SUPPLEMENTARY INFORMATION
SI FIGURES

SI Fig. 1. Decreased miR-9 levels occur in SZ NPCs but not SZ hiPSC forebrain neurons, presented
by individual, related to Figure 1.

A-D. Experimental replicates, by NPC line and experimental replication, of the qPCR validation of
normalized miR-9 expression during the differentiation of SZ NPCs (A) into 1- (B), 2- (C) and 6-week-old
(D) neurons. E. qPCR of normalized miR-9 expression in post-mortem DLPFC tissue from ten SZ patients
and ten controls. Error bars are s.e., *P <0.05, **P < 0.01, ***P < (0.001.

SI Fig. 2. Validation of COS hiPSCs and NPCs, related to Figure 1.

A. RT-PCR gels showing that hiPSCs derived from both control (C) and childhood-onset-SZ (COS) patient
(P) fibroblasts expressed the human pluripotency markers cMYC, OCT4, NANOG and LIN-28. RT-PCR
results from validated BJ (ATCC CRL-2522) hiPSCs and a control fibroblast cell line are also displayed as
positive and negative controls, respectively. B. Flow cytometry histograms for TRA-1-60 (left panel) and
SSEA4 (right panel), black filled trace (control fibroblast cell line), grey trace (control hiPSCs), red trace
(COS patient hiPSCs) and blue filled trace (BJ hiPSCs). C. A representative karyotype image from a COS
patient derived hiPSC line showing no chromosomal abnormalities. D. Flow cytometry histograms
demonstrating that control (grey) and COS patient (red) hiPSC-derived NPCs express NESTIN (left panel)
and SOX2 (right panel).

SI Fig. 3. Additional top miRNAs and transcription factors with change of activities predicted by the
integrative model, related to Figure 2.

A-F. Additional top miRNAs. Scatter plots between expression and predicted change of activities for
miRNA-124 (A), miR-506 (B), miR-218 (C), miR-125a (D), miR-125b (E) and miR-129 (F). G-K. Top
transcription factors. Scatter plots between expression and predicted change of activities for RFX4 (G),
REST (H), IRF1 (I), NRF1 (J) and HOXA6 (K).

SI Fig. 4. Validation of RV overexpression constructs, related to Figure 3.

A-B. qPCR validation that RV-miR-9 (A) and RV-miR-137 (B) overexpression in hiPSC forebrain NPCs
result in increased miR-9 and miR-137 levels, respectively. C. FACS purification of GFP-positive cells
from RV-GFP and RV-miR-9 transduced control and SZ NPCs prior to RNAseq analysis. Error bars are
s.e., ¥*P <0.05, **P < 0.01, ***P < 0.001.

SI Fig. 5. Aberrant migration in SZ hiPSC forebrain NPCs, related to Figure 3.

A. Brightfield images of neurosphere outgrowth in high (Delaloy et al., 2010) and low (Brennand et al.,
2014) matrigel conditions, revealing different neurospheres morphologies between the two conditions. B.
Neurosphere outgrowth by untranduced control and SZ hiPSC forebrain NPCs, in either high or low
matrigel conditions. C. Neurosphere migration in high matrigel conditions by control and SZ hiPSC NPCs,
following transient reduction of miR-9 levels. Migration distance was calculated as the average of the five
furthest migrating cells, as in Delaloy et al. (2010). Error bars are s.e., ¥*P <0.05, **P <0.01, ***P < 0.001.

SI Fig. 6. Effect of manipulation miR-9 on replication and target gene expression, related to Figures 3
and 4.

A. WST-1 cell viability assay. 24-hour cell viability in control and SZ hiPSC forebrain NPCs, relative to
time O hour, following stable transduction with RV-GFP, RV-miR-9 or RV-miR137, when assayed by
comparing absorbance of WST-1 converted to formazan dye by cellular reductases. B. Control and SZ
hiPSC forebrain NPCs transduced with RV-GFP, RV-miR-9 or RV-miR137 and stained with the cell cycle
marker Ki67 (red). DAPI-stained nuclei (blue). Scale bar 100 um. C. Cell counts for the percentage of
GFP-positive control or SZ hiPSC forebrain NPCs, stably transduced with either RV-GFP, RV-miR-9 or
RV-miR137, that are positive for the cell cycle protein Ki67 of control and SZ hiPSC forebrain NPCs. D.
Nanostring nCounter analysis of fold-change of normalized expression of the neural adhesion gene NRXN!
following stable overexpression of RV-miR-9-GFP, relative to expression in RV-GFP transduced (gray
dashed line) control and SZ NPCs. E. Nanostring nCounter analysis of fold-change of normalized
expression of selected known miR-9 target genes, following stable overexpression of RV-miR-9-GFP,



relative to expression in RV-GFP transduced (gray dashed line) control and SZ NPCs. Error bars are s.e.
*P <0.05, **P < 0.01, ***P < 0.001.

