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number variant-bearing individuals using Western blot anal-
ysis. Ten weeks after differentiation, iPSC-neurons appeared 
to show dendritic spines, and qualitative analysis suggested 
that dendritic morphology was altered in 15q11.2-deletion 
subjects compared with control cells.  Conclusions:  The 
15q11.2 (BP1-BP2) deletion is associated with a reduced ex-
pression of four genes in iPSC-derived neuronal cells; it may 
also be associated with altered iPSC-neuron dendritic mor-
phology.  © 2015 S. Karger AG, Basel 

 Introduction 

 The proximal long arm of chromosome 15 (15q11.2-
q13) harbors several copy number variants (CNVs) that 
can increase the risk for common, severe neuropsychiat-
ric disorders  [1–3] . The CNVs arise from mis-paired low 
copy number repeats at three breakpoints denoted BP1, 
BP2 and BP3. A deletion between BP1 and BP2 denoted 
15q11.2 (BP1-BP2) elevates the risk for intellectual dis-
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 Abstract 

  Background:  Copy number variation on chromosome 
15q11.2 (BP1-BP2) causes a deletion of  CYFIP1 ,  NIPA1 ,  NIPA2  
and  TUBGCP5 . Furthermore, it also affects brain structure 
and elevates the risk for several neurodevelopmental disor-
ders that are associated with dendritic spine abnormalities. 
In rodents, altered  cyfip1  expression changes dendritic spine 
morphology, motivating analyses of human neuronal cells 
derived from induced pluripotent stem cells (iPSCs; iPSC-
neurons).  Methods:  iPSCs were generated from a mother 
and her offspring, both carrying the 15q11.2 (BP1-BP2) dele-
tion, and a non-deletion control. Gene expression in the de-
letion region was estimated using quantitative real-time PCR 
assays. Neural progenitor cells (NPCs) and iPSC-neurons 
were characterized using immunocytochemistry.  Results:  
 CYFIP1 ,  NIPA1 ,  NIPA2  and  TUBGCP5  gene expression was low-
er in iPSCs, NPCs and iPSC-neurons from the mother and her 
offspring in relation to control cells. CYFIP1 and PSD-95 pro-
tein levels were lower in iPSC-neurons derived from the copy 
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ability (ID), autism spectrum disorders (ASD), schizo-
phrenia (SZ) and seizure disorders, with associated dys-
morphic features and neurocognitive developmental de-
lays  [4–10] . The 15q11.2 (BP1-BP2) deletion is usually 
inherited (but not imprinted) and has an estimated popu-
lation frequency of 0.25%. Discrete disabilities in math-
ematics learning, reading skills and a marginally reduced 
intelligence quotient have been observed among individ-
uals with the 15q11.2 (BP1-BP2) deletion, even if the in-
dividuals have not been diagnosed with psychiatric disor-
ders  [11] . Furthermore, comparison of individuals with 
15q11.2 (BP1-BP2) deletions/duplications has shown al-
lele dosage effects in brain regions implicated in psycho-
ses  [11] . It is noteworthy that the 15q11.2 (BP1-BP2) de-
letion is distinct from imprinted CNVs arising between 
either BP1-BP3 or BP2-BP3 regions that cause the Prad-
er-Willi and Angelman syndromes  [1, 8] .

  The BP1-BP2 deletion region encodes four genes  [12] : 
(i) nonimprinted in Prader-Willi/Angelman syndrome-1 
 (NIPA1)  mediates Mg ++  transport in mouse neuronal tis-
sue  [10, 13] ; (ii) nonimprinted in Prader-Willi/Angelman 
syndrome-2  (NIPA2)  mediates renal Mg ++  transport  [14] ; 
(iii) cytoplasmic fragile X mental retardation-interacting 
protein-1  (CYFIP1)  regulates cytoskeletal dynamics  [15] , 
and (iv) tubulin, gamma complex-associated protein-5 
 (TUBGCP5)  is required for microtubule nucleation at the 
centrosome  [16] . Recently, Pathania et al.  [17]  reported 
that  cyfip1  is enriched at mouse neuronal synapses. 
 Rodent knockdown studies indicate that neurons from 
  cyfip1  heterozygous mice show reduced dendritic arbori-
zation. Consistent with the role of  cyfip1  in dendritic ar-
borization, in vitro  cyfip1  overexpression leads to in-
creased dendritic complexity  [17, 18] . Thus, modulation 
of  CYFIP1  expression levels influences dendritic com-
plexity and spine morphology in mouse neuronal cul-
tures and mouse brain sections. Haploinsufficiency of 
 CYFIP1  could provide a mechanism whereby the 15q11.2 
(BP1-BP2) deletion confers the risk for neuropsychiatric 
disorders, as human postmortem studies revealed an im-
portant role for dendritic spine structure abnormalities in 
the pathogenesis of ID, ASD, and SZ  [19, 20] . However, 
none of the postmortem studies, to our knowledge, have 
taken into account the role of CNVs such as the 15q11.2 
(BP1-BP2) deletion that increase the risk for these disor-
ders.

