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Heat shock transcription factor 1 (HSF1) is themain regulator
of the stress response that triggers the transcription of several
genes encoding heat shock proteins (Hsps). Hsps act as molecu-
lar chaperones involved in protein folding, stability, and traf-
ficking. HSF1 is highly expressed in oocytes andHsf1 knock-out
in mice revealed that in the absence of stress this factor plays an
important role in female reproduction. We previously reported
that Hsf1�/� females produce oocytes but no viable embryos.
Consequently, we asked whether oocytes require HSF1 to regu-
late a particular set of Hsps necessary for them to develop. We
find that Hsp90� (Hspaa1) is the major HSF1-dependent chap-
erone inasmuch as Hsf1 knock-out resulted in Hsp90-depleted
oocytes. These oocytes exhibited delayed germinal vesicle
breakdown (or G2/M transition), partial meiosis I block, and
defective asymmetrical division. To probe the role of Hsp90� in
thismeiotic syndrome, we analyzedmeioticmaturation in wild-
type oocytes treated with a specific inhibitor of Hsp90, 17-al-
lylamino-17-demethoxy-geldanamycin, and observed similar
defects. At the molecular level we showed that, together with
these developmental anomalies, CDK1 and MAPK, key meiotic
kinases, were significantly disturbed. Thus, our data demon-
strate that HSF1 is a maternal transcription factor essential for
normal progression of meiosis.

In mammals there are several heat shock factors (HSF1, -2,
and -4)3 that share a similar DNA binding domain, but HSF1
appears to be the major transcriptional regulator responsible

for the stress-inducible expression of heat shock proteins
(Hsps) (1, 2). The Hsf1 gene was targeted by homologous
recombination in murine ES cells, and Hsf1 knock-out mice
were produced by three different laboratories (3–5). Gene
expression analyses in various cell types, and organs derived
from theseHsf1�/� mice revealed that HSF1 also regulates Hsp
in physiological conditions (6–8), providing accumulating evi-
dence for the important function of HSF1 in maintaining cell
homeostasis. Furthermore, those analyses and genome-wide
screen demonstrated that numerous genes that were not clas-
sified as Hsps appeared to be HSF1-dependent (8, 9). Thus,
HSF1 is clearly not restricted to the control of Hsp expression
or the heat shock response. As shown by the complex pheno-
type of Hsf1 knock-out mice, HSF1 is involved in several spe-
cialized cell functions (e.g. placenta formation, immunity, pla-
code development, cancer cell viability) (3, 5, 10, 11) and is
essential for female reproduction (3). We showed previously
that Hsf1�/� female infertility is linked to the inability of
Hsf1�/� oocytes to produce viable embryos after natural mat-
ing (12). Nevertheless, the molecular and cellular mechanisms
affected by the loss of HSF1 function in oocytes required fur-
ther investigation to be better understood.
Because HSF1 is highly expressed in oocytes, we hypothe-

sized that it could regulate critical Hsps for the final devel-
opment of oocytes into embryos. Although a series of studies
separately analyzed several Hsps in rodent oocytes (see the
references in Christians et al. (2) and more recently for
Hsp105, (13)), no comprehensive picture of the expression
and regulation of maternal Hsps emerged. Furthermore,
Hsps are likely to be important maternal proteins because
they act as chaperones, transiently interacting with other
proteins (named clients for Hsp90 interacting candidates) to
support numerous cellular processes ranging from cytoskel-
eton assembly to cell cycle control (14). However, the limited
number of Hsp gene knockouts (Hsp25, Hsp70.1-Hsp70.3,
Hsp90�) has not yet revealed the functional importance of
any Hsp in oocytes either because there was no effect due to
redundancy of Hsp function (15–17) or because the appear-
ance of lethal phenotypes did not allow the appropriate anal-
ysis (e.g. Hsp90� knockouts died around 10 days post-coitus
(18)).
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Jusélius Foundation, and Åbo Akademi University (to L. S.). The costs of
publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Tables S1–S3 and Figs. 1 and 2.

