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Screening autism‑associated 
environmental factors 
in differentiating human neural 
progenitors with fractional factorial 
design‑based transcriptomics
Abishek Arora 1,2, Martin Becker 1,2, Cátia Marques 3, Marika Oksanen 1,2, Danyang Li 1,2, 
Francesca Mastropasqua 1,2, Michelle Evelyn Watts 1,2, Manish Arora 4, Anna Falk 5,6, 
Carsten Oliver Daub 7,8, Ingela Lanekoff 3 & Kristiina Tammimies 1,2*

Research continues to identify genetic variation, environmental exposures, and their mixtures 
underlying different diseases and conditions. There is a need for screening methods to understand 
the molecular outcomes of such factors. Here, we investigate a highly efficient and multiplexable, 
fractional factorial experimental design (FFED) to study six environmental factors (lead, valproic 
acid, bisphenol A, ethanol, fluoxetine hydrochloride and zinc deficiency) and four human induced 
pluripotent stem cell line derived differentiating human neural progenitors. We showcase the FFED 
coupled with RNA-sequencing to identify the effects of low-grade exposures to these environmental 
factors and analyse the results in the context of autism spectrum disorder (ASD). We performed 
this after 5-day exposures on differentiating human neural progenitors accompanied by a layered 
analytical approach and detected several convergent and divergent, gene and pathway level 
responses. We revealed significant upregulation of pathways related to synaptic function and lipid 
metabolism following lead and fluoxetine exposure, respectively. Moreover, fluoxetine exposure 
elevated several fatty acids when validated using mass spectrometry-based metabolomics. Our study 
demonstrates that the FFED can be used for multiplexed transcriptomic analyses to detect relevant 
pathway-level changes in human neural development caused by low-grade environmental risk factors. 
Future studies will require multiple cell lines with different genetic backgrounds for characterising the 
effects of environmental exposures in ASD.

Intensified research continues to identify genetic variation, environmental exposures and their mixtures under-
lying different diseases and conditions. As several factors can be associated with the same outcome, there is a 
need for better methods to investigate the molecular, cellular, and developmental effects of these factors, both 
in parallel and as mixtures. At present, there is a growing need to develop in-vitro experimental models of envi-
ronmental factors that recapitulate real-life exposures and clinical outcomes1–3.

Fractional factorial experimental designs (FFED)4, adapted from methods used in managerial and industrial 
processes, drastically reduce the number of samples required to observe effects with high statistical power. It 
is a subset of a full factorial design that increases experimental efficiency and makes it possible to study the 
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interactions between different experimental conditions using statistical modelling. Earlier, it has not been cou-
pled with omic readouts such as RNA sequencing to investigate any changes in the transcriptional landscape.

Autism spectrum disorder (ASD) is a neurodevelopmental disorder (NDD) diagnosed in nearly 1–2% of 
the population5. More than 100 genes are associated with ASD affected by both, common variants with small 
effect sizes and rare variants with larger effect sizes5–7. Heritability studies show that genetic factors account for 
50–86.8% of ASD risk, suggesting that the remaining risk arises from environmental factors8. Early exposure to 
chemical stressors may induce or exacerbate neurodevelopmental trajectories underlying ASD. Environmental 
factors associated with ASD include lead (Pb)9, valproic acid (VPA)10,11, bisphenol A (BPA)12,13, ethanol (EtOH)14, 
fluoxetine hydrochloride (FH)15 and zinc dysregulation16,17. The majority of genes and environmental factors 
associated with ASD have also been implicated in other NDDs, suggesting more generalised effects on neurode-
velopment rather than being ASD specific.

Despite the growing interest in environmental factors, the molecular mechanisms leading to the increased 
liability of behavioural and cognitive difficulties remain largely unknown, especially in genetically vulnerable 
conditions. The use of induced pluripotent stem cell (iPSC) derived neural progenitors, either from typically 
developed individuals or individuals with ASD, can enable the study of the effects of environmental factors dur-
ing neurodevelopment18. As a large number of both genetic and environmental factors have been indicated in 
ASD, there is a need for efficient methods to estimate their effects during early development.

Here, we present a multiplexed experimental design based on the FFED coupled with RNA-sequencing 
to perform simultaneous analyses of six environmental factors associated with ASD and four iPSC lines, two 
neurotypical controls and two with a known ASD genetic variant. The main outcomes were determined using 
transcriptional and pathway level analysis in differentiating neural progenitors from human iPSCs. The analyses 
were done at day 5 post induction of differentiation, to capture early but stable changes induced by the low-
grade exposures. Furthermore, we validated the specific lipid pathways identified after exposure to FH using 
mass spectrometry-based metabolome detection. We show that FFED-RNA-seq can help pinpoint relevant 
mechanisms related to ASD-associated environmental exposures, and that there is a need to model these effects 
in multiple genetic backgrounds.

Results
Cellular effects of environmental factors.  We evaluated the molecular effects of Pb, VPA, BPA, EtOH, 
FH and zinc deficiency (Zn-) in cell lines with different clinical backgrounds for ASD during differentiation of 
human neural progenitors (Fig. 1A). The Non-ASD cell lines included two neurotypical controls (CTRLMale, 
CTRLFemale), while the ASD cell lines included two males with a known ASD genetic variant (ASDCASK, 
ASDHNRNPU) as described earlier19–22. For studying the effects of the six exposures, we set up an FFED framework 
(Table S1A).

First, we performed a cytotoxicity assay to test the exposure ranges of the six selected environmental factors 
in differentiating human iPSC-derived neuroepithelial stem (NES) cells. NES cells are neural progenitors that 
are predominantly neurogenic in nature but also have the potential to be gliogenic, under defined differen-
tiation conditions20,23. Exposure ranges were selected based on an extensive literature review as described in 
Table S1B–S1F and tested in the CTRLMale cell line. The highest concentration with no significant (Tukey post hoc 
p > 0.05) or trending decrease in cell viability and no gross changes in cell morphology at 120 h of exposure was 
selected for each environmental factor (Figure S1A); 3 µM for Pb, BPA and FH, and 3 mM for VPA and EtOH. 
This was done to avoid the toxicity of a single environmental factor overshadowing the combined effects of the 
other factors. Based on the six factors, we fitted the L8 Orthogonal Array based FFED for our study (Table S1A). 
The selected concentrations were then tested for cytotoxicity using the MTS assay in the FFED. At 120 h of expo-
sure, a significant difference (Tukey post hoc p < 0.05) in cell viability was only observed for Pb, VPA and EtOH 
(Figure S1B). Based on the observed cytotoxicity effects of VPA on gross cellular morphology during NES cell 
differentiation in the FFED, the exposure concentration was adjusted to 3.0 µM in line with previous in-vitro 
exposures reported in the literature (Table S1D).

Next, we tested if the exposures affected the population of neural progenitors in two of the four cell lines, 
CTRLMale and ASDCASK, by analysing the percentage of SOX2 positive cells at day 5 of exposure using the FFED. 
No significant changes (Tukey post hoc p > 0.05) in the number of SOX2 positive cells were detected for any of 
the exposures (Figure S1C). Additionally, we tested for any proliferation changes using the BrdU assay and FFED 
at day 5 of exposure in all the cell lines. A significant decrease in proliferation was detected after exposure to Pb 
in the ASDCASK cell line (Tukey post hoc p < 0.001, Figure S1D).

Herein, the cell viability testing enabled us to select the optimal exposure concentrations of the chosen envi-
ronmental factors to be analysed in our model system (3 µM for Pb, VPA, BPA and FH, and 3 mM for EtOH). 
No changes in SOX2 positivity were detected following the exposures and only Pb reduced cell proliferation in 
ASDCASK.

