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Abstract

Exogenous and Endogenous Mitochondria Regulators
By
Liliya Khasin
Doctor of Philosophy in Molecular and Cellular Biology
University of California, Berkeley
Professor Polina V Lishko, Chair

Mitochondria play a pivotal role in the cellular physiology. Besides orchestrating cellular
energy generation, they are also crucial to numerous other processes, including the maintenance
of intracellular Ca2+ homeostasis and the production of reactive oxygen species '*. This thesis
focuses on the two aforementioned functions and their regulation by endogenous and exogenous
factors.

Mitochondria sustain calcium homeostasis by actively buffering cytosolic calcium.
Calcium uptake into the mitochondrial matrix, in turn, regulates metabolism and energy
production'. It is now well established that the primary mechanism of Ca2+ uptake in
mitochondria is carried via the mitochondrial calcium uniporter (MCU) 3-8, Interestingly, to date,
only a few endogenous regulators of the MCU channel have been identified °'2. By using a
targeted lipid mass spectrometry analysis and direct patch-clamp recordings from the inner
mitochondrial membrane, we show that phosphatidylinositol-4,5-bisphosphate (PIP2) is a novel
endogenous regulator of the MCU complex.

The byproduct of mitochondrial calcium uptake and subsequent increased metabolism is the
generation reactive oxygen species (ROS)!'>. While low levels of ROS are essential for various
physiological processes, ROS over-production can destroy mitochondria and lead to cell death!*
17

A significant portion of this thesis deals with the effects of increased formation of ROS,
triggered by environmental toxins, on sperm fertility. Specifically, we tested four ubiquitous
chemicals found in plastics: bisphenol A (BPA), di-2-ethylhexyl phthalate (DEHP), diethyl
phthalate (DEP), and dimethyl phthalate (DMP) on sperm fertilizing ability. Of all the tested
toxins, DEHP demonstrated the most damaging impact on sperm fertility by increasing ROS
production, altering the sperm maturation process, and impairing the acrosome reaction. We
have concluded that even acute exposure to phthalates, such as DEHP, presents a significant risk
to male fertility.
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Chapter I

Introduction

1. Outline

As the powerhouse of the cell, mitochondria control nearly all cellular processes by
providing a continuous supply of energy in the form of ATP. However, energy production is just
one of many roles of mitochondria. Mitochondria are critical to cellular metabolism, fatty acid
synthesis, generation of reactive oxygen species, calcium homeostasis, autophagy, and
programmed cell death. Regulation of the cellular and mitochondrial calcium homeostasis and
generation of reactive oxygen species are the main focus of this work.
The subsequent subsections summarize the current state of knowledge about these two important
functions and pinpoints the areas where the current work has made its most significant
contributions.

2. The basics of the cellular and mitochondrial calcium homeostasis regulation

2.1 Cellular calcium homeostasis regulation

Calcium homeostasis is essential for numerous cellular processes and is actively regulated
by mitochondria'. Numerous cellular processes are governed by changes in calcium
concentrations, making calcium one of the most important cellular second messengers 2. At rest,
calcium concentrations within the cell are kept low - around 100 nM. This low resting cytosolic
concentration of calcium is maintained exclusively by plasma membrane Ca2+ transporters,
ATPases, and the Na+ /Ca2+exchanger >. Following a stimulus, intracellular Ca2+ levels rise up
to 1 uM, subsequently activating a targeted cellular reaction *. The rise in Ca2+ is achieved by
either calcium entry from the extracellular space or the release from intracellular stores. The influx
of calcium from the extracellular space is regulated by four types of plasma membrane channels:
the voltage-operated calcium channels (VOCCs), the receptor-operated calcium channels
(ROCCs), the store-operated calcium channels (SOCCs), and the second messenger-operated
calcium channels (SMOCs) °. Within cells, the major calcium store is the endoplasmic reticulum
(ER) or its equivalent in muscle cells - the sarcoplasmic reticulum (SR) ¢. Calcium release from
the ER/SR is carried by the inositol 1,4,5-trisphosphate receptor (IP3R) or the ryanodine receptor
(RyR). Both receptors are structurally related and are members of the same gene family ’.

The rise in Ca2+ needed to evoke a cellular response is mainly through release from
intracellular stores, i.ec. the ER. When a cellular stimulus is initiated, an extracellular soluble
agonist binds a G-coupled protein receptor, thereby activating the enzyme phospholipase C (PLC).
PLC then cleaves phosphatidylinositol 4,5 bisphosphate (PIP2) molecules resulting in the
formation of diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3). Both DAG and IP3 are
important second messengers. While DAG remains in the membrane to activate the protein kinase
C signaling cascade, IP3 induces the opening and subsequent release of Ca2+ from the ER,



resulting in a rise in cytosolic Ca2+ and activation of various Ca2+-dependent intracellular events.
The cellular outcome depends on the time and location of the generated Ca2+ signal . After the
signaling function is fulfilled, calcium must be quickly removed from the cytosol. This removal is
achieved by calcium reuptake via the sarco-endoplasmic reticulum Ca2+-ATPase (SERCA),
refilling the ER/SR Ca2+ stores. Calcium can also be extruded to the extracellular space by either
the plasma membrane Ca2+ ATPases (PMCA pumps) or via the Na+/Ca2+ (NCX) and Na+/Ca2-+-
K+ exchangers (NCKX) °.

Mitochondria play an equally important role in buffering cytosolic calcium. Mitochondria
have a large calcium buffering capacity; they can manage up to 500 nM of cytosolic calcium
concentrations, and by doing so, can handle transient changes in calcium levels and buffer cellular
calcium overload °~!!. Interestingly, mitochondrial calcium uptake does not just serve as a buffer
for the cytosolic calcium, it also regulates numerous processes within the cell including muscle
contraction, vesicular secretion, cell motility and migration, neuronal and cardiac electrical
excitability, aerobic metabolism and cell survival 2714,

2.2 Mitochondrial calcium homeostasis regulation
2.2.1 The physiological and pathophysiological role of mitochondrial calcium

uptake

Mitochondrial calcium is tightly coupled to the energetic needs of the cell: a rise in
mitochondrial calcium concentration indicates an increased cellular demand for energy, in the form
of ATP '3, In the mitochondrial matrix, calcium activates three key TCA cycle enzymes: pyruvate
dehydrogenase, isocitrate dehydrogenase, and a-ketoglutarate dehydrogenase '® as well as the F |F
o -ATP synthase 7. The net effect of such activation is enhanced electron transport, an increase in
H+ pumping, and, subsequently, an increase in ATP synthesis 2.

When mitochondria accumulate excessive amounts of Ca2+, the mitochondrial function
can become impaired, leading to an altered ATP production and an increased synthesis of reactive
oxygen species (ROS). Moreover, when mitochondria are overloaded with calcium, a large
channel in the mitochondrial inner membrane, also known as the mitochondrial permeability
transition pore (mPTP) opens up '°. mPTP opening increases the mitochondrial permeability to
molecules smaller than 1500 Da. This results in mitochondrial osmotic shock, changes in the
mitochondrial potential, and release of apoptotic factors into the cytoplasm 2°.

2.2.2 Mechanisms of mitochondrial Ca2+ uptake

A. Transport across the mitochondrial membranes

To reach the mitochondrial matrix, calcium must cross two phospholipid membranes- the
outer mitochondrial membrane (OMM) and the inner mitochondrial membrane (IMM). The OMM
separates the cytosol from the intermembrane space and is relatively permeable to ions and small
proteins (MW < 10 kDa) through the voltage-dependent anion channels (VDAC) also known as
mitochondrial porin 2123 There are three different VDAC isoforms (VDACI, VDAC2, and
VDAC3). VDACI is considered to control Ca2+ permeability and act as the mitochondrial
gatekeeper *27. The inner mitochondrial membrane (IMM) separates the intermembrane space
(IMS) from the mitochondrial matrix and is ion impermeable. Thus, calcium ions can only get
across the IMM via a highly selective transport protein. The transporter, which is responsible for
the majority of mitochondrial calcium uptake, is known as the mitochondrial calcium uniporter
(MCU ) 28,29'



B. Calcium uptake by the MCU

The mitochondrial respiratory chain establishes a proton (H+) gradient across the inner
membrane. The H+ gradient generates a concentration gradient and an electrical gradient (AW)
across the inner mitochondrial membrane of -180 mV (negative inside). These gradients provide
a strong driving force for calcium uptake via the MCU and accumulation in the mitochondrial
matrix 2°. Interestingly, the chemiosmotic gradient in the energized mitochondria is not sufficient
for calcium uptake. This is mainly because one of the main characteristics of the MCU is its low
affinity for Ca2+ (Kd of 20-30 um under physiological conditions). This high Kd suggests that
the cytosolic Ca2+ concentration must be at least 5 um to reach a sizable mitochondrial Ca2+
influx. However, the intracellular levels of calcium in a healthy cell never reach such values. This
discrepancy can be explained by the formation of high Ca2+ microdomains at the ER/SR-
mitochondrial junctions *33. These junctions are known as the mitochondria-associated ER
membranes (MAMs). There, the calcium concentration can be >10uM, guaranteeing a quick
uptake of Ca2+ by the MCU inside the mitochondrial matrix *!*, Many close contacts exist
between the ER and the mitochondria. Also, similar microdomains exist between the mitochondria
and the plasma membrane. The latter allows mitochondria to regulate better cytosolic calcium and
various cellular functions °.

2.2.3 The MCU components and regulation

The MCU is a highly selective calcium channel located in the inner mitochondrial
membrane. The uniporter forms a 480 kDa multimeric complex consisting of MCU, MICU1/2,
EMRE, MCUb, and MCUR. MCU, the essential pore-forming subunit *>3¥ has two auxiliary
subunits, MICU1, and MICU?2, that work together to regulate the MCU by sensing calcium
concentration through their EF-hand domains ****. EMRE is an essential MCU regulator that
connects MICU1/2 to MCU #*. MCUD is a negative regulator of the MCU “¢, and lastly, MCUR is
an essential positive regulator of the MCU *7*¥ (Figure 1).

In addition to these regulatory subunits of the MCU, further layers of regulation also exist
to control the uniporter's activity. These include transcriptional and post-transcriptional regulation
of MCU such as the cAMP response element-binding protein (CREB), which is a Ca2+-regulated
transcription factor, and microRNAs, such as miR-25, which down-regulate MCU levels **-°.
Post-translational modifications include Ca2+/calmodulin-dependent protein kinase II (CamKII)
and the proline-rich tyrosine kinase 2 (Pyk2). CamKII is a positive regulator of MCU activity °'.
Pyk2 phosphorylates MCU residues and, by doing so, spurring MCU oligomerization and activity
52, MCU is also regulated by the transport of nucleotides and anions to the mitochondrial matrix
5356 Such transport increases A¥m, and thus generates a more potent driving force for calcium
uptake by MCU. Lastly, there is oxidative regulation of MCU. MCU has three conserved cysteines
that can be oxidized. Of the three, Cys-97 had been previously identified as the primary target of
oxidation by mitochondrial ROS. Cys-97 oxidation increases calcium uptake by the MCU >’. When
an aberrant increase in mitochondrial ROS occurs, such as during inflammation or ischemic heart
injury reperfusion, mitochondrial ROS modifies MCU activity, which leads to mitochondrial Ca2+
overload and cell death 5.
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Figure 1. The mitochondrial calcium uniporter (MCU) complex. MCU is the Ca2+-selective ion
channel that resides in the inner mitochondrial membrane (IMM) and is part of a macromolecular
complex that includes the channel-forming subunit MCU and its regulators MICU1, MICU?2,
MCUDb, EMRE, and MCURI1. Image created with BioRender.

2.2.4 Bioactive lipids

In the past few years, bioactive lipids emerged as a notable regulator of a diverse array of
ion channels and transporters. Lipids are amphipathic molecules that are indispensable for the
cellular and organellar membrane structure and function *°. The most abundant membrane lipids
are the phospholipids. Phospholipids can be modified by different enzymes, such as
phospholipases or kinases, to produce bioactive lipid mediators . The phospholipid,
phosphatidylinositol 4,5-bisphosphate (PIP2), is the best-studied bioactive lipid. PIP2 is an anionic
lipid found in the cytoplasmic leaflet of the plasma membrane, where it comprises less than 1% of
all phospholipids 662, Although PIP2 is principally found in the plasma membrane, its presence
was also confirmed in organellar membranes, including the mitochondria 634,

It is well established that bioactive lipids regulate numerous mitochondria functions,
including the electron transport chain (ETC) and ATP synthesis, mitochondrial protein import, as
well as the integrity of the organellar membrane %%, However, whether mitochondrial calcium
uptake by the MCU can also be regulated by bioactive lipids has not been known. Since PIP2 is
present in mitochondrial membranes and is known to govern the activity of various ion channels
and transporters %73, we hypothesized that it can also regulate the activity of MCU. One of the
main objectives of the present work was to explore this hypothesis.