  Studies using induced pluripotent stem cells (iPSC) of 
humans could provide further insight into the neurode-
velopmental effects of the 15q11.2 (BP1-BP2) deletion. 
Recently developed technologies enable the derivation of 
neuron-like cells from iPSCs generated from human fi-

broblasts  [21, 22] . Such human-derived ‘iPSC-neurons’ 
display many properties characteristic of brain neurons, 
and iPSC-based models can recapitulate key pathologic 
features of several neuropsychiatric disorders  [23–27] . 
Thus, iPSC-neurons may enable us to examine the puta-
tive  CYFIP1 -mediated alteration in dendritic spine archi-
tecture among individuals with the 15q11.2 (BP1-BP2) 
deletion. In this work, we have investigated the expres-
sion of  CYFIP1  and its flanking genes in the 15q11.2 
(BP1-BP2) deletion region in both iPSCs and iPSC-neu-
rons, followed by morphological analysis of dendritic 
spine development.

  Materials and Methods 

 Clinical Recruitment and Initial Screening 
 The participants were selected from an earlier genetic research 

study in which individuals were assessed using the Diagnostic Inter-
view for Genetics Studies (DIGS) and provided venous blood sam-
ples for genomic DNA analysis  [28] . The participants (n = 791) were 
screened for deletions in the 15q11.2 region using the RNase P Copy 
Number Reference qPCR assay, with a VIC-labeled TAMRA probe 
(Life Technologies) and TaqMan Copy Number Assays probes for 
 NIPA2  and  TUBGCP5  (assay Ids: Hs01842079_cn and Hs00956290_
cn for  NIPA2 ; Hs0128273_cn and Hs02106285_cn for  TUBGCP5 ). 
All qPCR reactions were run in triplicate on an ABI 7900HT instru-
ment (Applied Biosystems), and thermal cycling conditions were 
95   °   C for 10 min, followed by 40 cycles of 95   °   C for 15 s and 60   °   C for 
1 min, as per manufacturer’s instructions. Five CEPH DNA samples 
were analyzed in each PCR plate for each assay as reference controls. 
CopyCaller Software 2.0 was used to perform relative quantitation 
analysis of genomic DNA targets using the real-time PCR data.

  iPSC Generation and Quality Control 
 Two participants with 15q11.2 deletions were identified for fur-

ther analysis based on the initial qPCR screening of genomic DNA 
(Id numbers: 9000 for the proband and 9001 for the proband’s 
mother). Skin biopsies were obtained from both participants as well 
as a control individual without the deletion, as previously described 
 [29, 30] . Fibroblasts were reprogrammed to produce iPSC lines us-
ing Sendai virus transfection at the NIMH-funded Rutgers Univer-
sity Cell and DNA Repository (RUCDR)  [31] . 

  Array Comparative Genomic Hybridization 
 Array comparative genomic hybridization (aCGH) was carried 

out using a PerkinElmer array platform. Genomic DNA samples 
from iPSCs and a reference control were first digested using BglII 
enzyme. Adaptors were ligated with the fragmented DNA, fol-
lowed by PCR amplification of the fragmented DNA. Following 
purification, samples were labeled with Cy3- and Cy5-labelled de-
oxycytidine triphosphate. Labeled samples were combined with 
Cot-1 DNA and hybridized into the chip at 42   °   C for 14–16 h. Af-
ter hybridization, chips were washed and analyzed using the Perk-
inElmer Cytogenomics software at Magee-Women’s Hospital, 
Pittsburgh, in a Clinical Laboratory Improvement Amendments 
(CLIA)-certified laboratory.
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  Fig. 1.  Analysis of the 15q11.2 (BP1-BP2) deletion region. Top 
panel: schematic diagram of the CNVs in the 15q proximal arm. 
Middle panel: qPCR assays using genomic DNA from blood sam-
ples drawn from individuals in a nuclear family: Id 500–9000 (pro-

