2017.131
https://doi.org/10.1007/BF02408436
https://doi.org/10.1007/s10578-008-0108-7
https://doi.org/10.1186/1471-2105-13-134
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1186/s13229-017-0137-9
https://doi.org/10.3389/fgene.2014.00401
https://doi.org/10.1534/g3.112.004689
https://doi.org/10.1007/s10048-014-0394-0
https://doi.org/10.5152/npa.2017.21611
https://gene.sfari.org/database/human-gene/MACROD2
https://gene.sfari.org/database/human-gene/MACROD2
https://doi.org/10.1111/j.1528-1167.2012.03559.x
https://doi.org/10.1073/pnas.0908584106
https://doi.org/10.1126/scitranslmed.3002464


Alnak et al.

268

attempted suicide. Potash JB, ed. PLoS One. 
2012;7(9):e46315. [CrossRef]

39.  Debette S, Bis JC, Fornage M, et al. Genome-wide 
association studies of MRI-defined brain infarcts: meta-
analysis from the charge consortium. Stroke. 
2010;41(2):210-217. [CrossRef]

40.  Jahanshad N, Rajagopalan P, Hua X, et al. Genome-wide 
scan of healthy human connectome discovers SPON1 
gene variant influencing dementia severity. Proc Natl 
Acad Sci USA. 2013;110(12):4768-4773. [CrossRef]

41.  Kohannim O, Hibar DP, Stein JL, et al. Discovery and 
replication of gene influences on brain structure using 
lasso regression. Front Neurosci. 2012;6:115. [CrossRef]

42.  Uzun Çilingir I, Sayin NC, Gurkan H, et al. Deletion of 
macro domain-containing 2 (MACROD2) associated with 
transient hydrops fetalis. Taiwan J Obstet Gynecol. 
2018;57(6):897-898. [CrossRef]

43.  Dickinson ME, Flenniken AM, Ji X, et al. High-throughput 
discovery of novel developmental phenotypes. Nature. 
2016;537(7621):508-514. [CrossRef]

44.  LaSalle JM. Autism genes keep turning up chromatin. OA 
Autism. 2013;1(2):14. [CrossRef]

45.  Norris M, Aman MG, Mazurek MO, Scherr JF, Butter EM. 
Psychometric characteristics of the aberrant behavior 
checklist in a well-defined sample of youth with Autism 
Spectrum Disorder. Res Autism Spectr Disord. 2019;62:1-
9. [CrossRef]

46.  Kim HR, Jin HS, Eom YB. Association of MACROD2 gene 
variants with obesity and physical activity in a Korean 
population. Mol Genet Genomic Med. 2021;9(4):e1635. 
[CrossRef]

47.  Crawford K, Oliver PL, Agnew T, Hunn BHM, Ahel I. 
Behavioural characterisation of MACROD1 and MACROD2 
knockout mice. Cells. 2021;10(2). [CrossRef]

48.  Ansel A, Rosenzweig JP, Zisman PD, Melamed M, 
Gesundheit B. Variation in gene expression in autism 
spectrum disorders: an extensive review of transcriptomic 
studies. Front Neurosci. 2016;10(JAN):601. [CrossRef]

49.  Chien WH, Gau SSF, Chen CH, et al. Increased gene 
expression of FOXP1 in patients with autism spectrum 
disorders. Mol Autism. 2013;4(1):23. [CrossRef]

https://doi.org/10.1371/journal.pone.0046315
https://doi.org/10.1161/STROKEAHA.109.569194
https://doi.org/10.1073/pnas.1216206110
https://doi.org/10.3389/fnins.2012.00115
https://doi.org/10.1016/j.tjog.2018.10.023
https://doi.org/10.1038/nature19356
https://doi.org/10.13172/2052-7810-1-2-610
https://doi.org/10.1016/j.rasd.2019.02.001
https://doi.org/10.1002/mgg3.1635
https://doi.org/10.3390/cells10020368
https://doi.org/10.3389/fnins.2016.00601
https://doi.org/10.1186/2040-2392-4-23


Supplementary Figure 1. Raw RT-qPCR image of the target and reference.


