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General discussion
and future perspectives



AVIAN PRIMORDIAL GERM CELLS

Molecular markers. Chicken PGCs have been identified using different molecular
markers: periodic acid-Schiff (PAS)[1], stage-specific embryonic antigen-1 (SSEAI),
embryonic mouse antigen-1 (EMA1)[2] and chicken vasa homolog (CVH)[3]. In Chapter
2 we studied the expression of SSEA1 and CVH in chicken PGCs between stages
HHS5-19. SSEAL is a marker of pluripotent stem cells in mouse that is also expressed by
multiple cells in the beginning of chicken development. Our findings show that SSEA1
is downregulated at stage HH8 and peaks in germ cells localized in the gonads (60%).

In mouse there is also dynamic expression of pluripotency genes, and their up
regulation in the germ cells localized in the mouse gonads has been observed [4-6].
Regarding the chicken, one study has recently analyzed the expression of pluripotent
PGCs in the chicken at HH14, HH18 and HH28 [7]. Mohsen Naeemipour and colleagues
have shown that the expression of pluripotency markers such as NANOG, OCT4 and SOX2
is down regulated in germ cells localized in the genital ridges [7]. It would be interesting
to analyze the expression of germline-specific genes, such as TUDOR, DAZZL, NANOG,
DEAD END, PRDM14 and SOX17 in greater depth in chicken PGCs. Recently, analysis
of BLIMPI expression in the chicken germline has shown that BLIMPI is expressed
in presumptive PGCs at stage X and it remains expressed in germ cells in the adult.
The role of BLIMPI in chicken germ cells, however, remains unclear [§]. Although this
remains to be confirmed, preformation is most likely the underlying mechanism of PGC
development in the chicken. Detailed analysis of gene expression in PGCs will be very
useful to elucidate on this. Moreover, the dynamics of PGCs in mammals, like mice and
humans, is better known and constitutes a good point of comparison with birds.

In Chapter 2 we show that two different populations of germ cells can be
identified in the gonads: germ cells double positive for CVH and SSEAI1 and germ
cells positive only for CVH. In mammals, different population of germ cells have been
described in the gonads and are dependent on the maturation state of the oogonia or
spermatogonia [9]. In chicken, as we show in Chapter 3, the location of germ cells in the
gonads affects the expression of the meiotic markers, SYCP3 and H2AFX. We show that
germ cells in the right gonad only express H2AFX between stages HH38-45, while left
gonad germ cells can express both, H2AFX and SYCP3, at stage HH45. We report, for
the first time, the influence of cell position on the expression of meiotic markers, which
is associated with different maturation stages of chicken germ cells (Chapter 3). However,
we still do not know if other features of germ cells, such as the expression of different
genes related to pluripotency or germline identity, are also affected by the position of the
cells in the gonads. Analyzing the relationship between position and gene expression will
shed some light on the mechanisms underlying germ cell maturation in the chicken.
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Furthermore, epigenetics in chicken PGCs is a process that is still not completely
understood. [10]. The study of PGC epigenetics in mammals has elucidated how DNA
methylation, histone modifications, imprinting and X reactivation occur in PGCs. A
good example of these studies in mammals, is the recent work by Azim Surani’s group,
that analyses the transcriptional network and epigenetic reprogramming of human germ
cells in different developmental time points [11]. A temporal analysis of gene expression
and DNA methylation in chicken would further elucidate the epigenetic mechanisms
regulating PGC (pre)formation in a non-mammal organism.

