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ABSTRACT The extent to which calcium signaling participates in specific events of animal cell
meiosis or mitosis is a subject of enduring controversy. We have previously demonstrated
that buffering intracellular calcium with 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraace-
tic acid (BAPTA, a fast calcium chelator), but not ethylenebis(oxyethylenenitrilo)tetraacetic
acid (EGTA, a slow calcium chelator), rapidly depolymerizes spindle microtubules in Xenopus
oocytes, suggesting that spindle assembly and/or stability requires calcium nanodomains—
calcium transients at extremely restricted spatial-temporal scales. In this study, we have in-
vestigated the function of inositol-1,4,5-trisphosphate receptor (IP3R), an endoplasmic reticu-
lum (ER) calcium channel, in spindle assembly using Trim21-mediated depletion of IP3R.
Oocytes depleted of IP3R underwent germinal vesicle breakdown but failed to emit the first
polar body and failed to assemble proper meiotic spindles. Further, we developed a cell-free
spindle assembly assay in which cytoplasm was aspirated from single oocytes. Spindles as-
sembled in this cell-free system were encased in ER membranes, with IP3R enriched at the
poles, while disruption of either ER organization or calcium signaling resulted in rapid spindle
disassembly. As in intact oocytes, formation of spindles in cell-free oocyte extracts also re-
quired IP3R. We conclude that intracellular calcium signaling involving IP3R-mediated calcium
release is required for meiotic spindle assembly in Xenopus oocytes.
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INTRODUCTION

Formation of the meiotic spindle in animal oocytes is a fundamen-
tal early step in development: deficits in spindle assembly or func-
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tion result in abnormal chromosome partitioning, failure of meiotic
polar body emission (asymmetric cytokinesis), or both. These in
turn cause aneuploidy in the oocyte, which, depending on its se-
verity, can result in birth defects, catastrophic failure of embryo-
genesis and resultant infertility (Plachot et al., 1987). However, in
contrast to mitotic spindle assembly, which has been the subject of
intense interest for more than a century, meiotic spindle assembly
in animal oocytes remains relatively poorly understood. That mei-
otic spindle assembly differs significantly from mitotic spindle as-
sembly is indicated by its positioning—one pole closely abuts the
cortex of the oocyte; by its organization—it lacks centrosomes;
and by its function—meiotic spindles must execute two closely
spaced anaphases in the absence of an intervening S-phase (Liu,
2012).

The special features of the meiotic spindle imply the existence of
special regulatory mechanisms. One such mechanism is the calcium
“nanodomain.” Calcium nanodomains are highly focal regions of
elevated intracellular free calcium, previously proposed to control
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processes such as exocytosis in neurons (Wang and Augustine,
2014). Such domains are characteristically sensitive to fast calcium
chelators, such as BAPTA, but insensitive to slower calcium chelators,
such as EGTA (Adler et al., 1991). Consistent with a role for calcium
nanodomains in meiotic spindle assembly, we recently found that
buffering intracellular calcium via either microinjection of BAPTA or
UV-mediated release of BAPTA causes rapid spindle disruption in
Xenopus oocytes, whereas microinjection of EGTA has no effects (Li
etal., 2016).

Calcium nanodomains require that a source of calcium be closely
opposed to the nanodomain target. We therefore reasoned that if
Xenopus meiotic spindles are indeed regulated by calcium nanodo-
mains, the spindles must have a proximal calcium source, and that
disruption of this source should impair spindle assembly. We fo-
cused on the ER and on inositol 1,4,5-trisphosphate receptor (IP3R),
which regulates IP3-induced release of calcium from the ER lumen
(Taylor and Tovey, 2010). We chose IP3R as it is the only known ER
calcium channel expressed in Xenopus oocytes (Kume et al., 1993)
and because ER is commonly associated with spindles (Parry et al.,
2006; Lu et al., 2009) including in mouse oocytes (FitzHarris et al.,
2007; Mann et al., 2010). We employed the “TrimAway" antibody-
mediated protein degradation strategy (Clift et al., 2017, 2018) to
deplete oocyte IP3R and assess the consequences of this depletion
for meiosis and meiotic spindle assembly. We also developed a
novel cell-free spindle assembly assay involving individual oocytes
to further characterize the consequences of IP3R depletion and
other manipulations on meiotic assembly. Using these approaches,
we show that IP3R and calcium signaling are required for meiotic
spindle assembly and maintenance.

