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ABSTRACT OF THE DISSERTATION

Investigation of biomolecular condensates as novel targets mediating germ cell toxicity from per-

and polyfluoroalkyl substance exposure

Abigail Pendleton Bline
Doctor of Philosophy in Molecular Toxicology
University of California, Los Angeles, 2022

Professor Patrick Allard, Chair

Per- and polyfluoroalkyl substances (PFAS) are among the most prevalent and persistent
environmental toxicants worldwide. The scale of human exposure to PFAS is vast and available
data indicate that PFAS can target most organ systems in the body and produce a wide range of
health effects. The molecular mechanisms eliciting these effects are incompletely understood and
further characterization is needed to better protect public health. Considering that many PFAS
are surface active substances, they have the potential to alter phase separation dynamics within a
cell and may particularly target biomolecular condensates (BCs), subcellular compartments that
are dependent upon their physical organization to execute their regulatory functions. In this
work, the reproductive system of Caenorhabditis elegans was used as a model to examine the

ability of two surfactant PFAS, PFOS and F-53B, to disrupt BC structure and function. Both

il



PFOS and F-53B were found to alter the structure of P granules and the synaptonemal complex
(SC), two BCs essential for proper germ cell development in C. elegans. In sensitized P granule
and SC mutants, PFOS and F-53B exposures exacerbated infertility and embryonic lethality
defects. These results indicate that the impacts of PFAS exposure on BC structure have
functional consequences and that BCs may play a role in mediating PFAS-induced reproductive
toxicity. Furthermore, this work suggests it is plausible that BC structural disruption could serve

as a molecular initiating event for PFAS-induced toxicity in other cell types and organisms.
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CHAPTER 1:

Introduction to the Dissertation



IMPETUS FOR THE DISSERTATION PROJECT

According to the United States Environmental Protection Agency (USEPA), there are
over 12,000 per- and polyfluoroalkyl substances (PFAS) known to exist (USEPA 2022a).
Because of the design of the current regulatory framework in the US, the vast majority of PFAS
have little toxicity data available or lack toxicity data entirely. Under the Toxic Substances
Control Act (TSCA), chemicals initially produced prior its passage in 1976 were presumed safe
and exempt from requiring toxicological review (Richter et al. 2021). For new chemicals
produced after this time, the pre-manufacture notices that must be submitted to the USEPA prior
to production are not required to include toxicity data (Richter et al. 2021). As a result, despite
the fact that PFAS are widely distributed in the environment, present in an array of industrial and
consumer products, and regularly detected in human blood and tissues, remarkably little is
known about the how the vast majority of these substances impact human bodies.

The enormous scale of PFAS production and human exposure presents daunting
toxicological and public health challenges. Retroactively conducting in-depth toxicological
assessments of each of the thousands of PFASs that have already been put into production is not
economically or practically feasible. An alternative approach would be to evaluate PFAS toxicity
as a group based upon a broadly shared physicochemical property and determine if this property
may produce a common biological effect. Specifically, many PFAS have been used because they
are particularly effective surfactants (Gliige et al. 2020), compounds that preferentially partition
to phase boundaries and reduce surface tension. Within a cell, biomolecular condensates (BCs)
have the potential to be especially sensitive to the effects of surfactants since their assemblage
and stability are dependent upon relatively weak intermolecular forces, such as electrostatic and

hydrophobic interactions, that can be altered by surfactants (Aguirre-Ramirez et al. 2021). In this



work, BCs are presented as potential molecular targets in germ cells that could be impacted in

similar ways by many PFAS due to their shared surfactant properties.

PER- AND POLYFLUOROALKYL SUBSTANCES

Overview

PFAS are anthropogenic chemicals that have been commercially manufactured since
1949 (Richter et al. 2018). While it is generally agreed that there are thousands of different PFAS
compounds, precisely what a PFAS is does not have a uniform definition. PFAS was originally
defined as "aliphatic substances containing one or more C atoms on which all the H substituents
present in the nonfluorinated analogues from which they are notionally derived have been
replaced by F atoms" (Buck et al. 2011). In recent years, alternative definitions have been
developed by the Organization for Economic Cooperation and Development (OECD), the
USEPA, and US state legislatures, with the most expansive definition being any organic chemical
with at least one fully fluorinated carbon atom (Hammel et al. 2022). For the purposes of this
dissertation, the definition proposed by the USEPA Office of Pollution Prevention and Toxics

(OPPT) is used:

PFAS...means any chemical substance or mixture that structurally contains the
unit R-(CF2)-C(F)(R")R". Both the CF2 and CF moieties are saturated carbons.

None of the R groups (R, R" or R”) can be hydrogen. (40 CFR Part 705 §705.3)

PFAS by this definition have been and continue to be used in countless consumer
products and industrial processes. In consumer products, PFAS are mainly used in surface

coatings (notably Scotchgard and Teflon) or in product formulations to bestow them with stain,



grease, and/or water resistance (Wang et al. 2017; Whitehead 2021). PFAS-treated consumer
products include food packaging, cosmetics, paints, cookware, and clothing (Kwiatkowski et al.
2020; Whitehead et al. 2021). Industrially, PFAS are used in aerospace, automotive, chemical,
electronics, and semiconductor manufacturing, as well as in metal plating and oil and gas
extraction (USEPA 2022b). They're also used in firefighting foams and in pesticide formulations
(Wang et al. 2017). Part of what makes PFAS desirable in so many different applications is their
high stability, which is attributable to the strength of the C-F bond (Gliige et al. 2020). However,
this stability also makes them extremely resistant to both abiotic and biotic transformation, and
what transformations do occur mainly generate other PFAS (ITRC 2021). While manufacturing
of the "legacy" PFAS perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA)
was globally restricted after their listing as persistent organic pollutants (POP) under the
Stockholm Convention in 2009 and 2019, respectively, other PFAS have been used as
replacements for these compounds (Ng et al. 2021) and PFAS production and use remains largely

unrestricted (Richter et al. 2021).

Human exposures and health effects

Consistent with the widespread use and environmental persistence of PFAS, human
exposure is common and nearly all people in the US have detectable levels of PFAS in their
blood (Jian et al. 2018; CDC 2017). In addition to direct contact with PFAS-treated consumer
products, human exposures can occur from PFAS-contaminated house dust, food, and drinking
water (Jian et al. 2017; Boone et al. 2019). After entering the body via ingestion, inhalation, or
dermal transfer, PFAS can distribute widely throughout the body (ATSDR 2018) and have been
detected in all tissues and fluids tested, including lung, liver, brain, bone, seminal fluid, follicular

fluid, and amniotic fluid (Pérez et al. 2013; Stein et al. 2012; Cui et al. 2020; Kang et al. 2020).
4



However, PFAS tend to be detected at highest concentrations in the blood, liver, and kidneys, in
part to their preferential binding to serum albumin and other proteins (ATSDR 2018).
Concentrations of individual PFAS compounds detected in blood vary but generally range from
0.1-10ng/mL (Jian et al. 2018), though concentrations exceeding 100ng/mL in blood have be
detected in occupationally exposed or other highly exposed populations (Gomis et al. 2016; Li et
al. 2018).

PFOS and PFOA continue to be among the most ubiquitously detected PFAS in human
samples, despite the restrictions in place on their production (Jian et al. 2018; CDC 2017).
However, most biomonitoring studies typically analyze samples for twenty or fewer targeted
PFAS and do not quantify any of the other thousands of PFAS. Non-targeted analyses have
indicated that unidentified PFAS may constitute 50% or more of the total organic fluorine (TOF)
in present blood samples (Xiao et al. 2017), suggesting that many additional PFAS may be
present in human bodies but not routinely quantified. However, it should be noted that over 300
pharmaceutical compounds are fluorinated and could contribute to the TOF load detected
(Hammel et al. 2022). Individual PFAS that have been analyzed and studied have been linked to
a wide array of human health effects, including altered immune and thyroid function, liver
disease, lipid and insulin dysregulation, kidney disease, adverse reproductive and developmental
outcomes, and cancer (Fenton et al. 2020). However, the mechanisms by which PFAS exposure

leads to these effects remain incompletely understood (Ng et al. 2021).

Mechanisms of PFAS toxicity

The most extensively studied potential mechanism underlying PFAS-induced toxicity is
modulation of nuclear receptor activity, with a particular focus on peroxisome proliferator

activated receptor (PPAR) isoforms. Examination of nuclear receptor activity modulation has

5



been facilitated by high-throughput in vitro assays, including those developed under the USEPA's

Toxicity Forecaster (ToxCast) project. Of 142 individual PFAS tested with ToxCast, 69 exhibited

activity modulation for one or more nuclear receptors, including PPAR«, estrogen receptor-a

(ER-a), and Pregnane X receptor (PXR) (Houck et al. 2021). The half-maximal activity

concentrations (ACso) for most of the PFAS-receptor combinations exceeded 10uM, which is
approximately 1,000-10,000 higher than the concentrations typically detected in human blood
and tissues (Houck et al. 2021). Another study similarly found ACso values for several PFAS-
receptor combinations exceeded 25uM, leading the authors to question whether nuclear receptor
activation is a human-relevant toxicity mechanism (Behr et al. 2020).

Other proposed mechanisms of PFAS-induced toxicity include increased oxidative stress,
dysregulation of mitochondrial function, and inhibition of gap junction intercellular
communication (GJIC) (ATSDR 2018), all of which may be a consequence of effects on
phospholipid bilayers. PFAS have been shown to be capable of partitioning into phospholipid
bilayers, increasing bilayer permeability, and/or altering bilayer fluidity (Fitzgerald 2018; Hu et
al. 2003; Kleszczynski & Sktadanowski 2009; Liu et al. 2016; Starkov & Wallace 2002; Droge et
al. 2019). The ability of PFAS to incorporate into lipid bilayers appears to vary by PFAS chain
length and functional group (Nouhi et al. 2018). PFAS may also sorb to the surface of

phospholipid bilayers and exert effects through their surface activity (Droge et al. 2019).

Physicochemical properties
Surface activity is a key PFAS feature and many PFAS are particularly effective
surfactants (Gliige et al. 2020), preferentially partitioning to phase boundaries (Aguirre-Ramirez

et al. 2021). The surface activity of PFAS is due to their amphiphilic structures, with heads
6



consisting of a hydrophilic functional group and tails consisting of hydrophobic carbon-fluorine
tails (ITRC 2021). The unique properties of carbon-fluorine bonds also make PFAS chemically
stable and subject to interacting weakly with other molecules via Van der Waals forces and
hydrogen bonding (ITRC 2021). The functional head groups of PFAS can bestow them with
ionic properties and most polyfluoroalkyl acids (PFA As) are fully ionized at physiological pH
ranges, leading to their tendency to bind to proteins (ITRC 2021). PFAS are generally soluble in
water, though PFAS with longer carbon-fluorine chains are less soluble than those with shorter
chains (ITRC 2021). The physicochemical properties of PFAS, especially their surface activity,
have potential implications for physiological phase separation in cells and the behavior of

biomolecular condensates.

BIOMOLECULAR CONDENSATES

Overview

BCs are dynamic assemblages of proteins and nucleic acids that can have liquid- or gel-
like properties (Holehouse & Pappu 2018). BCs are found in all eukaryotes and are involved in a
diverse range of cellular functions, including transcriptional and post-transcriptional gene
regulation (Brangwynne 2011; Buchan et al. 2014). Also termed membraneless organelles, rather
than using a membrane, BCs compartmentalize their constituents into a dense phase that demixes
from the surrounding bulk phase (Holehouse & Pappu 2018). The concentration of biomolecules
into the dense phase likely facilitates interactions between BC constituents and the functional
roles that BCs perform (Brangwynne 2011). In cells, phase separation is largely driven by
hydrophobic and electrostatic interactions between RNA and multivalent proteins with

intrinsically disordered regions (IDRs) (Vernon et al. 2018; Rana et al. 2021; Garcia-Jove



Navarro et al. 2019). Protein and RNA concentrations, as well as their post-translational and
post-transcriptional modifications, respectively, are important in modulating phase separation
behavior and droplet size (Van Treeck & Parker 2018; Hofweber & Dormann 2019; Ries et al.
2019). Temperature, salt concentration, pH, and other aspects of the cellular environment also
influence phase separation (Rana et al. 2021). However, active regulation of BCs can also be
achieved via molecular chaperones and RNA helicases (Snead & Gladfelter 2010). Changes in
the biophysical properties of BCs can affect their regulatory functions and activity (Elbaum-
Garfinkle et al. 2015). The ability of BC behavior and biophysical properties to be modulated by
a variety of factors has led some to propose that BCs function as tunable signaling hubs that
respond quickly and with high sensitivity to changing cellular conditions (Nott et al. 2015;

Holehouse & Pappu 2018).

Germ granules

All metazoans appear to have germ cell-specific BCs, termed germ granules, that share
certain components, including DEAD-box RNA helicases, (particularly VASA orthologs), P-
element wimpy testis (PIWI) orthologs, PIWI-interacting RNA (piRNA), Tudor domain-
containing proteins, and translation initiation complex proteins (Arkov & Ramos 2010; Schisa
2012; Whittle & Extavour 2017). Different germ granules also appear to share similar functions,
including translational regulation, mRNA storage and metabolism, and small RNA pathway
modulation (Schisa 2012).

Germ granules have been extensively studied in the nematode Caenorhabditis elegans,
with P granules being among the best characterized. In the one-cell zygote, P granule

components are distributed throughout the cytoplasm (Wang et al. 2014). Upon symmetry



breaking, P granule components are enriched in the posterior region of the zygote due to a
countering gradient created by accumulation of MEX-5 in the anterior region (Marnik & Updike
2019). As the P granule component MEG-3 binds to RNA, it promotes condensation of granules
that recruit PGL-1 (Lee et al. 2020). During the first cellular divisions, the posterior cytoplasm
containing P granules partitions asymmetrically with the P cell lineage to the P4 cell, the
founding primordial germ cell (PGC) that divides symmetrically into Z2 and Z3 cells (Strome
2005). Sometime between the 2- and 8-cell stage, P granules become localized to the nuclear
periphery and specifically associate with nuclear pores (Marnik & Updike 2019). The
localization of P granules to nuclear pores is dependent upon active transcription resulting from
zygotic genome activation as well as association with the VASA ortholog GLH-1 (Sheth et al.
2010). Once perinuclear, P granules appear to lose their outer MEG-3 shell while maintaining a
PGL-1/3 core (Wang et al 2014). P granules remain perinuclear during germ cell proliferation in
C. elegans larvae as well as in the mitotic and early meiotic regions of the adult gonad, ensuring
that they are distributed to each immature germ cell despite the shared syncytium of the gonad
(Marnik & Updike 2019). As individual oocytes cellularize and become transcriptionally
quiescent in the proximal adult gonad, P granules detach from the nucleus and are freed into the
cytoplasm but remain intact (Sheth et al. 2010). P granules are lost entirely in spermatogonia
(Sheth et al. 2010). Immediately following fertilization, P granules from the mature oocyte
dissociate into the cytoplasm before being reassembled in the zygote, marking the oocyte-to-
zygote transition (Wang et al. 2014).

Although P granules segregate with P lineage cells during embryonic development, they
are not required to specify germ cells (Seydoux 2018). Rather, the primary functions of P

granules appear to be the suppression of the somatic program, maintenance of totipotency, and



promotion of genomic integrity in germ cells (Updike et al. 2014; Knutson et al. 2017). These
functions of P granules are supported by studies that completely abrogate P granules by using
RNA interference (RNAIi) to knock down in combination pgl-1, pgl-3, glh-1, and glh-4, four core
P granule proteins; knock down or knockout of any of these genes in isolation leads to smaller,
but not completely absent, P granules with altered function (Updike et al. 2014). Worms subject
to this P granule RNAI treatment still produce proliferating germ cells, but these germ cells fail
to initiate oogenesis and aberrantly express sperm and somatic cell-specific transcripts (Updike et
al. 2014). Therefore, loss of P granules can lead to loss of germ cell identity and other germ cell
defects.

The role of P granules in maintaining germ cell identity may in part be linked to their
perinuclear localization, which allows them to efficiently engage in post-transcriptional
regulation of mRNAs exported through the nuclear pore (Sheth et al. 2010). Numerous proteins
involved in post-transcriptional regulation are constituent components of P granules, including
different Argonaute and Pumilio proteins (Phillips & Updike 2022). P granules harbor several
Argonaute proteins, including ALG-5, CSR-1, and PRG-1, as well as their associated small RNA
(sRNA) guides, micro RNAs (miRNA), endogenous small interfering RNAs (endo-siRNA), and
piRNAs, respectively (Dallaire et al. 2018; Brown et al. 2017; Gerson-Gurwitz 2016; Batista et
al. 2008; Spichal et al. 2021). Different Argonaute-sRNA complexes can vary in their effects on
the mRNA they target, including suppressing somatic gene expression, licensing germline gene
expression, or recognizing non-self genes (Updike et al. 204; Gerson-Gurwitz 2016; McEnany et
al. 2022). Additionally, licensing by binding to CSR-1 specifically protects mRNA from
transcriptional silencing that is initiated by binding to PRG-1 (Cornes et al. 2022). Binding of

mRNA to PRG-1 (C. elegans PIWI ortholog) in P granules initiates the generation of secondary

10



siRNA that can be transported into the nucleus, target nascent transcripts, and recruit the NRDE-
1/2/4 complex, which in turn recruits histone modifying enzymes (Spichal et al. 2021; Mao et al.
2015). The deposited post-translational modifications (PTMs) on the histone tails can alter
chromatin conformation (as discussed further below) and influence transcription. Aside from
directing histone tail PTMs, Argonaute-sSRNA complexes in P granules can also mediate
transgenerational inheritance by regulating the heritable pool of SRNAs (Lev et al. 2019; Dodson
& Kennedy 2019).

The Pumilio protein FBF-2 binds to the mRNA of several other constituent P granule
proteins as well as the mRNA of genes regulating the cell cycle and meiosis (Prasad et al. 2016).
Another Pumilio protein, PUF-8, also binds to mRNA of genes involved in regulating the cell
cycle in addition to genes important for maintaining germ cell identity (Mainpal et al. 2011).
Both FBF-2 and PUF-8 are capable of either promoting or suppressing translation of their mRNA
targets, and their specific activity appears to be dependent on their recruitment of different
protein cofactors (Wang & Voronina et al. 2020). In the case of FBF-2, binding to core P granule
protein PGL-1 appears to be important for its repressive activity (Voronina et al. 2012).
Repressive activity of the Argonaute protein WAGO-1 is also also dependent on binding to
PGL-1, specifically in the context of a perinuclear P granule (Aoki et al. 2021). The
physiological functioning of both Argonaute-sRNA complexes and Pumilio proteins appears to
be dependent on their localization to P granules (Ouyang & Seydoux 2022; Voronina et al. 2012),
highlighting the importance of P granule structure in regulating the germ cell program and
producing functional gametes.