SI Fig. 7. WGCNA of the “miR-9 perturbation” RNAseq dataset, related to Figure 4.

A. Selection of soft-thresholding powers for WGCNA. The left panel shows the scale-free fit index (y-axis)
as a function of the power parameter (x-axis). The right panel displays the mean connectivity (degree, y-
axis) as a function of the power parameter (x-axis). B. The coexpression network visualization using
heatmap, with module assignment and gene dendrogram shown along the left side and the top. Larger gene
interaction magnitude is marked by darker colors. Blocks along the diagonal are the modules. As shown in
(A), the power of 11 shows the best scale-free topology fit. The networks with different powers (10 to 12)
were also shown. Consistently, migration-related modules are enriched in all the four networks.

SI TABLES

SI Table 1. miRNAs with significant (Benjamini Hochberg-corrected) perturbations in expression in SZ
hiPSC NPCs and neurons, related to Tables 1 and 2.

SI Table 2. Raw and normalized miR-9 expression profile in the COS cohort NPCs with the batch effect
removed away using a multivariate regression model, related to Figure 1.

SI Table 3. Predictions of miRNAs with perturbed expression in SZ hiPSC NPCs and neurons made from
microarray gene expression analysis, related to Tables 1 and 2.

SI Table 4. Significantly differentially expressed genes in SZ hiPSC neurons identified by RNAseq, related
to Figure 2.

SI Table 5. Identification of miRNAs with significant activity changes in SZ hiPSC NPCs and neurons,
from RNAseq gene expression analysis, related to Figure 2.

SI Table 6. Identification of TFs with significant activity changes in SZ hiPSC NPCs and neurons, from
RNAseq gene expression analysis, related to Figure 2.

SI Table 7. Nanostring nCounter analysis of selected miR-9 and miR-137 targets between control and SZ
hiPSC NPCs, related to Figure 4.

SI Table 8. Nanostring nCounter analysis of normalized expression of control and SZ hiPSC NPCs,
following stable over-expression of RV-miR-9, related to Figure 4.

SI Table 9. Putative direct miR-9 targets revealed by intersecting DE genes between the “SZ NPC signature”
and the “miR-9 perturbation” datasets together with complementary information: targetScan and CLIP
experiments, related to Figures 4 and 5.

SI Table 10. Putative indirect miR-9 targets revealed by intersecting DE genes between the “SZ NPC
signature” and the “miR-9 perturbation” datasets together with complementary LC MS/MS proteomic
dataset, related to Figures 4 and 5.

SI Table 11. LC MS/MS quantitative analysis of proteins significantly altered in control or SZ hiPSC
NPCs following RV-miR9 overexpression, related to Figure 5.

SI Table 12. DAVID analysis of biological clusters most enriched in control or SZ hiPSC NPCs following
RV-miR9 overexpression, related to Figure 5.

SI Table 13. Top 20 enriched gene ontology (GO) terms in putative miR-9 targets from LC MS/MS
comparisons of RV-GFP and RV-miR9 overexpressing control and SZ hiPSC NPCs, related to Figure 5.

SI Table 14. Putative miR-9 targets enriched for several migration related gene ontology (GO) terms from
LC MS/MS comparisons of RV-GFP and RV-miR9 overexpressing control and SZ hiPSC NPCs, related to
Figure 5.
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SI Fig. 1. Decreased miR-9 levels occur in SZ NPCs but not SZ hiPSC forebrain neurons, presented
by individual, related to Figure 1.

A-D. Experimental replicates, by NPC line and experimental replication, of the qPCR validation of
normalized miR-9 expression during the differentiation of SZ NPCs (A) into 1- (B), 2- (C) and 6-week-old
(D) neurons. E. qPCR of normalized miR-9 expression in post-mortem DLPFC tissue from ten SZ patients
and ten controls. Error bars are s.e., *P <0.05, **P < 0.01, ***P < (0.001.
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SI Fig. 2. Validation of COS hiPSCs and NPCs, related to Figure 1.

A. RT-PCR gels showing that hiPSCs derived from both control (C) and childhood-onset-SZ (COS) patient
(P) fibroblasts expressed the human pluripotency markers cMYC, OCT4, NANOG and LIN-28. RT-PCR
results from validated BJ (ATCC CRL-2522) hiPSCs and a control fibroblast cell line are also displayed as
positive and negative controls, respectively. B. Flow cytometry histograms for TRA-1-60 (left panel) and
SSEA4 (right panel), black filled trace (control fibroblast cell line), grey trace (control hiPSCs), red trace
(COS patient hiPSCs) and blue filled trace (BJ hiPSCs). C. A representative karyotype image from a COS
patient derived hiPSC line showing no chromosomal abnormalities. D. Flow cytometry histograms
demonstrating that control (grey) and COS patient (red) hiPSC-derived NPCs express NESTIN (left panel)

and SOX2 (right panel).
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SI Fig. 3. Additional top miRNAs and transcription factors with change of activities predicted by the
integrative model, related to Figure 2.

