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Abstract

Prader-Willi syndrome is a neurodevelopmental disorder that is characterized by infantile 

hypotonia, feeding difficulties, hypogonadism, mental deficiency, hyperphagia (leading to obesity 

in early childhood), learning problems, and behavioral difficulties. A paternal 15q11-q13 deletion 

is found in ~70% of patients with Prader-Willi syndrome, ~25% have uniparental maternal disomy 

15, and the remaining 2% to 5% have imprinting defects. The proximal deletion breakpoint in the 

15q11-q13 region occurs at 1 of 2 sites located within either of 2 large duplicons allowing for the 

identification of 2 deletion subgroups. The larger, type I (TI) deletion involves breakpoint 1, which 

is close to the centromere, whereas the smaller, type II (TII) deletion involves breakpoint 2, 

located ~500 kilobases distal to breakpoint 1. Breakpoint 3 is located at the distal end of the 

15q11-q13 region and common to both typical deletion subgroups. Analyses of the genetic 

subtypes of Prader-Willi syndrome to date have primarily compared individuals with typical 

deletion and uniparental maternal disomy 15 without grouping the individuals with a deletion into 

TI or TII. Distinct differences have been reported between individuals with Prader-Willi syndrome 

resulting from deletion compared with uniparental maternal disomy 15 in physical, cognitive, and 

behavioral parameters. We previously presented the first assessment of clinical differences in 

individuals with Prader-Willi syndrome categorized as having type I or II deletions. Adaptive 

behavior, obsessive-compulsive behaviors, reading, math, and visual-motor integration 

assessments were generally poorer in individuals with Prader-Willi syndrome and the TI deletion 

compared with subjects with Prader-Willi syndrome with the TII deletion or uniparental maternal 

disomy 15. Four genes (NIPA1, NIPA2, CYFIP1, and GCP5) have been identified in the 

chromosomal region between breakpoints 1 and 2 and are implicated in compulsive behavior and 

lower intellectual ability observed in individuals with Prader-Willi syndrome with TI versus TII 

deletions. We quantified messenger-RNA levels of these 4 genes in actively growing 

lymphoblastoid cells derived from 8 subjects with Prader-Willi syndrome with the TI deletion (4 

males, 4 females; mean: age 25.2 ± 8.9 years) and 9 with the TII deletion (3 males, 6 females; 

mean age: 19.5 ± 5.8 years). Messenger-RNA levels were correlated with validated psychological 

and behavioral scales administered by trained psychologists blinded to genotype status. Messenger 

RNA from NIPA1, NIPA2, CYFIP1, and GCP5 was reduced but detectable in the subjects with 

Prader-Willi syndrome with the TI deletion, supporting biallelic expression. For the most part, 
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messenger-RNA values were positively correlated with assessment parameters, indicating a direct 

relationship between messenger-RNA levels and better assessment scores, with the highest 

correlation for NIPA2. The coefficient of determination indicated the quantity of messenger RNA 

of the 4 genes explained from 24% to 99% of the variation of the behavioral and academic 

parameters measured. By comparison, the co-efficient of determination for deletion type alone 

explained 5% to 50% of the variation in the assessed parameters. Understanding the influence of 

gene expression on behavioral and cognitive characteristics in humans is in the early stage of 

research development. Additional research is needed to identify the function of these genes and 

their interaction with gene networks to clarify the potential role they play in central nervous 

system development and function.
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Prader-willi syndrome (PWS) is a neurodevelopmental disorder resulting from loss of 

function of paternally expressed genes from the 15q11-q13 region and characterized by 

severe hypotonia, feeding difficulties, hypogonadism, small hands and feet, developmental 

delay, behavior problems, and genital hypoplasia. However, children with PWS between 2 

and 4 years of age develop an insatiable appetite and become severely obese if food intake is 

not strictly controlled.1–3

A paternal 15q11-q13 deletion is found in ~70% of subjects with PWS, ~25% have 

uniparental maternal disomy 15 (UPD), and the remaining 2% to 5% have imprinting 

defects.3,4 The proximal deletion breakpoint (BP) in the 15q11-q13 region occurs at 1 of 2 

sites located within either of 2 large duplicons centromeric to locus ZNF127,5,6 which 

allows for the identification of 2 deletion subgroups. The larger type I (TI) deletion involves 

BP1, which is close to the centromere, and the smaller type II (TII) deletion involves BP2, 

located ~500 kilobase (kb) distal to BP1 (see Fig 1). BP3 is located at the distal end of the 

15q11-q13 region and common to both deletion subgroups.

