
1 

 

5.  Supplemental data 

 

Supplemental Table S2. 

Comparison P-value Genes 

Crispr vs Control 0.01 183 

Crispr vs Control 0.01 68 

Crispr vs Control 0.01 115 

BP vs C 0.01 293 

BP vs C 0.01 69 

BP vs C 0.01 224 

Crispr vs BP 0.01 120 

Crispr vs BP 0.01 66 

Crispr vs BP 0.01 54 

 

 

 

 

SUPPLEMENTAL TABLE S1 PRIMER SEQUENCES 

RPL27 F -GTGGATATCCCCTTGGACAA RPL27 R -TCAAACTTGACCTTGGCCTC 

GAD67 F-TCAAGTAAAGATGGTGATGGGATA GAD67 R -GCCATGATGCTGTACATGTTG 

RBFox3B (NeuN) F- GGGGAAGGCAGTGACTAGGT RBFox3B (NeuN) R - CGCAGCCCGAAATGTATTAT 

CACNA1C (Cav1.2α) F-TGGTCAATGAGAATACGAGG CACNA1C (Cav1.2α) R - CCATAGTTGGAACCTTGGTG 

SLC12A2 (KCC1) F - TAAAGGAGTCGTGAAGTTTGGC SLC12A2 (NKCC1) R - CTTGACCCACAATCCATGACA 

SLC12A4 (NKCC1) F - CCTCCCGTGTTTCCGGTATG SLC12A4 (KCC1) R - CAGGAGTCGGTCGTAAGGTTG 

SLC12A5 (KCC2) F - CTGGCCAACTACACCAACCT SLC12A5 (KCC2) R - GAGGATGACGCCAAAGATGT 

SST F-GCTGCTGTCTGAACCCAAC SST R -CGTTCTCGGGGTGCCATAG 

S100β F - TAATCTCACTCATGTTCAAAGAACTCGTG S100β R -ATGGAGACGGCGAATGTGACT 

vGlut1 F –GAAGCTGCACCGCCTTCT vGlut1 R –CAGACCACTCATGATGGCGA 
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WEEK COMPARISON NKCC1 KCC2 RATIO 

  F t F t F t 

1 C v BP - - - - 0.045 - 

C v BP-C - - 0.004 - - - 

BP v BP-C - - 0.006 - - - 

2 C v BP - - - - - - 

C v BP-C   0.043    

BP v BP-C - - 0.017    

3 C v BP - - 0.033  0.009 0.047 

C v BP-C - - - - - - 

BP v BP-C - - - - 0.011 0.055 

4 C v BP 0.049 - - - - - 

C v BP-C 0.015 0.016 - - - 0.055 

BP v BP-C 0.015      

5 C v BP - - 0.061 - - - 

C v Bp-C - - 0.004 - - - 

BP v BP-C - - - - - - 

6 C v BP - 0.032 - 0.069 0.042 0.065 

C v BP-C - - - 0.044 - - 

BP-BP-C 0.005 - - - - - 
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Supplemental Text 

Main categories of differentially expressed genes (DEG) between bipolar and control neurons include 

regulators of the extracellular milieu:  Bone morphogenetic protein 1 (BMP1), Mannose phosphate isomerase 

(MPI), Laminin alpha4 (LAMA4), Neuron derived neurotrophic factor (NDNF), and Sulfatase 1 (SULF1). BMP1, 

a metalloprotease that regulates the extracellular matrix, plays developmental and homeostatic roles in various 

tissues, including the nervous system. Sonic hedgehog (Shh) and BMPs form a ventral to dorsal gradient 

morphogens in the developing CNS. As in our differentiation protocol Shh contributes to GABAergic neuronal 

differentiation in the early stages of development with BMPs contributing as cells mature [36] One of BMP1’s 

substrates is THBS1, thromobospondin-1, which we have identified as a protein of interest in bipolar astrocyte 

derived exosomes.  A nonsense mutation in BMP1 was also identified in offspring of a bipolar disorder patient 

[37]. LAMA4 is an extracellular matrix protein that plays roles in numerous biological processes including 

neurite outgrowth [38]. Mutations of LAMA4 have been identified in familial bipolar disorder via exome 

sequencing [39 LAMA4 was also identified as a hub gene in an analysis of differentially expressed genes in 

bipolar disorder patients who are lithium responders [40]. NDNF is a secreted protein that promotes neuronal 

migration, and neurite outgrowth [41]. Similarly SULF1, an extracellular heparan sulfate endosulfatase, 

contributes to synapse formation and function [42]. 

