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Abstract

We previously found that the widely used disinfectants, benzalkonium chlorides (BACs), alter
cholesterol and lipid homeostasis in neuronal cell lines and in neonatal mouse brains. Here we
investigate the effects of BACs on neurospheres, an /n vitro three-dimensional model of
neurodevelopment. Neurospheres cultured from mouse embryonic neural progenitor cells (NPCs)
were exposed to increasing concentrations (1 to 100 nM) of a short-chain BAC (BAC C12), a
long-chain BAC (BAC C16), and AY9944 (a known DHCRY7 inhibitor). We found that the sizes of
neurospheres were decreased by both BACs, but not by AY9944. Furthermore, we observed potent
inhibition of cholesterol biosynthesis at the step of DHCR7 by BAC C12, but not by BAC C16,
suggesting that cholesterol biosynthesis inhibition is not responsible for the observed reduction in
neurosphere growth. Using immunostaining and cell cycle analysis, we found that both BACs
induced apoptosis and decreased proliferation of NPCs. To explore the mechanisms underlying
their effect on neurosphere growth, we carried out RNA sequencing on neurospheres exposed to
each BAC at 50 nM for 24 hr, which revealed activation of the integrated stress response by both
BACs. Overall, these results suggest that BACs affect neurodevelopment by inducing the
integrated stress response in a manner independent of their effects on cholesterol biosynthesis.
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Introduction

Benzalkonium chlorides (BACs) are the most commonly used quaternary ammonium
compound (QAC) disinfectants. They are applied in food processing lines, health care
facilities, residential settings, and are common ingredients in over-the-counter cosmetics,
hand sanitizers, and pharmaceutical products.l: 2 Therefore, exposure to BACs is prevalent
given the diversity of applications and may occur through dermal/eye contact, inhalation,
and ingestion. The COVID-19 pandemic has led to excessive usage of BAC-containing
disinfectants. Clorox has ramped up its production by 5 times but still cannot meet the
demand. Thus, the level of exposure to BACs is unprecedented. Although BACs have been
generally recognized as safe, the FDA has called for additional safety data on the usage of
BACs in healthcare and consumer antiseptic products.3 4

A wide range of cytotoxicity and biological activities of BACs has been reported in various
biological systems. Occupational BAC exposure has been found to be associated with
increased risk of asthma and allergic reactions in the eye and the skin.>-10 BACs are toxic to
peripheral neurons, including enteric and ganglion neuronal cells, at uM concentrations.1: 12
A study by Hrubec and coworkers demonstrated that chronic consumption of BACs-
containing diet led to significantly decreased fertility and fecundity in mice, as well as
increased dam mortality.13 Recently, the same group reported an increased incidence of
neural tube defects (NTDs) in both mice and rats exposed /n utero, either through diet or
ambiently, to an environmentally relevant QAC mixture that contained BACs.24 NTDs are
closely associated with defects in neural progenitor cell (NPC) proliferation.1>-17 Indeed, rat
NPCs exposed to high concentrations (1000 nM) of BACs /n vitro show decreased
proliferation, increased apoptosis, and oxidative stress.18

We previously found that BACs with short alkyl chains, C10 or C12, inhibit cholesterol
biosynthesis at the step of 7-dehydrocholesterol reductase (DHCR7) in Neuro2a cells.1?
Recently, we demonstrated that BACs accumulate in the developing neonatal mouse brain at
low nM concentrations and alter cholesterol biosynthesis.2? Cholesterol is critical for
neurodevelopment, serving an essential role in hedgehog signaling,?! neurogenesis, 22
synapse formation and function,23 24 and myelination.2> Effects on cholesterol homeostasis
have been shown to play a role in the developmental neurotoxicity of ethanol and retinoic
acid.?6. 27 Therefore, it is plausible that BACs may impact neurodevelopment in a manner
similar to these well-known developmental neurotoxicants.

Neurospheres are used as a three-dimensional (3-D) /7 vitro model for developmental
neurotoxicity screening as they mimic key processes of brain development, including
proliferation, apoptosis, differentiation, and migration.28: 22 Neurospheres are free-floating
structures consisting of NPCs. In the present study, we found that BACs increase apoptosis
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and decrease proliferation of neurospheres in a manner that is associated with induction of
the integrated stress response rather than cholesterol biosynthesis inhibition.

