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Abstract: The maternal-to-zygotic transition (MZT), which controls maternal signaling to synthesize
zygotic gene products, promotes the preimplantation development of mouse zygotes to the two-
cell stage. Our previous study reported that mouse granzyme g (Gzmg), a serine-type protease,
is required for the MZT. In this study, we further identified the maternal factors that regulate the
Gzmg promoter activity in the zygote to the two-cell stage of mouse embryos. A full-length Gzmg
promoter from mouse genomic DNA, FL-pGzmg (−1696~+28 nt), was cloned, and four deletion
constructs of this Gzmg promoter, ∆1-pGzmg (−1369~+28 nt), ∆2-pGzmg (−939~+28 nt), ∆3-pGzmg
(−711~+28 nt) and ∆4-pGzmg (−417~+28 nt), were subsequently generated. Different-sized Gzmg
promoters were used to perform promoter assays of mouse zygotes and two-cell stage embryos.
The results showed that ∆4-pGzmg promoted the highest expression level of the enhanced green
fluorescent protein (EGFP) reporter in the zygotes and two-cell embryos. The data suggested that
time-specific transcription factors upregulated Gzmg by binding cis-elements in the −417~+28-nt
Gzmg promoter region. According to the results of the promoter assay, the transcription factor
binding sites were predicted and analyzed with the JASPAR database, and two transcription factors,
signal transducer and activator of transcription 3 (STAT3) and GA-binding protein alpha (GABPα),
were identified. Furthermore, STAT3 and GABPα are expressed and located in zygote pronuclei and
two-cell nuclei were confirmed by immunofluorescence staining; however, only STAT3 was recruited
to the mouse zygote pronuclei and two-cell nuclei injected with the ∆4-pGzmg reporter construct.
These data indicated that STAT3 is a maternal transcription factor and may upregulate Gzmg to
promote the MZT. Furthermore, treatment with a STAT3 inhibitor, S3I-201, caused mouse embryonic
arrest at the zygote and two-cell stages. These results suggest that STAT3, a maternal protein, is
a critical transcription factor and regulates Gzmg transcription activity in preimplantation mouse
embryos. It plays an important role in the maternal-to-zygotic transition during early embryonic
development.
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1. Introduction

During early embryogenesis, the first wave of the embryo development process is
the maternal-to-zygotic transition (MZT) in which embryos are under maternal signaling
control until zygotic gene activation (ZGA) [1–3]. MZT processing involves maternal
clearance and activates a cascade of early zygotic genes. Maternal clearance involves
the storage and degradation of maternal transcripts and proteins that are necessary for
oocyte maturation and fertilization and constitutes the first wave of ZGA [4–6]. During
ZGA, maternal transcripts and proteins trigger zygotic gene activation. Altogether, MZT
dramatically reprograms terminally differentiated germ cells into totipotent embryos and
initiates the embryo development process [1,2]. In mice, a minor wave of ZGA begins at
the zygote stage, and the major ZGA wave is detected at the two-cell stage [7].

Recent reports have shown several mechanisms of maternal transcript clearance. These
reports include the mechanisms by which the mRNA stability is mediated by deadenyla-
tion [5,8] and small RNAs, such as microRNAs (miRNAs), endogenous small interfering
RNAs (endo-siRNAs) and Piwi-interacting RNAs (piRNAs) [9,10]. Furthermore, maternal
protein degradation is also a crucial mechanism for the MZT. Mouse embryos show arrested
development after treatment with MG132, a proteasome inhibitor [11]. A caspase inhibitor,
zVAD-FMK, caused the lethality of mouse preimplantation embryos at the eight-cell-to-
blastocyst stage. Furthermore, in mouse embryos, morula compaction is suppressed upon
Caspase 8 inhibition. These reports support the supposition that proteasome is involved
and Caspase 8 regulates the stability of maternal proteins.

Our previous report demonstrated that granzyme g (Gzmg), a serine protease, is
precisely expressed at the mouse two-cell stage and is one of the zygotic genes activated
during the first wave of expression. The inhibition of Gzmg mRNA or proteins by a Gzmg
morpholino or Gzmg-specific inhibitor arrested mouse embryos at the two-cell stage. In
addition, zygotic RNA synthesis is inhibited after Gzmg knockdown by a Gzmg morpholino
in arrested two-cell embryos. As a result, we suggest that Gzmg, a first wave zygotic gene, is
involved in the major ZGA wave in the two-cell stage by degrading maternal proteins [12].

Signal transducer and activator of transcription 3 (STAT3) is a transcription factor with
many important functions in normal and transformed cells. STAT3 is an important regulator
of normal stem cells and cancer stem cells [13]. However, STAT3 regulation is highly
complex, as it is involved in many different signaling pathways. Phosphorylation-activated
STAT3 is sufficient to maintain the undifferentiated state of mouse embryonic stem cells
(mESCs), but there is a threshold level of this inhibition: a lower expression of constitutively
active STAT3 in mESC lines is not able to fully inhibit stem cell differentiation [14]. STAT3
activation in mESCs triggers the expression of several important genes that are known
regulators of pluripotency, such as Myc and Bcl3 [15,16]. Activated STAT3 is also known to
cooperate with Nanog, another key component of pluripotency [17]. These interactions
indicate that STAT3 plays a major role in regulating mESC fate. However, the regulatory
role of STAT3 in early embryonic development is still unknown.

Self-renewal and pluripotency are major characteristics of embryonic stem cells (ESCs).
These processes are primarily controlled by several transcription factors, including STAT3,
Oct3/4, Nanog, and other ESC-specific factors. Ets-related transcription factor GA-binding
protein alpha (GABPα), which is encoded by Gabpα, is expressed in a variety of cell types,
including embryonic stem cells, and is involved in cellular functions, such as cell cycle
regulation, apoptosis and differentiation [18]. The disruption of Gabpα has been shown to
drastically repress the proliferation of Gabpα-null ESCs and initiate cell death within two
days [18]. GABP is also known as a nuclear respiratory factor 2 (NRF-2) and is required for
the expression of key genes of the mitochondrial respiration chain [19]. In mouse embryonic
fibroblasts (MEFs), GABP plays an essential and nonredundant role in mitochondrial
biogenesis. Moreover, the function of GABPα in mESCs has been demonstrated, and
GABPα regulates Oct3/4 expression by repressing Oct3/4 repressors [20].

