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Disease modelling of 1q21.1 deletion & duplications 

Abstract 47 
Copy Number Variation (CNV) at the 1q21.1 locus is associated with a range of 48 
neurodevelopmental and psychiatric disorders in humans, including abnormalities in head size 49 
and motor deficits.  Yet, the functional consequences of these CNVs (both deletion and 50 
duplication) on neuronal development remain unknown.  To determine the impact of CNV at 51 
the 1q21.1 locus on neuronal development, we generated induced pluripotent stem cells from 52 
individuals harbouring 1q21.1 deletion or duplication and differentiated them into functional 53 
cortical neurons.  We show that neurons with 1q21.1 deletion or duplication display reciprocal 54 
phenotype with respect to proliferation, differentiation potential, neuronal maturation, synaptic 55 
density, and functional activity. Deletion of the 1q21.1 locus was also associated with an 56 
increased expression of lower cortical layer markers. This difference was conserved in the 57 
mouse model of 1q21.1 deletion, which displayed altered corticogenesis. Importantly, we 58 
show that neurons with 1q21.1 deletion and duplication are associated with differential 59 
expression of calcium channels and demonstrate that physiological deficits in neurons with 60 
1q21.1 deletion or duplication can be pharmacologically modulated by targeting Ca2+ channel 61 
activity. These findings provide biological insight into the neuropathological mechanism 62 
underlying 1q21.1 associated brain disorder and indicate a potential target for therapeutic 63 
interventions.  64 
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Introduction 82 
Investigating the biology of rare but relatively penetrant copy number variants (CNVs), 83 
provides an opportunity to understand the genetic basis of an increased susceptibility to a 84 
range of neurodevelopmental and neuropsychiatric disorders such as schizophrenia, autism, 85 
mental retardation and epilepsy1-7. There are now several prominent examples of pathogenic 86 
CNVs such as 1q21.1 deletions and duplications; 3q29 microduplications; 15q13.3 deletions; 87 
16p11.2 deletions and duplications, and 22q11.2 deletions all of which are associated with 88 
increased risk for neurodevelopmental and neuropsychiatric disorders8-10. These CNVs are 89 
variable in size and can be either de novo or familial11, 12. Furthermore, a recent study showed 90 
that the brain is the tissue which is most intolerant to CNV associated changes in gene 91 
dosage13.  Therefore, studying the impact of these CNVs on brain development provides a 92 
window of opportunity to understand the cellular mechanisms underlying increased risk for 93 
psychiatric disorders. 94 

The 1q21.1 chromosomal locus (chr1: 146.57-147.39; GRCh37/hg19) contains at least four 95 
low copy repeats which render this region susceptible to non-allelic homologous 96 
recombination leading to recurrent deletions and duplications14, 15,16. Although its prevalence 97 
worldwide is not clear, data from UK Biobank has provided estimates of a population frequency 98 
of 0.027%  for the 1q21.1 deletion and 0.044% for 1q21.1 duplication17. Two main classes of 99 
the 1q21.1 CNVs has been described. The more common Class I comprises the critical or 100 
distal region, whereas Class II compromises of the Thrombocytopenia Absent Radius (TAR) 101 
region in addition to the critical region15, 18. The critical/distal region is approximately 1.36Mb 102 
(from 145 to 146.35 Mb, according to NCBI build 36) and contain at least 12 protein coding 103 
genes including PRKAB2, CHD1L, BCL9, ACP6, GJA5, GJA8 and NOTCH2NL

9. Phenotypes 104 
associated with distal 1q21.1 deletion include developmental delay, cognitive impairment, 105 
microcephaly, facial anomalies, schizophrenia, attention deficit hyperactivity disorder, 106 
emotional and behavioural problems. Whereas 1q21.1 distal duplication has been associated 107 
with macrocephaly, developmental delay, autism spectrum disorder, cognitive impairment, 108 
hypertelorism, and congenital cardiac anomalies14, 15, 19-21. Therefore, variation at this locus 109 
represents a clear risk factor for a range of neuropsychiatric disorders and need to be 110 
functionally characterised to understand the contribution of this loci to neurodevelopmental 111 
deficits leading to associated developmental psychiatric disorders. So far, the contribution of 112 
concomitantly deleted or duplicated genes in this locus towards the pathogenies of 113 
neuropsychiatric disorders is largely unknown.  114 

To understand the impact of the Class I 1q21.1 CNV (from here referred to as 1q21.1 deletions 115 
or duplications) on neuronal development, we established a cellular model of by deriving 116 
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human induced pluripotent stem cells (iPSCs) from subjects carrying 1q21.1 deletion or 117 
duplication and differentiated them into cortical neurons. We demonstrate that neural 118 
progenitor cells (NPCs) carrying 1q21.1 deletion or duplication are associated with early 119 
neurodevelopmental phenotypes. Furthermore, these NPCs after differentiation into neurons 120 
show dysregulated neuronal development, associated with altered morphology and synaptic 121 
density in comparison to controls. Moreover, these neurons are associated with dysregulated 122 
cortical layer identity. We validated aspects of these cellular phenotypes in a 1q21.1 123 
microdeletion mouse model and show that some of these differences are conserved across 124 
species. Furthermore, we demonstrate that the presence of 1q21.1 CNVs impact the 125 
physiological and electrical properties of neurons as measured by calcium activity and multi-126 
electrode arrays (MEAs). Finally, using iPSC derived neurons with 1q21.1 CNVs as an in vitro 127 
pharmacological model, we show that the aberrant physiological activity of these cells can be 128 
modulated by targeting Ca2+ channels.   129 
 130 
 131 
 132 
 133 
 134 
 135 
 136 
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Methods  138 
Ethics statement 139 
Generation and use of human iPSC were approved by the Cardiff University and HSE 140 
(GMO130/19.3). Clinical and psychometric testing (supplementary table 1) of participants and 141 
skin biopsies was approved by the Regional Ethics Committee of the National Health Service 142 
(study 14/WA/0035).  143 
 144 
iPSC generation, characterization and maintenance 145 
Fibroblasts with subject carrying 1q21.1 deletion(n=3) or duplication (n=2) were 146 
reprogrammed into induced pluripotent stem cells (iPSCs) using the CytoTune™-IPS 2.0 147 
Sendai reprogramming kit (Thermo-Fisher). Two established iPSC lines were used as controls 148 
(IBJ4 see Plumbly et al

