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OR I G INA L ART I C L E

Cockayne syndrome-derived neurons display reduced
synapse density and altered neural network synchrony
Alexandre T. Vessoni1,2, Roberto H. Herai1,3, Jerome V. Karpiak1,
Angelica M. S. Leal1,4, Cleber A. Trujillo1, Annabel Quinet2,
Lucymara F. Agnez Lima4, Carlos F. M. Menck2 and Alysson R. Muotri1,*
1Department of Pediatrics/Rady Children’s Hospital San Diego, Department of Cellular and Molecular Medicine,
StemCell Program, University of California SanDiego, School ofMedicine, La Jolla, CA 92037, USA, 2Department of
Microbiology, Institute of Biomedical Sciences, University of São Paulo, São Paulo, SP 05508-000, Brazil, 3Graduate
Program in Health Sciences, School of Medicine, Pontifícia Universidade Católica do Paraná, Curitiba, Paraná
80215-901, Brazil and 4Department of Cell Biology and Genetics, Center of Biosciences Federal University of Rio
Grande do Norte, Natal, RN 59072-970, Brazil

*To whom correspondence should be addressed. Tel: +1 8585349320; Fax: +1 8582461579; Email: muotri@ucsd.edu

Abstract
Cockayne syndrome (CS) is a rare genetic disorder in which 80% of cases are caused by mutations in the Excision Repair
Cross-Complementation group 6 gene (ERCC6). The encoded ERCC6 protein is more commonly referred to as Cockayne
Syndrome B protein (CSB). Classical symptoms of CS patients include failure to thrive and a severe neuropathology
characterized by microcephaly, hypomyelination, calcification and neuronal loss. Modeling the neurological aspect of this
disease has proven difficult since murine models fail to mirror classical neurological symptoms. Therefore, a robust
human in vitro cellular model would advance our fundamental understanding of the disease and reveal potential
therapeutic targets. Herein, we successfully derived functional CS neural networks from human CS induced pluripotent
stem cells (iPSCs) providing a new tool to facilitate studying this devastating disease. We identified dysregulation of the
Growth Hormone/Insulin-like Growth Factor-1 (GH/IGF-1) pathway as well as pathways related to synapse formation,
maintenance and neuronal differentiation in CSB neurons using unbiased RNA-seq gene expression analyses. Moreover,
when compared to unaffected controls, CSB-deficient neural networks displayed altered electrophysiological activity,
including decreased synchrony, and reduced synapse density. Collectively, our work reveals that CSB is required for
normal neuronal function and we have established an alternative to previously available models to further study neural-
specific aspects of CS.

Introduction
Cockayne syndrome (CS) was initially characterized by sunken
eyes and a bird-like face, impaired hearing, retinal atrophy, ery-
thematous dermatitis in sun-exposed skin, growth failure and
mental retardation (1). Subsequent reports evinced a severe

and multifaceted neuropathology involving not only develop-
mental deficiencies of the central nervous system (CNS), but
also neuronal loss, calcification, spasticity, tremors, vasculopa-
thy and hypomyelination (2–4). Clinical indicators appear during
the first years of life in classic manifestations of CS (5).
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Approximately 80% of CS cases are caused by mutations in the
Excision Repair Cross-Complementation group 6 gene (ERCC6)
which encodes the Cockayne Syndrome B protein (CSB). CSB
is a key component of the transcription-coupled nucleotide
excision repair pathway (6,7), acts as a component of RNA poly-
merase I (8), enhances elongation of RNA polymerase II (9), pre-
vents accumulation of oxidative damage in both mitochondrial
(10) and nuclear DNA (11), and promotes autophagy-mediated
quality control of mitochondria (12). More recently, a CSB defect
was associated with an imbalance in POLG1/POLG2 subunits of
mitochondrial polymerase gamma (13).

