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ARTICLE INFO ABSTRACT

Editor: Maxime Culot Exposure to perfluorooctanesulfonic acid (PFOS) has been associated with congenital heart disease (CHD) and
decreased birth weight. PFOS exposure can disrupt signaling pathways relevant for cardiac development in stem
cell-derived cardiomyocyte assays, such as the PluriBeat assay, where spheroids of human induced pluripotent

stem cells (hiPSCs) differentiate into contracting cardiomyocytes. Notably, cell line origin can also affect how the

Keywords:
Perfluorooctanesulfonic acid

IS“ I‘lmm'd assay responds to chemical exposure. Herein, we examined the effect of PFOS on cardiomyocyte differentiation
TOl . . .ys . . . . s . .
Divilzpnslent by transcriptomics profiling of two different hiPSC lines to see if they exhibit a common pattern of disruption.

Two stages of differentiation were investigated: the cardiac progenitor stage and the cardiomyocyte stage. Many
differentially expressed genes (DEGs) were observed between cell lines independent of exposure. However, 135
DEGs were identified as common between the two cell lines. Of these, 10 DEGs were associated with GO-terms
related to the heart. PFOS exposure disrupted multiple signaling pathways relevant to cardiac development,
including WNT, TGF, HH, and EGF. Of these pathways, genes related to the non-canonical WNT—Ca?" signaling
was particularly affected. PFOS thus has the capacity to disrupt pathways important for cardiac development and

function.

1. Introduction

Perfluorooctanesulfonic acid (PFOS) belongs to a group of chemicals
collectively known as per- and polyfluoroalkyl substances (PFASs). PFOS
is readily detected in humans across the world (Kannan et al., 2004),
attesting to widespread exposure in the general population. Since PFOS
can pass the placental barrier (Giitzkow et al., 2012), the unborn child is
also at risk of exposure with potential negative consequences for normal
development and lifelong health. For example, high levels of PFASs in
maternal and cord blood serum is associated with decreased birthweight
(Apelberg et al., 2007; Maisonet et al., 2012; Wikstrom et al., 2020), as
well as congenital heart disease (CHD) at birth (Ou et al., 2021). These,
and other, adverse developmental effects have also been demonstrated
in animal studies (Thibodeaux et al., 2003; Xia et al., 2011; Zeng et al.,
2015), which lends support to there being a direct link between PFAS
exposure and adverse health outcomes in humans. The molecular basis
for these PFAS-induced effects, however, is not well understood
(Schrenk et al., 2020), although some studies suggest disruption to key
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developmental signaling pathways.

In human embryonic stem cell (hESC)-derived cardiomyocytes
exposed to PFOS, transcriptomics analysis has revealed that PFOS pro-
motes the formation of epicardial cells by disrupting WNT, IGF, FGF and
BMP signaling (Yang et al., 2020). In differentiating cardiomyocytes
from human induced pluripotent stem cells (hiPSCs), PFOS inhibits the
formation of beating spheroids and disrupts the expression of the cardiac
markers Isl1 and Myh7 (Davidsen et al., 2021). In mouse embryonic stem
cells (mESCs), PFOS has been shown to disrupt cardiac differentiation by
interfering with Rictor/mTORC2 signaling and induce abnormal sarco-
mere structures (Tang et al., 2017). In yet another mESC-derived car-
diomyocyte study, PFOS reportedly increases expression of important
cardiac markers such as Nkx2.5 and Myl4 (Cheng et al., 2013) and af-
fects PPARa and MAPK-signaling (Zhang et al., 2016). Taken together,
these studies suggest that PFOS and other PFASs can disrupt car-
diomyocyte differentiation and thus contribute to the formation of
CHDs.

To further explore how PFOS can disrupt cardiac development we
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have performed extensive transcriptional profiling of the 3D culture
hiPSC-derived cardiomyocyte assay PluriBeat, which uses a differenti-
ation protocol to derive spheroids of contracting cardiomyocytes
(Lauschke et al., 2020). We have previously shown that PFOS inhibits
beat scores in this functional assay (Davidsen et al., 2021). Notably,
however, cell donor origin can significantly affect stem cell assay out-
comes (Rouhani et al., 2014), thus we explored PFOS-induced effects
using two donors to potentially identify a shared mechanism of
disruption, in order to identify common pathways and markers of effect
on cardiomyocyte differentiation.