Aside from the P granules of C. elegans, other germ granules have been well studied in

Drosophila melanogaster, Danio rerio, and Xenopus laevis. However, less is known about germ
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granules in mammals. In XX human embryos, the onset of meiosis in germ cells at 14-17 weeks
of gestation corresponds with the formation of cytosolic punctae that contain the RNA-binding
protein fragile X mental retardation protein (FMRP) (Rosario et al. 2016). FMRP punctae at least
partially overlap with GW 182, which interacts with Argonaut proteins in miRNA-mediated gene
silencing (Rosario et al. 2016). Further granule dynamics later in oocyte development are
unknown. In prospermatogonia of embryonic mouse testes, components of the piRNA, miRNA,
and siRNA pathways localize to perinuclear granules that resemble P granules (Watanabe et al.
2011). Adult mouse and human XY germ cells contain chromatoid bodies (CBs), perinuclear
granules that are conserved in other mammals (Ginter-Matuszewska et al. 2011). CBs contain
miRNA, miRNA-processing proteins, the VASA ortholog DDX4, and other RNA-binding
proteins (Messina et al. 2012). While germ granules across different organisms vary in their
exact composition and dynamics during germ cell development, they appear to share a common
function in post-transcriptional regulation of RNA that is essential for proper germ cell

development and function (Voronina et al. 2011).

Other BCs

In both C. elegans and mice, the constituent proteins of germ granules exhibit a high
degree of overlap with P bodies and stress granules (Gallo et al. 2008; Anbazhagan et al. 2022),
additional cytoplasmic BCs present in both germ and somatic cells. P bodies harbor mRNA
associated with proteins involved in translational repression and 5'-to-3' mRNA decay, though
they appear to act primarily as sites of mRNA storage (Luo et al. 2018; Standart & Weil 2018).
While P bodies exist under ambient conditions, stress granules are induced in response to acute
abiotic or biotic stress, including oxidative stress, thermal stress, and viral infection (Advani &

Ivanov 2019). These acute stress conditions initiate the integrated stress response, leading to
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translational arrest, disassembly of the polysome, ribosomal runoff from mRNA, and free mRNA
in the cytosol (Reineke & Neilson 2019). Free mRNA initiates the formation of stress granules
(SGs) through binding to and oligomerizing the key SG nucleating proteins TIA-1/TIAR and
G3BP1/2 (Yang et al. 2019). Mature stress granules contain a mixture of proteins, mRNA,
miRNA, and long non-coding RNA (IncRNA) (Mahboubi & Stochaj 2017). It appears that SGs
serve to both facilitate a stress-specific translational program (Matsuki et al. 2013) as well as
sequester and protect translationally stalled mRNA (Yang et al. 2019). SGs promote survival in
the short term but, under chronic stress conditions, form irreversible, persistent aggregates that
can lead to pathology and cell death (Reineke & Neilson 2019). These effects highlight the
importance of BC dynamics in physiology and pathophysiology.

Aside from cytoplasmic BCs, several nuclear BCs additionally exist. The genome itself
has been described as an "emulsion of condensates" consisting of multiple BCs across
hierarchical levels (Feric & Misteli 2021). These BCs include histone tail-driven condensates,
transcriptional condensates, topologically associating domains (TADs), and heterochromatin at
the largest scale (Feric & Misteli 2021). Histone tail-DNA condensates specifically appear
capable of undergoing liquid-liquid phase separation, the dynamics of which can be modulated
by a range of histone tail PTMs (Gibson et al. 2019; Ghoneim et al. 2021). The changes in
chromatin conformation caused by different histone tail PTMs can make stretches of DNA more
or less accessible to chromatin-associated proteins and complexes, ultimately affecting
transcriptional activity (Ghoneim et al. 2021).

A germ cell-specific nuclear BC is the synaptonemal complex (SC). Early in meiosis, the
SC forms between paired homologous chromosomes, where it both stabilizes the homolog pairs

and recruits additional signaling molecules (Libuda et al. 2013; Gordon et al. 2021). While the
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SC was originally conceptualized as a fixed structure due to its rigid, ladder-like appearance,
more recent research indicates that the SC is a dynamic, liquid-like structure that likely
undergoes liquid-liquid phase separation (Rog et al. 2017). As a BC, assembly of the SC is
dependent on hydrophobic and electrostatic interactions (Rog et al. 2017). The SC recruits DNA
repair as well as crossover-promoting factors and ensures proper chromosome segregation in
mature gametes (Rog et al. 2017; Gordon et al. 2021). Loss of any SC core component and/or
alteration to the SC structure leads to severe chromosome segregation errors (Libuda et al. 2013;
Gordon et al. 2021).

In summary, BCs serve multiple regulatory roles essential for maintaining germ cell
identity, promoting germ cell development, and generating functional gametes competent for
reproduction. Alterations to BC structure and/or composition can impair their functions,
compromising germ cell integrity. Therefore, substances that are capable of altering BCs have

the potential to cause germ cell toxicity.

HYPOTHESIS AND AIMS OF THE DISSERTATION

Hypothesis and aims

The central hypothesis of this dissertation is that the surfactant activity common to many
PFAS alters BC structure and function, leading to cell- and tissue-level dysfunction. To test this
hypothesis, two PFAS employed specifically for their surfactant properties were used to examine
the role of BCs in mediating PFAS toxicity using the reproductive system of C. elegans as a
model. Since limited data are available on PFAS toxicity to C. elegans germ cells, the first aim of

the dissertation was to characterize the toxic effects of PFAS exposure on germ cell development
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and reproduction. The second aim was to examine the effects of PFAS exposure on two germ cell

BCs and their potential to act as mediators of germ cell and reproductive toxicity.

PFAS selection

Of the targeted PFASs commonly analyzed in biomonitoring samples in the United States
over the past ten years, PFOS continues to be detected most consistently and at highest
concentrations (Jian et al. 2018; CDC 2017). Despite the fact that production of this PFAS has
been phased out in the United States, human exposure continues due to its persistence in the
environment and long elimination half-life in the human body. Even though PFOS is one of the
most studied PFAS, there are still gaps in understanding of its mechanisms of toxicity. Due to its
prevalence in the environment and biota, as well as the limited knowledge on its mechanisms of
toxicity, PFOS was selected as one of the PFAS to test in the subject research.

Non-targeted PFAS analysis of biomonitoring samples collected in China first indicated
that chlorinated polyfluorinated ether sulfonates (CI-PFAES) may constitute a substantial fraction
of the organic fluorine in the general Chinese population (Shi et al. 2016). Some of these
detections may be linked to the widespread use of the PFAS F-53B in China since the late 1970s
(Liu et al. 2018). F-53B is a CI-PFAES-based formulation composed of about 90% 6:2 Cl-
PFAES and 10% 8:2 CI-PFAES by weight (Ti et al. 2018). Note that F-53B will be used
interchangeably with its primary component 6:2 CI-PFAES in the rest of the dissertation. F-53B
is mainly used as a mist suppressant in the chrome plating industry with approximately 60% of
Chinese chrome plating plants using F-53B and an estimated 13 metric tons of F-53B produced
in China in 2015 (Ti et al. 2018). Similar to PFOS, F-53B is resistant to degradation in the
environment and has been detected in environmental media and wildlife globally (Wang et al.

2013; Shi et al. 2018). F-53B is also estimated to have an extremely long elimination half-life at
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15.3 years, which is more than twice that of PFOS (Shi et al. 2016). Since there is extensive
human exposure to F-53B, F-53B shares many similarities with PFOS, and relatively few studies
of F-53B toxicity are available, F-53B was selected as the second PFAS to test in the subject

research.

BC selection

It has previously been shown that both P granules and the SC can be disrupted by
treatment with 1,6-hexanediol, an aliphatic alcohol surfactant (Updike et al. 2011; Rog et al.
2017). Additionally, the effects of genetic loss of P granule and SC constituents on germ cell
development and reproduction have been well characterized. Furthermore, transgenic fluorescent
reporter and loss-of-function mutant strains of C. elegans are available for core P granule and SC
proteins from the Caenorhabditis Genetics Center (CGC) at the University of Minnesota. Since
their basic biology is fairly well understood, and since they are essential for the production of
functional gametes, P granules and the SC were selected as model BCs to test in a toxicological

context.

Dissertation organization

The remainder of the dissertation is organized into four additional chapters. Chapter 2
discusses how a long-held conceptual model for germ cell identity and heritability has limitations
and inaccuracies, particularly when evaluating the importance of toxicant exposures to germ
cells. Chapters 3 and 4 present the findings of experiments designed to address aims 1 and 2,

respectively. Chapter 5 provides a summary and conclusions of the dissertation.
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CHAPTER 2:

The Importance of Germ Cells in Toxicology
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INTRODUCTION

Germ cells are the sole progenitors of each successive generation of sexually reproducing
animals. Each generation, germ cells must be specified, proliferate, and undergo a germ cell-
specific developmental program to produce functional gametes capable of reproducing. All of
these processes must be tightly regulated to ensure germ cell competency. While germ cells have
many mechanisms for maintaining cellular homeostasis, chemical toxicants and other stressors
can lead to dysregulation with negative effects on reproductive outcomes. Furthermore, germ cell
toxicants are able to not only impact the fertility of the initially exposed generations but can also
have negative effects on all aspects of organismal health in later generations originating from
those cells. Gaining a better understanding how germ cells respond to stress induced by
environmental toxicants should be a pressing goal in the field of toxicology. However, standard
testing paradigms for reproductive toxicity are generally poorly equipped to adequately evaluate

germ cell effects and the temporal scales at which effects may persist.

WHAT IS LOST IN THE WEISMANN BARRIER

The Weismann barrier is a conceptual model of germs cells as fundamentally separable
from the somatic cells by which they are surrounded. The Weismann barrier also positions germ
cells as isolated from broader environmental influences, which would imply that they are not
susceptible to toxicant effects. The following article, published the Journal of Developmental
Biology, presents a case for why the Weismann barrier is an outdated and counterproductive
model for understanding germ cell biology, particularly in the context of toxicant exposures and

intergenerational inheritance.
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Abstract: The Weismann barrier has long been regarded as a basic tenet of biology. However,
upon close examination of its historical origins and August Weismann’s own writings, questions arise
as to whether such a status is warranted. As scientific research has advanced, the persistence of the
concept of the barrier has left us with the same dichotomies Weismann contended with over 100 years
ago: germ or soma, gene or environment, hard or soft inheritance. These dichotomies distract from
the more important questions we need to address going forward. In this review, we will examine the
theories that have shaped Weismann'’s thinking, how the concept of the Weismann barrier emerged,
and the limitations that it carries. We will contrast the principles underlying the barrier with recent
and less recent findings in developmental biology and transgenerational epigenetic inheritance that
have profoundly eroded the oppositional view of germline vs. soma. Discarding the barrier allows
us to examine the interactive processes and their response to environmental context that generate
germ cells in the first place, determine the entirety of what is inherited through them, and set the
trajectory for the health status of the progeny they bear.

Keywords: Weismann barrier; germline; germ cells; soma; transgenerational epigenetic inheritance

1. Introduction

The idea of the Weismann barrier provides a conceptual framework for the relationship between
germ cells and somatic cells and the larger extraorganismal environment. The considerable influence of
this framework is, perhaps unsurprisingly, matched by manifold ways of understanding it depending
on the time, the writer and the scientific area. The basic premise of the Weismann barrier, that is shared
across its varied uses, is that germ cells are fundamentally separate from somatic cells. The larger
implications of the barrier concept bear on the nature of germ cells, the mechanisms of inheritance,
and the course of evolution.

The Weismann barrier is typically applied as a self-evident label and rarely defined, suggesting
that it rests on an uncontroversial piece of evidence [1,2]. Taking a historical view on the origins of
the Weismann barrier shows that it is hardly the case. August Weismann was trained as a medical
practitioner and chemist in the late 1800s prior to conducting research in zoology and embryology [3].
In a pre-genetics era, he worked to understand how species can be relatively stable in their characteristics
across generations, yet exhibit enough variation for substantial change to occur over evolutionary time
in accordance with Charles Darwin’s theory of natural selection. Weismann's solution to this problem
was described in his seminal 1893 work The Germ Plasm: A Theory of Heredity, in which he proposed a
nuclear substance called the “germ plasm” as the essential unit of inheritance. The germ plasm was
the theoretical foundation upon which Weismann built his inferences.

J. Dev. Biol. 2020, 8, 35; doi:10.3390/jdb8040035 www.mdpi.com/journal/jdb
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Although Weismann’s model of the germ plasm was never widely accepted, the concept of a
barrier named for him has been widely used as a default framework in which new scientific evidence
and theories must be constructed. Modern-day scientific articles still refer to “crossing the Weismann
barrier” [1,4] and evidence undermining the existence of such a barrier is described in this framework
as an exception to the rule or a “leak” in the barrier. In this article, we seek to reevaluate the framework
of the barrier itself and its limitations in light of contemporary scientific knowledge and to explore
how scientific pursuits might advance differently without the framework of the Weismann barrier.

2. Weismann’s Model of Inheritance

With his germ plasm theory, Weismann sought to explain how species transform over evolutionary
time depending on their environment yet preserve relative constancy between each generation.
To understand this theory, it is necessary to understand the hypothetical physical organization and
evolutionary origins of Weismann'’s unit of inheritance: the germ plasm. According to Weismann,
the germ plasm itself was an assembly of three “vital units”, that is, a unit exhibiting the primary “vital
forces” of assimilation and metabolism, growth, and multiplication by fission. The smallest unit was
the “biophor” [5]. Biophors were made up of varying types, numbers, and arrangements of molecules
that could occur in unlimited combinations. The particular composition of a given biophor determined
the structure that it formed in the cell and Weismann considered the biophors the “bearers of the
cell qualities” [5]. Biophors could only be produced from pre-existing biophors and bore “historical”
qualities formed over time through heredity and selection.

Weismann thought that in the earliest unicellular organisms, the biophors were freely dispersed
throughout the cell [5]. In this scenario, changes induced to a biophor in any part of the cell could be
inherited with the next cell division by binary fission. However, with the evolution of the nucleus,
the heritable biophors capable of reproducing the entirety of the organism were sequestered to this
structure alone. The separation of the heritable material into the nucleus also meant that external
influences that acted upon and changed the cell body could no longer be transmitted to offspring;
only changes to the nuclear substance were heritable. It appears that Weismann believed the nucleus
provided a degree of protection that made the nuclear contents less susceptible to external influences
and thus more stable over time. Although different biophors could grow and reproduce unevenly in
response to factors such as nutrient availability and temperature due to their different physicochemical
properties, Weismann thought that substantial transformations of the biophors did not occur easily or
rapidly. Thus, the relative constancy of the nuclear substance between generations provided a defining
feature of a particular phylogenetic lineage.

As organisms became more complex and evolved different cell types, Weismann reasoned that
the organization of the nuclear substance also became more complex. While different biophors
corresponded to different structures in a cell, they did not correspond directly to a particular cell
type [5]. Instead, different combinations of biophors were organized into a higher-order vital unit called
a “determinant” (Figure 1). As the name implies, Weismann thought that determinants conditioned
the character of a cell; one type of determinant might correspond to a muscle cell while another
determinant might correspond to a skin cell. In addition to organizing the biophors, determinants also
served to control their activity. Within the structure of a determinant, biophors were maintained
in an “inactive” state where they could only grow and reproduce. However, once released from a
determinant, biophors were small enough to move through the nuclear pores and into the cytoplasm,
where they were physically used up to produce the structures of the cell. This regulatory power over
the biophors’ activity provided the nuclear contents with the ability to control “the body of the cell” [5].
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Figure 1. [llustration of Weismann’s vital units. Each chromosome, or idant (A), is composed of several
ids (dark blue) (B) that are inherited intact from the parental germ cells within the germ plasm. Each id
is composed of determinants (C) that are arranged in a particular architecture. Each determinant
corresponds to a specific cell type in an organism and contains a particular assemblage of biophors (D),
a group of molecules that, when released from the nucleus and into the cytoplasm, provide the starting
material from which cellular components develop.

The determinants were organized into the highest-order vital unit called the “id.” Several ids
were aligned along the length of each chromosome (Figure 1), which Weismann in turn called an
“idant” [5]. In sexually reproducing organisms, half of a zygote’s ids originated from the mother while
the other half originated from the father. Weismann thought that the different combinations of ids
inherited from the parents was one of the main sources of variation in a species. Although all the
ids of a mature gamete were very similar, they were not identical and had very slight differences in
their precise organization and composition. These differences occurred in part due to the different
ancestral lineage of each id. Weismann thought that the “reducing divisions” of meiosis randomly
determined which ids were retained in a gamete. Therefore, even though a zygote received half of
its ids from each parent, the share of ids inherited from each grandparent could not be predicted.
Because each id had its own heritage and contained all the determinants necessary to reproduce an
organism, Weismann alternatively called an id the “ancestral germ plasm” [5].

All of the ids together constituted the germ plasm proper, which Weismann argued was the
sole heritable substance transmitted to each new generation via the germ cells [5]. Similar to the
three vital units composing it, Weismann thought that the germ plasm could only be propagated
from a pre-existing germ plasm. Most importantly, what was transmitted in the germ plasm was its
“fixed architecture”, or the particular arrangements and proportions of the different vital units [5].
The architecture of the germ plasm was essential because it determined the entire course of ontogeny.
While evolutionary time built up the structure of the germ plasm, it was deconstructed in an individual
over developmental time. Weismann referred to this deconstruction process as “blastogenesis”,
or origin from a germ plasm. From the zygote, Weismann thought that cells could replicate through
“ordinary” cell divisions, where exact copies of the nuclear contents are replicated in the daughter cells,
or “embryogenic” cell divisions, where daughter cells receive unequal shares of the nuclear contents
(Figure 2). Ordinary divisions producing exact copies of the complete germ plasm created a “reserve”
that was maintained intact in cells of the germ lineage. Embryogenic divisions generated somatic
“idioplasm” that retained only part of the germ plasm. The original architecture of the germ plasm
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dictated the order in which the idioplasmic ids were deconstructed and their determinants distributed
into daughter cells.

®

Figure 2. According to Weismann, cells can undergo either ordinary (A) or embryogenic divisions
(B). (A) Ordinary divisions produce daughter cells with chromosomes bearing vital unit composition
identical to the parental cell and maintain the germ plasm intact from the zygote through mature
germ cells. (B) Embryogenic divisions produce daughter cells with chromosomes that bear different
determinants in their ids depending upon their destined cell lineage.

Thus, the germ plasm had a dual role in inheritance and development. The ability to reproduce
an organism as a whole was held only by cells with reserve germ plasm that was unchanged from the
unification of the parental gametes in the zygote. Once the germ plasm was broken up, the resulting
idioplasm only had the potential to generate cell types corresponding to the types of determinants
the idioplasm retained, but not the entire organism [5]. Any perturbations that caused changes in the
idioplasm could cause variations in cells produced from that idioplasm’s lineage. However, according
to Weismann, idioplasm could never be reconstructed into germ plasm and such “somatogenic”
variations could not be transmitted to subsequent generations via the germ plasm. Thus, any changes
that arose in an organism’s body during development were independent from what would be
transmitted to progeny. Only direct changes to the composition of the reserve germ plasm were
heritable. Such changes might result from changes in growth rates of the vital units due to differential
effects of nutrition or temperature on the different molecular components. However, Weismann argued
that such changes would be imperceptibly small within a single generation.

Weismann explicitly framed his formalized theory of the germ plasm as a rebuttal to Charles
Darwin’s pangenesis hypothesis [5] and a general rejection of the idea of inheritance of acquired
characteristics (IAC). Jean-Baptiste de Lamarck’s theory of IAC, where phenotypic changes arising from
patterns of use or disuse in an organism’s body are transmissible to their offspring was a widely held
view throughout the 19th century and informed Darwin’s thinking [6]. According to the pangenesis
hypothesis, all cells continually release self-replicating units called “gemmules” that freely circulate
throughout the body, but concentrate in the sexual organs [7]. Darwin proposed that pangenesis was the
mechanism that generated heritable variation upon which natural selection could act. While Weismann
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was an early supporter of Darwin’s idea of natural selection and also initially accepted IAC [8], his model
of the germ plasm rendered any somatic influence on inheritance impossible.