22
 and HPSI1013i-wuye_2 purchased from HipSci). Pluripotency was 149 

confirmed by immunofluorescence, qPCR and trilineage differentiation (Supplementary Fig 1-150 
5). iPSCs were grown on Geltrex™ coated plates in Essential 8™ Flex media. The cell lines 151 
were genotyped to identify the location of 1q21.1 locus and to identify any pathogenetic CNVs. 152 
Further, the cell lines were regularly tested to check any mycoplasma contamination.  153 
 154 
Cortical Neuronal differentiation 155 
iPSCs were differentiated into cortical neurons using a modified version of a previously 156 
described protocol23. Cells were maintained until 90-100% confluent at which point the media 157 
was changed to N2B27- (2/3 DMEM/F12, 1/3 Neurobasal, N2 supplement, B27 supplement 158 
without retinoic acid, penicillin, streptomycin, glutamine and β-mercaptoethanol) 159 
supplemented with 250nM LDN-193189 (LDN) and 10µM SB431542 (SB). For the subsequent 160 
10 days cells were maintained with both SB and LDN and then they were passaged onto 161 
fibronectin. Cells were maintained on fibronectin for 10 days in un-supplemented N2B27- 162 
media with ½ media changes every other day. Cells were then plated onto laminin and poly-163 
D-lysine coated plates and after 2 days the media was replaced with N2B27+ (2/3 DMEM/F12, 164 
1/3 Neurobasal, N2 supplement, B27 supplement, penicillin, streptomycin, glutamine and β-165 
mercaptoethanol) after a further 2 days media was replaced with N2B27+ supplemented with 166 
CultureOne™ supplement. After 2 days media was replaced with fresh N2B27+ supplemented 167 
with 5µM DAPT and 1µM PD0332991 (PD). Cells were maintained with DAPT and PD for 4 168 
days. Cells were then dissociated using Accutase® Solution and were re-plated on laminin 169 
and poly-D-lysine coated plates at a density of 200,000 cells/cm2. Cells were maintained in 170 
un-supplemented N2B27+ for up to 20 days with ½ media changes performed every other 171 
day. A minimum of three independent neuronal differentiation of all iPSC lines were done for 172 
the all the experiments reported. 173 
 174 
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Calcium Imaging 175 
Day 40 neuronal differentiations were passaged onto poly-d-lysine and laminin coated 176 
coverslips at a density of 50,000 cells/cm2. For pharmacological interventions, drugs (50nM 177 
verapamil and 2.5µM roscovitine) were applied 1 day after passaging and concentrations were 178 
maintained during all media changes (every 3 days). After 6 days media was replaced with 179 
BPM (BrainPhys™ Neuronal Medium supplemented with B27+ supplement, penicillin, 180 
streptomycin, glutamine, 10ng/mL BDNF and 35 µg/mL ascorbic acid). After 50 days of 181 
differentiation neurons were loaded with 1µM Cal-520® (AAT Bioquest) for 1 hour in BPM 182 
containing 0.02% Pluronic F127. The media was then replaced with fresh BPM and cells were 183 
incubated for a further 1 hour at 37°C. Coverslips were transferred into artificial cerebrospinal 184 
fluid (aSCF) containing: 125mM NaCl, 26mM NaHCO3, 1.25mM KH2PO4, 2.5mM KCl, 1mM 185 
MgCl2, 2mM CaCl2 and 25mM Glucose with or without either DL-AP5 or NQBX (at a final 186 
concentration of 10µM). Images were taken using an epifluorescence microscope at intervals 187 
of 200ms for 5 minutes. A minimum of 3 technical replicates (separate image stacks from a 188 
single culture) were averaged to generate each data point. Images were analysed using 189 
NeuroCa and Matlab. After automated analysis events with a rise time or fall time of more than 190 
2 seconds were discarded and for the purpose of analysing average number of events all cells 191 
with no events were also discarded.  192 
 193 
Multiple Electrode Arrays  194 
All experiments were performed using CytoView MEA 24-well plates (M384-tMEA-24W). 195 
MEAs were first pre-treated with 0.01% polyethylenimine (Sigma) and incubated for 1 hour at 196 
37°C. Day 50 neurons were plated as high density drop cultures (5,000 cells/µL) containing 197 
10µg/ml laminin. After 1-hour, conditioned medium was added into each MEA and after 24 198 
hours 0.5ml of fresh BPM was added to each array. MEA cultures were maintained in 1:1 fresh 199 
to astrocyte condition BPM replaced every 3-4 days. Electrophysiological activity was 200 
recorded every 10 days using hardware (Maestro Pro complete with Maestro 768-channel 201 
amplifier) and software (AxIS 1.5.2) from Axion Biosystems (Axion Biosystems Inc., Atlanta, 202 
GA). Channels were sampled simultaneously with a gain of 1000× and a sampling rate of 12.5 203 
kHz/channel. During the recording, the temperature was maintained constant at 37°C. A 204 
Butterworth band-pass filter (with a high-pass cut-off of 200 Hz and low-pass cut-off of 205 
3000Hz) was applied along with a variable threshold spike detector set at 5.5× standard 206 
