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Abstract

The type 1 inositol 1,4,5-trisphosphate receptor (IP3R1) mediates increases in the intracellular
concentration of CaZ* ([Ca2*];) during fertilization in mammalian eggs. The activity of IP3R1 is
enhanced during oocyte maturation, and phosphorylations by M-phase kinases are thought to
positively regulate the activity of IP3R1. Accordingly, we and others have found that IP3R1 is
phosphorylated at $#21, T799 (by Cdk1) and at S*3¢ (by ERK). Nevertheless, the effects of these
phosphorylations on the function of the receptor and their impact on [Ca2*]; oscillations in eggs
have not been clearly examined. To address this, we expressed in mouse oocytes an IP3R1 variant
with the three indicated phosphorylation sites replaced by acidic residues, I1IE-IP3R1, such that it
would act like a constitutively phosphorylated IP3R1, and examined [Ca2*]; parameters in
response to stimuli. We found that overexpression of wild type (wt-1P3R1) or IHIE-IP3R1 in
oocytes containing endogenous receptors caused dominant negative-like effects on Ca?* release
and oscillations. Therefore, we first selectively removed the endogenous IP3R1, and subsequently
expressed the exogenous receptors. We found that in response to injection of PLCZ cRNA, eggs
without endogenous IP3R1 failed to mount persistent Ca2* oscillations, although expression of wt-
IP3R1 restored their [Ca2*]; oscillatory activity. We also observed that the Ca2* oscillatory ability
and the sensitivity to IP3 in eggs expressing I11E-1P3R1 were greater than in those expressing wt-
IP3R1. Lastly, we found that exogenous IP3R1s are resistant to downregulation and support longer
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oscillations and of higher amplitude. Altogether, our results show that phosphorylations by Cdk1
and MAPK enhance the activity of IP3R1, which is consistent with its maximal activity observed
at the time of fertilization and the role of Ca2* release in egg activation.
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INTRODUCTION

In preparation for fertilization, ovulated mammalian eggs are arrested at the metaphase stage
of the second meiotic division (MII). Fertilization initiates a series of signaling and cellular
events that result in the release of cortical granules (CG), block to polyspermy, resumption
and completion of meiosis, pronuclear (PN) formation and progression into interphase
followed by the first mitosis. These events collectively make possible the transition from
meiotic into mitotic/embryonic stages and are collectively referred to as “egg activation” [1—
3]. In all species studied to date, an increase in the intracellular concentration of free calcium
([Ca?*];) underlies egg activation [2, 4, 5]. In mammals, [Ca2*]; rises occur periodically and
are referred to as [Ca2*]; oscillations [2, 6-8]. A testis-specific phospholipase C (PLC),
PLCC [9], which is thought to be delivered into the ooplasm after fusion of the gametes,
hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP5) and produces inositol 1,4,5-
trisphosphate (IP3). The latter is the ligand for the IP3 receptor (IP3R), a tetrameric
intracellular Ca?* channel whose isoform 1 (IP3R1) is most abundant in eggs and mediates
most of the Ca?* release during mammalian fertilization [10-12]; IP3R1 is predominantly
located in the endoplasmic reticulum (ER), the eggs’ main Ca2* reservoir [13, 14].

Each IP3R1 monomer is composed of over 2700 amino acids and forms a large protein of
~300 kDa [15, 16]. It can be divided into three main domains: a cytosolic N-terminal ligand-
binding domain, a middle regulatory domain that contains binding sites for numerous
regulatory molecules including Ca2*, ATP and modulatory proteins [17-19], and a C-
terminal domain consisting of six transmembrane segments that terminate in a short tail that
extends into the ooplasm [16]. The two main agonists of IP3R1 are IP3 and Ca?*. The Ca2*
release mediated by these agonists adopts a bell-shape dose-response with respect to Ca2*
concentrations, as the activity of IP3R1 is enhanced at intermediate [Ca%*]; and inhibited at
high or low [Ca?*]; extremes [20-23]. This close regulation of IP3R1 by Ca?* makes
possible the repeated and episodic CaZ* release that underlies the generation of long lasting
oscillations.

Vertebrate eggs acquire the ability to support the precise spatiotemporal pattern of
fertilization-associated [Ca2*]; oscillations during oocyte maturation [24, 25]. During this
process, the receptor’s ability to release Ca?*, here defined as IP3R1 sensitivity, is gradually
enhanced [24, 26, 27]. This enhancement is thought to be due to the changes in IP3 binding
affinity and/or enhanced open probability of the receptor [21, 22, 26]. Although it has been
investigated for many years, the molecular mechanism(s) underlying the exquisite
modulation of IP3R1’s function is still unresolved [17, 28, 29]. Phosphorylation is a major
signaling mechanism involved in regulating the function of IP3R1 in many cell systems [17,
30, 31]. Sequence analysis has shown that IP3R1 possesses phosphorylation consensus sites
for many kinases, although the functional impact of these modifications has not been
completely examined [15, 17]. In mouse oocytes, IP3R1 becomes progressively
phosphorylated during maturation at an MPM-2 epitope, which is phosphorylated by one of
several mitosis-associated kinases [32], and this coincides with enhanced receptor function
at the Ml stage, the stage of fertilization [33]. After fertilization, IP3R1 undergoes gradual
dephosphorylation, which concurs with reduced Ca2* release during this period [33, 34].
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These data suggest that cell cycle-associated phosphorylations most likely by M-phase
kinases regulate the function of IP3R1 in eggs.

Two canonical M-phase kinases, Cdk1 and MAPK/ERK, are known to phosphorylate either
Ser/Thr residues preceding a Pro residue; hence the denomination of Proline (P) targeted
kinases. These kinases are responsible for the resumption and progression of meiosis during
maturation [35]. Sequence analysis of IP3R1 has revealed conserved kinase matifs,
including three Cdk1 consensus sites, S*21PVK, T799PVK and S2147PR [36] and an ERK
site, PVS#36pP [37]. Studies in DT40 cells using in vitro kinase assays demonstrated IP3R1
phosphorylation at S#21 and T799 [38] and these residues were also found to be
phosphorylated in in vitro maturated mouse oocytes by site-specific antibodies [28].
Phosphorylation at the S436 site by ERK was confirmed by in vivo and in vitro studies using
somatic cells and mouse eggs [33, 39]. Despite this evidence, the impact of these
phosphorylations on receptor function and oscillations has not been resolved. For example,
while it was reported that phosphorylation at $436 suppressed Ca?* release in ER
microsomes from somatic cells [39, 40], inhibition of MAPK kinase reduced MPM-2
phosphorylation and [Ca2*]; oscillations in mouse eggs [33]. Nevertheless, in the latter
study, the pharmacological inhibitor U0126 was used to prevent MAPK activation, which
was later shown to alter Ca?* homeostasis in other unpredictable ways [7, 41].