In this work, we sought to generate a new in vitro model to
study live human neurons derived from individuals with classic-
al neurological manifestations of CS. We reprogrammed fibro-
blasts from two individuals with CS to generate induced
pluripotent stem cell (iPSC) lines. We differentiated these cell
lines into expandable neural progenitor cells (NPCs) and further
into neurons. We employed unbiased next generation sequen-
cing to analyze RNA transcription in neurons derived from CS
and unaffected control iPSC lines. Comparative gene expression
analysis revealed dysregulation of several cellular pathways re-
lated to synapse formation and maintenance including the
Growth Hormone/Insulin-like Growth Factor-1 (GH/IGF-1) signal-
ing pathway, previously implicated in synaptogenesis (14,15). Ac-
cordingly, we noticed that CSB neurons displayed reduced
neuronal activity, altered network synchrony and reduced syn-
apse densitywhen compared to neurons derived fromunaffected
individuals. Our data suggest that CSB plays a previously un-
appreciated role in the homeostasis and function of human
neurons.

Results
CSB iPSC characterization

We previously reported successful reprograming of CSB-mu-
tated GM10903 fibroblasts (NIGMS Human Genetic Cell Reposi-
tory) into iPSCs using retrovirus vectors (16). Here, by using
non-integrative Sendai virus vectors (Life Technologies), we re-
programmed fibroblasts derived from the individuals GM00969
(Control-1), 5461 (Control-2), GM00739 (CSB-1) and GM10903
(CSB-2) into iPSCs. Immunofluorescence analysis showed that
all iPSC clones described in this manuscript express Oct4,
SSEA4 and Lin28 markers (representative images of Control-1
iPSCs are shown in Fig. 1A). Expression of OCT4 and SOX2
genes was also detected by PCR in control and CSB iPSCs
[Fig. 1B, human embryonic stem cell line (ESC) H1 (WiCell) and
GM00739 primary human fibroblasts were used as a positive
and negative control, respectively]. Upon differentiation of
iPSCs into embryoid bodies (EBs) in suspension culture with
10% FBS, we detected expression of the endo-, meso- and ecto-
dermal markers AFP, MSX1 and PAX6, respectively, confirming
the pluripotent potential of these cells (Fig. 1C). Cell karyotyping
was performed in all iPSC clones, and no detectable gross
chromosomal abnormalities were observed (Fig. 1D). Transcrip-
tional profiles of the new iPSC lines were evaluated through
microarray, and compared to controls. All iPSC clones showed
a gene expression pattern similar to ESCs and distinct from
skin fibroblasts [Fig. 1E, ESC lines H1 and Hues6 (Harvard HUES
Cell Facility) and primary human fibroblasts were used as posi-
tive and negative controls, respectively]. The analyses of pluri-
potency-related genes showed a strong association between
the iPSCs and ESCs, in comparison to fibroblasts (Fig. 1F), con-
firming successful reprogramming.

Transcriptional dysregulation of GH/IGF-1 pathway in
CSB neurons

Next, we aimed to differentiate CSB and control iPSCs into neural
cultures as previously described (14,17). Briefly,we initially differ-
entiated iPSCs into EBs in suspension cultures followed by dual
SMAD inhibition (18). Next, adhered EBs gave rise to neural ro-
settes which were then dissociated to generate NPCs (Supple-
mentary Material, Fig. S1A and methods section below). All
iPSC clones used in this study generated NPCs expressing Sox2,
Musashi and Nestin (representative images of Control-1 NPCs
are shown in Supplementary Material, Fig. S1B and C). NPCs
were further differentiated into neural cells by ongoing culture
in the absence of bFGF for 5 weeks. Control and CSB neural cul-
tures gave rise to neurons and astrocytes as evidenced by
MAP2/TUJ1 and GFAP staining, respectively (representative
images for Control-1 and CSB-1 neural cultures are shown in
Fig. 2A). PCR analysis confirmed expression of MAP2 and NEUN
[a marker for late stage neuronal maturation (19)] for control
and CSB neural cultures, in contrast to fibroblasts (Fig. 2B). By
immunofluorescence, we also noticed that the percentage
of NeuN-positive nuclei (co-localized with DAPI) was similar
between control and CSB neural populations, except for CSB-2
C1, for which the values were lower (Fig. 2C).