Nevertheless, the critical maternal factors that activate the MZT are unknown, al-
though the interaction of maternal clearance and ZGA components has been defined.
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Therefore, we focused on determining the critical maternal factors by analyzing the pro-
moters of first wave zygotic genes. Gzmg was a good candidate, because it is a first wave
zygotic gene and controls ZGA, as demonstrated in our previous report [12]. In this study,
we generated a full-length Gzmg promoter and its derived deletion constructs for promoter
assays and determined the specific regulatory cis-elements that mediate Gzmg expression
via certain maternal transcription factors in zygote- and two-cell stage embryos.

2. Results
2.1. The ∆4-Gzmg Promoter May Contain Embryonic Stage-Specific Enhancers

To determine the molecular mechanism by which Gzmg is upregulated at the mouse
two-cell stage, we investigated whether two-cell stage-specific enhancers are in the Gzmg
promoter sequence. First, we cloned a full-length Gzmg promoter, FL-pGzmg (−1696~+28 nt),
and subsequently, we generated four deletion constructs, ∆1-pGzmg (−1369~+28 nt),
∆2-pGzmg (−939~+28 nt), ∆3-pGzmg (−711~+28 nt) and ∆4-pGzmg (−417~+28 nt), by
PCR amplification. Second, these promoter constructs were ligated with an enhanced green
fluorescent protein (EGFP) reporter expression vector (Figure 1A). Then, we co-injected
the pGzmg-EGFP-N1 constructs (250 ng/µL) and a plasmid of cytomegalovirus promoter-
drived mCherry fluorescent gene (pCMV-IRES2-mCherry, 50 ng/µL), used as an internal
control, into zygote pronuclei or two-cell embryonic nuclei and cultured them in a human
tubal fluid (HTF) medium with a DNA synthesis (S phase) inhibitor, 4-µg/mL aphidicolin
(Figure 1B). Thirty hours after injection, the different Gzmg promoter deletion constructs
showed different expression levels of the EGFP reporter in zygotes (Figure 2A) and two-cell
embryos (Figure 2B).

Figure 1. Granzyme g (Gzmg) promoter deletion constructs and the strategy of the promoter assay performed with a dual
fluorescence co-injection system in mouse zygotes and 2-cell stage embryos. (A) The full-length Gzmg promoter (FL-Gzmg;
−1724~+28 nt) was cloned from the mouse genome, and four deletion constructs of the Gzmg promoter were generated:
∆1-Gzmg (−1397~+28 ng), ∆2-Gzmg (−967~+28 nt), ∆3-Gzmg (−739~+28 nt) and ∆4-Gzmg (−445~+28 nt). The deletion
constructs of the Gzmg promoter were inserted into a plasmid of enhanced green fluorescent protein-N1 (pEGFP-N1) reporter
expression vector to replace the original cytomegalovirus (CMV) promoter in the plasmid. (B) Time-course experiments of
dual fluorescence plasmids co-injected with pGzmg-EGFP-N1 and mCherry control plasmid DNA in the zygote stage (20 h
post-human chorionic gonadotropin (hCG)) and 2-cell stage (40 h post-hCG) embryos for the Gzmg promoter activity assay.
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Figure 2. Representative images and quantitative data from the Gzmg promoter assay obtained by a
dual fluorescence co-injection system in mouse zygotes and 2-cell stage embryos. (A) Fluorescence
images from the Gzmg promoter assay of the mouse zygote stage. (B) Fluorescence images from
the Gzmg promoter assay of the mouse 2-cell stage. Light: Bright field used to show the normal
morphology of the control mouse zygotes and 2-cell stage embryos. EGFP: green fluorescence field
representing the expression levels of different promoter lengths of the pGzmg-EGFP-N1 deletion
constructs. mCherry: red fluorescence field representing the expression levels of co-injected mCherry
control plasmid DNA. (C) Quantitative data of the Gzmg promoter assay obtained by the dual
fluorescence system. The graph shows the means ± SD of at least four replicates for each group of
embryos. The asterisk (*) indicates zygote and 2-cell stage embryo groups with the same types of
Gzmg promoter constructs that show significant differences according to a Student’s t-test (p < 0.05).
The number signs (# and ##) indicate that the groups are significantly different from the ∆4-pGzmg
construct groups of the same injected zygote or 2-cell stage embryos, as determined by one-way
ANOVA (#, p < 0.05 and ##, p < 0.01). The dagger (†) indicates a nonembryonic promoter construct
from the mouse lung Clara cell-specific protein (ccsp) gene promoter, used as a negative control,
that shows significant differences with all types of the Gzmg promoter constructs as determined by
one-way ANOVA (p < 0.05). RFUs: relative fluorescence intensity units.
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The zygote group injected with the ∆4-Gzmg promoter construct showed the highest
level of EGFP reporter expression after normalization to the co-injected mCherry internal
control (Figure 2C); the transcriptional activity was significantly higher than that of the
other groups (relative fluorescence intensity unit (RFU) = 4.676 ± 1.031, p < 0.05). In
the two-cell embryo-injected groups, the transcription activity of the ∆4-Gzmg promoter
construct also showed the highest level of EGFP expression (p < 0.01), although the ∆3-Gzmg
promoter construct was similarly and significantly upregulated (p < 0.05; Figure 2C). As a
result, the zygote and two-cell embryonic stage-specific enhancers of the Gzmg promoter are
located in the −417~+28 nt region of the ∆4-Gzmg promoter construct. On the other hand,
the transcription activities of the FL-Gzmg and ∆1-Gzmg promoter constructs exhibited the
lowest EGFP reporter expression, which might indicate that some repressors or negative
regulatory sequences are located in the −1696~−939-nt Gzmg upstream DNA region. A
nonembryonic expressed Clara cell-specific protein (CCSP) promoter construct was added
to the cells in this experiment, and the results showed a significantly lower fluorescence
intensity in the zygotes and two-cell embryos, and this construct served as a background
control (Figure 2C).