2. Materials and methods
2.1. Test substance

A stock solution of 200 pM of perfluorooctanesulfonic acid (PFOS)
(98% purity, CAS# 2795-39-3, Sigma-Aldrich, USA) was prepared in
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, USA). Stocks were inspec-
ted visually to ensure solubility of the compound, before being stored at
—20 °C.

2.2. Cell culture

Two hiPSC lines were used: BiONi010-C (Bioneer A/S, Denmark),
which stems from the skin of a teenage male (Rasmussen et al., 2014)
and IMR90-1 (WiCell, USA), which stems from lung tissue from a female
fetus (Yu et al., 2007). Cells were cultured using mTeSR1 medium
(Stemcell Technologies, USA) in 6 cm dishes coated with Matrigel (BD
Biosciences, USA) at 37 °C and 5% CO,. Cells were passaged once a week
by washing with D-PBS (Sigma-Aldrich, USA) and treatment with 0.02%
EDTA for 3 min using a split ratio of 1:10-1:40.

2.3. PluriBeat assay

The assay has previously been quality-assured using known terato-
gens such as thalidomide and epoxiconazole (Lauschke et al., 2020).
Cardiomyocyte differentiation was conducted as previously described
(Lauschke et al., 2020) (Fig. 1). Briefly, culture medium was removed
from cells and the cell subsequently treated with 1 mL Gibco™ Try-
pleE™ Select (Gibco, USA). After 1 min of incubation, TrypLE was
removed and a single cell suspension was made by adding mTeSR-ROCK
medium (Davidsen et al., 2021). The composition of all the medium used
in this protocol are in the supplemental material of Davidsen et al.,
2021. Cells were seeded in 96-well Polystyrene Conical Bottom Micro-
Well™ Plates (Thermo Fisher Scientific, USA) maintaining a
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concentration of 5000 cells/well. The plates were centrifuged for 5 min
at 500g, and set to incubate overnight at 37 °C with 5% CO5 to promote
embryoid body (EB) formation. The following day (D0), 80 pL of the
mTeSR-Rock medium was replaced with 80 pL DO-medium. On day 1
(D1), 80 pL DO medium was replaced with 80 pL TS-medium. Day 2, TS-
medium was replaced with Wnt-medium. Day 3, Wnt-medium with TS-
medium. And on day 6, 60 pL TS-medium was refreshed. PFOS were
mixed with the medium from D1 through D6 with either DMSO
(vehicle), 6.25 pM, 12.5 pM, or 25 pM PFOS, maintaining a solvent
concentration of 0.1% in all treatments. PFOS concentrations were
selected based on their ability to disturb cardiac differentiation without
affecting other measures such as EB size (Davidsen et al., 2021). Each
cell line was tested in five biological replicates (unique cell passages, n
= 5) with 48 technical replicates per treatment group. Cells were har-
vested for RNA extraction at D3 and D7.

At assay termination (D7) EB beating was scored into three cate-
gories using a light microscope, and subsequently harvested for RNA
extraction. Each well was evaluated for approximately 15 s and cate-
gorized according to their contractility. “Beat”: Contraction of the entire
circumference of the EB. “Partial Beat”: EB contracts, but without
moving the entire circumference. “No Beat”: No visible contraction. “No
EB”: Missing or disintegrated EB. The experiment was only considered
valid if 90% or more of the controls were categorized as beating
(“Beat”).

EBs harvested for RNA extraction were pooled according to treat-
ment groups at D3 (early stage) and D7 (late stage) for the five inde-
pendent experiment (n = 5). Samples were centrifuged at 200g for 2 min
at room temp. Medium was aspired carefully and samples frozen down
to —80 °C.

Cell viability was not examined as this was assessed previously
(Davidsen et al., 2021). All test concentrations were non-cytotoxic.

2.4. Beat score analysis

Statistical analysis of the beat score was conducted as described
previously (Lauschke et al., 2020). The different categories were
designated a score, “Beat” — 3, “Partial Beat” — 2, “No Beat” — 1, “No EB”
— 0, to be used in the statistical analysis. Statistical significance was
calculated using ordinal logistic regression in R with RStudio (RStudio
inc, MA, USA). In this analysis, each EB is considered an individual unit,
giving n = 240. Graphs were made using GraphPad Prism 8 (Graphpad
Software, USA), showing the pooled distribution of the different beat
categories in each treatment group.