Since CSB plays an important role inmRNA and rRNA synthe-
sis (7–9), we investigated unbiased gene expression in neurons
derived from the CSB-1 patient iPSC line using RNAseq. RNA
was obtained from FACS-sorted cells expressing eGFP under the
control of the neuron-specific SYN1 promoter (Fig. 3A and B, Sup-
plementary Material, Fig. S2) (14). We compared gene expression
of the CSB-1 neurons with Control-1 and Control-2 neurons (two
clones for each cell line) and identified 4930 differentially ex-
pressed transcripts in the CSB neurons, in which 1924 were upre-
gulated, and 3006 were downregulated (P-value < 0.05, online
supplementary Material). Protein coding transcripts represent
1123 and 1914, respectively. This observation is striking consider-
ing that the level of gene dysregulation in CSB neural cultures is
greater than three times higher than previously observed for CSB
skin fibroblasts (20,21). It is possible that the use of a relevant cell
type (neuronal) characteristic of a severely affected tissue con-
tributed to these differences. A correlation distance using a den-
drogram and a PCAmap is presented in Supplementary Material,
Figure S3. RNAseq validation by quantitative RT-PCR of selected
genes is shown in Supplementary Material, Figure S4. Next,
using the Ingenuity Pathway Analysis software, we report that
‘Nervous System Development and Function’ is the most repre-
sentative category within ‘Physiological System Development
and Function’ (Fig. 3C). Within this category, we found several
dysregulated pathways related to neuronal function, such as
morphology of the nervous system (P-value = 4.85 × 10−36), axo-
nogenesis (P-value = 5.73 × 10−15), action potential of neurons
(P-value = 1.97 × 10−7), long termpotentiation (P-value = 3.7 × 10−15)
and neurotransmission (P-value = 1.75 × 10−17) (Supplementary
Material, Table S1 lists 30 of these altered pathways). From the
top-altered canonical pathways, the ‘Axonal Guidance Signaling’
pathway was the second most altered, with a P-value of 4.33 ×
10−13, showing 36% of its molecules dysregulated (Supplementary
Material, Table S2). Supplementary Material, Table S3 describes a
list of molecules corresponding to upstream transcriptional regu-
lators that may relate to the expression alterations found by RNA-
seq analysis. These transcriptional regulators include miRNA and
the TGFB1 gene (downregulated inCSBneurons),which is involved
in differentiation and maintenance of neurons, conversion of
NPCs into active neurons and synaptogenesis (22–24). Although
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the implication ofmiRNAdysregulation inCSneeds to be clarified,
this is thefirst time, to our knowledge, that a robust bioinformatics
analysis suggests miRNA as potential candidate contributing to
transcriptional dysregulation in CS cells.

We show that the GH/IGF-1 signaling pathway was dysregu-
lated in CSB neurons (P-value of 1.35 × 10−2, Z-score of 1.964,
Fig. 3D and E). Specifically, we reveal key components of this
pathway (IGF1, IGF2, IGFBP3 and STAT5A) showed an expression
greater than 13 times higher in the control cells than in the CSB
neurons (Fig. 3D). These genes regulate brain size and neuronal
differentiation and survival (15,25–28), suggesting a correlation
with CS clinical characteristics. By qPCR, we confirm that expres-
sion of IGF1 and STAT5A was downregulated in CSB neurons
derived from both CS patient iPSC lines (Fig. 3F and G).

CSB-deficient neurons have reduced synapse density

Unbiased gene expression analyses revealed several downregu-
lated pathways in CSB neurons implicated in synaptic activity

such as synaptic transmission (P-value = 5.83 × 10−15), synapto-
genesis (P-value = 3.47 × 10−13) and density of synapses (P-value =
1.63 × 10−7, Supplementary Material, Table S1). Thus, we next
quantified synapse density via immunofluorescence by co-im-
munostaining Synapsin I (pre-synaptic marker) and PSD-95
(post-synaptic marker) on Map2-positive processes (neuron fila-
ment marker, Fig. 4A and B). Our data showed that CSB neurons
have significantly reduced synapse density when compared to
control cells (Fig. 4C), suggesting that CSB is important for syn-
apse formation, maintenance, or a combination of both in
human neurons.

