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Gametogenesis, including spermatogenesis and oogenesis, are unique differentiation processes involving
extraordinarily complex and precise regulatory mechanisms that require the interactions of multiple cell
types, hormones, paracrine factors, genes and epigenetic regulators, and extensive chromatin 3D struc-
ture re-organization. In recent years, the development of 3D genome technology represented by Hi-C,
enabled mapping of the 3D re-organization of chromosomes during zygogenesis at an unprecedented res-
olution. The 3D remodeling is achieved by folding chromatin into loops, topologically associating

I;;Je' r’n‘i;‘:f)g enesis domains (TADs), and compartments (A and B), which ultimately affect transcriptional activity. In this
Oogenesis review, we summarize the research progresses and findings on chromatin 3D structure changes during
Chromatin 3D structure spermatogenesis and oogenesis.
Hi-C © 2022 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Bio-
TADs technology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
Loops licenses/by-nc-nd/4.0/).
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1. Introduction

Infertility is a growing health and social problem. Meiosis errors
are very common in humans, and the frequency of chromosomal
abnormalities is at least an order of magnitude higher than in other
animals. The incidence of chromosomal abnormalities is about 6%
in stillbirths, and 60% in spontaneous abortions|1]. Most chromo-
somal abnormalities are fatal, disappear early in embryonic devel-
opment and manifest as infertility or spontaneous abortion.
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Detailed studies of spermatogenesis and oogenesis have led to bet-
ter understanding and treatment of infertility.

Spermatogenesis and oogenesis refers to the differentiation and
development process from germline stem cells to mature sperm
and ova, including dozens of finely regulated developmental
stages|2]. This process involves an important transformation of cell
morphology and function, including DNA double strand breaking
(DSB) and repair, synaptonemal complex (SC) formation, homolo-
gous chromosome separation, sperm acrosome and flagella forma-
tion and a series of landmark events. These events are often
accompanied by dramatic changes in chromatin structure. Over
the past 100 years, scientists have largely relied on the develop-
ment of microscopy to explore chromatin spatial structure. As
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early as 1879, German biologist W. Fleming discovered that when
cells divide, the scattered chromatin in the nucleus folds into
highly condensed rods (later named chromosomes in 1888)[3].
Since then, chromosomal morphological changes have been widely
reported. During the leptotene stage of spermatogenesis, telomeres
combine with the nuclear membrane and assemble into bouquets.
The bouquet stage was first observed in Helix Pomatia in 1885, and
has since been observed occasionally in all meiotic organisms[4].
Synaptonemal complex (SC) was first independently observed in
a number of mammals and an invertebrate by Fawcett and Moses
in 1956 through a series of slides under electron microscopy|5,6].
In 1977, Moses successfully observed the synaptic complex using
a light microscope with the help of silver impregnation methods
[7]. Under electron microscopy, SC is a ladder-like structure formed
between homologous chromosomes|8]. There are lateral elements
about 40 nm on both sides with high electron density, and a bright
intermediate space about 100 nm wide in the middle, and a central
element about 30 nm wide in the middle[9] (Fig. 1a). Between the
lateral component and the central component, there are 7-10 nm
SC fibers arranged horizontally, making the SC look like a ladder
[10]. Morphologically, SC is formed in zygotene stage, matured in
pachytene stage, exists for several days and disappears in diplotene
stage. The formation of SC is related to DNA synthesis, and the
addition of DNA synthesis inhibitors in leptotene stage can inhibit
the formation of SC. In 1980, the Sperm Chromatin Structure Assay
(SCSA) was first proposed by Evenson et al., and has been widely
used to detect sperm DNA damage, evaluate male fertility and pre-
dict live birth rate via natural conception [11,12] or in vitro fertil-
ization and intracytoplasmic sperm injection (IVF/ICSI) and
embryo transfer[13,14]. The principle of the SCSA test is to treat
sperm with pH 1.2 buffer to partially denature nuclear DNA at sites
with single and double strand breaks, stain with acridine orange
that distinguishes between native ds DNA (green fluorescence)
and ss DNA (red fluorescence) and measure by flow cytometry.
In the same year, Solari used microspreading technique to isolate
the chromosomes of human pachytene spermatocytes, and accu-
rately measured the length of each SC. In recent years, with the
development of sequencing-based technologies, such as Hi-C
(High-throughput whole-genome chromatin conformation cap-
ture), large new progress has been made in the study of dynamic
changes of chromatin 3D structure during gametogenesis. In this
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review, we summarize the research progresses and findings on
chromatin 3D structure changes during spermatogenesis and
oogenesis.