Approaching multiplexed exposures and gene expression.  We investigated if FFED coupled with 
RNA-seq could detect relevant transcriptomic changes after low-grade environmental exposures on differentiat-
ing human neural progenitors for 5 days. We performed RNA-seq using the L8 orthogonal array for the four cell 
lines (n = 32). We included a biological replicate of the full set for CTRLMale (n = 8) and a partial set for CTRLFemale 
(n = 4), for variability and sample size testing. Principal component analysis (PCA) of the RNA-seq data (N = 43) 
showed that the genetic background of the samples was the main driver of the differences across PC1 (46.12%) 
and PC2 (33.57%), and the exposure effects were minimal for the total variation in the transcriptomic profiles 
(Figure S2A and S2B).
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Figure 1.   Overview of study plan using fractional factorial experimental design (FFED). (A) Exposure of 
neuroepithelial stem (NES) cells derived from human induced pluripotent stem cells (iPSCs) during neural 
progenitor differentiation for 5 days. Four cell lines, neurotypical controls (CTRLMale, CTRLFemale) and males 
with autism spectrum disorder (ASD) diagnoses (ASDCASK: CASK splice site variant, ASDHNRNPU: HNRNPU 
deletion), were exposed to six environmental factors during differentiation, namely lead (Pb), fluoxetine 
hydrochloride (FH), ethanol (EtOH), valproic acid (VPA), bisphenol A (BPA) and zinc deficiency (Zn-). (B) 
Using RNA samples from (A), bulk RNA-sequencing was performed followed by differential gene expression 
analysis for global effects, clinical background effects, cell line effects and interaction effects. Using this, 
pathway enrichment and network visualisation was done. (C) Enriched pathways identified from (B) following 
FH exposure were detected using direct infusion electrospray ionisation mass spectrometry (ESI–MS) and 
quantified across the different levels of analyses. (Created with BioRender.com).
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We then performed identification of differentially expressed genes (DEGs) and gene-set enrichment analysis 
(GSEA) for enriched pathways at three levels. Briefly, at Level I—Global Effects, exposure effects were analysed 
across all cell lines; Level—II, Clinical Background Effects, exposure comparisons were made separately for the 
non-ASD and ASD cell lines; and Level III—Cell Line Effects, exposure effects were analysed for every individual 
cell line (Fig. 1B).

In short, the genetic background of the cell lines included in this study had a larger effect than the environ-
mental factor exposures themselves on the detected transcriptomic responses.

Early exposure effects of environmental factors.  In the global analyses (Level I), no genes responding 
to BPA, VPA, EtOH and Zn- exposures (adj. p > 0.05) were identified. Nevertheless, pathway analysis highlighted 
biological processes following these exposures (Table S3A and S3B). For BPA, eleven pathways were significantly 
upregulated, including protein lipid complex assembly (q = 0.0027) and mitochondrial membrane organisation 
(q = 0.032), and one was significantly downregulated, detection of chemical stimulation involved in sensory 
perception (q = 0.035). For VPA, thirty processes were significantly downregulated, including neuron projection 
guidance (q = 0.0023) and axon development (q = 0.0089). For EtOH and Zn-, negative regulation of endothelial 
cell apoptotic process (q = 0.0017) and positive chemotaxis (q = 0.048) were the only significantly upregulated 
pathways, respectively. Additionally, for Zn- three were significantly downregulated: plasminogen activation 
(q = 0.0006), protein activation cascade (q = 0.0048) and fibrinolysis (q = 0.0066).

We detected significant changes in genes responding to Pb (69 genes, adj. p < 0.05, Table S2A, Fig. 2A) and FH 
(50 genes, adj. p < 0.05, Table S2H, Fig. 2C). Furthermore, pathway analysis revealed several biological processes 
affected by the exposures (Fig. 2B and 2D). Amongst the significantly upregulated pathways after Pb exposure 

REGULATION OF HETEROTYPIC CELL
CELL ADHESION

AXONEME ASSEMBLY

NEGATIVE REGULATION OF RECEPTOR
SIGNALING PATHWAY VIA STAT

−2.08 −2.04 −2.00
Normalized Enrichment Score

SIZE

0

100

200

300

FDR < 0.05

TRUE

FALSE

Pb – Downregulated

B

G
en

e
O
nt
ol
og

y
–
B
io
lo
gi
ca

lP
ro
ce

ss
es

G
en

e
O
nt
ol
og

y
–
B
io
lo
gi
ca

lP
ro
ce

ss
es

CILIUM MOVEMENT

AXONEMAL DYNEIN COMPLEX ASSEMBLY

MOTILE CILIUM ASSEMBLY

MICROTUBULE BUNDLE FORMATION

SPLICEOSOMAL TRI SNRNP COMPLEX
ASSEMBLY

AXONEME ASSEMBLY

−2.30 −2.25 −2.20 −2.15
Normalized Enrichment Score

SIZE

0

100

200

300

FDR < 0.05

TRUE

FALSE

FH – Downregulated

CEROX1
CTDSP1
MIR503HG
FAM120C
PAX6
ANKRD6
HS3ST3B1
LGR4
B9D1
KCNJ8
TCF4
SPIRE1
KIF27
ZNF175
FBXL4
RNU2−63P
STPG2
H3−3A−DT
NOX4
SNORA59A
MIR25
PTCH1
TAPT1−AS1
CHD7
ACSM3
RNVU1−28
NQO1
TMEM184C
PLPP6
PLS3
NPTN
ALAS1
KRT10−AS1
SPATS2
TMEM50A
PGAP4
ABCB6
JAKMIP3
SLCO3A1
GCLM
TXNRD1
SLC7A11
NDUFA1
COX7B
ARPC2
HACD3
MANF
MAFG
FTH1
FTL
FECH
DNAJB4
LACTB
PFN2
CNIH1
PIR
ZC3H7A
CREB1
NXPE3
DNAJB11
ASNS
BLOC1S2
SLC39A9
TUSC3
GNE

Pb Pb
Control
Treatment

−4

−2

0

2

4

A

ABCA1
PMEL
DHCR7
FADS2
LSS
PCYT2
TCN2
HSD17B14
FLCN
BRI3
RCBTB1
STARD4
RAB29
OSTM1
SPG21
VPS26C
UAP1L1
HSD17B7
NEU1
ALDOC
SLC38A2
ACSL4
ABCC2
FNIP1
LPIN1
SELENOI
LONRF1
HIF1A
PANK3
MTFR1
MVK
PNPLA3
DHCR24
ERG28
SC5D
HMGCR
NSDHL
SCD
ACSS2
EBP
FABP3
INSIG1
FDFT1
IDI1
PIP4P1
GALNT11
ACSL3
SQLE
HMGCS1
MSMO1