CSB neurons are functional, but display reduced network
synchrony

The reduced synapse density observed in CSB neurons prompted
us to investigate electrophysiological network connectivity.
Thus, we analyzed neuronal activity of CSB neural networks on
multi-electrode arrays (MEAs), which allow mapping of action

Figure 1.Generation and characterization of CSB-iPSCs. (A) Immunofluorescence analysis of Oct4, SSEA4 and Lin28 expression in iPSCs (representative images of clone 1 of

Control-1-derived cells; scale bar = 100 µ). (B) Expression of OCT4, SOX2 and GAPDH in fibroblasts (Fibro), H1 Embryonic Stem cells (ESCs) and two clones of Control-1,

Control-2 and CSB-1-derived iPSCs, as measured by RT-PCR. (Ctl: Control). (C) Expression of OCT4, AFP, MSX1, Pax6 and GAPDH in iPSCs and in the iPSC-derived

embryoid bodies (EBs) of control and CSB cells. (D) Karyotype of clone 1 of each indicated iPSC line. Correlation distances (microarray) between fibroblast, ES cell and

iPSC samples, based on global gene expression profile (E) or on pluripotency-associated genes (F).
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potentials (spikes) through detection of field potential changes
(an illustrative scheme is presented in Fig. 5A). We differentiated
the following NPCs directly onMEA plates for 5weeks: two clones
for Control-1, one clone each for Control-2 andControl-3, and two
clones each for CSB-1 and CSB-2 lines. Representative temporal
raster plots illustrating timestamps of spikes over 3 min of con-
tinuous recording and overlaid representative wave forms are
shown in Figure 5B and C, respectively, for both control and
CSB neurons. Results show that iPSC-derived neurons spontan-
eously generated action potentials, confirming successful differ-
entiation of both CS and control NPCs into functional neurons.
However, comparing CSB to controls revealed overall spike num-
ber was significantly lower (P < 0.05) in CSB neurons (Fig. 5D).
Aligned raster plots of independent electrodes show that both
CSB and control neural cultures displayed varying degrees of syn-
chronized neural network activity, measured by overlapping
spike burst from different channels (pink rectangles in Fig. 5B).
Synchronized activity spreading through multiple electrodes in-
dicates information flow in the neuronal network via synaptic
signaling. Interestingly, overlapping the spike activity histogram

from different channels reveals a distinct frequency of synchro-
nized activity for CSB neuronal networks, with significantly less
synchronized events compared to controls (P < 0.05, Fig. 5E).
These results suggest that although CSB iPSCs generate function-
al neurons, their coordinated activity at the network level is di-
minished when compared to control cells.

Discussion
CS is a genetic disease inwhich human subjects displayneurode-
velopmental dysfunction and degeneration. A majority of CS pa-
tients are affected by mutations in the ERCC6 (CSB) gene that
codes for a protein that functions in transcription-coupled repair
of damaged DNA (29,30), RNA synthesis (3,31) andmitochondrial
metabolism (32,33). However, understanding the impact of CSB
deficiency on neurons has historically been hampered by limita-
tions of available disease models.

As previously reported (16), we successfully generated iPSCs
from CSB fibroblasts, revealing that the gene is not essential for
reprogramming. Here, we were further able to differentiate CS

Figure 2. Characterization of CSB neurons. (A) Representative images of clones 1 of both Control-1 and CSB-1-derived neurons, respectively, showing expression of TUJ1,

MAP2 andGFAP. Bars: 100 µ. (B) Expression ofMAP2,NEUN andGAPDH in fibroblasts, clones 1 of Control-1, Control-2 andControl-3, and clones 1 and 2 of CSB-1 and CSB-2

neuronal cell cultures by end point PCR. (C) Percentage ofNEUN-positive nuclei (DAPI) as evidenced by immunofluorescence in 5-weeks old neuronal culture (at least 1000

nuclei were analyzed in two independent experiments for each clone).
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iPSCs into NPCs and functional neurons. These cells expressed
classical neuronal markers (MAP2, Tuj1 and NeuN), formed
synapses (co-localization of Synapsin I to PSD-95 on neuronal fi-
laments) and generated action potentials (as measured by field
potential changes in a MEA). However, we observed reduced con-
nectivity in CSB neural networks, confirmed by reduced synapse
density and reinforced by decreased synchronized firing, when
compared to neural networks derived from unaffected

Figure 3. Transcriptional dysregulation of the GH/IGF-1 pathway in CSB neurons.