2. Biological stages of spermatogenesis and oogenesis

With the help of microscopy and other imaging-based tech-
niques, scientists have gradually broken down spermatogenesis
into dozens of distinct stages. The spermatogonial cell is originally
a single (As) spermatogonia, located in the basement membrane
between the wall of the spermatogenic tubule and the sertoli cells.
These As cells undergo some unscheduled, incomplete cytokinesis
mitosis and form spermatogonial cells that are attached to each
other in pairs (A paired, Ap) or chains (A aligned, Aal). Aal differen-
tiated A1 spermatogonial cells were isolated in spermatogenic
tubules and gradually entered a highly programmed process. Al
spermatogonial cells undergo 5 more mitosis to produce A2, A3,
A4, intermediate (In), and finally B spermatogonial cells. After
the last mitosis, B type spermatogonial cells differentiated into pri-
mary spermatogonial cells and entered the meiosis stage[15]
(Fig. 1b). According to cytological characteristics, meiosis I can be
substaged into leptonema (DNA replication is over, DSBs occur
and recombination start), zygonema (DSBs repair and homologs
synapsis initiation), pachynema (complete synapsis of homologs
and DSBs repair is over) and subsequently diplonema (desynapsis
and crossover) followed by homologous chromosome separation
and sister chromatid separation in late meiosis I and II, respec-
tively, resulting in haploid round spermatids (Fig. 2). Round sper-
matids undergo further extensive and complex cytological
changes, including acrosome and flagellum formation, chromatin
remodeling, and removal of residues, and eventually mature sper-
matozoal15,16]. During late spermatogenesis, the whole genome
of haploid sperm cells gradually undergo a drastic chromatin
remodeling, in which 85% of histone bound to DNA is replaced
by protamine, a basic nuclear protein rich in arginine [17]. As a
result, gene transcription stops, the genome becomes highly folded
and the sperm nucleus becomes extremely compact, a process
designed to ensure the safe, accurate and nondestructive transmis-
sion of DNA information from sperm to offspring.
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Fig 1. Illustration of synaptonemal complex structure (a) and an overview of mitotic division of mouse spermatogonia (b).
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Fig. 2. Overview of high-order chromosomal structure dynamics during mammalian spermatogenesis. The gray arrow in the middle marks the hallmark events during
spermatogenesis. The colored bands at the bottom indicate the intensity of 3D chromatin structural features. TAD and compartment strengths are weakened or even
disappeared during meiosis I and recovered right after the entry of meiosis II. (It should be noted that TAD insulator score color bar does not apply to humans, which, unlike
those in mice, human sperm cells are reported not to have TADs). Long range loop arrays (>500 kb) are gradually formed during meiosis I, with the slope of log-log scale P (s)

curve rising from —1.2 to —0.6.