Materials and Methods

Materials

Cell culture

Optima LC/MS solvents (chloroform, methanol, methylene chloride, and water), formic acid
(Optima LC/MS), and sodium chloride were purchased from Thermo Fisher Scientific
(Grand Island, NY). Benzyldimethyldodecylammonium chloride (BAC C12) and
benzyldimethylhexadecylammonium chloride (BAC C16) were purchased from Sigma-
Aldrich Co. (St. Louis, MO). BAC C12 and BAC C16 were dissolved in DMSO to yield 1,
10, 50, and 100 uM stocks and stored at —80°C. The deuterated (d;-) sterol standard d7-7-
dehydrocholesterol was prepared as reported previously.30 d;-Cholesterol was purchased
from Avanti Polar Lipids (Alabaster, AL). 13C3-desmosterol and 13C5-lanosterol were
purchased from Kerafast (Boston, MA). The primary antibody used in
immunocytochemistry was mouse anti-Ki67 at a dilution of 1:200 (BD Pharmingen™, San
Jose, CA) and the secondary antibody used was Alexa Fluor-conjugated goat anti-mouse
IgG at a dilution of 1:1000 (Invitrogen ™, Carlsbad, CA). 4,6-Diamidino-2-phenylindole
(DAPI) was purchased from Thermo Fisher Scientific.

The University of Washington Institutional Animal Care and Use Committee approved all
animal protocols. Male and female C57BL/6J mice (7 to 8 weeks old) were purchased from
Jackson Laboratories (Bar Harbor, ME). Time-mating was conducted with breeding pairs of
2 females and one male, placed in a cage overnight and separated the following morning. On
gestation day 13.5 to 14.5, the pregnant dam was euthanized, and embryos were removed
from the uterus and transferred to a Petri dish in sterile 1x phosphate buffered saline (PBS).
After careful removal of the meninges under a dissection microscope, cortices were
dissected from each embryo, and transferred to a 60 mm culture dish containing 1 to 2 mL
of neurosphere proliferation media [DMEM/F-12 medium (Gibco®, Grand Island, NY),
Non-Essential Amino Acids (1x; Gibco®), GlutaMax (1x; Gibco®), Penicillin (100 IU) plus
Streptomycin (100 ug/mL) Strep (Gibco®), Sodium Pyruvate (1x; Gibco®), B27 (1x;
Gibco®), 20 ng/mL basic fibroblast growth factor (bFGF) and 20 ng/mL epidermal growth
factor (EGF) (PeproTech®, Rocky Hill, NJ)]. Tissues in media were transferred to a 15 mL
conical falcon tube and gently dissociated by trituration until clumps were no longer visible.
Cells were filtered through a 40 pum sterile cell strainer, seeded in neurosphere proliferation
media at either a density of 30,000 cells per well in 6-well plates for sterols analysis,
immunocytochemistry, transcriptomics, and flow cytometry experiments, or a density of
3,000 cells per well in a flat-bottom, ultra-low attachment 96-well plate (Corning™,
Corning, NY) for growth analysis, and cultured at 37 °C and 5% CO5/ 95% humidified air.
After 2 to 3 days, small neurospheres were formed, with peak neurosphere formation
occurring at 5 to 7 days when neurospheres reached approximately 150 to 200 pm in
diameter. Each preparation of neurospheres was considered one biological replicate and a
minimum of 3 replicates were used for each experiment.
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Chemical treatment

Neurospheres were exposed to BAC C12, BAC C16, AY9944 (the positive control for
cholesterol biosynthesis inhibition) or vehicle control (0.1% DMSO) from day /n vitro 4
(DIV 4) to DIV 7 for sterols analysis, growth analysis, and immunocytochemistry. For
transcriptomic analyses and flow cytometry, neurospheres were exposed from DIV 4 to DIV
5. Concentrations are described in figures and figure legends.

Neurosphere growth analysis

Neurosphere growth was evaluated at DIV 7 after exposure to BACs, AY9944 or vehicle
control in triplicate wells of a 96-well plate. Brightfield images of neurospheres were
captured on an EVOS® FL Auto Imaging System (Thermo Fisher Scientific) using the 10x
objective. ImageJ processing and analysis software (NIH) was used to measure the diameter
of each neurosphere in each of 3 wells per condition. Only neurospheres greater than 40 um
in diameter were measured. Data are presented as box plots, with individual data-points
representing each neurosphere. Statistical analyses were conducted using ANOVA followed
by Dunnett’s test comparing multiple concentrations to a single control, with an adjusted P
value < 0.05 considered statistically significant (GraphPad Prism version 9 for Windows).