(A) Scheme of the methodology employed to isolate neurons and extract RNA for

sequencing. (B) Brightfield and GFP-channel images of clone 1 of both Control-1

and CSB-1-derived neurons expressing GFP under the control of the neuron-

specific SYN1 promoter. (C) Top significant ‘Physiological System Development

and Function’ categories evidenced by the Ingenuity Pathway Analysis

software. (D) Expression of GH/IGF-1 pathway-related genes. Results are

expressed as fold change of controls (WT) to affected (CSB). Key components of

this pathway are shown in (E). Relative expression of IGF1 and STAT5A as

measured by qPCR (F and G). Statistical analysis (unpaired t-test) expresses

mean ± SEM of clones 1 of both Control-1 and Control-2 versus two clones of

CSB-1 and CSB-2 neurons (**P < 0.01).

Figure 4. CSB neurons have reduced synapse density. (A) Illustrative picture of co-

localization of synapsin I to PSD-95 on neuronal filaments (Map2), as evidencedby

fluorescence microscopy; scale bar: 50 µ. (B) Illustrative images of puncta in

clones 1 of Control-1 and CSB-1 neurons; scale bar: 10 µ. (C) Number of synapse

per 50 µ of filament for each clone analyzed [two independent experiments and

total number (N) of filaments analyzed are indicated). Statistical analysis (unpaired

t-test) expresses mean ± SEM of the four unaffected clones (clones 1 and 2 of

Control-1, clones 1 of Control-2 and Control-3 neurons) versus the four affected

clones (clones 1 and 2 of CSB-1 and CSB-2) (***P < 0.001).
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individuals. These results are in agreement with the reduction of
dendritic spines (which are critical structures for synaptic activ-
ities) observed in CSB-KOmice (34), suggesting that CSB is critical
for synapse formation and neural networking.

A reduction in synapse density can be a result of diminished
synaptogenesis, increased synaptic degeneration, or a combin-
ation of both (14,15,35,36).With regards to observed developmen-
tal deficiency and neurodegeneration in CS, a leading cause for
reduced synapse density is still unknown. However, NeuN-posi-
tive cell numbers in the CSB-1 neural cultures were similar to
control cells, suggesting that other factors may play a critical
role. Transcriptome sequencing of CSB neurons revealed that
several pathways related to neuronal function and communica-
tion were dysregulated in CSB neurons, suggesting cell-autono-
mous transcriptional dysregulation as a key contributor to
reduced synapse density, in accordancewith CSB playing a critic-
al role in RNA synthesis (8,37). In agreement, Wang and colla-
borators found that neuron-associated genes were among the
most altered classes ofmolecules throughmicroarray-based ana-
lysis of RNA obtained from CSB-deficient fibroblasts (20).

Notably, we discovered impaired transcription of the GH/IGF-
1 signaling pathway in CSB neurons, further confirmed by qPCR
for IGF1 and STAT5 genes in neurons of two unrelated CS patients
(Fig. 4). IGF1 disruption results in reduction of brain size, hypo-
myelination and loss of granule cells (25). Reduced IGF1 expres-
sion also compromises survival of Purkinje cells in neonatal
cerebella (28). All of these features are commonly observed in
classical CS cases (2). STAT5 was also shown to regulate IGF1 ex-
pression (38). Finally, reduced IGF-1 serum levelswere reported in
one CS patient (39). It is noteworthy that although CSBm/m mice

fail to display several human neurological phenotypes (12), a
double-deficient (XPA−/− CSBm/m) murine model that recapitu-
lates growth retardation, progressive cachexia and neurodegen-
eration also displays reduced GH/IGF-1 axis transcription (40).
The Ercc1 KO murine model (deficient in nucleotide excision re-
pair) also shows a decline in the GH/IGF-1 axis, in parallel with
signs of neurodegeneration and premature aging (41). Therefore,
the identification, for the first time, of transcriptional downregu-
lation of key components of the GH/IGF-1 pathways in CS donor-
derived neurons constitutes evidence that it may play a key role
in the neuropathology of CS. Remarkably, IGF-1 administration to
iPSC-derived neuronal models of Rett Syndrome (14) and of Phe-
lan-McDermid syndrome (15) rescued synapse density, and is
currently in clinical trials for Rett Syndrome (ClinicalTrials.gov
identifiers: NCT01253317 and NCT01777542). Now that we have
established a human CSB neuronal model and revealed dysregu-
lation in the GH/IGF-1 pathway, investigating the potential ef-
fects of IGF-1 treatment on iPSC-derived CSB neurons may be of
compelling clinical interest.