1 Supported by the Turku Graduate School of Biochemical Sciences.
2 To whom correspondence should be addressed. Fax: 33-561-55-6507;

E-mail: Elisabeth.Christians@cict.fr.
3 The abbreviations used are: HSF, heat shock factor; Hsp, heat shock protein;

ChIP, chromatin immunoprecipitation; MII, metaphase II; GVBD, germinal
vesicle (GV) breakdown; 17AAG, 17-(allylamino)-17-demethoxygelda-na-
mycin; MEK, mitogen-activated protein kinase/extracellular signal-regu-
lated kinase kinase; IBMX, isobutylmethylxanthine; ERK, extracellular sig-

nal-regulated kinase; MAPK, mitogen-activated protein (MAP) kinase;
ERK1/2-P, ERK1/2 phosphorylated forms; qPCR, quantitative PCR.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 14, pp. 9521–9528, April 3, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

APRIL 3, 2009 • VOLUME 284 • NUMBER 14 JOURNAL OF BIOLOGICAL CHEMISTRY 9521

http://www.jbc.org/cgi/content/full/M808819200/DC1


Here we show that HSF1 differentially regulates Hsps and is
required for the accumulation of large amounts of Hsp90� in
fully grown oocytes. We provide evidence that both Hsp90-
depleted (Hsf1�/�) and Hsp90-inhibited (17-(allylamino)-17-
demethoxygelda-namycin (17AAG)-treated Hsf1�/�) oocytes
suffer from a series of similar anomalies that impair meiosis
progression, an obligatory step to prepare eggs for fertilization.
This strongly suggests thatHsp90�deficit significantly contrib-
utes to the developmental defects seen in Hsf1�/� oocytes.
Together, our data identify HSF1 as a new meiotic factor in
mammals.

EXPERIMENTAL PROCEDURES

Mice—Hsf1�/� andHsf1�/� mice, a gift from Dr. I. J. Benja-
min (Salt Lake City, UT), have been described elsewhere (19).
They were maintained in a mixed genetic background. Proto-
cols for animal breeding and experiments were approved by the
Departmental VeterinaryOffice (Haute-Garonne) according to
French legislation.
Oocyte Collection and Culture—Hsf1�/� and Hsf1�/�

oocytes were collected and cultured according to previously
described procedures (20). Media (M2, M16, Sigma) were sup-
plemented as indicated with IBMX (45 �g/ml, 1000� in
DMSO, Sigma), 17AAG (1.78 �M, stock solution 1000� in
DMSO, Sigma) (21), or cycloheximide (20 �g/ml, stock 2000�
in ethanol).
Real-time Reverse Transcription Quantitative PCR Analysis—

Oocyte samples stored at�80 °C (20 oocytes) were thawed and
mixed with up to 2 �l of lysis buffer (0.8% IGEPAL, (Sigma), 1
unit/�l RNasin, 5 mM dithiothreitol). Before reverse transcrip-
tion, samples were heated at 75 °C for 5 min and transferred
immediately to ice. DNase treatment was performed by adding
3�l of DNA lysis buffer (2.5mMMgCl2, 5� buffer (Invitrogen),
30 units of DNase I-RNase-free (Roche Applied Science) to the
sample followed by incubation for 1 h at 25 °C and 5 min at
70 °C. The reverse transcription reaction was carried out
according to the manufacturer’s instructions. The samples
were subjected to oligonucleotide (dT)-primed first-strand
cDNA synthesis in a final volume of 20 �l using the Super-
ScriptII reverse transcriptase kit (Invitrogen). cDNA was syn-
thesized at 42 °C for 1.5 h. The qPCR reaction was performed
on an iCycler device (Bio-Rad) using Platinum SYBR Green
qPCR Super-Mix-UDG (Invitrogen) according to themanufac-
turer’s instructions. Primer sequences are listed in supplemen-
tal Table S1. Each reaction was performed in triplicate with an
amount of cDNA corresponding to a single oocyte. Ribosomal
protein S16 (S16) cDNA was used as an internal control to
normalize the data, which were analyzed with the 2���CT

method (22).
Chromatin Immunoprecipitation (ChIP)—The ChIP proto-

col was modified fromChang et al. (23). Five ovaries were lysed
in 3 ml of lysis buffer. Antibodies and primer sequences are
listed in supplemental Tables S1 and S2.
Western Blot Analysis—Fully grownoocytes stored at�80 °C

were thawed, supplemented with sample buffer (24), and
heated to 100 °C for 5 min, and total protein extracts were then
subjected to one-dimensional SDS-PAGE followed by transfer
on to nitrocellulosemembranes. Blots were incubated in block-

ing buffer (Tris-buffered saline (TBS) containing 1% Tween 20
(TBS-T) and 5% milk) overnight at 4 °C and then incubated
with the primary antibody in TBS containing 2–3% milk, 0.2%
Tween 20) for 2 h at room temperature. Antibodies are listed in
supplemental Table S2. The membranes were washed 3 times
in TBS-T and then incubated in TBS-T, 2% milk to which
appropriate horseradish peroxidase-conjugated secondary
antibody was added. After several washes, membranes were
developed with an enhanced chemiluminescence method
(SuperSignal West Pico Chemiluminescent Substrate, Pierce).
Immunostaining of Oocytes and Ovary Sections—Mouse

oocytes were immunostained following the procedure de-
scribed elsewhere (20) and analyzed with a Leica TCS SP-5
spectral confocal (Plateforme Toulouse RIO-Imaging, CBD-
IFR109). For immunohistochemistry, mouse ovaries were fixed
with Bouin, and histological preparations were performed
according to a classical procedure (Plateau Technique
d’Histopathologie Expérimentale de l’IFR30, Plateforme
d’Exploration fonctionnelle/Génopole, Toulouse Midi-
Pyrénées). Immunohistochemistrywas performed according to
a previously described procedure (25). Antibodies are described
in supplemental Table S2.
Imaging Analysis—A confocal microscope (Leica Microsys-

tems, Heidelberg GmbH, Microscope confocal Leica SP5) was
used for monitoring spindles and chromosomes in the immu-
nolocalization experiments. An HCX PL APO 40.0�/1.25 NA
oil immersion lens was used at room temperature. For fluores-
cein isothiocyanate, an argon laser was used with a 488-nm laser
line and emission between 500- and 600-nm spectral detection
range.The543-nm laser lineof ahelium-neon laser providedexci-
tation of Alexa Fluor 546, and fluorescence was collected using a
555–631-nm spectral detection range. For imaging TO-PRO-3,
confocal images were obtained by exciting with the 633-nm laser
line of a HeNe laser, and emission was collected through a 650–
750-nm spectral detection range. For all confocal imaging experi-
ments, a pinhole of 1 Airy unit was used.

RESULTS

HSF1 Differentially Regulates Hsp Expression in Oocytes—
Using reverse transcription followed by real-time PCR (qPCR),
we examined mRNA levels of the major members of several
Hsp families: Hsp25, Hsp60, Hsp70.1, Hsp70.3, Hsp90�,
Hsp90�, Hsp105 (see gene descriptions in supplemental Table
S1). These experiments revealed that Hsp90� transcripts
were the most abundant in fully grownHsf1�/� oocytes. The
levels of Hsp90� andHsp105 transcripts were approximately
one-fourth that of Hsp90�, whereas the transcripts of
Hsp25, Hsp60, and Hsp70.1 were 100-fold less abundant,
and Hsp70.3 transcripts were hardly detectable (Fig. 1A).
Compared with Hsf1�/�, Hsf1�/� oocytes were markedly
depleted in Hsp90� and exhibited visible down-regulation
for Hsp70.1 and Hsp25 transcripts, but there was no differ-
ence for Hsp60 or Hsp90� transcripts (Fig. 1B). The effect of
HSF1 deficiency on Hsp70.3 expression could not be deter-
mined because of the very low signals obtained in Hsf1�/�

and Hsf1�/� oocytes (Fig. 1, A and B).
To demonstrate that HSF1 is the direct transcriptional reg-

ulator of Hsp90� gene, we undertook ChIP experiments using
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specific primers flankingHSF1binding site (heat shock element
(HSE)) located in Hsp90� promoter (Fig. 1C). We used total
ovary extracts to obtain as much material as possible, as
HSF1 was found to be specifically expressed in oocytes at all
stages of ovarian oogenesis (supplemental Fig. S1). As shown
in Fig. 1D, HSF1 bound the promoter of Hsp90� but not the
regulatory region of Oct4, which is another gene that is
highly active in oocytes. Taken together, these data indicate
that HSF1 is required to store large amounts of Hsp90� tran-

scripts. We further characterized
the corresponding protein and
compared the two cytoplasmic
Hsp90s, Hsp90� and -�. Histolog-
ical sections showed that Hsp90�
was concentrated in oocyte cyto-
plasm and Hsp90� in follicular
cells (Fig. 2A). Western blots per-
formed with protein extracts from
ovary revealed the presence of
Hsp90� and -� (Fig. 2B). Hsp90�
was easily detected in a total pro-
tein extract from 100 oocytes (Fig.
2B, after a 1-min exposure of the
membrane). In contrast, even after
a longer exposure (30 min), only a
weak signal was visible in the case
of Hsp90� (Fig. 2B). Thus, murine
oocytes appear different from
most somatic cells in that expres-
sion of Hsp90� overwhelmingly
predominates over that of Hsp90�.
In accordance with the reduction of
Hsp90� transcripts, the level of
Hsp90� protein is markedly
reduced in Hsf1�/� oocytes (Fig.
2C).
Disturbed Meiotic Progression in

