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BACKGROUND: GAP-43 (growth-associated protein 43) is a specific neuronal protein of vertebrates, which is pre-
dominantly localized at the plasma membrane of axon terminals. GAP-43 plays an important role in axon growth cone
guidance, neuroregeneration and synaptic plasticity. We have recently shown that GAP-43 is also present in mouse
oocytes and zygotes, where the protein exhibits cytoplasmic localization, which presumably results from peculiar GAP-43
expression and modifications in these cells.

AIM: The aim of the research was to study GAP-43 localization in early (preimplantation) mouse embryos, from
zygote to blastocyst stage.

MATERIALS AND METHODS: C57BL/CBA F1 hybrid mice were used in the work. Oocytes and zygotes were ob-
tained by hormonal stimulation of female mice. For immunocytochemical staining of oocytes and early embryos, primary
polyclonal antibodies to GAP-43 and Ser41-phosphorylated GAP-43 were used.

RESULTS: The intracellular distribution of GAP-43 protein in mouse oocytes (at the metaphase II stage) and early
embryos — from the unicellular stage (zygote) to the blastocyst stage — was studied by immunocytochemical assay.
In oocytes, there is a uniform distribution of protein throughout the cytoplasm with the highest intensity of staining
in the meiotic spindle region. In early embryos, GAP-43 is present in the nuclei and cytoplasm. The relative amount
of GAP-43 in the nucleus and cytoplasm varies depending on the stage of embryo development and the cell cycle phase
of blastomeres. The phosphorylation of GAP-43 at Ser41 residue, which is characteristic of neurons, is also observed
in the nuclei and cytoplasm of early embryo cells. At blastocyst stage, the high expression of GAP-43 is preserved only
in the pluripotent cells of the inner cell mass.

CONCLUSIONS: For the first time, we have demonstrated the presence of GAP-43 protein in early mouse embryos.
The significant difference between GAP-43 localization in neurons (plasma membrane) and early embryo cells (cytoplasm
and nucleus) was revealed. The results suggest a specific role of GAP-43 in toti- and pluripotent cells of early embryos.
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Oébocnosanue. GAP-43 (growth-associated protein 43) — crnenmdryecknii HelipOHATBHBIN GETOK TTO3BOHOYHBIX KU~
BOTHBIX, JIOKAJIM30BAHHBIN MPEUMYIIECTBEHHO Ha TJIa3MaTUYecKoil MeMOpaHe akCOHHBbIX okoH4YaHui. GAP-43 urpaer
BaXKHYIO POJib B OPUEHTALIMM KOHYCOB POCTa aKCOHOB, B PEreHEPaTHMBHBIX IMpolieccax B HEPBHOU cUCTeMe W B CHUHAM-
TUYECKOU TutacTMYHOCTU. HemaBHO HaMU ObLTO mMoka3aHo, YTo GAP-43 mpucyTcTBYeT B OOLIUTAX U 3UTOTaX MBIIIH, T
OH JIOKJIN30BaH B IIUTOIUIa3Me, UTO, MPEAIOJIOXKUTENBHO, CBI3aHO C OCOOEHHOCTSIMM €T0 SKCIIPECCUU Y MOIUUKaIuit
B 9THUX KJIETKaX.

Ileav — viccnenoBaHue ocobeHHocTell okanusaiuu GAP-43 B KieTkax paHHUX (IIpeauMIUIaHTallMOHHBIX) 3MOPHO-
HOB MBIIIM — OT CTaAWM 3UTOThI OO CTaIUU OJIACTOLMCTHI.

Mamepuaavt u memoodst. B pabore 6buTM McTioNb30BaHbl MbITIM THOpUABI F1 C57BL/CBA. OouuTH ¥ 3UTOTHI MOy~
YaJId ¢ TIOMOIIbI0O TOPMOHAIBHON CTUMYJISIIIUU caMOK. [T IUMMYHOITUTOXMMUYECKOTO OKPAIIMBAHUSI OOLIMTOB U PAHHUX
3MOPMOHOB MCITOJIb30BaJIM TEPBUYHBIC TMOJMKIOHANbHBIE aHTUTeda K 0enky GAP-43 u x ero dochopuimpoBaHHOM
(rmo octatky Ser4l) cdopme.