Differentially expressed genes involved in the regulation of synapses include SPRX2, Leucine rich repeat kinase 

2 (LRKK2), and SSTR3. SPRX2 protects developing synapses from complement mediated elimination [43] while 

mice lacking SPRX2 demonstrate neurobehavioral / synaptic abnormalities [44]. LRRK2 is a serine / threonine 

kinase that modulates neural plasticity [45] interacts with neuronal vesicles [46], and may play a role in Shh 

signaling in the brain via regulation of ciliogenesis [47]. LRKK2 is mutated in Parkinson’s patients and a subset 

of those patients have also been diagnosed with bipolar disorder [48]. Like LRRK2, the somatostatin receptor 

Supplemental Table S3.  Significance testing of means and variances of expression of NKCC1, KCC2 or of the ratio of 

NKCC1/NKCC2 at weekly intervals through the 6-week differentiation of GABA differentiation qRT-PCR analysis.    P values 

were calculated using ANOVA (F test), and means tests done with paired t-tests.  Data were collected over week 1 through 

week 6.   
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SSTR3 contributes to neuronal cilia which have been implicated in neurological disorders [49,50].  SST is robustly 

expressed in our GABAergic neurons (Figure 2), and this subtype of GABAergic neurons have been shown to 

express SSTR3 in other contexts [51]. Finally, the FOXP1 gene linked to neurodevelopmental disorders encodes 

risk factors that regulate the generation of GABA neurons and E/I balance in the cortex; a common mechanism 

for neurodegenerative disorders is reduction in the number of GABAergic interneurons.       

Differentially expressed genes of interest that are either ion channels or cotransporters include the (glutamate 

ionotrophic receptor NMDA type subunit 2A (GRIN2A), dipeptidyl peptidase like 10 (DPP10), and solute carrier 

family 12 member 8 (SLC12A8). GRIN2A is a glutamate-gated ion channel protein that has been shown to be 

downregulated in bipolar disorder and is upregulated following lithium treatment [52]. DPP10 binds voltage 

gated potassium channels impacting their function and expression [53]. Mutations and copy number variations 

in DPP10 have been described in both bipolar disorder and schizophrenia [54,55]. Significant numbers of SNPs 

in SLC12A8, a cation / chloride cotransporter, have been identified in schizophrenia patients [56]. A paralog of 

this gene SLC12A2 (NKCC1) demonstrates a similar expression pattern in both RNA-sequencing and qRT-PCR 

(Figures 2, 3, 6).  

There were several differentially expressed genes of interest that do not fit into these categories including:   Beta-

secretase (BACE), FER3 like bHLH transcription factor (FERD3L), and annexinA4 (ANXA4). BACE2, an aspartic 

protease that cleaves amyloid precursor proteins, has been implicated in both Alzheimer’s and Down Syndrome 

[57,58]. FERD3L, (Fer3like bHLH transcription factor) previously known as Nato3 and N-Twist, is a basic helix 

loop helix transcription factor that contributes to dopaminergic neuron specification and neurogenesis [59,60]. 

Polymorphisms in this gene have been associated with psychiatric disorders ([61]. Annexin A4, (ANXA4), a 

calcium-dependent phospholipid binding protein has previously been linked to bipolar disorder. ANXA4 was 

identified in a GWAS study of bipolar disorder patients [62] and was reported to be differentially expressed in 

cells derived from monozygotic twins discordant for bipolar disorder [63].  Other Annexins, ANXA1 and 

ANXA11, demonstrate similar expression patterns in our RNA-sequencing data set as well (Figure 3).  

There are several additional genes that are upregulated in bipolar GABAergic neurons as compared to controls 

including, LRCC37A2, WRN helicase 37A2, (WRNIP1), and SOX4. LRCC37A2, a membrane protein associated 

with epilepsy and schizophrenia [64,65]. Differential expression of LRCC37A2 in GABAergic neurons via single 

nuclei RNA seq in a cohort of 75 nonaged adults has been reported [66] but this has not been demonstrated in 
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the context of bipolar disorder. WRNIP1 is a helicase interacting protein that accumulates at sites of DNA 

damage. WRNIP1 and WRN that it interacts with it are associated with Werner syndrome, a disease of premature 

aging [67].  A SNP in WRN, 1367R, was reported to be associated with bipolar disorder [68]. SOX4 (SRY-box) 

transcription factor 4 lrcc37a2 has demonstrated roles in central nervous system development [69]. Importantly, 

overexpression of SOX4 results in premature induction of neuronal marker genes and promotes neurogenesis 

[70,71]. 
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