2.2. Predicted Transcription Factor (TF)-Binding Sites in the Gzmg Promoter

According to the results of the promoter assay, we aimed to determine which tran-
scription factors affect the transcriptional activity of the Gzmg promoter. To resolve this
question, we predicted the TF-binding sites in the upstream Gzmg promoter by the JASPAR
system. A total of 78 TF-binding sites were found in the whole Gzmg promoter. Among
these sites, six TF-binding sites were found only in the −939~+28 nt Gzmg promoter
region, and eight TF-binding sites were found only in the −1696~−939 nt Gzmg promoter
region (Table 1).

Table 1. Phenotypes after transcription factor knockout during mouse embryo development. ICM: inner cell mass and
Gzmg (Granzyme G).

Promoter Region Transcription Factor Expression Stage in
Preimplantation Embryo Phenotype in Knock-Out Mice Reference

Gzmg
−1696~−939

Hypoxia-inducible factor
1-alpha (Hif1a) Oocyte and zygote Cardiac and vascular malformations and lethality at

embryonic stage 10.5 days (E10.5) [21]

GATA-binding factor 1
(Gata1) 2-cell and 8-cell Embryonic lethality from severe anemia at E10.5 [22]

Estrogen receptor 2
(Esr2) Oocyte and zygote Reproductive system defect [23]

T-cell acute leukemia protein
1 (Tal1) 8-cell Absence of blood formation [24]

Arylhydrocarbon receptor
nuclear translocator (Arnt) Oocyte, zygote/2-cell Embryonic lethality from placental defect at E10.5 [25]

Ecotropic viral integration
site-1 (Evi1) 8-cell Embryonic lethality at E10.5 [26]

TEA domain transcription
factor 1 (Tead1) All stages Morphogenesis defect at E9.5 [27]

Estrogen receptor 1
(Esr1) All stages Reproductive system defect [23]

Gzmg
−939~+28 FEV transcription factor (Fev) All stages Respiratory dysfunction [28]

Forkhead box F2
(Foxf2) Not detected Cleft palate and abnormal tongue [29]

GA-binding protein alpha
(Gabpα) 2-cell Preimplantation embryo lethality [30]

Myogenic factor
(Myf ) Not detected Skeletal myogenesis defect [31]

SRY-box transcription factor 9
(Sox9) Oocyte and zygote Organogenesis defect at E11.5 [32]

Signal transducer and
activator of transcription 3

(Stat3)

Oocyte, zygote, morula and
blastocyst Decreased ICM proliferation [33]
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The Expression Atlas website was used to analyze the expression pattern of each
putative TF. The transcription activities of the Hif1a, Esr2, Arnt, Sox9 and Stat3 genes
were detected at the mouse oocyte and zygote stages; therefore, these transcription factors
are likely maternal proteins. Moreover, mRNAs of the transcription factors Gata1, Arnt
and Gabpα were found to be expressed at the mouse two-cell stage, and transcripts of
Gata1, Tal1 and Evi1 were also expressed at the mouse eight-cell stage. Furthermore, in
addition to being a potential maternal protein, STAT3 is expressed at the blastocyst stage.
First, we focused on the GABPα, SOX9 and STAT3 TF-binding sites, which are located
in the −939~+28-nt Gzmg promoter region. The transcription levels of these three TFs
showed quite different patterns at each developmental stage of mouse preimplantation
embryos. The expression level of the Gabpα mRNA increased at the two-cell stage and
decreased at the eight-cell to blastocyst stage, and it was lethal at the preimplantation
stage in the mouse embryos with the Gabpα gene knocked out. Stat3 mRNA was highly
expressed at the mouse oocyte, zygote and blastocyst stages, and Stat3 knockout embryos
exhibited decreased inner cell mass (ICM) proliferation (Table 1). In contrast, Sox9 mRNA
was expressed only at the oocyte and zygote stages in mouse embryos, but knocking out
Sox9 in the embryos caused lethality at the E11.5 stage and organogenesis defects that did
not correlate with the Gzmg regulation period. Therefore, we excluded SOX9 from the
subsequent analysis.

2.3. STAT3 Interact with the ∆4-Gzmg Promoter in the Mouse Zygotes and Two-Cell
Stage Embryos

Although a previous report showed Stat3 and Gabpα mRNA expression at the mouse
preimplantation stage, whether STAT3 and GABPα proteins are activated at the mouse
zygote or two-cell stage was unknown. The immunofluorescence images showed that
STAT3 (Figure 3A) and GABPα (Figure 3B) proteins were located at zygote pronuclei and
two-cell embryonic nuclei. Furthermore, the fluorescence intensity units (FUs) of both
STAT3 (p < 0.01; Figure 3C) and GABPα (p < 0.05; Figure 3D) varied between pronuclei. In
the two-cell embryos, the FUs of both STAT3 and GABPα were not different between the
two blastomere nuclei (Figure 3C,D). These data suggest that STAT3 and GABPα are truly
expressed at the zygote stage and stably maintained in two-cell stage embryos. As a result,
STAT3 and GABPα are maternal transcription factors that may reprogram pronuclei and
regulate ZGA-related genes in mouse zygotes and two-cell stage embryos.