deviation on each channel. Offline analysis was achieved with custom scripts written in 207 
MATLAB (available on request). Briefly, spikes were detected from filtered data using an 208 
automatic threshold-based method set at -5.5 x σ, where σ is an estimate of the noise of each 209 
electrode based upon the median absolute deviation 1. Spike timestamps were analysed to 210 
provide statistics on the general excitability of cultures. Neuronal bursting was detected based 211 
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on three parameters: inter-burst period longer than 200ms, more than 3 spikes in each burst 212 
and a maximum inter-spike (intra-burst) interval of 300 milliseconds. Network activity was 213 
illustrated by creating array–wide spike detection rate (ASDR) plots with a bin width of 200 214 
ms. Synchronised bursts (SBs) across all electrodes in the network were identified using Axion 215 
built-in neural metric analysis tool employing the envelope algorithm. The algorithm defines a 216 
SB by identifying times when the histogram exceeds a threshold of 1 standard deviation above 217 
or below the mean with a minimum of 200ms between SBs and at least 10% of electrodes 218 
included. All active electrodes were included in the analysis. A minimum of three MEAs/cell 219 
line/differentiation have been considered for the analysis. 220 
 221 
Gene expression analysis 222 
Primers for all target genes are listed in Supplemental Table 2. See Supplementary Methods 223 
for details. 224 
 225 
Western blotting  226 
See Supplementary Methods for details  227 
 228 
Immunofluorescence and cell counting  229 
See Supplementary Methods for details  230 
 231 
Histological analysis of mice brains 232 
See Supplementary Methods for details  233 
 234 
Statistical analyses 235 
Data is expressed as mean ± SEM. All data is comprised of a minimum of 3 separate 236 
differentiations (n) for each cell line used in this study (2 control, 3 1q21.1 deletion and 2 237 
1q21.1 duplication). All technical replicates were averaged before statistical testing. Statistical 238 
analyses were conducted in GraphPad Prism 6.01 (GraphPad Software).  Differences 239 
between conditions or groups were evaluated using two-tailed unpaired Students T-Test or 240 
one/two-way ANOVA. p-values <0.05 were considered statistically significant. 241 
 242 
 243 
  244 
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Results 245 
Deletions and duplications of the 1q21.1 locus is associated with altered neuronal 246 
development  247 
We first assessed the effect of 1q21.1 deletion or duplication on the expression of genes within 248 
the distal 1q21.1 region, focusing on the expression of five key genes within this locus.  After 249 
50 days of differentiation three of these critical genes (BCL9, CDH1L and PRKAB2) had 250 
altered expression in 1q21.1 deletion or duplication in comparison to controls (Supplementary 251 
Fig 6B). To determine if deletion or duplication of the 1q21.1 locus altered neurodevelopmental 252 
trajectories we quantified the expression level of: a neural stem cell marker (NESTIN24); a 253 
marker of immature neurons Doublecortin (DCX25) and a mature neuronal marker (MAP226) 254 
throughout the course of neuronal differentiation. The overall expression profile of NESTIN, 255 
Doublecortin (DCX) and MAP2 in controls was in accordance with previously published 256 
studies27, 28.  NESTIN expression was significantly higher in 1q21.1 duplication, but unchanged 257 
in the 1q21.1 deletion group after 20 days of differentiation (Fig. 1B). Similarly, a second NPC 258 
marker, PLZF, was also elevated in duplications, but no change was seen for a third marker 259 
ZO1 in either duplications or deletions (Supplementary Fig 7B). However, these differences in 260 
mRNA did not translate into altered NESTIN+ cells at day 20(Fig. 1M). To examine the impact 261 
of 1q21.1 CNVs on proliferation potential of cells, we examined the expression of the mitotic 262 
marker Ki67. A small, but significant decrease of Ki67+ cells was observed in 1q21.1 deletion 263 
culture at day 20 and a substantial decrease in Ki67 mRNA was seen at day 30 for 1q21.1 264 
deletion group (Fig 1 F-I, Supplementary Fig 7D).  At day 30 of development, 1q21.1 265 
duplication culture exhibit at reciprocal expression pattern of elevated Ki67 mRNA 266 
(Supplementary Fig 7D). Further, 1q21.1 deletion group expressed significantly lower levels 267 
of NOTCH2NL to that of control and duplication cells at day 20 of differentiation. Although this 268 
difference was also observed at day 50, it did not reach statistical significance (Supplementary 269 
Fig 6 B, C), suggesting that NOTCH2NL expression could be associated with early 270 
neurodevelopmental phenotypes associated with 1q21.1 CNV.  271 