FH FH
Control
Treatment

−3

−2

−1

0

1

2

3

C

NEUROTRANSMITTER TRANSPORT

AMINE TRANSPORT

NEGATIVE REGULATION OF AXON
EXTENSION INVOLVED IN AXON

GUIDANCE

NEGATIVE REGULATION OF
AXONOGENESIS

NEGATIVE REGULATION OF NEURON
DEATH

CALCIUM DEPENDENT CELL CELL
ADHESION VIA PLASMA MEMBRANE

CELL ADHESION MOLECULES

VESICLE FUSION TO PLASMA
MEMBRANE

DETOXIFICATION

REGULATION OF EXTENT OF CELL
GROWTH

RESPONSE TO TOXIC SUBSTANCE

2.10 2.15 2.20
Normalized Enrichment Score

SIZE

0

100

200

300

FDR < 0.05

TRUE

FALSE

Pb – Upregulated

G
en

e
O
nt
ol
og

y
–
B
io
lo
gi
ca

lP
ro
ce

ss
es

G
en

e
O
nt
ol
og

y
–
B
io
lo
gi
ca

lP
ro
ce

ss
es

TRIGLYCERIDE METABOLIC PROCESS

REGULATION OF STEROID
BIOSYNTHETIC PROCESS

REGULATION OF STEROID METABOLIC
PROCESS

ORGANIC HYDROXY COMPOUND
BIOSYNTHETIC PROCESS

REGULATION OF ALCOHOL
BIOSYNTHETIC PROCESS

STEROL METABOLIC PROCESS

REGULATION OF CHOLESTEROL
METABOLIC PROCESS

REGULATION OF CHOLESTEROL
BIOSYNTHETIC PROCESS

ALCOHOL BIOSYNTHETIC PROCESS

STEROL BIOSYNTHETIC PROCESS

2.5 2.6 2.7 2.8 2.9
Normalized Enrichment Score

SIZE

0

100

200

300

FDR < 0.05

TRUE

FALSE

FH – Upregulated

D
Small Molecule

Acylglycerol

Organelle Membrane
Fusion

Docking Involved
Exocytosis

Secondary
Metabolite

Phenol

Endocytosis Receptor
Mediated

Pigment Granule
Pigmentation

Extension Neuron
Projection

Rich Lipoprotei
Particl

Negative Cell
Killing

y Acyl CoA

Ceramide Glycosphingolipid
Liposaccharide

Density Receptor
Catabolic

Exogenous Peptide
Antigen

Dopamine Monoamine
Amine

Ligand Precursor
Estrogen

Isoprenoid Terpenoid
Metabolic

Alpha Linolenic
Unsaturated

Secretion
Exocytosis
Neurotransmitter

Mast Activation
Leukocyte

Regulation Transport
Negative

Process Catabolic
Phospholipid

Zymogen Activation
Coagulation

Lipid Localization
Transport

Dexamethason
Cellular Keton

Toxic Oxidan
Detoxificatio

Electron Transpor
Ubiquinon

Sugar Process Amino

Cellular Insulin
Stimulus

Amyloid Beta
Clearance

Heart Specification
Animal

Amyloid Fibri
Formatio

Cytoplasmic Sequestering
Transcription

Zinc Ion
Homeostasis

Synapse Structure
Activity

Negative Neuron DeathLipoprotein Metaboli
Cataboli

Cell Apoptoti

Positiv Protei
Autophosphorylatio

Oxide Synthase
Activity

Restricted SMAD
Phosphorylation

Zn-

VPA

Pb

BPA

EtOH

FH

01.00

q-value (FDR)

Negative
Regulation

sponse

External Structure
Organization

ery Morphogenesis
velopment

onemal
nein Assembly

Neuron
Axonogenesis
Axon

Plasma Adhesion
Molecules

Response
Acidic pH

Pb – expression heatmap (Level I) Pb – pathway enrichment (Level I)

FH – pathway enrichment (Level I)FH – expression heatmap (Level I)

Level I – Upregulated (Singleton Nodes)

E Summary network analysis
Level I – Upregulated

Level I – Downregulated (Singleton Nodes)

Figure 2.   Differential gene expression and pathway enrichment—Level I analysis of global effects following 
environmental factor exposure. (A) Heatmap of significant (adj. p < 0.05) differentially expressed genes 
following lead (Pb) exposure for 5 days. (B) Gene Ontology (GO) enrichment analysis with top 10 significantly 
(FDR < 0.05) upregulated and downregulated biological processes following Pb exposure for 5 days. (C) 
Heatmap of significant (adj. p < 0.05) differentially expressed genes following fluoxetine (FH) exposure for 
5 days. (D) GO enrichment analysis with top 10 significantly (FDR < 0.05) upregulated and downregulated 
biological processes following FH exposure for 5 days. (E) Summary network of upregulated and downregulated 
clusters enriched for day 5 exposure of Pb, FH, ethanol (EtOH), valproic acid (VPA), bisphenol A (BPA) and 
zinc deficiency (Zn-).
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(Table S3A) were cholinergic synaptic transmission (q = 0.0099), axon extension (q = 0.012), and synapse assembly 
(q = 0.012). Those significantly downregulated (Table S3B) were negative regulation of receptor signalling pathway 
via STAT (q = 0.0091), regulation of heterotypic cell adhesion (q = 0.043) and axoneme assembly (q = 0.046). For 
FH (Table S3A), the significantly upregulated pathways included alcohol biosynthetic process (q < 0.0001), sterol 
biosynthetic process (q < 0.0001), and regulation of steroid metabolic process (q < 0.0001). There were six that 
were significantly downregulated (Table S3B), including motile cilium assembly (q = 0.015), axonemal dynein 
complex assembly (q = 0.018) and cilium movement (q = 0.035).

To assess the involvement of the genes responding to Pb and FH exposures across spatio-temporal trajectories 
during human neurodevelopment, we analysed their expression using available RNA-seq data from the BrainSpan 
Consortium24. The genes responding to Pb (Figure S2C) and FH (Figure S2E) both formed two groups for early 
and late neurodevelopment. Both Pb (Figure S2D) and FH (Figure S2F) gene groups were significantly (adj. 
p < 0.05) detected in the frontal cortex, temporo-parietal cortex, sensorimotor cortex, and subcortical regions. 
When considering their role across developmental periods, Pb genes (early) were significantly identified (adj. 
p < 0.05) in all brain regions from the late mid-foetal period (19–24 weeks), other than in the subcortical region 
that was only significant (adj. p < 0.05) from the early foetal period (0–12 weeks). For FH (late), the genes were 
significantly found (adj. p < 0.05) in all studied brain regions, however, were limited to postnatal periods of 
neurodevelopment.

Additionally, we tested for enrichment of the responding genes in neurodevelopmental disorder gene lists, 
including SFARI for ASD25, Genetic epilepsy syndromes (EPI) panel26, intellectual disability (ID) panel26 and a 
general developmental gene list27. No significant findings were observed (adj. p > 0.05).

To summarise, gene level responses were only detected following Pb and FH exposures, while pathway level 
responses could be detected for all environmental factors.

Convergence of affected molecular pathways for all exposures.  Several shared biological pro-
cesses were revealed, when we analysed the molecular pathways across environmental factor exposures (Level I 
analysis). There was significant upregulation detected (Table S3A) in glycosphingolipid metabolic processes (FH 
q = 0.034, Pb q = 0.023), steroid catabolic processes (FH q = 0.0003, Pb q = 0.016), terpenoid metabolic processes 
(BPA q = 0.046, FH q = 0.031), negative regulation of endothelial cell apoptosis (EtOH q = 0.0017, FH q = 0.003), 
synaptic vesicle priming (FH q = 0.014, Pb q = 0.018) and cholinergic synaptic transmission (FH q = 0.015, Pb 
q = 0.01). Those that were significantly downregulated (Table S3B) were axoneme assembly (FH q = 0.0008, Pb 
q = 0.046) and microtubule bundle formation (FH q = 0.0065, Pb q = 0.05). The summary network of the six 
exposures, indicated connected nodes across the exposures for several of the upregulated clusters and only sin-
gleton nodes for the downregulation (Fig. 2E, Table S4A and S4B).

Based on our pathway level analyses, we demonstrated that the environmental exposures resulted in systemic 
responses of which many were shared physiological pathways and/or pathological effects.

Clinical background modulates exposure effects.  Similar pathway analyses were performed for 
Level—II, Clinical Background Effects, by analysing the Non-ASD cells (CTRLMale and CTRLFemale; Table S2B and 
S2I) and ASD cells (ASDCASK and ASDHNRNPU; Table S2C and S2J) separately. The environmental factor expo-
sures uniquely and commonly modulated several pathways. A total of 460 biological processes were upregulated 
(Table  S3C) and 79 were downregulated (Table  S3D) in the Non-ASD cells. In the ASD cells, 861 pathways 
were upregulated (Table S3E), while 17 were downregulated (Table S3F). The summary networks were used to 
visualize hub nodes (Table S4C and S4D, Figure S3A and S3C for the Non-ASD cell lines; Table S4E and S4F, 
Figure S3F and S3D for the ASD cell lines).