A-F. Additional top miRNAs. Scatter plots between expression and predicted change of activities for
miRNA-124 (A), miR-506 (B), miR-218 (C), miR-125a (D), miR-125b (E) and miR-129 (F). G-K. Top
transcription factors. Scatter plots between expression and predicted change of activities for RFX4 (G),
REST (H), IRF1 (I), NRF1 (J) and HOXA6 (K).
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SI Fig. 4. Validation of RV overexpression constructs, related to Figure 3.

A-B. qPCR validation that RV-miR-9 (A) and RV-miR-137 (B) overexpression in hiPSC forebrain NPCs
result in increased miR-9 and miR-137 levels, respectively. C. FACS purification of GFP-positive cells
from RV-GFP and RV-miR-9 transduced control and SZ NPCs prior to RNAseq analysis. Error bars are
s.e., ¥*P <0.05, **P < 0.01, ***P < 0.001.
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SI Fig. 5. Aberrant migration in SZ hiPSC forebrain NPCs, related to Figure 3.

hiPSC NPCs
+
+ +

A. Brightfield images of neurosphere outgrowth in high (Delaloy et al., 2010) and low (Brennand et al.,
2014) matrigel conditions, revealing different neurospheres morphologies between the two conditions. B.
Neurosphere outgrowth by untranduced control and SZ hiPSC forebrain NPCs, in either high or low
matrigel conditions. C. Neurosphere migration in high matrigel conditions by control and SZ hiPSC NPCs,
following transient reduction of miR-9 levels. Migration distance was calculated as the average of the five
furthest migrating cells, as in Delaloy et al. (2010). Error bars are s.e., *P <0.05, **P < 0.01, ***P < 0.001.
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SI Fig. 6. Effect of manipulation miR-9 on replication and target gene expression, related to Figures 3
and 4.

A. WST-1 cell viability assay. 24-hour cell viability in control and SZ hiPSC forebrain NPCs, relative to
time O hour, following stable transduction with RV-GFP, RV-miR-9 or RV-miR137, when assayed by
comparing absorbance of WST-1 converted to formazan dye by cellular reductases. B. Control and SZ
hiPSC forebrain NPCs transduced with RV-GFP, RV-miR-9 or RV-miR137 and stained with the cell cycle
marker Ki67 (red). DAPI-stained nuclei (blue). Scale bar 100 um. C. Cell counts for the percentage of
GFP-positive control or SZ hiPSC forebrain NPCs, stably transduced with either RV-GFP, RV-miR-9 or
RV-miR137, that are positive for the cell cycle protein Ki67 of control and SZ hiPSC forebrain NPCs. D

Nanostring nCounter analysis of fold-change of normalized expression of the neural adhesion gene NRXN1
following stable overexpression of RV-miR-9-GFP, relative to expression in RV-GFP transduced (gray
dashed line) control and SZ NPCs. E. Nanostring nCounter analysis of fold-change of normalized
expression of selected known miR-9 target genes, following stable overexpression of RV-miR-9-GFP,
relative to expression in RV-GFP transduced (gray dashed line) control and SZ NPCs. Error bars are s.e.
*P <0.05, **P < 0.01, ***P < 0.001.
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SI Fig. 7. Effect of manipulating miR-9 levels on global gene expression, related to Figure 4.

A. Selection of soft-thresholding powers for WGCNA. The left panel shows the scale-free fit index (y-axis)
as a function of the power parameter (x-axis). The right panel displays the mean connectivity (degree, y-
axis) as a function of the power parameter (x-axis). B. The coexpression network visualization using
heatmap, with module assignment and gene dendrogram shown along the left side and the top. Larger gene
interaction magnitude is marked by darker colors. Blocks along the diagonal are the modules. As shown in
(A), the power of 11 shows the best scale-free topology fit. The networks with different powers (10 to 12)
were also shown. Consistently, migration-related modules are enriched in all the four networks.