Moreover, this will allow a better understanding of how epigenetics is
regulated in sexual system of birds, which is different from that in mammals. While
in mammals the females have two homogametic chromosomes (XX) and the male
has two heterogametic chromosomes (XY), in the chicken the opposite occurs: the
male has two homogametic chromosomes (ZZ) and the female has two heterogametic
chromosomes (ZW) [12]. Mammalian X and bird Z chromosomes are significantly larger
than the respective Y and W chromosomes. However, while one of the X chromosomes
is widely inactivated in homogametic mammal females, promoting dosage compensation
of mammal’s sexual chromosomes, in homogametic bird males some genes seem to be
silenced in the Z chromosome, not only in one but in both Z chromosomes [13, 14].
The male hypermethylated (MHM) region constitutes the locus on the Z chromosome
where most of transcriptionally silenced genes are localized. [14, 15]. On the contrary, in
chicken females, the MHM region, in the single Z chromosome, is transcribed as a long
non-coding RNA. Interestingly, it has been suggested a role for these long non-coding
RNA are responsible to control differential expression of the Z chromosome and regulate
dosage compensation, but this is still not clear [14, 16]. These differences between
mammals and birds, in regard to sexual chromosomes and dosage compensation, are due
to evolutionary divergences that are still not completely understood [17]. While the XY
sexual system has been widely studied, the ZW is less understood. Therefore, in order
to better analyze the two systems and determine their relative evolutionary significance,
more attention should be given to studying epigenetics in the chicken.

Isolation of avian PGCs. In order to address molecular, genetic and epigenetic features
of the chicken germline, it is necessary to develop protocols that would allow isolation
of chicken PGCs. On the one hand, the availability of embryos and the fact that PGCs
in the chicken circulate in the blood, which can easily be collected, constitutes an
advantage when compared with species such as mice or humans. On the other hand, our
limited knowledge of chicken PGC (surface) markers makes the development of effective
isolation protocols difficult.
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For this reason, two main techniques have been used to isolate PGCs in chicken
embryos to date: Ficoll density-gradient centrifugation [7, 18] and FACS [2, 19, 20]. Ficoll
density-gradient centrifugation consists of isolating PGCs from chicken blood distributed
over a sucrose gradient. The presence of PGCs in the isolated fraction is confirmed by
analyzing the expression of germline markers, such as CVH. FACS is based on the use
of specific antibodies for germ cells, of which the most commonly used are SSEAI and
EMAL. However, as we showed in chapter 2 it is not clear whether even these antibodies
used together would identify all PGCs or just a subfraction: it is expressed by other cells
at early stages of development, and not by all germ cells localized in the gonads.

Nevertheless, isolation protocols for chicken PGCs rely on the identification of
PGC markers that can be used in live cells. In contrast to CVH (cytoplasmic protein),
SSEAL is cell surface protein and therefore fixation and permeabilization of cells is not
needed to allow the antibody to bind. EMALI [2] has also been used as a tool to access
gonadal germ cells. Recently it has been shown through immunohistochemistry that
expression of EMA1 does not completely overlap with CVH, and therefore EMA1 seems
to also not be a specific marker for PGCs in the chicken. Finding new surface markers
for chicken germ cells is still a challenge in the field, and a bottleneck for defining PGC
isolation protocols.

Migration. Unlike mammals, chicken PGCs use blood vessels to migrate to the gonads.
Several studies have addressed the question of how chicken germ cells migrate into
the gonads [21-23]. Due to the use of non-specific markers in previous studies, some
features of PGCs remain unclear, such as molecular mechanisms guiding migration or
the migratory route followed by PGCs.

In Chapter 2 we provide a detailed study on the migration of PGCs from the
extraembryonic circulation into the embryo. We counted the number of PGCs in different
areas of the developing embryo from HH5-19, and observed that from stage HH14, germ
cells started to appear in the genital ridges. Our results on the number of PGCs are in
accordance with other groups that also analyzed whole-mount chicken embryos from
different stages stained for CVH [22]. However, our study goes beyond what has been
established regarding PGC migration, since we focus on understanding the mechanisms
used by PGCs to migrate into the embryonic vasculature. A closer look at substage
HH13circ showed that PGCs had accumulated in the medial part of area pellucida and
sinus terminalis. Therefore we decided to investigate the anatomical position of PGCs
at this stage, through histological sections and 3D reconstruction. Curiously, our results
showed that the majority of germ cells were actually localized in the anterior vitelline
veins. We blocked the anterior vitelline veins at HH13 by clamp, and verified a decrease
in the number of germ cells localized in the gonads at HH15 (Chapter 2). In order to
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observe if PGCs were able to find alternative ways to colonize the gonads, it would be
interesting to leave the embryos until later stages of development.