Analyses of the genetic subtypes of PWS to date have primarily compared typical 

individuals with deletion and UPD without grouping the individuals with a deletion into TI 

or TII. For example, hypopigmentation and homogeneous clinical presentations are more 

often seen in individuals with PWS with a deletion compared with those having normal 

chromosomes now recognized with UPD or an imprinting defect.1,7,8 Significantly higher 

verbal IQ scores in 4 subcategories of verbal testing (information, arithmetic, vocabulary, 

and comprehension) have been reported in individuals with PWS with UPD compared to 

individuals with a deletion.9 In addition, individuals with PWS with UPD have been 

reported to have fewer maladaptive behaviors and reduced self-injury compared with 

individuals with deletions.10–12 Conversely, visual processing of complex stimuli was 

significantly poorer in individuals with UPD compared with those with the deletion.13

We previously presented the first assessment of clinical differences in individuals with PWS 

who were categorized as having TI or TII deletions14 using a large existing clinical and 
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behavioral data set. Significant differences were found between the 2 typical deletion groups 

and those with UPD. For example, adaptive-behavior scores were generally worse in 

individuals with PWS and the TI deletion, as were specific obsessive-compulsive behaviors 

compared with subjects with PWS resulting from UPD.14 Individuals with PWS with TI 

deletions had poorer reading and math skills and visual-motor integration. In general, 

individuals with TI deletions had more behavioral and psychological problems than 

individuals with the TII deletion or UPD.

Two recent reports have also evaluated the possible contribution of chromosome 15 genetic 

subtypes to clinical presentation of individuals with PWS.15,16 These 2 studies reported a 

trend toward poorer performance in subjects with PWS with TI deletions compared with 

subjects with TII deletions based on parental reports of behavioral and intellectual 

observations particularly associated with autism.

Four genes (NIPA1, NIPA2, CYFIP1, and GCP5) have been identified in the chromosomal 

region between BP1 and BP25 and are implicated in compulsive behavior and lower 

intellectual ability in individuals with PWS with TI versus TII deletions. NIPA1 is expressed 

in mouse brain tissue but is not imprinted. In addition, NIPA1 is implicated in spastic 

paraplegia,17 suggesting that it may be important for central nervous system development 

and/or function. Hence, we report gene-expression studies with the 4 genes located between 

BP1 and BP2 in those individuals with PWS with TI or TII deletions previously studied14 

and examined the relationship between messenger-RNA (mRNA) levels and behavioral-and 

intellectual-assessment scores.

METHODS

Our PWS study subjects included 8 subjects with TI deletions (4 males, 4 females; mean 

age: 25.2 ± 8.9 years) and 9 with TII deletions (3 males, 6 females; mean age: 19.5 ± 5.8 

years). The PWS diagnosis was confirmed by methylation testing, and the deletion status 

was established by fluorescence in situ hybridization. By genotyping informative 

microsatellites (eg, D15S1035) between BP1 and BP2, the paternal deletion in this region 

was identified in the subjects with TI deletions as described previously.14 These individuals 

represent a subset of the group we previously reported14 for whom we were able to generate 

lymphoblastoid cell cultures for isolation of RNA to allow quantification of mRNA.

Several validated psychological and behavioral scales were administered by trained 

psychologists blinded to genotype status to assess phenotypic characteristics of individuals 

with PWS as previously described.14 These scales included the Yale-Brown Obsessive 

Compulsive Scale,18,19 used to measure obsessions and compulsions in psychiatric patients 

including individuals with PWS20,21; the Compulsive Behavior Checklist (CBC),22 designed 

for people with intellectual disabilities focusing on compulsive behavior rather than 

obsessions; the Reiss Screen for Maladaptive Behavior,23 to assess psychiatric symptoms of 

people with developmental disabilities; the Scales of Independent Behavior (SIB),24 to 

assess both adaptive and maladaptive behavior of individuals with cognitive disabilities; the 

Wechsler Intelligence Scale, to evaluate intellectual ability25,26; and the Visual Motor 

Integrations (VMI) Scale27 to measure visual-motor skills. Academic skills were assessed by 
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using the Woodcock-Johnson Psycho-Educational Battery–Revised.28 Not all subjects were 

cooperative; therefore, there are missing data for some assessments. Statistical analyses 

included t test, correlation, and coefficient of determination.