DCX expression in the 1q21.1 duplication group although was comparable to control during 272 
early stages of differentiation, showed an increased expression at day 40 and 50. On contrary, 273 
1q21.1 deletion cell exhibited more complex pattern with a decreased expression compared 274 
to controls at day 30 and an increased expression compared to controls at day 40. However, 275 
the levels were comparable to controls at day 50 (Fig 1C).  MAP2 expression was significantly 276 
reduced throughout neuronal differentiation of 1q21.1 duplication group compared to controls 277 
(Fig. 1D). This was further accompanied by a reduced number of MAP2+ cells at day 30 and 278 
reduction in MAP2 protein at day 50 (Fig1 Q, E). On contrary, 1q21.1 deletion experiential 279 
group demonstrated an increased MAP2 expression at both day 40 and 50 of differentiation 280 
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and an increase in MAP2+ cells at day 30 (Fig. 1D, N-Q). Although we note an increase in 281 
MAP2 protein levels at day 50, it did not reach significance (Fig.1E). Neuronal cell 282 
morphologies were also examined at day 30 of neuronal differentiation when neuronal 283 
morphology first emerge23 (Supplementary Fig 8). Neurons with 1q21.1 deletion had smaller 284 
soma, whereas 1q21.1 duplication had an increased soma size. These results indicate that 285 
1q21.1 CNV alter neuronal differentiation, and differences begin to emerge from day 20, the 286 
Neural Progenitor Cell (NPC) stage prior to neuronal differentiation. These results show that 287 
a complex set of gene expression and protein changes occur during neurodevelopment of 288 
1q21.1 CNV patient cells, which are unlikely to arise from a simple acceleration or retardation 289 
of neuronal differentiation program. However, they do suggest that the 1q21.1 duplication may 290 
delay the transition from NPC to neurons, whereas a 1q21.1 deletion suppresses proliferation 291 
and promotes neuronal production.  292 

 293 
Neurons with 1q21.1CNVs exhibit alterations in the cortical neuronal identity.  294 
Alternation in corticogenesis has been linked to many developmental psychiatric disorders29 295 
risk for which has been associated with CNVs at 1q21.1. We therefore looked at the formation 296 
of the early born deep layer neurons specifically examining the expression of CTIP2 and 297 
TBR1. The expression of both TBR1 and CTIP2 was increased in association with the deletion 298 
of the 1q21.1 region after 50 days of differentiation with similar increases in TBR1 and CTIP2 299 
protein expression observed at day 50. These results were confirmed using 300 
immunocytochemistry and indicate an increase in the number of CTIP2+ cells in 1q21.1 301 
deletion. Conversely, 1q21.1 duplication was associated with a transient increase of TBR1 302 
expression at day 30 of differentiation and no significant change in CTIP2 expression. 303 
Furthermore, at the protein and cellular level, the expression of TBR1 and CTIP2 in 1q21.1 304 
duplication cultures were comparable to controls (Fig. 2A-C, G-I). 1q21.1 deletion and 305 
duplication neurons also expressed of upper layer markers CUX1, STATB2 and REELIN as 306 
determined by mRNA expression. The level of expression was higher in neurons these 307 
neurons in compassion to controls (Supplementary Fig 7J), suggesting that 1q21.1 mutation 308 
influences cortical identity of the iPSC derived neurons.  309 

To examine the potential effects that the changes seen in differentiating cells may have on 310 
brain organisation, we analysed 1-month old brains of a mouse model  with a 1q21.1 311 
microdeletion30 . This analysis demonstrated that there was a significantly higher proportion 312 
of TBR1 cells in brains of the 1q21.1 mouse model in comparison to control littermates (Fig 313 
2M).  These data suggest that 1q21.1 deletion results in altered cortical patterning due to an 314 
increase in the production of lower layer cortical neurons. 315 
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Human neurons with 1q21.1 deletion or duplication are associated with defects in 316 
synaptogenesis 317 
Considering the altered differentiation potential associated with 1q21.1 deletion/duplication, 318 
we invesitgated the impact of the 1q21.1 CNV  on synaptogenesis in our patient iPSC-derived 319 
neurons. The post-synaptic marker, PSD-95 showed a reciprocal pattern for both gene 320 
expression and protein analysis with an increased expression in 1q21.1 deletion and a 321 
decrease in 1q21.1 duplication neuronal cell (Fig 3A, B; Supplementary Fig. 9). The 322 
presynaptic marker (synaptophysin; SYN) showed an increased gene expression and number 323 
of SYN+ puncta in the 1q21.1 deletion. On the other hand, duplication of the 1q21.1 locus was 324 
associated with a decrease of SYN+ puncta and a decrease of SYN protein level (Fig. 3C) 325 
when normalised to MAP2 (eliminating differences in morphology) (Fig 3C-E). These results 326 
demonstrate that both 1q21.1 deletion and duplication are associated with defects in synapse 327 
development. It has previously shown that the presence of astrocytes influences the synapse 328 
formation in iPSC derived neurons31. Hence, we quantified the level of GFAP expression at 329 
day 40 and day 50, we found that level of GFAP was significantly minimal to the MAP2 330 
expression (Supplementary Fig. 7 G, H) across groups, suggesting that altered 331 
synaptogenesis associated with 1q21.1 CNV is unlikely to be influenced by pro-maturational 332 
effect astrocytes arising from differentiation.  333 
 334 
Spontaneous calcium activity reveals physiological deficits in neurons associated 335 
with 1q.21 deletion or duplications 336 
To begin to understand the effects of 1q21.1 CNV on the physiology of neurons we assessed 337 
the cytosolic dynamics of calcium using a calcium-sensitive dye. A similar proportion of cells 338 
showed spontaneous calcium activity in the control and 1q21.1 deletion cultures (Fig. 4A). 339 
However, there were significantly fewer active neuronal cells in 1q21.1 duplication cultures 340 
compared to the controls (Fig. 4A). Quantifying the rate of spontaneous calcium activity 341 
showed a significant increase in the rate of calcium events in neurons with 1q21.1 deletion 342 
(Fig. 4B). On the other hand, after excluding the inactive cells the rate of calcium events in 343 
1q21.1 duplication cultures was similar to the controls (Fig. 4B).  Finally, the amplitude of 344 
calcium signals were comparable across the groups with no significant differences between 345 
control, deletion and duplication neurons (Fig. 4C).  346 