To test whether STAT3 and GABPα interact with the Gzmg promoter, especially in the
−417~+28-nt Gzmg upstream DNA region. A Cy5-labeled ∆4-Gzmg promoter construct
plasmid was injected into one pronuclei of the zygotes and one nucleus of the two-cell
stage embryos. Six hours after injection, both STAT3 and GABPα colocalized with the
Cy5-labeled ∆4-Gzmg promoter construct plasmid (Figure 4A). Interestingly, the absolute
abundance of the STAT3 colocalized in the zygotic pronuclei of the injection group was
significantly greater than that of the noninjection group (p < 0.01), and the same results were
also observed in the two-cell stage embryos (p < 0.01). However, the amount of GABPα
located in the nuclei was not different between the injected groups and the noninjected
groups (Figure 4B). Moreover, the abundance of STAT3 colocalized in the zygote pronuclei
after ∆4-Gzmg promoter construct injection was significantly higher than that in the nuclei
of the two-cell stage embryos injected with the same construct (p < 0.05). These data
indicated that the STAT3 transcription factor can be recruited into pronuclei or nuclei to
interact with the −417~+28-nt ∆4-Gzmg upstream DNA region. Additionally, we deleted
the putative STAT3-binding site from the ∆4-Gzmg promoter construct and called it the
∆S-pGzmg construct. After the same dose injection, the data showed that the transcription
activity of the ∆S-pGzmg construct was lower than the ∆4-pGzmg construct by promoter
assay (p < 0.001; Supplementary Figure S1). Therefore, we hypothesized that Gzmg gene
transcription may be triggered by the STAT3 transcription factor.
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Figure 3. Immunofluorescence staining showing signal transducer and activator of transcription 3 (STAT3) and GA-binding
protein alpha (GABPα) expression and localization in mouse zygotes and 2-cell stage embryos. Localization and expression
of two transcription factors, STAT3 (A) and GABPα (B), in zygote stage embryos 20 h post-hCG and 2-cell stage embryos 40 h
post-hCG. DAPI: 4′,6-diamidino-2-phenylindole, a blue-fluorescent dye that binds to AT-rich regions of double-stranded
DNA and is used for nuclear localization staining. The abundance of green fluorescence representing the expression and
localization of transcription factors STAT3 (zygote, n = 5 and 2-cell embryo, n = 6) and GABPα (zygote, n = 5 and 2-cell
embryo, n = 6) in early-stage mouse embryos. Scale bar = 20 µm. Quantitative data of the fluorescence intensities of STAT3
(C) and GABPα (D) located in the zygotic pronuclei or 2-cell stage embryonic nuclei. The asterisk (*) indicates a significant
difference between two pronuclei (*, p < 0.05 and **, p < 0.01) in each embryo as analyzed by Student’s t-test.
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Figure 4. STAT3 accumulates in the pronuclei and nuclei after microinjection of the ∆4-Gzmg promoter construct plasmid
in mouse zygotes and 2-cell stage embryos. (A) Plot profile yellow lines represent the abundance and localization of
transcription factors STAT3 (left panel) and GABPα (right panel), with or without ∆4-Gzmg promoter construct plasmid
injection into one side of the zygotic pronuclei and 2-cell embryonic nuclei. Yellow arrowheads indicate nuclei after
∆4-Gzmg promoter construct plasmid injection. White arrowheads indicate nuclei without ∆4-Gzmg promoter construct
plasmid injection. Scale bar = 10 µm. (B) Quantitative data were calculated by absolute difference values of fluorescence
intensities of STAT3 (zygote, n = 5 and 2-cell embryo, n = 6) and GABPα (zygote, n = 6 and 2-cell embryo, n = 5) between the
∆4-Gzmg promoter plasmid-injected nucleus and the noninjected nucleus from the same zygote or 2-cell stage embryo. The
asterisks (** and ***) indicate a significant difference as determined by Student’s t-test. (**, p < 0.01 and ***, p < 0.001).
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2.4. STAT3 Is a Critical Factor for Promoting Early Embryonic MZT in Mice

We next sought to investigate whether maternal STAT3 can trigger MZT at the mouse
zygote and two-cell stages. Two STAT3 inhibitors, S3I-201 and WP1066, were used to
analyze the success rate of mouse embryos in different preimplantation development
stages (Table 2). Zygotes were cocultured with STAT3 inhibitors or dimethyl sulfoxide
(DMSO) solvent in KSOM-AA medium at 22 h post-human chorionic gonadotropin (hCG)
treatment. An untreated control group (KSOM-AA) was added to this experiment as
a normal embryonic culture reference. The control groups developed normally to the
blastocyst stage (KSOM-AA, 95%, n = 59 and DMSO, 89%, n = 56). In the WP1066-treated
group (n = 57), 31.6% of the embryos arrested at the two-cell stage and 68% of the embryos
developed into blastocysts. The majority of the embryos cocultured with S3I-201, a more
specific STAT3 inhibitor, arrested between the zygote and two-cell stages (34.1% and 65.9%,
respectively; n = 44). The transcription activity of the Gzmg promoter was significantly
decreased after being treated with S3I-201 (p < 0.05) (Table 2). Furthermore, we also found
that one-cell embryos treated with S3I-201 mostly arrested at the M phase (Figure 5A) and
showed differing abnormal chromosome plate morphologies (Figure 5B). These results
suggest that blocking STAT3 function by specific inhibitors resulted in dramatic arrest
during the MZT to block normal development before the blastocyst stage in an in vitro
culture system.

Figure 5. Abnormal chromosome plate in arrested zygote stage embryos treated with STAT3 inhibitor
S3I-201. (A) Representative images of abnormal metaphase chromosome plates in arrested zygotes
after treatment with 100-µM S3I-201 inhibitor in KSOM-AA embryo culture medium. Chromosomal
DNA was stained with DAPI, a blue fluorescent dye. All samples were analyzed under a laser
scanning confocal microscope. Scale bar = 20 µm. (B) Representative images of the different
morphologies of the abnormal metaphase chromosome plates.
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Table 2. Development rates of mouse embryos at E3.5 and transcription activities of the Gzmg promoter by culturing with
STAT3 inhibitors.