band), 500–9001 (mother) and 500–9002 (sibling without the dele-
tion). Bottom panel: aCGH studies indicated the deletion of the 
15q11.2 region in genomic DNA from iPSCs; left: 500–9000 (pro-
band), right: 500–9001 (mother). 
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  Neuronal Differentiation 
 iPSCs were cultured with neuronal precursor selection me-

dium, followed by neuronal precursor expansion medium con-
taining fibroblast growth factor 2 for generation of neural stem 
cells, as previously described elsewhere  [30] . After 5–7 days in 
culture, neural rosettes were identified, manually dissected and 
plated into low-attachment plates where embryoid body-like 
structures – denoted as neurospheres – emerged. On plating neu-
rospheres into matrigel-coated plates, neural progenitor cells 
(NPCs) were collected manually for monolayer culture. NPCs 
were then cultured in neurobasal medium containing B27 sup-
plement and brain-derived neurotropic factor (10 ng/ml) for 
neuronal differentiation.

  Quantitative PCR Analysis of Genes in the Deletion Region 
 Cellular RNA was isolated using a Qiagen total RNA isolation 

kit. A total of 1 μg RNA was used to synthesize complementary 
DNA with the Superscript III First Strand Synthesis kit (Invitro-
gen). Quantitative RT-PCR was then performed using commer-
cially available Taqman probes (Life Technologies). Analysis was 
performed using the  ∆  ∆ Ct method, and data were normalized to 
housekeeping gene β-actin  [32] .

  Immunocytochemistry 
 Immunofluorescence staining was performed as previously de-

scribed  [33] . Primary antibodies used were as follows: mouse anti-
human nestin monoclonal antibody (1:   200; R&D Systems), rabbit 
polyclonal anti-SOX1 (1:   200; Abcam), rabbit polyclonal anti-
musashi (1:   200; Abcam), mouse anti-β tubulin III monoclonal (1:  
 50; R&D Systems), mouse monoclonal anti-MAP2 (1:   200; Milli-
pore), chicken polyclonal anti-MAP2 (1:   5,000; PA1–10005, Ther-
mo Fisher Scientific Pierce), rabbit polyclonal anti-VGLUT1 (1:  
 200; Synaptic Systems), rabbit anti-NMDAR1 monoclonal (1:   400; 
Abcam), rabbit polyclonal calbindin antibody (1:   200; Abcam), 
mouse monoclonal anti-calbindin and cocaine- and amphet-
amine-regulated transcript (CART, 1:   100 dilution; Abcam), 
mouse monoclonal anti-CYFIP1 (1:   100; Abcam), mouse mono-
clonal anti-GFP (1:   3000, MAB3580; Millipore), mouse monoclo-
nal anti-PSD-95 and rabbit polyclonal anti-PSD95. Secondary an-
tibodies were Alexa Fluor 488 goat anti-rabbit (1:   200; Life 
 Technologies), Alexa Fluor 488 goat anti-mouse (1:   200; Life 
 Technologies), Alexa Fluor 488 donkey anti-rabbit (1:   1,000, 
A21206; Life Technologies), Cy3 donkey anti-chicken (1:   1,000; 
703–165–155, Jackson ImmunoResearch) and 647 donkey anti-
mouse (1:   1,000, A31571; Life Technologies). Nuclear staining uti-
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 Fig. 2.  Expression of genes in the 15q11.2 (BP1-BP2) deletion region. Levels of expression of each gene were nor-
malized to β-actin levels; deletion lines (red/green): fold changes for each gene relative to control values (blue; 
colors refer to the online version only).



 Das    et al.
 