To more carefully examine the role of phosphorylation on IP3R1 function, we developed an
in vivo system in which endogenous IP3R1 protein is selectively knocked down (IP3R1-KD
eggs) and this is followed by expression of exogenous wildtype (wt) or modified versions of
mouse IP3R1 (I1IE-IP3R1). [Ca?*]; oscillations induced by injection of PLCL cRNA were
then monitored to ascertain the effect of IP3R1 modifications. We found that expression of
exogenous wt-1P3R1 in IP3R1-KD eggs restored the ability of these eggs to support long-
lasting [Ca?*]; oscillations, although with lower sensitivity and periodicity than those
displayed by control eggs. Expression of IP3R1 with phosphomimetic mutations supported
significantly higher functional activity than the wt-IP3R1, demonstrating for the first time
the role of phosphorylation and M-phase kinases in regulating IP3R1 function in mouse
oocytes and eggs.

Expression of exogenous IP3R1 in mouse eggs and its effects on [Ca?*]; oscillations

The fundamental role of IP3R1 on mammalian fertilization is well established [12], although
how it is regulated during maturation and fertilization remains to be resolved.
Phosphorylation is a mechanism thought to influence IP3R1 function in this process [33, 38—
40, 42], although in vivo studies using expression of mutant receptors in mammalian oocytes
and eggs have not yet been performed. Therefore, to investigate the impact of
phosphorylation on IP3R1 channel activity, we generated a wild type construct and one
encoding for phosphomimetic mutations at the two Cdk1 sites and at the one ERK site (wt-
IP3R1 and IHIE-IP3R1 in Fig. 1A), as all these sites have been shown to affect receptor
function in somatic cells and in vitro studies [38, 39, 42]. Therefore, S#21 and T79° within
Cdk1 sites, and S$436, within the ERK motif, were replaced with aspartic acid. For expression
and functional studies, these constructs were tagged with 6xHis.
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All constructs were in vitro transcribed into cRNAs, which were then injected into GV
oocytes, as described in Materials and Methods. Protein expression of exogenous receptors
was confirmed in GV oocytes collected at 4-6 hr after cRNAs injection (Fig. 1B). Control
oocytes injected with microinjection buffer (MIB) showed at ~270 kDa the signal
corresponding to the endogenous IP3R1 (Fig. 1B; MIB). In oocytes injected with either of
the constructs (Fig. 1B; wt-1P3R1 and I11E-1P3R1), the signal corresponding to IP3R1 was
greatly enhanced suggesting that some of the exogenous receptor was running together with
the endogenous protein. In addition, in eggs expressing exogenous proteins, an additional,
faint band that run above the endogenous receptors was observed, suggesting that 6xHis tag
might slow the migration of IP3R1.

Having demonstrated the expression of exogenous IP3R1 receptors in mouse eggs, we
subsequently analyzed how their expression impacted [Ca?*]; responses induced by injection
of 0.05 ug/ul of PLCZ cRNA, which was used as a proxy for fertilization. GV oocytes were
injected with IP3R1s cRNAs or ER-DsRed cRNA and matured for 12-14 hr, after which
eggs that had extruded the 15 polar body were selected for Ca2* monitoring. ER-DsRed
cRNA, which encodes for a red fluorescent protein with an ER targeting signal, was used as
an additional control for expression of an ER-targeted protein. Injection of MIB or
expression of ER-DsRed cRNA did not alter the normal pattern of [Ca?*]; responses induced
by PLCC expression, which characteristically started ~50 min post injection and lasted for
~180 min (Fig. 1C, D). Surprisingly, expression of exogenous IP3R1s proteins greatly
delayed the initiation of [Ca2*]; responses after injection, although expression of wt-1P3R1
was more detrimental than that caused by expression of II1E-1P3R1, 78.9+22.4 and
68.5+15.9 min, respectively (Fig. 1D, P<0.05). Eggs expressing exogenous IP3R1s also
mounted oscillations of reduced frequency and amplitude compared to controls (Fig. 1C, E
and F). Collectively, the data show that the expression of exogenous IP3R1s compromises
the function of endogenous IP3R1s causing dominant negative-like effects. Therefore, under
these conditions, it was not possible to examine the effect of phosphorylation on the function
of IP3R1 in mouse eggs.

Expression of wt-IP3R1 in mouse eggs with ligand-induced IP3R1 knockdown (IP3R1-KD)

Given the limitation of the previous approach, we developed an in vivo system in which
endogenous IP3R1s were first selectively downregulated by Adenophostin A (AdA), a non-
hydrolyzable agonist of IP3R1 that induces rapid and almost complete degradation of IP3R1
[34, 43]. The cRNAs encoding for the selected exogenous receptors were subsequently
injected 4 hours after AdA injection and the oocytes were further in vitro matured for 14 hr.
After this period, eggs with 15t polar bodies were selected to examine IP3R1 and ER
distribution and to confirm levels of protein expression. Injection of AdA caused
degradation of most of the endogenous IP3R1 (Fig. 2A, upper panel, 3™ lane from left;
+AdA - wt-IP3R1 cRNA), while injection of wt-IP3R1 cRNA returned expression of IP3R1
to levels similar to those observed prior to downregulation (Fig. 2A, upper panel, 2" lane
from left; +AdA +wt-1P3R1). As expected, control eggs injected with MIB maintained
IP3R1 expression (Fig. 2A, upper panel 15t lane from left; -AdA -wt-1P3R1). Confirmation
of expression of exogenous receptors was demonstrated by western blotting using an a-His
antibody (Fig. 2A, lower panel, middle lane).
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We first examined the ER organization as well as the distribution of IP3R1 in IP3R1-KD
eggs expressing wt-1P3R1. We used a variety of methods to evaluate the distribution of the
ER, including the ER marker DilC1g, which is a lipophilic dicarbocyanine dye [44, 45], and
the more specific ER marker, ER-DsRed cRNA, and this was done with the expectation that
their different technical requirements (Materials and Methods) and particular advantages
may provide a more thorough evaluation of the status of the ER following knockdown of
IP3R1s. For DilC,g imaging, examination under confocal microscopy was performed 30 to
60 min post-injection of soybean oil saturated with DilCg; in our hands the cortical clusters
revealed by this procedure were somewhat less distinct than previously reported [46] and we
attribute this discrepancy to the fact our images were captured using in vitro matured eggs,
which are known to display less conspicuous cortical clusters than in vivo matured eggs [46,
47]. We found that whereas the absence of endogenous IP3R1 receptors left the overall
distribution of the ER mostly unaffected, the stereotypical cortical clusters and cortical
enrichment were largely absent in IP3R1-KD eggs (Fig. 2B-h). Expression of wt-1P3R1 in
IP3R1-KD did not affect the organization of the ER and did not increase the presence of
cortical ER clusters, as revealed by this method (Fig. 2B—i). It is worth noting that on
occasions we observed large patches of fluorescence, which we estimated represented non-
specific accumulation of DilC4g (Fig. 2B—g,i and inset), as they were not seen with other
methods (see below). To confirm the distribution of the ER in IP3R1-KD eggs expressing
wt-1P3R1, we also used ER-DsRed cRNA injection in the various conditions. When assessed
with this technique, the ER was homogeneously distributed in all groups (Fig. 2B-a,b,c and
insets), although the reduced presence of cortical clusters caused by 1P3R1-KD was not
rescued by expression of wt-IP3R1 (Fig. 2B—c; insets). In spite of this, the presence of
cortical ER in both KD and KD+wt-IP3R1 eggs was greater with this method than with
DilCyg. Quantification of clusters =1 pm in diameter in these ER-DsRed cRNA injected
eggs revealed ~30% less clusters in KD and KD+wt-1P3R1 eggs than in control eggs (Fig.
2C; P<0.05). Lastly, we used transmission electron microscopy (TEM) to evaluate the ER
ultrastructure of these eggs. As previously reported by others [45], GV oocytes displayed
very few clusters of vesicular smooth ER (SER) near the plasma membrane (Fig. 2D-a),
although eggs accumulated SER vesicles near the plasma membrane (Fig. 2D-b), which are
the “so called” cortical clusters observed with less discerning microscopy methods.
Importantly, IP3R1-KD eggs exhibited reduced presence of SER clusters (Fig. 2D—c), which
was not rescued by expression of wt-IP3R (Fig. 2D-d).