We then investigated the effect of the NMDA receptor antagonist AP5 (D-2-amino-5-347 
phosphonopentanoate) and the AMPA receptor antagonist CNQX (6-Cyano-7-348 
nitroquinoxaline-2,3-dione) in modulating the calcium signal in the neurons (Supplementary 349 
Fig. 10A).  The addition of AP5 or CNQX resulted in a decrease in the percentage of active 350 
neurons in both the control and 1q21.1 deletion neuronal cultures. Whereas only inhibition of 351 
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AMPA receptors showed a minor but significant decrease in the percentage of active neurons 352 
in 1q21.1 duplication cultures, indicating that 1q21.1 deletion neurons form connections similar 353 
to controls but the calcium activity of 1q21.1 duplication neurons could be associated with 354 
complex intricate pathways.       355 

 356 
Neurons with 1q21.1 deletion display neural hyperactivity, but neurons with 357 
1q21.1 duplication display hypoactivity.   358 
The results above indicate that 1q21.1 deletion develops rapidly, expressing 359 
neurodevelopmental genes earlier than control cells, exhibiting increased synaptogenesis and 360 
increased numbers of calcium events. In contrast, 1q21.1 duplication cells showed slow or 361 
aberrant neurodevelopment, formed fewer synapses and only approx. 50% of neurons had 362 
active calcium signalling. We therefore examined the effect of the CNVs on neuronal network 363 
activity by use of Multi-Electrode Array (MEA) recordings32. Such networks are dependent on 364 
formation of functional synapses and are good indicators of neuronal deficits arising from 365 
aberrant neurodevelopment.  366 

Analysis of neuronal activity over a period of 50 days post-plating onto the MEA showed that 367 
neurons with 1q21.1 deletion exhibited significantly higher spike rates and frequency of 368 
bursting compared to control neurons, particularly after D70 (Fig. 4F, G). In contrast, 1q21.1 369 
duplication cells show no significant increases in either spike rate or burst rate during 370 
development. These data are consistent with the altered neuronal activity observed by calcium 371 
imaging. Later development time points on our MEA correspond to the emergence of large, 372 
synaptically connected neuronal networks, which burst fire in synchrony. 1q21.1 deletion 373 
patient cells exhibited synchronised bursting earlier in neuronal development (D70) than 374 
control cells (D100). Interestingly, the ultimate outcome for the neuronal network is not an 375 
increase in frequency of SBs between 1q21.1 deletion cultures and control cultures (Fig. 4M), 376 
but an increase SB duration (Fig. 4N), This aberrant network activity was inhibited by the 377 
NMDA inhibitor AP5 and the AMPA inhibitor NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-378 
benzo[f]quinoxaline (Supplementary Fig. 10 B-D), indicative of a glutamate transmitter 379 
dependent neuronal network. This is consistent with the higher synapse number seen in 380 
1q21.1 deletion patient cells. In contrast, 1q21.1 duplication neurons show no neuronal 381 
network activity (Fig 4J).  382 

 383 

 384 
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Aberrant physiological activity of neurons with 1q21.1 deletion or duplications can be rescued 385 
by modulation of Ca

2+
 activity 386 

To determine a putative drug target to modulate the physiological deficits associated with 387 
1q21.1 deletion and duplication we first assessed the effect of 1q21.1 mutations on the 388 
expression of neuronal ion channels. Duplication of the 1q21.1 locus was associated with a 389 
decrease in the expression of most ion channels (Fig. 5A). On the other hand, subunits of the 390 
AMPA and NMDA receptors (GLUA1 and GRIN1), and calcium channels CACNA1B and 391 
CACNA1E showed increased expression in 1q21.1 deletion neurons. To test whether a 392 
blocking   calcium channel function  could rescue the increased Ca2+ spiking in 1q21.1 deletion 393 
neurons, we added verapamil33, 34, to neuronal cultures. Verapamil caused a significant 394 
reduction in the rate of Ca2+ events in 1q21.1 deletion neurons (Fig. 5C). However, there was 395 
an increased rate of Ca2+ events in control neurons likely caused by compensatory 396 
mechanisms due to the chronic administration of the drug. These results suggest that the 397 
blockage of calcium channels can dampen the increased rate of calcium events in 1q21.1 398 
deletion neurons.   399 