Unlike spermatogenesis, which takes place continuously
throughout lifetime in male individuals, the complete process of
oogenesis only takes place for limited times in a female mammal’s
lifetime. The initiation of oogenesis takes place before birth. Pri-
mordial germ cells (PGC) are differentiated from the proximal epi-
blast and then migrate into the fetal gonad. Colonized PGCs in the
female fetal gonad are called oogonia[18]. After vast number of
times of mitosis, oogenia differentiate into oocytes and are com-
mitted into the prophase of meiosis I which, like that in spermato-
genesis, contains preleptotene, leptotene, zygotene, pachytene, and
diplotene[19,20]. Oocytes get arrested in the stage of diplotene as
they are surrounded by a layer of pre-granulosa cells to form pri-
mordial follicles. The follicles are then stored in the ovary after
birth until the individual grows into adolescence. During that time,
a small number of the oocytes gradually increase in size and
acquire the competence of development through complex commu-
nications with the surrounding somatic cells in the follicles, like
granulosa and theca-cells. Meanwhile, the follicles grow through
primary, secondary and finally into the antral stage. The developed
oocytes in antral follicles got a large nucleus termed germinal vesi-
cle (GV) [21,22], and were thus called GV oocytes or fully-grown
oocytes (FGO). Once simulated by hormones, GV oocytes will
resume the meiosis | process, and then got arrested again in the
metaphase in meiosis II (MII), waiting for fertilization.

3. Chromatin 3D structure remodeling in spermatogenesis

Advances in sequencing based chromosomal conformation cap-
ture techniques, such as Hi-C, have enabled the global characteri-
zation of three-dimensional chromatin structures with higher
resolution[23]. A/B compartmentalization and topologically associ-
ating domains (TADs) are two important hierarchical structural
feature of chromatin organization at multi-megabase and hun-
dreds of kilobases scale respectively[23,24]. Histones in sperm
are replaced by protamine, chromatin is highly compressed, and
transcription is completely terminated[25]. The 3D chromatin
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structure changes from mature sperm to zygote have attracted
extensive attention in different species. Previous work in mice
and rhesus monkey have shown strong similarities between sperm
and somatic cells. Compartment A/B and TADs are present among
sperms, fibroblasts and mouse embryonic stem cells. At the same
time, many enhancers and super-enhancers common in mature
somatic cells are already present in sperms[26-29]. Unlike mam-
mals, zebrafish sperm chromatin is packaged by histones. 3D struc-
ture of chromatin in zebrafish sperm is largely different from
somatic cells, lacks TADs and compartment A/B, instead displays
aperiodic self-associating “hinge-like” chromosome domains
of ~150 kb that repeat every 1-2 Mbs. This “hinge” domain is
highly correlated with H3K27ac modification[30]. Unlike mice
and rhesus monkeys, human sperm cells have a strong compart-
ment, but do not contain TADs and they do not express chromatin
regulator CTCF. Sperm chromatin showed strong interactions at
longer distances (>15 Mb), indicating dense packing[31].

During meiosis, chromatin 3D structure undergoes dramatic
dynamic changes with the occurrence of landmark events such
as homologous recombination of chromosomes. In yeast, Muller
et al. find that the interactions between chromatin telomere and
centromere regions of early-zygotene and early-pachynema cells
change dynamically during meiosis. They found that, chromatins
are arranged into arrays of Rec8-delimited loops of various sizes
[32]. In recent years, several research groups have studied more
different stages of spermatogenesis in mice and rhesus monkey.
Alavattam et al. compared the 3D genomic structure changes of
pachytene spermatocytes, round spermatids, mature spermatozoa
and ESCs of C57BL/6] mice[33]. They reported the deterioration of
compartment and TADs in pachytene spermatocytes. The power
law of intra-chromosome interaction probability between sperma-
tozoa and ESCs are P (s) - S~'. While, pachynema and round sper-
matids follow a power law of P (s) - S~ %! within 3 Mb of the
genome, and the interaction frequency decreases sharply at longer
distances|33]. Histone modifications can affect the 3D structure of
chromatin. For example, H3K27ac marked enhancers can form
loops with other enhancers or promoters to promote distant gene
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expression. They observed that H3K27ac, H3K4me3, and
H3K27me3 are enriched at the pachynema and round spermatids
TAD boundary. In addition, they found strong X-shaped inter-
chromosomal interactions between telomeres during meiosis,
which is consistent with the bouquet phase[33]. Meanwhile, Patel
et al. found a loss of TAD, but retained physically separated com-
partment A/B in the hybrid offspring of C57BL/6] and CAST/Ei] F1
mice[34]. Their data support the meiotic chromosome loop array
model, in which zygonema and pachynema chromosomes were
organized into a compact loop array and followed the internal
power ratio of P (s) - S7°°, inferring that loops average 0.8-
1.0 Mb in zygonema and expand to 1.5-2.0 Mb in pachynema. They
observed a transcriptionally active long distance (1-10 MB) central
interaction in pachytene spermatocytes[34]|. Vara et al. 's Hi-C
results show that compartments A/B disappear from spermatogo-
nia to leptotene, zygotene, pachytene and diplotene stage, and
reestablish in round spermatids[35]. In P/D (mixture of pachytene
and B diplotene), 80.7% of RAD21L peaks and 83.3% of REC8 peaks
locate in promoter regions and nearly 80% of cohesin and CTCF
peaks locate in A compartment. Genes with cohesin peaks in their
promoter region have significantly higher expression than genes
without peaks|[35]. Luo et al. again demonstrate the disappearance
of TADs and loop and the weakening of compartment in pachytene
spermatocytes and round spermatids, while spermatocyte and As
spermatogonia have similar compartment and TADs. In addition,
they found no significant difference in chromatin accessibility
between As spermatogonia and pachytene spermatocytes|36].
Chromatin accessibility declined significantly until mature sper-
matozoa. Wu et al. recently conducted a more detailed study of
chromosomal 3D structural changes during sperm development.
They accurately synchronized and isolated Sertoli, spermatogonia,
preleptotene, leptotene, zygotene, pachytene, diplotene and meio-
sis II cells[37]. In general, the average contact probability P(s) is
used to show the chromatin interaction frequency as a function
of chromatin distance. Here, they inferred the size of chromosome
loops size for all stages by inspecting the inflection point of the
derivatives of log P(s) versus genomic distances curve. The size of
meiotic chromatin loops increased from ~500 kb in leptotene
to ~700 kb in zygotene stage, ~1.4 Mb in pachytene
and ~1.6 Mb in diplotene. In addition, Compartment A and com-
partment B consist of shorter and longer chromatin loops
(560 kb and 730 kb in leptotene, and 800 kb and 1.05 Mb in zygo-
tene) respectively[37]. The force-transmitting LINC complex pro-
motes alignment of different chromosomal ends up to 20% of the
length of the chromosome, and this effect increases gradually from
preleptotene to diplotene[37]. Similar to mice, in rhesus monkey,
instead of the typical compartments and TADs, pachytene chromo-
somes contain smaller domains detected by local principal compo-
nent analysis, named refined compartments, which are highly
correlated with transcriptional level of the corresponding
sequences within the compartments. Transcription inhibitor treat-
ment has no effect on this refined A/B compartments. They found
that TADs recovered in KO mice for Sycp2, a core component of
the synaptic complex, or Top6bl, a topoisomerase that regulates
DSB formation during spermatogenesis, suggesting that the synap-
tic complex may restricts conventional TADs and promotes the for-
mation of refined A/B compartments[29].

4. 3D genomic and epigenome features on DSB hotspots and sex
chromosomes during spermatogenesis

Meiosis recombination is initiated by DSB induced by SPO11
[38]. In most mammals, histone methyltransferase PRDM9 guides
the targeting of SPO11, and ATM kinases control the number of
meiosis DSBs[39]. DSB repair occurs in zygotene and pachytene.
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RAD51 and DMC1 bind to chromatin during these periods, helping
to relocate homologous chromosomes and form single-ended inva-
sion exchange intermediates[40]. DSBs modification is character-
ized by the accumulation of specific chromatin modifications
(YH2AX) and DDR factors (53BP1 and MDC1)[41]. It has been found
that TADs are the basic functional unit of DSB repair in artificially
induced DSB, and contributes to the correct establishment of
YH2AX-53BP1 chromatin domain, which contains one-sided
cohesin-mediated loop extrusion on both sides of the DSB[42].
DSB in sperm also corresponds to some characteristics of 3D chro-
matin structure. First, DSB and crossover are more likely to occur in
compartment A[34]. The DSB hotspots are pre-opened in type A
spermatogonia[36]; Using DMC1 single-stranded DNA ChIP data,
they classified DSB into either crossover-favored or crossed-
disfavored DSB hotspots (CO-DSBs and NCO-DSBs). In pachytene
spermatocytes, chromatin interaction patterns change significantly
in DSB regions, especially those associated with CO-DSBs, during
homologous pairing and coarrangement in prophase I of meiosis.
During preleptotene and Leptotene periods, CO-DSBs (but not
NCO-DSBs) exhibits a transient, TAD-boundary-like pattern[37].
This pattern is also consistent with the loop extrusion model.
Unlike autosomes, homologous recombination occurs only in a
short terminal region between XY sex chromosomes. During
pachynema, the transcription of sex chromosomes stops, namely
meiotic sex chromosome inactivation (MSCI)[43]. At this point,
XY chromatin is reconstituted into heterochromatin, forming a
specific and distinctly distinct region within the nucleus of mam-
malian spermatocytes, known as the XY body, or sex body. In
recent years, Hi-C technology has led to a clearer understanding
of the unique dynamic organization of 3D structure in sex chromo-
somes during meiosis I. In spermatogonia, mature sperm and
fibroblasts, sex chromosomes are similar to autochromosomes
and have strong compartment and TADs. But during the Meiosis
I, and especially during pachytene, it almost disappears. During
zygonema, the X chromosome behaves like the autosomes, show-
ing strong interchromosomal interactions. By pachynema, X chro-
mosome displays a 3D organization distinct from the
transcriptionally active autosomes, completely losing the X-
shaped interchromosomal contact that had always been observed
in autosomes. There is no transcriptionally active distal interaction
hub in the X chromosome, and X chromosome shows much stron-
ger distal interactions beyond 10 Mb than autosomes|29,33,34,37].

5. Chromosomal morphodynamics during oogenesis

Comparing to spermatocytes, the rate of oocytes to be aneu-
ploid is higher due to the lack of cell cycle checkpoint mechanisms,
and aging contributes much to the risk of maternal aneuploidy
[44,45]. Therefore, the chromosomal behavior during oogenesis
have long been noticed. Due to the limited number of growing
oocytes, it is harder to get abundant cells for 3D genome sequenc-
ing. Rather, image-based methods are more suitable in such case.
The synapsis and recombination of homologs have been visualized
by light and electron microscope[46-48], and in combination with
genetic studies, some of the molecular mechanisms have been
uncovered. Like spermatocytes, the chromatin in meiosis I (MI)
oocytes becomes linearly-arranged loop arrays anchored upon
meiotic chromosome axis, which is composed of a cohesin core
and synaptonemal complex (SC). There are more than one type
of SCs in oocytes, and some of the subunits of SC, including RECS,
RAD21L, STAG3 and SMC1, are specific in meiotic process [44].
Inactivation of SMC18 in oocytes will cause the shortening of chro-
mosome axis and the increase of loop size, suggesting the crucial
roles of SC complex components to regulate the genome struc-
ture[49].
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Of notice, the structure changes of chromatin inside GV are
unique in oocytes and are studied by many researches on various
species[21]. Two remarkable configurations are described. One is
called non-surrounded nucleolus (NSN), where the chromosomes
are loosely distributed inside the whole nucleus. The other is called
surrounded nucleolus (SN). In this type of GV oocyte, the chromo-
somes are condensed and re-arranged to surround the nucleolus-
like body (a oocyte nuclear organelle derived from nucleolus
[50]), thus forming a ring-shaped structure, which was named kar-
yosphere by Blackman in early 1900s[51]. This structure is con-
served among many species, though they are given different
names in the earlier studies[50]. Both NSN and SN oocytes can pro-
ceed to the next stage and complete meiosis I, but SN oocytes are
suggested to be more mature than NSN oocytes, with higher suc-
cessful rate of finishing meiosis II and fertilization[52-54]. Consis-
tently, the gene transcription is mostly active in NSN oocytes and
silent in SN oocytes, but factors essential for embryo development
are up-regulated in SN oocytes[55], probably making it more suit-
able for development. In aged mice, the typical SN and NSN config-
urations are partially replaced by other irregular patterns, such as
clumped inside the nuclear[56]. That might be a cause of the
declining of fertilization with age.