Hsf1�/� Oocytes—During develop-
ment, oogonia enter meiosis at 13.5
days post-coitus, and oocytes
remain blocked at prophase I until
they are fully grown. Then, in
response to hormonal signal or after
experimental isolation from their
ovarian follicles, oocytes resume
meiosis, enter meiotic maturation,
and progress to metaphase II (MII),
at which stage they can be fertilized
(Fig. 3A). Because fully grown
Hsf1�/� oocytes do not exhibit
morphological anomalies but are
molecularly deficient in chaperones
(this paper), we decided next to
carefully examine these early devel-
opmental steps, which are essential
prerequisites for obtaining normal
embryos.
We analyzed by video time-lapse

microscopy themeioticmaturation of oocytes cultured in vitro.
Resumption of meiosis, characterized by the disappearance of
the nucleus (also named germinal vesicle (GV) breakdown
(GVBD)), was seen to be significantly retarded in Hsf1�/�

oocytes. The transition GV-GVBD occurred on average after
69.5 � 8.65 min for Hsf1�/� oocytes compared with 285 � 26
min for Hsf1�/� oocytes (mean � S.E. calculated from data
presented in Fig. 3B, p � 0.001). Eventually, Hsf1�/� oocytes
progressed through meiosis, but only 16.4% (n � 70/427) of

FIGURE 1. Characterization of Hsp expression and regulation in fully grown oocytes. A, relative RNA levels
of seven Hsp genes (Hsp25, Hsp60, Hsp70.1, Hsp70.3, Hsp90�, Hsp90�, Hsp105) were measured by reverse
transcription-qPCR in Hsf1�/� oocytes. The gene encoding the ribosomal protein S16 was used as an internal
control to normalize the data. Two different y scales were used to adequately display the relative level of
transcripts for each gene. B, relative RNA levels of the same seven Hsp genes were compared between Hsf1�/�

and Hsf1�/� oocytes. Data are presented relative to the level obtained with Hsf1�/� oocytes. ND indicates that
values could not be determined for Hsp70.3 transcripts. A and B, means � S.D. C, schematic illustration of the
proximal Hsp90� promoter region. HSE (heat shock element) is indicated with the sequence including the
HSF1 binding site. TATA corresponds to the TATA-box and the transcription start site is shown as a bent arrow
(45). Arrows, primers used in the ChIP assay. D, HSF1 ChIP. HSF1 binds the Hsp90� but not the Oct4 promoter in
Hsf1�/� ovary. Nonspecific antibody (NS) was used as a negative control, and acetylated histone 4 antibody
(AcH4) was used as an indicator of transcriptionally active promoters.
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FIGURE 2. Expression of Hsp90 cytoplasmic isoforms Hsp90� (Hsp90aa1) and � (Hsp90ab1). A, histo-
logical sections of Hsf1�/� ovaries were immunostained with specific antibodies against Hsp90� and �
(upper panels). Higher magnification of fully grown oocytes surrounded by granulosa cells revealed the
differential localization of both Hsp90s; Hsp90� is concentrated in oocyte cytoplasm, and Hsp90� is found
in granulosa cells. Bars, 1 mm (upper panels); 50 �m (lower panels). B, levels of Hsp90� and Hsp90� proteins
analyzed by Western blot prepared with total extracts either from ovary (30 �g) or isolated oocytes (n �
100). C, level of Hsp90� in Hsf1�/� and Hsf1�/� oocytes (n � 40). B and C, tubulin (�TUB.) was used as the
loading control.
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Hsf1�/� oocytes reached MII (Fig.
3C), in comparison to 54.6% of
Hsf1�/� oocytes (n � 214/393). We
retrospectively measured the dura-
tion of meiotic maturation in
Hsf1�/� oocytes, which had
reached the MII. Although they
were all retarded for GVBD, they
took the same time as Hsf1�/�

oocytes to progress from GVBD to
MII (Fig. 3D).
To better assess meiotic arrest

in Hsf1�/� oocytes, we analyzed
spindle morphology by immuno-
staining with anti-tubulin anti-
bodies. Normally, the meiotic
spindle progresses from a ball of
microtubules to a bipolar struc-
ture (Figs. 3A and 4, A, I). At 14 h
we observed two categories of
Hsf1�/� oocytes (Fig. 4A, II and III,
and supplemental Fig. S2). Repre-
sentative examples of the first cate-
gory are shown in Fig. 4A, II); these
Hsf1�/� oocytes still exhibited a
microtubular ball, indicating that
they had failed to organize a bipolar
spindle, and consequently, they did
not achieve the first meiotic divi-
sion. The second category corre-
sponds to Hsf1�/� oocytes that had
built a bipolar spindle (Fig. 4A, III)
but which remained shorter and
displayed a reduced microtubular
density in comparison to Hsf1�/�

spindles (Fig. 4, B and C).
Finally, oocyte maturation ends

with the first meiotic division,
resulting in the extrusion of the first
polar body, which contains less than
20% of the oocyte volume. Hence, in
contrast to most somatic cell divi-
sions,meiotic cytokinesis is strongly
asymmetrical. This characteristic
was lost in a significant proportion
of Hsf1�/� oocytes that had under-
gone the first meiotic division to
produce an enlarged polar body or
had even divided symmetrically
(Fig. 4D and see Fig. 6A).
From these data we conclude that

meiosis inHsf1�/� oocytes is severely
affected, and we sought to test the
hypothesis that this meiotic syn-
drome (GVBD delay, pro MI arrest,
abnormal cytokinesis) is linked to the
deficiency in Hsp90� expression we
had identified.

FIGURE 3. Delay and blockage of meiotic maturation in Hsf1�/� oocytes. A, meiosis is initiated during
embryonic development, and oocytes remain arrested at the end of prophase I (PI). After hormonal
signaling or isolation from ovaries, oocytes resume meiosis. The timing is indicated for the different
meiotic stages from GV to GVBD, pro-metaphase I (pro-MI), metaphase I (MI), anaphase I (AI), cytokinesis,
or polar body extrusion (PBE) and finally metaphase II (MII). Mature (MII) oocytes are ready to be fertilized
and to undertake the second meiotic division before progressing to the first mitotic cell cycle (zygote). The
main features of the microtubular cytoskeleton are schematized in green. B, GVBD in Hsf1�/� and Hsf1�/�

oocytes after IMBX removal (t � 0 h) was analyzed by video time-lapse microscopy. The percentage of
GVBD in Hsf1�/� and Hsf1�/� oocytes was plotted from 0 to 16 h after IBMX removal. C, maturation was
evaluated in Hsf1�/� and Hsf1�/� oocytes after 16 h of culture. Oocytes were scored under the microscope
according to their meiotic stage, either GV, GVBD (absence of GV), and MII (absence of GV and extruded
first polar body-PBE). D, meiosis timing in oocytes that successfully achieved maturation was retrospec-
tively measured for two main steps (transition from GV to GVBD and from GVBD to PBE). B–D, means � S.E.
***, p � 0.001.

FIGURE 4. Abnormal spindle and cytokinesis in Hsf1�/� oocytes. A, a representative picture and the
percentage of cells displaying the corresponding morphology are shown for Hsf1�/� and Hsf1�/� oocytes.
Immunostaining was performed at 10 h for Hsf1�/� oocytes to analyze them before they reached meiotic
cytokinesis and at 14 h for Hsf1�/� oocytes to take into account their GVBD delay. B, the length of bipolar
spindles was evaluated and plotted for Hsf1�/� and Hsf1�/� oocytes. C, maximal level of microtubular
spindle intensity was measured and plotted for Hsf1�/� and Hsf1�/� oocytes. B and C, means � S.E. ***,
p � 0.001. D, representative picture of Hsf1�/� and Hsf1�/� oocytes after 16 h of culture. Hsf1�/� oocytes
show the first polar body, indicating that they had reached MII (left panel). Hsf1�/� oocytes are either
blocked after GVBD (arrows) or have completed maturation but frequently exhibit larger polar bodies
(arrowheads).
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Timing of Meiotic Resumption (G2/M) Is under HSF1-Hsp90
Control—G2/M transition occurs spontaneously and rapidly
after isolation of the oocytes from their ovarian follicles. To
determine the role of HSF1-Hsp90 in this initial step of meiotic
maturation, we compared Hsf1�/� with wild-type oocytes
treated or not with 17AAG, a specific inhibitor of Hsp90 (26).
Because the inhibitory action of 17AAG requires several hours,
as shown in cancer cells (21), we preincubated fully grown
oocytes for 12 h with the drug in IBMX medium to prevent

resumption of meiosis. After removal of IBMX (t � 0 h), we
scored GVBD at 2, 4, and 6 h (Fig. 5A).
Within 2 h GVBD had occurred in 91% of untreated and in