Furthermore, we analysed the global network properties of the Non-ASD and ASD cell responses to the 
environmental factor exposures to represent the differential responses. In the upregulation network for Pb 
(Table S3G), the diameter measuring the network size, was greater for the ASD cell lines (17.0) than the Non-
ASD cell lines (7.0). In contrast, the clustering coefficient indicating the nodal neighbourhood connectivity 
was higher of the Non-ASD cell lines (0.68) than the ASD cell lines (0.54). The average degree, representing the 
number of edges per node in a network, was conversely higher in the ASD cell lines (8.06) than the Non-ASD 
cell lines (6.67). Interestingly, no downregulation network could be generated for the ASD cell lines based the 
selected thresholds (q < 0.05). For the upregulation network of FH (Table S3G), the diameter of the Non-ASD 
cell lines (18.0) was larger than the ASD cell lines (4.0). The clustering coefficient was greater for the ASD cell 
lines (0.95) than for the Non-ASD cell lines (0.59), while the average degree was higher for the Non-ASD cell 
lines (7.53) when compared to the ASD cell lines (5.72). Similar to Pb, no downregulation network could be 
generated for FH exposure in the ASD cell lines.

Lastly, we performed the Level III analyses for each cell line (Table S2D–S2G and S2K–S2N). Several pathways 
were found to be significantly modulated (Table S5). Interestingly, the exposures per cell line regulated several 
unique biological processes. For Pb, significantly upregulated (q < 0.05) unique processes (Table S5A), were 
indicated for all cell lines, however ASDHNRNPU showed the largest effects with 1105 of 1274 that were signifi-
cantly upregulated. While, CTRLMale had the largest effects that were Pb-driven and significantly downregulated 
(q < 0.05) (Table S5B) with 266 of 290 pathways. FH induced significant upregulation (q < 0.05) was largely 
detected in CTRLMale (250 of 378) and none in ASDCASK (Table S5C). FH-driven significant downregulation 
(q < 0.05) of pathways was identified mostly in CTRLMale (75 of 85) with a few in CTRLFemale (13 of 71), such as 
spliceosomal snRNP assembly (CTRLMale q < 0.0001) and cilium movement (CTRLFemale q = 0.0002) (Table S5D).

Pb and FH exposure effects on the cell lines were visualised using summary network analysis for upregu-
lated (Fig. 3A and 3C, Table S4G and S4I, respectively) and downregulated (Fig. 3B and 3D, Table S4H and 
S4J, respectively) common clusters. The upregulated clusters (Fig. 3A, Table S4G), significantly altered after 
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Pb exposure and common between at least two cell lines included detoxification toxic radical (ASDHNRNPU 
q = 0.0099, ASDCASK q = 0.0472, CTRLMale q = 0.0325), complement activation regulation (ASDHNRNPU q = 0.0183, 
CTRLMale q = 0.0192) and xenobiotic glutathione derivative (ASDHNRNPU q = 0.0296, CTRLMale q = 0.0467). Some 
that were downregulated (Fig. 3B, Table S4H) and unique to CTRLMale or CTRLFemale were also detected, several 
of which were related to cell cycle regulation. For FH, the upregulated clusters (Fig. 3C, Table S4I), significant 
and common amongst at least two cell lines included alcohol steroid process (CTRLMale q = 0.0312, CTRLFemale 
q = 0.0083), receptor recycling regulation (CTRLMale q = 0.0240, CTRLFemale q = 0.0403), and ERK1 ERK2 cascade 
(CTRLMale q = 0.0238, CTRLFemale q = 0.0114). Those that were unique and downregulated (Fig. 3D, Table S4J) 
were also identified, like cilium flagellum movement (CTRLFemale q = 0.0197), DNA replication repair (CTRLMale 
q = 0.0146), and sister chromosome segregation (CTRLMale q = 0.0184).

BPA predominantly modulated pathways with significance (q < 0.05) in CTRLMale (upregulated 138 of 139, 
downregulated 1 of 1) (Table S5E). On the other hand, EtOH and VPA predominantly upregulated (Table S5I 
and S5G, respectively) those with significance (q < 0.05) in CTRLFemale (EtOH: 67 of 72, VPA: 5 of 5). VPA-driven 
significant downregulation (q < 0.05) (Table S5H) was detected mainly in CTRLFemale (37 of 84) and ASDCASK 

Summary network analysis
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Figure 3.   Summary networks from pathway enrichment—Level III analysis of cell line effects following lead 
(Pb) and fluoxetine (FH) exposure. (A) Upregulated and (B) downregulated clusters enriched for day 5 exposure 
of Pb in CTRLMale, CTRLFemale, ASDHNRNPU and ASDCASK. (C) Upregulated and (D) downregulated clusters 
enriched for day 5 exposure of FH in CTRLMale, CTRLFemale, ASDHNRNPU and ASDCASK.
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(51 of 84). Zn- significantly upregulated pathways (Table S5J) mainly in CTRLMale (21 of 34), such as ribosome 
biogenesis (CTRLMale q = 0.0133) and translation initiation (CTRLMale q = 0.0332). Those that were significantly 
downregulated (Table S5K) like protein activation cascade (CTRLFemale q < 0.0001) and sterol import (CTRLFemale 
q = 0.0248), were primarily detected in CTRLFemale (34 of 40).

In summary, several shared as well as unique biological processes were detected when selecting based on 
clinical background or individual cell lines. While these were predominantly mediated by Pb and FH, small 
effects were also detected for BPA and VPA. Differences were also observed based on the properties of the 
generated networks.

Detecting interaction effects with FFED.  In addition to single exposures, the FFED design enabled 
exposure interaction analyses. In our design, we were able to analyse three two-way interactions (Level IV analy-
ses): Pb–Zn-, VPA–FH, and BPA–EtOH. However, interaction modulated genes were only detected in CTRLMale 
when analysing for interaction effects. This could be attributed to the presence of two full biological replicates of 
the FFED design for CTRLMale (Table S1A). Several biological processes were modulated by the two-way interac-
tions (Table S6A and S6B) and in the summary network several clusters were identified. Significant upregulation 
(Table S6C, Figure S3B) was detected in nucleosome organization assembly (BPA–EtOH q = 0.035), mitochon-
drial electron respiration (Pb–Zn- q = 0.015), membrane raft organization (Pb–Zn- q = 0.040), lipoprotein den-
sity particle (VPA–FH q = 0.023) and steroid biosynthetic process (VPA–FH q = 0.034). Significant downregula-
tion (Table S6D, Figure S3E) was detected in clusters such as G1 phase cell cycle (Pb–Zn- q = 0.015), chromatin 
remodelling (Pb–Zn- q = 0.0023), kinetochore organization assembly (Pb–Zn- q = 0.0034, VPA–FH q = 0.015), 
and snRNP biogenesis (VPA–FH q = 0.0071).

We were able to detect interaction effects in the CTRLMale for the specific combinations of exposures. For 
future interaction studies, at least two biological replicates in an L8 orthogonal array based FFED are needed to 
detect interaction effects.

Lead and Bisphenol A induce alternative splicing events.  After investigating gene response differ-
ences, we performed differential exon usage (DEU) analysis on the Level I to III comparisons (Table S7A). In line 
with the gene response analysis, Pb exposure presented significant effects on alternative splicing. Pb exposure 
induced more alternative splicing events in the ASD cell lines (45 genes) compared to the Non-ASD cell lines 
(4 genes). In addition to Pb, BPA also affected alternative splicing. BPA exposure caused extensive alternative 
splicing events on the global level (223 genes) and in the Non-ASD cell lines (346 genes). Furthermore, in the 
female control cell line, CTRLFemale, alternative splicing events were detected following analysis in both the full 
set of samples (381 genes) and excluded partial set (868 genes). No alternative splicing events were detected after 
exposure to the other environmental factors.