To induce Ca2+ activity in the population of inactive cells in 1q21.1 duplication cultures, they 400 
were treated with roscovitine, which has shown to prolong the deactivation time of neuronal 401 
calcium channels35, 36 . Addition of roscovitine significantly increased the number of calcium 402 
events in both control and 1q21.1 duplication neuronal culture (Fig. 5F). However, addition of 403 
roscovitine did not increase the proportion of spontaneously active cells in 1q21.1 duplication 404 
cultures (Fig. 5E).  These results suggest that the higher and lower Ca2+ activity in 1q21.1 405 
deletions and duplications can be modulated by targeting L type calcium channel antagonist 406 
and agonist.  407 
 408 

Discussion 409 
One of the key findings of the study is a mirrored phenotype with respect to neuronal 410 
differentiation. Deletion of the 1q21.1 locus was associated with accelerated neuronal 411 
differentiation whereas duplication of the 1q21.1 locus had negative effects on differentiation 412 
potential. These opposing phenotypes represent a possible explanation for the micro and 413 
macrocephaly associated with CNVs at the 1q21.1 locus. In 1q21.1 deletion subjects the 414 
accelerated differentiation may result in premature loss of proliferative precursors or in 415 
premature death of new-born neurons. In 1q21.1 duplication subjects the retention of 416 
proliferative progenitors and resistance to produce mature neurons is likely result in an 417 
increase in overall cell number. However, additional work is needed in additional cellular 418 
models together with mice model to validate these explanations.   419 
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The distal 1q21.1 region consist of at least 12 protein coding genes with the recent additions 420 
of NOTCH2NLA, NOTCH2NLB and NOTCH2NLC being of particular interest37.  A recent 421 
study investigated the effect of NOTCH2NLB on brain development demonstrated that 422 
deletion of this gene leads to premature neuronal maturation, whereas ectopic expression 423 
lead to a delay in the differentiation of radial glial cells38. These results are consistent with the 424 
cellular phenotypes presented in this study and provide some evidence for the underlying 425 
mechanisms involved. Given the neurodevelopment phenotype that is associated 1q21.1 CNV 426 
in our cultures it is possible that these can be attributed to dosage variation of the NOTCH2NL 427 
gene. However, the contribution of other genes within the distal 1q21.1 locus has yet to be 428 
explored; more genetic manipulation studies are needed to elucidate the contribution of each 429 
gene towards the pathology associated with 1q21.1 CNVs and it is likely that dosage level of 430 
the genes are associated stages of neuronal differentiation. 431 

Importantly, at a functional level deletion of the 1q21.1 distal locus was associated with 432 
increase neuronal activity and deficits in neuronal network functionality (specifically in the 433 
duration of Synchronised Bursts). On the other hand, duplication of the 1q21.1 locus was 434 
associated with decreased neuronal activity and an inability to form neuronal networks. These 435 
phenotypes are in part likely a result of the altered synapse production associated with CNVs 436 
at the 1q21.1 locus. However, the cause of this synaptic disparity is not clear. Our result 437 
demonstrate that altered synaptogenesis is mediated by altered expression of synapasin. and 438 
PSD95. Future studies looking into expression analysis of these neurons will help in identifying 439 
other associated factors and in elucidating underlying common pathways (altered 440 
transcription/ altered mRNA degradation and translation), associated with synaptogenesis. 441 
Several cellular studies looking at cellular phenotypes of other CNVs such as 2p16.3/NRXN1, 442 
15q13.3, 16p11.2, 22q11.21 have also shown synaptic dysfunction39-41. Therefore, cellular 443 
dysfunction associated with CNVs (linked to psychiatric disorders) is likely to converge on 444 
deficiencies in synaptic machinery.  445 

Our results demonstrate that addition of verapamil (an L-type calcium channel antagonist) 446 
could reduce the rate of calcium transients in 1q21.1 deletion neurons. While some studies 447 
have questioned the specificity of verapamil targeting L-type channel42, 43, our results suggests 448 
that the changes in calcium movement seen in 1q21.1 deletion neurons can be modulated by 449 
altering the activity of VGCCs. The contribution and involvement of other calcium channels 450 
however cannot be ruled out. While verapamil has been used as a treatment for bipolar 451 
disorder, albeit with limited sucess44, it has been shown to improve scopolamine-induced 452 
memory impairments in mice45, 46.  453 
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Roscovitine was used in an attempt to induce calcium activity in inactive 1q21.1 duplication 454 
cells by inhibiting cell cycle progression and modulating calcium channel activity47,35. The 455 
addition of roscovitine was able to increase calcium activity in 1q21.1 duplication neurons 456 
consistent with previous studies48.  However, roscovitine failed to increase the proportion of 457 
active neurons in either the control of 1q21.1 duplication group.  458 