RESULTS AND DISCUSSION

Depletion of IP3R in Xenopus oocytes using TrimAway
TrimAway refers to the combined use of antibodies for a particular
target protein and Trim21, an antibody-binding ubiquitin ligase
that specifically ubiquitinates antibody-bound target proteins, re-
sulting in their proteolysis (Clift et al., 2017, 2018). While Trim-
Away has been employed previously to target specific proteins in
Xenopus embryos (Weir et al., 2021), its use in Xenopus oocytes
has not been described previously. We therefore first tested the
efficacy of this approach by microinjecting mRNA encoding
mCherry fused to Trim21 (mCh-Trim), anti-IP3R antibodies, or both
into immature oocytes and then processing samples for immu-
noblotting (see Materials and Methods). Relative to uninjected
controls, the combination of mCh-Trim and anti-IPsR antibodies
resulted in apparently complete depletion of IP3R (Figure 1A).
Consistent with previous results (Clift et al., 2017), neither the an-
tibody alone nor mCh-Trim alone resulted in IP3R depletion
(Figure 1A). To assess the specificity of the antibodies, we com-
pared the results obtained with TrimAway of IP3R (i.e., GFP-Trim
with anti-IP3R antibodies) and those obtained with TrimAway of
glutathione S-transferase or GST (i.e., GFP-Trim with anti-GST an-
tibodies; Bayaa et al., 2000). In contrast to IP3R TrimAway, GST
TrimAway failed to deplete IP3R (Figure 1B). Finally, we addressed
the speed with which TrimAway depleted IP3R by first expressing
GFP-Trim overnight, microinjecting anti-IP3R antibodies the
following day, and then processing samples for immunoblotting
30 min, 1, 2, or 4 h after antibody injection. The results indicated
that depletion commences within 30 min of antibody injection
and is complete within 4 h (Supplementary Figure S1). We con-
clude that TrimAway is a powerful approach for acute depletion of
proteins in Xenopus oocytes and, more specifically, that it permits
efficient removal of IP3R.
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FIGURE 1: TrimAway IP3R in Xenopus oocytes. (A) Control oocytes
and oocytes injected with mCherry-Trim21 mRNA were incubated for
24 h followed by injection with anti-IP3R antibodies, as indicated.
Oocytes were lysed 4 h after antibody injection for immunoblotting,
first using anti-IP3R antibodies followed by and anti-B-tubulin
antibodies. Molecular weight markers are shown. Arrow depicts IP3R.
Representative of three independent experiments. (B) Control
oocytes and oocytes injected with eGFP-Trim21 mRNA were
incubated for 24 h followed by injection with anti-IP3R antibodies or
anti-GST antibodies, as indicated. Four hours following antibody
injection, oocytes were lysed for immunoblotting using anti-IP3R
antibodies or anti-tubulin antibodies. Arrow depicts IP3R.
Representative of three independent experiments.

Depletion of IP3R disrupts polar body emission and meiotic
spindle assembly

Meiotic maturation in Xenopus oocytes is triggered by progester-
one treatment and entails germinal vesicle breakdown (GVBD),
followed by formation of the first meiotic spindle, first meiotic ana-
phase, emission of the first polar body, and then formation of the
second meiotic spindle, after which the oocytes remain arrested at
the second metaphase until fertilization. To assess the potential in-
volvement of IP3R in meiosis, oocytes were subjected to IP3R Trim-
Away, treated with progesterone, and then allowed to progress to
the point of metaphase Il arrest. While IP3R depletion had no effect
on GVBD (indicating that it is not required for normal activation of
cyclin-dependent kinase 1), it significantly impaired completion of
oocyte maturation. That is, while 94% of uninjected oocytes
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IP3R depletion inhibited first polar body formation.
Oocytes injected with mRNAs coding for RFP-tubulin (red) and
eGFP-H2B (green) were further injected with GFP-Trim21 mRNA as
indicated (Trim). Twenty-four (24) hours after Trim21 mRNA injection,
oocytes were injected with anti-IP3R antibodies or anti-GTS antibodies
as indicated. Four hours after antibody injection, all oocytes were
incubated with progesterone overnight before being examined by
confocal microscopy. Oocytes were recorded as metaphase Il (MII,
with a first polar body and a bipolar metaphase Il spindle; scale bar =
20 pm), abnormal spindle (no polar body; arrow depicts oocyte cortex),
or undetectable (UD) (no chromosomes seen within the depth of the
confocal system, not shown). The graph summaries five independent
experiments depicting the proportions of oocytes exhibiting the three
phenotypes. Percentage of Ml oocytes in each group is indicated
within the bar, with total oocyte number indicated above.