Regarding the role of chemotaxis in directing PGCs to the gonads, it has been
suggested that SDF1/CXCR2 plays a role in the process [23]. Manipulation of chicken
embryos in ovo, can be used to test the relative importance of blood circulation and
signalling clues sent by the gonads in PGC homing. A possible experiment would be
placing the genital ridges of HH12 embryos in specific regions of the extraembryonic
vasculature, in order to test the effect on the migration of germ cells. If chemoattraction
plays a role at this stage, we would expect the cells to redirect their migration to the new
place of the gonads.

From our analysis of whole-mount chicken embryos stained with CVH we also
observed that PGCs migrate preferentially to the left gonads, in both females and males
(Chapter 3). We showed that between HH15-19 there are more germ cells localized in the
left than in the right genital ridge. Our results are in accordance with others. It has been
suggested that the difference in the number of PGCs, at these stages, in both the right and
the left side, is due to secretion by the presumptive gonads of molecules that attract PGCs
preferentially to the left side [23] or secretion of molecules that trigger mitotic activity
of PGCs in the left [24]. Moreover, it has also been suggested that the asymmetrical
expression of BMP7 and PITX2 in the gonads is involved in asymmetrical migration
(Chapter 3). Despite these leads, this process is still poorly understood and deserves more
attention.

Gonadal asymmetry and meiosis. Contrary to what happens in most animals, where
the two embryonic gonads develop into two functional organs, in the female chicken, as
in most birds, only the left gonad will develop into a functional ovary [25]. Interestingly,
gonadal asymmetry already starts to be evident during migration in both sexes: germ cells
migrate preferentially to the left gonad (Chapter 2). However, after sex differentiation,
differences between right and left gonads with regard to the number of PGCs and their
morphology become more pronounced in the female chicken [26].

In Chapter 3 we analyzed in detail the differences in the expression of different
meiotic markers in germ cells localized in different regions of the right and left gonad.
Our study is the first study to report, simultaneously, the dynamic expression of two
different meiotic markers (H2AFX and SYCP3) in chicken gonadogenesis (Chapter 3).
Moreover, we looked for massive apoptosis in the right gonad, as had previously been
suggested [27]. We have observed expression of H2AFX from stage HH38 in both female
and males, which we show not to be correlated with massive germ cell apoptosis. On the
contrary, H2AFX expression seems to indicate that germ cells are in the pre-leptotene

General discussion and future perspectives | 115



stage until hatching. It is not clear whether the expression of FASLG-FAS in germ cells
localized in the extremities of the cortex and medulla in HH45 indicates future apoptosis
(Chapter 3). However, our study does not analyze the expression of apoptotic markers in
the gonads after hatching. This analysis is necessary for understanding if the expression
of FASLG-FAS in germ cells at stage HH45 dictates future apoptosis.

Simultaneous analysis of the expression of two different meiotic markers shows
that meiosis in chicken germ cells depends on their position in the gonad. Moreover,
we are the first to report a meiotic wave in chicken gonads: we showed that germ cells
localized in the center of the left cortex are more mature (late zygotene/early pachytene
and late pachytene/early zygotene) while germ cells in the extremities of the left gonad
are less mature (early leptotene or pre-leptotene). Germ cells localized in the right gonad
remain in pre-leptotene until before hatching. The existence of different meiotic stages
in the left gonad, has been shown by the analysis of meiotic spreads [28]. Moreover, the
results from other studies regarding immunohistochemical analysis of the expression of
meiotic markers, suggest that they are not expressed uniformly in the gonads. However,
conclusions regarding differences in the maturation state of germ cells have not been
made, since in these studies only one meiotic marker was used [29-31]. Our study is,
however, mostly descriptive and so there are several aspects that remain unclear: Are
the mesonephros, in close connection with the gonad, responsible for secreting signals
involved in this meiotic wave or is the gonad itself? Are the molecules involved in chicken
asymmetric gonadogenesis affecting meiosis? We (data not shown) and others [29, 32]
have cultured chicken gonads in vitro. In this system, gonads can be cultured with or
without the presence of the mesonephros, which can further help elucidate whether the
presence of the mesonephros affects meiosis in the gonad. Moreover, this system offers a
model to culture gonads in the presence of a variety of signalling inhibitors or activators.
Blocking signaling pathways involved in gonadal asymmetry, such as Retinoic Acid,
PITX2 or BMP 7, and verifying their effects on the expression of meiotic markers, can
shed further light on which genes involved in asymmetry affect germ cell meiosis. The
availability of embryos is an advantage, since it allows the optimization of the culture
system, with regard to concentrations of inhibitors/activators and culturing times.