3. The physiological and pathophysiological roles of ROS in sperm

3.1 Basics of ROS

As previously stated, mitochondrial Ca2+ uptake controls numerous mitochondrial and
cellular processes '47®. One critical process regulated by the mitochondrial calcium is generation
of reactive oxygen species (ROS), such as superoxide anion (O2°—), hydrogen peroxide (H20>),
and hydroxyl radicals (HOe¢). Mitochondria are considered the primary location for ROS
production, with at least eleven different sites associated with ROS generation 7’. Calcium and
ROS are intimately linked: calcium is imperative for ROS generation, and ROS, in turn, regulates
cellular calcium signaling ’®. Although this relationship is essential for normal cellular physiology,
it also seems to play a critical role in many pathophysiological conditions 7*°. The reason is that,
in some sense, ROS acts as a double-edged sword. On the one hand, low levels of ROS function
as a signaling molecule to regulate physiological processes ¥!¥? while on the other hand,
overproduction of ROS can lead to increased levels of free radicals that cause oxidative stress.
Unwarranted levels of free radicals can cause lipid peroxidation, damage the structure and the
activity of proteins and DNA, and eventually lead to cellular death 3.

3.2 ROS and sperm fertility

A significant portion of this work focuses on the effects of ROS on sperm fertility and the
exogenous regulation of mitochondrial ROS production by environmental toxins. ROS generation
is a common feature of all living cells, including sperm cells. Spermatozoa are transcriptionally
and translationally silent cells. Ejaculated spermatozoa must undergo a series of maturation steps
in the female reproductive tract to be able to penetrate the protective vestments of the egg and
fertilize. These maturation steps are accomplished by modifications of existing proteins rather than
changes in gene expression 34. ROS is one of the players required for such protein adjustments and
the maturation process of sperm.

Small amounts of ROS are essential for sperm fertility. ROS raises the levels of cAMP,
which then activates protein kinase A (PKA) %. An increase in the activity of PKA leads to an
increase in the level of tyrosine phosphorylation, which is the primary driving force for sperm
maturation, known as capacitation %°. Increased protein phosphorylation also leads to sperm
hyperactivation, a dramatic change in the motility pattern, which is required for sperm to be able
to swim through the female reproductive tract and drill through the zona pellucida to fertilize the
egg ¥’. In addition, protein phosphorylation in the head region of the sperm enables spermatozoa
to undergo the acrosome reaction, which allows sperm to fuse with the egg. 3°2. High levels of
ROS, on the other hand, are harmful to sperm fertility. Elevated ROS levels cause oxidative
damage, which leads to chromatin instability and DNA fragmentation, lipid peroxidation that
results in the loss of sperm membrane fluidity, and subsequently cell death *>~°°. In fact, elevated
levels of ROS are considered as one of the causes of male infertility as aberrant levels of ROS
have been reported in 40% of infertile men **%

3.3 Sources of sperm ROS

Sperm cells heavily rely on mitochondria for ATP production due to the continuous
requirement for energy to power their motility *°. Spermatozoa harbor large numbers of
mitochondria in the midpiece region of the sperm flagellum. The primary source of ROS in
spermatozoa is the electron leakage from mitochondria, induced by various factors that disrupt the



electron transport chain'®. Another endogenous source of ROS in sperm is the membrane-derived

NADPH oxidase (NOX) '°!. In addition, sperm encounters additional sources of ROS in semen
and inside the reproductive tract of females. Semen is responsible for the transport of sperm inside
the reproductive tract of the female. Mammalian semen contains not only mature sperm cells but
also leukocytes, a few Sertoli cells, and various developmental stages of sperm '°2. Leukocytes
and immature spermatozoa with an abnormal morphology produce large amounts of ROS 103104105,
Mitochondria are the primary source of ROS within these cells. When seminal ROS exceeds
normal production, spermatozoa experiences increased oxidative stress and subsequent cellular
damage. The female reproductive tract also contains significant amounts of mitochondrial ROS.
Although ROS is important for normal fertilization, the overproduction of ROS plays a role in the
pathogenesis of infertility '%¢107,

Due to the vital importance of maintaining ROS levels at bay for normal sperm functioning,
it can be expected that environmental pollutants affecting mitochondrial physiology and ROS
levels would cause severe adverse effects to sperm fertility. Over the past 40 years, male infertility
rates have risen dramatically, with 1 in 20 men facing difficulties to father a child '°. Male
infertility is a complex, multifactorial condition in which genetic predisposition and environmental
factors account for its development. Over the last decade, a class of chemical pollutants named
endocrine-disrupting chemicals (EDCs) has been associated with increased rates of infertility
109,110 These chemicals can alter signal transduction of sex steroid and thyroid hormones, trigger
epigenetic changes '''!!2_alter cellular metabolism by targeting mitochondrial function as well as
target numerous other mechanisms that affect the endocrine and reproductive systems. '3!3,
Endocrine disruptors are a highly diversified group of chemicals that includes several industrial
solvents/lubricants and their byproducts, including but not limited to plasticizers such as bisphenol
A (BPA), phthalates and pesticides ''°.

The second objective of the present work was to assess the impact of four ubiquitous
environmental EDCs: bisphenol A (BPA), di-2-ethylhexyl phthalate (DEHP), diethyl phthalate
(DEP), and dimethyl phthalate (DMP) on ROS generation in sperm and the effects on sperm
fertilizing ability.
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5. Abstract

Phosphatidylinositol-4,5-bisphosphate (PIP2) is a major lipid signaling molecule known to
regulate various ion transporters and ion channels in the plasma membrane. However, no
comprehensive studies have been performed to test the presence and physiological significance
of PIP2 in mitochondrial physiology, particularly whether it can affect the function of
mitochondrial ion channels. The principal calcium channel of the inner mitochondrial membrane
(IMM) is the mitochondrial calcium uniporter (MCU), an essential component of mitochondrial
calcium uptake with few known endogenous regulators. Here, by combining mass spectrometry
analysis and mitochondrial electrophysiology, we show that PIP2 is abundant in mitochondrial
membranes and it potentiates MCU calcium current. Specifically, application of 20 uM of PIP2
water-soluble analog, phosphatidylinositol-4, 5- dioctanoyl bisphosphate, to the matrix face of
the inner mitochondrial membrane was found to cause an increase in the amplitude of the MCU
calcium currents recorded from murine kidney, liver, and COS7 mitochondria. Moreover, we
found that an application of the PIP2 binding protein that scavenges PIP2 from the IMM inhibits
the MCU current by 30%. Also, PIP2 analog did not induce any calcium currents in MCU-
deficient mitochondria, confirming the specificity of PIP2 effect. Thus, PIP2 is emerging as an
important component of mitochondrial membranes, which serves as an endogenous regulator of
mitochondrial calcium homeostasis.

5.1 Introduction

Mitochondrial Ca2+ uptake is an essential regulator of cellular physiology. It controls the
rate of respiration and ATP production, shapes cytosolic Ca2+ signaling, regulates cellular
proliferation as well as gene expression and protein folding, and initiates apoptosis upon
mitochondrial Ca2+ overload ' . Cytosolic Ca2+ influx into the mitochondrial matrix is carried
primarily by the mitochondrial Ca2+ uniporter (MCU) #¢. MCU is a Ca2+- selective ion channel
that resides in the inner mitochondrial membrane (IMM) 7 and is part of a macromolecular
complex known as the MCU complex. The latter includes the channel-forming subunit MCU and
its auxiliary regulatory subunits MICU1, MICU2, MCUb, EMRE, and MCUR1% 3. Besides the
aforementioned auxiliary subunits, MCU activity is also controlled by a transcriptional and post-
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transcriptional modification that affects protein expression. Also, nucleotides and anions regulate
MCU by generating a stronger driving force for calcium uptake. In addition, there are two
endogenous, post-translational regulators of mitochondrial calcium uptake; mitochondrial
reactive oxygen species (ROS) and Calmodulin kinase II '*!5 | These regulators oxidize and
phosphorylate residues on MCU, respectively. Here we show that the bioactive phospholipid-
phosphatidylinositol 4,5-bisphosphate (PIP2) is yet another endogenous regulator of MCU.

PIP2 is an anionic lipid found in the inner leaflet of the plasma membrane '¢ . Although
the majority of cellular PIP2 is situated in the plasma membrane, pools of PIP2 are also found in
organellar membranes, and previous studies have shown PIP2 as a component of the
mitochondrial outer membrane 7. PIP2 is a direct regulator of various plasma membrane ion
channels and transporters, such as voltage-gated K+ and Ca2+ channels, specific TRP channels,
Na+-Ca2+ exchanger, Ca2+ ATPase and more '#22. PIP2 is a versatile regulator; for some ion
channels, it serves as a positive regulator, whereas for others, it inhibits the ion channel's activity.
Phosphoinositides appear to play a similar regulatory role in organellar membranes. One
example is the lysosomal TRPML1 channel, which is negatively regulated by PI(4,5)P2 *.
Whether mitochondrial PIP2 can also control mitochondrial ion channels, particularly the MCU,
was unknown.

Here, by applying the patch-clamp technique to mitochondrial inner membranes vesicles,
known as mitoplasts, isolated from murine kidney, liver, heart, and COS7 cells, we showed that
PIP2 potentiates calcium influx through the MCU. Moreover, our mass spectrometry analysis
detected large concentrations of PIP2 present in the mitochondrial membranes. These results
revealed that PIP2 is an important component of the mitochondrial membranes and serves as an
endogenous activator of calcium uptake by MCU.

5.2 Results

Mitochondrial PIP2 concentrations are comparable to the levels of PIP2 in the plasma
membrane. To reveal the presence of PIP2 in the mitochondrial membranes, we isolated lipids
from purified murine kidney and liver mitochondria, followed by PIP2 detection by electrospray
ionization mass spectrometry. These experiments resulted in the detection of thirteen different
molecular species of PIP2 and nine different molecular species of Cardiolipin (CL) in nanogram
quantities as calculated using standard curves (Figure 1A-B, supplemental figures 1 and 2). The
detection of CL is an essential step in this procedure, as it serves as a hallmark of mitochondrial
lipid content *2® and is used for normalization purposes. It was previously reported that 1 pg of
heart mitochondria contains ~ 72 ng of CL ? . Therefore, we used this number as a proxy for the
mitochondrial content in our samples.

To account for any loss of lipids during multiple steps of sample preparation, we spiked
the samples with internal standards of PIP2 and CL before lipid extraction. The average amount
of CL per kidney sample detected by mass spectrometry was 1,337,496 ng, while the average
amount of CL per liver sample was 138,146 ng. Therefore, based on the aforementioned ratio of
1 ug mitochondria: 72 ng of CL, the kidney sample contained ~ 18,576 ng of mitochondria,
while the liver samples contained 1,919 pg of mitochondria. Since CL makes up 14-20 % of all
phospholipids in the mitochondrial membrane *°, it means that 1 pg of mitochondria holds ~ 360
ng of phospholipids. Therefore, on average, mitochondria isolated from the kidney contained
6,687,480 ng of phospholipids. The liver mitochondria had, on average, 690,728 ng of
phospholipids. Since the amount of phospholipids per pg of mitochondria is known, and we have
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calculated the amount of mitochondria, PIP2, and CL per sample, we could determine the ratio
between PIP2 and mitochondrial phospholipids. As the detected amount of PIP2 in the kidney
was 74,970 ng, PIP2 comprises 1.12% of all mitochondrial phospholipids and therefore is
present in a 1:100 ratio. In the liver, the detected amount of PIP2 was 6,619 ng, which constitutes
0.96 % of all mitochondrial phospholipids, resulting in a similar 1:100 ratio. Overall, these
results indicate that not only is PIP2 present in liver and kidney mitochondria, but its
concentration in these organelles is comparable to the levels of PIP2 found in the plasma
membrane °.