The genes with alternative splicing events in CTRLFemale after BPA exposure (partial sample set, 868 genes) 
were over-represented in several biological processes (Table S7B, Figure S3G). These included cytoskeleton 
organisation (adj. p = 0.0091), neuron development (adj. p = 0.036), regulation of RNA splicing (adj. p = 0.0359), 
neuron differentiation (adj. p = 0.048) and intracellular protein transport (adj. p = 0.044). No significant enrich-
ment (adj. p < 0.05) in biological processes were detected for the genes driving alternative splicing events following 
Pb exposure at all levels of analyses.

Furthermore, genes with significant alternative splicing events following BPA exposure in CTRLFemale were 
tested for enrichment in publicly available gene lists, as previously done for significantly responding genes. Sig-
nificant enrichment was observed in the SFARI gene list (adj. p = 0.045), SFARI high confidence gene list (adj. 
p = 0.022), ID panel (adj. p = 0.0045) and developmental gene list (adj. p = 0.0013). No significant enrichment 
(adj. p > 0.05) was detected in the EPI panel.

In our DEU level analyses, we indicated that both Pb and BPA mediated alternative splicing events in the study 
samples, however these were not enriched in any biological processes. At the cell line level, BPA predominantly 
drove the effects in CTRLFemale with enrichment in processes that regulate neuronal physiology and in publicly 
available gene lists relevant to ASD.

Fluoxetine alters lipid metabolism during neural progenitor differentiation.  As we revealed an 
extensive dysregulation of lipid metabolism related pathways in the transcriptomic profiles after FH exposures, 
we set out to validate the findings using direct infusion electrospray ionisation mass spectrometry (ESI–MS) for 
metabolomics (Fig. 1C). We initially evaluated over 2500 metabolite signals, including adducts, for FH expo-
sure effects in all the cell lines, out of which 79 were selected and reported based on their signal threshold level. 
At the Level I analysis for global effects, we could confirm several lipid-based metabolites to be significantly 
elevated after exposure to FH, including fatty acids (FA 18:1, adj. p = 0.0015; FA 20:2, adj. p = 0.0056; FA 20:3, adj. 
p = 0.0040), plasmanylcholines (PC e 32:0, adj. p = 0.0006; PC e 32:1, adj. p = 0.0003) and the phosphatidylethan-
olamine, PE 36:4 (adj. p = 0.0062) (Fig. 4A, Table S8A).

When separating for the clinical background (Level II) effects, several shared metabolites showed a significant 
elevation following FH exposure, however, with a difference in magnitude of concentrations, including fatty acids 
FA 20:2 (Non-ASD q = 0.0217; ASD q = 0.0320), FA 20:3 (Non-ASD q = 0.0134, ASD q = 0.0198); phosphatidyl-
cholines PC 34:3 (Non-ASD q = 0.0245, ASD q = 0.0313), PC 36:3 (Non-ASD q = 0.0246, ASD q = 0.0432) and 
phosphatidylethanolamines PE 34:2 (Non-ASD q = 0.0032, ASD q = 0.0007), and plasmanylethanolamine PE e 
38:4 (non-ASD q = 0.0189, ASD q = 0.0022) (Fig. 4D, Table S8B and S8C).

Furthermore, we detected several metabolites that were elevated significantly only in either of the clinical 
backgrounds. For the Non-ASD cell lines, additional 11 metabolites showed significant changes, including aspar-
tic acid (q = 0.0436), PC e 32:0 (adj. p = 0.0003), PE 34:2 (adj. p = 0.0033) and PE e 40:5 (adj. p = 0.0072) (Fig. 4B, 
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Table S8B). For the ASD cell lines, seven unique metabolites showed significant changes, including FA 18:2 (adj. 
p = 0.0009), PE 38:3 (adj. p = 0.0280), PE e 40:4 (adj. p = 0.0426) and SM 16:0 (adj. p = 0.0409) (Fig. 4C, Table S8C).

At the Level III analysis for cell line effects, in addition to some of the earlier significant metabolites, few more 
metabolites were also significantly elevated. In CTRLMale (Table S8D), PC e 32:0 (adj. p = 0.020) and PC e 32.1 
(adj. p = 0.0068) were elevated upon FH exposure, while no metabolites were significantly elevated in CTRLFemale 
(Table S8E). In ASDHNRNPU (Table S8F), significant elevation was detected in six metabolites including FA 20:3 
(adj. p = 0.033), PE 34:2 (adj. p = 0.033) and PC 34:4 (adj. p = 0.048). Five additional metabolites were significantly 
elevated in ASDCASK (Table S8G) including PE e 38:4 (adj. p = 0.012), PE 38:3 (adj. p = 0.0010) and PE 36:4 (adj. 
p = 0.0015).

Based on the above-mentioned results, we can summarise that FH exposure elevated the levels of several 
lipid-based metabolites in relation to their baseline levels detected in all comparisons in this study. This is turn 
could have several effects on cellular physiology.

Discussion
As the identification of both genetic and environmental factors in different conditions such as ASD and other 
NDDs is increasing, there is a need for efficient, multiplexable platforms to model their effects and interactions 
during differentiation of neural progenitors. Here, we describe our study using FFED coupled with RNA-seq to 
identify affected biological pathways in a human iPSC derived model of early neurodevelopment, followed by a 
layered analytical workflow. We find modest but significant changes at the pathway level after low-grade exposure 
with six selected environmental factors and showed the feasibility of separating the effects at different levels of 
complexity, vis-à-vis global, clinical background, and cell line effects, independently and as two-way interactions.

A means to highlight the efficiency and utility of the FFED would be to compare the input sample count in 
similar transcriptomic studies. While we performed RNA-seq on 32 samples and in-depth analysis to study the 
effects of six environmental factors, a theoretical full design study would require 120 samples to study 6 factors 
in 4 cell lines using 5 technical replicates. Similarly, a conventional experimental design to investigate the effects 
of Pb on human neural progenitors at two different concentrations and multiple time-points used 60 samples28. 
A recent report analysing the effects of a mixture of endocrine disrupting chemicals on neurodevelopment and 
language delay in human cerebral organoids and in-vivo models, generated vast insights on perturbed regulatory 
networks2. The FFED, would not only make it possible to analyse such interaction effects, but simultaneously 
decipher independent effects too, creating an in-depth transcriptomic profile with the same or even lower levels 
of sampling. As in the future, we need to better model complex mixtures of environmental factors across different 
doses and time points in-vitro1–3, the FFED approach will prove advantageous for such research.

In addition to showing the usefulness of the FFED method to increase the experimental efficiency for tran-
scriptomics or other high-throughput techniques, we have also gained insight into the biological mechanisms 
of the studied environmental factors. Several of the pathways identified to be changed have been linked to ASD 
through genetic studies7,29. These pathways were found to be differentially modulated by the six environmental 
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Figure 4.   Metabolic changes induced by fluoxetine (FH) exposure. (A) Significantly enriched metabolites (adj. 
p < 0.05) from day 5 FH exposure for global effects (Level I analysis). (B) Significantly enriched (adj. p < 0.05) 
and unique metabolites from day 5 FH exposure, in the non-ASD cell lines (Level II analysis). (C) Significantly 
enriched (adj. p < 0.05) and unique metabolites from day 5 FH exposure, in the ASD cell lines (Level II analysis). 
(D) Significantly enriched (adj. p < 0.05) and common metabolites from day 5 FH exposure, in the non-ASD and 
ASD cell lines (Level II analysis).
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factors, however, such effects were predominantly driven by the exposures of Pb and FH. It is important to note 
here that these effects represent sustained, steady state transcriptomic responses following low-grade environ-
mental exposure for 5 days and therefore provide stable insights with greater translational value.

We detect several relevant transcriptomic changes in the neural progenitors after low-grade exposure to Pb, 
primarily related to synaptic function. Our findings support previous reports on Pb exposure effects, a well-
known neurotoxicant linked to cognitive impairments, ASD, and other NDDs9,30. In-vitro studies looking at the 
mechanism of Pb action with the help of primary neuronal cultures showed that Pb can affect synaptic plasticity30 
and the expression of multiple ASD susceptibility genes28. These reports suggest that Pb induces modulation of 
selected genes implicated in vesicle release, neurite growth, synaptogenesis, and transcription factors involved in 
neuronal differentiation31. Our analyses align with the earlier studies, as we detect upregulated pathways related 
to axonogenesis and synaptogenesis. Interestingly, we also observed a large cluster of downregulated pathways 
related to DNA repair, cell cycle/division, and nucleosome remodelling. While such effects are known cytotoxic 
changes induced by Pb exposure32–35, these changes have also been previously identified in ASD7,36–38.

Another exposure resulting in large pathway level changes was FH, a commonly prescribed SSRI for depres-
sion and anxiety disorders. We show that FH modulates transcriptomic pathways related to lipid metabolism, 
which we also functionally validated using ESI–MS. We indicate an increase in lipid-based metabolites fol-
lowing FH exposure in differentiating neural progenitors. The importance of lipids in the human brain is well 
known, which has the highest lipid content after adipose tissue39. Neural progenitors are rich in lipid droplets 
and their abundance influences the proliferative state of such progenitors, which may also contribute to cell fate 
determination40. In neural embryonic stem cells, FH exposure at different time points of neural stem cell differ-
entiation was shown to alter cell type markers41. Mechanistically, FH binds to the transmembrane domain of the 
dimerised neurotropic tyrosine kinase receptor 2 (TKRB), otherwise responsible for long-term potentiation thor-
ough brain derived neurotrophic factor (BDNF) signalling, which we also detect as altered after FH exposure42.

How the changes in lipid metabolism during differentiation of neural progenitors would affect outcomes 
such as ASD later in life, requires further investigation. Nevertheless, it is still intriguing to note that deviations 
in lipid profiles have been previously observed in individuals with ASD. In a systematic review by Esposito and 
colleagues, 37 studies linking ASD to abnormal lipid profiles were identified43, showing an association between 
ASD and hypocholesterolaemia but unclear association for fatty acids. Furthermore, recently, hypolipidemia 
was identified in 367 individuals with an ASD diagnosis44. We also noted that the baseline concentrations for 
many of the affected lipids were lower in the Non-ASD cell lines, and these get elevated following short-term FH 
exposure in both clinical backgrounds. While transcriptomic enrichment of lipid-based pathways has been noted 
in ASD45 with an increasing interest in defining an ASD subtype based on dyslipidaemia46, we provide evidence 
that FH exposure in early development could alter metabolomic pathways, thereby suggesting the investigation 
of long-term exposure effects as well as comparisons with other SSRIs should be made.

Interestingly, evidence of FH effects on lipid metabolism has started gaining traction. For instance, long 
term exposure to FH for 2 years in male rhesus macaques decreased polyunsaturated fatty acids in the medial 
prefrontal cortex47. An increase in serum lipid levels was observed in patients of clinical depression following 
treatment with FH for 8 weeks48. Even though there has been uncertainty regarding the direction of such changes, 
a report on FH effects in a murine model of depression revealed that the nature of the biological sample used in a 
metabolomic investigation is a key determinant of the observed lipid patterns49. When focussing on the specific 
metabolites that were reported in our study, the detected fatty acids, FA 18:1, FA 20:2 and FA 20:3 have been 
reported to be elevated in plasma samples of children with ASD50. FA 18:1 and FA 20:3 have also been recently 
associated with ASD diagnosis based on plasma lipidomics51. There are no direct reports of the other detected 
metabolites, following FH exposure, to be associated with ASD.

We also provide proof that when investigating effects of environmental exposures using in-vitro cellular 
models, diverse genetic backgrounds need to be taken into consideration. When analysing the effects separately 
for the clinical background and cell lines, several significantly enriched pathways were found to be predominantly 
affected by the exposure of Pb and FH, with both independent and combined effects. Remarkably, with a higher 
network diameter, Pb had a larger upregulatory response in the ASD cell lines (ASDCASK, ASDHNRNPU), while 
FH had such an impact on the Non-ASD cell lines (CTRLMale, CTRLFemale). This could signify that the ASD cell 
lines are more vulnerable to Pb, and the Non-ASD cell lines are to FH, thereby showing a larger transcriptomic 
response to the factors respectively. Additionally, few pathways modulated by VPA, BPA, EtOH and Zn- were 
also detected.

What was particularly interesting was the ability of BPA to induce differential exon usage events in differ-
entiating human neural progenitors. To find such changes by an already established endocrine disruptor2 with 
previously reported effects on alternative splicing52, emphasises the necessity to carry out further research in the 
context of NDDs. Moreover, we are aware that alternative splicing events can generally effect health and disease 
status53. A recent study has highlighted the contributions of alternative splicing to gene regulation in the develop-
ing brain and ASD, while providing an expansive resource for future research54. Based on human in-vitro and 
post-mortem samples, there was widespread dysregulation of neural microexons in ASD that are generated by 
differential exon usage events and are known to modulate axonogenesis and synaptogenesis55. Similar findings 
in related pathways, along with differences in the expression levels of splicing factors have also been reported 
in a murine model of ASD56.

Our study shows that the FFED is a promising design to generate multiplexed data, when evaluating the effects 
of several factors on biological outcomes. We have demonstrated that it is possible to translate from exploratory 
analysis to functional validation with the FFED. We saw robust effects after the Pb and FH exposures in the four 
cell lines included in the study, but only modest pathway level changes for the other four exposures. A majority 
of such pathway level changes were also unique to one cell line, which indicated a need for larger studies with 
several cell lines, selected based on genetic and clinical profiles. While the FFED coupled with RNA-seq is an 
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efficient approach to explore in-vitro exposure effects in parallel, there may be limitations in detecting smaller 
effects or those that polarise and end-up cancelling each other out. In conclusion, we have provided evidence 
for an efficient and multiplexable resource that can be used for better understanding the functional ramifica-
tions of environmental factors and gene-environment interactions in ASD and other clinical conditions with 
neurodevelopmental links. A molecular level understanding of the biological underpinnings of both genetic and 
environmental factors is essential for identifying plausible aetiologies and emergent future preventive interven-
tions in ASD.

Methods
Cell culture.  For the purpose of this study, previously generated and described human iPSC lines from 
a neurotypical male: CTRL9II–CTRLMale

22 and neurotypical female: AF22–CTRLFemale
20, and two males with 

known genetic variants for NDDs including ASD: ASD12BI–ASDHNRNPU
21 and ASD17AII–ASDCASK

19, were 
used (Fig. 1A). Information pertaining to the generation and quality control of the iPSC lines, as well as relevant 
clinical background are provided in the cited publications. The iPS cells were differentiated into neural progeni-
tor state and maintained as neuroepithelial stem (NES) cells, as previously described20,23. While NES cells are 
neural progenitors with both neurogenic and gliogenic potential, upon differentiation they are primarily neuro-
genic unless they are specifically differentiated to glia20,23.

The NES cells were seeded on tissue culture treated plates (Sarstedt), coated with 20 μg/mL poly-ornithine 
(Sigma-Aldrich) and 1 μg/mL Laminin2020 (Sigma-Aldrich). These were grown in DMEM/F-12 Glutamax 
basal medium (Gibco) supplemented with 0.05 × B27 (Gibco), 1 × N-2 (Gibco), 10 U/ml Penicillin–Streptomycin 
(Gibco), 10 ng/mL recombinant human bFGF (Gibco) and 10 ng/mL recombinant human EGF (Peprotech). 
Undirected differentiation of NES cells was achieved by the withdrawal of growth factors from the culture 
medium20,23. The NES cells were seeded on tissue culture treated plates (Sarstedt), coated with 20 μg/mL poly-
ornithine (Sigma-Aldrich) and 1 μg/mL Laminin2020 (Sigma-Aldrich). These were grown in DMEM/F-12 Glu-
tamax basal medium (Gibco), that was made zinc free for use in the FFED approach, supplemented with 0.5 × B27 
(Gibco), 1 × N-2 (Gibco) and 10 U/ml Penicillin–Streptomycin (Gibco). When using zinc free basal medium, 
1.5 µM zinc sulphate (ZnSO4, Sigma) was added to maintain normal zinc concentration in the basal medium 
(Table S1A). The cells were differentiated for 5 days post induction of differentiation, followed by sampling based 
on the downstream application. To control for any variance introduced by experimentation, the experiments 
were performed by the same cell culture scientist in a single experimental batch with passage matched NES cells 
and all samples were collected at the timepoint stated in the methods section.

Zinc free DMEM/F-12 Glutamax basal medium was prepared following treatment of 500 mL DMEM/F-12 
Glutamax basal medium (Gibco) with 25 g of Chelex 100 (Biorad). Following gentle mixing on an orbital shaker 
for 1 h at room temperature, the pH of the medium was adjusted to 7.0–7.4 using hydrochloric acid (HCl, Sigma) 
and sterile filtered using a 0.02 µ filtration unit (Sarstedt). As Chelex 100 is not a specific chelator for zinc ions 
but rather chelates all positively charged metal ions, other metal ions had to be restored in the medium by 
addition of a self-formulated metal supplement. To prepare 1 mL of metal supplement for 500 mL of medium, 
add 525.2 µL of 1 M calcium chloride (CaCl2, Sigma), 0.65 µL of 1 mg/mL copper(II) sulphate (CuSO4, Sigma), 
4.17 µL of 100 mg/mL iron(II) sulphate (FeSO4, Sigma) and 301.5 µL of 1 M magnesium chloride (MgCl2, 
Sigma) to 168.5 µL of Milli-Q water. The metal supplement was sterile filtered using 0.02 µ syringe filter prior to 
thoroughly mixing with the basal medium.

Fractional factorial experimental design (FFED).  Based on our aim to study six exposures with two 
levels each (untreated control and treated), we selected the L8 Orthogonal Array based FFED4. The cell culture 
media was spiked with the environmental factors as per the FFED and determined treatment concentration, to 
mimic sustained low-grade exposures of the environmental factors in-vitro (Table S1A).

Cytotoxicity assays for environmental factors.  We evaluated the cytotoxicity of lead (Pb), valproic 
acid (VPA), bisphenol A (BPA), ethanol (EtOH), fluoxetine hydrochloride (FH) and zinc deficiency (Zn-) in 
our cell lines. The treatment concentration ranges (0.00–30.00 µM or 0.00–200.00 mM) for the selected envi-
ronmental factors were determined based on those previously reported in different cell types and tissue samples 
from the literature. (Table S1), followed by testing in our cell lines using the MTS cytotoxicity assay (Promega).

The NES cells were exposed to a concentration range of the environmental factor being studied. Growth 
factors were withdrawn from the cell culture, to initiate differentiation. The exposure media was changed every 
second day. At 24- and 120-h (5 days) post exposure, the cells were treated with MTS (3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) reagent, based on instructions from the 
manufacturer. After 3 h of incubation at 37 °C and 5% CO2, absorbance was recorded at 490 nm using a spec-
trophotometric microplate reader. The same experimental approach was repeated when checking the selected 
concentrations for the environmental factors using the FFED (Table S1A). The response was represented as a 
regression line generated using the Loess method for local regression fitting and the shaded area denoted the 
95% confidence interval. Two-way ANOVA followed by Tukey’s post-hoc correction for multiple comparisons, 
was used to test for significance (adj. p < 0.05) of the reported findings.

Immunocytochemistry.  The stem cell specific marker, SOX2 was visualised using immunocytochemis-
try. Cells were cultured on glass coverslips with exposure to the environmental factors in the FFED for 120 h 
(5 days) and fixed for 20 min in 4% paraformaldehyde. The primary antibody used was SOX2-AB5603, 1:1000 
(Merck-Millipore). All images were taken with LSM 700 Zeiss Confocal Microscope (Zeiss Plan-Apochromat 
63 × /1.40na Oil DIC Objective M27), with 63 × magnification at 1024- × 1024- pixel (pxl) resolution, resulting 
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in an aspect ratio of 0.099233 μm per pixel. Fiji—ImageJ (v2.3.0/1.53f.)57 was used to estimate SOX2 positivity, 
normalised against total cellular nuclei. Quantification of percentage positivity was done in R (v4.1.2)58.

Cell proliferation.  To analyse differences in cellular proliferation, when exposed to the environmental fac-
tors in the FFED, the BrdU assay (Abcam) was performed at 24 h and 120 h (5 days) post induction of differen-
tiation. 24 h prior to the read-out, 1X-BrdU reagent was added to the cell culture vessels for incorporation by 
incubation at 37 °C and 5% CO2. For the read-out, the culture media was aspirated, and cells were fixed with the 
supplied fixing solution. This was followed by exposure to the anti-BrdU antibody (primary antibody), followed 
by incubation at room temperature for 1 h and washing with the supplied plate wash buffer. The cells were incu-
bated with the HRP-tagged secondary antibody at room temperature for 30 min followed by TMB exposure and 
recording absorbance at 450 nm. Quantification of percentage proliferation was done in R (v4.1.2)58.

Bulk RNA sequencing (RNA‑seq).  Cell lysates were collected on day 5 of exposure (N = 43). At least one 
biological replicate was included for each of the four cell lines (n = 32). An additional full biological replicate was 
collected for CTRLMale (n = 8) and a partial for CTRLFemale (n = 4) to account for cell culture related effects. RNA 
samples were extracted using a spin-column based kit (Promega) and following manufacturer’s instructions. 
RNA integrity was determined using a fluorescence based micro-capillary detection system (Qsep100, Bioptic) 
using an RNA specific kit (Bioptic) and following manufacturer’s guidelines. RNA samples with an RNA quality 
number (RQN) greater than 9 were selected for library preparation and sequencing.

Library preparation and sequencing were performed at the National Genomic Infrastructure (NGI), Stock-
holm. The sequencing library was prepared using the Illumina TruSeq RNA RiboZero GOLD kit. Pooling and 
sequencing were done on NovaSeq6000 (NovaSeq Control Software 1.6.0/RTA v3.4.4) with a 2 × 151 setup 
using ’NovaSeqXp’ workflow in ’S4’ mode flowcell. We obtained, on average, 46.5 million reads per sample. The 
Bcl to FastQ conversion was performed using bcl2fastq (v2.20.0.422) from the CASAVA software suite. Results 
from the best practice bioinformatics nf- core/RNAseq pipeline of the NGI, were used for further analysis59. 
In short, quality control of read sequences was performed with FastQC, followed by preparation for alignment 
using UMI-tools (extraction of unique molecular identifiers), Trim Galore! (adapter and quality trimming), 
BBSplit (removal of genomic contaminants) and SortMeRNA (removal of ribosomal RNA). Read alignment was 
completed using STAR aligner. Differential gene expression (DGE) analysis was performed using the DESeq2 
package (v3.14)60 in R (v4.1.2)58.