successfully arrested at metaphase II, as judged by the presence of
a first polar body and a metaphase Il spindle with one pole an-
chored to the cortex (Figure 2, control), only 50% of oocytes sub-
jected to IP3R TrimAway successfully reached the same stage (Figure
2, Trim IP3R). This increase in failed metaphase Il in IP3R TrimAway
samples from that in uninjected controls was significant (x2, p =
0.0002), as well as that in oocytes injected with anti-IP3R antibodies
(x% p = 0.0169) alone, or oocytes subjected to GST TrimAway (x?,
p = 0.0378). Furthermore, among the IP3R TrimAway oocytes that
failed metaphase I, some exhibited grossly abnormal spindles but
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no polar body (Figure 2, abnormal spindle); others (undetectable or
UD) exhibited no polar body or chromosomes within the imaging
depth of our confocal system (~50 pm from the oocyte surface; not
shown), although these oocytes had undergone GVBD, as indicated
by the presence of depigmented “maturation spot” in the animal
pole. Thus, IP3R is required for normal meiosis and, in particular,
polar body emission.

A novel oocyte-based in vitro spindle assembly assay
reveals a dependence on IP3R in bipolar spindle assembly
The above results demonstrated that IP3R is required for normal
polar body emission. While the simplest explanation for failed polar
body emission is that it arises from improper spindle assembly, it
could also arise from improper spindle positioning. Further compli-
cations arise from the challenge inherent in imaging meiotic spindle
dynamics in the large (~1.2 mm-diameter), yolky Xenopus oocyte
such that only spindles present at or near the oocyte cortex can be
detected by epifluorescence or conventional confocal microscopy.
We therefore sought a means to assay meiotic spindle assembly
under conditions where the impact of IP3R depletion on meiotic
spindle assembly could be more easily and more directly assessed.
Cytoplasmic extracts made from Xenopus eggs are well established
to support spindle assembly in vitro when combined with demem-
branated Xenopus sperm (Maresca and Heald, 2006), however, such
extracts are generated by crushing thousands of ovulated eggs in
high-speed centrifugation, meaning that manipulations that entail
prior microinjections are impossible.

To overcome this limitation, we devised a microaspiration ap-
proach that permitted spindle assembly in extracts obtained from in-
dividual Xenopus oocytes (see Materials and Methods and Supple-
mental Figure S2). Oocytes expressing markers for DNA (eGFP-histone
H2B; used to label sperm chromosomes as they exchange protamine
for histone during spindle assembly) and microtubules (RFP-tubulin)
were incubated in OCM (oocyte culture medium, Materials and
Methods) with progesterone. Following GVBD, an oocyte was trans-
ferred directly to an optical dish under oil and impaled with a micro-
pipette and cytoplasm was aspirated and then transferred onto de-
membranated Xenopus sperm (Lohka and Masui, 1983) under oil. As
with bulk extracts made from ovulated eggs (Maresca and Heald,
2006), the aspirated cytoplasm supported spindle assembly: within a
few minutes of mixing the cytoplasm with demembranated sperms, a
microtubule aster formed (Figure 3A, 00:00) and quickly transformed
into a monopolar (00:09) and then bipolar (00:15 and 00.21) spindle;
accompanying the microtubule rearrangements, the sperm nucleus
transformed into individual chromosomes that aligned in the middle
of the bipolar spindle. The spindles apparently executed anaphase,
pulling all chromosomes to one pole (00:24; 9/9 or 100%) before mi-
crotubules disappeared (00:33), followed immediately by chromo-
some disappearance (sank into the droplet, beyond the imaging
depth of our confocal systems, not shown). About 1 h later, meta-
phase Il spindles could be seen that remained stable, often for hours.
The lack of chromosome segregation during anaphase is perhaps
anticipated, since sperm chromosomes exist as single, unpaired sis-
ters and therefore have only one kinetochore each. This contrasts
with the chromosome separation and bipolar movement shown in
previous experiments using cytostatic factor (CSF)-arrested Xenopus
egg extracts following calcium elevation, which triggers S phase be-
fore spindle assembly and anaphase (Desai et al., 1998).

Spindle assembly was also carried out in extracts derived from
metaphase Il-arrested oocytes, equivalent to the classical CSF ex-
tracts (Maresca and Heald, 2006). To prevent inadvertent calcium-
mediated oocyte activation, metaphase Il (Mll) oocytes were rinsed

IP3R and spindle assembly in frog oocyte | 3
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in calcium-free OR2 plus 5 mM EGTA (see Materials and Methods
for details) before being placed under oil. Spindle assembly in Mll
extracts proceeds to bipolar spindles similarly to that in M extracts
but remains in the bipolar state, often for hours (Figure 3B). Similar
MIl extracts were used in all experiments described below.