We next examined the distribution of wt-IP3R1 in IP3R1-KD eggs. For these studies it was
necessary to perform immunofluorescence, as the fluorescent signal generated by expression
of Venus tagged wt-1P3R1 in live MII eggs was too weak to be detected by confocal
microscopy [48]. As expected, in control eggs, endogenous IP3R1 was present throughout
the ooplasm corresponding to the distribution of the ER, including the formation of
conspicuous cortical clusters (Fig. 2B—d; arrowheads and insets). In IP3R1-KD eggs the
IP3R1 signal was virtually undetectable (Fig. 2B—€), while expression of wt-IP3R1 re-
established the IP3R1 signal and the receptors showed a similar distribution to that of
endogenous receptors, including enhanced cortical location (Fig. 2B—f). Collectively, our
results show that our method of IP3R1-KD does not interfere with the pattern of ER
reorganization during maturation, except that formation of cortical clusters is reduced.

Cell Calcium. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 7

Further, injection of wt-1IP3R1 cRNA rescued IP3R1 mass and distribution in IP3R1-KD
eggs, although it did not restore ER cortical organization, suggesting that exogenous wt-
IP3R1s in oocytes and eggs do not undergo the same modifications than endogenous
receptors and/or fail to associate with appropriate partner proteins. Further, these results
seem to imply that IP3R1s alone are not sufficient to drive the formation of ER cortical
clusters in mouse eggs.

Expression of exogenous IP3R1s in IP3R1-KD eggs and the ER releasable Ca2* pool

Prior to examining the capacity of exogenous IP3R1s to support Ca2* oscillations, we
investigated whether or not the ER releasable Ca2* content ([Ca2*]gg) was disturbed by
IP3R1-KD, as [Ca2*]gr is thought to influence IPsR1 sensitivity [49-52]. Several standard
methods were used to test this parameter, including ionomycin (lono), which when added to
cells maintained in medium devoid of extracellular Ca2* promotes Ca2* release from
intracellular stores [53-55]. Addition of 2 uM lono induced a similar Ca2* release in all
groups examined, as determined by the quantification, which is represented as area under the
curve (Fig. 3A,B; P>0.05). The other method tested was the addition of thapsigargin (TG),
an inhibitor of the sarco/endoplasmic reticulum Ca2* ATPase [56], which also caused
equivalent [Ca2*]; responses in all groups (Fig. 3C,D; P>0.05), although the dynamics of the
rises were different among the treatments. For example, time to peak was slower in IP3R1-
KD eggs than in controls eggs (Fig. 3E; P<0.05), and expression of wt-1P3R1 exacerbated
the difference (Fig. 3E; P<0.001), which was only partially improved by expression of I11E-
IP3R1 (Fig. 3E; P<0.001). In total, the data show that IP3R1 KD and expression of
exogenous receptors do not alter the overall ER Ca?* releasable pool. The results also
suggest that IP3R1 is one of the channels that mediate Ca?* leak out of the ER, as its near
complete elimination by KD, or following expression of exogenous receptors, which act in a
dominant negative manner, greatly delayed the Ca2* leak induced by addition of TG.

PLCC cRNA induced [CaZ*]; responses in IP3R1-KD eggs expressing exogenous IP3R1s

To compare the ability of wt-IP3R1 and I1IE-IP3R1 to support oscillations, we injected their
cRNA:s into IP3R1-KD oocytes. Following in vitro maturation, [Ca2*]; oscillations were
induced by injection of 0.05 ug/ul PLCZ cRNA. In control eggs, injection of PLC{ cRNA
induced [Ca2*]; responses that started ~40 min after injection (Fig. 4A,B), occurred at mean
intervals of 31.2+11.0 min (Fig. 4D), and terminated after ~5 spikes (Fig. 4A). In IP3R1-KD
eggs, the time to initiation and other Ca2* parameters were similar to those of control eggs
(Fig. 4A-D; P>0.05), although these eggs only displayed 1 to 2 rises before ceasing (Fig.
4A). Expression of wt-1P3R1 (Fig. 4A, KD+wt-1P3R1) rescued the ability to initiate
persistent oscillations, although the initiation of oscillations was delayed (Fig. 4B; P<0.05)
and [Ca?*]; rises occurred with lower frequency (Fig. 4D, P<0.05). Expression of I11E-1P3R1
in IP3R1-KD eggs supported oscillations that greatly improved on those initiated in wt-
IP3R1 expressing eggs (Fig. 4A-E; P<0.05), although they still displayed delayed initiation
and lower periodicity compared to control eggs (Fig. 4A, B, D; P<0.05). Remarkably, in
I1IE-IP3R1 expressing eggs, oscillations persisted well beyond those initiated in control
eggs, sometimes in excess of 8 hrs (Fig. 4A; P<0.05), displayed greater amplitude (Fig. 4C;
P<0.05) and their amplitude did not decline as oscillations persisted (Fig. 4A,E; P<0.05).

Cell Calcium. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al. Page 8

Together, the results suggest that modifications of IP3R1 on M-phase kinase motifs enhance
the ability of IP3R1 receptor to support oscillations in mouse eggs.