SI EXPERIMENTAL PROCEDURES

Description of SZ patients, hiPSC reprogramming and NPC differentiation

Cohort ‘ID in  Patient hiPSC Lines ID NPC Line ID Family Sex Dx Ethnicity Age of Q Develf)pmental Clozapine F.amily SZ-related CNV  rs181900
Figures ID Onset History Response History Burden Genotype
1 C1 BJ BJ-2 BJ-2-A n/a M Control Causasian - unknown unknown unknown unknown - cc
1 c2 GMO034 3440-5 3440-5-A n/a M Control Causasian - unknown unknown unknown unknown - cc
1 c GMO036 3651-A 3651-A-A n/a F Control Causasian - unknown unknown unknown unknown - cc
1 c4 GMO045 4506-B 4506-B-A n/a F Control Causasian - unknown unknown unknown unknown - cc
1 Cc5 AG0931 9319-2 9319-2-A n/a F Control Causasian - unknown unknown unknown unknown - cc
1 c6 AG0942 9429-3 9429-3-A n/a F Control Causasian - unknown unknown unknown unknown - cc
1 Sz1 GMO020 2038-1 2038-1-A, 2038-1-B Proband M  Schizophrenia Causasian 6 unknown unknown unknown unknown - cc
1 Sz2 GMO17 1792-1 1792-1-A, 1792-1-E Proband1 M  Schizophrenia Causasian Jewish /Scandanavian unknown unknown unknown unknown  SZ, SA, ASD - cc
1 SZ3  GMO018 1835-1 1835-1-3, 1835-1-5 Sibling1 F  Schizo-affective Causasian Jewish unknown unknown unknown unknown Sz, ASD - ccC
1 SZ4 GMO024 2497-1 2497-1-B, 2497-1-C Proband M  Schizophrenia Causasian Jewish 15 unknown unknown unknown SZ, SPD - AC
2 Cc1 2607 2607-1, 2607-4 2607-1-A,2607-4-1 n/a M Control Caucasian n/a 126 clean n/a - - CcC
2 c2 3113 3113-1,3113-2 3113-1-4,3113-2-1 n/a F Control Caucasian n/a 123 clean n/a - - cc
2 c3 3121 3121-1,3121-2 3121-1-4,3121-2-1 n/a F Control Caucasian n/a 134 clean n/a - - cc
2 c4 3130 3130-2, 3130-4 3130-2-1, 3130-4-21 n/a M Control Caucasian n/a 114 clean n/a - - cc
2 c5 3182 3182-2 3182-2-4 n/a F Control Caucasian n/a 119 clean n/a - - cc
2 c6 3183 3183-3 3183-3-4,3183-3-1 n/a F Control Caucasian n/a 117 clean n/a - - cc
2 c7 3188 3188-2A 3188-2A-4 n/a F Control Caucasian n/a 107 clean n/a - - cc
2 c8 3234 3234-1,3234-2,3234-3  3234-1-4,3234-2-4, 3234- n/a M Control Indian n/a 94 clean n/a - - cc
2 c9 553 553-2,553-3 553-2-3,553-3-1 n/a M Control Caucasian n/a 127 clean n/a - - cc
2 c10 690 690-1, 690-4 690-1-4, 690-2-4, 690-3-4 n/a M Control Caucasian n/a 115 clean n/a - - cc
2 Cos1 1275 1275-B,1275-C 1275-B-3,1275-C-1 Proband F Ccos Caucasian 10 67 MDD NA SPD 22q11.2 cc
2 C0s2 1442 1442-4,1442-3 1442-4-3, 1442-3-2 Proband ™M Ccos Caucasian 12 74 ASD N ASD 1p33 cc
2 COos3 2011 2011-3,2011-4 2011-3-2,2011-4-2 Proband F Ccos Caucasian 8 69 MDD Y SPD; PPD 16pl1.2 cc
2 COs4 2476 2476-1 2476-1-4, 2476-1-4r2 Proband F Cos Caucasian-Hispanic 8 82 clean Y APD - cc
2 COSs 2513 2513-2,2513-1 2513-2-1, 2513-1-1 Proband M Cos Caucasian 4 55 ASD N BD - cC
2 COs6 2620 2620-B, 2620-C 2620-B-4 2620-C-3 Proband ™M Ccos Caucasian 11 54 clean N APD, SPD - cc
2 Cos7 2962 2962-1, 2962-3 2962-1-4, 2962-3-21 Proband ™M Ccos Caucasian-Hispanic 8 78 clean Y SZ/ASD - cc
2 COos8 499 449-5, 449-2 449-5-2, 449-2-12 Proband ™M Ccos Caucasian 12 84 clean N SPD 3p25.3 cc
2 C0os9 581 581-1 581-1-2, 581-1-2n2 Proband ™M Cos Caucasian 7 74 MDD N SA 2p16.3 del cc
2 COS10 676 676-1, 676-2 676-1-2, 676-2-3 Proband F COs Caucasian 10 79 MDD N PPD 16p11.2 cC