To evaluate cell count on DIV 7, neurospheres were collected from triplicate wells of a 6-
well plate and mechanically dissociated into a single cell suspension for each condition. An
aliquot of cell suspension was used for counting and the remaining cell suspension was used
for immunocytochemistry. Data are presented as mean + standard error of the mean.
Statistical analyses were conducted as described above.

Sterols analysis

On DIV 7, neurospheres exposed to BAC C12, BAC C16, or vehicle control in triplicate
wells of a 6-well plate were pelleted and sonicated in ice cold 100 puL 1x PBS to lyse them.
Protein mass was measured with the BioRad-DC Protein Assay Kit. Isotopically labeled
sterol internal standards (to be used for quantification in the sterols analysis) were added to
each neurosphere lysates as follows: 0.5 pug of d7-cholesterol and d;-7-dehydrocholesterol,
and 0.1 pg of 13Cs-lanosterol and 13C3-desmosterol. Lipid extraction was carried out as
previously described in detail.3! To extract the lipids, Folch solution [4 mL chloroform/
methanol (2/1, v/v)] and NaCl aqueous solutions (0.9% (w/v), 1 mL) were added to each cell
lysate sample and the mixture was briefly vortexed and then centrifuged for 5 min in a
clinical tabletop centrifuge at 10°C. The lower (organic) phase was recovered, transferred to
a separate glass tube, and the solvent was removed /n vacuo using a SpeedVac® (Thermo
Fisher Savant). The resulting lipid extracts were re-dissolved in 0.3 mL methylene chloride
prior to analysis.

For analysis, 30 pL of lipid extract was transferred to an LC vial, dried under a stream of
argon, and reconstituted in 30 uL 90% MeOH with 0.1% formic acid. Determination of
sterol concentrations was performed by ultra-performance liquid chromatography (UPLC)
tandem mass spectrometry (MS/MS) using a triple-quadrupole mass spectrometer (API 4000
™- AB SCIEX, Ontario, Canada) equipped with atmospheric pressure chemical ionization
(APCI) coupled to a Waters Acquity UPLC system as described previously.31 Briefly,
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sterols were separated by reversed phase chromatography on a C18 column (1.7 mm, 2.1 x
100 mm, Phenomenex Kinetex) using a 15 min isocratic gradient of 90% methanol with
0.1% formic acid at a flow of 0.4 mL/min. Selective reaction monitoring (SRM) was used to
monitor the dehydration of the sterol [M+H]+ ions to generate [M+H-H,O]+ ions. Data
analysis was performed with Analyst (v. 1.6.2) Quantitation Wizard. Cholesterol was
quantified relative to the d7-cholesterol internal standard, 7-dehydrocholesterol and 8-
dehydrocholesterol was quantified relative to d,-7-dehydrocholesterol, 7-
dehydrodesomsterol and desmosterol were quantified relative to 13Cs-desmosterol, and
lanosterol was quantified relative to 13Cs-lanosterol. Data are presented as mean + standard
deviation. Statistical analyses were conducted using ANOVA followed by Dunnett’s test
comparing multiple concentrations to a single control, with an adjusted P value < 0.05
considered statistically significant (GraphPad Prism version 9 for Windows).

Immunocytochemistry

For determination of cell proliferation by immunocytochemistry, 5-ethynyl-2’-deoxyuridine
(EdU) was added to each well at a final concentration of 10 uM 4 hrs before the end of
treatment to label cells undergoing proliferation. Neurospheres exposed to BAC C12, BAC
C16, or vehicle control in triplicate wells of a 6-well plate were then collected into a pellet
and triturated into a single cell suspension of NPCs. NPCs were seeded in untreated
neurosphere proliferation medium at a density of 100,000 cells per well in a 4-well
Permanox ™ plastic chamber slide (Nunc™, Thermo Fisher Scientific) freshly coated with
poly-d-lysine (20 pg/mL; Sigma Aldrich) and laminin (2 pg/mL; Corning™, Corning, NY).
Cells were left to adhere overnight in the incubator and then fixed with 4%
paraformaldehyde (PFA) in PBS for 20 min at room temperature. PFA was aspirated and
cells were washed 3 x 5 min with 1x PBS. For immunocytochemistry, the PBS was
aspirated, and cells were permeabilized with 3% BSA in PBST (0.5% Triton-X 100 in PBS)
for 20 min at RT.