Phosphomimetic mutations at S#21, $436 and T799 enhance IP3R1 sensitivity

We next examined the effect of the phosphomimetic mutations on IP3R1 sensitivity. To
accomplish this, cytosolic IP3 concentrations were increased using caged I1P3 (cIP3). Pulses
of UV light of 0.25s and 0.75s duration, which released threshold and saturating
concentrations respectively, were used sequentially to increase intracellular IP3; the [Ca2™];
responses induced by the photorelease of IP3 were evaluated. Application of short pulses
only caused reproducibly [Ca2*]; responses in control eggs and in eggs expressing I11E-
IP3R1 (Fig. 5A, left panel; 5B, P<0.05), although the duration of the rise was greater in the
control group than in any of the other groups (Fig. 5D, P<0.05).

As expected, the longer UV pulse induced [Ca2*]; responses in all eggs (Fig. 5A right panel;
5C, P>0.05), although the duration of the rise was greater in control eggs and in I1IE-IP3R1-
expressing eggs (Fig. 5E, P>0.05) and was lower in KD and wt-1P3R1 eggs (Fig 4E,
P<0.05), confirming the enhanced properties of I1IE-IP3R1 channel over wt-1P3R1.

Endogenous and exogenous IP3R1s display different stability

Agonist-induced degradation of IP3R1 is one of the mechanisms that contribute to the
termination of [Ca2*]; responses in a variety of systems including eggs [34, 43, 57-60].
Because we observed that [Ca2*]; oscillations induced by PLCZ cRNA injection in either wt-
IP3R1 or IIE-IP3R1 expressing eggs outlasted those induced in control eggs, we examined
the impact of PLC{ cRNA-induced oscillations on the degradation of exogenous IP3R1s
using standard western blotting techniques.

Expression of exogenous, His-tagged wt-1P3R1 or I1IE-1P3R1 in eggs expressing the normal
complement of IP3R1 resulted in the appearance of two bands in the area corresponding to
IP3R1, which is similar to the pattern observed in Fig. 1B. We assume the upper band
corresponds exclusively to the exogenous IP3R1 and it will be designated hereafter as
exogenous IP3R1 (exo-1P3R1), as the addition of 6xHis tags on the C-terminus in the mutant
I1IE-1P3R1 are likely to delay migration (Fig. 6A). On the other hand, whereas the lower
band is likely to contain mostly endogenous receptor, it cannot be discounted to also contain
a portion of the exogenous receptors; we therefore designated this band as (endo-exo-
IP3R1). As expected, the levels of IP3R1 in all groups remained unchanged following
injection of buffer (Fig. 6A, left three lanes: 4 hr post MIB injection), which is consistent
with the high stability of IP3R1 in mouse eggs [34]. Nevertheless, injection of PLC cRNA
induced degradation of most of IP3R1 in control eggs, as only ~20% of IP3R1 mass was left
in these eggs. In comparison, in eggs expressing exogenous receptors, more than 60% of the
total IP3R1 signal mass was still present 4 hrs after the cRNA injection (Fig. 6B; P<0.05).
Nevertheless, upon closer examination, we found most of the degradation happened in the
lower band, which contains the majority of the endogenous receptors. As shown in Fig. 6C,
while almost half of the signal corresponding to the endo-exo-1P3R1 band disappeared 4 hr
after PLCC cRNA injection, ~80% of the signal of exo-1P3R1 band remained. The same
phenomenon was noticed in HHIE-IP3R1 expressing eggs (Fig. 6C). Collectively, these data
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suggest that in mouse eggs exogenous IP3R1s are not degraded as efficiently as endogenous
receptors, which may explain the longer persistence and steady amplitude of [Ca2*];
oscillations in eggs expressing exogenous 1P3R1s.

DISCUSSION

In the present study we examined the effects of phosphorylation by M-phase kinases, a type
of madification that is thought to regulate the function of IP3R1 in eggs. Constructs
encoding for wt-IP3R1 or an IP3R1 with phosphomimetic mutations were generated
followed by their expression and functional assessment in mouse eggs. Expression of
exogenous receptors in the presence of endogenous receptors negatively impacted
intracellular CaZ* signaling, i.e., caused dominant negative effects and restricted the ability
of eggs to mount [Ca2*]; oscillations. Therefore, to analyze the function of exogenous
receptors, we first knocked-down endogenous receptors and subsequently expressed
exogenous receptors. Our results show: 1) it is possible to down-regulate IP3R1 while
maintaining the organization of the ER largely intact as well as the levels of releasable Ca2*
in the store; 2) expression of wt-IP3R1 in IP3R1-KD eggs achieved comparable distribution
to that of the endogenous receptors and partly restored their [Ca2*]; oscillatory ability,
although did not rescue the normal ER cortical organization; 3) expression of IP3R1s with
phosphomimetic mutations corresponding to Cdk1 and ERK consensus sites enhanced
[CaZ*); oscillations and increased IP3R1 sensitivity over those supported by expression of
wt-1P3R1; 4) exogenous IP3R1s seemed resistant to downregulation and supported longer
oscillations and of higher amplitude. Collectively, this study establishes a novel system to
evaluate the function of IP3R1 receptors in mouse eggs and demonstrates that Cdk1- and
MAPK-mediated phosphorylations are positive regulators of IP3R1 function in mouse eggs.

Expression of exogenous receptors compromises [Ca?*]; responses in IP3R1 intact eggs

To more specifically test the function of IP3R1 in mouse eggs, we first expressed exogenous
receptors in oocytes containing the full complement of endogenous IP3R1. Surprisingly,
exogenous receptors compromised the ability of mouse eggs to mount [Ca2*]; oscillations,
as PLCC cRNA-initiated oscillations were delayed and showed less frequency than in control
eggs. These results differ from those reported in somatic cells where the presence of
additional receptors increased the overall receptor sensitivity of host cells [61-64]. In some
of those reports, the somatic cell lines examined stably expressed the exogenous receptors,
which is not the case in mouse oocytes, where expressed receptors can only be examined
within 24 hr post-injection, as afterwards many cellular functions are compromised by aging
of the cell. Therefore, due to the brief lifespan of fully-grown mouse oocytes, exogenous
IP3R1s do not undergo the post-translational modifications and/or interaction with other
proteins and modulators that optimize their response and are therefore less capable of
supporting oscillations [65-81]. There are several possible mechanisms whereby exogenous
IP3R1s can compromise the ability of mouse eggs to mount [Ca2*]; oscillations. First, in
somatic cells exogenous receptors form heterotetramers with endogenous receptors [15, 57].
If this were to happen in mouse oocytes, it would likely lower the sensitivity/conductivity of
the heterotetramer receptor units. Alternatively, the presence of abundant homotetramers of
exogenous receptors with inherently lower 1P3 affinity/sensitivity might act as an IP3 sink,
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increasing the threshold levels of IP3 required to initiate oscillations thereby reducing the
overall responsiveness of these eggs. Another formal possibility is that abnormal distribution
of exogenous IP3R1s could affect their ability to support [CaZ*]; oscillations. Nevertheless,
this does not appear to be the case, as exogenous receptors seemed to attain normal
distribution when expressed in the presence (data not shown) or absence of endogenous
receptors. Therefore, our studies show that expression of exogenous IP3R1 in mouse eggs
compromises the ability of the recipient eggs to mount [Ca2*]; oscillations. Whether or not
this is a unique phenomenon to oocytes and/or eggs is not known, as our studies are the first
in mammalian eggs to express and evaluate the function of exogenous IP3R1s. Exogenous
receptors were expressed in Xenopus oocytes and eggs and their function were examined,
although it is hard to draw comparisons because the longer time required to attain expression
of the channel in these oocytes and the lack of oscillations in response to fertilization in
Xenopus system [82, 83].