Production of transgenic birds. Studying the germline in the avian model also
contributes to our understanding of pluripotency in a non-mammalian system: the
chicken. Several research groups have succeeded in producing chicken embryonic
germ cells (cEGs) by culturing circulating PGCs (cPGCs) [33, 34] and gonadal PGCs
(gPGCs) [35, 36]. In these studies, blood or chicken gonads are cultured in the presence
of leukemia inhibitor factor, stem cell factor and basic fibroblast growth factor [33, 34,
36]. Contrary to chicken embryonic stem cells (cESC), isolated from the blastoderm [37],
cEGs derived by cPGCs and gPGCs can contribute to the germline and have been used in
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the production of germline chimeras[33]. cEGs obtained from gPGCs revealed to be less
efficient regarding germline chimeras[35]. Marie-Cécile van de Lavoir and colleagues
were the first to induce transgenesis by electroporation of a non-viral expression vector
into cEGs in culture, cEGs were subsequently introduced in host embryos in order to
produce transgenic birds [33]. Since then, the protocols for transgenesis in birds have
diversified and efficiency has improved [38], but research on chicken germline and
pluripotency is still needed for further optimization. In turn, transgenic birds will
become a valuable tool to understand PGC mechanisms but also in the conservation of
endangered species and poultry production for agriculture (reviewed in [39]). Moreover,
the generation of transgenic birds for production of recombinant human proteins is also a
major application in the pharmaceutical industry [38].

AMNIOGENESIS IN CHICKEN

While studying the migration of PGCs in the chicken we made a curious observation: we
found PGCs, which are normally localized in the splanchnopleure and in the vasculature
of the yolk sac, present dorsally over the head (Chapter 2, Chapter 5). This observation
led us to investigate the formation of the anterior amnion fold in chickens. We studied
transversal sections and 3D reconstructions of chicken embryos and provide functional
evidence, using ex ovo cultures of chicken embryos, to explain the role of the proamnion
in the development of the anterior amnion fold in the chicken (Chapter 5). The proamnion
is a diblastic structure composed of ectoderm and endoderm. The proamnion is present
in different species, and it seems to have different roles in amnion development, as we
discuss in Chapter 5.

In relation to chicken amniogenesis, Thomas Shore and JW. Pickering were the
first to anatomically describe the proamnion as a structure underlying the developing
head at stage HH10 and to suggest its involvement in amnion formation [40]. In Chapter
5 we revisited their anatomical model using two different functional assays: the inverted
culture system and the suspension culture system. In the former, the chicken embryos
were grown with their ventral side facing upwards, a condition which impairs the
formation of the anterior amnion fold. In the latter culture system, the embryo grows in
a “Cornish pasty” shape and as a result the anterior amnion fold is not formed and does
not cover the head of the embryo. Our results showed that sinking of the head in the
proamnion between HH10-14 is of paramount importance to the formation of the anterior
amnion fold in the chicken. This sinking of the head in the proamnion is responsible for
the replacement of the splanchnopleure on top of the head, explaining why the PGCs
can be found dorsally at this point of embryonic development (Chapter 5). With regard
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to amnion development, it will be interesting to analyze if culturing the chicken embryo
in an inverted position also effects the formation of the posterior amnion fold. The
anterior amnion fold is the first to develop, and therefore the sinkage of the embryo in
the proamnion can also have implications for the correct development of the posterior
amnion fold.