PIP2 regulates MCU Ca2+ uptake. PIP2 is known to regulate a wide variety of ion channels
and transporters. Also, previous studies implicated the involvement of PIP2 in the regulation of
mitochondrial calcium uptake !”*!. Since mitochondrial calcium dynamics is mainly governed by
the mitochondrial calcium uniporter (MCU), we have tested whether PIP2 can influence MCU
function. Since the endogenous PIP2 molecules are composed of long- stearoyl/archidonyl side
chains, it makes the molecule extremely hydrophobic and, therefore, unsuitable for dissolution in
aqueous solutions required for electrophysiological experiments. Therefore, to explore the effect
of PIP2 on MCU, we have used a soluble analog dioctanoyl glycerol- PIP2 (diC8- PIP2), which
is commonly used for such purposes *? and could be easily applied and washed out . To record
calcium currents carried by the MCU, we utilized a state-of-the-art mitochondrial patch-clamp
technique **. It allows a direct recording of MCU activity from isolated mitochondrial inner
membranes (IMM), also known as mitoplasts. Application of 20 uM diC8- PIP2 to the matrix
face of the mitoplasts significantly increased the amplitude of the MCU current. Calcium current
potentiation was observed in the mitochondria obtained from the COS7 cells and mitochondria
isolated from murine kidneys and livers (Figure 2A-D, G-H). However, the diC8- PIP2 did not
affect MCU activity in heart mitochondria (Figure 2E-F). MCU currents were elicited using
voltage ramp protocol from —160 mV to +80mV with the holding potential of 0 mV. MCU
currents were measured at -160mV, and MCU current densities were calculated by normalizing
the former currents on the corresponding capacitance of the mitoplast, as shown in supplemental
table 1. These results confirmed that the PIP2 analog could effectively potentiate MCU currents
recorded from the liver, kidney, and COS7 mitoplasts.

PIP2 binding protein inhibits calcium uptake by the MCU. To further evaluate the effect of
PIP2 on MCU activity, we applied PIP2 binding protein (PBP10) to the bath solution, which
mimics the intermembrane surface of the mitoplasts. PBP10 is a small hydrophobic peptide
derived from the gelsolin PIP2-binding site, which can easily cross membranes and sequester
endogenous PIP2 34, Application of 20 uM PBP10 inhibited the calcium uptake by the MCU in
COS7 mitoplasts as well as by murine liver and kidney mitoplasts (Figure 3A-F). After a
washout period, the MCU current was fully restored. MCU's current densities were measured as
described above at =160 mV and are shown in supplemental table 2. This data confirms that
PIP2 sequestering from the mitoplast membrane can diminish MCU currents; therefore, PIP2 is
present in the inner mitochondrial membrane and is required for the full extent of MCU activity.

PIP2 effect is specific to MCU. In order to exclude any non-MCU contribution to the observed
calcium uptake upon addition of PIP2 in the recording pipette, MCU calcium currents were
recorded from both wild type and MCU knock-out (KO) murine mitochondria (Figure 4A-B).
MCU's current densities elicited with diC8- PIP2 added to the matrix side of the mitoplasts were
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compared. Genetic deletion of MCU results in a complete loss of Ca2+ uptake carried out by the
uniporter. Thus, diC8- PIP2 should not affect the calcium uptake unless another mechanism is
involved. As expected, the application of 20 uM diC8- PIP2 did not trigger any calcium uptake
in MCU-KO mitoplasts isolated from kidney mitochondria. Therefore, we have concluded that
mitochondrial PIP2 regulates calcium uptake, specifically via the MCU mechanism.

5.3 Discussion

The physiological importance of the plasma membrane pool of PIP2 is well documented.
There it participates in a plethora of physiological functions such as cytoskeleton dynamics,
endocytosis, and the regulation of ion channels and transporters 3°°. Over the last decade, it
became increasingly clear that PIP2 is also found in the membranes of intracellular organelles,
such as mitochondria. Specifically, PIP2 presence and physiological importance in mitochondrial
function is supported by (a) mitochondrial localization of phospholipase C (PLC-31), an enzyme
specifically hydrolyzes PIP2 3!; (b) detection of phosphoinositides-modifying enzymes such as
kinases and phosphatases in the mitochondrial matrix *’; (c) detection of PIP2 in the
mitochondrial membranes using immunogold labeling !7; (d) PIP2 presence in mitochondria as
confirmed by the electron microscopy studies using a specific PIP2 probe PLCS-PH 1738 ; (e)
finally, PIP2 elimination by either phosphatases or its masking with PIP2 binding (PH) domains
leads to mitochondrial degradation °. It has been proposed that mitochondrial PIP2 is required
for mitochondrial integrity * and plays a regulatory role in maintaining calcium homeostasis 3!.
However, the molecular nature of the PIP2- dependent calcium regulation has not been
determined.

Mitochondrial calcium uptake is essential for the cellular and mitochondrial function. The
cellular energetic demands are tightly coupled to mitochondrial Ca2+ levels °. Ca2+ in the
mitochondrial matrix is a 'multisite’ activator; it directly influences oxidative phosphorylation by
activating key enzymes of the Krebs Cycle, the electron transport chain #**?, and the F1—Fo
ATP synthase ****. Also, mitochondrial Ca2+ uptake functions as a cytosolic Ca2+ buffer by
removing calcium excess from the cytoplasm and, hence, shaping the spatiotemporal calcium
signals within the cell*®. Excessive mitochondrial Ca2+ uptake can lead to destructive processes
within the cell and initiate programmed cellular death *°.

Mitochondrial calcium uptake is primarily controlled by the mitochondrial calcium
uniporter (MCU). To date, few endogenous MCU regulators have been identified, including
Ca2+, mitochondrial reactive oxygen species (ROS), Calmodulin kinase II and nucleotides '!°.
Since mitochondrial calcium uptake is regulated by the MCU and has been shown to depend on
PIP2, we explored whether PIP2 can influence MCU activity.

Using a targeted lipid mass spectrometry analysis, we were able to detect thirteen PIP2
species in the mitochondrial membranes isolated from murine kidney and liver tissues
(Supplemental figure 2). This finding supports the previous reports on the physiological presence
of PIP2 in the mitochondria !”3!. Additionally, the direct measurements of MCU currents using
the mitochondria patch-clamp method showed that PIP2 analog potentiates calcium currents
specifically via the MCU mechanism. The potentiation was observed in mitochondria obtained
from COS7 cells, as well as from mitochondria isolated from murine kidney and liver. However,
the PIP2 analog had no effect on MCU activity in murine heart mitochondria. This is most likely
due to tissue-specific expression of the Ca2+-sensing regulator MICU1. MICU1 plays a dual role
in MCU regulation: at low calcium concentrations, MICU1 acts as the gatekeeper, whereas at
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high calcium, it increases calcium uptake *’. It had been previously reported that heart
mitochondria have a low expression of MICU1 compared to liver and kidney mitochondria
The low expression of MICUT in cardiac mitochondria may lead to a reduced capacity to uptake
calcium in the presence or absence of PIP2.

The removal of PIP2 with PIP2 binding protein 10 (PBP10), led to a decrease in calcium
current amplitude. This suggested that PIP2 interacts with the MCU channel. The recovery of
current requires unmasking of the PIP2 or a de-novo synthesis of PIP2. Interestingly, previous
studies indicate that the functional enzymes involved in PIP2 synthesis are indeed present in
mitochondria *°. We further confirmed that the observed effect is specific to MCU by utilizing
MCU knock-out mice. Genetic ablation of MCU completely prevents Ca2+ uptake by somatic
mitochondria *°. The results of this study show that PIP2 is present in the mitochondrial
membrane, where it regulates calcium uptake via enhancing the function of the mitochondrial
calcium uniporter. These data broaden our understanding of the function of phosphoinositides in
the intracellular organelles and their function as regulators of intracellular calcium signaling.

47,48

5.4 Methods

Isolation of mitochondria and mitoplasts for electrophysiology. Mitoplasts were prepared as
previously described ** from the COS7 cell line as well as the following murine tissues: kidney,
liver, and heart. Briefly, for tissue isolation, wild-type BL6 mice were sacrificed by CO2
asphyxiation followed by cervical dislocation. The selected mouse tissue was isolated, rinsed,
and homogenized in ice-cold medium containing 250 mM sucrose, 5 mM HEPES, and 1 mM
EGTA (pH adjusted to 7.2 with 1M KOH), using six slow strokes of Teflon pestle rotating at 280
rotations per minute. The homogenate was then centrifuged at 700 g for 10 min to pellet nuclei
and cellular debris. The supernatant was subsequently centrifuged at 8,500 g for 10 min to
collect mitochondria. The mitochondrial pellet was resuspended and incubated for 15 min in a
solution containing 140 mM sucrose, 440 mM D-mannitol, 5 mM HEPES, and 1 mM EGTA (pH
adjusted to 7.2 with IM KOH). At the end of the incubation, mitochondria were subjected to a
French press at 2,000 psi to rupture the outer membrane and produce mitoplasts. The mitoplasts
were then pelleted at 10,500 g for 10 min. The supernatant was discarded, and the mitoplast
pellet was resuspended in a solution containing 750 mM KCI, 100 mM HEPES, and 1 mM
EGTA (pH adjusted to 7.3 with 1M KOH). All mitochondria handling was done at 0—4 °C and
stored on ice for 3-5 hours. Immediately before mitochondrial patch-clamp, 15-50 pL of the
mitoplast suspension was added to 500 pL solution containing 150 mM KCI, 10 mM HEPES,
and 1 mM EGTA (pH adjusted to 7.0 with 1M KOH) and plated on 5 mm coverslips pretreated
with 0.1% gelatin to reduce mitoplast adhesion.

Patch-clamp recording. Mitoplasts used for patch-clamp experiments typically had membrane
capacitances of 0.3—1 pF. Giga-ohm seals were formed in the bath solution containing 150 mM
KCI, 10 mM HEPES, and 1 mM EGTA, pH 7 (adjusted with Trizma® base). A 3M KCI agar salt
bridge was used as the bath reference electrode. Voltage steps of 300—-550 mV and 5-15 ms were
applied to obtain the whole-mitoplast configuration, as monitored by the appearance of
capacitance transients. The access resistance and membrane capacitance of mitoplasts were
determined with the Membrane Test tool of pClamp 10 (Molecular Devices). Mitoplasts were
stimulated every 5s. Pipettes were filled with 110 mM Na-gluconate, 40 mM HEPES, 1.5 mM
EGTA, and 2 mM NaCl (pH adjusted to 7.0 with NaOH, tonicity adjusted to ~330 mmol/kg with
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sucrose). Typically, pipettes had resistances of 25—-50 MQ, and the access resistance was 40—100
MQ. Whole-mitoplast MCU current was recorded in the bath solution containing 150 mM
HEPES and 80 mM Sucrose,0.5 mM CaCl2 (pH adjusted to 7.0 with Trizma® base, tonicity
adjusted to ~300 mmol/kg with sucrose). Current amplitudes for histograms were measured
within 5 ms after stepping the membrane from 0 to =160 mV. All experiments were performed
under continuous perfusion of the bath solution.

Whole-mitoplast control currents were recorded in a bath solution (HEPES/Tris solution)
containing 150 mM HEPES and 1 mM EGTA (pH adjusted to 7.0 with Tris-base, tonicity
adjusted to ~300 mmol/kg with sucrose). To record whole-mitoplast MCU Ca2+ currents, a bath
solution containing 0.5 mM CaCl2 in a HEPES/Tris solution was used. To analyze the effect of
P1(4,5)P2 on MCU Ca2+ currents, PIP2 was added to the pipette solution at a final concentration
of 20 uM. DiC8-PIP2 (Echelon Biosciences) was solubilized in water as a 2.5 mM stock, frozen
at —80°C, and used the same day it was diluted from the stock. To show current inhibition caused
by PI(4,5)P2 depletion, PIP2 binding protein (PBP) was added to the bath solution at a final
concentration of 20 uM.

To ensure that the observed effect of PIP2 is indeed on MCU, mitoplasts were isolated
from mice deficient for MCU protein. Currents were recorded as above in the presence and
absence of diC8- PIP2.

Mitochondria extraction and isolation for mass spectrometry experiments. Mitochondria
were extracted from murine kidney and liver tissue. Isolation of pure mitochondria was done
with anti-TOM22 Microbeads (MACS Miltenyi Biotec), as described in *! with a few
modifications. After the tissue was dissected out, it was rinsed and homogenized in an ice-cold
medium containing 250 mM sucrose, 10 mM HEPES, and | mM EGTA (pH adjusted to 7.2 with
Trizma® base), using six slow strokes of Teflon pestle rotating at 280 revolutions per minute.
The homogenate was then centrifuged at 700 g for 10 min to pellet nuclei and cellular debris.
The supernatant was collected and pelleted at 8,500 g for 10. The pellet was then resuspended in
1 mL of lysis buffer provided in the kit + 9 mL of 1X ice-cold separation buffer. 50 pL of anti-
TOM22 Microbeads were added to the suspension to magnetically label mitochondria. The
monoclonal Anti-TOM22 antibody specifically binds to the translocase of outer mitochondrial
membrane 22 (TOM22) of mouse mitochondria. After 60 minutes of incubation at 4 °C, the
labeled mitochondria were loaded onto a MACS Column, which was placed in the magnetic field
of a MACS Separator. The magnetically labeled mitochondria were retained within the column.
The column was then washed three times to wash out the unlabeled organelles and cell
components. Then, the column was removed from the magnetic field, and the magnetically
retained mitochondria were eluted. Immediately after elution, we proceeded with lipid extraction
for mass spectrometry.