For cohort #1, patient and control NPCs were differentiated from hiPSCs reprogrammed from fibroblasts
obtained from Coriell or ATCC. NPCs from four patients and six controls were compared (Brennand et al.,

2015; Brennand et al., 2011). Cohort 1 NPC lines used in each assay is summarized below:

DIAGNOSIS Control Control  Control  Control  Control Control Sz Sz Sz Sz
Sample ID BJ GM03440 GMO03651 GMO04506 AG09319 AG09429 GM02038 GMO01792 GMO01835 GMO02497
Patient ID C1 C2 Cc3 c4 C5 C6 P1 P2 P3 P4
Validated hiPSC lines 4 1 1 1 1 1 2 2 2 2
NPC lines for microarray 1 0 1 0 1 1 1 1 1 1
NPC lines for gPCR 3 1 1 1 1 1 2 2 2 2
Nanostring miRNA NPC 1 1 1 1 1 1 2 2 1 1
NPC passage 9 9 7 9 10 8 8,7 7,7 7,7 6,8
Nanostring miRNA Neuron 1 1 1 1 1 1 2 2 2 0
NPC passage 9 9 7 9 10 8 8,7 7,7 7,7 6,8
RNASeq SZ NPC signature 1 1 1 1 1 1 2 2 1 1
NPC passage 9 9 7 9 10 8 8,7 7,7 7 6,8
RNASeq SZ neuron signature 1 1 1 1 1 1 2 1 2 0
NPC passage 9 9 7 9 10 8 8,7 7 7,7 -
RNAseq miR-9 perturbation 0 1 0 0 1 0 1 0 1 0
NPC passage - 8 - - 9 - 7 - 7 -
Nanostring miR target NPC 1 1 1 1 1 1 2 2 1 1
LC MS/MS NPC 1 1 1 1 1 1 2 2 2 2
NPC lines for RV neurosphere assay 3 1 1 2 1 1 2 2 2 2
replicate #1 2013 01 07 2 1 1 2 1 1 2 3 1 2
replicate #2 2013 03 06 2 1 0 1 1 1 2 2 1 2
replicate #3 2013 11 Chelsea 1 1 1 1 1 1 2 2 2 2
replicate #4 2013 8 7 Chelsea 3 1 1 1 1 1 2 2 2 2
replicate #5 2014 01 07 Ngoc 1 1 1 1 1 1 2 2 2 0
replicate #6 2014 03 Ngoc 1 1 1 1 1 1 2 2 2 0
NPC lines for high concentration neurosphere assay 2 1 1 1 1 1 2 2 2 2
replicate #1 2013 06 06 2 1 1 1 1 1 2 2 2 2
replicate #1 2013 06 13 2 1 1 1 1 1 1 2 2 2
NPC lines for miR9 knockdown 3 1 1 1 1 1 2 2 2 2
replicate #1 1 1 0 0 0 0 0 0 0 0
replicate #2 1 1 1 0 1 1 0 0 0 0
NPC lines for miR9 knockdown in high MG 3 1 1 1 1 1 2 2 2 2
replicate #1 2013 06 28 3 1 1 1 1 1 2 2 2 2
replicate #2 2014 2 27 1 1 1 1 1 0 2 1 2 0

For cohort #2, fibroblast biopsies were obtained from patients with childhood-onset-SZ (COS) and
unrelated controls that were recruited as part of a longitudinal study Dr. Judith Rapoport (NIMH)

(Eckstrand et al., 2008; Gogtay et al., 2004; McCarthy et al., 2009; Shaw et al., 2006; Sporn et al., 2004).




All participants provided assent/consent with written informed consent from a parent or legal guardian for
minors. Fibroblasts were derived at NIMH and de-identified samples were transferred to the Icahn School
of Medicine at Mount Sinai (ISMMS). This study was approved by the Institutional Review Boards of the
NIMH and the ISMMS. HFs were cultured on plates coated with 0.1% gelatin (in milli-Q water) and grown
in HF media. hiPSCs were derived as described previously (Lee et al., 2015); replicating but nearly
confluent HFs were transfected with Cytotune Sendai virus (ThermoFisher Scientific). Cells were allowed
to recover for at least 3 days, dissociated with TrypleE (ThermoFisher Scientific) and re-plated onto a 10-
cm dish containing 1 million mouse embryonic fibroblasts (mEFs). Cells were switched to HUES media
(DMEM/F12 (Invitrogen), 20% KO-Serum Replacement (Invitrogen), 1x Glutamax (Invitrogen), 1x NEAA
(Invitrogen), 1x 2 - mercaptoethanol (Sigma) and 20 ng/ml FGF2 (R&D Systems)) and fed every 2-3 days.
hiPSC colonies were manually picked and clonally plated onto 24-well mEF plates in HUES media. At
early passages, hiPSCs were split through manual passaging, but at higher passages, hiPSC could be
enzymatically passaged with Collagenase (Img/ml in DMEM) (Sigma). Karyotyping analysis was
performed by Wicell Cytogenetics (Madison WI); only karyotypically normal lines were used for
subsequent studies.