Beat score,

Seeding of w RNA collected RNA collected
cells PFOS is added “Early stage” “Late stage”
mTeSR DO TS Wnt TS
-Rock medium medium + medium+ medium + medium +
medium PFOS PFOS PFOS PFOS
Day -1 Day 0 Day 1 Day 2 Day 3 Day 6 Day 7

Fig. 1. PluriBeat protocol and study design. The pluriBeat assay was performed over a period of 8 days (indicated with vertical white lines). For each day, different
differentiation medium was added to the culture. On “Day —1” cells were seeded into wells in mTeSR-Rock medium. The following day, “Day 0”, medium was
exchanged with DO medium. At “Day 1”, DO medium was exchanged with TS medium containing PFOS; PFOS was added to the medium all the consecutive days. On
“Day 27, TS medium was exchanged with Wnt medium. On “Day 3” EBs of the “Early stage” of differentiation was collected, and Wnt medium was exchanged with TS
medium. The cells were then left undisturbed over the weekend before TS medium was renewed on “Day 6. On “Day 77, the beat score was measured and the “Late

stage” EBs were collected.
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2.5. RNA isolation

Samples were thawed on ice and total RNA isolated using a Qiagen
RNeasy micro kit (Qiagen, Hilden, Germany) with on-column DNase I
treatment. Quantity and purity of RNA was measured with a nano-drop
spectrometer (ND-1000, Fisher Scientific). The RNA samples were
diluted to a concentration of 25 ng/pL in a 96-well PCR plate and stored
at —80 °C for library preparation and sequencing.

2.6. Bulk RNA barcoding (BRB) library preparation and sequencing

The transcriptomic analysis was conducted using 3° Bulk RNA Bar-
coding and Sequencing (BRB-seq) (Alpern et al., 2019). The library was
developed as previously described in Giacosa et al., 2021. In brief, 4 pL
total RNA with a concentration of 2.5 ng/uL was used for initial reverse
transcription and template switching. Double-stranded (ds) cDNAs were
made with PCR using the purified cDNA. Sequencing libraries were built
by tagmentation using 50 ng ds cDNA with an Illumina Nextera XT Kit
(Illumina, #FC-131-1024) according to the manufacturer's recommen-
dations. The resulting library was sequenced with an Illumina NovaSeq
6000 sequencing system. Base calling and image analysis was conducted
using RTA 2.7.7 and bcl2fastq 2.17.1.14. Adapted dimer reads were
removed using DimerRemover (https://sourceforge.net/projects/
dimerremover/).

2.7. BRB-seq preprocessing and analysis

Preprocessing of raw data was conducted according to the quality
control pipeline described in Giacosa et al., 2021. Initially, 16 bases are
read and a quality score > 10 is ensured. The unique sample-specific
barcode is assigned to the first 6 bp, and the unique molecular identi-
fier (UMI) is assigned to the following 10 bp. Second reads were aligned
using the human reference transcriptome from the UCSC website (hg38)
with BWA version 0.7.4.4 and parameter “-1 24”. Read mapping to
multiple positions in the genome was removed from the analysis. A gene
count matrix was made from UMIs associated with each gene (lines) in
each sample (columns) following quality control and preprocessing of
the data. The UMI matrix was normalized with regularized log (rlog)
transformation package from DeSeq2 (Love et al., 2014). Raw and
preprocessed data were deposited at the GEO repository under the
accession number GSE202077 (Edgar et al., 2002).

2.8. Differential gene expression and functional analysis

The AMEN suite was used to identify differentially expressed genes
(DEGs) (Chalmel and Primig, 2008). For each stage (early or late) of
each cell line (BiONi010-C or IMR90-1) a statistical comparison be-
tween controls and the PFOS treated groups were made to identify DEGs.
In short, genes that were more highly expressed than the background
cutoff (overall median of rlog-transformed UMI dataset, 0.0) and that
exceeded 1.5-fold change compared to the control were used for further
analysis (Fig. 3, panels A-F). Significantly differentially expressed genes
(DEGs) were finally identified by using the empirical Bayes moderated t-
statistics implemented into the LIMMA package with an adjusted F-
values estimated using Benjamini & Hochberg (BH) False Discovery rate
approach (p < 0.05) (Ritchie et al., 2015; Smyth, 2004). Partitioning of
the DEGs were performed by using the k-means method. Expression
profiles of DEGs were displayed as false-colour heatmaps using the
pheatmap package. Functional analyses were performed with AMEN
(Chalmel and Primig, 2008) with FDR-adjusted p value of <0.05. The
resulting toxicogenomics signatures were submitted to the TOXsIgN
repository with the accession number TSP1268 (https://toxsign.gen
ouest.org) (Darde et al., 2018).
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3. Results
3.1. PFOS reduced beat score in both cell lines