Lipid extraction. The mitochondrial pellet was resuspended in PBS and transferred to a glass
tube. Subsequently, the tube was centrifuged at 8500 g. The supernatant was discarded, and the
pellet was resuspended in 0.5 M TCA. The suspension was then transferred into 2 mL
polypropylene tubes (ultra-hydrophobic DNA Lo-Bind, Eppendorf), vortexed 30 seconds, and
incubated on ice for 10 min. The TCA-treated sample was then centrifuged at 20.000 x g for 3
min at 4 ° C. The supernatant was carefully removed without disturbing the pellet and 1 mL of
5% (w/v) TCA with 10 mM EDTA were added to the pellet, vortexed for 30 seconds and,
centrifuged at 20.000 x g for 3 min at 4 °C. The supernatant was removed, and internal lipid
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standards were added to the pellet as follows: 50 ng of cardiolipin and 20ng of PIP2.
Subsequently 670 pL of ice-cold chloroform: methanol:12.1 M HCIl, 80/40/1, v/v/v was added,
and the sample was vigorously vortexed for 2-5 min. The sample was then incubated on ice for
10 min. Next, 650 pL of ice-cold chloroform was added to the tube and vortexed for an
additional 5 min. 300 pL of 1 M HCI was added to the suspension. The suspension was vortexed
for 2 min, and centrifuged at 10,000 x g for 5 min at 4 degrees C. The lower phase was then
collected into a 2 mL fresh tube and 990 pL of the lower phase was added to the remaining upper
phase and then vortexed again for 2 min, and centrifuged at 10,000 x g for 5 min at 4°C. The
lower phase was collected and combined with the previously collected lower phase. The
combined lower phases were evaporated to dryness under nitrogen gas and stored at -80 °C.
Standard curves were made by spiking TCA precipitates with standardized Cardiolipin
Mix I (Avanti):14:1(3)-15:1 CA 15:0(3)-16:1 CA 22:1(3)-14:1 CA 24:1(3)-14:1 CA and
P1(4,5)P2 17:0-20:4. Four different concentrations were used for the standard curve generation.
Cardiolipin: 10 ng, 50 ng, 300 ng, and 700 ng and PIP2: 10 ng, 20 ng, 50 ng, and 200 ng.

Mass Spectrometry. For the measurement of phosphoinositides, the dried lipid extracts were
methylated with trimethylsilyl diazomethane and the methylated phosphoinositide lipid
derivatives measured using UPLC/ESI-MS/MS as described previously 2. For quantitative
analyses, the effluent was monitored by a Waters XEVO TQ-S MS/MS using multiple reaction
monitoring (MRM) and positive ion mode. For cardiolipin analysis, an aliquot of the methylated
extracts resuspended in methanol was injected over a Waters Acquity UPLC BEH C8 column
(1.7 pm, 2.1x 50 mm). The mobile phase consisted of a 27.3 min gradient initiated with 10 mM
formic acid in water (A)/ 10 mM formic acid in acetonitrile/methanol/isopropanol (55/30/15)
(B); A/B (33/67) delivered at a flow rate of 0.3 ml/min by a Waters Acquity [-Class UPLC.
Initial conditions were held for 2 min, then increased to 90% B at 3 min, where it was held for
the next 11 min at which time it was increased to 100% B and held for an additional 10 min prior
to equilibration to starting conditions where it was maintained for another 3 min prior to the end
of the run. The effluent was monitored by a Waters XEVO TQ-S MS/MS in multiple reactions.

Quantitation of the different molecular species of CL and PIP2. The nanomole amounts of a
single molecular species of PIP2 and CL were calculated by first determining the ratio of the
peak area of the selected molecular species to the internal standard. Then, the slope and intercept
of the standard curve were determined. By using the formula y = mx + b, where y is the ratio, b
is the intercept, m is the slope, and x is the nanomoles of the molecular species.

Genotyping. All MCU mice were genotyped using a PCR assay on-ear DNA with the forward
primer: GT F2 - 5'-GGAGTTAAGTCATGAGCTGCTAT-3’ and reverse primers: GT R2 - 5' -
CTGGCTTAGTTGGCAGAGTTC -3', V76R - 5' - CCAATAAACCCTCTTGCAGTTGC -3'.
The PCR conditions were as previously reported **. PCR products were analyzed on 1% agarose
gel run at 100 V for 60 min with Tris-acetate -EDTA running buffer with 1X GelRedTM Nucleic
Acid Gel Stain (Biotium, Fremont, CA, USA)

Statistical analyses. For statistical analyses used in the manuscript the Clampfit 10.3 (Molecular
Devices, Sunnyvale, CA, USA), OriginPro 8.6 (OriginLab Corp., Northampton, MA, USA) and
GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA) were used. Unpaired t-test
was used to determine current potentiation by PIP2, statistical significance for p < 0.05 as the
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limit. Paired t-test was used for determining current inhibition by PBP10. All results are shown
with the standard error of the mean. The significance of changes is indicated as follows: * p <
0.05, ** p<0.01, *** p<0.001
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5.5 Figures
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Figure 1. Standard curves. A. Standard curve for CL generated with standardized CL mix.
Four different internal standards (IS) concentrations were used for the generation of the standard
curve: 10 ng, 50 ng, 300 ng and 700 ng. B. Standard curve for PIP2 with synthetic PIP2 as IS.
Standardized PIP2 was added at four different concentrations 10 ng, 20 ng, 30 ng and 50 ng, and
subsequently extracted and analyzed by MS.
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Figure 2. PIP2 potentiates MCU Ca2+ uptake. Whole-mitoplast current recorded without
(blue traces) and with (red traces) 20 uM PIP2 in the pipette solution. Currents were elicited by a
voltage-ramp protocol (shown above) Whole-mitoplast MCU current was normalized to the
membrane capacitance (Cm) in all tested mitoplasts. A. The measured inward calcium current
density via the MCU in mitoplasts extracted from murine liver. B Representative calcium traces
in liver mitoplasts in the absence of PIP2 (control- blue) and in the in the presence of 20 uM
PIP2 in the pipette solution. C. The measured inward calcium current in mitoplasts extracted
from murine kidney. D. Representative calcium traces in kidney mitoplasts. Control currents in
blue, measure current in the presence of 20 uM PIP2, in red. E. The measured inward calcium
current in mitoplasts extracted from murine heart. F. Representative calcium traces in heart
mitoplasts. Control currents in blue, PIP2 currents, in red. G. The measured inward calcium
current in mitoplasts extracted from COS7 cells. H. Representative calcium traces in COS7
mitoplasts. Control currents in blue, PIP2 currents, in red. Data are means +/— S.E.M. Asterisk
indicates a statistical difference between control currents and calcium currents in the presence of
PIP2. * (P<0.05), *** (P<0.01)
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Figure 3. PIP2 binding protein inhibits calcium uptake by the MCU. Whole-mitoplast
current recorded without (blue traces) and with (red traces) 20 pM PBP in the bath solution.
Baseline current recorded in calcium free bath solution (HT), in black. Currents were elicited by
a voltage-ramp protocol (shown above) Whole-mitoplast MCU current was normalized to the
membrane capacitance (Cm) in all tested mitoplasts. A. The measured inward calcium current
density via the MCU in mitoplasts extracted from murine kidney in the absence and presence of
PBP. B Representative calcium traces in kidney mitoplasts in the absence of PBP (control- blue)
and in the in the presence of 20 uM PIP2 in the bath solution. C. The measured inward calcium
current in mitoplasts extracted from murine liver. D. Representative calcium traces in liver
mitoplasts. E. The measured inward calcium current in mitoplasts extracted from COS7 cells. F.
Representative calcium traces in COS7 mitoplasts. Data are means +/— S.E.M. Asterisk indicates
a statistical difference between control currents and calcium currents in the presence of PIP2.

* (P<0.05). Picture in inset, glass pipette attached to a mitoplast in a bath solution containing 20
uM PBP
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Figure 4. PIP2 effect is specific to MCU. A. Representative traces of whole-mitoplast currents
recorded from wild type and MCU KO mitoplasts in the presence of 20 uM PIP2 in the pipette
solution. Baseline current recorded in calcium free bath solution (HT) in black. No calcium
uptake in MCU-KO mitoplasts was detected. B. The measured inward calcium current density, in
the presence of 20 uM PIP2 in the pipette solution, as measured from mitoplasts extracted from
wild-type and MCU-KO murine kidney. Picture in inset, glass pipette filled with 20 uM PIP2
inside solution, attached to a mitoplast in a bath solution containing 500 uM calcium.
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Control (pAlpF) 32.05+£3.87, n=8 27.42£5.33, n=6 24.7£2.48, n=8 137.5£12.6, n=4
20 pM PIP2 (pAlpF) 47.8915.9, n=9 48.8+7.14, n=7 24241368, n=5 25842 6,
n=4

Supplementary table 1. PIP2 analog potentiates MCU currents. MCU currents in the
presence and absence of 20 uM PIP2 analog in the pipette solution as measured at -160 mV.
MCU current densities were calculated by normalizing the measured currents to the
corresponding capacitance of the mitoplast

Control (pA/pF) 18.624.09 , n=3 58.3110.2, n=5 124.7£17.24, n=4

20 yM PBP10 (pAlpF)  8.56 £2.29, n=3 391467, n=7 71.98£14.43, n=

Supplementary table 2. PBP10 analog inhibits MCU currents. MCU currents in the presence
and absence of 20 uM PBP10 in the bath solution as measured at -160 mV. MCU current
densities were calculated by normalizing the measured currents to the corresponding capacitance
of the mitoplast
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Supplemental Figure 3 PIP2 38:4

i

Relative intensity

|

|
II
|
1 ~,
1] A ! ,

3.20 340 360 380 400 4.20 440 450 480 500 520 540 560 580 600 620 640 6.60 680 TOO 720 740 7T.60 7.0

£,
e

Elation
Time

Detection of PIP2 species in mitochondrial membranes. Electrospray ionization mass
spectrometry in multiple reaction monitoring mode detected thirteen different species of PIP2.

Representative chromatogram of one of the most abundant species of PIP2, 38:4, in the
mitochondrial membranes.
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6. Abstract

A growing number of studies point to reduced fertility upon chronic exposure to endocrine-disrupting
chemicals (EDCs) such as phthalates and plasticizers. These toxins are ubiquitous and are often found in
food and beverage containers, medical devices, as well as in common household and personal care items.
Animal studies with EDCs, such as phthalates and bisphenol A have shown a dose-dependent decrease in
fertility and embryo toxicity upon chronic exposure. However, limited research has been conducted on the
acute effects of these EDCs on male fertility. Here we used a murine model to test the acute effects of
four ubiquitous environmental toxins: bisphenol A (BPA), di-2-ethylhexyl phthalate (DEHP), diethyl
phthalate (DEP), and dimethyl phthalate (DMP) on sperm fertilizing ability and pre-implantation embryo
development. The most potent of these toxins, di-2-ethylhexyl phthalate (DEHP), was further evaluated
for its effect on sperm ion channel activity, capacitation status, acrosome reaction and generation of
reactive oxygen species (ROS). DEHP demonstrated a profound hazardous effect on sperm fertility by
producing an altered capacitation profile, impairing the acrosome reaction, and interestingly, also
increasing ROS production. These results indicate that in addition to its known chronic impact on
reproductive potential, DEHP also imposes acute and profound damage to spermatozoa, and thus,
represents a significant risk to male fertility.

6.1 Introduction

Phthalates and plasticizers are synthetic chemicals that are utilized to make plastic more
flexible. They are known to act as endocrine-disrupting chemicals (EDC) "2, which are
ubiquitous in food and beverage containers, as well as coatings of pills, medical tubing ** and
plastic packaging °. Phthalates and plasticizers are bound to plastic polymers by non-covalent
bonds, and thus, easily leak into the environment 6. The main routes of exposure to these
substances are ingestion, inhalation, dermal absorption, or intravenous medication administration
47_Consequently, the vast majority of the population is exposed to these toxins on a daily basis.
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Low micromolar concentrations of certain EDCs in human urine, sweat and plasma have been
associated with an increased rate of miscarriages and compromised male and female fertility
17

In the present study, we evaluated the reproductive outcomes of acute exposure to four
omnipresent EDCs - Bisphenol A (BPA), dimethyl phthalate (DMP), diethyl phthalate (DEP)
and Di-ethyl hexyl phthalate (DEHP). BPA, a plasticizer manufactured in large volumes for the
production of polycarbonate plastics and epoxy resins, is used to line food and beverage storage
containers, coat water supply pipes and is also a component of dental fillings. The
aforementioned exposure routes lead to detectable levels of BPA in human serum '®, urine '°2°,
adipose tissue %! and breast milk >2. Numerous studies have shown that chronic exposure to BPA
alters fertility in both males and females 23,

Phthalates are similarly produced in large volumes and are used as plasticizing agents.
Phthalates can be grouped into two broad categories: low-molecular-weight and high-molecular-
weight phthalates. The low-molecular-weight phthalates, such as DEP and DMP, are commonly
found in cosmetics and personal care products, respectively. Specifically, DEP is utilized as a
solvent and a fixative in fragrances. Studies have shown that chronic exposure to DEP may lead
to multigenerational effects on reproductive health in both male and female rats 2°. The second
most common low-molecular-weight phthalate is DMP. DMP is used primarily as an insect
repellent, resulting in extensive exposure due to generous application to exposed skin and
clothing. A recent study in mice found that chronic exposure to DMP triggers changes in the
levels of serum hormone that lead to increased rates of ovarian granulosa cell death 2°.

The high-molecular-weight phthalates, such as Di-ethyl hexyl phthalate (DEHP), are used
in construction materials and numerous polyvinyl chloride (PVC) products. DEHP is one of the
most commonly used phthalates 2’ and is of primary interest regarding its disrupting impact on
fertility. In fact, 98% of the US population test positive for DEHP and its metabolites 2%,
Despite numerous reports on its toxicity, DEHP is still widely used in consumer products and in
a number of medical devices, such as blood bags, infusion tubes, nasogastric tubes, peritoneal
dialysis bags, and urological catheters. Patients who undergo frequent hemodialysis,
catheterization or massive blood transfusions are at particular risk for DEHP toxicity and are
exposed to doses as high as 168 mg/day . Several human studies have demonstrated the
profound effects of prolonged exposure to DEHP on both male and female fertility *3!-*2

The majority of studies on EDC’s impact on reproductive health, including those
mentioned above, evaluated the toxic effects of chronic exposure to phthalates and plasticizers.
However, little is known about the reproductive outcomes of short exposure to such EDCs.

In the present study, we assessed the effects of acute exposure to BPA, DMP, DEP and
DEHP. Out of the four EDCs tested, DEHP demonstrated the strongest effect on male fertility by
significantly altering the maturation process sperm undergoes, also known as capacitation, as
well as inhibiting acrosome reaction, and triggering excessive reactive oxygen species (ROS)
production. Altogether these changes led to sperm inability to fertilize eggs. These results
suggest that DEHP can directly affect sperm fertility and is therefore detrimental to male
reproductive health.
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6.2 Results

Murine embryo development is impacted by DMP, BPA, DEP, and DEHP.

Exposure to phthalates could either damage sperm directly or impair pre-implantation
embryo development after fertilization occurs. To test the susceptibility of pre-implanted
embryos to DEHP, DMP, DEP, and BPA, naturally derived zygotes were harvested and
subjected to 0, 1, 2, and 10 uM of each EDC as outlined in the methods section. The ability of
the pre-implantation embryo to progress towards the blastocyst stage was recorded on day 5
post-fertilization (Figure 1 and Supplemental Figure 1), and the respective survival rate was
calculated as described in methods. While all four tested compounds did not affect pre-
implantation development at the lower concentrations (up to 2 uM), we found that at 10 uM, all
four chemicals effectively prevented blastocyst formation (p<0.05; Figure 1 A-H and
Supplemental Tables 1A-1D). All controls have been performed with either vehicle control
(0.1% ethanol) or EDC-free media. No significant differences were observed among control
conditions (Supplemental Table 2).

In vitro fertilization is affected by DEHP

To explore the direct effect of DEHP, DMP, DEP, and BPA on sperm fertilizing ability,
in vitro fertilization (IVF) assays were carried out. Mouse sperm were capacitated in phthalate-
supplemented media as described in methods by exposing sperm to different concentrations (0
uM, 1 uM, 2 uM, and 10 uM) of EDCs, and 60-90 minutes post-exposure, sperm was introduced
to healthy murine eggs. The fertilization rate was calculated and presented as the percentage of
embryos that reached the morula or blastula stage on day 5 post-fertilization (p<0.035; Figure 2A-
H, Supplemental Figure 2 and Supplemental Tables 3A-3D). As shown in Figure 2, all tested
concentrations of DEP and DMP did not produce any effect on sperm fertilizing ability and
subsequent blastocyst formation, while 10 pM BPA had a minimal, but not a statistically
significant impact on early embryo development (Figure 2C-D and Supplemental Figure 2). The
most damaging effect to blastocyst formation was observed with DEHP (Figure 2G-H). While
spermatozoa retained their fertilization potential at 1 uM, a significant decrease in embryo
progression to blastulae was found already at 2 uM (74.95 £ 5.459 % in control vs. 47.68 £+ 9.68
% in 2 uM). Moreover, at 10 uM of DEHP, almost no blastocyst formation was observed (Figure
2G-H). All controls have been done with either 0.1% ethanol as a vehicle control or EDC-free
media, and no significant differences were detected between the control conditions
(Supplemental Table 4).

DEHP prevents fertilization

The acute exposure to DEHP may either affect sperm ability to fertilize the egg or may
permit fertilization but subsequently inhibit the zygotic division. To distinguish between these
two scenarios, sperm fertility was assessed by recording pronuclei formation 9 hours post IVF.
As shown in Figure 3, in the presence of 10 uM DEHP, a 92.76% reduction in pronuclei
formation was detected compared to untreated control. Values were calculated based on pooled
data from three independent experiments and represent a total of 19 zygotes out of 25 eggs in the
control conditions, versus 2 zygotes out of 36 eggs in the presence of DEHP (Supplemental
Table 5). These results indicate that even short exposure to DEHP modifies sperm physiology
making spermatozoa unable to penetrate the zona pellucida.
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Murine CatSper is not affected by DEHP

Since DEHP has demonstrated the most substantial effect on sperm fertility among all
tested EDCs, we further explored which sperm functions were directly affected by exposure to
this phthalate. Once deposited inside the female reproductive tract, mammalian spermatozoa
must undergo a final maturation step, i.e., capacitation, to become competent to fertilize the egg
3334 This process results in the removal of non-covalently attached glycoproteins, depletion of
cholesterol, and other steroids ¥, as well as the removal of adherent seminal plasma proteins ¢,
These physiological changes alter sperm membrane potential and make the cell competent to
undergo a change in motility, known as hyperactivation, trigger the acrosome reaction and
prepare spermatozoa for fertilization. Hyperactivation is characterized by calcium influx into the
sperm flagellum via the calcium channel- CatSper 3 and is defined as an asymmetrical
flagellar beat that is required for penetration through the viscous luminal fluids of the female
reproductive tract and the protective vestments of the egg. CatSper deficiency, as well as its
suppression by environmental toxins, has been previously linked to male infertility "**#!. To
investigate whether murine CatSper is also affected by DEHP, we used murine sperm patch-
clamp technique **. As shown in Supplemental Figure 3A-3B, the application of 10uM DEHP
did not alter CatSper currents. Since previous studies on several EDCs reported that phthalates
impact human CatSper at micromolar concentrations *!, we also tested DEHP at a higher dose
(Supplemental Figure 3A-3B). However, at either 10 uM or 100 uM concentration, no
significant changes in monovalent CatSper currents were observed. This indicates that DEHP
affects sperm cells through a CatSper-independent mechanism.

DEHP alters sperm capacitation and ROS production

Another hallmark of capacitation is the phosphorylation of sperm proteins on tyrosine
residues ***. Previous reports on the capacitation of murine sperm demonstrate a time-
dependent increase in the phosphorylation of tyrosine residues in proteins with the molecular
weight of 40 kDa-170 kDa **#’. This modification allows sperm to hyperactivate, undergo the
acrosome reaction and interact with the zona pellucida %3, To test the effect of DEHP on sperm
tyrosine phosphorylation, caudal epididymal spermatozoa were incubated in a capacitating
medium containing either 10 uM DEHP or vehicle control. Subsequently, tyrosine
phosphorylation was assessed by a western blot using a monoclonal anti-phosphotyrosine
antibody (anti-PY) (EMD Millipore). As shown in Figure 4A-B, DEHP markedly alters sperm
capacitation-associated tyrosine phosphorylation kinetics, by expediting the process within the
first 60 minutes of exposure, followed by a complete reversal after 120 minutes of incubation.
Specifically, at the 60-minute time point, a 150% increase in the global tyrosine phosphorylation
was detected in DEHP treated spermatozoa in comparison to the control condition. As
capacitation progressed, the detected levels of the global tyrosine phosphorylation increased in
the control samples. However, in the DEHP treated samples, the levels of detected
phosphotyrosine significantly dropped. Specifically, at the 120-minute time point, the detected
levels of phosphoproteins were 59% lower in the control. The most striking changes in
phosphorylation were observed at the regions that correspond to 75 kDa, 95 kDa, 170 kDa, and
270 kDa (Supplementary Figure 4). The 75 kDa, 95 kDa, and 170 kDa molecular weight proteins
were previously reported to have important roles in sperm fertility “¢*’. In addition,
immunocytochemistry experiments using the same anti-PY antibody, revealed that the increased
protein phosphorylation caused by DEHP is primarily localized to the mid-piece region of sperm
(Figure 4C). According to previous reports, during the normal capacitation process, the sperm
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midpiece is undergoing more robust tyrosine phosphorylation in comparison to other parts of the
flagellum *°, and it appears that DEHP exacerbates this process. To further assess the global
changes in sperm tyrosine phosphorylation induced by DEHP, flow cytometry analysis was
performed using anti-PY labeled with CF647 dye (Biotium). As shown in Figure 4D, a
significant increase in overall fluorescence was observed in DEHP treated cells resulting in
1.5+0.2- fold increase in global fluorescence.

The mid-piece region of sperm flagellum harbors mitochondria- an organelle known to
generate reactive oxygen species (ROS). Interestingly, DEHP increases ROS generation in
various cells and tissues, including hepatocytes, adipocytes, and testis °°~2. However, DEHP’s
ability to alter sperm ROS production has not been studied. To detect ROS production, a
chemiluminescence assay was employed, a commonly described technique to detect ROS in
semen >>~3°. The levels of ROS production were assessed in caudal sperm capacitated in the
presence or absence of 10 uM and 100 uM DEHP after 60 minutes of exposure. A significant
increase in ROS production was detected in all treated samples in comparison to vehicle-treated
controls (Figure 5A). We found that already at 10 uM of DEHP, a maximal ROS production was
achieved, and no further increase was detected at 100 uM. Since excessive ROS production is
known to be cytotoxic to sperm, exposure to DEHP may lead to impaired sperm fertilizing
capacity.

The acrosome reaction in capacitated spermatozoa is inhibited by DEHP

The acrosome reaction is the fusion of the sperm plasma membrane with the outer
acrosomal membrane. It is vital for fertilization, as only acrosome-reacted spermatozoa can fuse
with the egg . According to previous reports, increased levels of ROS production result in
excessive peroxidation of the sperm acrosomal membrane °, impairing acrosomal exocytosis
and sperm-egg fusion %, While there is a debate over the physiological triggers for the
acrosome reaction and the exact site of acrosomal exocytosis, it is well accepted that the
acrosome reaction is required for sperm fertility. Therefore, we have explored whether DEHP
can alter the spontaneous acrosome reaction. We found that incubation with 10 uM DEHP,
decreased the percentage of spontaneous acrosome reaction. In control samples, the detected
rates of acrosome reacted cells were 20.95 £0.62 %, whereas in DEHP treated samples, the rates
dropped to 8.28 +1.24 % (Figure 5B-D).

To summarize, these results indicate that acute DEHP exposure stimulates excessive ROS
production in sperm, as well as trigger altered tyrosine phosphorylation and inhibits the
acrosome reaction. Consequently, these changes negatively affect sperm physiology and impact
their fertility.

6.3 Discussion

Exposure to EDCs poses a significant risk to reproductive health and fetal development
6162 In this study, we assessed the effects of acute exposure to four omnipresent EDC's - BPA,
DEHP, DMP, and DEP on sperm fertility and early embryo development. While it is well
documented that chronic exposure to these compounds can affect both male and female fertility
16:63-66 the effects of short exposure are less clear. To assess the impact of the chosen EDCs on
sperm fertility and pre-implantation embryo development, we employed in-vitro embryo
development and IVF studies. Of all tested EDC's DEHP had the most profound impact on
fertilization and sperm fertility. While it is known that chronic exposure to DEHP impairs sperm
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motility and chromatin DNA stability %7, its acute effect on sperm fertilizing capacity has not

been elucidated. Here, we sought to investigate the impact of short exposure to DEHP on sperm
fertility and the mechanisms by which this EDC exhorts its effects.

Upon absorption, DEHP is distributed throughout the body by the circulatory system. The
majority of DEHP is quickly hydrolyzed by the liver into various metabolites, which have been
linked to altered fertility and DNA damage in sperm 2°. However, a portion of DEHP is stored
un-metabolized in the adipose tissue- which acts as a reservoir for lipophilic EDCs 6%,
Hormonal and neuronal signals regulating the fat tissue can trigger an abrupt release of lipophilic
EDCs to the systemic circulation ®. There are two main ways in which sperm can encounter un-
metabolized DEHP: via abrupt release from adipose tissue or through release from medical
devices, such as a urological catheter- making unmetabolized DEHP a prominent threat to sperm
fertility.

DEHP exposure has been previously linked to increased ROS production in somatic cells
and oocytes ®*772. However, its impact on ROS overproduction in sperm was not elucidated.
Here we show that acute exposure to DEHP triggers excessive ROS generation, leading to
oxidative damage and ultimately sperm infertility.

While minor ROS generation naturally takes place during early sperm capacitation, this
process must be tightly regulated. Mild ROS production triggers an increase in intracellular
cAMP, resulting in the activation of Protein Kinase A (PKA). PKA, in turn, carries out a series
of controlled tyrosine phosphorylation events in a time-dependent manner. 7>, Interestingly,
certain EDCs such as BPA have been shown to up-regulate PKA’s activity leading to an altered
phosphorylation pattern downstream of PKA 7°. Since mature spermatozoa are transcriptionally
and translationally silent cells, post-translational protein modifications such as tyrosine
phosphorylation play an essential role in sperm maturation process and their ability to fertilize an
egg *. Unwarranted ROS production leads to over-phosphorylation which significantly alters the
maturation process of sperm '%”7. Moreover, an excess of ROS is cytotoxic to sperm due to their
limited antioxidant capacity and their high content of polyunsaturated long-chain fatty acids in
the plasma membrane %7879,

DEHP-treated sperm cells had altered capacitation with aberrantly fast tyrosine
phosphorylation within the first 60 minutes of capacitation. This differs from the gradual
increasing protein phosphorylation pattern that was observed in the control condition and
previously reported in the literature 3®#!. The detected increase in tyrosine phosphorylation was
localized primarily to the mid-piece region of sperm, the flagellar compartment where
mitochondria are located. Mitochondrial respiration produces a significant amount of ROS, this
process, if unregulated, can damage sperm genomic DNA, lipid and protein structures, and
subsequently impair sperm integrity and fertility. Previous reports show that DEHP exposed
oocytes and somatic cells produce an excessive amount of ROS via mitochondrial-derived ROS
63.82.85 However, it has not been shown that DEHP affects spermatozoa in a similar manner. In
fact, several EDCs were suggested to affect sperm fertility via CatSper-related mechanism *!.
Here, we show that while murine CatSper was not sensitive to DEHP exposure, this phthalate
indeed triggers excessive ROS production and subsequently impairs sperm fertility.

An additional effect of excessive oxidative stress on spermatozoa is lipid peroxidation.
Spermatozoa are extremely susceptible to lipid peroxidation due to their high concentration of
long- chain polyunsaturated fatty acids 7878485 Alteration of the lipid structure due to
peroxidation in sperm leads to a decrease in membrane fluidity >7-*® causing decreased motility
and altered acrosome reaction >’~%°. The acrosome reaction is an important step during
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fertilization in order to expose sperm-egg recognition elements . Murine sperm begin to
undergo the acrosome reaction in the upper isthmus °°, the part of the oviduct that connects the
uterine with the ampulla. Thus, mouse fertile sperm are acrosome-reacted prior to reaching the
ampulla, the site of fertilization and before encountering the eggs °!. In fact, most acrosome-
intact spermatozoa are unable to fertilize the egg and swim away from the zona pellucida °'.
Thus, sperm ability to undergo the AR at the end of capacitation is highly important for sperm
fertility °2. Here we find that DEHP significantly inhibits the acrosome reaction in capacitated
sperm. As a result, DEHP-exposed sperm were largely acrosome-intact and therefore unable to
fertilize murine eggs. This explains the reduced levels of fertilization that were observed in IVF
and the absence of pronuclei formation. These results indicate that, in addition to its chronic
impact on reproductive potential, DEHP also imposes acute damage to sperm by affecting its
ability to fertilize and thereby represent a risk to male fertility.

6.4 Methods

Ethical statements and animal care. All experiments were performed in accordance with NIH
Guidelines for Animal Research and approved by UC Berkeley Animal Care and Use Committee
(AUP 2015-07-7742), with every effort made to minimize suffering for the animals. C57BL6
mice were purchased from Jackson Laboratory, Bar Harbor, Maine or Harlan Laboratories
(Indianapolis, IN). The mice were kept in a room in a room with controlled light (14 hours light,
10 hours darkness) and temperature (23 + 0.5°C); 50-60% humidity. The mice were fed a
standard chow diet (PicoLab Rodent diet 20, LabDiet, 5053) and hyper-chlorinated water ad
libitum. BPA, DEHP, DMP, and DEP (Sigma-Aldrich, St. Louis, MO) were dissolved in ethanol
(Sigma-Aldrich). Phthalates were used at a final concentration of 1 uM, 2 uM, and 10 uM. The
concentration range of 1-10 uM for tested EDC's was chosen based on previously reported
phthalate concentrations linked to female infertility and on studies that evaluated DEHP plasma
concentration in patients who undergo hemodialysis *>°*. Vehicle controls were performed at the
highest concentration.

Embryo collection from natural mating. 4- to-16- week-old female mice were super-
ovulated by the standard procedure previously described *°. Briefly, 5 IU of pregnant mare
serum gonadotropin (PMSG; EMD Millipore) were administered via intraperitoneal

injection (i.p) at 14:30. Forty-eight hours later, 5 IU of human chorionic gonadotropin (hCG;
EMD Millipore) were injected. At the time of hCG injection, each female mouse was placed in
an individual cage with one proven breeder (3-10 months old). The following morning, female
mice were inspected for vaginal plugs. 20h after hCG administration, embryos were dissected
out from the oviducts. The isolated oocyte-cumulus complexes were placed in pre-warmed 50 pL
droplet of Hyaluronidase (80 IU/mL) (LifeGlobal) and were gently pipetted up and down
repeatedly in a fine glass pipette until the oocytes were partially denuded. The oocytes were then
transferred to a pre-warmed M2 media (Zenith Biotech) supplemented with 4 mg/mL BSA
(Sigma-Aldrich) and washed in 4-5 droplets until all the corona cells were removed. Zygotes
from each individual mouse were randomly allocated to different culture conditions for 20h of
incubation. Since the tested EDCs show low water solubility and high oil solubility, the standard
culture of embryos under oil could not be employed. Thus, we cultured the embryos in 500 puL
KSOM (Zenith biotech) +/- EDCs at different concentrations for 20h in 4-well dishes (Nunc™,
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Sigma-Aldrich) without oil. At the end of the 20h incubation, the two cell embryos were briefly
washed and allocated to culture dishes, containing 10 pL droplets of KSOM (Zenith biotech)
supplemented with 1 mg/mL BSA (Sigma-Aldrich) overlaid with embryo-suitable light mineral
oil (Millipore) in 5% CO; and 37°C. Successful development was considered as morula or
blastocyst — the final stage of embryonic development before implantation. To calculate the rate
of embryo survival, we counted the number of embryos that developed to the morula or
blastocyst stage and divided this number by the total number of the zygotes that were harvested.

In vitro fertilization. To investigate the influence of EDCs exposure on spermatozoa’s ability to
fertilize eggs, in vitro fertilization (/V'F) experiments were conducted. /VF was performed as
previously described *® with a few modifications. Eggs were recovered from 4 to 16-week-old
female mice by superovulation as described above. 13 hours after hCG injection, the female mice
were euthanized, and the oviducts were dissected out. The cumulus masses were isolated from
the ampulla region of the oviduct, and incubated in HTF medium (Embryomax, Specialty Media,
Millipore MR-070-D), 5% CO2, 37°C for 30 minutes prior to insemination. Sperm was obtained
from a mature C57BL male mouse just before egg harvest. Spermatozoa were recovered by
removing the caudae epididymis and placing each cauda separately in a petri dish containing pre-
warmed HTF with or without EDCs. The tissue was cut five to six times, and sperm was allowed
to swim out into the medium for 20-30 min. The cauda was then removed, and the resultant
sperm suspension was left for an additional 30-60 minutes in the media at 37°C in 5% CO» to
capacitate. Total time of capacitation was 60-90 minutes.

Four well plates were used for fertilization. Each well was filled with 700 uL of HTF.
Sperm was added to each well to a final concentration of 210,000 spermatozoa/mL.
Subsequently, the cumulus masses were added to the fertilization dish; care was taken
to avoid carry-over of excessive amounts of solution to maintain sperm concentrations. Since the
cumulus masses were obtained around the time of ovulation, they were highly compact, making
it difficult to quantify the exact number of eggs in each mass. To ensure similar numbers of eggs
in each tested condition, two-three cumulus masses were added to each fertilization well. Dishes
were placed in the incubator and maintained at 37°C in 5% CO; for 4h. After that time, eggs
were washed to remove excess sperm and then cultured in 10 uL droplets of KSOM
supplemented with 1 mg/mL BSA and overlaid with embryo-tested light mineral oil in 5%
COz and 37°C. To assess the rates of successful fertilization, the number of morula or blastocyst
embryos produced by IVF on day five post insemination was counted and then divided by the
number of eggs that were initially used for insemination.

Electrophysiology. Sperm was collected as previously reported °’. Giga-ohm seals between the
patch pipette and mouse spermatozoa were formed at the cytoplasmic droplet. Seals were formed
in HS solution comprising the following (in mM): 130 NaCl, 5 KCI, 1 MgSQ4, 2 CaCly, 5
glucose, 1 sodium pyruvate, 10 lactic acid, 20 HEPES, pH 7.4 adjusted with NaOH. Transition
into the whole-cell mode was performed by applying short (1 ms) 499-611 mV voltage pulses,
combined with light suction. Access resistance was 15- 25 MQ. Cells were stimulated every 5 s.
Data were sampled at 2—5 kHz and filtered at 1 kHz. Pipettes (15-20 MQ) for whole-cell patch-
clamp recordings of monovalent CatSper currents were filled with the following (in mM): 130
Cs-methanesulfonate, 70 HEPES/MES, 3 EGTA, 2 EDTA, 0.5 Tris-HCI, pH 7.4 adjusted with
CsOH. Bath divalent-free solution for recording of monovalent CatSper currents contained the
following (in mM): 140 Cs-methanesulfonate, 40 HEPES/MES, 1 EDTA, pH 7.4 adjusted with
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CsOH. HS solution was used to record baseline current while measuring monovalent CatSper
currents. 1 pL/mL EtOH (vehicle control), 10 uM or 100 uM DEHP were added to the bath
solution right before electrophysiology experiments. CaCl> was added to this solution in
accordance with WinMAXC version 2.05 (C. Patton, Stanford University) to obtain the required
free Ca** concentration.

Capacitation of spermatozoa in the presence of 10 nM DEHP to test the level of tyrosine
phosphorylation. Spermatozoa collection and the assessment of protein tyrosine
phosphorylation was performed as previously outlined *°, with a few modifications. Spermatozoa
were recovered by removing the cauda epididymis and placing it into a Petri dish containing
HTF with either 1 pLL/mL ethanol or 10 uM DEHP. The tissue was cut five to six times, and
sperm was allowed to swim out for 15-20 minutes at 37°C in 5% CO». The cauda was then
removed, and spermatozoa suspension was further incubated at 37°C in 5% CO.. Sperm samples
were collected after 30, 60, 90, and 120 minutes of capacitation and placed into a clean tube.
After each sample collection, the sample was centrifuged at 21000 x g for 1 minute. The
supernatant was discarded, and the cellular pellet was resuspended in 25 pL of 2x Laemmli
sample buffer (BioRad) ®. The sample was then boiled for 5 minutes at 95°C and centrifuged at
21000 x g for 1 minute. Supernatants were transferred to clean tubes, -mercapto-ethanol was
added (to a final concentration of 2.5%), and the sample was heated again to 95°C for 1 min. 20
uL of the total crude cell lysate from each sample was loaded onto a 4-20% gradient Tris-HCl
Criterion SDS-PAGE (BioRad). After transfer to polyvinylidene fluoride membrane, blots were
blocked in 0.1% PBS-Tween20 (Fisher Scientific) with 3% IgG-free BSA blocking solution for
one hour and incubated with anti-phosphotyrosine antibody, clone 4G10 (Millipore, 05-321) at a
dilution of 1:2000 in 1% IgG-free BSA blocking solution overnight at +4°C. The membrane was
then washed three times in PBST and probed with a secondary horseradish peroxidase-
conjugated antibody (Abcam) at a dilution of 1:15,000 in 1x PBST. After subsequent washing,
the membrane was developed with an ECL SuperSignal West Pico kit (Pierce) according to the
manufacturer’s instructions. After detection, the membrane was stripped and re-probed with
mouse tubulin-alpha ab-2 (Sigma-Aldrich), 1:5000 dilution. To quantify the global changes in
tyrosine phosphorylation, rectangular boxes were drawn around each lane of the western blots'
images. Each lane's optical density was normalized. First, the detected signals were normalized
to the loading control, acetylated tubulin. Subsequently, each lane was normalized to the control
lane at 120 minutes of capacitation.

Spontaneous acrosome reaction in the presence of 10 M DEHP in capacitated
spermatozoa. Assessment of the acrosomal status was done as previously reported *° with a few
adjustments. In summary, the right and left caudae epididymides were surgically removed. One
cauda was placed in HTF medium supplemented with 1ul/mL ethanol while the second one was
placed in HTF medium containing 10 uM DEHP. Each cauda was cut five to six times, and
sperm were allowed to swim out for 15-20 minutes at 37°C in 5% CO». The cauda was then
removed, and the resultant spermatozoa suspension was left to capacitate for 60 min. On
average, the concentration of sperm in each condition was 2-5x10° cells/mL. After 60 minutes of
capacitation, spermatozoa suspension was transferred to clean microtubes and centrifuged at 300
x g for 5 minutes at room temperature. The cells were then fixed in 4% PFA in 1X PBS for 15
minutes. At the end of fixation, an equal volume of 0.1 M ammonium acetate was added. The
microfuges were centrifuged at 800 x g for 5 minutes. The supernatant was removed, and sperm
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cells were resuspended in the remaining 100 pL. 30 puL of sperm suspension was spotted onto
non-charged microscope slides and gently spread out with a glass pipette. The samples were
allowed to air-dry for 15 min. Subsequently, the slides were washed in Milli-Q water followed
by a methanol wash, and then Milli-Q water again, each wash step was done for 5 minutes. The
slides were subsequently submerged in Coomassie brilliant blue (Sigma-Aldrich) solution for 2
minutes (0.11 g Coomassie brilliant blue, 20 mL water, 25 mL Methanol, and 5 mL glacial acetic
acid). Next, the slides were rinsed in Milli-Q water to remove excess Coomassie and mounted
with Mowiol mounting medium (Millipore). After the cells were mounted, the acrosomal status
was immediately assessed to avoid diffusion of the stain. Acrosome intact cells had bright blue
staining on the dorsal region of the acrosome. Acrosome reacted cells had patchy or absent
staining. 500 sperm cells per condition (100-200 cells per slide, 3-5 slides per condition) were
assessed.

Flow cytometry. Spermatozoa was capacitated in the presence of either 10 uM DEHP or vehicle
control. To detect phosphotyrosine residues in capacitated sperm by flow cytometry we followed
the methodology previously outlined %, with few modifications. Sperm aliquots (3 x 10°) were
taken at 60 min of capacitation and fixed in 3.7% PFA in 1 X PBS for 10 min at room
temperature. To remove the PFA, the cells were centrifuged at 500 x g for 10 min. The
supernatant was removed, and the cellular pellet was resuspended in 1XPBS. The cells were
washed twice. Next, the cells were permeabilized in 0.1% Triton X-100 for 10 min at RT. Non-
specific binding sites were blocked by 0.1% BSA in PBST for 30 min at RT. To detect
phosphotyrosine, we conjugated an anti-phosphotyrosine antibody clone 4G10 with a CF 647
dye (Mix-n-Stain™ Antibody Labeling Kit, Biotium), as per the manufacturer's instructions. To
label the cells, sperm were incubated with 10 pg/ml of the conjugated antibody in PBS with
0.1% BSA for 1 hour at RT. Labeled spermatozoa were then washed in PBS and resuspended in
250 pL PBS for flow cytometric analysis. 10,000 cells per sample were analyzed. Sperm
fluorescence was quantified using the BD LSR Fortessa flow cytometer equipped with an argon
laser tuned far red spectrum. flow cytometry analysis was performed with the aid of a positive
and a negative control for each experiment. FlowJo™ Software was used for data analysis. The
region of interest was selected based on sperm forward scatter (FSC, relative cell size) and side
scatter (SSC, cell internal complexity) to eliminate cellular debris.

ROS production detection by chemiluminescence assay. Spermatozoa were recovered by
removing both caudae epididymides and placing them into a 30 mm Petri dish containing HS
media. Cells were allowed to swim out for 15-20 min. Subsequently, the sperm suspension was
equally divided between three Eppendorf tubes and spun down at 300 x g for 7 min. After the
removal of the supernatant, the cells were resuspended in an equal volume of HTF containing
either ethanol or DEHP. The control tube contained 1 pL/mL ethanol and the treatment tube
contained either 10 uM or a 100 uM DEHP. The suspensions were then capacitated at 37°C in
5% COz for 60 min. Detection of reactive oxygen species generated by sperm cells was done
using the chemiluminescent agent - luminol following a previously described procedure *>1°!,
The chemiluminescent probe, luminol (Sigma-Aldrich, A8511-5G.) was freshly prepared before
each experiment. After 60 min of capacitation, the samples were spun down at 300 x g for 7 min
and resuspended in 125 pM luminol in DPBS. Negative control, test sample, and positive control
were prepared. 100 pL of 30% hydrogen peroxide solution was added to the positive control. A
100 pL aliquot of the cell suspension was taken from each sample for sperm count. The samples
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were then taken for Chemiluminescence measurements using the Lumicycle 32 (Actimetrics,
Inc. Wilmette, IL). The luminometer measured Chemiluminescence at 37°C for 5 minutes. ROS
production was expressed as counted photons per minute (CPM)/10° sperm. Data were recorded
using Actimetrics Lumicycle Data Collection software and analyzed using the Actimetrics
Lumicycle Analysis program.

Statistical analyses. For statistical analyses used in the manuscript the GraphPad Prism 5 software
(GraphPad Software, Inc., La Jolla, CA) was used. Unpaired t-test was used to determine statistical
significance for embryo survival, IVF and Chemiluminescence experiments, and assigning p <
0.05 as the limit. Paired t-test was used for the AR, PY and flow cytometry experiments. All results
are shown with the standard error of the mean. The significance of changes is indicated as follows:
*p=<0.05* p<0.0l,**p<0.001
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Figure 1. Murine embryo development is impacted by DMP, BPA, DEP and DEHP. In
vitro embryo development on day 5 post fertilization. A, C, E, G are representative images of
blastocysts previously exposed at the zygote stage to 0, 1 or 10 pM of the indicated EDC for 20
hours. The subsequent embryo culture was done in the absences of the indicated EDC. A. Shown
are representative images of DMP-exposed embryos. B. The survival rate of DMP exposed
zygotes was calculated based on the percentage of embryos that have reached the morula or
blastocyst stage. C. Representative images of embryos previously exposed to BPA. D. The
survival rate of BPA exposed zygotes was calculated as in (B). E. Representative images of
embryos previously exposed to DEP. F. The survival rate of DEP exposed zygotes was
calculated as in (B). G. Representative images of embryos previously exposed to DEHP. H. The
survival rate of DEHP- exposed zygotes was calculated as in (B). Data are means +/- S.E.M.
Asterisk indicates a statistical difference between control embryos and embryos exposed to
EDCs. ** (P<0.01), *** (P<0.001). Scale bars for all images are 50 um.
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Figure 2
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Figure 2. Fertilization rate of murine eggs exposed to EDCs treated spermatozoa. A, C, E,
G are representative images of blastocysts obtained after murine eggs were introduced to sperm
previously exposed to 0, 1 or 10 uM of the indicated EDC. Subsequent embryo culturing was
done in the absences of EDCs, and the images were taken on day 5 post insemination. A. Shown
are representative images of blastocysts obtained after murine eggs were introduced to sperm
previously exposed to DMP. B. Percentage of eggs that were fertilized by DMP- treated sperm
and were able to reach morula or blastocyst stage. C. Representative images of embryos obtained
after IVF with BPA-treated spermatozoa. D. The percentage of eggs fertilized by BPA-treated
sperm was calculated as in (B). E. Representative images of embryos obtained after IVF with
DEP-treated sperm. F. The percentage of eggs fertilized by DEP-treated sperm was calculated as
in (B). G. Representative images of embryos obtained after IVF with DEHP-treated sperm. H.
The percentage of eggs fertilized by DEHP-treated sperm was calculated as in (B). Data are
means +/- S.E.M. Asterisk indicates a statistical difference between control embryos and
embryos exposed to EDCs. ** (P<0.01), *** (P<0.001). Scale bars for all images are 50 um.

49



Figure 3
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Figure 3. Pronuclei formation after in vitro fertilization by DEHP-treated sperm.
Pronuclear formation was assessed 9 hours after IVF; genomic DNA staining was done with
DAPI. A. Representative image of a successfully fertilized egg with two pronuclei (PN) and a
polar body (Pb). The egg was inseminated with sperm treated with vehicle control solution. B.
Shown are representative images of unfertilized eggs following an IVF with sperm that was
treated with 10 uM DEHP. The arrowhead indicates the position of the second metaphase
spindle. C. Percentage of fertilized eggs with PN detected. Each data point represents the mean
of one of the three independent experiments +/- S.E.M. *** indicates statistical significance
(P<0.005). The total number of eggs: 25 (control), 36 (+10uM DEHP).
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Figure 4 Control DEHP
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Figure 4. Capacitation-associated tyrosine phosphorylation of murine sperm is altered in
the presence of DEHP. A. Representative western blot image shows the time course of protein
tyrosine phosphorylation under capacitating conditions in the presence or absence of 10 uM
DEHP. DEHP was added to the media immediately before the start of the capacitation process.
Sperm lysates were obtained at the indicated times (30, 60, 90 and 120 minutes) and subjected to
SDS-PAGE immunoblotting. Tyrosine phosphorylation was detected with a monoclonal
phospho-tyrosine (PY) antibody. Acetylated-tubulin (Ac-Tubulin) was used as a loading control.
B. Levels of relative tyrosine phosphorylation obtained as total densities extracted from (A) and
normalized to the densities of the loading control. Each data point represents the mean of one of
the three independent experiments. C. Immunofluorescent localization of tyrosine
phosphorylated proteins as visualized by PY antibody. Increased phosphorylation detected after
60 minutes of capacitation in the mid-piece region of spermatozoa in DEHP- treatment group
(right panels) as compared to control untreated spermatozoa (left panels). Lower panels represent
insets from the corresponding region of interests indicated on the upper panels by dashed
rectangular. D. A representative flow cytometry data showing an increase in global tyrosine
phosphorylation in 10 uM DEHP- treated spermatozoa (red) at 60 minutes of capacitation
compared to the vehicle control (blue). Tyrosine phosphoproteins were detected using a CF 647
dye conjugated to an anti-PY antibody. Inset: fold increase in mean fluorescent intensity
normalized to mode as detected by the flow cytometer compared to control conditions. Data are
means +/- S.E.M. ** indicates statistical significance (P<0.01) between control spermatozoa and
spermatozoa exposed to 10 uM DEHP. *** indicates statistical significance (P<0.001)
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Figure 5. DEHP increases ROS production and decreases spontaneous acrosome reaction
in capacitated sperm cells. A. Luminol-dependent chemiluminescence assay showed increased
rates of ROS production in sperm treated with 10 and 100 uM DEHP in comparison to the
vehicle control (0 uM DEHP). Connected dots represent spermatozoa extracted from the same
mouse (total of six mice have been used for this experiment). Each sample was divided into three
aliquots and subjected to different conditions. A minimum of 1.35*10° sperm cells/mL was used
per condition. B. Percentage of spontaneously acrosome-reacted spermatozoa subjected to 10
uM DEHP or vehicle control (0.1% ethanol) during capacitation. Each data point represents the
mean of one of the four independent experiments. A minimum of 500 cells was evaluated per
experiment. C. Acrosome-reacted (AR) and acrosome- intact (Al) spermatozoa in the control
condition. D. AR and Al spermatozoa in 10 uM DEHP condition. Arrowheads point at intact
acrosomes. Al cells have bright blue staining on the dorsal region of the acrosome, AR cells have
patchy or absent staining. E. Diagram showing acrosome-reacted (two distinct patterns are
indicated as AR or partially reacted, and AR; as fully reacted) and acrosome- intact (Al)
spermatozoa. Image made with Biorender.com. Data are means +/- S.E.M. ** indicates
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statistical significance (P<0.01) between control spermatozoa and spermatozoa exposed to 10uM
DEHP.