Quantitative reverse-transcription polymerase chain reaction (RT-PCR) was performed by 

using a QuantiTect SYBR green RT-PCR kit (Qiagen, Valencia, CA) according to 

manufacturer directions. Total RNA was isolated from cell lines by using Trizol reagent 

(Invitrogen, Inc, Carlsbad, CA) and quantified by spectroscopy. Enough RNA was isolated 

in a single round of purification to carry out all RT-PCRs. An equal quantity of total RNA 

(500 ng) from each subject together with primers specific to the gene being quantified were 

added to a reaction mix containing all components necessary for RT and PCR. The reaction 

was conducted in an ABI 7000 system (Applied Biosystems, Foster City, CA) beginning 

with a 30-minute step at 50°C to allow for RT followed by 15 minutes at 95°C. PCR was 

performed for 45 cycles during which the intensity of the SYBR green fluorescence was 

measured at the extension step of each PCR cycle. The point at which the intensity level 

crossed the PCR cycle threshold (CT, defined as the narrowest point between individual 

reactions in the logarithmic phase of the reaction) was used to compare individual reactions 

(see Fig 2). At least 5 replicates were performed on each sample for each gene. A 

dissociation curve was generated for all reactions, and reactions were run on agarose gels to 

verify the presence of a single band. Quantitative RT-PCR was also performed by using 

primers specific to GAPD, a control gene, on all RNA samples. All samples were 

normalized individually to GAPD expression by dividing the mean GAPD gene expression 

(CT) value from each subject to the mean GAPD gene expression (CT) value of 1 of the 

reference subjects with PWS to produce a correction value. Each mean CT value for the 

other genes was divided by the correction value to produce the normalized value. The 

normalized CT values were averaged to produce the mean CT value for each gene analyzed.

Differences in the mean value of mRNA level were compared by t test. We evaluated CT 

values (explained above) between groups that were inversely related to the quantity of 

mRNA (ie, a larger CT value reflects a lower quantity of mRNA). SPSS software (SPSS Inc, 

Chicago, IL) was used to ascertain the correlation coefficients and coefficient of 

determination values for mRNA levels for individual genes and for their joint impact on the 

behavioral and intellectual assessments. The coefficient of determination is the proportion of 

a sample variance of a response variable that is “explained” by the predictor variables when 

a linear regression is performed. The evaluation of the genes in explaining the variation in 

phenotypic measures was investigated by fitting a general linear model and specifying 

quantity of mRNA (CT value) as the predictor variable and the behavioral or cognitive 

values as the response variable.

RESULTS

We found reduced but detectable quantities of mRNA in subjects with TI deletions 

compared with individuals with TII deletions, supporting biallelic expression of the 4 genes 

(NIPA1, NIPA2, CYFIP1, and GCP5). The mRNA from the 4 genes between BP1 and BP2 

was significantly reduced in the subjects with TI deletion (Table 1), which was as expected 

because they have only a single copy of each gene (Fig 2). We analyzed the quantity of 
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mRNA of each gene and compared with behavioral and psychological measures previously 

shown to differ between subjects with TI and TII deletions (Tables 2 and 3). The correlation 

coefficients are shown in Table 2. The quantity of mRNA of NIPA2 seems to have the 

highest level of correlation with the parameters examined. For the most part, mRNA values 

(which were based on relative changes in mRNA derived from CT values; Fig 2) were 

positively correlated with assessment parameters (Fig 3), indicating an inverse relationship 

with mRNA levels. We also evaluated the coefficient of determination for the genes 

individually and jointly (Table 3). Table also shows the contribution made by deletion type 

alone. For example, the coefficient of determination for the 4 genes was as low as 0.24 

compared with 0.05 for deletion alone for visual-motor integration (standard score) and as 

high as 0.99 compared with 0.42 for deletion alone for SIB disruptive behavior severity 

(Table 3).