Cohort 2 COS NPCs were generated in a similar method to Cohort 1 (Brennand et al., 2015; Brennand et
al., 2011), although differentiated with dual-SMAD inhibition (Chambers et al., 2009) to improve yield, as
described (Topol et al., 2015); five controls from Cohort 2 were published previously (Lee et al., 2015).
Incubation with Collagenase (I mg/ml in DMEM) at 37°C for 1-2 hours lifted colonies, which were
transferred to a nonadherent plate (Corning). Embryoid Bodies (EBs) were grown in suspension with dual-
SMAD inhibition (0.lmM LDNI193189 (Stemgent) and 10mM SB431542 (Tocris)) N2/B27 media
(DMEM/F12-Glutamax (Invitrogen), 1x N2 (Invitrogen), 1X B27 (Invitrogen)). 7-day-old EBs were plated
in N2/B27 media with 1 pg/ml Laminin (Invitrogen) onto poly-ornithine /Laminin-coated plates. Neural
rosettes were harvested from 14-day-old EBs using STEMdiff™™ Neural Rosette Selection Reagent (Stem
Cell Technologies) for 60 minutes at 37°C before being plated in NPC media (DMEM/F12, 1x N2, 1x B27-
RA (Invitrogen), 1 ug/ml Laminin and 20 ng/ml FGF2 on poly-ornithine/laminin-coated plates.

Using a PsychChip SNP array we evaluated shared genetic background for all cell lines used in this study,
which confirmed that GM01792 and GMO01835 are siblings, but found no substantial relatedness between
the other individuals in Cohorts 1 or 2.

NPC culture

As previously reported, spatial patterning, replication and propensity towards neuronal differentiation of
NPCs does not appear to vary based on psychiatric diagnosis (Brennand et al., 2015; Brennand et al., 2011).

NPCs were maintained at high density, grown on Matrigel in NPC media (DMEM/F12, 1x N2, 1x B27-RA
(Invitrogen), 1 ug/ml Laminin (Invitrogen) and 20 ng/ml FGF2 (Invitrogen) and split approximately 1:3-
1:4 every week with Accutase (Millipore) (Brennand et al., 2011). NPCs can be expanded beyond 10
passages.

NPC experiments were conducted on passage-matched populations, typically between passages five and ten.
Beyond this, NPCs can show an increased propensity for astrocyte differentiation, or undergo spontaneous
transformation. At any point, if an NPC line showed evidence of either decreased neuronal differentiation
or cellular transformation, it was eliminated from analysis.

Gene and miRNA expression analysis

For Nanostring gene expression studies, Nanostring Technologies designed probe sets. For Nanostring gene
expression studies, Nanostring Technologies designed probe sets. Neural targets of miR-9 include REST
and CO-REST (Packer et al., 2008; Yoo et al., 2009), TLX (NR2E1) (Zhao et al., 2009), HES1 (Bonev et
al., 2012), CXCR4 (Yu et al., 2014), FOXGI1 (Shibata et al., 2008), STMN1 (Delaloy et al., 2010), FOXO1
(Senyuk et al., 2013), AP3B1 (Selcuklu et al., 2012), CCNG1 (Selcuklu et al., 2012), CCND1 (Zheng et al.,
2013), ETS1 (Zheng et al., 2013) and MEIS2 (Shibata et al., 2011). Nanostring gene expression analysis
was performed on purified RNA as recommended. For mRNA, analysis was performed using nCounter2.0
software, with background correction; mRNA levels were normalized to B-ACTIN and GAPDH levels and
samples flagged by nCounter2.0 as having normalization errors were discarded from analysis.



For miRNA gPCR, quantification of the mature form of miRNAs was performed using the TagMan
miRNA assays (ThermoFisher Scientific). Endogenous U6 small nuclear RNA (snRNA) and RNU48 were
used as controls.

For qPCR, cDNA was synthesized using Superscript III at 50°C for one to two hours, inactivated for 15
minutes at 70°C and then treated with RNAaseH for 15 minutes at 37°C, inactivated with EDTA and
heated to 70°C for 15 minutes. qPCR was performed using SybrGreen.