If ER and IP3R are important for generating spindle-associated
calcium nanodomains in oocyte extract-derived spindles, they
should localize near spindles assembled from oocyte extracts. To
monitor the distribution of ER, we employed sfGFP-ER-3, an ER
marker consisting of the ER-targeting sequence of calreticulin (in-
cluding the KDEL ER retention peptide) and superfolder (s\GFP
(see Materials and Methods for details). sfGFP-ER was expressed
in oocytes via DNA injection, together with RFP-tubulin. Within a
few minutes after mixing MIl cytoplasmic droplets with sperm, an
aster could be seen amongst the evenly distributed ER mem-
branes (Figure 3C, 00:00, arrow). The aster rapidly increased in
microtubule bulk (Figure 3C, 00:05) and transformed to a mono-
polar spindle (Figure 3C, 00:25) and then a bipolar spindle (Figure
3C, bipolar). Accompanying this microtubule reorganization, the
ER membranes underwent dramatic transformation around the
forming spindle. Specifically, the evenly distributed ER mem-
branes near the aster (Figure 3C, 00:00), best described as com-
plex three-dimensional interconnected ER tubules (Terasaki et al.,
2001), was gradually replaced by thinner ER tubules permeating
the enlarging aster (Figure 3C, 00:05), and then concentrating at
the monopole (Figure 3C, 00:25, arrow) and both poles of the bi-
polar spindle (Figure 3C, bipolar, arrows). The intimate relation-
ship between the spindle poles and these ER tubules can be fur-
ther appreciated in high-resolution images of bipolar spindles
(Figure 3D, AiryScan). To monitor the distribution of IP3R, GFP-
IP3R1 (Bannai et al., 2004) was expressed in oocytes together with
mCh-tubulin. Like ER, GFP-IP3R1 was first seen associated with ER
membranes evenly distributed in the cytoplasm (Figure 3E, left)
but became highly concentrated near the poles of the bipolar
spindles (Figure 3E, right).

To determine if the ER is required for spindle maintenance in
oocyte extracts, samples were treated with Triton X-100 to permea-
bilize the ER. Triton treatment of bipolar spindles resulted in both
the loss of the spindle-associated ER and the disassembly of the
spindle itself (Figure 4A) suggesting that the ER is needed for spin-

dle maintenance. To determine if the ER is required for spindle as-
sembly, triton was added to the extract prior to spindle assembly.
This treatment prevented bipolar spindle assembly, although it did
not prevent microtubule polymerization per se (Figure 4B), consis-
tent with an earlier study (Groen et al., 2011).

To determine if IP3R is required for spindle assembly, we com-
pared extracts derived from control oocytes, oocytes microinjected
with anti-IP3R antibodies alone, oocytes subject to GST TrimAway or
oocytes subject to IP3R TrimAway with respect to their capacity to
support formation of bipolar spindles. Control oocyte extracts sup-
ported robust bipolar spindle assembly (Figure 4C), while extracts
from oocytes microinjected anti-IP3R antibodies alone or oocytes
subject to GST TrimAway exhibited a slight but significant inhibition
of bipolar spindle assembly (Figure 4C). In contrast, extracts subject
to IP3R TrimAway displayed a severe deficit in spindle assembly, with
more than 75% failing to support formation of bipolar spindles
(Figure 4C). This failure rate was significantly different from those for
any of the other three groups (x% p < 0.0001, p = 0.0001, and p <
0.0001 when compared with control, anti-IP3R, and Trim GST re-
spectively). Instead, sperm chromosomes were found disorganized,
clustered with microtubule bundles or scattered with few microtu-
bules (Figure 4C, Trim-IP3R, left and right, respectively). In addition,
we observed microtubule asters (see Figure 4B, right) or nuclei (in-
dicative of exit of metaphase Il and entering interphase), although
these phenotypes (other) appeared in all three treated groups
(Figure 4C). These results, taken with those from intact oocytes, in-
dicate that IP3R is required for proper meiotic spindle assembly. The
reason for the apparently greater effect of IP3R deficiency on spindle
assembly in vitro (Figure 4C) compared with that in intact oocytes
(Figure 2) is not clear. One possibility might be that cytoplasmic as-
piration induces further Trim21-mediated degradation of IP3R.