Different Inhibitor
Treatment

Total
Embryos

No. (%) of Embryos Developed to Transcription Activity
(Relative Fluorescence Unit)

Zygote 2-Cell
Embryo

4-Cell
Embryo

Morula
Embryo

Blastocyst
Embryo

Fragment
Embryo Mean S.D.

p-Value p-Value
(w/DMSO) (w/KSOM)

S3I-201 (100 µM) 44 15
(34.1) 29 (65.9) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 3.193 0.788 0.0552 0.0372

WP1066 (5 µM) 57 0 (0.0) 18 (31.6) 0 (0.0) 0 (0.0) 39 (68.4) 0 (0.0) 3.746 1.14 0.1283 0.0967
DMSO 1 (1/1000) 56 0 (0.0) 1 (1.8) 0 (0.0) 0 (0.0) 50 (89.3) 5 (8.9) 5.628 1.722 - 0.9921
KSOM 2 (Control) 59 0 (0.0) 2 (3.4) 0 (0.0) 0 (0.0) 56 (94.9) 1 (1.7) 5.639 2.158 0.9921 -

1 DMSO: dimethyl sulfoxide; 2 KSOM: KSOM-AA culture medium.

2.5. A Novel STAT3 Isoform May Be Expressed in Mouse Zygotes and Two-Cell Stage Embryos

A previous report showed that the STAT3 protein is not located in the nuclei at the
mouse zygote or two-cell stage [34], which is quite different from our data. Therefore,
we hypothesized that a novel STAT3 isoform exists in mouse zygotes and two-cell stage
embryos. Two different monoclonal antibodies recognizing different epitopes of the STAT3
protein were used in this study: an anti-F-2 antibody for the N-terminal domain and an anti-
C-20 antibody for the C-terminal domain of STAT3 recognition (Figure 6A). As expected,
we found a novel isoform in the N-terminal domain (NTD)-deleted STAT3 protein that
exhibited abundant signals in the pronuclei of the zygotes when the anti-C-20 antibody
was used for the whole-mount in situ immunofluorescence analysis (Figure 6B).

Figure 6. A novel N-terminal domain (NTD)-deleted STAT3 in the pronucleus of mouse zygote
stage embryos. (A) A graphic hypothesis showing that the N-terminal domain (NTD) deletion
of STAT3 may be detected by two different recognition domains of STAT3 antibodies. One is
labeled with an anti-F-2 antibody that specifically recognizes the N-terminal domain of STAT3
and is used for full-length STAT3α detection. The other is an anti-C-20 antibody that specifically
recognizes the C-terminal domain of STAT3 and is used for the detection of both NTD-deleted STAT3
and STAT3α. (B) Immunolocalization of NTD-deleted STAT3 and full-length STAT3α in mouse
zygote stage embryos by anti-F-2 (red fluorescent color) and anti-C-20 (green fluorescent color)
antibodies. DNA was stained with DAPI (blue fluorescent color) to define pronuclei localization.
Scale bar = 10 µm.
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3. Discussion

In this study, we successfully used a promoter assay to quantify the transcription
activities of different regions of Gzmg upstream promoters in mouse zygotes and two-cell
stage embryos. Fourteen transcription factors were predicted to be candidates for key
maternal factors in the Gzmg promoter region. Then, we focused on transcription factors
that have been detected at mouse preimplantation embryo stages and have been found
to affect embryo development, such as STAT3 and GABPα. The immunofluorescence
results showed that both GABPα and STAT3 were localized in zygote pronuclei and two-
cell embryo nuclei. These data suggest that both GABPα and STAT3 may regulate the
transcriptional activities of zygotic genes at the mouse zygote and two-cell stages.

It is known that embryos cultured in 4-µg/mL aphidicolin can arrest their develop-
ment at the beginning of the S phase and easily control the timing of gene expressions in the
early embryonic stages. Since the S phase has not yet begun in one-cell embryos, one-cell
embryos retained their two pronuclei throughout the experiment. However, two-cell em-
bryos were isolated after they underwent DNA replication; they cleaved into four cells [35].
According to the reports that we followed, their evidence supports a time-dependent mech-
anism for the initiation of zygotic gene activation, which is not prohibited by aphidicolin
treatment [35–39]. Therefore, we did not directly connect the embryo morphologies and
expression patterns of the embryo stages in this study.

In the promoter assay, the transcription activity of Gzmg upstream promoters in the
zygote stage is more potent than in the two-cell stage embryos. It seems to not intuitively
coincide with our previous report [12]. The initiation period of ZGA is the way to explain
why the expression level of the Gzmg reporter construct in the zygote group was higher
than in the two-cell stage embryo group. The DNA injection time was before the initiation
of ZGA in the zygote group. However, the DNA injection time of the two-cell embryo
group was after the initiation of ZGA. The time of observations were at 30 h post-injection
in both groups. Thus, the actual expression periods of Gzmg reporters are at the zygote
to the two-cell stage in the zygote group and at the two-cell to the four-cell stage in the
two-cell group under aphidicolin treatment. A previous report supports that the embryonic
gene expression period at two-cell stage embryos may be from the onset of ZGA to the
time before the four-cell stage. Consequently, the difference between the two groups is
probably evidence that the Gzmg promoter is activated in a time-dependent manner [36].

In Gabpα-knockout mice, embryos were not detected during implantation; therefore,
Gabpα−/− embryos may undergo developmental failure at the preimplantation embryo
stage [30]. GABPα is a key factor in the self-renewal and differentiation of hematopoietic
stem cells. Furthermore, GABPα is important for disrupting neuromuscular junction
synaptic function [40] and is also required for cell cycle progression [41]. Interestingly,
GABPα can regulate interleukin 17 receptor alpha (IL-17Rα) in cytotoxic T cells [42],
and Gzmg is also expressed in cytotoxic T cells (CTLs) [43]. Therefore, Gzmg might be
upregulated by GABPα at the mouse zygote and two-cell stages. On the other hand,
GABPα acts as a regulator of B lymphocyte development [44]. Although GABPα was
not recruited by the ∆4-Gzmg promoter at the zygote and two-cell stages, GABPα might
regulate the transcriptional activity of Gzmg by the CTL-related pathway according to its
ability to regulate gene expression in CTLs and B lymphocytes.