For evaluation of proliferation, fixed cells were first exposed to 10% goat serum in PBST for
1 hr at room temperature and then exposed to Ki67 (1:200) and 5% goat serum in PBST
overnight at 4°. Cells were washed with cold PBST for 5 x 5 min. Alexa 568 goat anti-
mouse secondary antibody was applied for 1 hr at RT and then cells were washed with cold
PBST for 5 x 10 min. After the 41 wash, cells were incubated with 1 pg/mL DAPI for 20
min and washed once again with PBST. Coverslips were applied using Aqua Poly/Mount
(Polysciences, Warrington, PA). For EdU staining, the cells underwent an additional
processing step prior to blocking per the manufacturer’s protocol (MP 10338, Click-iT®
EdU Imaging Kit, Thermo Fisher Scientific). For evaluation of apoptosis, cells on slides
separate from those used for proliferation analysis were washed in PBS for 5 min at room
temperature and permeabilized in PBST for 5 min. Cells were rinsed with PBS for 2 x 5 min
at room temperature. Excess liquid was removed and the TUNEL reaction was conducted
per manufacturer’s protocol (#TB235, DeadEnd™ Fluorometric TUNEL System, Promega).
DAPI incubation was conducted as described above followed by application of coverslips
using Aqua Poly/Mount.
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Fluorescent images of NPCs were captured on an EVOS® FL Auto Imaging System
(Thermo Fisher Scientific) using the 20x objective. Images were uniformly adjusted for
brightness and contrast. A cell was scored as marker-positive if the cell showed positive
staining for DAPI and the marker. A cell with nuclear condensation was scored as apoptotic.
At least 500 DAPI-positive cells per condition per biological replicate were quantified and
the experimenter was blinded to condition. Data are presented as mean + standard error of
the mean. Statistical analyses were conducted as described above.

Flow cytometry analysis of cell cycle

Following exposure to vehicle control (DMSO), AY9944, BAC C12, or BAC C16 for 24 hr
at 50 nM, neurospheres were pelleted and the supernatant was aspirated. The pellet was
resuspended in 500 pl of 10 pg/ml DAPI and 0.1% IGEPAL CA-630 detergent (Sigma
18896) in Tris buffered saline. To lyse cells and release intact nuclei, the pellet was triturated
using a 1 mL syringe with a 25-gauge needle. Isolated nuclei were filtered through a 37 pm
steel mesh fitted onto a pipette tip. The nuclei suspension was analyzed usinga BD™ LSR I
cytometer with ultraviolet excitation and DAPI emission collected at > 450 nm. Cell cycle
was analyzed using the software program FlowJo™. Data are presented as mean + standard
error of the mean. Statistical analyses were conducted using paired Student’s t-test with a P
value < 0.05 considered statistically significant (Microsoft Excel).

Transcriptomics analysis

Neurospheres exposed to BAC C12, BAC C16, or vehicle control from DIV 4 to DIV 5in 4
wells of a 6-well plate were pelleted. Pellets (n = 3 biological replicates per condition) were
homogenized in 1 mL of QIAzol Lysis Reagent (Qiagen, Germantown, MD). Total RNA
was extracted from each sample using the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s protocol. RNA concentration was quantified using a microplate
spectrophotometer (Bio-Tek, Winooski, VT) to quantify the absorbance at 260 nm. RNA
integrity was evaluated by formaldehyde agarose gel electrophoresis to visualize the 18S and
28S rRNA bands. RNA integrity and purity were further confirmed by Novogene (Chula
Vista, CA) using an Agilent 2100 BioAnalyzer (Agilent Technologies Inc., Santa Clara,
California). Samples with RNA Integrity Number (RIN) of 10.0 or above were submitted for
RNA sequencing. Novogene performed the cDNA library construction and sequencing using
the Illumina NovaSeq 6000 platform (150 base pairs paired-end, with sequencing depth
above 20 million reads per sample).