We differentiated two hiPSC lines into contracting cardiomyocytes
while concomitantly exposing them to PFOS for 6 days. In both cell lines,
PFOS reduced the number of beating EBs significantly at all concen-
trations (Fig. 2). In the BIONi010-C cells, the response in beat decreased
dose-dependently, reaching a 90% reduction compared to controls at 25
pM. In the IMR90-1 cells, the beat was reduced with approximately 25%
in all treatments. These results from the BIONi010-C cells are consistent
with our previous work (Davidsen et al., 2021).

3.2. Transcriptional effects by differentiation stage and cell line

We used BRB-seq to obtain hiPSC-cardiomyocyte transcriptomes in
control and PFOS-exposed cells at both ‘early’ and ‘late’ stages of dif-
ferentiation. Both the developmental stage and cell line were major
factors affecting the transcriptome. When comparing the two stages for
each cell line, 2,644 and 2,620 DEGs were found between the early and
late stages in BiONi010-C and IMR90-1, respectively (Fig. 3A). When
pooling the DEGs from both cell lines, a total of 3,835 unique DEGs were
identified, suggesting that there are many overlapping genes, but also
many that are unique for each cell line. We then directly compared the
cell lines in non-treated conditions and found 3,540 DEGs between non-
treated BiONi010-C and IMR90-1 (2,153 DEGs at early stage and 2,615
DEGs at the late stage) (Fig. 3B). In total, we defined a dynamic tran-
scriptional landscape composed of 5,197 genes differentially expressed
over time and/or between the two hiPS cell lines (Fig. 3, panels A-B;
S1_Differentially_Expressed_Genes). Those DEGs were subsequently
clustered into eight expression patterns (P1-P8) (Fig. 4A). Functional
analysis revealed 1,610 enriched GO terms to be significantly associated
with those eight patterns (S2_Controls_Functional Analysis, Fig. 4B).
Examining the heatmap more closely, there are several patterns where it
appears that the main driver of differences in expression levels is the cell
line (P1, P3, P4, P5, P7, and P8). For example, in the BiONi010-C cell
line the patterns P1 and P5 are exclusively induced at the early and late

BiONi010-C IMR90-1
120 120
i & B * & & Il Beat
100 = 100 = Partial Beat
80— 80 = No Beat

60— 60—

%Beat

40— 40

20 20+
o_
Q Q
‘>§‘>§6§ %‘}\x\%‘g\%@
oV Y oV XV
Treatment

Fig. 2. PFOS disrupts differentiation of cardiomyocytes into beating car-
diomyocytes. Two individual cell lines, BiONi010-C and IMR90-1, were
differentiated into beating cardiomyocytes over an 8 day period. Simulta-
neously, the cells were treated with PFOS at concentrations of 0, 6.25, 12.5, and
25 pM from differentiation day D1-D7 of the protocol. At assay termination,
cells were categorized into Beat (purple), Partial Beat (red), and No Beat (yel-
low). Each category was normalized the total number of EBs. Graphs represent
5 independent experiments with 48 technical replicates per treatment condition
(n = 240). Statistically significant results are presented with (*) as determined
with ordinal logistic regression with p < 0.05. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 3. Differentially expressed genes (DEGs) in each treatment group of each differentiation stage in two cell lines (BiONi010-C and IMR90-1). RNA was isolated
from pooled EBs of each treatment group (n = 5), in both early and late stage of differentiation, for BIONi010-C (blue columns) and IMR90-1 (pink columns). The
treatment concentrations correspond to; Ctrl: Vehicle (DMSO), PFOS (Low): 6.25 pM, PFOS (Med.): 12.5 pM, and PFOS (High): 25 pM. Each number outlines the
DEGs identified when: (A) Comparing the early stage with the late stage in BiONi010-C or IMR90-1. (B) Comparing the early:early and late:late between BiONi010-C
and IMR90-1. (C) Comparing the controls with PFOS treated BIONi010-C cells at the early stage. (D) Comparing controls with PFOS treated BIONi010-C cells at the
late stage. (E) Comparing the controls with PFOS treated IMR90-1 cells at the early stage. (F) Comparing the controls with PFOS treated IMR90-1 cells at the late
stage. The threshold for identifying DEGs was set to >1.5 fold-change (FC) and significance was determined using an adjusted p-value of <0.05. The lower part of the
figure shows a breakdown into upregulated (red arrow) and downregulated (blue arrow) DEGs. Each column projects downwards and represent a specific comparison
under the same experimental condition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