The present study focussed largely on identifying broad classes of neuronal dysfunction and 459 
therefore further work is necessary to elucidate the precise molecular mechanisms which 460 
underly the cellular phenotypes identified in this study. Critically future work using global 461 
transcriptomic analysis may help in identifying the precise genetic mechanisms underlying the 462 
dysfunction identified in this study.  463 
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Figure Legends 696 
Fig. 1 Cortical neurons with 1q21.1 deletion and duplications are associated with 697 
aberrant maturation. A Workflow for the generation of stable iPSC lines from human 698 
fibroblast carrying 1q21.1 deletions and duplication and the subsequent conversion of iPSC 699 
into functional neurons. B-D Gene expression analysis for the expression of NESTIN, DCX 700 
and MAP2 from day 20 to day 50 of neuronal differentiation in control, 1q21.1 deletion and 701 
1q21.1 duplication neuronal culture. NESTIN, genotype (F2,72=7.94; P<0.001; n≥3/group), time 702 
(F3,72=193; P<0.0001; n≥3/group); DCX, genotype (F2,72=7.561; P<0.0001; n≥3/group), time 703 
(F3,72=120.4; P<0.0001; n≥3/group) interaction between genotype and time (F6,72=20.88, 704 
P<0.0001, n≥3/group); MAP2, genotype (F2,72=28.17; P<0.0001; n≥3/group),  time 705 
(F3,72=53.13; P<0.0001; n≥3/group). Data sets were analysed by two-way ANOVA with post 706 
hoc comparisons using Dunnett’s multiple comparisons test comparing to control samples. 707 
Stars above points represent significance following Dunnett-corrected post hoc 708 
tests. E Representative western blot protein bands and quantitative analysis for MAP2 709 
expression normalised to GAPDH (n≥3).  F-H Example images of KI67+ staining at day 20 of 710 
neuronal differentiation in control, 1q21.1 deletion and 1q21.1 duplication cell lines. I 711 
Quantification of the percentage of DAPI+ nuclei which colocalized with KI67 positivity in day 712 
20 neuronal cultures (n≥3). J-L Representative images of NESTIN+ cells at day 20 of neuronal 713 
differentiation in control, 1q21.1 deletion and 1q21.1 duplication cell lines. M Quantification 714 
of the area which staining positive for NESTIN normalised to the number of cell present in the 715 
field (n≥3). N-P Representative images of MAP2 positive immature neurons after 30 days of 716 
differentiation from a control, 1q21.1 deletion and 1q21.1 duplication cell line. Q Quantification 717 
of the percentage of DAPI+ nuclei which colocalized with MAP2 positivity in immature neuronal 718 
cultures after 30 days of differentiation (n≥3). Unless otherwise specified data was analysed 719 
using Students T-Tests. All data presented as means ± SEM *P<0.05; **P<0.01; ***P<0.001 720 
****P<0.0001 vs. control. Scale bar = 100µm. 721 
  722 
Fig. 2 Deletion or duplication of the 1q21.1 locus is associated with aberrant cortical 723 
neuron differentiation similar to deficits found in the 1q21.1 microdeletion mouse 724 
model. A Gene expression of cortical deep layer marker TBR1 through the course of the 725 
neuronal differentiations (from day 20 to day 50). Both genotype (F2,84=57.55; P<0.0001; 726 
n≥3/group) and time (F3,84=365.8; P<0.0001; n≥3/group) had significant effects on TBR1 727 
expression. B Representative western blot protein bands and quantitative analysis of TBR1 728 
expression normalised to GAPDH (n≥3). C Quantification of the percentage of MAP2 positive 729 
cells which co-localized with TBR1 (n≥3). D-F Representative images of MAP2 and TBR1 730 
colocalization from a control, deletion and duplication cell line. G The expression of CTIP2 731 
through the course of neuronal differentiation (from day 20 to day 50). Both genotype 732 
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(F2,84=199.7; P<0.0001; n≥3/group) and time (F3,84=133.2; P<0.0001; n≥3/group) had 733 
significant effects on CTIP2 expression. H Representative western blot protein bands and 734 
quantitative analysis for CTIP2 expression normalised to GAPDH (n≥3). I Quantification of the 735 
percentage of MAP2 positive cells which co-express CTIP2 (n≥3). J-L Representative images 736 
MAP2 and CTIP2 colocalization from a control, deletion and duplication cell line. Scale bar = 737 
100µm.  Data sets are expressed as mean of at least three independent experiments and 738 
were analysed by Students T-Test or two-way ANOVA with post hoc comparisons using 739 
Dunnett’s multiple comparisons test comparing to control samples. Where appropriate stars 740 
above points represent Dunnett-corrected post hoc tests. M Quantification of TBR1+ nuclei in 741 
the somatosensory cortex of adult mice modelling 1q21.1 deletion and wild type liter matched 742 
controls (WT) given as a percentage of nuclei in a 300µm section of cortex. N Quantification 743 
of CTIP2+ nuclei in the somatosensory cortex of adult mice modelling 1q21.1 microdeletion 744 
and liter matched controls given as a percentage of nuclei in a 300µm section of cortex. Data 745 
was analyzed using Student’s T-tests with 6 animals per group and n≥3 for each animal. All 746 
data presented as means ± SEM *P<0.05; **P<0.01; ***P<0.001 ****P<0.0001 vs. 747 
control. O Representative images of a coronal brain section of wild type (WT) and 1q21.1 748 
microdeletion model (1q21.1) showing the expression of Tbr1+ cells in the somatosensory 749 
cortex of 1-month old adult mice. Q Representative images of a coronal brain section of wild 750 
type (WT) and 1q21.1 microdeletion model (1q21.1) showing the expression of Ctip2+ cells in 751 
the somatosensory cortex of 1-month old adult mice. Scale Bar = 100µm.  752 
 753 
Fig. 3 Neurons with 1q21.1 deletion and duplication are associated with synaptic 754 
defects. A The expression of PSD95  mRNA at day 50 of neuronal differentiation (n≥3) B 755 
Representative western blot protein bands and quantitative analysis for Synaptophysin 756 