Phosphomimetic mutations of M-phase kinase sites enhance IP3R1 function

Consistent with its indispensable role underlying the events of egg activation and embryo
development, the activity of IP3R1 is enhanced during oocyte maturation [24, 28, 84, 85]. A
purported mechanism that enhances IP3R1 activity is phosphorylation [15, 17]. Others and
we have found that cell cycle associated kinases, M-phase kinases, which are inherently
involved in regulating the resumption of meiosis, phosphorylate IP3R1 in eggs and this
modification seems mostly to be associated with enhanced Ca?* releasing activity [27, 28,
33, 34, 86]. Nevertheless, in most of these studies, including reports in somatic cells, the
evaluation of the impact of M-phase phosphorylations on receptor function was carried out
in in vitro systems and/or using pharmacological inhibitors [33, 38, 42]. Therefore, to
evaluate the effect of these modifications at the whole-cell level and also to bypass the
confounding and detrimental influence of exogenous receptors on the endogenous Ca2*-
releasing machinery, we developed a system in which cRNAs for selected exogenous
receptors are injected soon after the down-regulation of endogenous IP3R1s. Using this
approach, we showed that expression of wt-IP3R1 restores the egg’s ability to initiate
persistent [CaZ*]; oscillations, although the oscillations, which were initiated by injection of
PLCC cRNA were delayed and less frequent than in control eggs. These results confirm our
findings that exogenous IP3R1s in mouse eggs are not as efficient as endogenous receptors
in supporting [Ca2*]; oscillations. In spite of this limitation, we found that expression of
IHIE-IP3R1, which contained phosphomimetic mutations on three known M-phase motifs,
reduced the lag time to initiation of oscillations and increased their frequency. These results
suggest that M-phase mediated phosphorylations enhance the function of IP3R1 in mouse

eggs.

We extended these results by examining the sensitivity of exogenous IP3R1s using clP3
technology. Our results show that whereas exogenous wt-1P3R1s were much less responsive
than endogenous IP3R1s, the responses of 1H1E-IP3R1 expressing eggs were comparable to
those of control eggs. It is worth noting that residues S#21 and 5436 lie in the 1P3 binding
core domain of the receptor [87] and it is possible that I11E-1P3R1s have greater affinity for
IP3 than exogenous wt-1P3R1s, as suggested by in vitro studies using somatic cells [38, 42].
We also found that expression of 11IE-IP3R1 enhanced the duration of the Ca2* release

Cell Calcium. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 11

induced by the large clP3 pulse, which was greater than in wt-IP3R1 expressing eggs and
similar to control eggs. Several possibilities may explain these results, one of which is that
phosphorylated IP3R1s have greater channel open duration (tg) and therefore greater
conductivity, although more precise studies are needed to critically examine this possibility.
We also cannot discount the prospect that I11E-1P3R1 expressing cells may modify Ca2*
influx, as residue T799 falls within the domain that is thought to interact with transient
receptor potential channels (TRP), which are known mediators of Ca2* influx [87, 88].
Whereas recent evidence shows that TRPV3 channels are expressed in mouse oocytes/eggs
[88], the role of these channels in Ca2* homeostasis in mouse eggs remains unknown.
Another formal possibility is that the distribution/localization of IIE-1P3R1s is different
than for exogenous WT receptors, which might underlie at least in part the greater
responsiveness of 11IE-IP3R1s. Studies should be conducted to rule out this possibility along
with dose-titration experiments to ascertain that the expression levels of exogenous receptors
are comparable. Lastly, we ruled out that the increased sensitivity of 111E-IP3R1s was due to
higher [Ca%*]gR, as [Ca2*]gr content was similar in all groups. Together, the enhanced
Ca?*-releasing properties observed in eggs I11E-1P3R1 vs. wt-IP3R1 are consistent with the
positive roles of M-phase phosphorylations on IP3R1 function in eggs.

Exogenously expressed IP3R1s are resistant to down-regulation in mouse eggs

A striking feature of PLC{ cRNA-initiated [Ca2*]; oscillations in eggs expressing wt-1P3R1
or II1E-IP3R1 was the persistence of the responses, as in these eggs the oscillations outlasted
those observed in control eggs. In mouse eggs, oscillations typically cease within 4 hr of
injection/sperm entry [89, 90] and [Ca2*]; rises show a protracted decline in amplitude. In
KD+wt-1P3R1 and KD+IIIE-IP3R1 eggs, oscillations lasted in excess of 8 hr and unfolded
without obvious decline in amplitude. Given that degradation of IP3R1 contributes to the
inactivation of sperm-initiated [Ca2*]; oscillations [34, 43], we examined whether
exogenous and endogenous IP3R1s were equally degraded in these eggs. We found that
whereas ~80% of endogenous IP3R1 was degraded by 4 hr after injection of PLC{ cRNA,
exogenous IP3R1s seemed largely unchanged by the same time. This distinct
downregulation of IP3R1s in mouse eggs was surprising, as previous research in somatic
cells has shown that exogenous IP3R1s were similarly vulnerable to downregulation [61,
91]. Importantly, it was noticed that IP3R2 and 3 were not equally susceptible to
ubiquitylation, and that homotetramers of these isoforms were not targeted for degradation
[91]. The reason for this discrepancy among IP3R isoforms was not explored, although it
was postulated to be due to their cellular distribution, i.e. organization in clusters, which
might protect receptors from degradation. It is unlikely that this occurs in eggs, as
exogenous IP3Rs grossly attained similar distribution than endogenous receptors, although it
is worthwhile noting that exogenous receptors were unable to rescue the cortical ER
organization in IP3R1-KD eggs. These results suggest that exogenous IP3R1s are not able to
associate with the same partners than endogenous IP3R1s and that these degradation-
resistant IP3R1s might underlie the longer persistence and steady amplitude of PLC{ cRNA-
initiated oscillations in wt-1P3R1 and I11E-IP3R1 expressing eggs. The data also support the
view that IP3R1 function and degradation contribute to shape the pattern of oscillations
during mammalian fertilization, as the oscillations in wt-1P3R1 and I11E-IP3R1 expressing
eggs were not only prolonged but showed steady amplitude.
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Collectively our results show that M-phase kinase-mediated phosphorylations are important
regulators of IP3R1 function in mouse eggs. Further, our data suggest that exogenously
expressed IP3R1s, while capable of supporting Ca2* oscillations, are not as active as
endogenous receptors. Understanding the mechanisms responsible for these differences may
offer unique insights into the regulation of IP3R1 function in mammalian oocytes and eggs,
which could then be applied to increase the developmental competence of in vitro generated
oocytes and embryos as well as to develop better parthenogenetic activation methods.