Mol Neuropsychiatry 2015;1:116–123
DOI: 10.1159/000430916

120

lized bisBenzimide Hoechst 33342 trihydrochloride (1:   1,000; Life 
Technologies) or Hoechst 33342 (1:   3,000; B2261, Sigma). Briefly, 
samples were fixed in 4% PFA, rinsed in PBS, incubated with 
blocking solution, incubated with primary antibodies overnight at 
4   °   C, washed in PBS, incubated for 1–2 h with secondary antibod-
ies, rinsed in PBS, counterstained with Hoechst 33342 and mount-
ed using gelvatol medium.

  Morphological Features of Dendrites 
 After 2.5 months in neurobasal medium, neurons were used for 

transfection experiments. Transfection was carried out with the 
mutant type of elevated green fluorescent protein (pEGFP; where 
Phe-64–>Leu, Ser-65–>Thr mutations are introduced to increase 
the sensitivity of the reporter protein and to improve resistance to 
photobleaching) plasmid using lipofectamine 2000, following the 
manufacturer protocol (Life Technologies). Seventy-two hours af-
ter transfection, neurons were fixed for 10 min in 4% PFA and 
mounted onto coverslips for imaging. Fluorescent images were ac-
quired with constant power and pinhole aperture on a Nikon A1 
confocal microscope. The analysis was carried out at ×60 magnifi-
cation with sequential acquisition setting at 2,048 × 2,048 pixels 
resolution. Each image was a Z-series projection of  ∼ 10–12 im-
ages each, averaged two times and taken at 0.2 μm depth intervals. 
Neurites (dendrites) and dendritic spines were reconstructed and 

subjected to Sholl analysis using Imaris software (Bitplane, v. 7.4). 
Dendritic spines were manually identified on 100–200 μ M  den-
drites and automatically analyzed. The classification was automat-
ed. Statistical analyses utilized SPSS software.

  The studies were approved by the Institutional Review Board 
(IRB) and the Institutional Biosafety Committee (IBC) at the Uni-
versity of Pittsburgh.

  Results 

 Identifying Individuals with the 15q11.2 (BP1-BP2) 
Deletion 
 Using custom qPCR assays, an individual with 

schizoaffective disorder (DSM IV criteria, Id 500–9000) 
and the proband’s mother (Id 500–9001) were identified 
as carriers of the 15q11.2 (BP1-BP2) deletion, in contrast 
to the proband’s sibling (Id 500–9002;  fig. 1 , middle pan-
el). The  ∼ 382-kb deletion was confirmed using aCGH in 
genomic DNA from iPSCs derived from the same pro-
bands and the proband’s mother ( fig. 1 , bottom panel). 
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  Fig. 3.  CYFIP1 and PSD-95 protein levels in iPSC-neurons. Top 
panel: Western blot analysis of CYFIP1 in iPSCs and neurons from 
the proband (9000) and a control. Bottom panel: immunostaining 
of neurons with CYFIP1 antibody from the control and proband. 
Scale bars = 40 μm. 
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  Fig. 4.  Characterization of neural progenitor and neuron-like cells 
derived from iPSCs. Cells were derived from an individual with-
out the 15q11.2 (BP1-BP2) deletion. Top panel: NPCs. Left: 
musashi (red) and nestin (green); right: SOX1 (red) and TUJ1 
(green). Scale bars = 20 μm. Bottom panel: neurons. Left: calbin-
din; right: CART. Scale bars = 40 μm (colors refer to the online 
version only). 
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  Expression of Genes in the 15q11.2 (BP1-BP2) 
Deletion Region 
 Quantitative real-time PCR analysis indicated that the 

expression of  CYFIP1 ,  NIPA1 ,  NIPA2  and  TUBGCP5  en-
coded in the deletion region were reduced by approxi-
mately 50% levels in iPSCs, NPCs and iPSC-neurons 
bearing the 15q11.2 deletion compared to controls (with-
out the deletion;  fig. 2 ). Further, Western blot and immu-
nocytochemical analysis indicated that CYFIP1 and PSD-
95 protein levels were reduced in the proband’s cells 
(9000) compared with the cells without the BP1-BP2 de-
letion ( fig. 3 ). 

  Characteristics of Differentiated iPSC-Neurons 
 Initially, iPSCs were differentiated into NPCs in mono-

layer culture, as indicated by immunoreactivity for 
musashi, nestin, SOX1 and TUJ1 ( fig. 4 , top panel). In 
addition, the iPSC-derived neurons expressed CART 
( fig. 4 , bottom panel).