3. Origins of the Weismann Barrier

The inability of the parental body to influence the characteristics of the offspring and the direct
refutation of IAC was a key implication and the main thesis that later scientists retained from
Weismann’s work [9]. However, while Weismann’s argument against IAC was firmly derived from the
hypothetical structure and function of the germ plasm, the theory of the germ plasm itself was almost
universally rejected by other scientists and is largely inconsistent with contemporary understanding of
biology. Weismann was most widely criticized for the speculative nature of his theory and the lack
of clear experimental or cytological evidence supporting it [10]. He himself acknowledged that it
was not possible to discern the structure of the germ plasm with available technology and that the
structure he proposed was based on deductive reasoning. Consequently, scientists who wanted to
accept Weismann'’s conclusion against IAC provided reinterpretations that maintained the separation
of the body from inheritance while eliminating the germ plasm as a factor.

In the earliest and most basic reinterpretation of Weismann’s theory, the cell biologist Edmund
Beecher Wilson [11] replaced the germ plasm with the germ cell. According to Wilson, the germ cells,
through division, give rise to both soma and new germ cells, which separate from the soma and repeat
the process in each successive generation [11]. It was the germ cell that offspring inherited from the
parents, not their body, and the characteristics from the germ cell were retained independent from
the body via the line of intergenerational germ cell descent. In his influential textbook The Cell in
Development and Inheritance, Wilson represented this idea with a diagram that is now widely attributed
to Weismann [12]. The diagram depicts the line of inheritance running from the parental germ cells
through the germ cells of each new generation, with the somatic cells of each individual branching
away from the germ cells and outside the realm of inheritance. This diagram ostensibly representing
Weismann's idea was adopted and refined, in particular in another influential biology textbook written
by Simpson et al. in 1957. In this text, the authors shifted the argument for the separation of germ cells
from the somatic cells: they reasoned that “undifferentiated” germ cells could not be derived from
differentiated cells of the body but instead must come directly from the lineage of undifferentiated cells
that remain such across generations [13]. In both Wilson’s and Simpson et al.’s books, the perpetual
separation of the germ cells from the somatic cells, as well as the exclusive generation of the latter from
the former, made IAC impossible.

An alternative means of reinterpreting Weismann’s theory to reject IAC was the replacement of
the germ plasm with the genotype [10]. Weismann’s notion that hereditary units contained within the
gametes of the parents were causal in determining the physical qualities of the resulting offspring,
without being determined by the qualities of the parents themselves, was bolstered by the rediscovery
of Gregor Mendel’s 1866 work on heredity in 1900 [14,15]. Weismann himself was unaware of Mendel’s
work when he was developing the germ plasm theory in the 1880s and 1890s. This rediscovery led to
the emergence of genetics as a distinct field of science. In a parallel way to Weismann, many early
geneticists emphasized the idea of continuity of the hereditary substance between generations, and that
this hereditary substance was borne by the chromosomes [14]. Weismann was also credited with
helping to initiate the “genotype concept”, in which the totality of the inherited genes determines an
organism’s phenotype but the phenotype has no bearing on what is inherited [10]. The unification
of neo-Darwinian evolution and Mendelian genetics with the modern synthesis of the 1930s and
1940s [16] further promoted the idea that a genetic program selected over evolutionary time ultimately
determined phenotype [17]. Evidence of control of the phenotype by an inherited genetic program
was seen by some as a “final blow” to IAC.

Aside from bolstering the rejection of IAC, these reinterpretations of Weismann’s work converge
on a notion of unidirectionality. Cellular transformations and information conveyance can proceed in a
one-way direction only, in effect creating a barrier to reversion. In a developmental version of the barrier,
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somatic cells differentiated from parental gametes can neither revert to germ cells [4] nor influence
what is inherited via the germ cell lineage [18]. In a genetic version of the barrier, the phenotype cannot
recreate the genetic information from which it was derived [19], nor can it influence the heritable
genetic information conveyed across generations [20]. Although these ideas diverge from Weismann’s
original germ plasm theory to varying degrees, they have all been used to define the term “Weismann
barrier.” While the Weismann barrier presents a relatively simple framework for development and
inheritance, it is questionable as to whether this framework is particularly useful going forward.

4. What Is Lost in the Weismann Barrier?

The barrier concept presents germ cells and the inherited phenotype as fixed states while offering
no explanation for the processes by which these states came to be. To some extent, it implies that no
such explanation is necessary, for the inherent properties of germ cells and the genome alone appear
sufficient to determine the course of development and inheritance. However, the barrier concept
stands in stark contrast to what we know about the myriad processes regulating germ cell fate and
function as well as their interactions with surrounding somatic cells and the external environment
(Figure 3). The regulatory processes and interactions that the barrier concept relegates to obscurity are
precisely what need to be elucidated to further our understanding of germ cell biology, inheritance,
and human health.

EXTRAORGANISMAL

ENVIRONMENT
SOMATIC
ENVIRONMENT
SOMATIC
GONAD CELL
— — —
- - em === - -
GERM
CELL

Figure 3. Model of germ cells in the absence of the Weismann barrier. Within the germ cell (purple),
interactions between the nuclear and cytoplasmic components integrate signals from the surrounding
somatic gonad cells, which themselves are responsive to signals from the germ cell. The germ cells and
somatic gonad cells are situated within a larger somatic environment that is in turn influenced by the
extraorganismal environment.
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4.1. Emergent Germ Cell Fate and Function through Interaction with Somatic Cells

Rather than being perpetually independent from somatic cells, germ cells across many different
species are intimately linked with somatic cells throughout development. In mammals, primordial germ
cells (PGCs) are induced by a combination of bone morphogenic proteins (BMPs), Wnt proteins,
and other signaling molecules provided by the surrounding embryonic tissues [21]. During migration
from the site of induction to the gonadal ridge, PGC chromatin is dramatically remodeled, exhibiting a
dramatic loss in DNA methylation and an increase in repressive histone marks [22]. It is thought that
this epigenomic reprogramming is necessary for PGCs to attain germ cell competence. While the precise
mechanisms regulating these epigenomic changes, are not fully known, in vitro models of primordial
germ cell-like cells (PGCLCs) suggest that these changes are at least in part due to interactions with
somatic cells. PGCLCs can be specified from embryonic stem cells (ESCs) or induced pluripotent stem
cells (iPSCs) derived from somatic tissues [23] using condition media to drive expression of germ
cell-specific transcription factors. However, once specified, PGCLCs do not substantially proliferate,
survive for extended periods of time, or progress through epigenomic programming without using
somatic feeder cells in the culture [24,25]. Furthermore, PGCLCs cannot develop further and ultimately
produce functional gametes unless they are either co-cultured with somatic gonad cells [26] or
transplanted into a gonad in vivo [24].

Across species, the somatic gonad is necessary for regulating meiosis [27,28] and supporting germ
cell function through later development and maturation. Within the gonad, germ cells and somatic cells
directly communicate with one another through gap junction connections [29-33], endocytosis [34],
and extracellular vesicles [35]. Through these means, both male and female germ cells receive
nutrients, small non-coding RNAs (sncRNAs), proteins, metabolites, hormones, and other signaling
molecules from the surrounding somatic cells. Somatic cell interactions with germ cells appear to be
well conserved from invertebrates to mammals, suggesting their importance in germ cell function.
In Caenorhabditis elegans, mutations in the innexin proteins that form the gap junctions between germ
cells and the somatic gonad result in loss of germ cell proliferation, embryonic lethality, and sterility [32].
Laser ablation of gonad sheath cells results in failure of oocytes to progress through meiosis I, leading to
infertility [36]. In both male and female mice, knockout of the connexins forming the gap junctions
between germ cells and somatic cells impedes meiotic progression and germ cell maturation [29,31].
The inability of aged granulosa cells to efficiently generate new gap junctions with oocytes may
contribute to increasing infertility with maternal age [30]. In male mammals, extracellular vesicles
called epididymosomes deliver somatically-derived sncRNAs to maturing spermatozoa and are
necessary to support pre-implantation embryonic development [37,38]. Thus, available evidence
indicates that somatic cells are not strictly separated from germ cells but essential to germ cell
maturation and reproductive competence.

4.2. A Broader View of Heritable Information

Although the barrier concept indicates that the inherited genome sequence alone is sufficient to
directly determine phenotype, a substantial degree of phenotypic variation can be generated through
layered regulatory processes that control how, when, and where the genome may actually be expressed.
From the start of metazoan development, the single-celled zygote differentiates into a wide range
of cell types from a single genome. It is not genes per se but the multitudinous ways in which they
can be modified, activated with others, and/or silenced that allow organisms to change throughout
their life course and in response to a changing environment. The flexibility of genome expression is
necessary for the act of living as a multicellular organism and for perpetuating life through reproduction.
Increasing evidence indicates that factors inherited from parental germ cells via influences from the
somatic cells and/or the larger environment can modulate genome expression and alter phenotype in
ways comparable to a change in genetic sequence.

The direct influence of heritable information flow from soma to the germline is particularly well
understood in rodents. A recent and rapidly growing body of work has shown that the sncRNA
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content of sperm, particularly tRNA fragments, is highly influenceable by environmental changes such
as diet and stress [39]. As shown by zygote microinjection experiments in mice, such modified tRNA
fragments extracted from sperm are sufficient to modify the offspring’s phenotypes, including metabolic
dysfunction in the case of paternal high-fat diet [40]. Other types of sncRNA and long non-coding RNAs
(IncRNA) can also convey heritable information that alters the phenotype of offspring whose fathers
were subjected to chronic stress or trauma [41,42]. Based on available evidence, it appears that alterations
in sperm sncRNA may be attributable at least in part to the composition of epididymosomes taken up by
the sperm from the epididymal cells. Asnoted previously, the contents of epididymosomes are necessary
for sperm to support the regulation of early embryonic development and embryonic viability [37,43].
Therefore, environmental or other influences that alter the contents of the epididymosomes and thereby
the paternal germ cells may have a direct impact on the phenotype of their offspring.

Increasing evidence indicates that environmental influences on non-genetic heritable information
can alter offspring phenotype for more than one generation. The last few years have seen a
rapid expansion of the field of transgenerational epigenetic inheritance (TEI) in a wide variety
of animal models, including C. elegans, zebrafish, Drosophila, and mouse [44]. Work in the nematode
has demonstrated that the impact of numerous environmental cues can be inherited for several
generations and provided a molecular understanding of the mechanisms of soma-to-germline and
germline-to-germline communication that direct TEIL A recent study demonstrated that in C. elegans,
small RN As synthesized in neurons through the RDE-4 pathway alter the expression of 124 mRNAs and
1287 sncRNAs and trigger transgenerational changes in the offspring’s transcriptome and chemotaxis
behavior [45]. How the neuronal RDE-4 derived sncRNAs impact the germline transcriptome is
not fully elucidated but appears to be largely independent of the activity of the siRNA membrane
transporter SID-1 [45,46]. It is possible that a non-SID-1 mechanism of transport of sncRNAs or a
relay mechanism involving other signaling molecules such as hormones may be at play. This work
highlights the ability for factors that are uniquely produced by neurons to impact the germline and the
phenotype of the resulting progeny.

A recent study in mice suggests another mechanism of TEI may involve changes to the
genome’s physical structure [47]. The eukaryotic genome is non-randomly arranged within the
nucleus and, at the highest level, is organized into spatially segregated heterochromatin and
euchromatin compartments [48]. Although partly influenced by DNA base pair sequence [47],
chromatin compartmentalization may largely be driven by phase separation [49]. Phase separation
of chromatin is a physicochemical process dependent upon factors affecting intra-/intermolecular
forces, such as solute concentration and temperature, as well as features of the genome affecting
charge and binding affinity, such as histone post-translational modifications [50]. The local chromatin
environment within the phase boundary concentrates proteins and other biomolecules that in turn
can affect transcription and reinforce or alter chromatin compartmentalization by modifying DNA
and histones [51]. It appears that perturbations to chromatin compartmentalization in response to
tributyltin (TBT) exposure during early embryonic development could shift genomic regulatory circuits
and impact metabolic phenotype [47]. Furthermore, the authors hypothesize that the resulting changes
expression of chromatin organization-related genes could be carried through the adult’s germ cells
and be “reconstructed” to repeat the cycle in the next generation. These effects appeared to persist
in the fourth-generation male offspring. Although changes in DNA methylation patterns were also
observed in this generation of offspring ancestrally exposed to TBT, these changes did not correlate
with patterns of mRNA expression. These data suggest that the three-dimensional organization of the
genome, in addition to sequence, may in effect be heritable across generations.

The debate regarding what information is heritable between generations has mainly been framed
in terms of evolutionary relevance. Over evolutionary time, only information that may be faithfully
replicated in perpetuity is generally considered to be truly heritable, and thus relevant [19]. However,
at the scale of the human lifespan, the perpetual transmissibility of non-genetic heritable information,
or lack thereof, becomes less relevant. As long as the phenotype, or more importantly the health
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status, of at least one generation can be negatively affected by environmentally-induced changes in
heritable information transmitted via the germline, it warrants further study to better understand the
mechanisms by which this happens and pursue interventions that may improve human health.

5. Conclusions

The writings of August Weismann over 100 years ago helped instill a modern concept of a barrier
according to which the germ cells and their genome function independently from the body of an
organism. Remarkably, Weismann himself acknowledged that his germ plasm theory, which led to the
barrier concept, was a product of deductions from available information and not a proven fact: “It is
nevertheless possible that continuity of the germ plasm does not exist in the manner in which I imagine
that it takes place, for no one can at present decide whether all the ascertained facts agree with and
can be explained by it. Moreover, the ceaseless activity of research brings to light new facts every day,
and I am far from maintaining that my theory may not be disproved by some of these. But even if it
should have to be abandoned at a later period, it seems to me that, at the present time, it is a necessary
stage in the advancement of our knowledge, and one which must be brought forward and passed
through, whether it prove right or wrong, in the future” [52]. We now know that it is not the contents
of the chromosomes that differs between germ and somatic cells but rather the manner in which they
regulate and express the genome. The barrier concept has gained so much prominence over the 20th
century because it facilitated scientific progress in some respects, in particular genetic and evolutionary
understandings of inheritance. Without dismissing the historical contributions Weismann made to the
advancement of knowledge, it may be time to accept that utilization of the barrier concept is a stage
through which we have fully passed.

Continued adherence to the barrier concept is extremely limiting in furthering our understanding
of germ cell biology and inheritance. Germ cells and their genomes are not abstract conveyors of
information but physical structures that can change form and function in numerous ways in response to
a combination of cell-autonomous and non-autonomous cues. It is this ability to change as a part of an
integrated organismal system that determines both physiological and pathophysiological reproductive
outcomes in an individual. The capacity to reproduce is itself a phenotype facilitated by concerted
functions and inter-relationships between germ and somatic cells and the germ cell genome is not
entirely separable from the larger context of the body in which it is located. Whereas the barrier concept
takes as a starting point the germ cells and the resulting phenotype produced through inheritance,
discarding the barrier allows us to unboundedly examine the interactive processes and their response
to environmental context that generate germ cells in the first place, determine the entirety of what is
inherited through them, and set the trajectory for the health status of the progeny they bear.
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INTRODUCTION

PFOS and F-53B are both PFAS that have been used as mist suppressants in the chrome
plating industry. Despite being voluntarily phased out of US production in 2009, PFOS is still
ubiquitously detected in the American population (CDC 2017). Structurally similar to PFOS,
F-53B continues to be produced and used mainly in China and, along with PFOS, is ubiquitously
detected in the Chinese population (Shi et al. 2016). In addition to being detected in human
serum, PFOS has been detected in human follicular fluid at concentrations similar to serum
concentrations (Petro et al. 2014; Heffernan et al. 2018), while both PFOS and F-53B have been
found to cross the placenta into the fetal compartment (Stein et al. 2012; Mamsen et al. 2019;
Pan et al. 2017; Chen et al. 2017). These data indicate that human germ cells may be subject to
direct PFOS and F-53B exposure at all stages of development.

In its 2018 draft toxicological profile for PFAS, the Agency for Toxic Substances and
Disease Registry (ATSDR) stated: "Overall, the reproductive system does not seem to be a
sensitive target of PFOS toxicity." However, almost all of the referenced animal studies were
generated by either the former PFOS manufacturer 3M (Seacat et al. 2003; Luebker et al. 2005;
Butenhoff et al. 2012) or a contract research organization (Thomford et al. 2002). The one animal
study referenced by ATSDR regarding PFOS reproductive toxicity that wasn't generated either
directly or indirectly by the manufacturer reported reduced sperm counts in response to PFOS
exposure in rats (Wan et al. 2011). A more recent study by Tian et al. (2019) found increased
infertility incidence in rats exposed to PFOS with morphological effects on the testes and
impaired spermiogenesis in male F1 offspring. Another study similarly found a decrease in the

number of mature ovarian follicles with PFOS exposure in female mice (Feng et al. 2015). Thus,
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rodent studies do appear to indicate that reproductive endpoints are relevant targets of PFOS
toxicity.

Though epidemiological data are limited, some studies have found increases in infertility
with increased PFOS serum concentrations (Fei et al. 2009; Whitworth et al. 2012). While other
studies did not identify such effects (Jorgensen et al. 2014; Vé€lez et al. 2015), it should be noted
that almost all people have detectable levels of PFOS in their serum. In these studies, individuals
placed in the first quartiles used as control groups had serum PFOS concentrations exceeding
10ng/mL, a level beyond which the German Environment Agency has determined may lead to
health impairment in women of child-bearing age (Schiimann et al. 2021). The inability to obtain
truly unexposed control populations in epidemiological studies may limit the ability to detect
effects of PFOS exposure on infertility and other reproductive endpoints.

Far fewer studies have been published on the reproductive effects of F-53B exposure.
Zebrafish exposed to F-53B at concentrations as low as S5ug/L exhibited a significant decrease in
the number of eggs produced and in the number of surviving F1 offspring (Shi et al. 2018). It
does not appear that any epidemiological studies on F-53B and infertility have been reported.
However, two studies have found a significant decrease in progressive sperm with increased
F-53B serum concentrations (Pan et al. 2019; Luo et al. 2022).

While available data point to negative reproductive effects of PFOS and F-53B
exposures, little is known about how these substances directly affect germ cells. Data are
particularly lacking for oogenic germ cells, which, in mammals, undergo most of meiosis I while
in utero. The nematode C. elegans is a valuable model for examining toxicant effects on oogenic
germ cells since the adult hermaphrodite gonad continually generates oogenic germ cells that

progress linearly through meiotic prophase and are easily visualized through the transparent body
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of the animal. The purpose of the subject work was to characterize the effects of PFOS and
F-53B on oogenic germ cells in C. elegans with continuous exposure from embryonic

development through adulthood.

METHODS

Worm culture and population synchronization

Wild-type N2 Bristol strain C. elegans were used for all experiments except the
reproductive development staging assay, in which the PGL-1::GFP reporter strain JH3269
(pgl-1(ax3122[pgl-1::gfp]) IV) was used. Worms were cultured on nematode growth medium
(NGM) agar plates seeded with OP50 Escherichia coli lawns and maintained at 20°C for both
culturing and experimental procedures. To obtain synchronized populations, stage L4 larval
worms were picked from standard culture plates onto new NGM plates and allowed to reach
adulthood (approximately 24 hours). Synchronized adults were used to produce the embryos

subjected to PFAS exposure.