In Chapter 2 and Chapter 4 we present two different ex ovo culture systems:
the inverted/non inverted culture system and suspension culture system. The inverted
culture system is an adaptation of a protocol published by Chapman and colleagues [41]
and embryos were maintained for maximum of 2 days in culture. The suspension culture
system is an adaption of Cornish pasty method [42] and the embryos were maintained
in culture for 72 hours. Both systems improved the survival rate of the embryos and the
reproducibility of results, and therefore constitute a useful system for further exploration
through embryonic manipulation and live imaging. However, they also present some
limitations,with respect to morphological defects observed in the cultured embryos such
as the absence of anterior vitelline vessels in the suspension system or absence of the
anterior amnion fold development in both, inverted and suspension systems. Therefore
the applicability of each culture system to other research questions, should always take
into account the morphological defects caused by the culture systems themselves.

AVIAN MODELS IN DISEASE

Epithelial ovarian cancer (EOC) is one of the leading causes of cancer-related deaths
among women [43]. This is due to the fact that EOC is often asymptomatic, and its location
in the peritoneal cavity makes early detection difficult and facilitates the spread of the
disease (reviewed in Chapter 4). Moreover, we still lack efficient treatment due to poor
information regarding the origin and development of the disease. Different models have
been used in EOC research: fruit fly, mice, in vitro systems and the adult hen. In Chapter
4 we reviewed different models used in EOC research with a focus on the advantages
of using the avian model in the study of this disease. The adult hen offers a particularly
valuable model, since, as in humans and unlike in any other species, the disease develops
spontaneously. Moreover, the metastatic processes are similar to those in humans, and
the use of the avian model allows manipulation of environmental variables with regard to
nutrition, hormones and drugs [44].

Besides the advantages of studying EOC in the adult hen, in Chapter 4, we
discussed the advantages of using the asymmetric development of chicken gonads to
model cancer pathways in EOC. We highlighted the fact that PITX2, overexpressed in
EOC [45], is also an important player in gonadal asymmetric development in the chicken
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[30]. In gonadogenesis, PITX2 is expressed in the left gonad and has been associated with
higher proliferation, but its role in cancer development is still not clearly understood [45].
Silvana Guioli and colleagues have studied the role of PITX2 in chicken gonadogenesis
using RCAS virus to induce expression of PITX2 in the chicken gonad at different time
points [30]. The versatility of the chicken embryo as an experimental model that allows
physical manipulation together with gene silencing and activation assays makes the
chicken an interesting model to study the role of PITX2 in EOC. Inhibiting or activating
this pathway in cancer would be interesting in order to understand its role in disease.
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FUTURE PERSPECTIVES

The chicken embryo is the experimental model with the longest history in developmental
biology and disease [46]. The similarities with humans, and the ease of experimental
manipulation have made the chicken a good system in basic scientific research. However,
compared to other models, such as mice and flies, the availability of genetic and molecular
tools for research is still a limitation in birds. Only lately have chicken laboratory tools
for genomics, proteomics and metabolomics become available and this has contributed
to transforming the chicken from “a great model system” to “become even greater” [47].

The future of the chicken in scientific research is, however, dependent on
the continuation of the development of dedicated tools that can improve methods of
experimental manipulation and analysis. In Chapter 4 we provide an extensive discussion
on the advantages and disadvantages of using the chicken in modelling EOC. There are
however many other applications for chicken laboratory technologies. Another good
example is that of the gene deletion or mutation technologies. While in mice and flies,
gene knockout is nowadays established in relating cause and effect, in the chicken they
are still not established although RNA interference is indeed “up-and-running” in the
chicken; this has allowed scientists to understand gene function but only by post-tran-
scriptional gene silencing [48]. The new tool of Crispr/Cas9 gene editing still has to be
explored. The availability of optimized protocols for the production of transgenic birds,
still dependent on efficient establishment of ¢SC lines and transgenic techniques for
cEGs, will offer a great improvement regarding the development of avian gene knockouts
[39]. Avian gene knockouts are fundamental tools to address many questions that remain
unanswered due to the impossibility to perform functional assays on gene silencing.
Understanding of the mechanism of preformation in avian germ cells or the role of genes
expressed asymmetrically in the chicken gonad in the process of meiosis, the subjects of
this thesis, are only some examples. The production of transgenic birds will have a direct
impact in fundamental research, applied biomedical research and medicine but also in
regard to agriculture and pharmaceutical industry.
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