3% of 17AAG-treated oocytes (Fig. 5B). At 6 h, about half of the
17AAG-treated oocytes had resumed meiosis, indicating they
had been delayed for several hours in comparison to untreated
oocytes. This delay was more severe than in Hsf1�/� oocytes
probably due to the fact that the inhibitor abolished Hsp90
function completely, whereas HSF1 deficiency only reduced it.
Because we observed the same delay in Hsf1�/� as in Hsf1�/�

oocytes when they were treated with 17AAG, we conclude that
GVBD is dependent on Hsp90 function (Fig. 5B). In addition,
we observed that treated Hsf1�/� oocytes that had not under-
gone G2/M by 6 h could not resume meiosis and remained at
the GV stage. This further suggests the importance of Hsp90
activity in meiosis resumption.
GVBD or meiotic G2/M transition depends on a complex

network of kinases and phosphatases that regulates maturation
promoting factor (MPF) activity (Fig. 5C). Several kinases, such
as PLK1, AKT, andCDK1, involved in the control of GVBD, are
also Hsp90 clients, which means that these proteins transiently
interact with Hsp90, thus becoming stabilized and acquiring
their proper active conformation. Thus, in the absence of ade-
quate Hsp90 activity, these proteins should be prone to degra-
dation. We analyzed the levels of PLK1, AKT, and CDK1 by
Western blots in both Hsf1�/� and 17AAG-treated Hsf1�/�

oocytes. PLK1 and CDK1 levels were clearly reduced, whereas
the amount of AKT was unchanged (Fig. 5D).
To further demonstrate that Hsp90 activity is important in

preventing client degradation, we determined the stability of
PLK1 and CDK1 in oocytes cultured as before with or without
17AAG and maintained under translation inhibition by cyclo-
heximide for 6 and 12 h in culture. When we compared the
amounts of PLK1 and CDK1 at these two time points, we could
not detect significant changes for PLK1 (data not shown), but
we observed that the CDK1 level was markedly reduced
between 6 and 12 h of culture (Fig. 5E). Taken together, these
data suggested that the GVBD is delayed both in Hsp90-de-
pleted and Hsp90-inhibited oocytes because more time is
required for accumulation of the amount of CDK1-cyclin B
complex needed for maturation promoting factor activity to
reach the threshold level necessary to reinitiate meiosis.
Defective Asymmetrical Division in Maturing Oocytes

Treatedwith 17AAG—To further test the effects ofHsp90 inhi-
bition on meiosis progression and because long exposure to
17AAG partially prevented meiosis resumption, we collected
and directly treated maturing oocytes. Under these conditions,
the same percentage of MII was obtained in treated and non-
treated oocytes. Nevertheless, we observed a significant num-
ber of cases of abnormal cytokinesis in 17AAG-treated oocytes,
which produced larger polar bodies (77% for treated versus 4.5%
for untreated Hsf1�/� oocytes; Fig. 6A). This phenotype was
strongly reminiscent of that we had noticed in 28% Hsf1�/�

oocytes (Fig. 4D).
Meiotic cytokinesis is normally delayed until the spindle has

migrated to occupy a cortical position (see the diagram in Fig.
6B). One explanation of the formation of large polar bodies is
that cytokinesis is deregulated and occurs too early before the

FIGURE 5. GVBD or G2/M timing and regulation in Hsf1�/�- and 17AAG-
treated oocytes. A, experimental procedure used to preincubate and culture
GV oocytes with 17AAG. IBMX was added to M16 medium to maintain
oocytes at GV stage during 17AAG preincubation. B, GVBD rate measured at 2,
4, and 6 h after IBMX release to allow meiosis resumption. Numbers of oocytes
are as indicated. C, simplified model for the regulation of G2/M transition or
meiosis resumption; PLK1 and AKT act upstream of CDK1 by either inhibiting
WEE1 or by allowing CDC25B activity to subsequently induce active cyclin
B-CDK1/maturation promoting factor (MPF) and G2/M transition (36). D, left
panels present immunoblots prepared with Hsf1�/� or Hsf1�/� oocyte
extract (n � 80 per lane). Right panels show immunoblots prepared with
oocyte extract (n � 100 per lane) obtained after 12 h of incubation in medium
supplemented with IBMX and DMSO or 17AAG. Membranes were probed
with PLK1, CDK1, and AKT antibodies as indicated and reprobed with anti-
tubulin � (�TUB.) as loading control. E, histograms represent the relative level
of CDK1 in oocytes cultured in the presence of DMSO or 17AAG and treated
with cycloheximide for 6 h (yellow bars) or 12 h (red bars). The CDK1 level
evaluated at 6 h of culture was normalized to 1. Data are the means � S.E.
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spindle has normally reached the cortex. This was observed, for
example, in oocytes deficient inMAD2, an important regulator
of the spindle assembly checkpoint (27). However, this was not
the case forHsf1�/� or 17AAG-treatedHsf1�/� oocytes, as the
extrusion of the first polar body was not accelerated (Fig. 3D,
supplemental Table S3). Thus, the defect could reside in the
migration of the bipolar spindle itself in Hsf1�/� and 17AAG-
treated oocytes. This was confirmed by the significantly lower
frequency of spindles located near the cortex in the maturing
oocytes (Fig. 6B).
Reduced Activity of the MAP Kinase Pathway in Maturing