Recently, Ciaffardini and coworkers reported that ERCC6
knockdown severely compromised differentiation of v-Myc im-
mortalized NPCs (ReNcell VM) into neurons (42). Wang and colla-
borators reported that SV40-transformed CSB-null fibroblasts
failed to transdifferentiate into neurons (20), providing additional
rationale for our successful iPSC platform. Since classical CS pa-
tients are bornwith apparently normal brains (2,43), we expected
a cell model that relies on differentiation from pluripotent cells
(therefore mimicking embryonic development) would facilitate
neural development. The iPSC-derived neurons recapitulate not
only the pathogenic mutation, but also the genetic background

Figure 5. CSB neuronal cultures exhibit reduced number of spikes and network synchrony. (A) Illustrative representation of a neuron plated on top of an electrode and the

generation of field potential changes (spikes). (B) Representative temporal raster plots of unaffected (Control-3 clone 1) or CSB (CSB-1 clone 1) neurons over a 3-min

recording from the MEA. Vertical rectangles spanning the graphs indicate synchronized spikes/bursts. (C) Overlay of representative successive wave forms of spikes in

one electrode of each unaffected (W83) or CSB (GM00739) neuronal cultures. Total number of spikes (D) and synchrony index (E). At least three independent

experiments in quadruplicate were carried out for all clones. Statistical analysis (unpaired t-test) expresses mean ± SEM of the four unaffected clones (clones 1 and 2

of Control-1, clones 1 of Control-2 and Control-3 neurons) versus the four affected clones (clones 1 and 2 of CSB-1 and CSB-2) (*P < 0.05).
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of the CS donor in karyotypically stable cells (contrary to SV40-
transformed cells). It is worth noting that CS patients with
identical mutations and contrasting phenotypes were described
(44). Therefore, the ability of our iPSC model to recapitulate the
genetic background of each individual patient (in contrast to
knockdown models) makes it an attractive new alternative for
CS studies.

In summary, we provide an alternative to current in vitro and
in vivo CS models by generating human neurons and complex
neural cultures from human CS donor-derived iPSCs. These neu-
rons show transcriptional dysregulation of several pathways in-
cluding the GH/IGF-1 pathway, reduced network synchrony and
reduced synapse density. Our results prove feasibility and dem-
onstrate utility of this new in vitrohumanmodel of CS neuropath-
ology; further, our discovery of GH/IGF-1 dysregulation in
disease-appropriate neural tissue provides a specific potential
therapeutic target.

Materials and Methods
Cell culture

Skin-derived human fibroblasts GM00969, GM00739 and
GM10903 were purchased from CORIELL Cell Repositories. The fi-
broblasts 5461 and W83 belong to Dr Alysson Muotri’s laboratory
cell repository and were obtained from skin biopsies of a teenage
female and a 38-year-old male, respectively, both of whom are
Caucasian non-affected donors. Clinical features of the donors
and genetic mutations are shown in Supplementary Material,
Table S4. Fibroblasts were routinely grown in DMEM (Cell Gro,
Corning, NY, USA) supplemented with 10% fetal bovine serum
(FBS, Gibco, Life Technologies, Carlsbad, CA, USA). iPSCs were
grown on Matrigel-coated plates (BD Biosciences, San Jose, CA,
USA) inmTeSR1 (Stemcell Technologies, Vancouver, BC, Canada).
NPCs were grown on poly-l-ornithine (PO, 10 µg/ml) and laminin
(2.5 µg/ml)-coated plates, in the presence of DMEM/F12 1:1 with
L-glutamine (Cell Gro) supplemented with 0.5 X N2 Neuroplex
(Gemini, West Sacramento, CA, USA), 0.5 X Gem21 Neuroplex
(Gemini), 1% penicillin/streptomycin (Life Technologies) and
20 ng/ml of bFGF (Life Technologies). Neuronswere differentiated
and maintained under the same conditions as NPCs, except in
the absence of bFGF. All cells were maintained at 37°C in a hu-
midified atmosphere of 5% CO2. iPSCs were passaged every 8–10
days under an EVOS microscope (AMG, Life Technologies) by
mechanically detaching fragments of colonies with the aid of a
P1000 tip. NPCs were enzymatically dissociated with Accutase
(Sigma-Aldrich, St. Louis, MO, USA), and resulting single cell sus-
pensions were sub-cultured. This work was approved by the
UCSD human research protection program committee meeting
under the IRB/ESCRO protocol #141223ZF.