Integration of RNAseq datasets and all new analyses

For the “miR-9 perturbation” RNAseq data, paired t-test was used to compare samples transiently
transfected with scrambled or miR-9 LNA probes, and compare samples transduced with RV-GFP or RV-
miR-9-GFP with. To check the consistency of DE between “miR-9 perturbation” dataset (low miR-9 vs.
high miR-9 samples) and Coriell dataset (SZ versus Control), we carried out the enrichment analysis with
Fisher’s exact test. Furthermore, motivated by our observation that the effect of miR-9 overexpression is
more apparent in SZ (compared to control) and the effect of miR-9 knockdown is more apparent in control
(compared to SZ), we performed the DE enrichment analysis of Coriell dataset for two subsets of “miR-9
perturbation” dataset: one is composed of SZ versus SZ-miR-9-overexpression and Control-miR-9-
knockdown versus Control, and the other is composed of SZ-miR-9-knockdown versus SZ and Control
versus Control-miR-9-overexpression.

To assess the effect of “miR-9 perturbation” on its target genes, we first obtained gene expression fold
changes for predicted miR-9 targets (TargetScan 6.0) (Creighton et al., 2008) from each pairwise
comparison (each perturbation and its control as described above), and used the first principal component
from a principal component analysis as the representative miR-9 target gene expression fold change to
correlate with the miR-9 fold change obtained from qPCR. We also applied the global integrative model to
the “miR-9 perturbation” dataset, with non-redundant miR-9 activity obtained for each sample as done for
the Coriell cohort (SZ vs. control hiPSCs). In addition, the weighted gene co-expression network analysis
(WGCNA) was applied to the “miR-9 perturbation” dataset under the parameter setting selected using
scale-free criterion (Zhang and Horvath, 2005). GO enrichment analysis was carried out for each
coexpression module using the R function within WGCNA package. Similar to calling gene differential
expression for “miR-9 perturbation” data, the paired t-test was applied to the eigengene of each module to
assess the module differential expression (Zhang and Horvath, 2005).

Results from the PGC GWAS (Schizophrenia Working Group of the Psychiatric Genomics Consortium,
2014) were intersected with the “miR-9 perturbation” DE using a competitive gene-set enrichment analysis
as implemented into MAGMA (de Leeuw et al., 2015). In a first step HUGO IDs were translated into
ENTREZ IDs for all genes in the analysis. Subsequently SNPs were annotated to these genes (no flanking
sequence allowed) using MAGMA and the NCBI36.3 genome build. Gene-based p-values were calculated
using the PGC summary stats after filtering for MAF (0.01) and INFO scores (0.8) and only taking SNPs
into account that could be directly mapped to autosomal genes. Data from the 1000 genomes reference
population (Europeans only; (Genomes Project et al., 2012)) were used to estimate correlation structure for
all markers in the analysis. We tested three different gene-sets for enrichment in genes associated with SZ:
a) all genes in the “miR-9 perturbation” DE list, b) all predicted targets of miR-9 (TargetScan v6.0), and ¢)
all genes in the “miR-9 perturbation” DE list that are not in the TargetScan list of predicted targets of miR-
9. Reported p-values are not corrected for multiple testing.

Neurosphere migration assay

NPCs were dissociated with accutase and then cultured for 48 hours in nonadherent plates to generate
neurospheres. Neurospheres were manually picked and cultured in “low” (0.05 mg/ml) Matrigel matrix (0.5
mg Matrigel was plated in cold NPC media on a 96-well plate 1 hour prior to neurosphere plating;
following neurosphere picking, an additional 0.5 mg Matrigel was added in cold NPC media per 96-well
plate). DAPI-stained neurospheres were imaged at 48 hours. Average radial migration from each
neurosphere was measured using NIH Imagel. A quantification of the total number of neurospheres
analyzed in each assay can be found below:



DIAGNOSIS Control Control Control Sz LY 4 Sz
RV-overexpression GFP miR-9 miR-137 GFP miR-9 miR-137
Total neurospheres analyzed 375 287 133 416 328 151
replicate #1 2013 01 07 92 85 0 79 86 0
replicate #2 2013 03 06 81 75 0 80 76 0
replicate #3 2013 11 70 69 0 106 107 0
replicate #4 2013 8 7 78 0 79 95 0 89
replicate #5 2014 03 54 58 54 56 59 62
miRNA knockdown scrambled  miR-9 miR-137 scrambled miR-9 miR-137
Total neurospheres analyzed 166 154 0 126 130 0
replicate #1 2013 06 28 44 45 not tested 45 48 not tested
replicate #2 2015 09 22 25 not tested not tested nottested not tested
replicate #3 2015 10 54 36 not tested 41 43 not tested
replicate #4 2014 2 27 high MG 46 48 not tested 40 39 not tested
Control vs SZ (High matrigel)
replicate #1 2013 06 06 8 not tested not tested 15 not tested not tested
replicate #2 2013 06 13 9 not tested not tested 12 not tested not tested