Pesyasmampt. C TTOMOITHI0 MMMYHOLIMTOXMMHUYECKOTO OKPAITUBAHUS OBUIO UCCIIENOBAHO BHYTPUKIIETOUHOE pacIipene-
neHue 6enka GAP-43 B ooumrax (Ha craguu Metadassl 11) m B paHHUX SMOPUOHAX MBIIIA — OT OJHOKJIETOUHOM CTaIum
(3UTOTHI) 10 CTaauM OJacTolMCcThl. B oonurax HabaogaeTcs paBHOMEPHOE paclpeie/ieHre Oeika Mo LUToria3Me ¢ Hau-
OoJibllIeld THTEHCUBHOCTBIO OKpalllMBaHUsl B 00JacTU BepeTeHa jaefieHus. B paHHux smopuoHax GAP-43 npucyrcTByer
B simpax u nuroruiasme. CooTHomeHne KommdecTBa GAP-43 B siipe v UToruia3Me MeHsIeTCsT B 3aBUCUMOCTH OT CTauu
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pa3BUTHSI SMOpHOHA U (a3bl KJIETOYHOTO IIMKJIa 6JacTOMepoB. XapaKTepHoe ISl HeiipoHoB ¢ochopunpoBanue GAP-43
no ocratky Ser4l Takxe HaOJIomaeTcsl B siapax M LIMTOIUIa3Me KJIETOK paHHUX 3MOPMOHOB. B GnacTouucTax BhICOKOE
conepxaHue 6enka GAP-43 coxpaHsieTcsl TOJIBKO B TUTIOPUITOTEHTHBIX KJIETKaX BHYTPEHHEH KJIETOUHOU Macchl.

3akarouenue. B HacToseit paboTe MBI BIiepBbie TTPOAEMOHCTpUpoBau pucytcTBue 6enka GAP-43 B kieTkax paH-
HUX 3MOPMOHOB MBIIIY U BBISIBUIN CYIIECTBEHHBIE OCOOEHHOCTH JIoKanmn3anuuu 6enka GAP-43 B HUX — JIOKaJIM3alUIo
B LIUTOIUIa3Me U SIApEe KJIETOK BMECTO JIOKaJIM3alMy Ha IJla3MaTU4eckoil MemOpaHe, XapakTepHoil 1t HelipoHoB. [lo-
JIyYe€HHbI€ JaHHbIE TMO3BOJISIOT clenaTh 3akiaoueHue o6 ocodoit poau GAP-43 B TOTU- U TUIIOPUIIOTEHTHBIX KJIETKaX
paHHUX SMOPUOHOB.

KimoueBbie clioBa: OOLIMTHI MBIIIM; 3UTOTHI MBIIIW;, paHHUI sMOpuoreHe3; GAP-43.

Background

Growth-associated protein 43 (GAP-43) is a spe-
cific neuronal protein found in vertebrate species.
In neurons, this protein is predominantly associated
with the plasma membrane of axon terminals [1—3].
GAP-43 plays an important role in the embryonic
development of the nervous system, participating
in axonal growth cone guidance. In adult organisms,
GAP-43 supports synaptic plasticity and regenerative
processes in the nervous system [4—9]. At the molec-
ular level, GAP-43 clusters acidic phosphoinositides
in the plasma membrane via its polycationic effector
domain under the control of calmodulin and pro-
tein kinase C, thereby participating in the regulation
of the actin cytoskeleton dynamics [10, 11]. GAP-43
function is presumably mediated by the formation
of large oligomer complexes in the presence ofacidic
phospholipids [12, 13]. GAP-43 belongs to a group
of natively disordered proteins, which are character-
ized by a variety of protein—protein interactions and
multiple functions [13]. For a long time, GAP-43 was
considered neuron-specific [1, 7]. However, there is
currently evidence of GAP-43 presence in glial cells,
chromaffin cells [1], podocytes [14], muscle [15],
and cancer cells [16]. We have recently shown that
GAP-43 is also present in mouse oocytes and zy-
gotes. In metaphase II oocytes, GAP-43 is localized
in tubulin-based structures — the meiotic spindle
and microtubule-organizing centers — and phos-
phorylated by protein kinase C [17]. Notably, the ex-
pression, modifications and functions of GAP-43
vary significantly across different cell types, where-
as its interactions with the main intracellular part-
ners — protein kinase C, calmodulin, actin, and
acid phospholipids — are preserved [17]. GAP-43
has also been detected in proliferating pluripotent
cells (mouse embryonic carcinoma cells) [18] and
multipotent cells (neuronal precursors), where it is
localized in the cytoplasm, on centrosomes, and in
the chromatin region [19].

The aim of the study was to investigate the lo-
calization of GAP-43 in toti- and pluripotent cells
of early mouse embryos.

Materials and Methods

C57BL/CBA F1 hybrid mice were used
in the study. To obtain oocytes and zygotes, female

mice were hormonally stimulated by administer-
ing 10 TU of pregnant mare serum gonadotropin
(Mosagrogen, Russia) followed by 10 IU of human
chorionic gonadotropin (Intervet International B.V.,
Netherlands) after 42—46 hours. The animals were
euthanized by cervical dislocation 13—20 hours after
the administration of human chorionic gonadotropin.
The oocyte/zygote—cumulus cell complexes were
then collected from the mouse oviduct. The mouse
embryos were cultured up to the blastocyst stage
in a CO, incubator (5% CO,, 37 °C) in G-1 Plus
medium (Vitrolife, Sweden).

Immunocytochemical staining of oocytes and
early embryos was performed using a standard pro-
tocol [17]. The anti-GAP-43 primary antibodies
AB5312 and AB5401 (Millipore, USA) were used
at a 200-fold dilution. The secondary antibody,
A-11034, conjugated with the Alexa Fluor 488 fluo-
rescent dye (Invitrogen, USA) was used at a 500-fold
dilution. Chromosomes were stained with DAPI.
The immunostained oocytes and embryos were
mounted on glass slides using the Vectashield
mounting medium (Vector Laboratories, USA) and
analyzed using an LSM-510 Meta confocal micro-
scope (Carl Zeiss, Germany) at the Resource Center
for the Development of Molecular and Cellular
Technologies (St. Petersburg State University,
Russia).

Results and Discussion

Previously, to study GAP-43 in mouse oocytes
and zygotes, we used specific polyclonal antibody
against rat GAP-43, AB5220, and AB5401 against
the phosphorylated (at Ser4l) form of GAP-43
(Millipore, USA) [17]. In this study, the distribu-
tion of GAP-43 in metaphase II oocytes and early
mouse embryos, from the single-cell stage (zygote)
to the blastocyst stage, was studied using immunocy-
tochemical staining with polyclonal antibody against
cat GAP-43, AB5312 (Millipore, USA).

In oocytes, a uniform distribution of GAP-43 is
observed throughout the cytoplasm, with the high-
est intensity of staining in the meiotic spindle re-
gion (see Fig. 1, a). In zygotes, GAP-43 is pres-
ent in the pronuclei (except for the nucleoli) and
cytoplasm. Notably, the pronuclei generally exhibit
a higher intensity of staining compared to the cy-
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toplasm (see Fig. 1, b). In 2-cell and 4-cell stage
embryos, a similar pattern is observed: GAP-43 is
evenly distributed throughout the blastomere cyto-
plasm and is present in the nuclei, but not in the nu-
cleoli (see Fig. 1, ¢, d).

At the morula stage, GAP-43 is also localized
in the cytoplasm and nuclei (see Fig. 2, a, b).
In some blastomeres, GAP-43 staining intensity
is higher than in other blastomeres of the same
embryo. Fig. 2a shows a morula at the beginning
of compaction, with two of eight blastomeres having
more intense GAP-43 staining. This probably indi-
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cates that GAP-43 expression in early embryos is
dynamical and depends on the phase of the cell cy-
cle. Consequently, due to the asynchronous division
of blastomeres, the amount of GAP-43 in different
blastomeres may vary.

At the next stage, the blastocyst, the embryo cells
differentiate into the trophoblast (the outer layer
of cells of the blastocyst) and the inner cell mass,
which later forms a pluripotent epiblast. Fig. 2, ¢
shows an early blastocyst with a forming cavity.
It is notable that the intensity of GAP-43 staining
in the nuclei is higher than that in the cytoplasm.
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[
; }
‘

Fig. 1. Localization of GAP-43 in oocytes and early mouse embryos: a, metaphase II oocyte (arrow indicates the position
of the meiotic spindle); b, interphase stage zygote (pb, the second polar body); ¢, 2-cell stage embryo; d, 4-cell stage em-
bryo. DIC, differential interference contrast; DAPI, DNA staining (blue); AB5312, GAP-43 staining with AB5312 antibodies
(green); Merge, DAPI and AB5312 combined

