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ABSTRACT: The oocyte is the only cell of the body that can
reprogram transplanted somatic nuclei and sets the gold standard Differentiated cell nucleus
for all reprogramming methods. Therefore, an in-depth characteriza-
tion of its proteome holds promise to advance our understanding of
reprogramming and germ cell biology. To date, limitations on oocyte

numbers and proteomic technology have impeded this task, and the -y S
search for reprogramming factors has been conducted in embryonic | Reprogramming d
stem (ES) cells instead. Here, we present the proteome of metaphase - ' machinery

II mouse oocytes to a depth of 3699 proteins, which substantially ¢\ of>3699 proteins

extends the number of proteins identified until now in mouse oocytes \ A

and is comparable by size to the proteome of undifferentiated mouse
ES cells. Twenty-eight oocyte proteins, also detected in ES cells, match
the criteria of our multilevel approach to screen for reprogramming
factors, namely nuclear localization, chromatin modification, and
catalytic activity. Our oocyte proteome catalog thus advances the
definition of the “reprogrammome”, the set of molecules—proteins,
RNAEs;, lipids, and small molecules—that enable reprogramming.

Pluripotent cell nucleus
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B INTRODUCTION upstream reprogramming events and molecular processes are
Mature oocytes and undifferentiated embryonic stem (ES) shared even just partially between the different reprogramming
cells contain reprogramming factors (proteins, RNAs, lipids, platforms.

Oocyte-mediated reprogramming outperforms the iPS cell

approach not onl;I in speed but also in terms of reprogramming

a somatic nucleus to pluripotency after somatic cell nuclear
b erpotency rates and quality,” as measured by the generation of pluripotent

transfer (SCNT) or cell fusion, respectively.' > Somatic cells > oy :
can also be reprogrammed by for’c ed expression of a combination stem cells that can_give rise to live births after tetraploid embryo

. ,9
of protein transcription factors for at least 50 cell cycles,” complementatlc.)n. Hanna and c.olleagllles .thertefore pro.posed
producing induced pluripotent stem (iPS) cells. These three Fhat the mechanism of.plurlpotency induction is active and directed
reprogramming methods share with each other features such as In oocytes (and also in ES cells, when Performmg reprogramm-
DNA demethylation of pluripotency gene promoters and reacti- ing via cell fusion), as opposed to passive and stochastic in iPS

vation of Oct4, Nanog, and other genes. While the list of cells.” This proposition finds support in the recent study of Ono
; ' and colleagues, who inhibited the HDAC class IIb activity in

small molecules) that enable these cells to swiftly reprogram

pluripotency-associated genes continues to grow,** the list of
known (i.., identified) reprogramming factors remains short
even with the most recent new entries.® Despite the advance Received:  July 9, 2010
introduced by iPS cell technology, it is still not clear whether
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nucleus-transplanted mouse oocytes and achieved higher rates of
reprogramming.'”'" Identifying the reprogramming factors of
the oocyte should therefore serve as the prime source of
information to make the repro§ramming process in general more
robust, complete and reliable.

By definition, an active reprogramming mechanism entails
catalytic activity such as DNA nucleotide modification, base
excision repair or histone deacetylation. This is not the case for
the iPS cell factors, which are transcription factors binding to
DNA but lacking enzymatic activity. Although certain transcrip-
tion factors have been ascribed reprogramming ability, it is
possible that they simply bind to DNA in a sequence-specific
manner when the cell cycle offers them a window of opportunity
and then recruit other factors that carry out the actual repro-
gramming. Nontranscription factor proteins, as the main cataly-
tic and regulatory components of cells, hold the greatest promise
to be the active reprogrammers. Searching the oocyte for these
proteins is highly desirable since the oocyte is the only cell of the
adult body endowed with a natural reprogramming ability. The
analytical sensitivity of proteomic assays was so far not high
enough for the relatively small numbers of oocytes available in
mammals for research. For these primarily technical reasons, the
proteome of oocytes has not been resolved to a depth compar-
able to that of ES cells.'” Since ES cells can be easily obtained in
larger quantities than oocytes, proteomic-based approaches
using pluripotent ES cells have thus proven useful to identify
proteins that enhance the reprogramming efficiency in iPS cell
derivation, such as Smarca4 and Smarccl.'?

Early attempts to provide a comprehensive protein catalog of
oocytes and early embryos were based on two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE), resulting in
thousands of spots from which a handful of proteins could be
identified."*"> With the rise of modern mass spectrometry (MS),
some of the technical limitations of 2D-PAGE (e.g., identification
of proteins by spot position) have been overcome, although the
identification of all proteins within a specimen remains unac-
complished, particularly when the specimen amount is minute
and of high complexity, which is the case with mammalian
oocytes. Still, liquid chromatography coupled to mass spectro-
metry (LC—MS) is the method best suited to gain an overview of
the proteome of a cell.

LC—MS was first used in reprogramming studies by Novak
and colleagues, who attempted to identify proteins in bovine
oocytes that bind to the nuclei of permeabilized epithelial cells.'®
Although no such proteins were detected, this study pioneered
the field and paved the way for LC—MS applications on mouse
oocytes. Ma et al,'” Zhang et al,'® Yurttas et al.'” and Wang
et al.*” analyzed the proteome of metaphase IT mouse oocytes by
LC—MS leading to the identification of a range of oocyte
proteins: 380 (in 80 ug total protein), 625 (2700 oocytes),
185 (500 oocytes) and 2973 (7000 oocytes), respectively. While
this depth is remarkable for mammalian oocytes, the count still
lies far from the 5111 proteins identified in mouse ES cells.">
However, as the sensitivity of mass spectrometry and the ability
to analyze collected spectra is improving, more information can
be gained from minute specimens such as mammalian oocytes.

Here we analyzed the proteome of metaphase II B6C3F1
mouse oocytes and undifferentiated mouse ES cells using
LC—MS in order to approximate the molecular definition and
thereby our understanding of what we call the reprogrammome,
namely the set of proteins, RNAs, lipids and small molecules that
enable reprogramming. Since proteins are synthesized in the

cytoplasm, and oocytes and ES cells have markedly different sizes
as well as nucleus-cytoplasmic ratios, comparing their protein
amounts would primarily reflect these physical features rather
than reprogramming ability. Therefore, as a first step toward
pinpointing oocyte proteins that initiate reprogramming, we
screened our catalog of 3699 proteins for members that are also
present in undifferentiated ES cells regardless of the amount and
that feature three of the defining properties of reprogramming
factors: nuclear localization, chromatin modification and cataly-
tic activity. Of 28 proteins that fulfill these criteria, 17 proteins
have been reported to show increasing levels of coding mRNA in
mouse fibroblasts during transition to iPS cells.** In sum, the
present catalog of 3699 oocyte proteins and its subset of 28
candidate reprogramming factors advance the definition of the
reprogrammome and provide a basis to further explore and
understand the mechanisms of reprogramming for the benefit
of all reprogramming platforms.

B EXPERIMENTAL METHODS

Mice

Six- to eight-week-old B6C3F1 (CS7Bl/6] x C3H/HeN)
mice were used as oocyte and cumulus cell donors. Nanog-GFP
transgenic mice were from RIKEN Institute, Tsukuba, Japan
[Strain name STOCK Tg(Nanog-GFP,Puro)1Yam, RBRC no.
RBRC02290]. All mice were primed with 10 IU each pregnant
mare’s serum gonadotropin (PMSG) and human chorionic
gonadotropin (hCG) injected intraperitoneally 48 h apart at S pm
and sacrificed by cervical dislocation 14 h after hCG to collect the
cumulus-oocyte complexes (COC) from the oviducts. Mice were
maintained and used for experiments according to the ethical permit
issued by the Landesamt f tir Natur, Umwelt und Verbraucherschutz
(LANUV) of the state of North Rhine-Westphalia, Germany.

Somatic Cell Nuclear Transfer (NT) and in vitro Culture

Within 30 min of COC collection, surrounding cumulus cells
were removed from metaphase II oocytes using hyaluronidase
(50 U/mL), and oocytes were put in culture. Micromanipula-
tions were performed as described.”” Briefly, the chromosomal
spindle was removed by gentle suction in a piezo-operated
microcapillary needle (12 #m inner diameter) in the presence
of cytochalasin B (1 #g/mL). The ooplasts were transplanted
with single cumulus cell nuclei by injection with a piezo-operated
microcapillary needle (7 #m inner diameter) in the presence of
1% polyvinylpyrrolidone 40 kDa. The nucleus-transplanted
ooplasts were parthenogenetically activated in Ca-free 0-MEM
supplemented with 10 mM SrCl, and 5 ug/mL cytochalasin B.
All micromanipulations were conducted in HCZB medium (with
5.6 mM glucose) under Nomarski optics at 30 °C room tempera-
ture. Recovery from micromanipulation was allowed in 0-MEM
medium (ooplasts) or in 0-MEM and HCZB medium mixed 1:1
(nucleus-transplanted ooplasts) for 1 h.

In vitro culture of cloned embryos was performed in -MEM
medium as previously described.”” a-MEM medium was pur-
chased (Sigma #M4526) and supplemented with bovine serum
albumine (BSA, 2 mg/mL; Probumin #81-068-3, Millipore) and
gentamicin sulfate (S0 ug/mL). Embryos were cultured to
blastocyst stage in 500 #L a-MEM in Nunc 4-well plates. When
required, the medium was supplemented with 10 ug/mL cyclo-
heximide (CHX). Treatment with CHX started immediately after
enucleation or after chemical activation of nucleus-transplanted
oocytes, and lasted for 96 h (chronological blastocyst stage).

dx.doi.org/10.1021/pr100706k |J. Proteome Res. XXXX, XXX, 000-000



Journal of Proteome Research

A Ladder

e —

Oocyte lysate Slice Proteins

N e W 29
K i 28
27 Ep400

26 Ep400
25 Chd4, Smarca4
Baz1b
Kdm6a
Hdac8, Smarcab
21 _ Rnf20

20  Kdm1a, Smarcall
19 Hells

-
e

17__ Dnmt3a, MII3

16 Prmt7

15  Prmts

14 Carm1, Eed, Hdac1
13 Hdac?

Cenb1
10 Hat1
Rnf2, Prmt1

Bree3

,
r
‘
v i
| *
e |
s IN|wAj | N0

SN IN

Ruvbl1, Ruvbl2, Ccnb1

B Ladder ES cell lysate  Slice Proteins

26

25 MII3

24 Ep400

Smarcall

Smarcall

Dnmt1, Hdach, Smarcad
Baz1b

Carm1

Rnf20, Smarcas
Usp16

Hells, Kdm1a, Usp16
Dnmt3a, Kdm6a
KdmBa, Prmt5, Prmt7
Carm1, Hdac1, Hdac2
Eed, Ruvbl1

Ccnb1, Eed, Ruvbl2
Hat1, Rnf2

Prmt1

Bree3

Figure 1. Colloidal Coomassie stained SDS-polyacrylamide gel. The lysate of 1884 metaphase II mouse oocytes was separated by SDS PAGE
(distributed between two lanes), stained and cut into 29 slices (black lines) (left, panel A). The lysate of undifferentiated mouse ES cells was loaded (100
ug/lane) on the gel and separated as described (right, panel B). In both gels, the slices are indicated in which the candidate reprogramming factors were
detected (as a peak) after subjecting the slices to in-gel trypsin digestion and subsequent nanoLC—MS/MS mass spectrometry. In case of factors lacking

a peak (e.g., Dnmtl and Usp16, detected in most slices), no slice is indicated.

This time span was chosen since the Nanog gene would not
normally be expressed until the 8-cell stage (= 55 h). In addition,
CHX treatment was also applied to a third group of cloned
embryos for only 6 h during activation.

Oocyte and ES Cell Sample Preparation and Processing for
Mass Spectrometry

Sample Preparation. One-thousand eight-hundred eighty-
four metaphase II oocytes were denuded using warm Tyrode’s
acid solution and collected in SDS lysis buffer (4% SDS, 100 mM
Tris/HCl pH 7.5, 0.1 M DTT, total volume 70 ¢L). The sample
was sonicated using a Bioruptor sonication system (S cycles of
30 s on and 30 s off at high setting), to ensure total lysis and to
shear DNA. ES cells from one 10 cm plate were subjected to
double sedimentation and collected in SDS lysis buffer as
described. Following addition of 20 4L LDS sample buffer and
heating, oocyte lysate proteins were size fractionated by 1D gel
electrophoresis in two neighboring lanes of a 4—20% NUPAGE
gel (Invitrogen) and stained with Colloidal Blue staining
Kit (Invitrogen). Lanes containing protein were sliced into
29 (oocytes) and 27 (ES cells) pieces and processed for GeLC—
MS/MS. Briefly, proteins within each gel piece were subjected
to reduction (10 mM DTT, 4S5 min at 56 °C) and alkylation
(JAA, 30 min, RT, in the dark) followed by Trypsin cleavage
(Promega) for 16 h at 37 °C. Peptides were then extracted from
the gel pieces as described™ and desalted as well as concentrated
by Stage Tips.”*

LC—MS/MS and Data Analysis. Each fraction, which re-
presented the peptide content of two neighboring gel pieces
(Figure 1), was analyzed by Reversed phase Chromatography
using a EasyLC nanoflow system (Proxeon) that was online
coupled via in-house packed fused silica capillary column emit-
ters (length 1S cm; ID 75 um; resin ReproSil-Pur C18-AQ,
3 um) and a nanoelectrospray source (Proxeon) to an LTQ
Orbitrap Velos mass spectrometer (Thermo Scientific). Peptides
were eluted from the C18 column by applying a linear gradient
from 5—35% buffer B (80% acetonitril, 0.5% acetic acid) over
120 min followed by a gradient from 35—98% over 15 min. The
mass spectrometer was operated in the positive ion mode (source
voltage 2.2 kV), automatically switching in a data-dependent
fashion between survey scans in the mass range of m/z 300—1650
and MS/MS acquisition. Collision induced MS/MS spectra from the
15 most intense ion peaks in the MS were collected (Target Value of
the Orbitrap survey scan: 1000000; resolution R = 60 000; Lockmass
set to 445.120025). Raw data files were then processed by MaxQuant
software (v 1.0.12.36) in conjunction with Mascot database sear-
ches.® Data were searched against the International Protein Index
sequence database (mouse IPI, version 3.60) concatenated with
reversed sequence versions of all entries. The parameter settings
were: Trypsin as digesting enzyme, a minimum length of 6 amino
acids, a maximum of 2 missed cleavages, carbamidomethylation at
cysteine residues set as fixed and oxidation at methionine residues as
well as acetylation at the protein N-termini as variable modifications.
The maximum allowed mass deviation was 7 ppm for MS and 0.5 Da
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for MS/MS scans. Protein groups were regarded as being unequi-
vocally identified with a false discovery rate (FDR) set to 1% for all
protein and peptide identifications when there were at least 2 match-
ing peptides, one of which being unique to the protein group. Mass
spectrometry data was also analyzed using the SEQUEST search
algorithm and Proteome Discoverer software (Thermo Scientific).

Transcriptome

We obtained microarray data so that we could compare the
mouse oocyte proteome and transcriptome. Two pools of 20
zona-enclosed B6C3F1 oocytes each were subjected to total
RNA extraction followed by preamplification, reverse transcrip-
tion, labeling, and hybridization as described next.

RNA (samples in 300 L RLT buffer with 1% [-mercapt-
oethanol) was isolated using RNeasy Micro Kit as described by
the manufacturer (Qiagen, no DNase treatment). An examina-
tion of total RNA on an Agilent 2100 Bioanalyzer and RNA Pico
6000 Lab-Chip kit confirmed the extraction of high-quality RNA,
which was then prepared for gene expression profiling.

Arcturus RiboAmp HS Plus Amplification Kit (MDS Analytical
Technologies GmbH, Germany) was used to amplify total RNA
(two rounds of amplification) according to manufacturer’s
instructions. After the second round of amplification, ampli-
fied RNA was eluted with 15 4L RE buffer. Concentration of
amplified RNA was measured using Agilent Bioanalyzer 2100
and RNA 6000 Lab-Chip kit.

Three micrograms of amplified RNA were labeled with Cy3
using Arcturus Turbo Labeling CY3 Kit (MDS Analytical
Technologies GmbH, Germany). Concentration and frequency
of incorporation (FOI) were measured using the NanoPhotometer
(Implen, Munich, Germany).

Fragmentation (1650 ng Cy3-labeled amplified RNA) and
hybridization were performed following the hybridization pro-
cedure recommended by the array manufacturer (Agilent Tech-
nologies), with a modification given by the manufacturer of the
Turbo Labeling CY3 Kit. Microarray wash and detection of the
labeled RNA on GeneChips were performed according to the
instructions of Agilent Technologies. Gene expression profiling
was performed using Agilent’s Whole Mouse Genome Oligo
Microarrays (4 X 44k, each array with 41 174 features). Array
image acquisition and feature extraction was performed using the
Agilent G2505B Microarray Scanner and Feature Extraction
software version 9.5 (Agilent Technologies).

Real-time RT-PCR

For quantitative RT-PCR analyses, total RNA was extracted
from pools of embryos using the ZR-RNA MicroPrep kit (Zymo
Research #R1060) with an on-column DNA digestion using
the RNase Free DNase Set (Qiagen #79254). Complementary
DNA synthesis was performed using the High Capacity cDNA
Reverse Transcription Kit (Invitrogen #4368813) according
to manufacturer’s instruction. Transcript levels were determined
using the ABI PRISM Sequence Detection System 7900
(Applied BioSystems) in connection with the Power SYBR
Green PCR Master Mix in 20 uL reaction volumes in triplicate.
Running conditions were as follows: 50 °C for 2 min, 95 °C
for 10 min, 95 °C for 10 s and 60 °C for 1 min for a total of 40
cycles; dissociation step: 95 °C for 15's, 60 °C for 15 s and 95 °C
for 15 s. Correct amplification was verified by examining melting
curves of PCR products. Ct values were obtained with SDS
2.2 (Applied Biosystems), with a threshold of 0.2 and baseline
3—15. Expression levels of different transcripts were normalized
to the housekeeping genes gapdh and f-actin within the

log—linear phase of the amplification curve using the AACt
method. Primer sequences (5'-3') were as follows: Gapdh forward
CCAATGTGTCCGTCGTGGAT; Gapdh reverse TGCCTGCT-
TCACCACCTTCT; Actb forward ACTGCCGCATCCTCT-
TCCTC; Actb reverse CCGCTCGTTGCCAATAGTGA; Nanog
forward GAACGGCCAGCCTTGGAAT; Nanog reverse GCAA-
CTGTACGTAAGGCTGCAGAA.

Immunofluorescence

Oocytes, embryos and ES cells were fixed in 4% PFA in PBS
for 20 min, permeabilized in 0.01% Triton-X100 in PBS for 10
min and then blocked for at least 1 h in PBS with 0.1% Tween 20,
2% BSA, 2% glycine. Working concentrations of the primary
antibodies were obtained in blocking solution (rabbit-anti-
Bazlb, Sigma W3516, 30 ug/mL; rabbit-anti-PRMT7, Santa
Cruz sc-98882, 1 ug/mlL; goat-anti-Ruvbl2, