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Abstract: Extracellular histones support rodent and
human embryo development in at least two ways. First,
these molecules in uterine secretions protect embryos from
inflammation caused by pathogens that gain access to the
reproductive tract. Also, histones in uterine secretions
likely support penetration of the uterine epithelium by
blastocysts during embryo implantation. Extracellular
histones seem to preserve amino acid transport system
B%* in blastocysts by inhibiting its activity. Preservation
of system B®* is needed because, at the time of invasion
of the uterine epithelium by motile trophoblasts, system
B°* is likely reactivated to help remove tryptophan from
the implantation chamber. If tryptophan is not removed,
T-cells proliferate and reject the implanting blastocyst.
Epigenetic modification of histones could alter their
promotionofnormalimplantationthrough, say,incomplete
tryptophan removal and, thus, allow partial T-cell
rejection of the conceptus. Such partial rejection could
impair placental development, embryonal/fetal nutrition,
and weight gain prior to birth. Small-for-gestational-
age offspring are predisposed to developing metabolic
syndrome, obesity, and associated complications as
adults. Shifting expression of these phenotypes might
contribute to transgenerational variation and evolution.
The spectrum of possible extracellular histone targets in
early development warrant new research, especially since
the effects of epigenetic histone modifications might be
transgenerational.
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Introduction

Histones are best-known for their roles in eukaryotic
chromatin structure and function [1]. However, these
macromolecules also have less well-known functions
outside the nucleus and even outside the cell [2]. Some
of these extracellular functions promote embryo/fetal
development [3].

Extracellular histones benefit embryonal/fetal
development in at least two ways. First, histones in
reproductive tract secretions exhibit antimicrobial actions
[4, 5]. These actions likely prevent adverse effects of
infection and inflammation on reproduction such as
pre-term labor and delivery [6]. More importantly to
the present discussion, uterine histone secretion may
influences blastocyst implantation in the mouse and
probably human uterus through preservation of amino
acid transport system B®* activity [3]. (See the proposed
mechanism for the latter action of histones in the following
section.) Epigenetic modification of the histones before
their secretion could alter this effect on system B®* and,
thus, blastocyst penetration of the uterine epithelium,
establishment of pregnancy, embryonal/fetal nutrition,
and adult phenotype [7].

@ Open Access. © 2018 Lon J. Van Winkle, Rebecca Ryznar, published by De Gruyter. This work is licensed under the Creative

Commons Attribution-NonCommercial-NoDerivatives 4.0 License.



DE GRUYTER

Direct contribution of extracellular
histones to early embryo
development ®

Background

Histones appear most abundantly in human uterine
secretions at the time the uterus is receptive to blastocyst
implantation [8]. Similarly, histones are synthesized at
increased rates in the uterine epithelium and stroma of
ovariectomized mice upon administration of a hormonal
protocol known to result in blastocyst implantation
about 25 hours later [9]. Assuming histones appear in
mouse uterine fluid when the uterus becomes receptive
to blastocyst implantation, what other functions might
histones serve there? One good possibility involves amino
acid transport system B®* in mouse and probably human
blastocysts [7]. In order to consider this possibility in
context, we will review system B%* involvement in early
embryo development and blastocyst implantation in the
uterus.

The process of blastocyst implantation in the mouse
is especially amenable to study owing to experimentally-
controlled delay of implantation. @~ While delay of
implantation (diapause) occurs naturally in mice when
blastocysts develop in nursing mothers, it can be produced
experimentally in mice by removing their ovaries about 76
hours after their eggs have been fertilized [7, 10]. Daily
administration of progesterone followed by estrogen
on day seven of pregnancy then leads to blastocyst
implantation 25 hours later.

During this activation of blastocysts from delay of
implantation, signaling owing to leucine uptake via
amino acid transport system B°%* results specifically in
development of trophoblast motility and penetration of
the uterine epithelium [7]. This signaling is set in motion
by increases in the Na* and K* concentrations in uterine
secretions about six hours after estrogen administration
to ovariectomized, progesterone-treated rodents [11, 12].
These ions drive net Na*-dependent system B°* leucine
uptake by the blastocyst trophectoderm [7]. Leucine then
stimulates mTOR signaling which results in development
of trophoblast motility and penetration of the uterine
epithelium about 19 hours later [7]. Subsequent to
this leucine uptake and mTOR signaling, the uterine
environment somehow suppresses system B%* activity
beginning about 10 hours after estrogen administration
[10, 13]. For example, blastocysts take up a radiolabeled,
nonmetabolizable amino acid in utero, when it is
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administered to their mothers about six hours after
estrogen administration, but little or no uptake occurs
when the amino acid is administered four hours before or
after this time [13].

Although system B®* is relatively inactive in utero
during the 15 hours prior to blastocyst implantation, it can
be reactivated to even greater levels of transport activity
simply by removing blastocysts from the uterus near the
time of implantation [10]. This ability to reactivate system
B%* activity also likely serves an important physiological
function [7]. After reactivation, system B%* would help
to selectively remove tryptophan from the implantation
chamber during initial penetration of the uterus by
motile trophoblasts and, thus, help to suppress T-cell
proliferation and immunologic rejection of the blastocyst
[14, 15]. Without the essential amino acid, tryptophan,
T-cells cannot grow.

Possible role of histones

But what reversibly suppresses system B®* activity
beginning about 15 hours before blastocyst implantation?
Good candidates include histones that are likely secreted
by uterine epithelial and possibly stromal cells when
the uterus becomes receptive to blastocyst attachment
and penetration [9]. At near the histone concentrations
detected in human and bovine uterine fluid [5, 8], we
found these macromolecules to inhibit amino acid uptake
by mouse blastocysts. System B°* activity, in particular,
was inhibited much more than the activities of several
other amino acid transport systems in blastocysts [16]. In
fact, the extent to which histones inhibited each of four
different amino acid transport systems in blastocysts,
differed from each other (p < 0.02), and ranged from near
90% inhibition of system B°* to no inhibition of system
L (another amino acid transport system). Inhibition
of system B®* activity by histones is rather specific for
these cationic proteins since the same concentrations of
several other basic proteins, protamine, lysozyme, and
cytochrome C, had no effect on amino acid uptake by
blastocysts [17, 18].

Perhaps not coincidentally, the effect size of the
system B%* inhibition by histones equals the effect size
for reduction of the rate of amino acid transport into
blastocysts in utero between about six and 10 hours after
estrogen administration to progesterone-maintained
ovariectomized mice [3, 13]. In addition, histone H2A
(one of the more conspicuous histones in secretions of
the receptive human uterus; [8]) is likely more effective
at inhibiting amino acid uptake by blastocysts than other
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histones [19]. Reactivation of system B%* in blastocysts,
at the time of blastocyst penetration of the uterine
epithelium, could be accomplished simply by removing
histones from the relatively small amount of uterine fluid
in implantation chambers. In this regard, proteases, likely
needed to hydrolyze histones to products unable to inhibit
system B%*, appear to abound in these chambers [20].

As expected from the present discussion, injection of
histone solutions into the uterine lumen six hours before
implantation had no obvious effect on further blastocyst
development [17]. In contrast, similar injection of other
substances that inhibit amino acid uptake by blastocysts,
such as basic pancreatic trypsin inhibitor [18], prevented
implantation of most blastocysts [21]. While other
interpretations are possible, these results are consistent
with the current argument that histones are physiological
inhibitors of system B®* in blastocysts in utero.

While it is unclear why system B%* activity needs to
be suppressed after mTOR signaling, we observed one
tantalizing possibility. When we incubated delayed-
implantation blastocysts for 25 hours in vitro in medium
containing a relatively high Na* concentration, they
irreversibly lost their Na*-dependent component of amino
acid uptake [22]. This apparent loss of Na*-dependent
system B®* activity would likely mean that the ability of
blastocysts to activate net Na*-dependent tryptophan
uptake would also be lost. If such loss were to occur
in the implantation chamber in utero, then implanting
blastocysts could face immunological rejection owing
to tryptophan availability to T-cells [14, 15]. Hence,
suppression of system B®* activity in blastocysts by
histones after initiation of mTOR signaling could preserve
this system for activation and concentration of tryptophan
into trophoblast cells at the time trophoblasts penetrate
the uterine epithelium.

Why is system B%* knockout not lethal?

Knockout of the gene encoding the B®* transport protein
in mice is not lethal nor does it prevent reproduction [23].
Hence, one could argue that system B®* tryptophan uptake
inthe implantation chamber and leucine uptake to activate
mTOR are not needed for development of trophoblast
motility and penetration of the uterine epithelium by
blastocysts. When system B®* is expressed in mouse
embryos, however, transport of leucine specifically by this
system (and not other systems) is essential to development
of trophoblast motility in blastocysts [24]. Clearly, when
system B%* is expressed, it has multiple phenotypes, in
addition to giving rise to trophoblast motility [7, 24], such
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as normal weight/obesity [25], male fertility/infertility
[26], modification of cystic fibrosis phenotype [27], and
breast cancer tumor promotion [23].

Furthermore, the polyamines, putrescine, spermidine
and spermine, overcome rapamycin inhibition of mTOR
and the resultant block of trophoblast motility in mouse
blastocysts, probably as signaling molecules downstream
to mTOR [7]. In porcine trophoblast cells, the polyamine,
putrescine, stimulates protein synthesis by activating
mTOR [28], and pig blastocysts do not exhibit system B%*
activity [29]. Such possible compensatory mechanisms
must substitute for system B%* when it is not expressed
in mouse blastocysts to foster development of trophoblast
motility and penetration of the uterine epithelium.

Epigenetic histone modification
before secretion in uterine fluid
could alter blastocyst implantation
and development through
adulthood

How might the role of system B%* in
establishing pregnancy influence
development and health across the life
cycle?

Some alleles of the X-linked SLC6A14 genes, that encode
system B%* amino acid transport proteins (ATB®*s), foster
human and likely mouse obesity [7, 25, 30, 31]. ATB®*s
are expressed predominantly in eye, colon, and lung of
adults, however [32, 33], so it seems unlikely that different
forms of ATB®*s in these tissues cause metabolic syndrome
and obesity. The role of system B°%* in establishing
pregnancy and embryo nutrition likely relates better to the
mechanisms by which different system B%* activities in
blastocysts could, in some cases, foster adult obesity [7].
For example, ATB®'s with lower activity might
incompletely suppress T-cell proliferation through
tryptophan deprivation. Such partial T-cell rejection
could impair placental formation and function, embryo
nutrition, and the resultant growth and development of
the fetuses. We observed variable and sometimes relatively
low capacities to activate system B®* in implanting
blastocysts [10]. This low system B®* activity could
allow tryptophan to promote some T-cell proliferation to
partially reject conceptuses and, thus, impair placental
formation and function. Impaired placental transport of
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nutrients to embryos and fetuses leads to development of
small-for-gestational-age offspring that exhibit metabolic
syndrome and obesity as adults [34].

Epigenetic histone modification might also
alter system B%* activity during blastocyst
penetration of the uterine epithelium.

If the histones secreted by the uterus have altered structure
owing to epigenetic modification, they could influence
blastocyst implantation and placental formation. Such an
influence on the resultant embryo nutrition might lead to
development of small-for-gestational-age offspring with
predispositions for metabolic syndrome and obesity [34].

For example, modified histone structure could
conceivably resist proteolytic or other means of histone
inactivation in the blastocyst implantation chamber
[35]. This change would increase histone inhibition
of system B°* while blastocysts penetrate the uterine
epithelium. The ability of system B®* to help remove
tryptophan would, thus, be impaired possibly leading
to partial T-cell rejection of the conceptus and impaired
placental formation. A resultant decrease in the ability of
the placenta to provide nutrients to the embryo and fetus
would likely lead to delivery of small-for-gestational-age
offspring.

Such effects of excess tryptophan on pregnancy
have, in fact, been observed. Pregnant mice fed a
diet supplemented with 5% tryptophan had increased
concentrations of tryptophan in blood, liver, fetuses,
and placentas [36]. A diet supplemented with 2%
tryptophan had no effect on tryptophan levels in mice,
so mice adapted to prevent tryptophan accumulation in
organs during 2% tryptophan supplementation. Since
5% tryptophan supplementation began before their
pregnancies, these mice also likely had greatly increased
tryptophan concentrations in their implantation chambers
at the time blastocysts began to penetrate their uterine
epithelia. In this scenario, the excess tryptophan likely
overwhelmed the capacity of system B®* to help remove
it from the implantation chamber. Subsequent partial
T-cell rejection of the conceptus then could have impaired
placental formation and its ability to supply nutrients to
the embryo and fetus. Consistent with this interpretation,
mice consuming the 5% tryptophan diet gave birth to
small-for-gestational-age offspring [36]. Placentas from
these mice also were reduced in size and had structural
abnormalities.

In a similar study, we found diets supplemented with
about 2% isoleucine during the first half of pregnancy
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in mice, led to loss of the important positive correlation
between fetal and placental weights [37]. Low placental
weight is associated with small-for-gestational offspring
in malnourished women [38]. In our study, dietary
isoleucine was intended to inhibit leucine and tryptophan
transport via system B°%* during the peri-implantation
period in mice and, thus, alter subsequent placental
formation and function, embryonal/fetal nutrition, and
newborn development. Offspring of mice consuming 2%
isoleucine did, indeed, appear to be small-for-gestational
age [37]. While growth of the pups from these pregnancies,
and those after tryptophan supplementation, were
not followed into older adulthood, other studies show
they were predisposed to develop metabolic syndrome,
type 2 diabetes mellitus, coronary heart disease, and
hypertension [34]. Owing to the possible importance of
histones and their modification in regulating system B°*
tryptophan transport during blastocyst implantation, what
other possible functions might intra- and extracellular
histones serve in embryo development?

Epigenetic histone modification
could contribute to transgenerational
variation and evolution

Direct effects on gene expression

The Developmental origins of health and disease
hypothesis posits that factors contributing to maternal
lifestyle such as exposure to toxins and diet can result in
changes to the early embryo that can cause both genetic
and epigenetic changes that may last a lifetime [39]. If
the environmental exposure influences more permanent
epigenetic modifications in the sex cells or very early
embryo, it will result in transgenerational transmission of
traits even in the absence of further environmental exposure
of subsequent generations. It is thought that during early
embryo development, the epigenetic reprogramming
window is a critical period for environmental factors to
cause permanent changes in epigenetic variations and
result in disease susceptibility [40].

Thus, preimplantation embryos may be altered
through epigenetic regulation and changes in gene
expression due to unhealthy maternal conditions such as
poor diet, high stress, or toxin exposures [39, 40]. These
changes could in turn produce lasting effects on offspring
and future generations. In humans, life-style can foster
obesity, in part, through epigenetic histone modifications
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that might persist for generations [41]. For example,
altered gene expression owing to epigenetic histone
modification in nematodes grown at 25 degrees Celsius
continues for up to 14 generations after returning the
worms to 20 degrees Celsius [42]. Such epigenetic changes
in human histone structure likely alter gene expression
and cause several metabolic disorders [31, 43]. Many of
these epigenetic histone modifications likely arise during
development of preimplantation embryos. For example,
it has been shown that histone deposition dynamics
during the preimplantation period are critical for normal
development. Specifically, histones H2A [44] and H3
[45] variants are important for epigenetic chromatin
remodeling after egg fertilization in mice.

Disturbance in the amount or nature of modified
histones in the uterine fluid of preimplantation embryos
may contribute to further epigenetic changes in gene
expression that persist in offspring and future generations.
Little is known about the effects of extracellular histones
on gene expression in the early embryo. In other cells,
however, histones cross the plasma membrane readily,
enter the nucleus, become associated with chromatin, and
affect transcription [46]. In the latter study, histones H2A
and H4 were most effective at entering cells through the
plasma membrane, whereas H2B and H3 exhibited lower
levels of translocation. Changes in the amounts or types
of modified histones in uterine fluid may directly affect
transcription in the early embryo, which could produce
long-lasting effects on the offspring. Interestingly, more
immediate effects of dysregulated histone H2B production
and secretion into amniotic fluid may include pre-term
births in humans [47].

In particular, maternal nutritional stress has been
shown to alter the epigenome of offspring and subsequent
generations in humans and animal systems [48]. Famine
or improper nutrition during the preimplantation period
can change blastocyst developmental potential and result
in postnatal hypertension, metabolic abnormalities, and
even mental health disorders [49]. Interestingly, children
born via in vitro fertilization, and without fully normal
uterine fluid and extracellular histone exposure, have
been found to have different epigenetic profiles and are
more susceptible to developing phenotypes resembling
those of children born following maternal nutritional
stress [50]. Uterine fluid during the preimplantation
period is very sensitive to the maternal environment [50]
so, theoretically, changes in diet could impact production
and action of extracellular histones during this critical
developmental window. Resultant epigenetic changes
in genes and histones in early embryos could persist for
generations.
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Extracellular histone action and phenotypic
variation

Similarly, epigenetic histone modification owing to
life-style might influence their extracellular actions.
Such structural changes in extracellular histones could
also persist for generations if they first appear in early
embryos. It has been shown that extracellular histones
may contribute to early embryo development by inhibiting
amino acid transport systems, but what are other possible
extracellular targets? While other possible direct effects
of extracellular histones in early development are yet
to be studied, extracellular histones are known to have
beneficial actions elsewhere.

For example, neutrophil extracellular traps (NETs)
require histones to function. NETS form during NETosis,
a process of programed neutrophil death. These net-
like structures are composed of cytosolic proteins and
decondensed chromatin. NETs trap and kill bacterial,
fungal, viral, and other parasitic infections [51].

Free histones also act to inactivate microbes [52].
For example, amniotic fluid contains free histones
that help to limit bacterial action by neutralizing their
lipopolysaccharide (LPS) [4]. Otherwise, LPS can cause
premature labor and delivery of small-for-gestational-age
offspring [6].

Interestingly, extracellular histones have also been
shown to act as carriers of various biomolecules across
plasma membranes and have even been described as
potential novel mediators for future gene delivery systems.
More specifically, histones were found to mediate the
translocation of biomolecule-histone conjugates such as
BSA and nucleic acids attached to histones [46]. Such
extracellular histone actions further expands the ways
these molecules might contribute to epigenetic variation
in early development.

In addition, the composition of uterine fluid is
highly sensitive to the maternal environment during
the preimplantation period. For example, a low protein
diet has been shown to alter the concentrations and
proportions of amino acids in blood and uterine fluid.
Such effects could influence uterine production and
secretion of histones during early development. If these
changes in uterine fluid histones result in epigenetic
histone modification in early embryos, then modified
intra- and extracellular histone structure could become
more permanent [53, 54]. That is, intracellular epigenetic
histone modifications could continue in subsequent
generations, and the modified histones would also be
secreted and have extracellular actions.
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Conclusions

Extracellular histones appear to contribute to early
embryo development by inhibiting amino acid transport
system B%* in blastocysts as they approach implantation
in the uterus. Reactivation of system B%* to help remove
tryptophan from the implantation chamber is needed,
however, to prevent T-cell proliferation and rejection of
the embryo as its trophoblast cells penetrate the uterine
epithelium. Hence, histones likely need to be removed or
inactivated in the implantation chamber to allow system
B%* to become more active.

Epigenetic structural changes in histones that
preserve or prolong histone inhibition of system B** could,
thus, allow tryptophan to accumulate and T-cells partially
to reject the implanting blastocyst. Such a process could
impair placental formation and embryonal/fetal nutrition.
Resultant  small-for-gestational-age  offspring  are
predisposed to develop metabolic syndrome, obesity, and
related health problems as adults. Shifting expression of
these phenotypes, owing to variations in secreted histone
structure, might contribute to transgenerational variation
and evolution. The spectrum of possible intra- and
extracellular targets of epigenetically modified histones
in early development awaits full exploration especially
because their effects may be transgenerational.

Footnote: ? Portions of this section are excerpts from Van
Winkle, 2017 [3] with permission of the copyright holder.
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