Puc. 1. Jlokanuzauusa 6enka GAP-43 B oolUTe M paHHMX SMOPMOHAX MBILIM: @ — OOLUMT Ha craguu Mertadassl 11 (cTpen-
KOIi yKa3aHO IOJIOKEHHME BEpeTeHa ¢ XpOMOCOMaMU); b — 3MroTa Ha cTaguu WHTepdassl (pb — BTOpOE MOJSIPHOE TEINbIIE);
¢ — SMOpPHMOH Ha CTaIuM IBYX 0JacTOMEpOB; d — 3MOPHMOH Ha cTaguu 4YeThipeXx 61actomepoB. DIC — muddepeHmanibHO-
nHTepdepeHMoHHbIM KOHTpacT, DAPI — okpammBanue JJHK, AB5312 — okpamuBanue GAP-43 anturenamu ABS5312,
Merge — coBmeleHue kKaHajioB DAPI u AB5312
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Fig. 2. Localization of GAP-43 in early mouse embryos: a, 8-cell stage morula; b, late morula; c, early blastocyst; d, hatching
blastocyst (/CM, inner cell mass, tb, trophoblast cells). DIC, differential interference contrast; DAPI, DNA staining (blue);
AB5312, GAP-43 staining with AB5312 antibodies (green); Merge, DAPI and AB5312 combined

Puc. 2. Jlokanmsanust 6enka GAP-43 B paHHMX 3MOpPHOHAX MBIIIM: @ — MOpYyJa Ha CTaOuX BOCBMH GJIACTOMEPOB; b —
MO3IHAS MOpy/ia; ¢ — paHHss Onacrouucra; d — 6GiacToumcTa Ha cramuu BeUTyIieHUsT (/ICM — XKIIeTKM BHYTpPEHHEH
KJIETOYHOI Macchl, th — KieTku Tpodobnacta). DIC — auddepeHnmanpbHo-nHTepdhepeHIIMOHHBIN KoHTpacT, DAPI — okpa-
mwmBanue JJHK, AB5312 — okpammBanne GAP-43 anturenamu AB5312, Merge — coBmenieHue kaHanoB DAPI u AB5312

AB5401

Fig. 3. Localization of Ser41-phosphorylated GAP-43 (pSer41-GAP-43) in morula. DIC, differential interference contrast; DAPI,
DNA staining (blue); AB5401, pSerd1-GAP-43 staining with AB5401 antibodies (green); Merge, DAPI and AB5401 combined

Puc. 3. Jlokanuszauus 6enka GAP-43, docdopunrposanHoro mo ocratky Ser4l, B mopyne. DIC — nuddepeHunansHo-
uHTepdepeHMoHHbIM KoHTpact, DAPI — oxkpammBanue JJHK, AB5401 — oxpammBanue pSerdl-GAP-43 anTurenamu
AB5401, Merge — coBmenienue kaHaiaoB DAPI u AB5401
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In the blastocyst at a later stage (during hatching
from the zona pellucida), a more intense staining
of the inner cell mass is clearly visible compared
to the trophoblast cells (see Fig. 2, d).

In this study, we described for the first time
the expression of GAP-43 in early mouse em-
bryo cells, from the zygote to the blastocyst stage.
In early embryos, GAP-43 exhibits cytoplasmic
and nuclear localization, which differs significant-
ly from the predominantly membrane localization
of GAP-43 in neurons. Intense staining of the cy-
toplasm with anti-GAP-43 antibodies is observed
in embryos up to the 4—8-cell stage. GAP-43 is also
localized in the zygote pronuclei and early embryo
nuclei. Thus, the nuclear localization of GAP-43
was demonstrated for the first time. The presence
of GAP-43 in the nucleus was also confirmed by an-
tibody AB5401 against the Ser4l-phosphorylated
form of GAP-43 (Millipore, USA) and anti—rat
brain GAP-43 monoclonal antibody G9264 (Sigma-
Aldrich, USA). Both antibodies also stain cell nuclei
in early mouse embryos (see Fig. 3; for G9264, data
are not provided). Staining of the nuclei and cyto-
plasm with AB5401 indicates that in early embryos
GAP-43 is phosphorylated, presumably by protein
kinase C as in neurons.