In healthy individuals, GV oocytes are gradually switching from
NSN to SN state. This transition of chromosomal structure is asso-
ciated with a lot of molecular behavior and functions. Centromere-
specific immunochemical imaging[57], as well as a FISH study on
satellite repeats[58] show that the centromeric heterochromatin
was re-distributed to the close region of nucleolus-like body dur-
ing NSN-SN switch. That might be led by the binding between
the rDNA inside the nucleolus-like body and major satellite on
the chromatin. Histone modifications also take parts in NSN-SN
transition. H3K9me3 and H4K20me3 were found by FISH method
to ocondensate on pericentromere chromatins and contribute to
the condensation of heterochromatin and the formation of
nucleolus-like body[58] (Fig. 3).

Cell-cell communication can also promote NSN-SN transition.
Oocytes communicate with nearby somatic cells through gap junc-
tion. When stimulated by sex hormones, the gap junctions
between oocyte and cumulus cells will promote NSN-SN transi-
tion[59], while interrupting the communication by knocking out
related proteins will obstruct the condensation of chromatins
and gene silencing[60]. The cAMP mechanism was found to be
related to the regulation of cell communication and chromatin
structure regulation[61,62]. Both oocytes and cumulus cells pro-
duce cAMP, and gap junction helps to balance cAMP level[63].
Inversely, cAMP level will also regulate the throughput of gap junc-
tion by inactivating the MAPK protein, which will also influence
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other sex hormones like FSH, and stimulate the formation of karyo-
sphere[64].

6. Sequencing-based 3D genome mapping during oogenesis

In the past few years, the optimization of Hi-C technique, either
lowering the input of sequencing[27,65], or enhancing the resolu-
tion on single cell level[66,67], along with the respective algorithm
updates, promote the study of chromatin structure in different
stages of oogenesis on the whole genome. Currently, the
sequencing-based chromosomal structure analysis was mostly
focused upon the GV and MII stages[27,66,68,69], and a recent
work of Du et al.[65] systematically mapped six major time points
during the whole process of oogenesis, from progenitor germ cell
(PGC) to fully grown oocytes. Those researches give rise to our
knowledge about 3D genome structure dynamics during that
process.

At the beginning of oogenesis, the genome structure of PGC is
similar to mammalian somatic cells, with some local difference.
When comparing to mouse ESC cells, the long range (>50 M) contact
probability of PGC is increased gradually in both male and female
embryo. This feature was lost when the PGCs are differentiated into
oocytes and arrested at diplotene. The long-range contacts gradu-
ally disappear comparing to somatic cells on post-natal day 7 to
day 14, when the oocytes are arrested at diplotene and start grow-
ing in size. On the contrary, the contact between 1 and 10 Mb of dis-
tance are increased at that stage, suggesting an increase of high-
order structure at shorter range. This pattern is conserved in the
fully-grown GV oocytes[65]. When separating the two configura-
tions of GV oocytes, the SN type have relatively higher long-range
interactions and lower cell-cell diversity comparing to NSN type
[66], consistent with the fact that the chromatins are more con-
densed and stiff in SN oocytes. When the oocyte is released from
diplotene and come to the metaphase of meiosis II, the short-
range (1-10 M) interaction become stronger than all the previous
stages and the power-law exponent of P(s) curve is about —0.5
[27], similar to the metaphase in mitosis[70] (Fig. 4).