As an independent test of the role of IP3R, bipolar spindles as-
sembled in oocyte extracts were subject to treatment with heparin,
an IP3R antagonist (Groigno and Whitaker, 1998) or, as a control,
calcium free OR2 (the vehicle for heparin). Infusion of heparin into
extract containing spindles resulted in disassembly of spindle micro-
tubules (Figure 4D, middle and bottom rows) while infusion of the
same volume of calcium-free OR2 had no effect (Figure 4D, top
row). The reason for the variable length of time, from 7.5 to 20 min
(Figure 4D, graph), to completely disrupt spindles in heparin-infused

FIGURE 3: A novel cell-free spindle assembly system. (A) Ml extracts: oocytes expressing RFP-tubulin (red) and
eGFP-H2B (green) are stimulated to undergo meiosis. Cytoplasm is aspirated from an Ml oocyte (1hour after GVBD) and
mixed with demembranated sperm nuclei. An aster was seen about 5 min after mixing (00:00; hh:mm), which rapidly
enlarged (00:03) and became a monopolar (00:09) and then bipolar (00:15 and 00:21) spindle. Anaphase was observed
where all chromosomes moved to the same pole (00:24) before microtubules disappeared (00:33) (9/9 or 100%).
Metaphase Il spindles appeared 1 h later (5/9 or 56%) and remained stable. Scale bar = 20 pm. (B) Mll extracts: time
series (hh:mm) of bipolar spindle formation from a single sperm in cytoplasm aspirated from a metaphase Il arrested
oocyte expressing RFP-tubulin (red). Hoechst dye (1 pg/ml) was added to sperm droplet to visualize DNA (green). The
bipolar spindle is stable, usually for hours. Time 0 represents 5 min after mixing the cytoplasm with sperm. Scale bar =
20 pm. (C) Representative stages of extract spindle assembly in oocytes expressing sfGFP-ER3 (DNA injection) and
RFP-tubulin. An aster formed in the microtubule-and ER tubules-rich oocyte extracts (00:00), which rapidly enlarged and
was permeated by thinner ER tubules (00:09). In monopolar (00:25) and bipolar spindles, the thinner ER tubules were
found concentrated at the poles (arrows). The bright ER blob (*) represented circular ER tubule stack. Scale bar = 20 pm.
Shown are representative of >10 independent experiments. (D) High-resolution (AiryScan) single-plane confocal images
through the center of a bipolar spindle assembled in cell-free cytoplasmic extract expressing sfGFP-ER3 and RFP-
tubulin. Scale bar = 5 pm. Shown are representative of >10 independent experiments. (E) Enrichment of IP3R at spindle
poles: Oocytes were injected with GFP-IP3R1 plasmid DNA and RFP-tubulin mRNA. Cytoplasmic extracts were
aspirated from metaphase Il-arrested oocytes and mixed with sperm droplets containing Hoechst dye (1 ug/ml). (Left) A
microtubule aster was seen associated with a sperm 5 min after cytoplasm and sperm were mixed. (Right) A bipolar
spindle depicting close association of spindle poles and IP3R-positive ER elements. Scale bar =5 pm. Shown are

representative images obtained in two independent experiments.
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(C) Oocytes injected with mRNAs coding for RFP-tubulin and eGFP-H2B were further injected with Trim21 mRNA as
indicated (Trim). At 24 h after Trim21 mRNA injection, oocytes were injected with anti-IP3R antibodies or anti-GST
antibodies as indicated. At 4 h after antibody injection, all cocytes were incubated with progesterone overnight. The
oocytes were then subjected to cytoplasm aspiration and spindle assembly assays. The ability of each oocyte to
assemble bipolar spindles was assessed by confocal imaging and classified as bipolar spindle, disorganized
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droplets is not clear but is likely attributable, at least partly, to
the varying distance between the site of heparin infusion and the
spindle—hence the varying time required for heparin diffusion to
reach the critical inhibition concentration.

Spindles assembled in oocyte extracts are sensitive

to BAPTA but not EGTA

The forgoing results demonstrated the involvement of IP3R in spin-
dles assembled from oocyte extracts. If this involvement reflects the
generation of a calcium nanodomain, it will be predicted that spin-
dles assembled in oocyte extracts will be sensitive to BAPTA, but
not EGTA, since nanodomains are sensitive to BAPTA but not EGTA
(see Introduction). As predicted by the nanodomain model, spindles
assembled in oocyte extracts were sensitive to BAPTA, so that spin-
dle microtubules disassembled over the course of 5-10 min follow-
ing BAPTA addition (Figure 5). In contrast, EGTA had no discernable
effect on bipolar spindles assembled in extracts (Figure 5).