stage, respectively. Similarly, P7 and P8 are composed of genes exclu-
sively expressed in IMR90-1 at the early and late stage, respectively. The
associated GO-terms are related to different biological functions and
processes such as embryo development in P1 (G0O:0009790, p-value =
2E-3, 48 DEGs), gene expression in P3 (G0:0010467, 0.02, 399) and
cytoplasm in P8 (G0O:0005737, 3E-4, 313). Comparatively, P2 and P6
have a markedly different profile. Here, it appears that the expression
level is comparable between the two donors and differences are mainly
driven by differentiation stage, from high expression (early) to low
expression (late) for P2, and vice versa for P6. P2 show enriched GO
terms such as in utero embryonic development (GO:0001701, 0.03, 26)
and anatomical structure homeostasis (GO:0060249, 0.04, 32). While in
P6, there are several GO-terms related to the heart (contraction, devel-
opment, cardiomyocyte differentiation), with the terms heart contrac-
tion (GO:0060047, 6E-19, 58), heart development (GO:0007507, 9E-21,
88), and cardiocyte differentiation (GO:0035051, 1E-11, 33). These two
patterns indicate that certain processes are unified in the two cell lines.
This may be tied to the differentiation program. This is especially
evident for P6, which have multiple enriched terms associated with
cardiac development.

3.3. PFOS induced massive transcriptional changes during differentiation

PFOS exposure induced 2,702 DEGs (Fig. 3C-F). The number of DEGs
were similar between the early stage and late stage, but the majority of
DEGs were unique to each stage. All the identified DEGs can be found in
the supplemental material “S1_Differentially Expressed_Genes”.

There were differences in both expression (e.g. upregulation/

downregulation) and expressional profile with increasing levels of
exposure (e.g. dose-response/non-monotonic). Hence, there were few
consistent DEGs between the two cell lines. Despite these differences,
the functional analysis revealed that PFOS affected similar biological
processes in both cell lines (Fig. 5B; S3_PFOS_Exposed_Functional A-
nalysis). Thus, there were significant enrichments of biological pro-
cessed related to regulation of primary metabolic process
(G0:0080090), cell differentiation (GO:0030154), cellular develop-
mental process (GO:0070887), cellular response to chemical stimulus
(G0:0070887) and regulation of signaling (GO:0023051) across almost
all different stages and cell lines. In addition, cardiac development and
function seemed to be similarly affected in the late stage of both cell
lines, with enrichment of cardiac cell development (GO:0055006), car-
diac muscle cell contraction (GO:0060048), heart development
(G0:0007507), heart process (GO:0003015), myofibril (GO:0030016),
and sarcomere (GO:0030017). The specific number of genes and p-
values can be found in the supplementary table “S3_PFOS_Expo-
sed_Functional Analysis”. This suggests that, although there are large
differences in the genes affected by PFOS in both cell lines, they are still
involved in similar processes. This indicates that the biological response
to PFOS is almost similar across cell lines and that it is relevant to
identify consistent pathways of these effects.