The high-order genome structures show very special patterns
during oogenesis. Both the strength and distribution of A/B com-
partments on PGCs are similar to mESC. Same similarity was
shown on TADs, supporting that PGCs are still somewhat like
somatic stem cells in biological morphology and functions[65]. In
oocytes, the compartments and TAD boundaries begin to melt.
Fully grown oocytes at diplotene arrest have strongly weakened
the compartmentalization and TAD boundary|[65], which was sim-
ilar with spermatocytes at mid-prophase of meiosis 1[71,72].
Single-cell analysis found that the TADs identified in contact map
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Fig. 3. Illustration of the nuclear organization and related epigenome marks inside the non-surrounded nucleolus (NSN) and surrounded nucleolus (SN) germinal vesicles.
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The gray arrow in the middle marks the hallmark chromosomal

behaviors during oogenesis. The colored bands at the bottom indicate the intensity of 3D chromatin structural features. TADs and compartment strengths are weakened
during the whole process, and almost totally disappeared at the metaphase of meiosis II, while the PAD structures are gradually established as the oocytes growing in size
inside the follicles and reach a peak of strength in both NSN and SN GV oocytes before fading away at GVBD. The slope of log-log scale P(s) curve in meiosis I oocytes is

increased to about —0.5 within 3Mbp.

are not truly from the physically isolated DNA clutches, but rather
an enrichment of interaction tendency among cell population[66].
SN type have even weaker TAD and compartmentalization compar-
ing to NSN|[66]. WAPL-mediated release of SCC1 take some part in
the melting of high-order structure in meiosis. SCC1 was thought
to be replaced by REC8 for its function of forming linear loop arrays
on chromosomes in meiosis[73], but Silva, at al. [68] demonstrated
that the binding of SCC1 on chromatin may play some alternative
roles in oogenesis, like the formation of some other high-order
structures. Knocking out SCC1 leads to further elimination of some
loops and TADs in GV oocytes, while knocking out WAPL will
increase the time of SCC1 binding and cause a little increase of
compartment. SCC1 can also regulate loop extrusion and, if not
released at proper time, form small loops inside the REC8-formed
loop arrays in the GV oocytes[68]. Given that WAPL knock-out or
hyper-phosphorylation [74] also causes the accumulation of other
SC subunits, like SMC3 and SMC1p, thus forming a 'vermicelli ’
structure, the mechanism of WAPL regulation on cohesin and gen-
ome structure might be more complex in oocytes. Chiasmata num-
ber on genome also increase after WAPL deletion[68], suggesting a
higher risk of segregation error might relate to the abnormal pat-
tern of high-order structure. The above studies suggest that the
dynamic of high-order genome structures in GV probably con-
tributes much to the biological functions specific for oocyte
development.

As canonical compartment and TAD are strongly weakened, a
special local compartment-like pattern initiates in diplotene-
arrest stage and becomes clearly established in fully-grown GV
oocytes. This high-order structure is marked by H3K27me3, a
repressive mark catalyzed the polycomb complex, and was thus
named polycomb-associated domains (PADs) by Du et al[65]. PADs
are very commonly found in GV genome and their distributions are
neither associated with GC level nor transcriptional region, unlike
canonical compartments. The emergence of PADs coincident with
the dynamics of other high-order structures. Those TADs whose
boundaries are overlapped with PAD boundaries will be strength-
ened in GV oocytes, while others will be weakened or eliminated.
Re-analysis of single cell Hi-C found PADs in both NSN and SN
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oocytes, suggesting that the whole genome-wide chromatin con-
densation and transcriptional silence do not take much part in
the local high-order structure[65,66]. Consistently, artificially
silencing the transcription of growing oocytes did not block the
emergence of PADs[65]. The exact forming mechanism and biolog-
ical function of PADs are still a mystery. Nevertheless, polycomb is
certain to play crucial roles in the formation of PADs. Especially,
PRC1 is important in PAD formation, enhancing PAD-PAD interac-
tion and repressing gene expressions inside PAD regions|[65]. PAD
structure is found disappeared when oocytes are released from
diplotene arrest and surprisingly reconstructed in the maternal
genome of two-cell stage in early embryo. And another polycomb
protein, PRC2, does not contribute much on the formation of PADs,
but is crucial for the re-construction of PADs in 2-cell embryos|[65].