Hsf1�/� Oocytes—At the molecular level, the MAP kinase
(MAPK) pathway (Mos3MEK3 ERK1/2) was shown to reg-
ulate the asymmetry of the first meiotic division. For example,
genetic inactivation of Mos or depletion of MEK1 in mouse
oocytes significantly increased the frequency of extrusion of a
large polar body (28, 29). Therefore, we explored the hypothesis
that reduced MAPK activity is the reason for the higher inci-
dence of large polar bodies in oocytes lacking HSF1 and full
activity of Hsp90.We consequently followedMAPK activity by
immunodetection of the phosphorylated form of ERK1/2, the
downstream target of MEK1. According to the literature,
MAPK activity increases rapidly from 1 to 3 h post-GVBD and
then remains stable until the end of maturation (30). Taking
into account the observation thatHsf1�/� oocytes exhibit vari-
able delays and block in meiosis progression, whereas 17AAG-
treated oocytes are able to reach the MII stage, we first exam-
ined the level of ERK1/2-P by immunofluorescence (Fig. 7A).
We selected the oocytes that exhibited a metaphase I plate and

a bipolar spindle, indicating that they would probably undergo
cytokinesis. Image analysis revealed that the relative amount of
ERK1/2-Pwas lower inHsf1�/� than inHsf1�/� oocytes (Fig. 7,
B and C). Then we collected Hsf1�/� and 17AAG-treated
oocytes after 14 h of culture and performedWestern blots. Fig.
7D shows a representative example, indicating that the level of
ERK1/2-P was decreased in those oocytes in comparison to
Hsf1�/� oocytes. Taken together, our morphological and
molecular data indicate that Hsp90 activity is required to
achieve normal, i.e. asymmetrical, oocyte meiosis I and suggest
that this may occur through the regulation of the MAP kinase
pathway.

DISCUSSION

Mammalian oocytes are highly specialized cells engaged in a
complex meiotic cell division, characterized by several “stops
and starts” preceding the formation of the zygote through sper-
matozoon fusion and fertilization (Fig. 3A) (31). Once oocytes
resume meiosis, they rely on maternal factors stored during
oogenesis to sustain the subsequent developmental steps until
the maternal-to-zygotic transition occurs (32, 33). We previ-
ously reported that HSF1 is one of the few maternal factors in
mammals required for female reproductive success (12). In that
paper we mainly focused our attention on post-mating events
and concluded that Hsf1 loss of function prevented Hsf1�/�

females from producing viable embryos, as they were all
arrested before the blastocyst stage. To better understand such
amaternal effect mutation from a developmental point of view,
it is crucial to analyze molecular and cellular events carefully,
starting with the oocyte itself. This was the purpose of the pres-
ent study, and unexpectedly, we found thatHSF1 plays a critical
part in the regulation of oocyte meiosis and that this can be
linked to its transcriptional regulation of Hsp90�, the promi-
nent chaperone expressed in oocytes.
From the evolutionary point of view, Hsp90 was previously

shown to play a role in the meiotic maturation of Caenorhab-
ditis elegans and Xenopus laevis oocytes, but no link was made
with HSF1 in these studies (34, 35). Furthermore, Hsp90 activ-
ity operated differently in the regulation of meiosis in these
organisms (34, 35). The nematode C. elegans uses the Daf-21/
Hsp90 homolog to ensure the normal function of Wee (WEE-
1.3), which is responsible for diakinesis arrest. Consequently,
siRNA-mediated Daf-21 loss of function led to aberrant cell
cycle progression and endomitotic oocytes (34). In lower verte-
brates such as X. laevis, Hsp90 is instrumental in activating the
Mos kinase that is essential to induce oocyte maturation in
amphibians but not in mammals (35). Taken together with
these data, our results indicate that the involvement ofHsp90 in
oocyte maturation is conserved through evolution, but the key
Hsp90 clients appear to be different according to the species
and to species-related regulation of oocyte maturation (36).
It is interesting to note that, whereas there is only one Hsp90

gene in lower species, mammals evolved with two cytoplasmic
Hsp90 isoforms, Hsp90� and -�, both reported to be regulated
by HSF1 (8). Strikingly, oocytes contain almost exclusively the
Hsp90� isoform and do not compensate with Hsp90� for
Hsp90� down-regulation in the absence of HSF1. Although
numerous studies did not distinguish between these two cyto-

FIGURE 6. Abnormal cytokinesis and spindle mispositioning in Hsf1�/�-
and 17AAG-treated oocytes. A, representative pictures of the different cat-
egories of MII oocytes after extrusion of either normal polar body (Normal PB),
polar body representing more than 20% of the oocyte volume (enlarged PB),
or symmetrical division. Percentages of abnormal PB are shown for Hsf1�/�,
Hsf1�/�, and 17AAG-treated oocytes. B, position of the spindle in Hsf1�/� and
17AAG-treated Hsf1�/� oocytes. Numbers of oocytes (n) are as indicated.
Data are the means � S.E.; *, p � 0.05.