3.4. Identification of a shared pattern of PFOS exposure

We next tried to identify all DEGs that were affected similarly in both
cell lines in at least one stage and one dose in response to PFOS exposure.
This strategy identified 135 DEGs (Fig. 6A). Functional analysis showed
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Fig. 4. Differentially expressed genes (DEGs) between controls BIONi010-C and IMR90-1 cell lines over time and associated GO-terms. Samples for transcriptomics
were collected at an early and late stage of the PluriBeat differentiation protocol in two cell lines. (A) Heatmap of DEGs derived from comparison between cell line
(BiONi010-C (blue) and IMR90-1 (pink)) and between differentiation stage (early (light green) and late (dark green)) clustered into eight distinct patterns, P1-P8.
The scaled expression of each single gene is shown as a gradient from white (—) to red (+). (B) A selection of enriched GO terms from each pattern shown together
with number of affected genes and adjusted p-value. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

that PFOS across cell lines affects the expression of genes related to
regulation of developmental process (GO:0050793, p value <0.02, 35
genes) and cell differentiation (GO:0030154, 9E-3, 50) (Fig. 6B).
Importantly, PFOS exposures also causes transcriptional changes in
genes involved in cardiac development and function. Ten of the genes
are listed in at least one cardiac or heart related GO term when cross
referenced with the Ensemble database (Cunningham et al., 2022)
(Fig. 6C).

4. Discussion

We sought to identify a shared transcriptomic profile of PFOS-
induced disruption of cardiomyocyte differentiation. To do this, we
exposed hiPSCs originating from two different donors to PFOS whilst
differentiating into beating cardiomyocytes. Transcriptomics analysis
was conducted at two stages of development, corresponding to cardiac
progenitors (early stage) and developed cardiomyocytes (late stage)
(Lauschke et al., 2020). With this approach it became apparent that the
transcriptional landscape between cell lines originating from different
donors can vary significantly. This fact warrants further scrutiny,
especially if including expression profiling in effect outcome measure-
ments. Notably, the BiONi010-C cells originate from a male teenager,
whereas the IMR90-1 cells originate from a female fetus, highlighting
that cell line origin can play a critical role in toxicological responses,
also in vitro (Rouhani et al., 2014).

Functional analysis indicated that key pathways central to the assay
was conserved at both stages in both cell lines, as several GO terms
related to cardiac development and function was enriched of genes
exhibiting slight transcriptional changes between both cell lines. This
serves to both validate the experimental model, as we know that the EBs
functionally differentiate into beating cardiomyocytes during the time
frame of the experiment, and to show that the pattern containing the
GO-terms relevant for the functional output of the PluriBeat assay is
highly similar in both cell lines.

We chose to focus largely on shared effect patterns from PFOS
exposure. Despite the high variation between the cell lines, we identified
135 common DEGs that shared the same expressional trend under the
same experimental conditions. Functional analysis of these 135 DEGs
uncovered few and rather unspecific GO terms due to the low number of
DEGs. The BiONi010-C cells displayed a decreasing level of beat with
increasing levels of PFOS exposure, whereas the imr90-1 cell line dis-
played significant effects at the same concentrations, but the maximum
effect was less pronounced, and no concentration-dependent response
was observed. This trend was less visible when evaluating the tran-
scriptome, in which both cell lines have comparable number of identi-
fied DEGs in the PFOS exposed groups.