It is well known that the membrane localiza-
tion of GAP-43 in neurons is associated with pal-
mitoylation of its two residues, Cys3 and Cys4
[20, 21]. Therefore, it can be concluded that
GAP-43 is not palmitoylated in early mouse em-
bryos. As we suggested earlier, the absence of pal-
mitoylation may be explained by the expression
of the short isoform of GAP-43 (GAP-43-2), lack-
ing residues 1—4 and truncated at the N-terminus
due to the alternative translation initiation from
the Met5 codon [17]. We analyzed the amino acid
sequence of GAP-43 using computer algorithms
designed to predict the subcellular localization
of the protein. The PSORT 1II [22], SCLpred [23],
ESLPred2 [24], and Cello v.2.5 [25] pro-
grams predict nuclear localization of GAP-43.
The MultiLoc2 [26] and BUSCA [27] programs
predict nuclear/cytoplasmic localization of GAP-43.
The ¢cNLS Mapper [28] and NLStradamus [29] pro-
grams predict that the polycationic effector domain
of GAP-43 contains a monopartite nuclear localiza-
tion signal (residues 43—57). It is interesting to note
that the two GAP-43-related proteins, MARCKS
and BASPI, have also been shown to contain a nu-
clear localization signal in their effector domains
[30, 31]. Thus, the prediction algorithms confirm
the nuclear and cytoplasmic localization of unpal-
mitoylated GAP-43 revealed in the present study.

Comparing the data obtained using two poly-
clonal antibodies against GAP-43, ABS5312 (this
study) and AB5220 (previous study [17]), two dif-
ferences can be noted. (1) AB5312 produce more

@)

intense staining of the cytoplasm than AB5220.
Consequently, staining of tubulin-based structures
(the meiotic spindle and microtubule-organizing
centers) with AB5312 is not as pronounced, al-
though staining of the spindle region is still more in-
tense than staining of the cytoplasm (see Fig. 1, a).
(2) Unlike AB5220, AB5312 stains cell nuclei and
zygote pronuclei. Thus, AB5220 and AB5312 have
different specificities to the nuclear and cytoplasmic
pools of GAP-43. Both AB5220 and AB5312 are
rabbit polyclonal antibodies, but their immunogens
are different: they were raised against rat and cat
GAP-43, respectively. Approximately 20% of amino
acid residues in the rat and cat GAP-43 sequences
are different, which may result in different epitopes
for these antibodies.

Based on the results of this and previous [17]
studies, three different intracellular pools of GAP-43
can be distinguished in mouse oocytes and early em-
bryos: (a) cytoplasmic, (b) nuclear, and (c) associat-
ed with tubulin-based structures (the meiotic spindle
and microtubule-organizing centers). Moreover, our
preliminary data show that these pools are selectively
stained with different anti-GAP-43 monoclonal anti-
bodies (the manuscript is being prepared for publica-
tion). This is probably due to various modifications
of GAP-43 in these pools, which will be investigated
in future work.

Early (preimplantation) embryos attract spe-
cial interest due to the unique properties of their
cells — toti- and pluripotency. In placental mam-
mals, totipotency (the potential to develop into
a complete organism from a single cell) includes
the ability to generate both the embryo and the ex-
traembryonic tissues. For mouse embryos, it has
been shown that only the zygote and a single blas-
tomer of the 2-cell and 4-cell embryos are totipo-
tent [32]. Blastomeres of mouse embryos at later
stages of development no longer possess this prop-
erty. At the late blastocyst stage (before implan-
tation into the uterus), a subset of cells within
the inner cell mass forms the pluripotent epiblast.
Epiblast cells are capable of differentiating into cells
of all three embryonic germ layers; however, they
are not capable of forming extraembryonic tissues.
The epiblast is a source for obtaining pluripotent
embryonic stem cells in vitro. In this study, GAP-43
was detected in mouse totipotent and pluripotent
embryonic cells. In this regard, it should be not-
ed that there are several reports on the expression
of GAP-43 in pluripotent cells of mouse embryonic
carcinoma. In these cells, GAP43 gene transcription
was found to be initiated from a promoter different
from the one responsible for GAP43 transcription
in neurons [18, 33]. GAP-43 has also been detect-
ed in human embryonic stem cells [34] and cancer
cells [16]. This suggests that GAP-43 plays a special
role in undifferentiated cells.
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Conclusion

In this study, we demonstrated for the first time
the presence of GAP-43 in early mouse embryo
cells, from the zygote to the blastocyst stage. In early
embryo cells, GAP-43 is localized in the cytoplasm
and nucleus, unlike in neurons, where it is predomi-
nantly associated with the plasma membrane. Since
the putative role of GAP-43 in neurons is related
to the regulation of the dynamics of the plasma
membrane and actin cytoskeleton, our findings sug-
gest specific functions of GAP-43 in toti- and plu-
ripotent cells of early embryos. Our findings are also
important for studying the role of GAP-43 in other
undifferentiated (stem and cancer) cells.
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AonoAHUTEAbHAS UHDOPMALUS
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