PFAS solution preparation and exposure

900uM stock solutions of PFOS (Synquest Laboratories, CAS number 1763-23-1,
>99.5%) or F-53B (BOC Sciences, CAS number 73606-19-6, technical grade) were prepared
freshly from solid powders dissolved directly in double-deionized water that was filtered through
a 0.22 micron membrane filter. PFOS or F-53B stock solutions were further diluted as necessary
in filtered double-deionized water. PFAS solutions or filtered double-deionized water (control)
were applied to the surface of NGM agar plates with OP50 E. coli lawns and the plates rotated
gently to spread the solutions evenly. Treatments were applied to the plates at a ratio of 1:45 on a
solution:NGM agar volume-for-volume basis (e.g., 0.4mL of PFAS solution/water applied to
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18mL of NGM agar). PFAS treatment solutions at concentrations of 225uM, 450uM, or 900uM
were applied to NGM plates, resulting in estimated exposure concentrations of SpuM, 10uM, and
20uM based on the volume-for-volume dilution factor. PFAS concentrations reported herein
refer to that of the solution applied to the NGM plate and not the estimated exposure
concentrations.

Synchronized adult C. elegans were transferred to the PFAS- or water-treated NGM
plates and allowed to lay embryos for approximately 2-3 hours. After this time, the adult C.
elegans were removed and the progeny remaining on the plates were used for experimental

assays.

Reproductive development staging assay

C. elegans hermaphrodites progress through four defined larval stages prior to becoming
adults capable of producing embryos. L1 larval worms have only two germ cells, which begin to
proliferate during the L2 larval stage. In L3 larval worms, germ cells continue to proliferate and
the gonad arms form bends as the gonad grows. At the L4 larval stage, germ cells begin
undergoing meiosis and produce spermatogonia prior to switching to oocyte production as young
adults. At 20°C, progression to adulthood is typically completed by 72 hours post-embryo. To
evaluate delays in reproductive development, PGL-1::GFP worms exposed to NGM plates
treated with water, 450uM PFOS or F-53B, or 900uM PFOS or F-53B were collected at 72 hours
post-embryo and imaged using a Nikon H600L epifluorescence microscope at 40X magnification
with a FITC filter. PGL-1::GFP labels C. elegans hermaphrodite germ cells at all developmental
stages, except mature spermatogonia, and reproductive development staging was evaluated based

upon morphology of GFP-labeled cells in each worm.
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Brood size and lifespan assays

When the control C. elegans reached the L4 larval stage (approximately 48 hours after
embryos were laid), worms from each condition were transferred to new individual NGM plates
with the same water or PFAS treatment. It should be noted that PFAS-exposed worms developed
more slowly than control worms so exposed worms were at earlier developmental stages at the
time of transfer. The worms were transferred to new treated NGM plates every 12 hours for the
duration of their reproductive lifespans (approximately 5 days), after which time the worms were
maintained on the same NGM plate and monitored for death every 24 hours. Following each
worm transfer to a new NGM plate, the number of embryos on the previous plate were counted
under a dissecting microscope. The number of late larval/adult worms on the same plate were
counted approximately 72-96 hours later. Brood size was tabulated as the total number of
surviving late larval/adults produced per worm. Embryonic lethality was calculated as the

percentage of surviving late larval/adults out of the total number of embryos laid per worm.

Gonad dissection, fixation, and imaging

Adult worms from each treatment were collected into a drop of M9 minimal salts solution
approximately 96 hours after being laid and the gonads extruded by decapitation using a 25
gauge needle. The worms with extruded gonads were fixed in 3.7% formaldehyde at room
temperature for 15 minutes followed by post-fixation in 100% methanol at -20°C overnight.
After washing in 0.1% PBST, the fixed worms were resuspended in Fluoroshield mounting
medium containing DAPI. Gonad nuclei were imaged using a Nikon H600L epifluorescence
microscope at 40X magnification with a DAPI filter. Images captured a single flattened layer of

nuclei surrounding the gonad core. Mitotic and meiotic transition zone, pachytene, and diplotene/
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diakinetic nuclei were identified based upon chromosome morphology. Lengths of each gonad

region were quantified as numbers of nuclei rows.

Acridine orange germ cell apoptosis assay

Approximately 24 hours after the L4 larval stage, worms were removed from their treated
NGM plates and incubated for 1 hour in a 25 pg/mL solution of acridine orange diluted in M9
minimal salts solution supplemented with OP50 E. coli. Immediately following acridine orange
incubation, live worms were imaged using the FITC filter of a Nikon H600L epifluorescence
microscope at 40X magnification. Acridine orange emits green fluorescence under acidic
conditions created by cells undergoing apoptosis and apoptotic germ cell nuclei were scored as

FITC-positive foci in the late pachytene region of the gonad.

Statistical analysis

Unless otherwise noted, Welch's ANOVA with Games-Howell post-hoc test were used for
statistical analyses to account for heterogeneous variances and unequal sample sizes. Statistical

analyses were performed using R statistical software.

RESULTS

PFOS and F-53B delay development and decrease brood size
To determine if PFOS or F-53B impact development, the gonads of PGL-1::GFP worms

were examined under an epifluorescence microscope to determine developmental stage based on
germ cell and gonad morphology. As in wild-type N2 worms, PGL-1::GFP worms grown on
water-treated NGM plates reached adulthood by 72 hours post-embryo. However, only

approximately 10% of PGL-1::GFP worms exposed to 450uM F-53B reached adulthood by this
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time (Figure 1A). Furthermore, no worms exposed to 900uM F-53B or either concentration of
PFOS reached adulthood by this time and most worms subject to these treatments reached only
the L3 larval stage. In wild-type N2 worms subjected to the brood size assay, embryos were not
observed on the plates of worms exposed to the highest concentrations of PFOS or F-53B until
approximately 12-24 later than water control worms (Figures 1B-C). Thus, both PFOS and
F-53B appear to cause delays in development in C. elegans.

Based on brood size assay results, in addition to delaying reproductive maturity, exposure
to PFOS and F-53B also shifted the time of maximal reproductive output later in life and
decreased the maximum rate of offspring produced per day (Figures 2A-B) without substantially
affecting the worms' reproductive lifespan (Figures 3A-B). Consequently, C. elegans exposed to
PFOS and F-53B exhibited dose-dependent decreases in total live offspring produced (Figures
2C-D) with significant decreases of approximately 20-30% observed at the highest exposure
concentration for both PFAS compared to controls. Although the incidence of embryonic
lethality was not significantly increased in the PFOS or F-53B exposed worms, elevated levels
were observed at the highest concentrations (Figures 2E-F). No significant differences in survival
time were observed in the PFOS or F-53B exposed worms, nor were any particular
concentration-dependent trends evident for this endpoint (Figures 3C-D).

Although PFOS and F-53B exposures delayed development, since the reproductive
lifespans of the worms were not altered but rather shifted later in life, it does not appear that the
developmental delay is responsible for the observed decrease in brood size. Therefore, germ cell
nuclei from adult worms were examined next to determine if effects of PFAS exposure were

evident.
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Meiotic germ cells are more sensitive to PFAS exposure than mitotic germ cells

Gonads dissected from adult worms exposed to PFOS and F-53 were visually smaller
than those from control worms, particularly at the highest concentrations (Figures 4A-B). Based
on imaging of DAPI-stained dissected gonads, PFAS-exposed worms also exhibited fewer
oogenic germ cells. For both PFOS and F-53B exposures, the length of the mitotic zone located
in the distal end of the gonad was slightly reduced, with no clear dose response in PFOS-exposed
worms (Figures SA & 5C). However, meiotic regions were much more strongly affected by
PFAS exposure than the mitotic region with a reduction of up to almost 50% at the highest
concentrations relative to controls (Figures 5B &5D; Supplemental Figures 1-2). Germ cells
additionally exhibited a significant increase in pachytene exit (Pex) defect incidence with
increasing PFAS concentration (Figures SE-F). Altogether, these findings suggest that the
reductions in gonad size and number of germ cells observed in PFAS-exposed worms could be

primarily attributable to defects in meiotic progression.

PFAS-induced germ cell reductions do not appear to be caused by increased apoptosis

To determine if increased apoptosis contributed significant to the decrease in meiotic cells
observed in PFAS-exposed worms, young adult gonads were imaged after incubation with
acridine orange. Relatively low levels of physiological apoptosis normally occurs in the mid- to
late-pachytene region of the adult C. elegans gonad, but apoptosis can be increased in response
to various stressors. Based upon the acridine orange assay, neither PFOS nor F-53B exposure
significantly increased the number of apoptotic germ cell nuclei at the concentration tested
(450uM) (Figure 6). Since elevated apoptosis levels were not observed, it supports the inference
that PFAS exposure reduces meiotic germ cell numbers in the C. elegans gonad primarily by
impairing meiotic progression.
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DISCUSSION

Results of the subject study indicate that both PFOS and F-53B have significant impacts
on decreasing germ cell numbers and total reproductive output in C. elegans. While exposed
worms exhibit developmental delays, they also exhibit a later shift in the end of their
reproductive lifespans such that their overall reproductive lifespans are not significantly different
from control worms. These data indicate that reduction in total reproductive output was not
caused by the developmental delays in the PFAS-exposed worms. Although, previous studies
have generally found a tradeoff between reproductive output and parental survivorship in C.
elegans, with genetic mutants that produce few or no offspring exhibiting longer lifespans
(Mukhopadhyay & Tissenbaum 2006), PFAS-exposed worms did not live longer than controls
and no such tradeoff was observed.

Further examination of the germ cells pointed to minimal effects on mitotic cells but
substantial effects on meiotic cell populations. Because apoptosis was not significantly elevated
in PFAS-treated worms, and because a dose-dependent increase in Pex defect was observed with
both PFOS and F-53B treatment, it appears that meiotic progression may be particularly
susceptible to PFAS exposure. The MAP kinase signaling pathway is known to be an important
regulator of meiotic progression in C. elegans, as well as in other organisms (Lopez et al. 2013).
Specifically, the MAPK1/ERK2 ortholog MPK-1 must be activated by diphosphorylation in the
mid-pachytene region via an insulin signaling pathway initiated by DAF-2 (an IGFIR ortholog)
(Lopez et al. 2013). One function of MPK-1 activation in this region is to initiate phospholipid
membrane reorganization to transition from syncytial to cellularized oocytes (Arur et al. 2011).

Another function of MPK-1 activation in mid-pachytene is to phosphorylate the

synaptonemal complex (SC) protein SYP-2, which coincides with crossover designation
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(Nadarajan et al. 2016). Once crossover designation is detected, MPK-1 is inactivated and SYP-2
in the SC is either passively dephosphorylated or replaced with unphosphorylated SYP-2. This
change in phosphorylation of SYP-2 promotes disassembly of the SC from the long arm of the
bivalent, which facilitates chromosome reorganization in the diplotene stage (Nadarajan et al.
2016). Persistent phosphorylation of SYP-2 prevents SC disassembly and produces Pex defect
(Nadarajan et al. 2016). Loss-of-function mutations in any of the genes in the MPK-1 signaling
pathway (let-60, lin-45, mek-1, and mpk-1) similarly produce Pex defect (Achache et al. 2019).
In addition to aberrant MPK-1 pathway signaling, Pex defect has also been observed with
somatic gonad sheath cell ablation (McCarter et al. 1997), loss-of-function mutations in
mitofusin gene fzo-1 that prevent mitochondrial maturation (Charmpilas & Tavernarakis 2020),
and knockout or knock down of the gonad-specific miRNA miR-35 and miR61 (Minogue et al.
2018). Data from dpMPK-1 immunofluorescence performed on PFAS-exposed worms have not
yet been quantified and further research is needed to determine the cause of Pex defect observed
in these worms.

While it does not appear that exposure to F-53B has previously been tested in C. elegans,
the effects of PFOS exposure on reproductive output in C. elegans has been examined by others
(Guo et al. 2016; Chen et al. 2018; Kim et al. 2020; Chowdhury et al. 2022). Previous studies
have found signifiant reductions in reproductive output at PFOS concentrations as low as
0.01uM. However, all of these exposures were performed with the worms suspended in a liquid
medium, which has been shown to significantly alter the transcriptome of C. elegans even in the
absence of an added toxicant (Celen et al. 2018). Specifically in the context of PFOS, Stylianou
et al. (2019) found that worms exposed to 25uM PFOS in liquid medium exhibited significant

upregulation of transcripts related to oxidative stress, heavy metal response, and heat shock
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proteins. However, worms exposed to PFOS via pretreated bacteria on solid agar plates
(comparable to the exposure scenario in the present study) exhibited decreased expression in
transcripts for heat shock proteins with minimal impacts on oxidative stress transcripts
(Stylianou et al. 2019). Thus, direct comparisons cannot be made between studies with different
modes of toxicant exposure in C. elegans.

One limitation from the present study is that the internal dose of PFOS and F-53B
received by the exposed worms is not known. Based upon the fact that the PFAS solutions were
applied to the surface of solid NGM plates with bacterial lawns, and given the fact that C.
elegans have a proteinaceous cuticle that would likely prevent substantial absorption of the
chemicals, the most likely route of exposure is ingestion of bacteria with sorbed and/or
internalized PFAS. Thus, the internal dose administered to the worms would be limited by their
ingestion rate and the amount of PFAS retained by the bacteria. Others have found that worms
exposed to PFOS on NGM plates by feeding L1 larval worms with bacteria treated with 25uM
PFOS for 48 hours exhibited an internal concentration of approximately 0.01uM (Stylianou et al.
2019). Extrapolating to the subject study, assuming the bacteria on the NGM plates was treated
with the maximal PFAS solution concentration (900uM), it would suggest a potential internal
dose of 0.4puM (roughly 200ug/L) in the exposed worms. This estimated internal exposure

concentration is comparable to that detected in serum of highly exposed humans.

CONCLUSION
PFOS and F-53B exposure is extremely prevalent in the human population. Given the
long elimination half lives and environmental stability of these compounds, human exposures

can be expected to continue for decades into the future even if production and use were
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discontinued today. Therefore, having a clear understanding of their reproductive health effects is
important for informing public health and policy decisions. Results of the subject study indicate
that both PFOS and F-53B have significant impacts on decreasing germ cell number and total
reproductive output in C. elegans. Examination of the worms' gonads points to particular effects
on meiotic cell development and progression with limited effects of apoptosis. Further
understanding of the molecular mechanisms underlying the effects of PFOS and F-53B on germ
cells in C. elegans could identify conserved pathways that have translational relevance to human
health. Chapter 4 explores biomolecular condensates as a proposed target contributing to germ

cell toxicity from PFOS and F-53B exposure C. elegans with potential implications for humans.
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FIGURE 1
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Figure 1. Exposure to PFOS and F-53B causes delays in reproductive development. (A) Control PGL1::GFP
worms reach adulthood by 72 hours post-embryo. Most PGL-1::GFP worms exposed to plates treated with 450uM
or 900uM PFOS or F-53B are still at young adult or earlier larval stages at 72 hours with more severe delays with
PFOS and at higher concentrations. n=8 worms per treatment, N=1 experimental repeat. (B) N2 worms exposed to

900pM PFOS exhibit a non-significant increase in time to reproductive maturity while (C) N2 worms exposed to
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450uM and 900puM F-53B exhibit significant increases in time to reproductive maturity. n=10 worms per treatment,
N=2 experimental repeats. Boxes represent the interquartile range while whiskers extend 1.5 times the interquartile

range. Circles represent data for individual worms. **p<0.01.
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FIGURE 2
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Figure 2. PFOS and F-53B exposure significantly decreases reproductive output in a dose-dependent manner.
Exposure to both (A) PFOS and (B) F-53B shifts maximal reproductive output later and lower compared to controls.
Circles represent mean live offspring produced per day and error bars represent 95% confidence intervals.
Furthermore, exposure to both (C) PFOS and (D) F-53B results in a dose-dependent decrease in brood size as
quantified by total offspring surviving to adulthood. However, embryonic lethality is not significantly affected by
either PFAS (E,F). Boxes represent the interquartile range while whiskers extend 1.5 times the interquartile range.
Circles represent data for individual worms. n=10 worms per treatment, N=2 experimental repeats. *p<0.05,

#4p<0.01.
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FIGURE 3
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Figure 3. Neither PFOS nor F-53B significantly affect reproductive lifespan or survival time of N2 worms.
Reproductive lifespans of N2 worms exposed to (A) PFOS and (B) F-53B are not significantly different from
controls. It should be noted that the slight increase in reproductive lifespan evident at the highest PFAS
concentrations is attributable to these worms producing a few viable offspring late in life after their main
reproductive period has ended (see Figures 2A-B). Boxes represent the interquartile range while whiskers extend 1.5
times the interquartile range. Circles represent data for individual worms. Survival time is also unaffected by (C)

PFOS and (D) F-53B exposure based upon logrank testing. n=10 worms per treatment, N=2 experimental repeats.
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FIGURE 4

4A 4B 4C

Figure 4. Gonads exposed to PFOS and F-53B are visually smaller than control gonads. A representative gonad
dissected from (A) an adult control worm is compared to a representative gonad dissected from (B) an adult worm
exposed to an NGM plate treated with 900uM PFOS or (C) and adult worm exposed to an NGM plate treated with
900uM F-53B. Gonads are oriented with the distal ends (mitotic zone) towards the bottom and proximal ends
(mature oocytes) towards the top. Blue represents DAPI-stained DNA while red represents diphosphorylated

MPK-1.
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FIGURE 5
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Figure 5. PFOS and F-53B exposure has more substantial impacts on meiotic germ cell numbers compared to
mitotic germ cells and impairs pachytene exit. (A) PFOS exposure leads to inconsistent significant reductions in
mitotic zone germ cells (up to approximately 15%) located at the distal end of the C. elegans gonad. However, (B)
germ cells undergoing meiotic prophase appear to be impacted to a greater extent (approximately 40% maximal
reduction) with a clear dose response evident. n=26-41 gonads scored per treatment, N=2 experimental repeats.
*p<0.05, **p<0.01, ***p<0.001. (C) F-53B exposure leads to a small dose-dependent decrease in mitotic zone cells
(up to approximately 25%), but similar to PFOS, (D) effects on meiotic cells are more pronounced (nearly 50%
maximal reduction). n=14-23 gonads scored per treatment, N=2 experimental repeats. *p<0.05, **p<0.01,
*#%p<0.001. Boxes represent the interquartile range while whiskers extend 1.5 times the interquartile range. Circles
represent data for individual worms. Within meiotic prophase, both (E) PFOS and (F) F-53B significantly increase
the incidence of pachytene exit (Pex) defect, suggesting potential effects on synaptonemal complex disassembly.
Significance determined using binomial logistic regression (PFOS p<0.001; F-53B p=0.002). Boxes represent the
interquartile range while whiskers extend 1.5 times the interquartile range. Circles represent Pex incidence for each

experimental repeat. n=14-23 gonads scored per treatment, N=2 experimental repeats.
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FIGURE 6
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Figure 6. Apoptosis does not appear to substantially contribute to reductions in meiotic germ cells in worms
exposed to PFOS and F-53B. Worms exposed to NGM plates treated with 450uM PFOS or F-53B did not exhibit
statistically significant differences in the number of apoptotic germ cells compared to worms exposed to water-
treated plates based upon acridine orange staining. Boxes represent the interquartile range while whiskers extend 1.5
times the interquartile range. Circles represent data for individual worms. n=15-58 worms scored per treatment. N=2

experimental repeats.
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SUPPLEMENTAL FIGURE 1
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Supplemental Figure 1. Germ cells in different stages of meiotic prophase exhibit significant decreases from
PFOS exposure. Germ cells in the (A) mitotic zone of the gonad appear to be less affected by PFOS exposure than
germ cells in all stages of meiotic prophase, including (B) leptotene/zygotene (collectively termed the transition
zone), (C) pachytene, and (D) diplotene and diakinesis, where individual oocytes cellularize. Boxes represent the
interquartile range while whiskers extend 1.5 times the interquartile range. Circles represent data for individual

worms. n=26-41 gonads scored per treatment, N=2 experimental repeats. *p<0.05, **p<0.01, ***p<0.001.
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SUPPLEMENTAL FIGURE 2
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Supplemental Figure 2. Germ cells in different stages of meiotic prophase exhibit significant decreases from

F-53B exposure. Germ cells in the (A) mitotic zone of the gonad appear to be less affected by F-53B exposure than

germ cells in all stages of meiotic prophase, including (B) leptotene/zygotene (collectively termed the transition

zone), (C) pachytene, and (D) diplotene and diakinesis, where individual oocytes cellularize. Boxes represent the

interquartile range while whiskers extend 1.5 times the interquartile range. Circles represent data for individual

worms. n=14-23 gonads scored per treatment, N=2 experimental repeats. *p<0.05, **p<0.01, ***p<0.001.
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CHAPTER 4:
Biomolecular Condensates as Potential Mediators of Reproductive Toxicity from PFAS

Exposure
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INTRODUCTION

Toxicity data are limited or lacking entirely for most of the thousands of per- and
polyfluoroalkyl substances (PFAS) known to exist (Fenton et al. 2020). To efficiently tackle this
large data gap, one approach is to consider a broadly shared physicochemical property of PFAS
and determine if this property may produce a common biological effect. Specifically, many PFAS
have been used because they are particularly effective surfactants, compounds that preferentially
partition to phase boundaries and reduce surface tension (ITRC 2021). Within a cell, BCs have
the potential to be especially sensitive to the effects of surfactants since their assemblage and
stability are dependent in part upon relatively weak intermolecular forces that can be altered by
surfactants, such as electrostatic and hydrophobic interactions (Aguirre-Ramirez et al. 2021).