Cell reprogramming

Fibroblasts were reprogrammed by Sendai virus vector-mediated
expression of Oct4, Sox2, Klf-4 and c-myc (CytoTune®-iPS Kit, Life
Technologies) according to manufacturer’s protocol, with minor
modifications. Briefly, 2 × 105 cells were seeded on 35-mm plates
(Corning). The next day, medium was replaced by DMEM supple-
mented with 5% FBS containing 1/5 of themix of the viral vectors
aliquot. The next day vectors were removed and replaced with
fresh medium. The next day, cells were moved to a feeder layer
(MEFs, Globalstem, Miami Lakes, FL, USA). Medium was changed
daily (DMEM/F12 1:1 with L-glutamine (Cell Gro) supplemented
with 20% knockout serum replacement, 1% non-essential

amino acids, 0.2% β-mercaptoethanol and 30 ng/ml bFGF (Life
Technologies). During the first 5 days, medium was further sup-
plemented with 100 µm of valproic acid (Sigma-Aldrich). Two
clonally derived iPSCs colonies for each cell type were isolated
and re-plated on Matrigel-coated plates (feeder-free) approxi-
mately 4 weeks after initial viral transduction.

Neuronal differentiation

Neuronal differentiation was performed in two stages: NPC gen-
eration and neural differentiation. Briefly, iPSCs colonies were
cultured for 2 days in the presence of DMEM/F12 1:1 containing
1 X N2 (Life Technologies), 1 µm dorsomorphin (Tocris Bios-
ciences, Bristol, UK) and 10 µm SB431542. Then, colonies were
detached with the aid of a cell lifter and in the presence of
5 µm Y-27632 (ROCK inhibitor, R&D Systems, Minneapolis, MN,
USA), and maintained in suspension at 90 RPM for 5 days in an
incubator (medium was exchanged every other day) in order to
form embryoid bodies (EBs). EBs were gently mechanically
disrupted, plated on Matrigel-coated plates and cultured in NPC
medium for 5 days. Then rosettes were manually collected
under an EVOs microscope inside a biological laminar flow cab-
inet, dissociated with Accutase, and NPCs were re-plated on
poly-L-ornithine/laminin-coated plates. At this stage, NPCs
could be expanded and cryopreserved in NPC medium with 10%
DMSO. For neural differentiation, NPCs were grown to approxi-
mately 80% confluence before bFGF withdrawal. ROCK inhibitor
was added at 5 µm for the first 2 days. After that, cells were al-
lowed to differentiate for 5 weeks, and the medium exchanged
twice per week.

RNA isolation, microarray, RNAseq and PCR analysis

For microarray analysis, 1 μg of total RNA (Trizol, Life Technolo-
gies) was biotinylated (Affymetrix, Santa Clara, CA, USA), frag-
mented and hybridized to the GeneChip Human 1.0 ST
microarray at University of California DNACore Facility (Biogen).
Arrays were analyzed by the R-based bioconductor software
package Affy (Affymetrix pre-processing) (45). After data normal-
ization by the robust multichip averaging method, samples were
clustered based on Euclidean distance between the transcripts
over a pair of samples representing a variation between two sam-
ples. The dendrogram and heatmap were created using sample
expression similarities.