The analysis for the detection of differentially expressed genes (DEGs) was stratified depending on several 
levels of complexity. In the Level I—Global Effects, comparisons across all cell lines, independent of genetic 
background were made and DEGs and globally effected pathways were identified. Level II—Clinical Background 
Effects, comparisons based on the clinical background of the iPSC lines were made to identify DEGs. Here, the 
neurotypical male and female iPSC lines belonged to the non-ASD clinical background, while the male ASD iPSC 
lines belong to the ASD clinical background. At Level III—Cell Line Effects, comparisons were made between 
the control and treatment groups of each individual cell line included in the study. Here, the linear model used 
was design =  ~ exposure. The data was filtered based on the level of analysis, prior to the application of the linear 
model. Lastly, Level IV—Interaction Effects, were analysed where comparisons were made across all cell lines, 
both independent as well as dependent on clinical background, for the three possible interactions as per the 
FFED. This included interactions between Pb and Zn, VPA and FH, and BPA and EtOH. The linear model used 
was design =  ~ cell line + replicate + interaction + cell line * interaction. Based on instructions provided by the pack-
age developer, the PCA was performed and were exported for easy visualisation using the pcaExplorer package 
(v2.20.1)61 in R (v4.1.2)58.

Pathway enrichment.  Pathway analysis was done according to previously described protocols62. Fol-
lowing DGE analysis, RNK files were generated, and Gene-Set Enrichment Analysis (GSEA, v4.2.1)63 was 
performed for biological processes, molecular function, and cellular components, with a significance thresh-
old of FDR < 0.05. The scored gene ontology information (biological processes, MSigDB v7.4) was imported 
into Cytoscape (v3.9.0)64 and visualised using the EnrichmentMap (v3.3.3)65 app. The generated clusters with 
FDR adjusted p values (q values) were subsequently labelled using the AutoAnnotate (v1.3.5)66 app, to identify 
enriched pathways, that were both differentially upregulated and downregulated. Summary networks were also 
created following the annotation. The generated network(s) were exported as PDFs and aesthetically organised 
using Affinity Designer (v1.10.4).

Network parameters for the generated gene ontology biological processes (GOBP) networks were analysed 
using the online tool NetConfer67. From the networks generated using the EnrichmentMap (v3.3.3)65 app in 
Cytoscape (v3.9.0)64, a list of connected nodes and their edge similarity coefficient was compiled. These lists 
were then used in the “WF2: Identify and compare key nodes” workflow from NetConfer67 to compute global 
network properties including total nodes, total edges, diameter, density, clustering coefficient and average degree.

Gene enrichment.  We used the publicly available BrainSpan24 RNA-sequencing dataset that contains spa-
tio-temporal gene expression data pertaining to typical neurodevelopment to analyse the enrichment of DEGs 
in certain time and regions. After removing low quality samples (RIN < 9.0) from the dataset, and genes with low 
expression (< 1 FPKM in at least 2 samples) and with low variable expression between samples (> 0 FPKM less 
than 50% of samples and coefficient of variance < 0.25)68, a total of 344 samples and 24,434 genes were screened 
for further analysis. Four brain regions and eight developmental periods from 8 PCW (weeks post conception) 
to 40 years of age, were defined69. Hierarchical clustering was performed to group significant gene lists to 2 
clusters separately, based on their standardized mean expression pattern across all brain regions and timepoints. 
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To identify if there were any significantly enriched gene clusters in any brain regions or time periods, the mean 
expression of random genes with similar numbers of selected cluster at each region and time period were calcu-
lated. The p value was based on the proportion of selected gene clusters’ mean expression that were higher than 
the random genes’ mean expression after 10,000 times of permutation. FDR70 was used to adjust p values for 
multiple comparisons and were reported.

To examine for enrichment of the significant DEGs following exposure to the environment risk factors in 
publicly available ASD and NDD related gene lists, genetic data was obtained from SFARI gene (v2021 Q3)25, 
Genetic epilepsy syndromes (EPI) (v2.489) panel26, Intellectual disability (v3.1500) (ID) panel26 and a devel-
opmental gene list27. Enrichment analysis based on hypergeometric testing was performed using the phyper 
function in R58. The background gene list for the analysis was generated from the RNA-seq expression data, for 
expressed genes with a base mean > 20.

Differential exon usage.  Differential exon usage (DEU) analyses were performed using DEXSeq package 
(v1.36.0)71. Flattened annotation file was created using provided python script excluding the aggregate exon 
bins and exon counts were calculated using provided python script. For the global effects (Level I) analysis, the 
cell line factor was used as a blocking factor using the linear models formulaFullModel =  ~ sample + exon + cell 
line:exon + exposure:exon and formulaReducedModel =  ~ sample + exon + cell line:exon. Therefore, DEU exon bins 
were called based on differences after treatments and differences between cell line gene expression backgrounds 
was blocked from the analysis. The analysis was repeated for ASD (ASDCASK, ASDHNRNPU) and non-ASD cell 
lines (CTRLMale, CTRLFemale) again blocking gene expression backgrounds between cell lines. Finally, the analysis 
was performed for all the cell lines separately per treatment by ~ sample + exon + exposure:exon. A gene was called 
to have evidence for DEU, if it had at least one exon bin differentially used between conditions. The difference 
was considered significant with FDR70 adjusted p < 0.05, exon base mean ≥ 10 and an absolute log fold change 
≥ 1.5. Over-representation analysis (ORA) was performed using the online tool WebGestalt72.

Direct infusion electrospray ionisation mass spectrometry (ESI–MS).  Metabolomic profiling was 
performed using the direct infusion probe (DIP) for ESI-MS73 on snap-frozen cell lysates (N = 24) at day 5 of 
exposure to 3.0 µM FH during undirected differentiation of NES cells, with 3 technical replicates each for the 
treated and untreated groups in all four cell lines: CTRLMale, CTRLFemale, ASDHNRNPU and ASDCASK. The cells were 
stored as pellets in -80 freezer prior to lysing with the electrospray solvent containing 9:1 methanol:water and 
0.1% formic acid. To enable comparison, all cell samples had the similar number of cells per volume. The samples 
were analysed on a QExactive Orbitrap instrument at 140,000 mass resolving power using full scanning between 
70 and 1000 Da in untargeted mode. The resulting data was extracted using 1 min data per sample and sorted 
in MZmine274. Quantification was performed using a one-point calibration and the metabolite concentration 
in the sample was calculated from the concentration of the corresponding internal standard multiplied with the 
intensity ratio of the endogenous metabolite and the internal standard.

To test for significance of the resulting metabolite concentrations (µM) following the mass spectrometry 
analysis pipeline, a linear model was applied to first the complete dataset, then to subset datasets based on the 
clinical background and individual cell lines. Here, the linear model used was lm(concentration ~ exposure). The 
data was filtered prior to the application of the linear model, based on the level of analyses: global effects, clinical 
background effects, and cell line effects. The obtained p values were adjusted for multiple comparisons using the 
FDR method in R (v4.1.2)58. Significantly modulated metabolites (Untreated vs. Treated) were selected based on a 
significance threshold of adjusted p < 0.05 and were visualised using the ggplot2 package (v3.3.5)75 in R (v4.1.2)58.

Statistical analyses and plots.  All statistical analyses, unless otherwise stated, were performed in R 
(v4.1.2). The statistical models and tests used for the analyses are described in the methodology relevant to 
the experimental technique, in the sections above. All plots, unless otherwise stated, were created using the 
ggplot2 package (v3.3.5)75 or the pheatmap package (v1.0.12, https://​CRAN.R-​proje​ct.​org/​packa​ge=​pheat​map) 
in R (v4.1.2)58.

Data availability
The generated data is available on GitHub (https://​github.​com/​Tammi​mies-​Lab/​FFED-​RNASeq) or available 
from the corresponding author (kristiina.tammimies@ki.se). The RNA-sequencing read counts are additionally 
available on the NCBI GEO repository (GSE229546).

Code availability
The source code is available on GitHub (https://​github.​com/​Tammi​mies-​Lab/​FFED-​RNASeq) or available from 
the corresponding author (kristiina.tammimies@ki.se).
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