Raw RNA sequencing reads in FASTQ format were mapped to the mouse genome using
HISAT (https://ccb.jhu.edu/software/hisat/index.shtml; Last accessed 8/31/2020) and format
conversions were performed using Samtools. Cufflinks (http://cufflinks.cbcb.umd.edu/; Last
accessed 8/31/2020) was used to estimate relative abundances of transcripts from each RNA
sample. Cuffdiff, a module of Cufflinks, was used to determine differentially expressed
genes (DEGS) between control and BAC C12, as well as control and BAC C16. DEGs met
the criterion of an adjusted P value < 0.05 (corresponding to the allowed false discovery rate
of 5%). DEGs were plotted in a Venn diagram to identify common and uniquely expressed
genes for each condition. Analysis of gene ontology (GO) terms for biological processes
was performed using iPathwayGuide (Advaita). DEGs were also submitted for STRING
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(Search Tool for the Retrieval of Interacting Genes/Proteins) analysis (https://string-db.org/;
Last accessed 08/31/2020). Transcriptomic data is publicly available at DRYAD (https://
doi.org/10.5061/dryad.véwwpzgv5) and Table S2.

Neurosphere growth is reduced by BACs

We first aimed to establish the phenotype of neurosphere growth in the presence of BACs.
Alterations in neurosphere growth could indicate increased cell death and/or an impairment
in the ability of NPCs to proliferate. Therefore, effects on the growth of neurospheres
exposed to either BAC C12, BAC C16, or AY9944 (the positive control for cholesterol
biosynthesis inhibition), from DIV 4 to DIV 7 was investigated. We chose to use BAC C12
and C16 to cover the full spectrum of biological actions of BACs because BAC C12 has
been found to be a potent inhibitor of DHCR7 while BAC C16 exhibit more potent
cytotoxicity in Neuro2a cells.19 Neurospheres exposed to either BAC showed a significant
decrease in diameter compared to vehicle control exposed neurospheres (Figure 1A-B). The
decrease in diameter was correlated with a reduction in the number of cells obtained from
dissociated neurospheres (Figure 1C). However, AY9944, a known inhibitor of DHCR?7, did
not cause significant changes in the neurosphere growth and cell count.

BACs alter cholesterol biosynthesis in neurospheres

Previously, we found that treatment of neurospheres with AY9944 resulted in increased
levels of cholesterol precursors, 7-dehydrocholesterol (7-DHC) and 7-dehydrodesmosterol
(7-DHD), and decreased levels of desmosterol and cholesterol — alterations that are expected
in the event of pathway inhibition at the step of DHCR7 (Figure S1).31 In the current study,
neurospheres were exposed to low nM concentrations of BACs from DIV4 to DIV7 and
UHPLC-MS/MS analysis was conducted to quantify levels of sterols in the post-squalene
cholesterol biosynthetic pathway (Figure 2).

Decreased desmosterol levels were observed at 50 nM in BAC C12 exposed neurospheres
and at 100 nM in BAC C16 exposed neurospheres. A trend toward decreased cholesterol and
lanosterol levels was also observed in BAC-exposed neurospheres, although this was not
statistically significant. The cholesterol precursors, 7-DHC and 7-DHD, were significantly
increased in neurospheres exposed to BAC C12 at 50 nM. 8-Dehdyrocholesterol also
showed significant accumulation in neurospheres exposed to 100 nM BAC C12. Overall, the
effect of BAC C12 on sterol levels in neurospheres is consistent with the inhibition of
DHCRY in the cholesterol biosynthetic pathway and our previous observations.19 31 BAC
C16 is much less potent than BAC C12 in inhibiting cholesterol biosynthesis. Regardless,
these effects do not appear to be correlated with effects on neurosphere growth, as both
BACs decreased neurosphere diameter and cell count and AY 9944, a known and potent
inhibitor of cholesterol biosynthesis, did not.

BACs decrease proliferation and induce apoptosis

The observed reduction in neurosphere growth could be due to decreased proliferation
and/or increased apoptosis of the NPCs. To evaluate the effects of BACs on proliferation,
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Ki67, a widely accepted cell proliferation marker, and EdU, a thymidine analog that is
incorporated into DNA of proliferating cells, were used to assess the number of proliferating
cells and proliferation rate (% EdU-positive cells / Ki67-positive cells). We found that the
total number of Ki67-positive cells from BAC-exposed neurospheres was decreased
although the proliferation rate was not affected (Figure 3A-B). Furthermore, cell cycle
analysis using flow cytometry revealed an apparent delay of the G1/S phase transition,
demonstrated by a significant increase in G1 cells and corresponding decrease in S phase
cells from BAC C12 exposed neurospheres (Figure 3C). This trend was the same for BAC
C16 exposed neurospheres, although not statistically significant due to large variation
between biological replicates.