For RNA sequencing sample preparation, NPCs were trans-
duced with a lentivirus expressing GFP under the control of the
Synapsin I gene promoter (14). After 5 weeks of neuronal differen-
tiation, total RNA of neurons (BD Influx FAC-sorted GFP-positive
cells, BD Biosciences) was obtained using Trizol. cDNAwas then
synthesized and subjected to multiplexed RNA-seq on an Illumi-
na HiSeq 2000 at UCSD/Biogen sequencing facility and stored at
NCBI BioProject (# PRJNA297108). Poly-A transcript sequencing
producedmore than 40million 150 bp paired-end reads per sam-
ple. Filtered high-quality reads [NGS QC Toolkit (46)] were
mapped to human reference genome Hg19 [Star software (47)].
In-house scripts were used to obtain the absolute number
of aligned reads per transcript (Ensembl Hg19 transcriptome
annotation as reference). Count data were normalized using a
model based on negative binomial distribution for differential
expression (DE) analysis [DESeq (48)] (DE transcripts defined as
P-value <0.05). Count data were also used to calculate Euclidian
distance between each pair of samples, including biological repli-
cates, which were clustered based on shorter distances. Add-
itionally, count data were used to create a heatmap and a two
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component-based Principal Component Analysis (PCA) to show
relative relationships between each sample in a 2-D coordinate
space.

For PCR reactions, cDNA (SuperScript III) was amplified using
Accuprime Taq DNA polymerase (Life Technologies).SYBR Green
was used to perform quantitative PCR (qPCR) in a 7500 Real Time
PCR (Life Technologies), and relative expression levels were cal-
culated according to the 2−ΔΔCt method (49). Primers used are
listed in Supplementary Material, Table S5.

Immunofluorescence and synaptic puncta analysis

Cells plated on glass coverslips pre-coated with matrigel (iPSCs)
or 100 µg/ml of PO and 10 µg/ml of laminin (NPCs/neurons) were
fixed with 4% paraformaldehyde for 10 min at room tempera-
ture. After permeabilization (0.1% TritonX in PBS) and blocking
(2% BSA on PBS), cells were incubated with primary antibodies
(see list below), followed by Alexa Fluor-conjugated secondary
antibodies (Life Technologies). Cell nuclei were treated with
DAPI, and imaging was performed on a Zeiss Apotome epifluor-
escent microscope (Carl Zeiss, Oberkochen, Germany). Primary
antibodies used were: Oct4 (ab19857), Lin28 (ab46020), Musashi
(EP1302), Map2 (ab5392, Abcam); Sox2 (2748S, Cell Signalling):
GFAP (Z0344, DAKO); SSEA4 (MAB4304), NeuN (MAB377), Synap-
sin I (AB1543p, Millipore); PSD-95 (75–028, Neuromab); Nestin
(MA1-46100, Thermo Scientific); Tuj-1 (01409, StemCell). For
puncta analysis, 1.25 × 105 NPCs were plated on 12 mm cover
glass, and after 2 days neuronal differentiation was started.
After 5 weeks of differentiation, cells were fixed, stained for Sy-
napsin I, PSD-95, and MAP2 and imaged on the Zeiss Apotome
under a 100× oil-immersion objective in the Apotome Z-stack
mode (nine slices with 0.56 µm interval). The number of synap-
ses (Synapsin I co-localizing to PSD-95) over 50 µ of neuron fila-
ment (MAP2) was evaluated. Synapses were scored when they
were within 5 µ from the MAP2 filament center, in agreement
with previous work (50).

Multi-electrode array analysis

Neuronal activity was recorded using a multi-well MEA system
(Maestro, Axion BioSystems, Atlanta, GA, USA). Briefly, 5 × 104

NPCs (re-suspended in a 5 µl droplet of NPCs media) were plated
on top of 16-electrode arrays inside wells of a 48-well pre-coated
plate. The day after, neuronal differentiation was initiated. In the
second week of differentiation, neuronal medium was switched
to Neurobasal medium supplemented with 1 X B-27 and 2 mm
Glutamax (Life Technologies). Neuronal activity was continuous-
ly recorded for 3 min, 24 h after media exchange during the fifth
week of differentiation, and action potentials (measured as field
potential changes) were recorded and analyzed using Axis 2.0
software (Axion Biosystems). The parameters used for data ac-
quisition and processing were: Neuronal Broad Band filter
frequency = 10–5000 Hz; referencing method = Fpga Median.
Spike detection was performed by adaptive threshold crossing
at 5.5 X Std Dev, and Poisson surprise algorithm (Surprise factor
= 3) was used to detect bursts. Temporal raster plots were gener-
ated in the MATLAB-based Neural Metric Tool software (Axion
BioSystems).

Supplementary Material
Supplementary Material is available at HMG online.
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