What is the contribution of the putative calcium nanodomain to
meiosis? While the failure to emit polar bodies and the disorganiza-
tion of meiotic spindles in oocytes lacking IP3R permit more than
one explanation, the results obtained from the single-oocyte extract
experiments point directly to a deficit in spindle assembly as op-
posed to, say, problems in spindle positioning/anchoring. Further,
they indicate that the nanodomains are not required for microtubule
polymerization per se, but rather for stable, chromosome-proximal
microtubule assembly and formation of a bipolar spindle. The close
association of IP3R-positive ER membranes with the spindles, espe-
cially the spindle poles, lends further support to this hypothesis.
Based on the current findings, and the previous demonstration that
meiotic spindles disassemble in response to BAPTA microinjection
or uncaging, we specifically suggest that putative nanodomains cre-
ate a microenvironment at the spindle poles that promotes pole-
associated microtubule assembly and maintenance. Such a mecha-
nism may be particularly important in situations—such as vertebrate
meiosis—where centrosomes are lacking. What the relevant protein
target of locally elevated calcium might be is unknown, although
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one possibility is CAMSAP (aka Nezha or
Patronin), which binds to calmodulin in a
calcium-dependent manner (King et al.,
2014) and which stabilizes the minus ends
of noncentrosomal microtubules in various
contexts (Tanaka et al., 2012).

Previous studies of spindle assembly in
bulk Xenopus egg extracts indicate that
spindles self-organize, with microtubules
first concentrating around chromosomes (or

KR

chromosome surrogates) and the spindle
then assuming its characteristic stubby spin-
dle shape as a result of dynein-dependent
forces (Heald et al., 1996). Our results sug-
gest an additional element of spindle self-
organization, namely, concentration of IP3R-
rich ER at the spindle poles. Indeed, given
the fact that dynein inhibition can result in
phenotypes (Heald et al., 1996; Mitchison et al., 2005) that resemble
those seen in IP3R-depleted single-oocyte extracts (here), it is
tempting to speculate that besides organizing microtubules in ex-
tract-assembled spindles, dynein may also transport ER to spindle
poles in such extracts. Interestingly, Wu et al have reported that
obesity-induced ER stress causes spindle abnormality in mouse oo-
cytes (Wu et al., 2015). ER stress is known to disrupt multiple cellular
pathways including calcium homeostasis and calcium signaling
(Deniaud et al., 2008). Therefore, the involvement of ER and IP3R in
spindle assembly is likely not restricted to Xenopus oocytes.

Finally, the novel cell-free spindle assembly system reported here
may find widespread applications. The involvement of single oo-
cytes, in contrast to the thousands required for “classical” egg ex-
tracts (Maresca and Heald, 2006), gives our method unprecedented
versatility, permitting probe expression by DNA/MRNA injection
and the use of oocytes at any developmental stage. Compared with
protein expression via mRNA injection into the cytoplasm, protein
expression via DNA injection into the nucleus is technically more
challenging, with frequent ococyte damage and low protein expres-
sion levels/poor fluorescence image quality. This was especially true
for GFP-IP3R1, which is a large and complex membrane protein.
Work is in progress to improve efficiency of protein expression via
DNA injection. In addition, the coupling of TrimAway antibody-me-
diated rapid protein depletion (Clift et al., 2018) with this cell-free
system further enhances its use in determining protein functions in
the many biological processes that can be studied in vitro.

EGTA DBB

MATERIALS AND METHODS

Unless otherwise stated, all chemicals were purchased from Sigma.
Purified rabbit polyclonal antibodies against IP3 receptor-1 (Runft
et al., 1999) were a gift of Laurinda Jaffe and Lisa Mehlmann
(University of Connecticut Health Center). GFP-Trim21 and mCherry-
Trim21  plasmids (o GEMHE-mEGFP-mTrim21 and pGEMHE-
mCherry-mTrim21) were purchased from Addgene (#10551lim7
and #105522 respectively). sfGFP-ER-3 was a gift from Michael Da-
vidson (Addgene plasmid #56482; http://n2t.net/addgene:56482;