To evaluate the effects of BACs on apoptosis, the terminal deoxynucleotidyl transferase
(TdT) dUTP nick-end labeling (TUNEL) assay and the condensed nuclei assay were used to
quantify apoptotic cells. After the neurospheres were exposed to BACs from DIV 4 to DIV
7, an increase in the number of TUNEL-positive NPCs (Figure 4A-B) and condensed nuclei
(Figure 4C-D) from dissociated neurospheres were observed. Collectively, these results
suggest that the reduction in neurosphere growth was due to both a decrease in proliferation
and increase in apoptosis.

Transcriptome analysis identified biological processes affected by BACs

As discussed above, the effects of BACs on neurosphere growth do not correlate with their
effects on cholesterol biosynthesis. Therefore, to determine potential mechanisms
underlying the effects of BACs on neurosphere growth, global transcriptomic analysis was
conducted on neurospheres exposed to BACs from DIV 4 to DIV 5. We identified 116
differentially expressed genes (DEGs) from BAC C12-exposed neurospheres (adjusted P
value < 0.05; Figure 5A) and 37 DEGs from BAC C16-exposed neurospheres. BAC C12 and
BAC C16 co-regulated 9 genes (Figure 5A).

Functional characterization of DEGs was conducted using gene ontology (GO) analysis of
biological processes. GO analysis identified 1,143 biological processes significantly
enriched by BAC C12, 445 significantly enriched by BAC C16, and 155 significantly
enriched by both BACs (P value < 0.05; Figure 5B). Response to stress was the top
biological process enriched by both BACs, as well as cell death and the MAPK cascade
(Figure 5C; Table S1). Co-regulated genes by both BACs involved in the response to stress
include tribbles homolog 3 (77763); fibulin 5 (Fb/n5); solute carrier family 7 member 11
(Slc7a11); phosphoenolpyruvate carboxykinase 2, mitochondrial (Pck2); asparagine
synthetase [glutamine-hydrolyzing] (Asns); apolipoprotein E (Apog); and calcium/
calmodulin dependent protein kinase 1l delta (CamkZa) (Figure 5D). Of these, all were
significantly upregulated except for Apoe and CamkZd.

A large number of genes involved in integrated stress response was identified by STRING
analysis for either BAC (Figure S2), among which a cluster of co-regulated genes by both
BACs, including 7rib3, Asns, and Slc7all, was further identified (Figure 5E). The
integrated stress response is an adaptive pathway activated in response to diverse stress
stimuli, such as protein homeostasis defects, nutrient deprivation, oxidative stress, and
mitochondrial dysfunction, and can lead to cell death in cases of severe stress.32: 33
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Activating transcription factor 4 (Atf4), the main effector of the integrated stress response,
32,33 was upregulated in response to BAC C12 exposure (LogFC=0.424; adjusted Pvalue <
0.05). In addition, Gpx3 (glutathione peroxidase 3; LogFC = 0.765), TnxZ (thioredoxin 1;
LogFC=0.567), and S/c7a11 are also related to response to stress (Figure S1).34 BAC C16
affected fewer genes involved in the integrated stress response (Figure S1). However,
mitochondrial electron transport (specifically cytochrome ¢ to oxygen) was one of the top
biological processes enriched in BAC C16-exposed neurospheres (Table 1) and genes
encoding for subunits of mitochondrial complex IV were significantly downregulated,
including cytochrome ¢ oxidase subunit 6A1 (Cox6al; LogFC = —0.547) and cytochrome c
oxidase subunit 7C (Cox7c; LogFC = —0.569) (adjusted P value < 0.05). Downregulation of
genes encoding complex 1V subunits may impact the formation and/or stability of complex
IV which could impair mitochondrial function.3® The effect of BAC C16 on genes involved
in mitochondrial electron transport is consistent with previous studies that have reported
mitochondrial dysfunction in response to BAC exposure.18: 36. 37

Finally, of particular relevance to neurodevelopment, neurogenesis was identified as one of
the top biological processes enriched in BAC C12-exposed neurospheres (Table 1). Notably,
the majority of DEGs involved in neurogenesis were downregulated (adjusted Pvalue <
0.05; Figure S3). Among these are the high mobility group family transcription factors Sox9
(LogFC = -0.554) and Sox10(LogFC = -1.262), which are required for the maintenance of
the NPC pool;38: 39 vascular endothelial growth factor A (Vegf-A; LogFC = —-0.717), which
has been shown to increase proliferation and/or decrease apoptosis of NPCs;4 and noggin
(Nog, LogFC = —1.524) which encodes a protein that has been shown to regulate neuronal
differentiation. 41 42

Discussion

In the present study, we aimed to characterize the effects of BAC exposure on
neurodevelopment in neurospheres — free floating clusters of NPCs used as an /7 vitro 3-D
model for investigating developmental neurotoxicity. Similar to our previous findings, BACs
altered cholesterol biosynthesis in neurospheres with BAC C12 being a much more potent
inhibitor than BAC C16.19: 20 However, both BACs impacted neurosphere growth, by
inducing apoptosis and inhibiting proliferation, while AY9944 did not, which suggests that
inhibition of cholesterol biosynthesis is not the underlying mechanism for the effects on
neurosphere growth. To explore alternative mechanisms responsible for the observed
phenotype, we carried out a comprehensive transcriptomic analysis, which revealed the
integrated stress response as another contributing mechanism to the biological activities of
BACs.

The integrated stress response is used by cells to adapt to a variety of stressors, including
endoplasmic reticulum (ER) stress, nutrient deficiency, or hypoxia.32 3343 A¢£4, the main
effector of the integrated stress response, transcriptionally activates Asns, Slc7all, and
Trib34> Asns converts aspartate and glutamine to asparagine and glutamate in an ATP-
dependent reaction and is upregulated in response to amino acid deprivation.*6 S/c7a11
transports cystine, the oxidized form of cysteine, into cells and releases glutamate into the
extracellular space. This gene can be induced by oxidative stress and/or amino acid
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deprivation.34 47 Finally, 7rib3, also known as neuronal cell death inducible putative kinase
(Nipk), is an important mediator of ER stress-related neuronal apoptosis.*8 Trib3 mediates
apoptosis through the dephosphorylation of Akt and subsequent activation of Foxo, which
leads to the increased expression of PUMA or p53 up-regulated modulator of apoptosis.49: 50
Upregulation of Trib3 is consistent with the reduced growth and increased apoptosis
observed in BAC-exposed neurospheres.

Oxidative stress and mitochondrial dysfunction may play a role in the activation of the
integrated stress response as oxidative stress-related genes (such as Gpx3, 7nx1, and
Slc7al1) were upregulated and mitochondrial complex 1V genes were downregulated in
BAC C12- and BAC C16-exposed neurospheres, respectively. Other factors could also
contribute to the induction of the integrated stress response in BAC-exposed neurospheres,
such as those discussed above. In addition, 77xZ has non-redox-related functions, such as
regulating lysine methylation.# Therefore, it appears that mitochondrial dysfunction,
oxidative stress, and dysregulation of protein synthesis all contribute to the activation of the
integrated stress response by BACs in neurospheres.®! Interestingly, mitochondrial
dysfunction has also been directly observed by Datta et al. in human corneal epithelial
primary cells and osteosarcoma cybrid cells exposed to BAC at low pM concentrations.36: 37

Although structure activity differences were not observed in terms of neurosphere growth
reduction and apoptosis, BAC C12 altered a greater number of genes than BAC C16, many
of which are involved in neurodevelopment. Notably, the majority of DEGs involved in
neurogenesis were downregulated by BAC C12 exposure. Cholesterol metabolism is critical
for proper neurogenesis. Altered cholesterol biosynthesis has been shown to cause premature
differentiation of NPCs.52 53 Additionally, Francis et a/. demonstrated that accumulation of
the cholesterol precursor, 7-DHC, is responsible for this phenomenon.53 Although BAC C12
exposure led to 7-DHC accumulation and downregulation of genes involved in neurogenesis,
effects indicative of premature differentiation were not observed with the current
experimental paradigm. Therefore, further studies using alternative strategies are needed to
examine defects in neurogenesis related to altered cholesterol biosynthesis by BAC C12.

In conclusion, we have demonstrated that BACs potently reduce neurosphere growth through
increased apoptosis and inhibited proliferation at nM concentrations, and that these activities
of BAC:s are associated with induction of the integrated stress response rather than inhibition
of cholesterol biosynthesis, suggesting a diverse range of biological activities exerted by
BACs.
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Figure 1. BACs reduce neurosphere growth.
(A) Size distribution of neurospheres exposed to vehicle control, AY9944 (positive control),