C. elegans is a valuable model to use in examining the effects of PFAS on BCs since
several BCs have been well characterized in this organism and several fluorescent reporter strains
and mutants in core BC proteins are available from the Caenorhabditis Genetics Center. Among
others, germ cells of C. elegans include two BCs important for fertility: P granules and the
synaptonemal complex (SC). P granules are dynamic, cytoplasmic assemblages of RNA and
proteins that associate with the nuclear pores of germ cells until cellularization of oocytes in the
adult hermaphrodite C. elegans gonad. P granules contain RNA and proteins essential for
maintaining germ cell identity, including components of the piRNA, siRNA, and miRNA
pathways (Lee et al. 2020; Chen et al. 2020; Price et al. 2021; Sundby et al. 2021). Research to
date indicates that P granules act as post-transcriptional regulatory hubs that license germ cell-
specific transcripts, suppress somatic transcripts (and sperm transcripts in the adult
hermaphrodite), and modulate small RNA silencing activity (Voronina et al. 2012; Updike et al.

2014; Campbell & Updike 2015; Knutson et al. 2017; Dodson & Kennedy 2020; Ouyang &
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Seydoux 2022). Based upon studies utilizing mutations or knockdown of P granule components,
the proper functioning of P granules is dependent upon their molecular composition, localization,
and structure; manipulations that alter P granule structure alter the transcriptome and can lead to
a range of phenotypes, including defects in germ cell proliferation and progression, germ-to-
somatic cell conversion, germ cell tumors, impaired RNA interference response, embryonic
lethality, and/or sterility (Knutson et al. 2017; Marnik et al. 2019; Lev et al. 2019; Aoki et al.
2021).

While P granules are structures specific to nematodes, the SC is a broadly conserved
structure essential for meiosis. The SC serves to align homologous chromosomes and regulate
crossover events during meiosis (Libuda et al. 2013; Gordon et al. 2021). Exhibiting a
characteristic ladder-like appearance, the SC has historically been thought of as a rigid structure
functioning purely to stabilize paired chromosomes. However, increasing studies indicate that the
SC is a labile structure (Pattabiraman et al. 2017) that actively recruits pro-crossover factors and
regulates crossover interference (Gordon et al. 2021). Perturbation of SC structure by genetic
mutation or knockdown of SC proteins impairs its crossover interference function and leads to an
increase in the number of crossover sites (Libuda et al. 2013; Gordon et al. 2021), which can lead
to aneuploid gametes (Zhang et al. 2021).

Common to both P granules and the SC is that they exhibit liquid-like properties
(Brangwynne et al. 2009; Rog et al. 2021). Furthermore, stabilization of certain components of
both P granules and the SC are dependent upon hydrophobic interactions that can be disrupted in
the presence of 1,6-hexanediol, an aliphatic alcohol surfactant (Updike et al. 2011; Rog et al.
2017; Alleva et al. 2019). If P granule and SC structure can be disrupted by an aliphatic alcohol

surfactant, it is possible that they may also be disrupted by PFAS surfactants. The purpose of the
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subject work was to test the hypothesis that PFAS exposure can disrupt the structure of BCs in

germ cells, leading to functional consequences for germ cell development and reproduction.

METHODS

PFAS solution preparation and exposure

900uM stock solutions of PFOS (Synquest Laboratories, CAS number 1763-23-1,
>99.5%) or F-53B (BOC Sciences, CAS number 73606-19-6, technical grade) were prepared
freshly from solid powders dissolved directly in double-deionized water that was filtered through
a 0.22 micron membrane filter. PFOS or F-53B stock solutions were further diluted as necessary
in filtered double-deionized water. PFAS solutions or filtered double-deionized water (control)
were applied to the surface of NGM agar plates with OP50 E. coli lawns and the plates rotated
gently to spread the solutions evenly. Treatments were applied to the plates at a ratio of 1:45 on a
solution:NGM agar volume-for-volume basis (e.g., 0.4mL of PFAS solution/water applied to
18mL of NGM agar). PFAS treatment solutions at concentrations of 225uM, 450uM, or 900uM
were applied to NGM plates, resulting in estimated exposure concentrations of SuM, 10uM, and
20uM based on the volume-for-volume dilution factor. PFAS concentrations reported herein
refer to that of the solution applied to the NGM plate and not the estimated exposure

concentrations.

C. elegans strains used

The PGL-1::GFP reporter strain JH3269 (pgl-1(ax3122[pgl-1::gfp])) and the PGL-1::RFP
reporter strain YY969 (znfx-1(gg544[3xflag::gfp::znfx-1]) II; pgl-1(gg547
[pgl-1::3xflag::tagRFP]) IV) obtained from the University of Minnesota Caenorhabditis Genetics

Center (CGC) were used to visualize P granule structure and localization. In these strains, GFP or

58



RFP is inserted into the endogenous pgl-1 locus. The pgl-1(bnl102) mutant strain SS580 obtained
from the CGC was used to examine synthetic sterility with PFAS exposure. pgl-1(bnl102) is
likely a null allele (Bilgir et al. 2013) and these worms form abnormally small P granules with
altered structure and function. pgl-1(bnl02) worms exhibit a sterility incidence of approximately
7-19% at 20°C, compared to near 0% sterility in wild type worms. The SYP-3::GFP reporter
strain CA1218 (syp-3(0k758) I; ieSill [syp-3p::EmeraldGFP::syp-3::syp-3 3'UTR + Cbr-
unc-119(+)] II; unc-119(ed3) III) was used both to visualize synaptonemal complex structure and
localization and to examine synthetic embryonic lethality with PFAS exposure. This strain was
generated using a syp-3(ok758) mutant background, which exhibits nearly 100% embryonic
lethality. The transgenic syp-3 expression in the SYP-3::GFP strain partially rescues this
phenotype and embryonic lethality is reduced to approximately 15%. The SYP-3::GFP strain
also produces male progeny more frequently than wild type worms due to increased

nondisjunction of meiotic chromosomes.

P granule structure and localization with ex vivo or in vivo PFAS exposure

For ex vivo exposures, PGL-1::GFP worms were synchronized either from embryos or at
the L4 larval stage to obtain an age-matched adult population. Synchronized worms were
maintained on standard, untreated NGM agar plates until reaching adulthood. Early adult worms
were picked into an 8uL. drop of M9 minimal salts solution placed on a microscope slide. The
gonads were extruded from the worms by decapitating with a 25 gauge needle. 8uL of a PFOS or
F-53B solution prepared in filtered double-deionized water or filtered double-deionized water
alone (control) was added to the drop of M9 and gently mixed using a plastic pipette tip. After
covering with a cover slip, the gonads were imaged on Nikon H600L epifluorescence microscope

at 40X magnification using a FITC filter. Specifically, the pachytene region of a different worm
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was imaged every 2-4 minutes for 20 minutes on each slide to monitor time-dependent effects of
PFAS exposure on P granules.

For in vivo exposures, synchronized adult PGL-1::GFP or PGL-1::RFP worms were
transferred to PFAS- or water-treated NGM plates and allowed to lay embryos for approximately
2-3 hours. After this time, the adult C. elegans were removed and the embryos laid on the plates
were allowed grow for 96 hours, reaching adulthood. Adult worms were picked into a 14uL drop
of M9 minimal salts solution placed on a microscope slide, to which 1uL of 10mM levamisole
hydrochloride was added to immobilize the worms. The pachytene regions of immobilized
worms were imaged under Nikon H600L epifluorescence microscope at 100X magnification

using a Texas Red filter.

Synthetic sterility with PFAS exposure in a pgl-1 mutant
Synchronized adult pgl-1(bnl102) C. elegans were transferred to NGM plates treated with

water, PFOS, or F-53B (225uM, 450uM, or 900uM) and allowed to lay embryos for
approximately 3-4 hours. After this time, the adults were removed and the embryos allowed to
reach adulthood (approximately 96 hours). The exposed adults were imaged with differential
interference contrast (DIC) microscopy at 10-40X. Worms exhibiting one or more embryos in
their uteri were scored as fertile. Worms lacking embryos and exhibiting a degenerated and/or
malformed gonad were scored as sterile. Worms that lacked embryos but appeared to be young
adult or larval stage based upon gonad morphology were discounted since the lack of embryos

could have been due to developmental delay rather than sterility.
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Synaptonemal complex structure and localization with ex vivo PFAS exposure

SYP-3::GFP were synchronized either from embryos or at the L4 larval stage to obtain an
age-matched adult population. Early adult worms were picked into an 8uLL drop of M9 minimal
salts solution placed on a microscope slide. The gonads were extruded from the worms by
decapitating with a 25 gauge needle. 8uL of either a PFOS or F-53B solution prepared in filtered
double-deionized water was added to the drop of M9 and gently mixed using a plastic pipette tip.
After covering with a cover slip, the gonads were imaged on Nikon H600L epifluorescence
microscope at 100X magnification using a FITC filter. Specifically, the pachytene region of a
different worm was imaged every 2-4 minutes for 20 minutes on each slide to monitor time-

dependent effects of PFAS exposure on the SC.

Synthetic embryonic lethality with PFAS exposure in a syp-3 partial rescue mutant

Synchronized adult SYP-3::GFP C. elegans were transferred to NGM plates treated with
water, PFOS, or F-53B (225uM, 450uM, or 900uM) and allowed to lay embryos for
approximately 3-4 hours. After this time, the adults were removed and the embryos allowed to
reach adulthood (approximately 96 hours). After this time 4-5 worms were transferred to new
treated NGM plates and allowed to lay embryos for approximately 6 hours. The adults were then
removed from the plates and the number of embryos laid on each plate counted. Approximately
48 hours later, the number of larval stage worms surviving on each plate were counted. Finally,
the number of surviving adult worms on each plate were counted at 96 hours after the embryos
were laid. Embryonic lethality was calculated as the percentage of embryos laid that failed to
hatch or produce viable larvae. Larval lethality was calculated as the percentage of larvae that

failed to survive to adulthood.
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Statistical analysis

Unless otherwise noted, Welch's ANOVA with Games-Howell post-hoc test were used for
statistical analyses to account for heterogeneous variances and unequal sample sizes. Statistical

analyses were performed using R statistical software.

RESULTS

PFOS and F-53B ex vivo and in vivo exposures exhibit different effects on P granules

Since others have previously shown that exposing dissected gonads ex vivo to 1,6-
hexanediol can quickly dissolve P granules (Updike et al. 2011), ex vivo gonad exposures were
performed with PFOS and F-53B to determine if these PFAS can elicit a similar effect. With ex
vivo exposure at a concentration of 450uM, both PFOS and F-53B dissolved the vast majority of
PGL-1 granules as represented by PGL-1::GFP foci within 20 minutes (Figures 7A-E). At a
concentration of 10uM, gross effects on P granules were not observed up to 12 minutes post
exposure for either PFAS. While observations were not recorded for PFOS after this time, F-53B
exposure did begin to dissolve P granules at 16 minutes with an increased effect at 20 minutes.
The time dependency of PFAS exposure effects on P granules likely reflect the kinetics of PFAS
migration through the somatic gonad sheath cells and accumulation in the germ cell cytoplasm at
a sufficient concentration to destabilize P granule structure. Though effects on the pachytene
region were quantified, it should be noted that the earliest effects on P granule structure were
observed in the distal mitotic region of the gonad. This observation may reflect the fact that the
somatic gonad sheath cell processes exhibit discontinuous coverage of the germ cells in this
region (Killian & Hubbard 2005), which could facilitate faster PFAS penetration into this region
of the gonad. It is also possible that the composition of P granules in the mitotic compared to

meiotic pachytene region makes them more susceptible to disruption by PFAS. However, given
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the observation that P granules in mature, fully cellularized oocytes were generally last in the
gonad to be affected by PFAS exposure, it appears that differences in chemical uptake kinetics in
the different gonad regions likely drive these effects.

To determine if the ex vivo effects of PFAS exposure on P granules could be replicated
with in vivo exposures, adult PGL-1::GFP or PGL-1::RFP worms were imaged using an
epifluorescence microscope following 96h of PFOS or F-53B exposure from the embryo stage.
Based upon results from both P granule reporter strains, it does not appear that in vivo PFOS or
F-53B exposure consistently dissolved P granules in adult gonads at the concentrations tested.
However, in vivo exposure did appear to enlarge P granules, significantly increasing P granule
size in a dose-dependent manner when quantified in PGL-1::RFP worms (Figure 8A-C). While P
granule size was not quantified in PGL-1::GFP worms, it appeared that there was a similar

increase in P granule size comparable to that of PGL-1::RFP worms.

Mutants lacking the P granule protein PGL-1 exhibit increased sterility with PFOS and F-53B
exposure

Since it appeared that PFOS and F-53B exposure produced structural alterations to P
granules, these PFAS were next tested in a sensitized P granule mutant. Control pgl-1(bnl02)
worms exhibited variability in their sterility rate, ranging from 0-14%, which is generally
consistent with the reported range. Sterile worms had visibly atrophied or absent gonads and no
embryos (Figures 9A-D). While this sterility rate is generally consistent with the reported range
of 7-19%, the variability in control sterility rate hindered direct comparisons between
experiments. Therefore, to account for variability between controls, sterility rate was first
transformed to 1 + log(% sterility) to account for samples with 0% sterility. For each
experimental repeat, the relative sterility rate was calculated as the exponent of the log difference
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between each treatment and the control. Based on this comparison, sterility incidence increased
with increasing PFAS concentration, with PFOS eliciting a stronger effect than F-53B for each
concentration (Figure 9E). Exposure to 900uM PFOS-treated plates elicited the greatest effect
with a geometric mean sterility incidence over two times higher than that of the controls. These

data suggest that PFAS exposure may enhance the sterility defect in pgl-1(bnl102) worms.

PFOS and F-53B ex vivo and in vivo exposure disrupts SC structure

Similar to P granules, the SC has previously been shown to be dissolved with ex vivo
exposure to 1,6-hexanediol (Rog et al. 2017) and PFOS and F-53B were tested to see if they
could elicit a a similar effect on the SC. Ex vivo exposure to 450uM PFOS caused SYP-3::GFP
to lose most of its linear structure along pachytene chromosomes, appearing almost completely
diffuse within the nucleus (Figures 10A-B). Similar to P granules, the effect of ex vivo PFOS
exposure on the SC was time dependent. Up to 12 minutes post treatment with PFOS, only 20%
of gonads exhibited diffuse SYP-3::GFP (Figure 10C). However, from 12 to 20 minutes post
treatment, 80% of gonads exhibited diffuse SYP-3::GFP. While additional concentrations and
F-53B were not tested, these data indicate that at least PFOS is capable of penetrating into germ
cell nuclei and disrupting SC structure. When SYP-3::GFP worms were exposed to PFOS or
F-53B for 96h in vivo at the highest NGM agar treatment concentration (900uM), up to
approximately 50% of worms exhibited diffuse SYP-3::GFP in their gonads (Figure 11A).
However, this effect was not consistently observed when NGM agar plates were treated with
450uM PFOS or F-53B, suggesting that these treatments resulted in internal PFAS

concentrations that were insufficient to disrupt SC structure.
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SYP-3 partial rescue mutants exhibit increased embryonic lethality with PFOS and F-53B
exposure

Since it appeared that PFOS and F-53B exposure produced structural alterations to the
SC, these PFAS were next tested in the sensitized SC mutant to determine if PFAS exposure
could enhance their embryonic lethality defect. As noted previously, the SYP-3::GFP strain used
was constructed on a syp-3 loss of function mutant with near complete embryonic lethality and
the transgenic syp-3.:gfp expression partially rescues this effect. Control SYP-3::GFP worms
exhibited embryonic lethality rates ranging from 1-10%, which is somewhat lower than the
reported rate of 15%. However, exposure to PFOS and F-53B resulted in dramatic dose-
dependent increases in embryonic lethality, which reached up to 100% for the two higher
exposure concentrations (Figure 11B). These data suggest that the effects of PFAS exposure on
SC structure in SYP-3::GFP worms has negative consequences for SC function and impairs
proper chromosome segregation. Although fully diffuse SYP-3::GFP was not always observed in
exposed worms, it is possible that PFOS and F-53B exposure could cause more subtle effects on

SC structure that is nevertheless sufficient to impact its function.

DISCUSSION

Based upon the data presented herein, it appears that both PFOS and F-53B are able to
disrupt the structure of germ cell BCs in C. elegans with functional consequences. In the case of
P granules, ex vivo exposures to PFOS and F-53B produced fast, dramatic effects on the
condensates with near complete dissolution at the relatively high concentration of 450uM.
However, it should be noted that this concentration is lower than the concentration of 1,6-
hexanediol used by others in their ex vivo experiments, which, at 5%, is equivalent to

approximately 1mM. P granule dissolution was also observed with ex vivo exposure to F-53B at
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a concentration of 10uM, though the effect took longer to produce. These observations are
consistent with high surfactant concentrations inhibiting liquid-liquid phase separation, leading
to complete mixing with the bulk phase (Sanchez-Burgos et al. 2021). In contrast, in vivo
exposures to PFOS and F-53B did not consistently produce complete dissolution of P granules in
adult gonads, but rather increased condensate size. This result seems counterintuitive because
increasing surfactant concentration is generally associated with decreased condensate size since
the lowering of surface tension reduces the energetic burden of the increased surface area to
volume ratio of smaller condensates (Sanchez-Burgos et al. 2021).