MATERIAL AND METHODS

Animal care and welfare

Animals used for gamete collections herein were handled following the National Research
Council’s Animal Care and Welfare Guidelines. These procedures were approved by the
Institutional Animal Care and Use Committee at the University of Massachusetts.

Egg collection and culture conditions

Superovulation was carried out as previously described (Gordo et al. 2002). CD-1 female
mice, 6- to 8- week-old, were injected with 5 U of pregnant mare serum gonadotropin
(PMSG; Sigma, St Louis, MO; all chemicals were purchased from Sigma unless otherwise
specified). Germinal vesicle (GV) oocytes were obtained from the ovaries 44 hr post PMSG
in TL-HEPES supplemented with 5% heat-treated FCS and 100 uM 3-isobutyl-1-
methylxanthine (IBMX). For maturation, GV oocytes were cultured for 12-14 hr in Chatot,
Ziomek, and Bavister (CZB) medium [92] containing 0.1% PVA at 36.5°C and in a
humidified atmosphere containing 5% CO,. Normal matured eggs should extrude 15 polar
body.

DNA Constructs and cRNA preparation

To construct the expression vector for wt-1P3R1, the untranslated Kozak’s sequence
(GCCACC) and 5'-part (3.2kb, 1-3238) of IP3R1 cDNA was amplified by PCR with
primers 5’-GCAATACTCGAGGGCCACCATGTCTGACAAAATGTCG-3’ and 5~
CATTATGGGCCCCAGACACCAGGG-3 (the underlined regions indicate Xhol and Apal
restriction endonuclease sites respectively) using mouse cerebellum IP3R1 cDNA (a kind
gift from Dr. K. Mikoshiba, Tokyo, Japan) in pcDNA-3.1(+) vector as a template. Likewise,
the 3’ part (5.0kb, 3238-8247) of mouse IP3R1 cDNA was amplified with primers 5'-
GTGTCTGGGGCCCTGCAGCTCCTCTTTCGGCACTTCAGC-3' and 5'-
CTGCACACCGGTGGCCGGCTGCTGTGGGTTGACATTCATG-3’ (the underlined
regions indicate Apal and Agel restriction endonuclease sites respectively). The two
fragments were then sequentially subcloned into pcDNA6/myc-His B (Invitrogen, Carlsbad,
CA) using the restriction endonuclease sites mentioned above.

To generate the constantly phosphorylated form of IP3R1 (II1E-1P3R1), the 5’-part (3.2kb,
1-3238) and 3’ part (5.0kb, 3238-8247) of IP3R1cDNA were firstly subcloned into vector
pcDNAG6/myc-His B separately using the same primers mentioned above. The two
constructs were named IP3R1(1-3238)-pcDNAGB and IP3R1(3238-8247)-pcDNAGB.
IP3R1(1-3238)-pcDNAGB was then used as a template for the mutagenesis of both S421E
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and S436E. IP3R1(3238-8247)-pcDNAGB was used as a template for the mutagenesis of
T799E. Mutagenesis was carried out using the QuikChange Il XL Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA) according to the manufacture’s protocol. Then
the two mutated fragments were sequentially subcloned into pcDNA6/myc-His B
(Invitrogen, Carlsbad, CA) using the same two restriction endonuclease sites mentioned
above (Apal and Agel).

To construct the expression vector for ER-DsRed, the full-length sequence encoding for
Discosoma sp. red fluorescent protein (DsRed2) with the ER targeting sequence of
Calreticulin fused to the 5" end and the ER retention sequence, KDEL fused to the 3’ end
was a gift from Dr. Mohamed Trebak (The Centre for Cardiovascular Sciences, Albany
Medical College, Albany, NY) to Dr. Wakai of the Fissore laboratory. This DsRed fused
sequence was amplified by PCR and subcloned into the pcDNA6/myc-His B vector by Dr.
Cheon of the Fissore lab.

After the sequences were confirmed (Genewiz, Cambridge, MA), the constructs were used
for in vitro cRNA synthesis. Plasmids were linearized with Agel and then transcribed from
using the mMessage/mMachine T7 Kit (Ambion, Austin, TX). Poly A tail was added to the
produced cRNA by Poly (A) Tailing kit (Ambion, Austin, TX) followed by purification
using the MEGAclear Kit (Ambion, Austin, TX). cRNA was stored at —80°C in single-use
aliquots.

[Ca?*]; imaging

[CaZ*]; measurements were carried out as previously described, maximum of 20 eggs could
be monitored together each time [93]. Eggs were loaded with 1.25 pM fura-2 AM
(Molecular Probes, Eugene, OR) supplemented with 0.02% pluronic acid (Molecular
Probes, Eugene, OR) for 20 minutes (min) at room temperature (RT). Eggs were then
thoroughly washed and attached to glass-bottom dishes (MatTek Corp, Ashland, MA) in
drops of FCS-free TL-HEPES under mineral oil, because eggs incline to stick to glass or
plastic surface in the absence of protein source. [Ca%*]; values were monitored using a
Nikon Diaphot microscope fitted for fluorescence measurements. Eggs were simultaneously
monitored using the software SimplePCI (C-Imaging System, Cranberry Township, PA),
which controls a filter wheel rotating between excitation wavelengths of 340 and 380 nm
illuminated by a 75 W Xenon arc lamp. Emitted light above 510 nm was collected by a
cooled Photometrics SenSys CCD camera (Roper Scientific, Tucson, AZ) every 20 seconds
(s) and used to calculate fluorescence ratios of 340/380 nm.

[Ca%*]gr Was estimated by assessing the magnitude of the [Ca2*]; responses induced by
addition of 10_pM thapsigargin (TG) (Thastrup et al. 1990) or 2 uM lonomycin (lono). Eggs
were maintained in Ca%*-free conditions, which were created by using TL-HEPES without
adding CaCls and supplemented with 1ImM EGTA; TG or lono was added to this media
during [CaZ*]; monitoring. [Ca2*]; responses were then assessed by comparing the area-
under-the-curve, which was calculated using the Prizm software (GraphPad Software, La
Jolla, CA).
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IP5 induced Ca2* release was caused by cagedIP; (cIP3). Eggs were first injected with 0.5
mM clIP3 (Molecular Probes) and then loaded with 1.25 uM Fluo-4 AM (Molecular Probes).
IP3 release was controlled by exposure to a 360 nm wavelength UV pulse. Fluo-4 excitation
was accomplished with 488 nm wavelength and the emitted light collected as above;
changes in [Ca%*]; are expressed as R = F/Fg, where R is the fluorescence (F) normalized to
the resting fluorescence (Fp). Fo was calculated by averaging the first five fluorescent
measurements for each egg prior to any treatment.