The later part of meiosis II, during which sister chromatids seg-
regate in oocytes, happens abruptly almost at the same time as fer-
tilization, making it harder to get pure haploid ova for the study on
genome structure. Alternatively, the genome structure of oocytes
arrested in MII mid-term stage was often studied, and compared
with genome structures of sperm and zygotes in the field of early
development[27,69]. The MII oocytes almost eliminated all high-
order structures despite the linear loop arrays arranged on chro-
mosomal axis for the proper segregation of sister chromatids.
TAD insulation score is the lowest in MII oocytes comparing with
sperms and early embryos[27], suggesting the chromosomes are
loosely constructed inside the nucleus in maternal gamates while
tightly compacted in paternal gamates. Current proofs indicate
that the maternal genome structures in early embryo are arranged
de novo instead of directly inherited from oocytes. However, there
might be some epigenome markers reserved in MII oocytes, which
can record the structure of maternal genome for re-construction in
early development, like histone modifications. H3K27me3 level is
reserved during MII stage, and its distribution is strongly enriched
in the loci that forms allele-specific domains in the early embryos
[69]. The reconstruction of PADs may also be located by the
H3K27me3 distribution[65]. In addition, there are broad peaks of
H3K4me3 in MII oocytes, which cover the genome regions mostly
outside PADs[65]. Those regions are hypo-methylated and untran-
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scribed, forming genome domains that are called partially methy-
lated domains (PMDs)[21,75], which might contribute to the regu-
lation on gene expression inside the domains. H3K4me3 modified
genome regions are also reported to become enriched in A com-
partment in early embryo[27]. However, there is no further evi-
dence that H3K4me3 is involved in genome construction during
early development.

In the follicle, the cell-cell interaction between oocytes and
adjacent somatic cells is crucial to promote oogenesis. A very
recent study by Li, et al.[76] investigated the 3D genome structure
dynamics of chicken granulosa cells across 10 stages of oogenesis.
Their results show minor changes of compartmentalization and
relatively stable TAD distribution during the process, and the gen-
ome regions with switched configuration are always related to
hormone activity and signaling processes crucial for follicle matu-
ration. The respective study on mammals is still missing, and we
suggest that the comprehensive study of transcriptome, 3D gen-
ome and epigenome on both oocytes and adjacent somatic cells
might be interesting and provide more insights on the complex
process of oogenesis.

7. Summary

In conclusion, current studies drew a unique map of genome
structure organization and dynamics during the process of sper-
matogenesis and oogenesis. At different stages, the chromosomal
structures of germ cells would change, performing various func-
tions like regulating global or local gene expression, ensuring the
recombination, or preparing for the genome reconstruction in the
coming early embryo development. Some structures in germ cells
are like somatic cells, either interphase or mitotic metaphase,
while others are special during gamate production, like the karyo-
sphere structure and PADs patterns in oocytes. Further studies are
still needed for their mechanism and functions in both 3D genome
and epigenome fields. Nevertheless, due to the imbalanced time
scale on different stages of gamate production, some crucial time
points during the whole dynamic processes, like the detailed
mitotic-to-meiotic differentiation step from PGCs, are still missing
for 3D genome mapping. Other obstacles in technology, like the
synchronization and sorting of meiosis I prophase oocytes in fetal
ovary, also wait for future advances to overcome. Cell-cell commu-
nication might be another interesting direction for studying the
regulation of germ cell 3D genome structures. Also, the changes
of the 3D genome structure with age will be essential to decipher
the age-related fertility competence declining and birth defects
[44], empowering human beings to tackle the increasingly urgent
reproductive crisis.
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