chromosomes, or others (nuclei or microtubule asters). Shown are typical images of bipolar spindles and disorganized
chromosomes, and a summary of four independent experiments with the total number of oocytes (n) in each group
indicated. Scale bar = 20 pm. (D) Time-lapse (hh:mm) imaging of cell-free extract spindles following infusion of calcium-
free OR2 (vehicle control) or heparin (200 pg/ml, two examples). Scale bar = 20 um. The bar graph summarizes spindle
microtubule abundance 7.5-20 min after heparin infusion relative to that before heparin infusion. For control,
microtubule abundance 20 min after calcium-free OR2 infusion was compared with that before calcium-free OR2

infusion. Means + SD; ** indicates p < 0.01; n=10.
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RRID:Addgene_56482). Other plasmids, GFP-IP3R1, RFP-tubulin
and 3XeGFP-EMTB (microtubule probes), eGFP-H2B and mRFP-
H2B (chromosome probes) have been described in our previous
publications (Bannai et al., 2004; Li et al., 2016; Shao et al., 2013).
To generate mRNA for oocyte injection, the plasmids were linear-
ized with Notl and transcribed in vitro using T7 or SPé poly-
merase (Ambion kit). We used the MaxChelator program (https://
web.stanford.edu/~cpatton/maxc.html) to calculate the ratio of Ca?*
buffers over CaCl, (EGTA:CaCl, = 4:1; dibromo-BAPTA:CaCl, =
10:1) to give the desired free Ca®" concentration, ~140 nM (Busa
and Nuccitelli, 1985), in the calcium buffers used in extract spindle
experiments.

Oocyte isolation and injection

Oocytes were manually defolliculated (Liu and Liu, 2006) and were
kept at 18°C in OCM medium (60% of L-15 medium, supplemented
with 1.07 g BSA per liter, mixed with 40% autoclaved water to yield
the appropriate isotonic solution for amphibian oocytes). Manually
defolliculated oocytes were used for all live cell imaging and cyto-
plasmic droplet experiments. Manually defolliculated oocytes were
injected with mRNA encoding various probes, as described in our
previous publications (Leblanc et al., 2011; Shao et al., 2012; Zhang
et al., 2008). For sfGFP-ER-3 and GFP-IP3R1 plasmids, which lack
viral (such as SP6 and T7) promoters for in vitro transcription, purified
plasmids were injected into the oocyte germinal vesicle (~3 nL of 1
mg/ml DNA per oocyte). The injected oocytes were incubated in
OCM for at least 6 h, or up to 2 d to allow protein expression before
the addition of progesterone (1 pM) to induce oocyte maturation.

Live imaging and image presentation

Oocytes were monitored every 10 min for GVBD, indicated by the
appearance of a white maturation spot. GVBD oocytes were trans-
ferred to fresh OCM without progesterone and further incubated,
until the time of fluorescence imaging or cytoplasm aspiration for in
vitro spindle assembly (see later).

Oocytes were imaged in poly-lysine-coated glass bottom mi-
crowell dishes (MatTek Corporation, P35G-1.5-10-C) with a 60x oil
objective on a Zeiss Axiovert with a BioRad 1024 laser scanning
confocal imaging system (Leblanc et al., 2011), or a Quorum Spin-
ning Disk confocal system. High-resolution images (Figure 3D,
AiryScan) were obtained using a Zeiss LSM880 AxioObserver Z1
with AiryScan FAST. Time-lapse image series were collected at vari-
ous time intervals. Each time point volume comprised 15-30 image
planes 1-2 pm apart. Images were 3D-rendered or presented as
single confocal planes, as indicated in legends, using Volocity
(version 6.3). All time series were made from images acquired from
the same oocyte, unless otherwise indicated.

TrimAway assays

We essentially followed the published protocol (Clift et al., 2017,
2018). Briefly, oocytes were injected with Trim21 mRNA followed by
incubation at room temperature for at least overnight. The oocytes
were further injected with antibodies (anti-IP3R or antibodies against
bacterial glutathione S-transferase or anti-GST, 1 mg/ml, 20 nl per
oocyte; Bayaa et al., 2000) as indicated. Following further incuba-
tion for the indicated time, the oocytes were lysed for immunoblots.
Oocytes destined for spindle assembly assays in vivo or in vitro were
simultaneously injected with Trim21 mRNA together with mRNAs
for RFP-tubulin (labeling microtubules) and eGFP-H2B (marking
chromosomes). These oocytes were incubated at room temperature
at least overnight, followed by injection with antibodies as indi-
cated. The oocytes were further incubated for 4-6 h to allow anti-
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body-mediated IP3R degradation before the addition of progester-
one to initiate oocyte maturation. Oocytes were examined, typically
6-12 h later, by confocal microscopy to determine the presence of a
(first) polar body and spindle morphology or used for cell-free spin-
dle assays. Although these oocytes expressed two GFP fusion pro-
teins, GFP-Trim21 exhibited diffused cytoplasmic signal whereas
eGFP-H2B specifically labeled chromosomes. Therefore, the pres-
ence of GFP-Trim21 fluorescence did not interfere with determina-
tion of spindle phenotypes.