We note that our findings are inconsistent with increased migration in control human embryonic stem cell
(hESC)-derived NPCs reported following knockdown of miR-9 (Delaloy et al., 2010). To resolve this
contradiction, we investigated further; Delaloy ef al employed 264-fold higher concentrations of Matrigel
(13.2 mg/ml) than used in our assays in order to create a “3D” migration condition, one that results in
markedly different neurosphere morphology (SI Fig. 5A). In radial migration assays at both high (13.2
mg/ml; 18 SZ and 13 control neurospheres) and low (0.05 mg/ml; 27 SZ and 17 control neurospheres)
matrigel conditions, SZ neurospheres still migrated less than controls (SI Fig. 5B). When we repeated
transient miR-9 knockdown using precisely their methodology, using high Matrigel concentrations and
measuring average migration of the five furthest migrating cells via NIH Imagel] in both control (90
scrambled and 93 miR-9-knockdown) and SZ (85 scrambled and 87 miR-9-knockdown) neurospheres, we
also observed significantly increased migration of control neurospheres (p<0.00005), an effect not detected
in SZ neurospheres (p<0.95) (SI Fig. 5C). We speculate that the mode of migration is different in high
matrigel “3D” conditions. These technical inconsistencies may reflect the pleiotrophy of miR-9 during
neurogenesis (Delaloy et al., 2010; Leucht et al., 2008; Shibata et al., 2008; Shibata et al., 2011; Tan et al.,
2012; Zhao et al., 2009), where different patterns of gene expression can lead to unique effects when
manipulating miR-9 levels.

NPC cell viability

Cell viability assay (Roche) measures absorbance resulting from the reduction of WST-1 to a water-soluble
formazan dye in living cells.

Protein isolation and Western blot analysis

Cells were isolated, suspended in 1x RIPA lyses buffer (Sigma) supplemented with 1 cOmplete Protease
Inhibitor tablet per 50mL and 1 phosSTOP phosphatase inhibitor table per 10mL (Roche), sonicated and
centrifuged at 10,000 x g for 10 min at 4°C. 20ug of total protein was separated on a pre-cast 4-20% SDS-
polyacrylamide gel(Bio-Rad), transferred to a nitrocellulose membrane and probed with a primary antibody
against f-catenin (1:10,000; Millipore), GSK3p (1:5,000; Zymed) or B-actin (1:10,000; Ambion), followed
by alkaline-phosphatase-conjugated secondary antibody (1:5,000; Promega), and then visualized using 1
step NBT/BCIP (Thermo Scientific). Western blots were repeated twice using independent protein lysates.

LC MS/MS quantitative mass spectrometry

To compare global protein levels in control and SZ NPCs (stably transduced with RV-GFP or RV-miR-9-
GFP), we used quantitative label free LC-MS/MS analysis. We injected 2ug of protein from each control
(one NPC line each derived from six controls) and SZ (two NPC lines each derived from four SZ patients)
hiPSC forebrain NPC line, in triplicate, on a Thermo Q-Exactive mass spectrometer equipped with a
Dionex Ultimate 3000 (RSLCnano) chromatography system. Peptides were separated using a 60-minute
reverse phase gradient at a flow rate of 250 nL/min. Survey full-scan MS spectra (300-1600 Da) were




acquired in the Q-Exactive with a resolution of 70,000, and the 12 most intense ions from the preview scan
were selected for HCD (English et al., 2013). The average MS1 peak width was between 15s and 30s, and
the scan time ranged between 1 and 1.5 s, where at least 15 data points were acquired per peak for
quantitation. Label-Free Quantification (LFQ) was performed with Max Quant (V1.3.0.2) as described
(English et al., 2013; Hubner et al., 2010). Protein and peptide FDR’s were set to 0.01, and only proteins
with at least two peptides (one uniquely assignable to the protein) were considered as reliably identified.
Technical triplicates were run and analyzed for each NPC line; data were successfully extracted from 87 of
the 90 samples. LFQ intensity values were used for protein quantification between groups. Statistical
analysis was performed in Perseus (V 1.3.0.4), whereby the data was log2 transformed to eliminate
distributional skew and improve the normal approximation for validity of p-values. Data imputation was
used to replace missing values by values form the normal distribution, and data normalisation was
performed by subtracting the median LFQ intensity per case. Student’s t-test was then applied to identify
proteins differentially expressed between groups at a 5% threshold, and a permutation-based FDR was
applied at a 5% threshold. The Database for Annotation, Visualization and Integrated Discovery (DAVID
v6.7; http://david.abcc.nciferf.gov/) was applied to statistically significant proteins in order to identify
enriched biological themes.
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