STAT3, a member of the STAT family, is phosphorylated by Janus kinases (JAKs),
which are nonreceptor tyrosine kinases (nRTKs). Then, phosphorylated STAT3 forms homo-
or heterodimers and is translocated into nuclei where activated STAT3 dimers execute the
role of transcription activators [45]. STAT3 can be activated by the JAK-STAT3 signaling
pathway in response to certain ligands, such as growth hormone, epidermal growth factor
(EGF), IL-5, IL-6, leukemia inhibitory factor (LIF) and interferons, and by cross-talk with
components in the Notch signaling pathway [46]. STAT3 plays multiple functions and
regulates many cellular processes, including the cell growth and apoptosis of metastatic
cancer cells [47]. Mouse embryo development fails when the Stat3 gene is disrupted, and
the number of cells in the inner cell mass is decreased in Stat3-disrupted blastocysts [33].
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Indeed, the LIF-JAK-Stat signaling pathway plays a role in the self-renewal of embryonic
stem cells (ESCs). The pathway is activated by LIF, which is an IL-6 class cytokine. STAT3
is activated by JAK after LIF bind with LIF receptors to trigger JAK activity. Then, STAT3
upregulates the transcriptional activity of Klf4, and KLF4 activates pluripotency-related
genes, such as Oct4 and Sox2 [48]. The LIF-JAK-Stat signaling pathway is also involved
in de novo DNA methylation and epigenetic modification by activating de novo DNA
methyltransferases and inhibiting histone deacetylases [49]. According to these reports,
STAT3 plays the role of the somatic cell reprogramming factor in blastocysts and ESCs. In
this study, we first demonstrated that STAT3 acts as an important transcription factor in
early embryonic development to trigger the MZT in the mouse zygote and two-cell stages.

To analyze whether transcription factors interact with the Gzmg promoter, an in-
situ DNA–protein interaction assay was developed. Usually, an electrophoretic mobility
shift assay (EMSA) is used for detecting the binding capacity of DNA and a protein [50].
Colocalization assays usually present evidence of two-component interactions in situ, such
as protein–protein interactions. Unfortunately, it is difficult to collect enough material
for mouse embryos to perform an EMSA. It is also difficult to directly prove the binding
capacity between the Gzmg promoter and STAT3. Therefore, we used a colocalization assay
to observe the Gzmg promoter and STAT3 interaction. The Gzmg promoter was successfully
labeled with Cy5 fluorescence by a Label IT® nucleic acid labeling kit, which can be used
to replace the primary antibody for detecting DNA. For our study, we used a new method
for analyzing DNA–protein interactions at the mouse zygote and two-cell embryo stages.

During the onset of zygotic gene activation, only STAT3 was recruited into the pronu-
clei and two-cell nuclei by the ∆4-Gzmg promoter. The results of blocking the STAT3
protein activity showed that mouse embryo development was arrested at the zygote and
two-cell stages. Although both S3I-201 and WP1066 are STAT3 inhibitors, their efficacies
in embryonic development arrest were dramatically different at the zygote and two-cell
stages: 100% for S3I-201 and 31.6% for WP1066. S3I-201 is a direct STAT3 inhibitor by
the de-dimerization of STAT3 [51], while WP1066 is an AG490 tyrphostin analog that
disrupts JAK2 protein tyrosine kinase [52]. JAK2 is crucial for signal transduction from
hormone-like cytokines and some cytokines that signal through IL-3, IL-6 and gp130 recep-
tors [53]. A previous study of Jak2-deficient mice showed embryonic lethality caused by
erythropoiesis failure [54]. Furthermore, JAK2 acts as an important signaling transductor
of Nanog regulation for ES cell self-renewal [55]. However, we found that most embryos
survived to the blastocyst stage after WP1066 treatment at 22 h post-hCG. These data
suggested that maternal STAT3 proteins were activated by a JAK2-independent pathway
before the MZT switch.

One of the JAK2-independent pathways is known as the IL-2-JAK1,3-STAT3 signaling
pathway. IL-2 widely regulates homeostasis and the immune system, especially in T-
regulator cells [56]. IL-2 and IL-15 only activate the slowly migrating isoform STAT3α in
human CD4+ T cells [57]. The C-20 antibody is known to recognize the C-terminal domain
of STAT3α [58]. Furthermore, IL-2 induces both the tyrosine and serine phosphorylation
of STAT3α in T lymphocytes. In CTLs, IL-2 can stimulate high levels of granzyme B
expression. Granzyme genes play roles in cell-mediated cytotoxicity [59]. These proteins
can also be induced in natural killer (NK) cells by IL-2 and IL-12 [60]. However, IL-12-
dependent antitumor immunity is inhibited by STAT3, which activates the IL-23 signaling
pathway [61]. This means that IL-12 alone might not positively regulate STAT3. During
pregnancy, granulated metrial gland (GMG) cells, which are NK cells, proliferate and
differentiate in the murine uterus. Granzyme genes are upregulated by IL-2 and IL-15 in
GMG cells from days nine to 17 of gestation [12,62]. In addition, IL-2 was found by a
multiplex proteome analysis in human follicle fluid, and the lower level of IL-2 in follicle
fluid correlated with the inefficient in vitro fertilization (IVF) cycle [63]. IL-15 also affects
oocyte maturation in follicular fluid [64]. Taken together, IL-2 and IL-15 positively regulate
Stat3 and granzyme genes. STAT3 may act as a transcriptional regulator to interact with
the Gzmg promoter found in this study. This evidence suggests that Granzyme g protein
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expression might be upregulated by JAK2-independent pathways, such as IL-2 and IL-
15/JAK1,3/STAT3 signaling.

In Stat3fl/fl; Zp3-Cre transgenic mice, oocytes are conditionally deleted by Stat3 at the
primary follicular stage. The Stat3-deleted oocytes showed normal maturation, fertilization
and preimplantation development [65]. The current study also showed that the oogen-
esis was normal when maternal Stat3 was deleted at the primordial follicular stage in
Stat3f /f (f /−); Gdf9-iCre female mice [66]. Therefore, STAT3 may be expressed before the
primordial follicular stages or have other origins, such as cumulus cells [67,68]. In addition,
STAT3 inhibitors, Stattic and BP-1-102 were used to analyze the correlation between STAT3
phosphorylation and oocyte maturation. Interestingly, Y705-pSTAT3 plays a novel role
of spindle assembly at oocyte maturation [66]. Those reports indicate that STAT3 plays
multiple roles at oogenesis and preimplantation development. In the zygote and two-cell
embryo stages, STAT3 may interact with the spindle assembly in our inhibitor assay. Never-
theless, Y705-pSTAT3 was not detectable from germinal vesicle breakdown (GVBD) to early
two-cell stage embryos [34,66]. STAT3 is not possible to play the role of spindle assembly
by Y705 phosphorylation. Thus, it remains largely unknown, which is the mechanism of
STAT3 in zygote and two-cell stage embryos.