Western blotting

Cell lysates from 40 or 20 cumulus-free eggs were prepared by adding 15ul of 2X sample
buffer (SB) [94], as described previously (Jellerette et al. 2004). Samples were boiled for 3
min, loaded onto NUPAGE Novex 3-8% Tris-Acetate gels (Invitrogen, Carlsbad, CA),
proteins were separated using electrophoresis for different durations (45 min for Fig. 1B; 60
min for Fig. 6A) and transferred onto nitrocellulose membranes (Micron Separations,
Westboro, MA). To detect IP3R1, the Rbt03 antibody (1/1000)[95] was used to detect
IP3R1. Anti-a-tubulin monoclonal antibody (1/1000, Sigma, St Louis, MO) was used to
detect tubulin on the same membrane. The detection was accomplished by addition of a
secondary HRP-conjugated goat anti-mouse antibody and chemiluminescence technology
(NEN Life Science Products, Boston, MA). Blots were digitally recorded using a Kodak 440
Image Station (Rochester, NY). The same membranes were stripped at 50°C for 30 min
(62.5 mM Tris, 2% SDS and 100 mM 2-beta mercaptoethanol) and were then used for
detecting the overexpressed His with Anti-His monoclonal antibody (1/500, Invitrogen,
Carlsbad, CA). The detection was accomplished by a HRP-labeled secondary antibody and
the blots were digitally recorded using a Kodak 440 Image Station (Rochester, NY).

Microinjection

Microinjection was performed as previously described [96]. In brief, eggs were
microinjected under a Nikon Diaphot microscope (Nikon, Inc., Garden City, NY) using
Narishige manipulators (Medical Systems Corp., Great Neck, NY). Reagents were loaded
into glass micropipettes by aspiration and delivered by pneumatic pressure (PLI-100
picoinjector, Harvard Apparatus, Cambridge, MA). The injection volume was ~7-12 pl (1-
3% of the total volume of the egg).

To prepare PLCZ cRNA for injection, the full-length sequence of mouse PLCC (a kind gift
from Dr K. Fukami, Tokyo University of Pharmacy and Life Science, Tokyo, Japan) within
a pBluescript plasmid was in vitro transcribed using the T7 mMMESSAGE mMACHINE Kit
followed by poly A tailing (Ambion, Austin, TX), as reported previously [97]. Concentrated
cRNA (2 pg/ul) was heated for 3 min at 85°C and diluted to 0.05 pg/ul in RNAase free water
before microinjection. The cRNA of wt-1P3R1, mutant forms IP3R1 and ER-DsRed were
heated for 3 min at 85 °C and then used for microinjection at its original concentration (2
ug/ul). 20 uM Adenophostin A (AdA) diluted in microinjection buffer (MIB) containing 75
mM KCI and 20 mM Hepes, pH 7.0 were delivered into the ooplasm by microinjection
technique described above.
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Immunofluorescence

Following removal of the zona pellucida with acid tyrode’s solution (pH 2.7) and after
washes in 0.1% BSA-supplemented Dulbecco’s PBS (DPBS-BSA), eggs were first fixed in
3.7% paraformaldehyde supplemented with 0.02% Triton X-100 and subsequently
permeabilized with 0.1% Triton X-100 supplemented DPBS-BSA. Eggs were transferred
into DPBS+5% normal goat serum (NGS-DPBS) for 2 hrs at 4 °C followed by overnight
incubation at 4 °C with an anti-IP3R1 primary antibody (CT1; 1/100; a generous gift of Dr
R.J. Wojcikiewicz, SUNY Upstate Medical University) [58]. Following washing of the
primary antibody, eggs were incubated with Alexa fluor 555-conjugated goat anti-rabbit IgG
(Molecular Probes, Eugene, OR) for 1 hr at RT. Eggs were mounted using Vectashield
Mounting Media (Vector Laboratories, Burlingame, CA, USA). Slides were examined at RT
with a confocal laser-scanning microscope (510 META, Carl Zeiss Microimaging, Inc.,
Germany) using an Axiovert 2 microscope outfitted with a 63 x 1.4 NA oil immersion
objective lens. Z-stack images were obtained from cortical to equatorial planes every 2 to 5
pm.

ER membrane staining

DilCyg, 1,1-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate were obtained
from Molecular Probes (Eugene, OR). A saturated solution of Dil in oil was made by mixing
several crystals of Dil in 100 ul of soybean oil (Wesson ail, obtained from Stop&Shop,
Ambherst, MA). 30 min after the Dil solution was microinjected into eggs, eggs were
captured using confocal microscope as described above. ER-DsRed cRNA was
microinjected into GV oocytes as described above, then 14 hr after IVM MII eggs were
imaged by confocal microscopy as described above. To count cortical clusters in ER-DsRed
cRNA injected eggs, we randomly selected three eggs from each group in three independent
experiments and counted the number of clusters of 1 um in diameter or larger within a
selected area (cortical area within yellow triangle in Fig. 2B) [45]. Image J was used to
measure the diameters of the clusters [98].

Electron microscopy

Changes of ER distribution in in vitro matured eggs including IP3R1 KD or overexpression
were monitored by transmission electron microscopy (TEM). TEM was performed as
described earlier [99]. In brief, in vitro matured eggs were fixed with 2% glutaraldehyde and
4% paraformaldehyde in 0.05 M sodium cacodylate buffer (pH 7.2) for 2 hr. Fixed eggs
were washed in 50mM cacodylate buffer (pH 7.2) and followed by post-fixing with 1%
0Os0O4 and 0.8% potassium ferricyanide for 60 min. Dehydration of fixed eggs was carried
out by handing out eggs through 10 steps of increasing concentrations of acetone. Eggs were
then embedded in epoxy resin and polymerized at 70°C for 2 hr. Eggs were sectioned by a
Reichut-Jung Ultracut E ultramicrotone, and thin sections were double stained with uranyl
acetate and lead citrate. Sections were examined under a Photometrics PXL camera
integrated Tecnai 12 transmission electron microscope at an accelerating voltage of 80 kV
(UMASS central microscope facility). For each treatment, at least three eggs were evaluated.
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ysis

Values from three or more experiments, performed on different batches of eggs, were used
for evaluation of statistical significance. The Prism software (Graphpad Software) was used

to

draw graphs and perform the statistical comparisons using when appropriate Student’s t-

test or one-way ANOVA. Values are shown as means%S.E.M, and significant differences
were considered at p values <0.05.
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Highlights
«  Downregulation of IP3R1 inhibits persistent Ca?* oscillations in mouse eggs