One possible explanation is based on the substantial difference in ex vivo compared to in
vivo concentrations to which the P granules were exposed. At concentrations well below their
critical micelle concentrations (CMC), ionic surfactants generally bind to proteins via
electrostatic interactions without causing any structural change and may actually promote protein
stabilization (Aguirre-Ramirez et al. 2021). As the surfactant concentration increases,
hydrophobic interactions between the surfactant tail and hydrophobic regions of the protein
increase, producing effects on secondary protein structure (Aguirre-Ramirez et al. 2021). At high
enough surfactant concentrations, all protein binding sites are occupied by surfactant molecules
and proteins become completely dispersed in the bulk phase (Aguirre-Ramirez et al. 2021).
Under this model, the internal PFAS exposure achieved by in vivo exposure may result in some
PFAS molecules binding to outermost P granule proteins and potentially affect their stability or
structure without dispersing them from the P granule. However, the altered properties of the
PFAS-bound proteins may lead to changes in their dynamics between the P granule and bulk
phase or alter their function within the granule. The core P granule protein GLH-1 (a DEAD-box

RNA helicase) may be particularly susceptible to changes in stability or structure because it
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normally cycles through a folded and unfolded conformation depending on if it is bound to ATP
and RNA or has released ADP and phosphate, respectively (Marnik et al. 2019; Chen et al.
2020). In glh-1 mutants that have specifically lost their ATP hydrolysis ability, GLH-1 binds
RNA more strongly and retains more mRNA in P granules, leading to an increase in P granules
size (Marnik et al. 2019; Chen et al. 2020). The preference for mRNA binding in these mutants
also shifts from WAGO-1 targets to CSR-1 targets, which are mainly germline transcripts
normally licensed by CSR-1 and exported from P granules for translation or storage in the
cytoplasm (Dai et al. 2022). Furthermore, the Argonaute proteins PRG-1, CSR-1, and WAGO-1,
which normally transiently interact with GLH-1, form more stable interactions with GLH-1 in
these glh-1 mutants. It is possible that PFAS binding to GLH-1 at low concentrations could alter
its ATP hydrolysis cycling or otherwise stabilize normally transient interactions with P granule
mRNA or proteins, altering P granule composition and function while increasing P granule size.
Enlarged P granules are also observed in csr-/ mutants as well as in mutants in other components
of the CSR-1 complex (Andralojc et al. 2017). These mutants exhibited increased RNA content
in their P granules, suggesting that their enlargement could at least in part be due to aberrant
accumulation of RNA (Andralojc et al. 2017)

An alternative explanation for increased P granule size at low PFOS and F-53B
concentrations would be altered P granule composition due to the cellular stress response. In
addition to having overlapping constituent proteins, P granules, stress granules, and P bodies can
also physically interact in response to cellular stress (Schisa 2019). These different BCs may
even fuse and form a hybrid BC that serves to limit translation, preserve mRNA stability, and
promote cell survival under stress (Schisa 2019). This possible scenario is supported by the fact

that apparent TIAR-1 granules were observed in perinuclear foci in some L4 larval worms

67



exposed to F-53B for 48 hours (data not shown) and by the fact that PFAS exposure is reportedly
able to generate ROS, which can trigger the cellular stress response. The creation of hybrid
stress-induced BCs could increase P granule size by increasing the protein and RNA content.

As discussed in Chapter 3, the estimated internal concentration in worms exposed to
PFAS in vivo is over 10,000 times lower than the ex vivo exposure concentrations. In the
proposed scenarios, PFOS and F-53B gonad concentrations would be low enough that their
surface tension lowering effect on decreasing droplet size would be outweighed by increase in P
granule mRNA and protein content, ultimately producing a net increase in P granule size. In
contrast, the relatively high PFOS and F-53B concentrations achieved by ex vivo exposure would
fully destabilize P granules, resulting in PFAS-protein micelles being distributing throughout the
cytoplasm (Figure 12).

Results of the PFOS and F-53B in vivo exposures in pgl-1 loss-of-function mutant worms
further suggest a role for altered P granule composition and RNA regulation in germ cell toxicity.
When PGL-1 is either absent or cannot assemble into granules, mRNA is aberrantly de-repressed
(Aoki et al. 2021), which likely contributes to the increased sterility observed in pgl-1(bnl102)
worms. Similar to pgl-1(bnl02), single mutants in other P granule components, including csr-1,
deps-1, glh-1, and prg-1 exhibit some sterility defects that become fully penetrant in double
mutants and/or after several generations (Phillips & Updike 2022). Therefore, increasing the
number of disrupted P granule components increases the effects on sterility. Since increased
sterility was observed with PFOS and F-53B treatment in the pgl-1(bnl102) worms, it suggests
that these exposures could inhibit localization of other proteins to P granules, further contributing

to an aberrant transcriptome that is incompatible with normal germ cell development.
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Enhanced defects were also observed in the syp-3 partial rescue mutant when exposed to
PFOS or F-53B. While some worms exposed in vivo at the highest concentrations did exhibit
near complete dissolution of SYP-3::GFP, significantly increased embryonic lethality was
observed at concentrations that did not elicit this effect. Furthermore, oocytes of fixed worms
generally exhibited 6 DAPI-stained bodies (data not shown), corresponding to the 6 chromosome
bivalents, which indicates that most homologs were properly synapsed. Although complete
dissolution of SYP-3::GFP may not be necessary to cause embryonic lethality, PFOS and F-53B
exposure could still decrease the strength of self-association between SC subunits that appears to
be required for robust crossover interference (Gordon et al. 2021). Even when homologs are
properly synapsed, crossover interference is less effective when SC self-association is decreased
and can lead to multiple crossovers between homolog pairs (Gordon et al. 2021). Excessive
crossovers prevent homologs from properly aligning along the metaphase plate and lead to
increases in aneuploid gametes and embryonic lethality (Hollis et al. 2021). Therefore, PFOS and
F-53B exposure in SYP-3::GFP worms may cause increased embryonic lethality by inhibiting
crossover interference and increasing the number of crossover events.

Because only modest effects on embryonic lethality were observed in wild type worms, it
is possible that the GFP fusion protein makes SYP-3 more susceptible to disruption from PFOS
and F-53B exposure. Similarly, no obvious sterility was observed in wild type worms exposed to
PFOS and F-53B despite the increases observed in pgl-1(bnl102) worms. Loss of PGL-1 may
make remaining P granule components more susceptible to disruption by PFOS and F-53B
exposure and enhance the baseline sterility observed in the mutant strain. What both of these
mutant strain effects highlight is the potential for genetic variants that alter BC composition or

dynamics to be more susceptible to toxicity from PFAS exposure.
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CONCLUSION

BCs are a novel target to examine in assessing PFAS toxicity. Two types of BCs present
in the germ cells of C. elegans appear to be susceptible to disruption by PFAS exposure with
functional consequences for germ cell development and reproduction. It would be worth
examining effects of PFAS exposure on BCs in other organisms and other tissue types to
determine if BC disruption occurs more widely. Effects on BCs could be a useful endpoint to use
in large-scale PFAS toxicity screening assays since the ability of PFAS to alter BC structure is

likely due surfactant activity, which is shared among many PFAS (Gliige et al. 2020).
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FIGURE 7
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Figure 7. Ex vivo exposure to PFOS and F-53B causes a time- and concentration-dependent loss of PGL-1

granules. When applied to dissected gonads ex vivo, (A) PFOS and (B) F-53B exposure at 450uM leads to almost

complete loss of P granules in a PGL-1::GFP reporter by 20 minutes post treatment. 10uM PFOS did not dissolve

granules by 12 minutes post treatment, the latest time point tested. However, 10uM F-53B exposure did begin to

dissolve P granules by 16 minutes post treatment. n=8-10 gonads imaged for each time point, N=2 experimental

repeats. Error bars represent 95% confidence interval. *p<0.05, **p<0.01. (C) Control gonads treated ex vivo with
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double-deionized water did not exhibit effects on P granule localization for at least 20 minutes post treatment. (D) In

contrast, most P granules are fully dissolved by 20 minutes post treatment with 450uM PFOS.
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FIGURE 8
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Figure 8. In vivo exposure to PFOS and F-53B produces larger P granules. (A) Worms exposed in vivo to PFOS
or F-53B from embryos through adulthood exhibit an increase in P granule diameter in a PGL-1::RFP reporter

strain. n=10-11 worms per treatment, N=1 experimental repeat. **p<0.01, ***p<0.001. (B) Representative
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pachytene nuclei are surrounded by P granules that are smaller in diameter than (C) those exposed to NGM plates

treated with 900uM F-53B.
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FIGURE 9
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Figure 9. PFOS and F-53B exposure in pgl-1(bn102) mutants increases sterility incidence. Fertile worms
exhibited morphologically recognizable gonads and embryos in their uteri and, as in wild type worms, (A) controls
generally had larger gonads with more embryos compared to (B) PFAS-treated worms. Sterile (C) control and (D)
PFAS-treated worms generally exhibited degenerated gonads without normal morphological features and lacked
embryos. (E) pgl-1(bn102) worms exposed to NGM plates treated with PFOS and F-53B exhibited an increasing
trend in sterility incidence relative to controls with increasing concentration. Crossbar marks represent the geometric

mean. n=60-110 worms scored per treatment, N=2-3 experimental repeats. #p<0.1.
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FIGURE 10
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Figure 10. Ex vivo exposure to PFOS causes SYP-3::GFP to become diffuse within the nucleus. (A) Control
worms exhibit SYP-3::GFP as threads, which mark the SC between homologous chromosomes in the nucleus. (B)
Worms exposed to 450uM PFOS ex vivo exhibit mostly diffuse SYP-3::GFP within nuclei, likely indicating
disruption of SC structure. (C) The effect of ex vivo PFOS exposure is time dependent with a higher incidence of
diffuse SYP-3::GFP observed at 12-20 minutes post treatment compared to 0-12 minutes post treatment. n=8-10

worms per treatment, N=1 experimental repeat.
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FIGURE 11
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Figure 11. In vivo exposure to PFOS and F-53B in SYP-3::GFP worms may disrupt the SC and causes a
dramatic increase in embryonic lethality. (A) Worms exposed to PFOS and F-53B in vivo exhibit inconsistent
effects on SYP-3::GFP with some increased incidence of diffuse SYP-3::GFP at the highest tested concentration.
n=11-21 worms per treatment, N=2 experimental repeats. Crossbars represent the mean. (B) PFOS and F-53B
exposure causes a statistically significant, dose-dependent increase in embryonic lethality in SYP-3::GFP worms,
with worms treated at the highest concentrations exhibiting nearly 100% embryonic lethality. Boxes represent the
interquartile range while whiskers extend 1.5 times the interquartile range. Circles represent data for individual

worms. n=5-13 worms per treatment, N=2 experimental repeats. ***p<0.001.
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FIGURE 12
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Figure 12. Proposed model for concentration-dependent effects of PFAS exposure on P granule structure. (A)
In the absence of PFAS, P granules are regularly sized and associate with nuclear pores in the pachytene region of
the adult gonad. (B) At relatively low concentrations of PFAS resulting from in vivo exposure, PFAS may stabilize P
granule proteins near the interface and/or alter P granule protein folding and function, limiting the ability of mRNA
to be transported out of P granules and leading to an increase in mRNA accumulated within the granules, thus
increasing their size. (C) Alternatively, relatively low PFAS concentrations resulting from in vivo exposure could
induce the formation of stress granules, which accumulate RNA from the cytoplasm. Stress granules could merge
with P granules to increase their size. (D) In the ex vivo scenario, PFAS exposure is acute and at a relatively high
concentration. As a result, PFAS molecules occupy all binding sites of the P granule constituents, completely
disrupting P granule structure and distributing P granule constituents into the bulk phase. The dispersal of P granules
would occur too quickly for accumulation of RNA or other constituents to increase granule size. Figures prepared

using BioRender.
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CHAPTER 5:

Summary and Conclusions
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PFAS are among the most prevalent and persistent environmental toxicants globally.
Despite the lack of substantial toxicological data for the majority of PFAS, they continue to be
manufactured, used in consumer products, and released to the environment with minimal
regulatory restrictions. The scale of human exposure to PFAS is vast and available data indicate
that they can target most organ systems in the body and produce a wide range of health effects.
However, the lack of existing data, the occurrence of PFAS human exposures in mixtures, and
the sheer number of PFAS present extreme challenges to deciphering how PFAS elicit their
biological effects.

This dissertation presented biomolecular condensates as novel toxicological endpoints to
examine with PFAS exposure. BCs exist in all organisms and cell types and are a common means
for organizing and regulating dynamic cellular processes. BCs assemble via relatively weak
intermolecular forces and their behavior is governed by conditions that modulate phase
separation, including interfacial tension. As surfactants, many PFAS have the potential to alter
the phase behavior of BCs and change their biological function. Since BCs are involved in an
array of important cellular functions, including regulation of transcription, translation, and the
cell cycle, effects of PFAS on BCs could be amplified into larger cellular and organismal effects.

In this work, the PFAS surfactants PFOS and F-53B were shown to cause reproductive
toxicity in C. elegans with particular effects on meiotic progression of germ cells. Based upon
examination of P granules and the synaptonemal complex as model BCs, it appears that PFOS
and F-53B are capable of altering BC structure. Since reproductive defects in P granule and SC
sensitized mutants were exacerbated with PFOS and F-53B exposures, it appears that the
structural changes that these PFAS elicit on BCs may have functional consequences. Since P

granules play a substantial role in SRNA-mediated post-transcriptional gene regulation, future
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research will focus on examining the mRNA and sRNA transcriptomes of C. elegans gonads
exposed to PFAS. Additionally, since SC defects can impact crossover interference, the ability of
PFAS to increase the number of crossover sites in C. elegans oocytes will also be examined.
This work also suggests the possibility that BCs in other organisms and tissue types may
be susceptible to structural and functional changes in response to PFAS exposure. Therefore, BC

structural modulation may be a useful endpoint for examining in other toxicological contexts.

84



REFERENCES

Achache H, Laurent L, Hecker-Mimoun Y, Ishtayeh H, Rappaport Y, Kroizer E, Colaidcovo MP,
Tzur YB. 2019. Progression of meiosis is coordinated by the level and location of MAPK
activation via OGR-2 in Caenorhabditis elegans. Genetics. 212(1):213-229. doi:10.1534/
genetics.119.302080.

Aguirre-Ramirez M, Silva-Jiménez H, Banat IM, Diaz De Rienzo MA. 2021. Surfactants:
physicochemical interactions with biological macromolecules. Biotechnology Letters.
43(3):523-535. doi: 10.1007/s10529-020-03054-1.

Alleva B, Clausen S, Koury E, Hefel A, Smolikove S. 2019. CRL4 regulates recombination and
synaptonemal complex aggregation in the Caenorhabditis elegans germline. PLoS Genetics.
15(11). doi:10.1371/journal .pgen.1008486.

Aman P, Douglas FP, Peggy LKC, Ipsita M, Anne RR, Sarah LC, Marvin W, Judith K. 2016. The
PUF binding landscape in metazoan germ cells. RNA. 22(7):1026-1043. doi:10.1261/
rna.055871.116.

Anbazhagan R, Kavarthapu R, Dufau ML. 2022. Chromatoid bodies in the regulation of
spermatogenesis: Novel role of GRTH. Cells. 11(4). doi:10.3390/cells11040613.

Andralojc KM, Campbell AC, Kelly AL, Terrey M, Tanner PC, Gans IM, Senter-Zapata MJ,
Khokhar ES, Updike DL. 2017. ELLI-1, a novel germline protein, modulates RNAi activity
and P-granule accumulation in Caenorhabditis elegans. PLoS Genetics. 13(2). doi:10.1371/
journal.pgen.1006611.

Aoki ST, Kershner AM, Bingman CA, Wickens M, Kimble J. 2016. PGL germ granule assembly
protein is a base-specific, single-stranded RNase. Proc Natl Acad Sci U S A. 113(5):1279—
1284. doi:10.1073/pnas.1524400113.

Aoki ST, Lynch TR, Crittenden SL, Bingman CA, Wickens M, Kimble J. 2021. C. elegans germ
granules require both assembly and localized regulators for mRNA repression. Nature
Communications. 12(1). doi:10.1038/s41467-021-21278-1.

Arur S, Ohmachi M, Berkseth M, Nayak S, Hansen D, Zarkower D, Schedl T. 2011. MPK-1
ERK controls membrane organization in C. elegans oogenesis via a sex-determination
module. Developmental Cell. 20(5):677-688. doi:10.1016/j.devcel.2011.04.009.

ATSDR. 2018. Toxicological profile for perfluoroalkyls - Draft for public comment. C5274127-
A.

85



Batista PJ, Ruby G, Claycomb JM, Chiang R, Fahlgren N, Kasschau KD, Chaves DA, Gu W,
Vasale JJ, Duan S, et al. 2008. PRG-1 and 21U-RNAs interact to form the piRNA complex
required for fertility in C. elegans. Mol Cell. 31(1):67-78. doi:10.1016/j.molcel.2008.06.002.

Behr AC, Plinsch C, Braeuning A, Buhrke T. 2020. Activation of human nuclear receptors by
perfluoroalkylated substances (PFAS). Toxicology in Vitro. 62. doi:10.1016/
j1iv.2019.104700.

Bilgir C, Dombecki CR, Chen PF, Villeneuve AM, Nabeshima K. 2013. Assembly of the
Synaptonemal Complex Is a Highly Temperature-Sensitive Process That Is Supported by
PGL-1 During Caenorhabditis elegans Meiosis. G3: Genes, Genomes, Genetics. 3(4):585—
595. doi:10.1534/g3.112.005165.

Bline AP, Le Goff A, Allard P. 2020. What is lost in the Weismann barrier? Journal of
Developmental Biology. 8(4):35. doi:10.3390/;db8040035.

Boone JS, Vigo C, Boone T, Byrne C, Ferrario J, Benson R, Donohue J, Simmons JE, Kolpin
DW, Furlong ET, et al. 2019. Per- and polyfluoroalkyl substances in source and treated
drinking waters of the United States. Science of the Total Environment. 653:359-369.
doi:10.1016/j.scitotenv.2018.10.245.

Brangwynne CP. 2011. Soft active aggregates: Mechanics, dynamics and self-assembly of liquid-
like intracellular protein bodies. Soft Matter. 7(7):3052-3059. doi:10.1039/c0sm0098 1d.

Brown KC, Svendsen JM, Tucci RM, Montgomery BE, Montgomery TA. 2017. ALG-5 is a
miRNA-associated Argonaute required for proper developmental timing in the
Caenorhabditis elegans germline. Nucleic Acids Research. 45(15):9093-9107. doi:10.1093/
nar/gkx536.

Buck RC, Franklin J, Berger U, Conder JM, Cousins IT, Voogt P de, Jensen AA, Kannan K,
Mabury SA, van Leeuwen SPJ. 2011. Perfluoroalkyl and polyfluoroalkyl substances in the
environment: Terminology, classification, and origins. Integrated Environmental Assessment
and Management. 7(4):513-541. doi:10.1002/ieam.258.

Butenhoff JL, Chang SC, Olsen GW, Thomford PJ. 2012. Chronic dietary toxicity and
carcinogenicity study with potassium perfluorooctanesulfonate in Sprague Dawley rats.
Toxicology. 293(1-3):1-15. doi:10.1016/j.tox.2012.01.003.