Single cell-extract spindle assays
Preparation of demembranated sperm took place as follows (Lohka
and Masui, 1983; Murray, 1991):

Xenopus laevis males were injected (i.p.) with 25 units pregnant
mare serum gonadotropin (PMSG) followed by injection (i.p.) of 125
units of human chorionic gonadotrophin (hCG) 2 days later. One day
after hCG injection, the animals were killed. Testes were excised and
washed three times in ice-cold MMR (100 mM NaCl, 2 mM KClI,
1 mM MgCly 2 mM CaCly, 0.5 mM HEPES, pH 7.8, 0.1 mM EDTA)
followed by two washes in ice-cold NPB (250 mM sucrose, 0.2 mM
spermine tetrahydrochloride, 0.5 mM spermidine trihydrochloride,
15 mM HEPES, pH 8.0, 1 mM EDTA, 1 mM dithiothreitol). After NPB
was removed, testes were minced with a pair of dissecting scissors.
The testes fragments were resuspended in NPB (2 ml) by gentle
pipetting. The suspension was filtered through a 40-um cell strainer
and rinsed with 8 ml of NPB. The combined suspension was centri-
fuged for 10 min at 3000 rpm at 4°C. The sperm pellet was resus-
pended with 1 ml NPB and warmed to room temperature. Lysolici-
thin (50 pl of 10 mg/ml) was added and the mixture was incubated
at room temperature for 5 min. Demembranated sperm appear as
small fat “squiggles” that stain bright blue with Hoechst 33324 (1 pl
20 pg/ml dye mixed with 1 pl of sperm preparation); nondemembra-
nated sperm will not stain with Hoechst 33324. Demembranated
sperm was centrifuged at 3000 rpm for 5 min at 4°C and resus-
pended in 1 ml of NPB containing 3% BSA. Centrifugation was re-
peated twice more, and sperm pellets resuspended, first in 1 ml of
NPB containing 0.3% BSA and then in 1 ml of 30% glycerol/NPB.
Sperm was counted using a hemocytometer and stored (in single-
use aliquots) in 30% glycerol/NPB at —80°C.

The following operations were performed in the glass bottom
microwell imaging dishes and covered with mineral oil. Demembra-
nated sperm nuclei, diluted in NPB to ~1000 nuclei/ul, were placed
at the glass bottom of the dish in droplets of ~10 nl. In some experi-
ments, Hoechst 33324 was added to sperm to a final concentration
of 1 ug per ml before application to the glass. Oocytes, typically
1 h after GVBD (metaphase | or Ml) or fully mature, metaphase |I
arrested, were placed under mineral oil in the same dishes with
their animal poles facing up. While Ml ococytes were transferred di-
rectly from OCM to the optical dish, metaphase Il (or MIl) oocytes
were first rinsed in calcium-free oocyte medium (OR2: 83 mM NaCl,
2.5 mM KCI, 1 mM MgCly, 1 mM NayHPOy4, 5 mM HEPES, pH 7.8;
Bayaa et al., 2000) plus 5 mM EGTA before being placed in the
optical dish. This is to prevent accidental oocyte/extract activation
(calcium-induced destruction of cytostatic factor; Maresca and
Heald, 2006), and hence facilitated spindle assembly. A glass
pipette attached to the microinjector and with a tip opening of
~30 pm was then forced into the oocyte from the animal hemi-
sphere. Negative pressure (“fill” function) was applied to slowly
aspirate oocyte cytoplasm into the glass pipette (up to 300 nl) fol-
lowed by expelling the cytoplasm onto the sperm droplets using
the "inject” function. Multiple cytoplasmic droplets, 50-100 nl,
could be produced from one oocyte. The dish was then placed on
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the microscope for confocal imaging. When chemical inhibitors
were used, they were delivered, via an on-stage microinjector, on
top of the cytoplasmic droplet, furthest away from the spindle be-
ing imaged (which was at the bottom in our inverse microscope
system). The inhibitors were delivered in volume less than 1/10 that
of the cytoplasmic droplet.

See Supplemental Figure S2 for details.

Statistics
Data were analyzed by chi-squared or Student’s t test (two-tailed)
using GraphPad Prism 6, with p < 0.05 considered significant.
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