A previous study demonstrated that maternal STAT3 is expressed at the full preimplan-
tation embryo stages, but this protein is not expressed in the zygote pronuclei or two-cell
nuclei [34]. Interestingly, our data showed that maternal STAT3 proteins exist and interact
with the Gzmg promoter in the zygote pronuclei and two-cell nuclei. The opposite results
between these two studies are because different domains of STAT3 splicing variants are
recognized by different antibodies. The anti-H-190 and anti-F-2 STAT3 antibodies recognize
the STAT3 N-terminal peptides, but the anti-C-20 antibody recognizes the STAT3 C-terminal
peptides. Our data show that maternal STAT3 proteins include two isoforms in fertilized
eggs and two-cell stage embryos. One of the N-terminal truncated STAT3 interacts with
chromatin in mouse zygotes and two-cell stage embryos to trigger Gzmg promoter activity,
but the full-length STAT3α isoform has not been found to exhibit this function. However,
the functions of N-terminal truncated STAT3 remain largely unknown. In general, the
N-terminal domain (NTD) facilitates STAT3 dimerization or tetramerization [69,70]. Some
of the transcriptional activity of genes is affected when the STAT3 N-terminus is truncated,
but some genes are not affected [71]. The NTD plays a crucial role in unphosphorylated
STAT3 dimerization. Interestingly, in contrast to the unphosphorylated STAT3 dimer, the
phosphorylated STAT3 dimer cannot be imported into or accumulate in the nuclei without
the NTD [72,73]. Thus, STAT3 may promote mouse zygote and two-cell development via
unphosphorylated STAT3 dimers with truncated N-termini.

4. Materials and Methods
4.1. Isolation of the Gzmg Promoter and Deletion Construct Cloning

Mouse granzyme g (Gzmg) gene sequences, located on mouse chromosome 14qC3,
were identified in the mm9 mouse genomic DNA sequence database in the National Center
for Biotechnology Information (NCBI). A full-length Gzmg promoter from mouse genomic
DNA, named FL-pGzmg (−1696~+28 nt), was amplified and cloned by polymerase chain re-
action (PCR) using high-fidelity Pfu Taq polymerase (Geneaid Biotech Ltd., Taipei, Taiwan).
Subsequently, four deletion constructs of the Gzmg promoter, ∆1-pGzmg (−1369~+28 nt),
∆2-pGzmg (−939~+28 nt), ∆3-pGzmg (−711~+28 nt) and ∆4-pGzmg (−417~+28 nt), were
generated by PCR using different 5′-upstream and the same 3′-downstream primers (Sup-
plementary Table S1). These Gzmg promoter constructs were then inserted into a pEGFP-N1
expression vector to replace the original CMV promoter, as shown in Figure 1A.

4.2. Mouse Zygote Collection

Zygotes were obtained from the oviducts of 6- to 8-week-old ICR female mice, as
described previously [12]. Briefly, female mice were induced to superovulate by intraperi-
toneal injection of 10 international units (IU) of pregnant mare serum gonadotropin (PMSG,
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cat. no. G4877; Sigma, St. Louis, MO, USA) and, 48 h later, by injection of 10 IU of human
chorionic gonadotropin (HCG, cat. no. C1063; Sigma, St. Louis, MO, USA) and mating
with male mice. Zygotes were recovered in M2 medium (cat. no. M7167; Sigma, St. Louis,
MO, USA) 20 h after hCG injection, and the cumulus cells were removed with 0.5-mg/mL
hyaluronidase (cat. no. H4272; Sigma, St. Louis, MO, USA). Thereafter, the zygotes were
cultured in human tubule fluid medium (HTF; Irvine Scientific, Santa Ana, CA, USA) in a
37 ◦C incubator under 5% CO2 [12]. The animal use protocol in this study was reviewed
and approved by the Institutional Animal Care and Use Committee of the National Chung
Hsing University (IACUC approval number: 96–52; approval date: 1 August 2017).

4.3. Promoter Assay in the Mouse Preimplantation Stage

The protocol for the promoter assay used in the mouse preimplantation stage was
modified from previous reports [35–37]. Groups of 10~20 embryos at a time were mi-
croinjected with approximately 2 pl of supercoil plasmid DNA (pGzmg-EGFP-N1 plasmid
250 ng/µL and pCMV-IRES2-mCherry 50 ng/µL) into one of the pronuclei or 2-cell nuclei
using an automated microinjection system (HDJ-M3 microinjector; Prime Tech Ltd., Ibaraki,
Japan) and inverted differential interference contrast microscopy (an AxioVert 135 micro-
scope; ZEISS, Oberkochen, Germany). Surviving embryos were cultured in HTF medium
with 4-µg/mL aphidicolin (cat. no. A0781; Sigma, St. Louis, MO, USA) at 37 ◦C in an
incubator with 5% CO2. Thirty hours after plasmid injection, images were captured, and
the fluorescence intensity of each embryo experiment was quantified by ImageJ software
(Version 1.51f, National Institutes of Health, Bethesda, MD, USA) (Figure 2). A sum of
approximately 10 embryos was used per experiment, and each experiment was repeated in
every group with 4 replicates. Furthermore, the EGFP fluorescence intensity relative to the
mCherry fluorescence was calculated as shown in Figure 2C.

4.4. Transcription Factor-Binding Site Prediction

All transcription factor matrix models of the JASPAR core vertebrate database
(http://jaspardev.genereg.net/), were selected for analyzing the Gzmg promoter (accessed
on 10 October 2018). The relative profile score threshold was set at 85%. Data were
output after calculation through the JASPAR website. Furthermore, we chose a mi-
croarray database of mouse preimplantation embryos from the Expression Atlas website
(http://www.ebi.ac.uk/gxa/home) to determine the expression time of the putative tran-
scription factors (accessed on 10 October 2018).