Campbell AC, Updike DL. 2015. CSR-1 and P granules suppress sperm-specific transcription in
the C. elegans germline. Development (Cambridge). 142(10):1745-1755. doi:10.1242/
dev.121434.

CDC. 2017. 2017 Fourth National Report on Human Exposure to Environmental Chemicals.

86



Celen I, Doh JH, Sabanayagam CR. 2018. Effects of liquid cultivation on gene expression and
phenotype of C. elegans. BMC Genomics. 19(1). doi:10.1186/s12864-018-4948-7.

Charmpilas N, Tavernarakis N. 2020. Mitochondrial maturation drives germline stem cell
differentiation in Caenorhabditis elegans. Cell Death and Differentiation. 27(2):601-617.
doi:10.1038/s41418-019-0375-9.

Chen F, Wei C, Chen Q, Zhang J, Wang L, Zhou Z, Chen M, Liang Y. 2018. Internal
concentrations of perfluorobutane sulfonate (PFBS) comparable to those of perfluorooctane
sulfonate (PFOS) induce reproductive toxicity in Caenorhabditis elegans. Ecotoxicology and
Environmental Safety. 158:223-229. doi:10.1016/j.ecoenv.2018.04.032.

Chen F, Yin S, Kelly BC, Liu W. 2017. Chlorinated Polyfluoroalkyl Ether Sulfonic Acids in
Matched Maternal, Cord, and Placenta Samples: A Study of Transplacental Transfer.
Environmental Science and Technology. 51(11):6387-6394. doi:10.1021/acs.est.6b06049.

Chen W, Hu Y, Lang CF, Brown JS, Schwabach S, Song X, Zhang Y, Munro E, Bennett K,
Zhang D, et al. 2020. The dynamics of P granule liquid droplets are regulated by the
Caenorhabditis elegans germline RNA helicase GLH-1 via its ATP hydrolysis cycle.
Genetics. 215(2):421-434. doi: 10.1534/genetics.120.303052.

Chen Y, Dalbey RE. 2018. Oxal superfamily: New members found in the ER. Trends in
Biochemical Sciences. 43(3):151-153. doi:10.1016/j.tibs.2017.12.005.

Cheng W, Ng CA. 2018. Predicting relative protein affinity of novel per- and polyfluoroalkyl
substances (PFASs) by an efficient molecular dynamics approach. Environmental Science
and Technology. 52(14):7972—7980. doi:10.1021/acs.est.8b01268.

Chowdhury MI, Sana T, Panneerselvan L, Sivaram AK, Megharaj M. 2022. Perfluorooctane
sulfonate (PFOS) induces several behavioural defects in Caenorhabditis elegans that can also
be transferred to the next generations. Chemosphere. 291. doi:10.1016/
J-chemosphere.2021.132896.

Cornes E, Bourdon L, Singh M, Mueller F, Quarato P, Wernersson E, Bienko M, Li B, Cecere G.
2022. piRNAs initiate transcriptional silencing of spermatogenic genes during C. elegans
germline development. Developmental Cell. 57(2):180-196.e7. doi:10.1016/
j-devcel.2021.11.025.

Cui Q, Pan Y, Wang J, Liu H, Yao B, Dai J. 2020. Exposure to per- and polyfluoroalkyl
substances (PFASs) in serum versus semen and their association with male reproductive
hormones. Environmental Pollution. 266:115330. doi:10.1016/j.envpol.2020.115330.

87



Dai S, Tang X, Li L, Ishidate T, Ozturk AR, Chen H, Yan Y, Dong M, Shen E, Mello CC. A
family of C. elegans VASA homologs control Argonaute pathway specificity and promote
transgenerational silencing. doi:10.1101/2022.01.18.476504.

Dallaire A, Frédérick PM, Simard MJ. 2018. Somatic and germline microRNAs form distinct
silencing complexes to regulate their target mRNAs differently. Developmental Cell.
47(2):239-247 e4. doi:10.1016/j.devcel.2018.08.022.

Dodson AE, Kennedy S. 2019. Germ granules coordinate RNA-based epigenetic inheritance
pathways. Developmental Cell. 50(6):704-715.e4. doi:10.1016/j.devcel.2019.07.025.

Droge STJ. 2019. Membrane-water partition coefficients to aid risk assessment of perfluoroalkyl
anions and alkyl Sulfates. Environmental Science and Technology. 53(2):760-770.
doi:10.1021/acs.est.8b05052.

Elbaum-Garfinkle S, Kim Y, Szczepaniak K, Chen CCH, Eckmann CR, Myong S, Brangwynne
CP. 2015. The disordered P granule protein LAF-1 drives phase separation into droplets with
tunable viscosity and dynamics. Proc Natl Acad Sci U S A. 112(23):7189-7194. do0i:10.1073/
pnas.1504822112.

Fei C, McLaughlin JK, Lipworth L, Olsen J. 2009. Maternal levels of perfluorinated chemicals
and subfecundity. Human Reproduction. 24(5):1200-1205. doi:10.1093/humrep/den490.

Feng X, Wang X, Cao X, Xia Y, Zhou R, Chen L. 2015. Chronic exposure of female mice to an
environmental level of perfluorooctane sulfonate suppresses estrogen synthesis through
reduced histone h3k14 acetylation of the StAR promoter leading to deficits in follicular
development and ovulation. Toxicological Sciences. 148(2):368-379. doi:10.1093/toxsci/
kfv197.

Fenton SE, Ducatman A, Boobis A, DeWitt JC, Lau C, Ng C, Smith JS, Roberts SM. 2021. Per-
and polyfluoroalkyl substance toxicity and human health review: Current state of knowledge

and strategies for informing future research. Environmental Toxicology and Chemistry.
40(3):606-630. doi:10.1002/etc.4890.

Feric M, Misteli T. 2021. Phase separation in genome organization across evolution. Trends in
Cell Biology. 31(8):671-685. doi:10.1016/j.tcb.2021.03.001.

Fitzgerald NJM, Simcik MF, Novak PJ. 2018. Perfluoroalkyl substances increase the membrane
permeability and quorum sensing response in Aliivibrio fischeri. Environmental Science and
Technology Letters. 5(1):26-31. doi:10.1021/acs .estlett.7b00518.

Fitzgerald NJM, Wargenau A, Sorenson C, Pedersen J, Tufenkji N, Novak PJ, Simcik MF. 2018.
Partitioning and accumulation of perfluoroalkyl substances in model lipid bilayers and

88



bacteria. Environmental Science and Technology. 52(18):10433-10440. doi:10.1021/
acs.est.8b02912.

Folkmann AW, Putnam A, Lee CF, Seydoux G. 2021. Regulation of biomolecular condensates by
interfacial protein clusters. Science. 373(6560):1218-1224. doi:10.1126/science.abg7071.

Garcia-Jove Navarro M, Kashida S, Chouaib R, Souquere S, Pierron G, Weil D, Gueroui Z.
2019. RNA is a critical element for the sizing and the composition of phase-separated RNA-
protein condensates. Nature Communications. 10(1). doi:10.1038/s41467-019-11241-6.

Gerson-Gurwitz A, Wang S, Sathe S, Green R, Yeo GW, Oegema K, Desai A. 2016. A small
RNA-catalytic Argonaute pathway tunes germline transcript levels to ensure embryonic
divisions. Cell. 165(2):396—409. doi:10.1016/j.cell.2016.02.040.

Ghoneim M, Fuchs HA, Musselman CA. 2021. Histone tail conformations: A fuzzy affair with
DNA. Trends in Biochemical Sciences. 46(7):564-578. doi:10.1016/j.tibs.2020.12.012.

Gibson BA, Doolittle LK, Schneider MWG, Jensen LE, Gamarra N, Henry L, Gerlich DW,
Redding S, Rosen MK. 2019. Organization of chromatin by intrinsic and regulated phase
separation. Cell. 179(2):470-484.e21. doi:10.1016/j.cell.2019.08.037.

Giesy JP, Kannan K. 2001. Global distribution of perfluorooctane sulfonate in wildlife.
Environmental Science and Technology. 35(7):1339—-1342. doi:10.1021/es001834k.

Ginter-Matuszewska B, Kusz K, Spik A, Grzeszkowiak D, Rembiszewska A, Kupryjanczyk J,
Jaruzelska J. 2011. NANOS1 and PUMILIO?2 bind microRNA biogenesis factor GEMIN3,
within chromatoid body in human germ cells. Histochemistry and Cell Biology. 136(3):279—
287. doi:10.1007/s00418-011-0842-y.

Gliige J, Scheringer M, Cousins IT, Dewitt JC, Goldenman G, Herzke D, Lohmann R, Ng CA,
Trier X, Wang Z. 2020. An overview of the uses of per- and polyfluoroalkyl substances
(PFAS). Environmental Science: Processes and Impacts. 22(12):2345-2373. doi:10.1039/
d0em00291g.

Gomis MI, Vestergren R, Nilsson H, Cousins IT. 2016. Contribution of direct and indirect
exposure to human serum concentrations of perfluorooctanoic acid in an occupationally
exposed group of ski waxers. Environmental Science and Technology. 50(13):7037-7046.
doi:10.1021/acs.est.6b01477.

Gordon SG, Kursel LE, Xu K, Rog O. 2021. Synaptonemal complex dimerization regulates
chromosome alignment and crossover patterning in meiosis. PLoS Genetics. 17(3).
doi:10.1371/journal .pgen.1009205.

89



Guo X, Li Q, ShiJ, Shi L, Li B, Xu A, Zhao G, Wu L. 2016. Perfluorooctane sulfonate exposure
causes gonadal developmental toxicity in Caenorhabditis elegans through ROS-induced
DNA damage. Chemosphere. 155:115-126. doi:10.1016/j.chemosphere.2016.04.046.

Hansen KJ, Clemen LA, Ellefson ME, Johnson HO. 2001. Compound-specific, quantitative

characterization of organic fluorochemicals in biological matrices. Environmental Science
and Technology. 35(4):766-770. doi:10.1021/es001489z.

Heffernan AL, Cunningham TK, Drage DS, Aylward LL, Thompson K, Vijayasarathy S, Mueller
JF, Atkin SL, Sathyapalan T. 2018. Perfluorinated alkyl acids in the serum and follicular fluid
of UK women with and without polycystic ovarian syndrome undergoing fertility treatment
and associations with hormonal and metabolic parameters. International Journal of Hygiene
and Environmental Health. 221(7):1068-1075. doi:10.1016/j.ijheh.2018.07.009.

Hofweber M, Dormann D. 2019. Friend or foe-Post-translational modifications as regulators of
phase separation and RNP granule dynamics. Journal of Biological Chemistry.
294(18):7137-7150. doi:10.1074/jbc. TM118.001189.

Holehouse AS, Pappu R. 2018. Functional implications of intracellular phase transitions.
Biochemistry. 57(17):2415-2423. doi:10.1021/acs.biochem.7b01136.

Hollis JA, Glover ML, Schlientz AJ, Cahoon CK, Bowerman B, Wignall SM, Libuda DE. 2020.
Excess crossovers impede faithful meiotic chromosome segregation in C. Elegans. PLoS
Genetics. 16(9 September). doi:10.1371/journal .pgen.1009001.

van Horn WD, Kim HJ, Ellis CD, Hadziselimovic A, Sulistijo ES, Karra MD, Tian C,
Sonnichsen FD, Sanders CR. 2009. Solution nuclear magnetic resonance structure of
membrane-integral diacylglycerol kinase. Science (1979). 324(5935):1726—1729.
doi:10.1126/science.1171716.

Houck KA, Patlewicz G, Richard AM, Williams AJ, Shobair MA, Smeltz M, Clifton MS,
Wetmore B, Medvedev A, Makarov S. 2021. Bioactivity profiling of per- and polyfluoroalkyl
substances (PFAS) identifies potential toxicity pathways related to molecular structure.
Toxicology. 457. doi:10.1016/j.tox.2021.152789.

Hu W, Jones PD, DeCoen W, King L, Fraker P, Newsted J, Giesy JP. 2003. Alterations in cell
membrane properties caused by perfluorinated compounds. Comparative Biochemistry and
Physiology - C Toxicology and Pharmacology. 135(1):77-88. doi:10.1016/
S1532-0456(03)00043-7.

ITRC. 2021. PFAS technical and regulatory guidance document and fact sheets PFAS-1.
Washington, D.C.: Interstate Technology & Regulatory Council, PFAS Team. https://
pfas-1.itrcweb.org/.

90



Jian JM, Chen D, Han FJ, Guo Y, Zeng L, Lu X, Wang F. 2018. A short review on human
exposure to and tissue distribution of per- and polyfluoroalkyl substances (PFASs). Science
of the Total Environment. 636:1058—1069. doi:10.1016/j.scitotenv.2018.04.380.

Jian JM, Guo Y, Zeng L, Liang-Ying L, Lu X, Wang F, Zeng EY. 2017. Global distribution of
perfluorochemicals (PFCs) in potential human exposure source—A review. Environment
International. 108:51-62. doi:10.1016/j.envint.2017.07.024.

Jgrgensen KT, Specht 10, Lenters V, Bach CC, Rylander L, Jonsson BAG, Lindh CH,
Giwercman A, Heederik D, Toft G, et al. 2014. Perfluoroalkyl substances and time to
pregnancy in couples from Greenland, Poland and Ukraine. Environmental Health: A Global
Access Science Source. 13(1). doi:10.1186/1476-069X-13-116.

Kang Q, Gao F, Zhang X, Wang L, Liu J, Fu M, Zhang S, Wan Y, Shen H, Hu J. 2020.
Nontargeted identification of per- and polyfluoroalkyl substances in human follicular fluid
and their blood-follicle transfer. Environment International. 139. doi:10.1016/
j-envint.2020.105686.

Kasper DM, Gardner KE, Reinke V. 2014. Homeland security in the C. elegans germ line:
Insights into the biogenesis and function of pirnas. Epigenetics. 9(1):62-74. doi:10.4161/
epi.26647.

Killian DJ, Hubbard EJA. 2005. Caenorhabditis elegans germline patterning requires
coordinated development of the somatic gonadal sheath and the germ line. Developmental
Biology. 279(2):322-335. doi:10.1016/j.ydbi0.2004.12.021.

Kim HM, Long NP, Yoon SJ, Anh NH, Kim SJ, Park JH, Kwon SW. 2020. Omics approach
reveals perturbation of metabolism and phenotype in Caenorhabditis elegans triggered by

perfluorinated compounds. Science of the Total Environment. 703. doi:10.1016/
J-scitotenv.2019.135500.

Kleszczyniski K, Sktadanowski AC. 2009. Mechanism of cytotoxic action of perfluorinated acids.
I. Alteration in plasma membrane potential and intracellular pH level. Toxicology and
Applied Pharmacology. 234(3):300-305. doi:10.1016/j.taap.2008.10.008.

Knutson AK, Egelhofer T, Rechtsteiner A, Strome S. 2017. Germ granules prevent accumulation
of somatic transcripts in the adult Caenorhabditis elegans germline. Genetics. 206(1):163—
178. doi:10.1534/genetics.116.198549.

Kwiatkowski CF, Andrews DQ, Birnbaum LS, Bruton TA, Dewitt JC, Knappe DRU, Maffini M
v., Miller MF, Pelch KE, Reade A, et al. 2020. Scientific basis for managing PFAS as a
chemical class. Environmental Science and Technology Letters. 7(8):532-543. doi:10.1021/
acs.estlett.0c00255.

91



Lee CYS, Putnam A, Lu T, He S, Ouyang JPT, Seydoux G. 2020. Recruitment of mRNAs to P
granules by condensation with intrinsically-disordered proteins. Elife. 9. doi:10.7554/
eLife.52896.

Lev I, Toker IA, Mor Y, Nitzan A, Weintraub G, Antonova O, Bhonkar O, ben Shushan I,
Seroussi U, Claycomb JM, et al. 2019. Germ granules govern small RNA inheritance.
Current Biology. 29(17):2880-2891 .e4. doi:10.1016/j.cub.2019.07.054.

LiY, Fletcher T, Mucs D, Scott K, Lindh CH, Tallving P, Jakobsson K. 2018. Half-lives of
PFOS, PFHxS and PFOA after end of exposure to contaminated drinking water. Occupational
and Environmental Medicine. 75(1):46-51. doi:10.1136/0oemed-2017-104651.

Libuda DE, Uzawa S, Meyer BJ, Villeneuve AM. 2013. Meiotic chromosome structures
constrain and respond to designation of crossover sites. Nature. 502(7473):703-706.
doi:10.1038/nature12577.

Liu G, Zhang S, Yang K, Zhu L, Lin D. 2016. Toxicity of perfluorooctane sulfonate and
perfluorooctanoic acid to Escherichia coli: Membrane disruption, oxidative stress, and DNA

damage induced cell inactivation and/or death. Environmental Pollution. 214:806-815.
doi:10.1016/j.envpol.2016.04.089.

Liu Y, Richardson ES, Derocher AE, Lunn NJ, Lehmler H-J, Li X, Zhang Y, Cui JY, Cheng L,
Martin JW. 2018. Hundreds of unrecognized halogenated contaminants discovered in polar
bear serum. Angewandte Chemie. 130(50):16639-16644. doi:10.1002/ange.201809906.

Lopez AL, Chen J, Joo HJ, Drake M, Shidate M, Kseib C, Arur S. 2013. DAF-2 and ERK couple
nutrient availability to meiotic progression during Caenorhabditis elegans oogenesis.
Developmental Cell. 27(2):227-240. doi:10.1016/j.devcel.2013.09.008.

Lu T, Spruijt E. 2020. Multiphase complex coacervate droplets. J Am Chem Soc. 142(6):2905—
2914. doi:10.1021/jacs.9b11468.

Luebker DJ, Case MT, York RG, Moore JA, Hansen KJ, Butenhoff JL.. 2005. Two-generation
reproduction and cross-foster studies of perfluorooctanesulfonate (PFOS) in rats. Toxicology.
215(1-2):126-148. doi:10.1016/j.tox.2005.07.018.

Luo K, Huang W, Zhang Q, Liu X, Nian M, Wei M, Wang Y, Chen D, Chen X, Zhang J. 2022.
Environmental exposure to legacy poly/perfluoroalkyl substances, emerging alternatives and

isomers and semen quality in men: A mixture analysis. Science of The Total Environment.
833:155158. doi:10.1016/j.scitotenv.2022.155158.

Luo Y, Na Z, Slavoff SA. 2018. P-bodies: Composition, properties, and functions. Biochemistry.
57(17):2424-2431. doi:10.1021/acs.biochem.7b01162.

92



Mahboubi H, Stochaj U. 2017. Cytoplasmic stress granules: Dynamic modulators of cell
signaling and disease. Biochimica et Biophysica Acta - Molecular Basis of Disease.
1863(4):884—895. doi:10.1016/j.bbadis.2016.12.022.

Mainpal R, Priti A, Subramaniam K. 2011. PUF-8 suppresses the somatic transcription factor
PAL-1 expression in C. elegans germline stem cells. Developmental Biology. 360(1):195—
207. doi:10.1016/j.ydbio.2011.09.021.

Mamsen LS, Bjorvang RD, Mucs D, Vinnars MT, Papadogiannakis N, Lindh CH, Andersen CY,
Damdimopoulou P. 2019. Concentrations of perfluoroalkyl substances (PFASs) in human
embryonic and fetal organs from first, second, and third trimester pregnancies. Environment
International. 124:482-492. doi:10.1016/j.envint.2019.01.010.