Many of the PFOS-induced DEGs shared between the two cell lines
were related to cardiac development, including Foxcl, Hmga2, Alcam,
and Hhip and Hhatl (Gessert et al., 2008; Gripp et al., 2013; Lee et al.,
2017; Monzen et al., 2008; Wiegering et al., 2017). This indicates that
PFOS may interfere with cardiac differentiation and affect lineage
specification. Among these, Foxcl, a gene commonly associated with
congenital heart disease (CHD) in humans (Gripp et al., 2013; Khalil
et al., 2017; Zhu, 2016) was downregulated at the early stage. Foxcl
plays an important role in the formation of the cardiac mesoderm and
directly regulates the expression of the cardiac markers, such as Myh7
(Lambers et al., 2016). Multiple genes related to regulation of cardiac
hypertrophy and stress response in the heart were also affected, such as
Camk2a, Hmga2, Rgs4, Fhl2, Nup155, Usp19, Ppp1r12b, Hhatl, Mlip, and
Bambi (Chiang et al., 2018; Hojayev et al., 2012; Kramerova et al., 2012;
Miao et al., 2020; Mittmann et al., 2002; Monzen et al., 2008; Preston
etal., 2018; Shi et al., 2021; Villar et al., 2013). Cardiac hypertrophy is a
compensatory process which is recognized by increased cardiomyocyte
size, protein synthesis, and changes in sarcomere organization. Cardiac
hypertrophy is associated with a number of cardiac pathologies leading
to cardiac failure (Frey and Olson, 2003). Collectively, the affected DEGs
points to changes in the functional output, decreased beat, and suggest
that many of these core genes should be examined for their potential as
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future candidates as PFAS, or general cardiotoxicity, biomarkers.
Many studies have investigated the effects of PFOS on cardiomyocyte
cell systems and heart development (Cheng et al., 2013; Harada et al.,
2006; Tang et al., 2017; Xia et al., 2011; Zhang et al., 2016). One
transcriptomics study using human ESC-derived cardiomyocytes sug-
gested that signaling pathways such as WNT, IGF, FGF, and BMP may be
perturbed by PFOS (Yang et al., 2020). We also observe disruption to
many of the same signaling pathways, though there are differences in
the specific effects. For instance, Yang et al., 2020 reports that PFOS
skews cardiomyocyte differentiation towards epicardial cells through
upregulated WNT signaling, whereas we observed indications of
downregulated WNT signaling. In fact, many of the DEGs identified
herein were related to the WNT signaling pathway, including Shisa2,
Ppp2r2b, Alcam, Ppmlj, Calocol, Cdc42se2 Capn3, and Camk2a. The
latter three genes were downregulated in both cell lines and are related
to the non-canonical WNT—Ca?" signaling pathway. CaMK plays a role
in modulating gene expression, Capn3 is an inducer of CaMKII signaling,
and PKC-Cdc42 pathway is thought to play a role in cytoskeletal change
during cardiac development (Kramerova et al., 2012; Ruiz-Villalba
et al.,, 2016). Further, Kcnmb1, coding for a subunit of the calcium
activated potassium (MaxiK) channel, was downregulated. This channel
sensitivity is modulated by CamKII signaling (van Welie and du Lac,
2011). Finally, a repressor of WNT signaling, Shisa2 was upregulated.

Some of these genes are known to affect endpoints of relevance for heart
function. For instance, knockout of Capn3 causes abnormal sarcomere
structures in mice (Kramerova et al., 2004), MaxiK channels may play a
role in the sarcomere formation and electrical coupling in the embryonic
heart (Niu et al., 2008), whereas Shisa2 promotes myoblast fusion in
skeletal muscle (Liu et al., 2018). Collectively, downregulation of
Camk2a and the components of WNT signaling pathway with increases
in upstream repressor of the pathway suggest a general downregulation
of the WNT—Ca?" pathway. This would lead to decreased intracellular
Ca?* levels, which could potentially affect differentiation, development,
and cardiac hypertrophy (Ruiz-Villalba et al., 2016). Interestingly, PFOS
can decreased Ca®* flux in mESCs (Tang et al., 2017) and alter calcium
homeostasis in guinea pigs (Harada et al., 2005), which are in line with
our findings.

We also observed a downregulation of genes related to Hedgehog
(HH) signaling, including Hhip, Hhatl, and Igce (Lee et al., 2017; Pusa-
pati et al., 2014; Shi et al., 2021), as well as upregulation of the HH
repressor Enppl (Jin et al., 2018). This suggests that PFOS can repress
Hh signaling, a prominent regulatory pathway in cardiac development
(Briscoe and Thérond, 2013; Wiegering et al., 2017). Knockout of Sonic
hedgehog (Shh) in mice causes heart and septal defects (Smoak et al.,
2005). Hhip, which inhibit stem cell progenitor function and differen-
tiation (Lee et al., 2017), was downregulated at the early stage. Hhip is
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also associated with embryonic myogenesis (Mok et al., 2018). Hhip
expression is induced by HH signaling, and repress Hh through a
negative feedback loop (Chuang and McMahon, 1999). Similarly,
oxidative stress and growth factors such as VEGF and FGF repress Hhip
expression (Lee et al., 2017). Notably, Hhatl which can interact with
Ca?*-mediated signaling pathways, was downregulated at the late stage
of cardiomyocyte differentiation, a pathway that also cross-talk with
WNT signaling as discussed above. Hhatl is highly expressed in heart
during embryonic development and blocking Hhatl expression causes
cardiac defects (Shi et al., 2021).

Both cell lines exhibited increased expression of Tgfb2 at the late
stage, suggesting an activation of the TGF-p signaling pathway.
Increased expression of TGF-p is commonly observed in patients and
animal models with cardiac remodeling, hypertrophy and failure
(Dobaczewski et al., 2011). Multiple signaling pathways are down-
stream of TGF-B, such as SMADs, MAPK, TAK1, Ras and Rho (Dobac-
zewski et al., 2011). At the transcript level there were no change in
markers directly related to these pathways. However, multiple genes
regulated by these pathways were affected, including MAPK signaling,
with the genes Sh3rfl, Gpmé6a, Klhl31, and Scrib. Similarly, PFOS dis-
turbs MAPK signaling in mESCs differentiating to cardiomyocytes,
resulting in disturbed cardiac differentiation (Zhang et al., 2016). In
addition, a negative regulator of TGF- f signaling, Bambi, was upregu-
lated at the late stage. Deletion of Bambi leads to upregulation of TGF-p
through Smad and TAK1 signaling pathways, whereby it negatively
modulates cardiac remodeling during pressure overload (Villar et al.,

2013).

None of the genes that were affected in our previous study (Davidsen
et al.,, 2021) were consistently affected in both cell lines herein. This
could suggests that these are poor markers of PFOS-induced disruption
of cardiomyocyte differentiation. This highlights the importance of
using multiple cell lines to find transcriptomic profiles of effect in this
type of study. We did, however, find a shared pattern of effect related to
the non-canonical WNT—Ca?" pathway. Similar effects had also been
observed in mESCs and guinea pigs. This might suggest that this is a
viable pathway for PFAS-related screening of cardiac related effects.
However, further studies have to be conducted to solidify its relationship
with cardiac malformations in vivo.

Reported human levels of PFOS are lower than the concentrations
inducing effects here. For example, studies connecting PFAS exposure
with CHDs report median PFOS levels of 5.8 ng/mL (0.012 pM) in the
blood plasma of the mothers and 1.9 ng/mL (0.004 pM) in plasma
samples from cord blood (Ou et al., 2021). Comparable levels of PFOS
was not associated with incidence of spontaneous abortion in mothers
with blood levels in the ranges of 2.36 ng/mL (0.005 pM, 25th percen-
tile) and 6.57 ng/mL (0.013 pM, 75th percentile), with a median of 4.1
ng/mL (0.008 pM) (Nian et al., 2022). We previously determined the
LOEC to be 3126 ng/mL PFOS (6.25 pM) in the cardiomyocyte assay
(Davidsen et al., 2021). This is significantly higher than the levels re-
ported in many of these epidemiological studies. However, cellular up-
take of PFASs has been reported to be low in vitro. In cells exposed to 10
pM PFOS, only 0.04% was found to be retained in the cells (Rosenmai
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et al., 2018). One explaining factor for this large discrepancy could be
loss of PFOS to various laboratory equipment. PFOA, a compound
structurally similar to PFOS, has been reported to adsorb to plastics such
as polypropylene, leading to 32-45% loss of PFOA from an aqueous
solution (Lath et al., 2019). Additionally, other PFASs may induce
similar effects, as shown for PFOA (Davidsen et al., 2021), which in vivo
may contribute to these effects together with other chemicals that
humans are exposed to.

5. Conclusion

PFOS exposure can affect genes related to cardiac development and
function, as well as cardiac hypertrophy and failure, which we observed
in cardiomyocytes derived from two individual hiPS cell lines. This
suggests that PFOS may be disruptive to both the developing and adult
heart. To date, only one epidemiological study has found an association
between CHDs and PFAS exposure (Ou et al., 2021). More work has to be
conducted to understand the connection between PFASs and the
development of CHD, and whether this could be a contributing factor to
the observed decrease in birth weight. We found that PFOS can affect
genes related to cardiac development, as well as cardiac hypertrophy,
remodeling, and failure. Many of the affected genes were related to
signaling pathways such as WNT, TGF, HH, EGF, and mTOR. The
pathways affected are associated with the development of CHDs.
Whether PFOS has one mechanism of action or multiple is hard to
establish. In addition, with the current model system we cannot deter-
mine how these perturbations would affect structural development of
the heart. However, PFOS disruption of differentiation was more unified
in the late stage, indicating that cardiac differentiation may be the most
sensitive to PFOS induced perturbation at this stage. The focus of future
studies should be to find ways to connect these types of effects with
those observed in more complex model systems and at the population
level.
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