DISCUSSION

We quantified mRNA levels in lymphoblastoid cell cultures for the 4 genes (NIPA1, NIPA2, 

CYFIP1, and GCP5) between BP1 and BP2, which are haploinsufficient in subjects with 

PWS with TI deletions but not deleted in individuals with PWS having TII deletions. The 

mRNA of each of the 4 genes was significantly reduced in subjects with TI deletions 

compared with those with TII deletions (Table 1). The mRNA steady-state level can be 

affected by many cellular processes including transcription and turnover rate. We present 

here the relationship between mRNA quantity (ie, CT value) and behavioral and cognitive 

parameters. The quantity of mRNA of each 1 of the 4 genes was reduced by approximately 

fourfold to ~25% of that of the subjects with TII deletions. Because mRNA was reduced by 

>50% when the paternal allele was missing, the paternal allele may be more active than the 

maternal allele, but more studies are needed to confirm paternal bias.

We fit a linear-regression model to each parameter using the mean CT value (which is 

inversely related to quantity of mRNA) of each of the 4 genes as covariates. The coefficient 

of determination indicated that the quantity of mRNA of the 4 genes explained from 24% to 

99% of the variation of the behavioral and academic parameters measured. By comparison, 

the coefficient of determination for deletion type alone explained from 5% to 50% of the 

variation in the assessed parameters. Thus, the covariation of quantity of mRNA explained 

the phenotypic variation more effectively than did deletion type (TI or TII). In addition, the 

variability in the coefficient of determination of the linear model for each gene suggests that 

the impact of the 4 genes varies with the phenotypic parameter. The expression of these 

genes may be impacting the parameters analyzed; not surprisingly, however, they certainly 

cannot be the only influence.

Although all 4 of the genes examined seemed to contribute to some degree to the parameters 

measured, NIPA2 seemed to have the greatest impact (Table 2), because a larger number of 

phenotypic parameters were noted with significant correlations with NIPA2 mRNA levels. 

Our data further suggest that NIPA1, NIPA2, and CYFIP1 may have a greater influence on 

the studied behavioral and cognitive parameters than does GCP5. Similarly, these 3 genes 

have been implicated in central nervous system development and/or function. NIPA1 has 

been associated with spastic paraplegia,17 whereas NIPA2 is conserved in vertebrates and 
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widely expressed, including in the central nervous system. NIPA2 contains sequences with 

similarity to transmembrane domains, suggesting receptor or transporter function.5 

Furthermore, The CYFIP1 protein is present in synaptosomal extracts and interacts with 

FMRP,29 the product of the FMR1 gene, which is responsible for fragile X syndrome. 

Understanding the influence of gene expression on behavioral and cognitive characteristics 

in humans is at an early stage of research development. Additional research is needed, 

including gene-expression studies in brain tissue from subjects with PWS, to identify the 

function of these genes and their interaction with gene networks to clarify the potential role 

they play in central nervous system development and function.
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PWS Prader-Willi syndrome

UPD uniparental maternal disomy 15

BP breakpoint

TI type I

TII type II

mRNA messenger RNA

CBC Compulsive Behavior Checklist

SIB Scales of Independent Behavior

VMI Visual Motor Integrations

RT reverse transcription

PCR polymerase chain reaction
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FIGURE 1. 
High-resolution chromosome 15 ideogram, order of genes on 15q11-q13 region, and 

patterns of expression. Gene order is shown according to the UCSC Genome Bioinformatics 

site (http://genome.ucsc.edu). snoRNA indicates small nucleolar RNA. (Adapted from Bittel 

DC, Bulter MG. Expert Rev Mol Med. 2005;7:1–20.)
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FIGURE 2. 
Representative quantitative RT-PCR analysis of NIPA2 between subjects with TI and TII 

PWS deletions. Samples from the subjects with TI deletions required an average of 2.5 

cycles longer to reach the cycle threshold (CT) than the samples from the subjects with TII 

deletions. This represents an approximate 5.9-fold reduction in mRNA in the subjects with 

TI deletions (2|TI CT|− TII CT|=2|21.9 − 19.3| = 22.57 or 5.9).
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FIGURE 3. 
Correlations of gene expression (based on CT values, which are inversely related to gene 

expression) for NIPA1, NIPA2, CYFIP1, and GCP5 and representative behavioral and 

cognitive parameters (A, SIB disruptive behavior frequency; B, Woodcock-Johnson math 

cluster; C, SIB broad independence score [standard score]; D, VMI [standard score]; E, 

reading comprehension; F, CBC if interrupted– other) between subjects with PWS with TI 

and TII deletions. Correlation values are provided in Table 2.
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