Mamsen LS, Jonsson BAG, Lindh CH, Olesen RH, Larsen A, Ernst E, Kelsey TW, Andersen CY.
2017. Concentration of perfluorinated compounds and cotinine in human foetal organs,
placenta, and maternal plasma. Science of the Total Environment. 596-597:97-105.
doi:10.1016/j.scitotenv.2017.04.058.

Mao H, Zhu C, Zong D, Weng C, Yang X, Huang H, Liu D, Feng X, Guang S. 2015. The Nrde
pathway mediates small-RNA-directed histone H3 lysine 27 trimethylation in
Caenorhabditis elegans. Current Biology. 25(18):2398-2403. doi:10.1016/
jcub.2015.07.051.

Marnik EA, Fuqua JH, Sharp CS, Rochester JD, Xu EL, Holbrook SE, Updike DL. 2019.
Germline maintenance through the multifaceted activities of GLH/Vasa in Caenorhabditis
elegans P Granules. Genetics. 213(3):923-939. doi:10.1534/genetics.119.302670.

Marnik EA, Updike DL. 2019. Membraneless organelles: P granules in Caenorhabditis elegans.
Traffic. 20(6):373—-379. doi:10.1111/tra.12644.

McCarter J, Bartlett B, Dang T, Schedl T. 1997. Soma-germ cell interactions in Caenorhabditis
elegans: Multiple events of hermaphrodite germline development require the somatic sheath
and spermathecal lineages. Developmental Biology. 181:121-143. doi:10.1006/
dbi0.1996.8429.

McEnany J, Meir Y, Wingreen NS. 2022. PiRNAs of Caenorhabditis elegans broadly silence
nonself sequences through functionally random targeting. Nucleic Acids Research.
50(3):1416-1429. doi:10.1093/nar/gkab1290.

Minogue AL, Tackett MR, Atabakhsh E, Tejada G, Arur S. 2018. Functional genomic analysis
identifies miRNA repertoire regulating C. elegans oocyte development. Nature
Communications. 9(1). doi:10.1038/s41467-018-07791-w.

93



Mukhopadhyay A, Tissenbaum HA. 2007. Reproduction and longevity: secrets revealed by C.
elegans. Trends in Cell Biology. 17(2):65-71. doi:10.1016/j.tcb.2006.12.004.

Nadarajan S, Mohideen F, Tzur YB, Ferrandiz N, Crawley O, Montoya A, Faull P, Snijders AP,
Cutillas PR, Jambhekar A, et al. 2016. The MAP kinase pathway coordinates crossover
designation with disassembly of synaptonemal complex proteins during meiosis. Elife.
5(e12039):1-26. doi: 10.7554/eLife.12039.001.

Nott TJ, Petsalaki E, Farber P, Jervis D, Fussner E, Plochowietz A, Craggs TD, Bazett-Jones DP,
Pawson T, Forman-Kay JD, et al. 2015. Phase transition of a disordered nuage protein

generates environmentally responsive membraneless organelles. Molecular Cell. 57(5):936—
947. doi:10.1016/j.molcel .2015.01.013.

Nouhi S, Ahrens L, Campos Pereira H, Hughes A v., Campana M, Gutfreund P, Palsson GK,
Vorobiev A, Hellsing MS. 2018. Interactions of perfluoroalkyl substances with a
phospholipid bilayer studied by neutron reflectometry. Journal of Colloid and Interface
Science. 511:474-481. doi:10.1016/j.jcis.2017.09.102.

Ouyang JPT, Seydoux G. 2022. Nuage condensates: accelerators or circuit breakers for SRNA
silencing pathways? RNA. 28:58-66. doi:10.1261/rna.

Pan Y, Cui Q, Wang J, Sheng N, Jing J, Yao B, Dai J. 2019. Profiles of emerging and legacy per-/
polyfluoroalkyl substances in matched serum and semen samples: New implications for
human semen quality. Environmental Health Perspectives. 127(12). doi:10.1289/EHP4431.

Pan 'Y, Zhu 'Y, Zheng T, Cui Q, Buka SL, Zhang B, Guo Y, Xia W, Yeung LWY, Li Y, et al. 2017.
Novel chlorinated polyfluorinated ether sulfonates and legacy per-/polyfluoroalkyl
substances: Placental transfer and relationship with serum albumin and glomerular filtration
rate. Environmental Science and Technology. 51(1):634—644. doi:10.1021/acs.est.6b04590.

Pattabiraman D, Roelens B, Woglar A, Villeneuve AM. 2017. Meiotic recombination modulates
the structure and dynamics of the synaptonemal complex during C. elegans meiosis. PLoS

Genetics. 13(3). doi:10.1371/journal .pgen.1006670.

Pérez F, Nadal M, Navarro-Ortega A, Fabrega F, Domingo JL., Barcel6 D, Farré M. 2013.
Accumulation of perfluoroalkyl substances in human tissues. Environment International.
59:354-362. doi:10.1016/j.envint.2013.06.004.

Petro EML, D’Hollander W, Covaci A, Bervoets L, Fransen E, de Neubourg D, de Pauw I, Leroy
JLMR, Jorssen EPA, Bols PEJ. 2014. Perfluoroalkyl acid contamination of follicular fluid

and its consequence for in vitro oocyte developmental competence. Science of the Total
Environment. 496:282-288. doi:10.1016/j.scitotenv.2014.07.028.

94



Phillips CM, Updike DL. 2022. Germ granules and gene regulation in the Caenorhabditis
elegans germline. Genetics. 220(3). doi:10.1093/genetics/iyab195.

Price IF, Hertz HL, Pastore B, Wagner J, Tang W. 2021. Proximity labeling identifies LOTUS
domain proteins that promote the formation of perinuclear germ granules in C. elegans. Elife.
10:€72276:1-34. doi:10.7554/eLife.

Putnam A, Cassani M, Smith J, Seydoux G. 2019. A gel phase promotes condensation of liquid P
granules in Caenorhabditis elegans embryos. Nature Structural and Molecular Biology.
26(3):220-226. do0i:10.1038/541594-019-0193-2.

Rana U, Brangwynne CP, Panagiotopoulos AZ. 2021. Phase separation vs aggregation behavior
for model disordered proteins. Journal of Chemical Physics. 155(12).
doi:10.1063/5.0060046.

Reineke LC, Neilson JR. 2019. Differences between acute and chronic stress granules, and how
these differences may impact function in human disease. Biochemical Pharmacology.
162:123-131. do1:10.1016/j.bcp.2018.10.009.

Richter L, Cordner A, Brown P. 2018. Non-stick science: Sixty years of research and (in)action
on fluorinated compounds. Social Studies of Science. 48(5):691-714.
doi:10.1177/0306312718799960.

Richter L, Cordner A, Brown P. 2021. Producing ignorance through regulatory structure: The
case of per- and polyfluoroalkyl substances (PFAS). Sociological Perspectives. 64(4):631—
656. doi:10.1177/0731121420964827.

Ries RJ, Zaccara S, Klein P, Olarerin-George A, Namkoong S, Pickering BF, Patil DP, Kwak H,
Lee JH, Jaffrey SR. 2019. m6A enhances the phase separation potential of mRNA. Nature.
571(7765):424-428. doi:10.1038/s41586-019-1374-1.

Ritscher A, Wang Z, Scheringer M, Boucher JM, Ahrens L, Berger U, Bintein S, Bopp SK, Borg
D, Buser AM, et al. 2018. Ziirich statement on future actions on per-and polyfluoroalkyl
substances (PFASs). Environmental Health Perspectives. 126(8). doi:10.1289/EHP4158.

Rog O, Ko Hler S, Dernburg AF. 2017. The synaptonemal complex has liquid crystalline
properties and spatially regulates meiotic recombination factors. eLIFE. 6:€21455.
doi:10.7554/eLife.21455.001.

Rosario R, Filis P, Tessyman V, Kinnell H, Childs AJ, Gray NK, Anderson RA. 2016. FMRP
associates with cytoplasmic granules at the onset of meiosis in the human oocyte. PLoS
ONE. 11(10). doi:10.1371/journal .pone.0163987.

95



Sanchez-Burgos I, Joseph JA, Collepardo-Guevara R, Espinosa JR. 2021. Size conservation
emerges spontaneously in biomolecular condensates formed by scaffolds and surfactant
clients. Scientific Reports. 11(1). doi:10.1038/s41598-021-94309-y.

Schisa JA. 2012. New insights into the regulation of RNP granule assembly in oocytes. In:
International Review of Cell and Molecular Biology. Vol. 295. Elsevier Inc. p. 233-289.

Schisa JA. 2019. Germ cell responses to stress: The role of RNP granules. Frontiers in Cell and
Developmental Biology. 7. doi:10.3389/fcell.2019.00220.

Schreier S, Malheiros SVP, de Paula E. 2000. Surface active drugs: Self-association and
interaction with membranes and surfactants. Biochimica et Biophysica Acta. 1508:210-234.
doi:10.1016/s0304-4157(00)00012-5.

Schiimann M, Lilienthal H, Holzer J. 2021. Human biomonitoring (HBM)-II values for
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS)-Description,

derivation and discussion. Regulatory Toxicology and Pharmacology. 121. doi:10.1007/
s00103-02.

Seacat AM, Thomford PJ, Hansen KJ, Clemen LA, Eldridge SR, Elcombe CR, Butenhoff JL.
2003. Sub-chronic dietary toxicity of potassium perfluorooctanesulfonate in rats. Toxicology.
183:117-131. doi:10.1016/s0300-483x(02)00511-5.

Seydoux G. 2018. The P granules of C. elegans: A Genetic model for the study of RNA—protein
condensates. Journal of Molecular Biology. 430(23):4702-4710. doi:10.1016/
JJmb.2018.08.007.

Sheth U, Pitt J, Dennis S, Priess JR. 2010. Perinuclear P granules are the principal sites of
mRNA export in adult C. elegans germ cells. Development. 137(8):1305-1314. doi:10.1242/
dev.044255.

Shi G, Guo H, Sheng N, Cui Q, Pan Y, Wang J, Guo Y, Dai J. 2018. Two-generational
reproductive toxicity assessment of 6:2 chlorinated polyfluorinated ether sulfonate (F-53B, a

novel alternative to perfluorooctane sulfonate) in zebrafish. Environmental Pollution.
243:1517-1527. doi:10.1016/j.envpol.2018.09.120.

Shi Y, Vestergren R, Xu L, Zhou Z, Li C, Liang Y, Cai Y. 2016. Human exposure and elimination
kinetics of chlorinated polyfluoroalkyl ether sulfonic acids (CI-PFESAs). Environmental
Science and Technology. 50(5):2396-2404. doi:10.1021/acs.est.5b05849.

Singh M, Cornes E, Li B, Quarato P, Bourdon L, Dingli F, Loew D, Proccacia S, Cecere G. 2021.
Translation and codon usage regulate Argonaute slicer activity to trigger small RNA
biogenesis. Nature Communications. 12(1). doi:10.1038/s41467-021-23615-w.

96



Snead WT, Gladfelter AS. 2019. The control centers of biomolecular phase separation: How
membrane surfaces, PTMs, and active processes regulate condensation. Molecular Cell.
76(2):295-305. doi:10.1016/j.molcel.2019.09.016.

Spichal M, Heestand B, Billmyre KK, Frenk S, Mello CC, Ahmed S. 2021. Germ granule
dysfunction is a hallmark and mirror of Piwi mutant sterility. Nature Communications. 12(1).
doi:10.1038/s41467-021-21635-0.

Standart N, Weil D. 2018. P-bodies: Cytosolic droplets for coordinated mRNA storage. Trends in
Genetics. 34(8):612-626. doi:10.1016/.t1ig.2018.05.005.

Starkov AA, Wallace KB. 2002. Structural determinants of fluorochemical-induced
mitochondrial dysfunction. Toxicol Sci. 66(2):244-252. doi:10.1093/toxsci/66.2.244.

Stein CR, Wolff MS, Calafat AM, Kato K, Engel SM. 2012. Comparison of polyfluoroalkyl
compound concentrations in maternal serum and amniotic fluid: A pilot study. Reproductive
Toxicology. 34(3):312-316. doi:10.1016/j.reprotox.2012.05.039.

Stylianou M, Bjornsdotter MK, Olsson PE, Ericson Jogsten I, Jass J. 2019. Distinct
transcriptional response of Caenorhabditis elegans to different exposure routes of
perfluorooctane sulfonic acid. Environmental Research. 168:406—413. doi:10.1016/
j-envres.2018.10.019.

Sundby AE, Molnar RI, Claycomb JM. 2021. Connecting the dots: Linking Caenorhabditis
elegans small RNA pathways and germ granules. Trends in Cell Biology. 31(5):387—401.
doi:10.1016/j.tcb.2020.12.012.

Ti B, Li L, Liu J, Chen C. 2018. Global distribution potential and regional environmental risk of
F-53B. Science of the Total Environment. 640-641:1365-1371. doi:10.1016/
j.scitotenv.2018.05.313.

Tian J, Xu H, Zhang Y, Shi X, Wang W, Gao H, Bi Y. 2019. SAM targeting methylation by the
methyl donor, a novel therapeutic strategy for antagonize PFOS transgenerational fertility
toxicity. Ecotoxicology and Environmental Safety. 184. doi:10.1016/j.ecoenv.2019.109579.

USEPA. (2022a). Enforcement and compliance history online: National PFAS datasets. https://
echo.epa.gov/tools/data-downloads/national-pfas-datasets.

USEPA. (2022b). Risk management for per- and polyfluoroalkyl substances (PFAS) under
TSCA. https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-
management-and-polyfluoroalkyl-substances-pfas.

Updike DL, Knutson AKA, Egelhofer TA, Campbell AC, Strome S. 2014. Germ-granule
components prevent somatic development in the C. elegans germline. Current Biology.
24(9):970-975. doi:10.1016/j.cub.2014.03.015.

97


https://echo.epa.gov/tools/data-downloads/national-pfas-datasets
https://echo.epa.gov/tools/data-downloads/national-pfas-datasets
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-and-polyfluoroalkyl-substances-pfas
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-and-polyfluoroalkyl-substances-pfas
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-and-polyfluoroalkyl-substances-pfas

van Treeck B, Parker R. 2018. Emerging roles for intermolecular RNA-RNA interactions in RNP
assemblies. Cell. 174(4):791-802. doi:10.1016/j.cell.2018.07.023.

Vernon RMC, Chong PA, Tsang B, Kim TH, Bah A, Farber P, Lin H, Forman-Kay JD. 2018. Pi-
Pi contacts are an overlooked protein feature relevant to phase separation. Elife. 7.
doi:10.7554/eLife.31486.

Voronina E, Paix A, Seydoux G. 2012. The P granule component PGL-1 promotes the
localization and silencing activity of the PUF protein FBF-2 in germline stem cells.
Development (Cambridge). 139(20):3732—-3740. doi:10.1242/dev.083980.

Voronina E, Seydoux G, Sassone-Corsi P, Nagamori 1. 2011. RNA granules in germ cells. Cold
Spring Harbor Perspectives in Biology. 3(12). doi:10.1101/cshperspect.a002774.

Wan HT, Zhao YG, Wong MH, Lee KF, Yeung WSB, Giesy JP, Wong CKC. 2011. Testicular
signaling is the potential target of perfluorooctanesulfonate-mediated subfertility in male
mice. Biology of Reproduction. 84(5):1016-1023. doi:10.1095/biolreprod.110.089219.

Wang JT, Smith J, Chen BC, Schmidt H, Rasoloson D, Paix A, Lambrus BG, Calidas D, Betzig
E, Seydoux G. 2014. Regulation of RNA granule dynamics by phosphorylation of serine-
rich, intrinsically disordered proteins in C. elegans. Elife. 3. doi:10.7554/eLife.04591.

Wang S, Huang J, Yang Y, Hui Y, Ge Y, Larssen T, Yu G, Deng S, Wang B, Harman C. 2013.
First report of a Chinese PFOS alternative overlooked for 30 years: Its toxicity, persistence,
and presence in the environment. Environmental Science and Technology. 47(18):10163—
10170. doi:10.1021/es401525n.

Wang X, Voronina E. 2020. Diverse roles of PUF proteins in germline stem and progenitor cell
development in C. elegans. Frontiers in Cell and Developmental Biology. 8. doi:10.3389/
fcell.2020.00029.

Wang Z, Dewitt JC, Higgins CP, Cousins IT. 2017. A never-ending story of per- and
polyfluoroalkyl substances (PFASs)? Environmental Science and Technology. 51(5):2508—
2518. doi:10.1021/acs.est.6b04806.

Watanabe T, Chuma S, Yamamoto Y, Kuramochi-Miyagawa S, Totoki Y, Toyoda A, Hoki Y,
Fujiyama A, Shibata T, Sado T, et al. 2011. MITOPLD is a mitochondrial protein essential for
nuage formation and piRNA biogenesis in the mouse germline. Developmental Cell.
20(3):364-375. doi:10.1016/j.devcel.2011.01.005.

Whitehead HD, Venier M, Wu Y, Eastman E, Urbanik S, Diamond ML, Shalin A, Schwartz-
Narbonne H, Bruton TA, Blum A, et al. 2021. Fluorinated compounds in North American
cosmetics. Environmental Science and Technology Letters. 8(7):538-544. doi:10.1021/
acs.estlett.1c00240.

98



Whittle CA, Extavour CG. 2017. Causes and evolutionary consequences of primordial germ-cell
specification mode in metazoans. Proc Natl Acad Sci U S A. 114(23):5784-5791.
doi:10.1073/pnas.1610600114.

Whitworth KW, Haug LS, Baird DD, Becher G, Hoppin JA, Skjaerven R, Thomsen C, Eggesbo
M, Travlos G, Wilson R, et al. 2012. Perfluorinated compounds and subfecundity in pregnant
women. Epidemiology. 23(2):257-263. doi:10.1097/EDE.Ob013e31823b5031.

Xiao F. 2017. Emerging poly- and perfluoroalkyl substances in the aquatic environment: A
review of current literature. Water Research. 124:482-495. doi:10.1016/
j-watres.2017.07.024.

Yang X, Hu Z, Zhang Q, Fan S, Zhong Y, Guo D, Qin Y, Chen M. 2019. SG formation relies on
elF4GI-G3BP interaction which is targeted by picornavirus stress antagonists. Cell
Discovery. 5(1). doi:10.1038/s41421-018-0068-4.

Yang Z, Wang C, Zhou Q, An J, Hildebrandt E, Aleksandrov LA, Kappes JC, DeLucas LJ,
Riordan JR, Urbatsch IL, et al. 2014. Membrane protein stability can be compromised by

detergent interactions with the extramembranous soluble domains. Protein Science.
23(6):769-789. doi:10.1002/pro.2460.

Yin J, Jian Z, Zhu G, Yu X, Pu Y, Yin L, Wang D, Bu Y, Liu R. 2021. Male reproductive toxicity
involved in spermatogenesis induced by perfluorooctane sulfonate and perfluorooctanoic acid
in Caenorhabditis elegans. Environmental Science and Pollution Research. 28(2):1443—
1453. doi:10.1007/s11356-020-10530-8.

Zhang L, Stauffer W, Zwicker D, Dernburg AF. 2021. Crossover patterning through kinase-
regulated condensation and coarsening of recombination nodules. bioRxiv.:1-51.
doi:10.1101/2021.08.26.457865.

99



	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Supplemental Figure 1
	Supplemental Figure 2