  Dendritic Spine Morphology 
 As previously reported  [34] , iPSC were relatively im-

mature at 10 weeks in culture ( fig. 5 ). Qualitative analysis 

suggested that iPSC-neurons bearing the 15q11.2 (BP1-
BP2) deletion had altered dendritic morphology ( fig. 5 ). 
Dendritic spines were detectable in the iPSC-neurons, in-
dicated by co-localization of PSD-95 staining in EGFP-
labeled neurites ( fig. 6 ).

  Discussion 

 iPSCs, NPCs and neurons derived from both individu-
als with the inherited 15q11.2 (BP1-BP2) deletion showed 
reduced expression of all four genes encoded in the 
 deleted region; reduced CYFIP1 protein levels were also 
observed in deletion-bearing iPSC-neurons. The iPSC-
neurons from the control and the deletion-bearing in-
dividuals were relatively immature. Our preliminary 
 observations, which need to be confirmed using unbiased 
quantitative analyses, are an important step towards un-
derstanding the changes in dendritic spine number, shape 

  Fig. 5.  Dendritic spines in iPSC-neurons. Confocal images of
iPSC-neurons transfected with EGFP. Top panel: control; bottom 
panel: mother with deletion (500–9001). Scale bar = 20 μm. 

  Fig. 6.  Dendritic spines in iPSC-derived neurons. Immunostaining 
of dendrites from a control iPSC-derived neuron. A1: GFP; A2: 
PSD-95; A3: MAP2; A4: merge. Scale bar = 20 μm. 
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and plasticity that have been reported in the pathogenesis 
of ID, fragile X syndrome, ASD and SZ  [19, 35, 36] . Ear-
lier rodent studies indicate that  CYFIP1  overexpression 
or haploinsufficiency increase the immature spine num-
ber, suggesting an important role for  CYFIP1  in dendrit-
ic spine morphology  [17] . Yoon et al.  [37]  recently re-
ported altered differentiation patterns in neuronal and 
glial lineages of human iPSCs bearing the 15q11.2 (BP1-
BP2) deletion and attributed the abnormalities to the 
hemizygous expression of  CYFIP1 . Whether the observa-
tions made by Yoon et al.  [37]  can be related to altered 
dendritic spine density needs to be addressed in future 
studies. If the 15q11.2 (BP1-BP2) deletion leads to haplo-
insufficiency of  CYFIP1  and a reduced expression of 
  CYFIP1  induces changes in dendritic spine architecture 
in the human brain, it may provide a plausible explana-
tion for the risk for ID, ASD and SZ conferred by the 
15q11.2 (BP1-BP2) deletion.

  Several other lines of work are necessary to enable more 
firm conclusions. The control individual in the present 
analyses was not related to the proband and his mother. It 
would be desirable to analyze the individuals with the de-
letion with a relative who does not have the deletion. Anal-
yses of additional cell lines, particularly of individuals 
from other families and with additional neurodevelop-
mental disorders, are required to show whether the results 
are replicable and to investigate whether the dendritic 
spine abnormalities are influenced by the individual’s ge-
nomic background. PSD-95 labeling showed a punctate 
staining in iPSC-neurons from a control individual, simi-
lar to what was observed in postmortem human studies 
 [38] . In addition, consistent with other iPSC studies, PSD-
95 appeared to be more diffuse in neurites, which may 
represent relative immaturity in the iPSC-neurons  [34] . 

To test this possibility, further agnostic, unbiased analyses 
of dendritic architecture are needed in iPSC-neurons dif-
ferentiated for longer periods. Moreover, electrophysio-
logical studies in the deletion-bearing iPSC-neurons could 
evaluate the functional impact of the observed morpho-
logical abnormalities in dendritic spines.

  In conclusion, our human iPSC-based cellular model 
indicates hemizygous reduction in the expression of four 
deleted genes during different stages of neuronal devel-
opment. Qualitative analysis of iPSC-neurons suggests 
that altered dendritic morphology is associated with the 
15q11.2 (BP1-BP2) deletion. Future studies of additional 
individuals with and without the 15q11.2 (BP1-BP2) de-
letion are necessary to fully evaluate the functional effects 
of the deletion.
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