A 2pM DEP B 2uM DMP

e

Supplementary Figure 1. Murine embryo survival post exposure to 2uM of tested EDCs. In
vitro embryo development on day 5 post fertilization. A. Representative images of blastocysts
previously exposed at the zygote stage to 2 uM DEP for 20 hours. B. Representative images of
blastocysts previously exposed at the zygote stage to 2 uM DMP for 20 hours. Scale bars are 50

pm.

Supplementary Figure 2. Fertilization rate of murine eggs exposed to spermatozoa treated
with 2 uM of tested EDCs. A. Representative images of blastocysts obtained after murine eggs
were introduced to sperm previously exposed 2 uM DEP. B. Representative images of
blastocysts obtained after murine eggs were introduced to sperm previously exposed 2 uM DMP.
C. Representative images of blastocysts obtained after murine eggs were introduced to sperm
previously exposed 2 uM BPA. Scale bars are 50 um.

53



+80mV = =, o
Omy ] L 200 |
et ___10 M DEHP S 400 |
-80mV £ 135 mM 2
Cs+ —
= 0
Q
" cAl—— pH 2 -100
baseline — 7.4 % -
© 200 LT -+
135 mM Cs+ . .
+/-DEHP 0 10 100

Supplementary Figure 3. Murine CatSper is not affected by DEHP. A. Representative
monovalent whole-cell CatSper currents (/carsper) recorded from a murine spermatozoon in the
absence (black) and presence of 10 uM (blue) and 100 uM DEHP (red). Icassper were activated by
a voltage ramp from -80 mV to +80 mV from a holding potential of 0 mV. Voltage protocol is
shown above the currents. The panel on the right shows the main conducting ion of the pipette
and bath solutions. B. Averaged /cusper densities recorded from murine epididymal spermatozoa
in the absence and presence of DEHP. Data are means +/- S.E.M. An average of 3 independent
experiments is shown.
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Supplementary Figure 4. Representative dot plot of side (SSC-A) versus forward (FSC-A)
scatter showing flow-cytometry data obtained for sperm. A. The region of interest
demarcated by solid lines was selected to eliminate cellular debris. B-F. Representative flow
cytometry histograms from five independent experiments. Mean fluorescence intensities (MFI)
normalized to mode show an increase in global tyrosine phosphorylation in 10 uM DEHP treated
spermatozoa (red) at 60 minutes of capacitation compared to the vehicle control (blue). The
background fluorescence detected in unstained spermatozoa is shown in grey. Tyrosine
phosphoproteins were detected using a CF 647 dye conjugated to anti-PY (monoclonal
antibody).
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Supplemental Figure 5
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Supplementary Figure 5. Time course of capacitation-associated tyrosine phosphorylation
of specific sperm proteins is altered by exposure to DEHP. Levels of relative tyrosine

phosphorylation obtained from each of the four protein bands at the corresponding molecular

weights: 75 kDa, 95 kDa, 170 kDa, and 270 kDa. A. The density of the 75 kDa protein band was

normalized to the densities of the loading control, followed by normalization to the control at

120 min. Each data point represents the average of one of the three independent experiments. B.

The 95 kDa protein band normalized as in (A). C. The 170 kDa protein band normalized as in

(A). D. The 270 kDa protein band normalized as in (A). Normalization to the control band at 120
min was chosen as the strongest physiological phosphorylation signal.
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Supplementary Tables 1A-1D. Murine embryo development after 20h exposure to DMP,
BPA, DEP or DEHP. Embryo development was assessed on day 5 post fertilization. The
column “progression to blastocyst stage per experiment, %” represents the percentage of
embryos that reached blastocyst or morula stage. This number was calculated by dividing the
number of all embryos that reached blastocyst or morula stage to the number of all collected
zygotes per each experiment. Zygotes were obtained from naturally mated super-ovulated
females. Each condition was assessed by 3-8 independent experiments. A. Embryo development
after 20 hours exposure to DMP at 0, 1, 2 and 10 pM and subsequent embryo culture in DMP-
free media. B. Embryo development after 20 hours exposure to the indicated concentration of
BPA and subsequent culture in BPA-free media. C. Embryo development after 20 hours
exposure to the indicated concentration of DEP and subsequent culture in DEP-free media. D.
Embryo development after 20 hours exposure to the indicated concentration of DEHP and
subsequent culture in DEHP-free media.

Number of Progression to blastocyst Number of blastocysts/inumber of
20h exposure independent stage per experiment,% zygotes collected
to Vehicle trials
Control, 1pL/mL
Vehicle 1 100%, 16/17
Control, TpL/mL |
2 B3%
3 100%

Supplementary Table 2. The development of murine zygotes isolated from naturally mated
super-ovulated females and after their exposure to 0.1% ethanol for 20 hours in the culture
media. Embryo development was assessed on day 5 post fertilization and represents the
percentage of embryos that reached blastocyst or morula stage. This number was calculated by
dividing the number of all embryos that reached blastocyst or morula stage by the number of all
collected zygotes per experiment.
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Supplementary Tables 3A-3D. Development of in vitro fertilized mouse embryos obtained
after murine eggs were introduced to the sperm previously exposed to DMP, BPA, DEP or
DEHP for 60-90 minutes. Embryo development was assessed on day 5 post fertilization. The
“Progression to the blastocyst stage per experiment, %" column represents the percentage of
embryos that reached blastocyst or morula stage. This number was calculated by dividing the
number of all embryos that reached blastocyst or morula stage to the number of all collected and
inseminated eggs per each experiment. Each condition was assessed by 3-5 independent
experiments. A. In vitro embryo development after eggs insemination with 0, 1, 2 or 10 uM
DMP-treated sperm B. In vitro embryo development after eggs were inseminated with
spermatozoa previously exposed to the indicated concentration of BPA. C. In vitro embryo
development after eggs were inseminated with the spermatozoa treated with corresponding
concentrations of DEP. D. In vitro embryo development after murine eggs were inseminated
with spermatozoa treated with corresponding concentrations of DEHP.

Number of Progression to blastocyst Mumber of blastocysts/number of
20h exposure independent stage per experiment,% zygotes collected
to Vehicle trials
Control, 1uL/mL

4 | 1600 ' 28/37

2 80%

<] 100%

4 50%

Supplementary Table 4. Development of embryos derived from the murine eggs that were
subjected to in vitro fertilization (IVF) with murine sperm previously exposed to 0.1%
ethanol for 60-90 minutes. Embryo development was assessed on the day 5 post IVF and
represents the percentage of embryos that reached blastocyst or morula stage. This number was
calculated by dividing the number of all embryos that reached blastocyst or morula stage to the
number of all collected eggs per each independent experiment.
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Table 5 Number of Progression to blastocyst Number of

PN independent trials stage per experiment,% blastocysts/inumber of
formation zygotes collected
Control - . 84.6% | 21/25

2 71.4%

3 60%
DEHP 1 | - | 2136
10uM | .

2 0%

3 10%

Supplementary Table 5. Effect of 10 pM DEHP on fertilization and pronuclei formation.
Pronucleus (PN) formation was assessed 9 hours after egg insemination with sperm cells
previously exposed to 10 uM DEHP. Three independent experiments were carried out.

Table 6 Number of Control DEHP ME!

Flow independent MFI MFI Ratio

cytometry trials DEHP/Control

Mean

Fluorescence

Intensity

(MF1)

APC-Cy7-A

normalized to | | | _

i 1 151 260 1.72
2 374 442 1.18
3 265 402 1.52
4 523 514 0.98
5 358 8589 2398

Supplementary Table 6. Assessment of the global tyrosine phosphorylation by flow
cytometry. Tyrosine phosphoproteins were detected by flow cytometry using a CF 647 dye
conjugated to anti-PY antibody. Five independent experiments were carried out. Sperm



concentrations were normalized between all conditions for each experiment. Values are mean

fluorescence intensity (MFI) detected in the APC-Cy7-A channel normalized to mode. A ratio
of the normalized detected MFI in the 10 uM DEHP-treated sperm cells vs the vehicle control
was used to calculate the fold increase in global fluorescence.
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Supplementary Table 7. Detection of reactive oxygen species (ROS) in murine spermatozoa
treated with DEHP compared with vehicle control. The luminol-dependent
chemiluminescence assay was used to detect ROS production. Six independent experiments were
carried out. A minimum of 1.35*10° sperm cells/mL were used per condition. ROS production
was expressed as counted photons per minute (CPM)/10°. Each row represents an individual
experiment. For each experiment, sperm concentrations were normalized between all conditions.
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Chapter 1V

7. Concluding remarks

The current work focused on two key roles of mitochondria- the regulation of calcium
homeostasis and the generation of reactive oxygen species- and examined how endogenous and
exogenous factors can regulate these two functions.

The first goal of this thesis was to examine the levels of PIP2 in the mitochondrial
membranes and investigate whether this endogenous bioactive lipid can regulate the activity of
the mitochondrial calcium uniporter (MCU). Using a targeted lipid mass spectrometry analysis,
we detected thirteen different species of PIP2 in mitochondrial membranes and have shown that
PIP2 concentration in the mitochondrial membranes is comparable to the levels of PIP2 in the
plasma membrane. Also, by applying the mitochondrial patch-clamp technique, we have shown
that the application of PIP2 analog potentiates calcium uptake via the MCU. In contrast, the
removal of PIP2 a specific binding peptide (PBP10), reduces the calcium current amplitude. In
addition, by showing that PIP2 does not activate calcium uptake in MCU KO mitochondria, we
confirmed that the observed effect is specific to MCU. Based on these experiments, we conclude
that PIP2 is an endogenous lipid in the mitochondrial membrane that regulates the MCU channel.
Nonetheless, to gain a better understanding of PIP2's physiological role in the mitochondrial
calcium uptake, it would be beneficial to do the following two experiments: an inside-out
configuration of the patch-clamp technique and mitochondrial calcium imaging. The inside-out
configuration of the patch-clamp method is characterized by a fast depletion of endogenous PIP2
after the inner leaflet of the patch is exposed !*. The inner leaflet exposure also allows a rapid
and direct application of exogenous PIP2 , after its depletion. This electrophysiological
experiment will provide insight to the molecular mechanism of PIP2 regulation and determine if
such regulation is physiologically relevant. In addition, performing mitochondrial calcium
imaging in intact cells would help determine PIP2 contribution to mitochondrial calcium uptake?.
Using intact cells will provide a better understanding of mitochondrial calcium handling in
relation to the cellular function. Mitochondrial calcium imaging in intact cells can be done by
utilizing a genetically encoded fluorescent reporter constructs targeted to the mitochondria*®.

The second goal of this thesis was to study the impact of acute exposure to di-2-
ethylhexyl phthalate (DEHP) on sperm fertility. The outlined experiments revealed that a short
exposure of 60-90 minutes to DEHP impairs sperm fertility. Exposure to DEHP triggered ROS
overproduction, which led to altered capacitation and inhibited the acrosome reaction; two
essential steps sperm must undergo to acquire fertility. These results add to the growing body of
scientific evidence on the harmful impact of EDCs on health and fertility.

One major drawback of these studies is that they were done mostly in vitro. It would be
advantageous for our understanding to do in-vivo experiments. With that being said, such
experiments would be difficult to execute, namely because the assessment of acute exposure to
unmetabolized DEHP requires either abrupt release from the adipose tissue ’ or release from
medical devices, such as a urological catheter®. For the former, one has to ensure there are stores
of unmetabolized DEHP in the adipose tissue. Generating stores of unmetabolized DEHP will
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require exposing the animal to DEHP over prolonged periods. Such chronic exposure may lead
to deterioration in the reproductive health of the animal or other unforeseen health issues *!!.
Therefore, distinguishing between the chronic and the acute effects of such exposure will be
difficult. Catheterization could be an alternative approach for this purpose.

Another drawback of our study is that all experiments were done using a murine model;
thus, there is an inherent challenge of extrapolating these data to humans. Therefore, in the
future, it would be ideal to repeat the same experiments using human spermatozoa.

Overall, the presented work revealed a new endogenous regulator of mitochondrial calcium
uptake. It also characterized the effect of one of the most ubiquitous environmental toxins,
DEHP, on reactive oxygen species production, using murine spermatozoa as a model.
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