BAC C12, or BAC C16 at a concentration of 1, 10, 50, and 100 nM from DIV 4 to DIV 7.
(B) Representative brightfield images of neurospheres exposed to a concentration of 50 nM
from DIV 4 to DIV 7 (scale bar: 400 um). (C) Number of neural progenitor cells from
dissociated neurospheres exposed to vehicle control (0 nM), AY9944, BAC C12, or BAC
C16 at 10 and 50 nM from DIV 4 to DIV 7. N = 4 biological replicates per condition.
Adjusted Pvalue: *, P< 0.05; **, P<0.01; *** P<0.001.
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Figure 2. BACs alter cholesterol biosynthesis.
Neurospheres exposed to vehicle control (0 nM), BAC C12 or BAC C16 at 1, 10, 50, and

100 nM from DIV 4 to DIV 7 show alterations in levels of sterols in the post-squalene
cholesterol biosynthetic pathway. N = 4 biological replicates per condition. Adjusted P
value: *, P<0.05; **, £<0.01; ***, P<0.001.
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Figure 3. BACs decrease pool of proliferative NPCs.
(A) Immunocytochemistry for Ki67 (red) and EdU (green), counterstained with DAPI (blue)

of NPCs from dissociated neurospheres exposed to vehicle control (0 nM) or 50 nM of BAC
C12 or BAC C16 from DIV 4 to DIV 7. (B) Quantification of proliferation rate (Edu/Ki67)
and percentage of proliferative cells (Ki67) cells. Adjusted Pvalue: *, P< 0.05; **, P<
0.01; ***, P£<0.001. (C) Cell cycle analysis of nuclei isolated from dissociated
neurospheres exposed to vehicle control or 50 nM of BAC C12 or BAC C16 from DIV 4 to
DIV 5. (D) Quantitation of population of cells in G1 or S phase in (C); *, < 0.05 relative to
Control. N = 4 biological replicates per condition.
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Figure 4. BACs induce apoptosis of NPCs.
(A) Immunocytochemistry for TUNEL (green) counterstained with DAPI (blue) of NPCs

exposed to vehicle control (0 nM) or 50 nM of BAC C12 or BAC C16 from DIV 4 to DIV 7.
(B) Quantification of percentage of TUNEL-positive NPCs. (C) DAPI-stained nuclei for
each exposure group. Enlarged image in bottom right corner shows condensed nuclei. (D)
Quantification of percentage of condensed nuclei. N = 4 biological replicates per condition.
Adjusted Pvalue: *, P< 0.05; **, P<0.01; *** P<0.001.
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Figure 5. Transcriptome analysis indicates a stress response in BAC-exposed neurospheres.
(A) Venn diagram of DEGs from neurospheres exposed to 50 nM BAC C12 or BAC C16

from DIV 4 to DIV 5. (B) Venn diagram of GO biological processes affected by either or
both BACs. (C) Top 5 significantly enriched GO biological processes. (D) Co-regulated
DEGs involved in the “response to stress” biological process. (E) STRING analysis of DEGs
co-regulated by both BACs. Red indicates genes involved in the integrated stress response. N
= 3 biological replicates per condition. Adjusted P values for all DEGs are < 0.05.
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Table 1.

Top 10 biological processes altered by BAC C12 and BAC C16.

Page 19

Identifier Name #DEGs #Total -log P value
G0:0061564 axon development 20 384 30.1
G0:0007154 cell communication 63 3287 29.6
G0:0023052 signaling 62 3249 28.7

BAC C12 vs. Control ~ GO:0050896 response to stimulus 77 4701 28.0
G0:0097485 neuron projection guidance 12 168 23.4
G0:0022008 neurogenesis 33 1275 231
G0:0040011 locomotion 31 1153 229
GO: 0048869 cellular developmental process 51 2703 215
G0:0048731 system development 54 2963 214
G0:0009653 anatomical structure morphogenesis 39 1781 211
G0:0043603 cellular amide metabolic process 10 789 14.8
G0:0043604 amide biosynthetic process 8 606 12.4
G0:0044281 small molecule metabolic process 11 1178 12.3
G0:0006123  mitochondrial electron transport, cytochrome ¢ to oxygen 2 8 12.2
BAC C16 vs. Control G0:0097688 glutamate receptor clustering 2 9 11.9
G0:1901617 organic hydroxy compound biosynthetic process 4 132 111
G0:0045833 negative regulation of lipid metabolic process 3 55 111
G0:0006641 triglyceride metabolic process 3 58 10.9
G0:0072578 neurotransmitter-gated ion channel clustering 2 13 10.8
G0:0019752 carboxylic acid metabolic process 7 575 10.2
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