HSF1 and Oocyte Meiosis

9526 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 14 • APRIL 3, 2009

http://www.jbc.org/cgi/content/full/M808819200/DC1


plasmic Hsp90 isoforms, which are highly homologous, our
data demonstrate that these two genes are independently reg-
ulated and acquire specialized functions in specific cell types
(this paper and Voss et al. Ref. 18).

The meiotic syndrome described in the present paper
(delayed G2/M transition, partial GVBD block, and defective
asymmetrical division) has not been reported previously.
With respect to the G2/M transition, CDK1, which was
reported to be a critical limiting factor in female gametes
(37), was significantly diminished in Hsf1�/� and 17AAG-
treated oocytes. Thus, our work appears to be in agreement
with data collected from several cell lines in which Hsp90
inhibition was found to perturb G2/M transition and reduce
CDK1 stability through increased proteasomal degradation
(21, 38–40).
At a moment when maturing oocytes contained a bipolar

spindle, most HSF1-deficient oocytes exhibited a wide range of
abnormal microtubular structures. In half of them we noted a
typical form which was described elsewhere as a “microtubular
ball,” indicating an early blockage in pro-metaphase I (41). Such
a phenotypewas observed in oocytes treatedwithmonastrol, an
inhibitor of the kinesin, Eg5 (41), or with double-stranded RNA

against cdc6 (42). So far there is no
evidence of any link between these
genes and Hsf1. In contrast, more is
known about the role of Hsp90 and
microtubule stabilization (21, 43).
Thus, deficient spindle organization
could be because of severe disturb-
ance of meiotic regulation in addi-
tion to defaults in microtubular
assembly. Although more work is
needed to understand this cellular
anomaly better, it is likely to be
responsible for meiotic arrest in
Hsf1�/� oocytes. This leads to a
dramatically small number of
Hsf1�/� oocytes reaching the MII
stage required for normal fertiliza-
tion and development.
The last, but significant, defect

concerns the asymmetrical cytoki-
nesis. It is important for oocytes to
retain most of the maternal factors
stored during oogenesis to sustain
future embryonic development.
Small polar bodies are extruded
because before the division themei-
otic spindle migrated from a central
position to the cortex thanks to the
actin cytoskeleton. Lack of spindle
migration and formation of large
polar bodies can be observed under
several circumstances such as heat
shock or brefeldin treatment,
MAD2 depletion, and deficiency in
the MAP kinase pathway (27, 28,
44). Based on cytokinesis timing, we

could rule out a primary defect in spindle checkpoint. In con-
trast, the level of ERK1/2-P, interpreted as an indication of
MAPK pathway activity, was clearly reduced in Hsf1�/�

oocytes. Our experiments show that, again, Hsp90 is required
to sustain MAPK activity in oocytes.
Although our data clearly demonstrate that the activity of the

HSF1-dependent Hsp90 is required for mouse oocyte meiosis,
we cannot rule out that other HSF1 target genes contribute to
the pleiotropic meiotic phenotype described in this paper
and/or to the early embryonic death previously reported (12).
We are currently working to identify and characterize plausible
candidates.
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FIGURE 7. MAPK pathway activity in Hsf1�/�- and 17AAG-treated oocytes. A, metaphase I oocytes were
immunostained for ERK1/2-P and labeled with TO-PRO 3 to visualize the chromosomes. GVBD oocytes were
collected at 10 h for untreated and 17AAG-treated Hsf1�/� and at 14 h after IBMX release for Hsf1�/� oocytes
to take into account their GVBD delay. Insets show the bars drawn along the longest spindle axis used for
quantification (B). B, intensity of the fluorescent signals was measured along the spindle axis (x axis, �m) and
shown for ERK1/2-P (red curve), TO-PRO 3 (blue curve), and background (green curve). C, relative level of ERK1/2-P
signal was calculated using the data presented in B, and the background value (green curve) was subtracted
from the peak value of ERK1/2-P signal (red curve). Data are the mean � S.E. *, p � 0.05; ***, p � 0.001.
D, Western blots for ERK1/2-P were performed using total protein extracts from Hsf1�/�, Hsf1�/�, and 17AAG-
treated oocytes isolated and cultured for 12 h (n � 80). Tubulin (�TUB.) was used as the loading control.
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