«  Expression of wild type IP3R1 rescues ability to mount persistent Ca2*
oscillations

e IP3R1s with phosphomimetic mutations show higher function and oscillations

» Exogenous IP3R1 s are resistant to downregulation, which enhance oscillations
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Figure 1. Expression of different IP3R1 constructs in mouse oocytes and dominant negative
effects of expressed IP3R1 on endogenous receptors

(A) Molecular structure of IP3R1 comprising three functionally distinct domains; wild type
IP3R1 (wt-1P3R1) and phosphomimetic mutated IP3R1 (I1IE-IP3R1) are depicted. LBD:
ligand-binding domain. The C-terminal 6xHis tag is indicated as well as the mutated
phosphorylation sites (I1IE-1P3R1). (B) Immunoblotting of 20-cell lysates from GV oocytes
4-6 hr after injection of microinjection buffer (MIB), wt-1P3R1 or I1IE-IP3R1 cRNAS,
probed with Rbt03 antibody and anti—a-tubulin antibody. (C) Changes in [Ca2*]; induced by
injection of PLCZ cRNA (0.05ug/pl) in IVM eggs injected with MIB, or expressing ER-
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DsRed, wt-1P3R1 or IHIE-IP3R1. (D-F) Statistical comparison of the different parameters of
Ca?* oscillatory responses in eggs injected with MIB, or expressing ER-DsRed, wt-IP3R1 or
I11E-IP3R1, including time to 15 rise (D), number of spikes (E), and mean amplitude of the
first 3 spikes (F). Bars with one asterisk are different from those without them with P<0.05.
Bars with two asterisks are different from those without them with P<0.01.
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Figure 2. Knockdown and expression of IP3R1 in mouse oocytes and their effects on the
architecture of the ER

(A) Immunoblotting of 40-cell lysates from IVM control eggs (15t lane), IP3R1 KD plus wt-
IP3R1 expressing cells (2" lane) and IP3R1 KD eggs (3 lane); probed with Rbt03 antibody
and anti-His antibody. (B) ER and IP3R1 staining imaged by confocal microscope. DsRed
panel: ER membrane organization as reported by expressed ER-DsRed fluorescence in
control IVM eggs (a), IP3R1 KD eggs (b), and KD+wt-1P3R1 overexpression eggs (C).
IP3R1 panel: Immunostaining of IP3R1 distribution in the various groups of mouse oocytes
as described before (d,e,f). DilC4g panel: ER membrane staining with DilCyg in the same
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groups of mouse oocytes as described before (g,h,i). The areas denoted by a rectangle are
shown in a magnified version above or below the images. Arrowheads in d and f denote
cortical accumulation of IP3R1s (clusters). The white asterisks in h and | denote the
locations of soybean oil droplets and the black asterisk in g denotes excessive dye
accumulation, possibly caused by prolonged incubation prior to observation. (C) Bar graph
displaying a comparison of numbers of ER cortical clusters in ER-DsRed cRNA injected
eggs. Clusters of =1 um in diameter were counted within a selected area denoted by a yellow
triangle (P<0.05). (D) Transmission electron micrographs of the cortex of GV oocytes (a),
IVM eggs (b), IP3R1 KD eggs (c) and KD + wt-1P3R1 eggs (d).
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Figure 3. Knockdown and expression of IP3R1 do not affect [Ca2+]ER in mouse oocytes
(A) Representative [Ca2*]; profiles of Ca2* release from the ER induced by addition of 2 pM

lonomycin (lono) in IVM, KD, KD+wt-IP3R1 and KD+II1E-IP3R1 eggs. (B) Area under the
curve for lono-induced Ca?* release was calculated; IVM was chosen as 100% and values
for the other groups were presented relative to 100%. (C) Representative [Ca2*]; profiles of
Ca?* release from the ER induced by addition of 10 uM thapsigargin (TG) in IVM, KD, KD
+wt-IP3R1 and KD+I11E-1P3R1 eggs. (D) Area under the curve for TG-induced Ca2* release
was calculated; VM was chosen as 100% and values for the other groups were presented
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relative to 100%. Bars with the same superscripts represent treatments that are not
significantly different (P>0.05). (E) Statistical comparison of the time the [Ca2*]; responses
in eggs of each group took to reach the peak in Fig 3C. Bars with asterisks represent
treatments that are different from IVM group (*P<0.05 and *** P<0.001). The KD+Wt
group is also significantly different from KD+IIIE group (P<0.001).
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Figure 4. CDK- and ERK-related phosphorylations on IP3R1 enhance Ca2* oscillations in mouse

oocytes

(A) Changes in [Ca%*]; induced by injection of PLCZ cRNA (0.05 pg/pl) in IVM, KD, KD
+wt-IP3R1 and KD+I11E-IP3R1 eggs. (B-D) Statistical comparison of parameters of Ca2*
oscillatory responses in the IVM, KD, KD+wt-1P3R1 and KD+II1E-IP3R1 eggs, including
time to 15 rise (B), mean amplitude of the first 3 spikes (C), interval between spikes (D) and
the % reduction of amplitude from 15t to last spike (E). Bars with different superscripts
represent treatments that are significantly different (P<0.05).
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Figure 5. CDK- and ERK-related phosphorylations on IP3R1 enhance the sensitivity of IP3R1 in
mouse oocytes
(A) Changes in [Ca%*]; induced by photolysis of cIP3 in IVM, KD, KD+wt-IP3R1 and KD

+I11E-IP3R1 mouse eggs. Two UV pulses with different duration (0.25s and 0.75s) were
conducted sequentially and noted in each of the panels. The number of responding eggs
expressed in % (B,C) and the duration of the Ca?* release (D,E) caused by a 0.25s and 0.75s
UV pulse were compared among the different treatments mentioned above. Bars with
different superscripts represent treatments that are significantly different (P<0.05).
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Figure 6. Differential PLCC-induced degradation rate of endogenous and exogenous IP3R1s in
mouse oocytes

(A) Immunoblotting of egg lysates from VM eggs, wt-IP3R1 and IHIE-IP3R1 expressing
eggs 4hr after MIB or PLCC cRNA injection, probed with the Rbt03 antibody and anti—a-
tubulin antibody. (B) Intensity of the total IP3R1 signal including the upper (Exo-1P3R1) and
lower bands (Endo-exo-1P3R1) from panel A 4 hr after PLCZ cRNA injection was
calculated. (C) Intensity of the Exo-IP3R1 and Endo-exo-1P3R1 bands was calculated
separately in the groups of 6A. In both panels B and C, the amount present in IVM, wt-
IP3R1 and IHIE-IP3R1 eggs after injection with MIB was chosen as control and set at 100%;
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the band intensities observed in IVM, wt-1P3R1 and I1IE-1P3R1 eggs injected with PLCZ
cRNA were presented relative to the control condition.
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