4.5. Whole-Mount Embryo Immunofluorescence

The protocol of whole-mount embryo immunofluorescence staining in the mouse
preimplantation stage was described in our previous report [12]. Briefly, mouse preimplan-
tation embryos were removed from the zona pellucida and placed in the acid Tyrode’s
solution (Sigma, St. Louis, MO, USA) for 10 sec at room temperature (RT). Then, the
embryos were fixed with 4% paraformaldehyde solution for 30 min at RT. Subsequently,
embryos were permeabilized with 2% Triton X-100 in phosphate-buffered saline (PBS) for
30 min at RT, blocked in 4% bovine serum albumin (BSA) in PBS and incubated overnight
with anti-STAT3 antibodies C-20 (cat. no. sc-482; Santa Cruz Biotech. Inc., Santa Cruz,
CA, USA) and F-2 (cat. no. sc-8019; Santa Cruz Biotech. Inc., Santa Cruz, CA, USA) or
anti-GABPα antibody (cat. no. sc-22810; Santa Cruz Biotech. Inc., Santa Cruz, CA, USA)
at 4 ◦C. After washing in PBS with 1% BSA and 0.005% Triton X-100, the embryos were
incubated with donkey polyclonal secondary antibody to rabbit immunoglobulin G-heavy
chain and light chain (IgG—H&L) (Alexa Fluor® 488) (A-21206; Thermo Fisher Scientific
Inc., Waltham, MA, USA) or donkey polyclonal secondary antibody to mouse IgG—H&L
(Alexa Fluor® 546) (A-10036; Thermo Fisher Scientific Inc., Waltham, MA, USA) and DAPI
(4′,6-diamidino-2-phenylindole; Thermo Fisher Scientific Inc., Waltham, MA, USA) blue
fluorescent DNA stain. After washing, the stained embryos were mounting by ProLongTM

Gold antifade reagent (P36930; Invitrogen, Carlsbad, CA, USA). Finally, the embryos
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were observed and imaged by laser scanning confocal microscopy (LSM 510; Carl Zeiss,
Oberkochen, Germany) [12]. To test the F-2 antibody specificity, immunofluorescence stain-
ing of A549 cells and Western blot analysis of National Institutes of Health Swiss mouse
embryo-3T3 (NIH/3T3) cells were used to demonstrate that the F-2 monoclonal antibody
really recognizes STAT3 in the cell and total cellular protein, as shown in Supplementary
Figure S2A,B, respectively.

4.6. In Situ DNA–Protein Interaction Assay

In this experiment, DNA of the ∆4-Gzmg promoter construct was first labeled with
Cy5 dye by a Label IT® nucleic acid labeling kit (Cy™5, cat. no. MR-MIR3725; Mirus
Bio LLC, Madison, WI, USA). Next, Cy5-labeled DNA was injected into pronuclei or 2-
cell nuclei in mouse embryos. Six hours after DNA injection, the injected embryos were
fixed for immunostaining for detecting the STAT3 or GABPα signals in the Cy5-labeled
∆4-Gzmg promoter. A laser scanning confocal microscope (Carl Zeiss LSM 510) was used
to analyze the localization of the DNA and proteins. Finally, a plot profile and fluorescence
quantification data were used to analyze the interaction of the DNA and proteins by an
ImageJ system.

4.7. Inhibitor Assay

The STAT3 inhibitor assay protocol was described previously [51,74]. Briefly, embryos
were exposed to inhibitors beginning at the zygote stage. The STAT3 inhibitors, 100-µM
S3I201 (cat. no. sc-204304; Santa Cruz Biotech. Inc., Santa Cruz, CA, USA) [51] or 5-µM
WP1066 (cat. no. ALX-270-483; Enzo Life Science Inc., New York, NY, USA) [74], and
KSOM-AA medium (cat. no. MR-106; Sigma-Aldrich, St. Louis, MO, USA) were changed
every 24 h. Embryos were observed by light microscopy every day to determine the
developmental stages of the preimplantation embryos.

4.8. Quantification of Immunofluorescence

ImageJ software was used to quantify the fluorescence intensities of STAT 3 or GABPα
in the zygote pronuclei and the 2-cell embryonic nuclei. We set measurements of the area,
mean gray value and integrated density, which, in the fluorescence intensity, were for
collecting data. Then, the target regions and three background regions from the same
image were collected. The fluorescence intensity of the target regions subtracted from the
intensity of an average of three background intensities times the size of the target region.

4.9. Statistical Analysis

All results were expressed as the means ± SEM (standard error of the mean). The
data were analyzed by one-way ANOVA and lysergide (LSD) tests using SPSS software
(Version 20, IBM Corp., Armonk, NY, USA). The statistical analysis was performed using
Student’s t-test. p < 0.05 was considered statistically significant; *, p < 0.05; **, p < 0.01 and
***, p < 0.001. In addition, higher and lower fluorescence intensities of STAT3 or GABPα
in the zygote pronuclei and 2-cell embryonic nuclei were defined as “pronucleus 1” and
“pronucleus 2” or “nucleus 1” and “nucleus 2”, respectively, as shown in Figure 3. Absolute
difference values of the fluorescence intensities between the ∆4-Gzmg promoter plasmid-
injected nucleus and the noninjected nucleus from the same zygote or 2-cell embryo were
used for the statistical analysis in Figure 4.

5. Conclusions

Our results suggest that STAT3, a maternal protein, is a critical transcription factor
and regulates Gzmg transcription activity in preimplantation mouse embryos. Further-
more, a new N-terminal truncated STAT3 isoform was identified in the nucleus of the
zygotes and two-cell stage embryos, which may play an important role in upregulating
Gzmg expression to promote the maternal-to-zygotic transition during early-stage mouse
embryo development.
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EMSA electrophoretic mobility shift assay
GABPα GA-binding protein alpha
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MEFs mouse embryonic fibroblasts
mESCs mouse embryonic stem cells
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NTD N-terminal domain
STAT3 signal transducer and activator of transcription 3
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