expression normalized to both GAPDH and MAP2 (n≥3).  C The expression of Synaptophysin 757 
mRNA at day 50 of neuronal differentiation (n≥3). D Representative western blot protein bands 758 
and quantitative analysis for Synaptophysin expression normalized to both GAPDH and MAP2 759 
(n≥3). E Quantification of the number of Synaptophysin positive puncta normalised to the 760 
dendritic area stained positive for MAP2 (n≥3).  F Representative images of Synaptophysin 761 
positive puncta in a control, deletion and duplication cell line. Scale bar = 50µm. Data was 762 
analysed using Students T-Tests and all data is presented as means ± SEM **P<0.01; 763 
***P<0.001 vs. control 764 
 765 
Fig. 4 Neurons with 1q21.1 deletion and duplication display altered calcium transient 766 
activity. A Quantification of neuronal soma which show at least 1 characteristically neuronal 767 
calcium event (n≥3). B Number of characteristically neuronal calcium events recorded per 768 
minute per active neurons across different groups (n≥3). C Amplitude of calcium signals 769 
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recorded from active neuronal cells across different groups. D Representative traces of 770 
calcium events as measured by changes in fluorescence from a control, deletion and 771 
duplication cell line (n≥3). E Representative raster plot of neuronal activity exhibited by control, 772 
deletion and duplication-derived neurons at early (D70) and late (D100) neurodevelopmental 773 
stages. Red boxes indicate periods of synchronised neuronal bursts. F The average number 774 
of spikes recorded per electrode across the 50 days cells were maintained on MEAs. Both 775 
genotype (F2,76=18.06; P<0.0001; n≥3/group) and time (F4,76=3.536; P<0.05; n≥3/group) had 776 
significant effects on the average number of spikes per electrode. G The average number 777 
bursts (defined as when more than 3 electrodes were active in the same 200ms time frame) 778 
per culture across the 50 days cells were maintained on MEAs. Only genotype (F2,61=8.637; 779 
P<0.001; n≥3/group) had a statically significant effects on the number of bursts per culture per 780 
recording. H,I,J Examples of array-wide spike detection rate (ASDR) plots, which form the 781 
basis of synchronised burst (SB) analyses. K,L Representative raster plots showing the length 782 
and interval between SBs (indicated by the red boxes) of control networks as compared to 783 
those of 1q21.1 deletion. M Quantification of network bursting interval in control and 1q21.1 784 
deletion neurons (n≥3). N Quantification of network burst duration in control and 1q21.1 785 
deletion neurons (n≥3). Data sets were analysed by Students T-Test or two-way ANOVA with 786 
post hoc comparisons using Dunnett’s multiple comparisons test comparing to control 787 
samples. Stars above points represent Dunnett-corrected post hoc tests. All data presented 788 
as means ± SEM *P<0.05; **P<0.01; ***P<0.001 ****P<0.0001 vs. control  789 
 790 
Fig. 5 Pharmacological modulation of L-type calcium channel rescues abnormal 791 
calcium activity in neurons with 1q21.1 deletions and duplications. A Expression of key 792 
neuronal channels in 1q21.1 deletion and duplication neurons following 50 days of neuronal 793 
differentiation. The values are presented as fold change compared to expression in controls. 794 
Data was analysed using multiple T tests (n≥3) and significance is based on Holm-795 
Sidak corrected P values. All data presented as means ± SEM *P<0.05; **P<0.01; ***P<0.001 796 
****P<0.0001 vs. control. B Quantification of neuronal soma which show at least 1 797 
characteristically neuronal calcium event in day 50 control and 1q21.1 deletion culture treated 798 
for 10 days with vehicle (DMSO) or verapamil (n≥3/group). C Number of neuronal calcium 799 
events recorded per minute in day 50 control and 1q21.1 deletion cultures treated for 10 days 800 
with vehicle (DMSO) or verapamil. Both genotype (F1,28=71.64; P<0.0001; n≥3/group) and the 801 
addition of verapamil (F2,28=79.56; P<0.0001; n≥3/group) had significant effects on the 802 
average rate of calcium events. Furthermore, there was a significant interaction between the 803 
effect of genotype and drug (F2,28=162.4; P<0.0001; n≥3/group) on the rate of calcium 804 
events. D Example traces of single neurons from both control and 1q21.1 deletion neurons 805 
treated with vehicle or verapamil. E Quantification of soma which show at least 1 806 
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characteristically neuronal calcium event in day 50 control and 1q21.1 deletion cultures 807 
treated for 10 days with vehicle (DMSO) or roscovitine. Only genotype had a significant effect 808 
on the percentage of active cells (F1,22=463.9; P<0.0001; n≥3/group). F Number of 809 
characteristically neuronal calcium events recorded per minute in day 50 control and 1q21.1 810 
duplication cultures treated for 10 days with vehicle (DMSO) or roscovitine. Both genotype 811 
(F1,22=38.1; P<0.0001; n≥3/group) and the addition of roscovitine (F2,22=63.87; P<0.0001; 812 
n≥3/group) had significant effects on the average rate of calcium events. Furthermore, there 813 
was a significant interaction between the effect of genotype and drug (F2,22=16.06; P<0.0001; 814 
n≥3/group) on the rate of calcium events. G Representative traces of single neurons from both 815 
control and 1q21.1 duplication cultures treated with vehicle or roscovitine. Data sets were 816 
analysed by two-way ANOVA with post hoc comparisons using Dunnett’s multiple 817 
comparisons test comparing to control vehicle treated samples. Stars above points represent 818 
Dunnett-corrected post hoc tests. All data presented as means ± SEM; ***P<0.001 819 
****P<0.0001 vs. vehicle treated control           820 
 821 
 822 
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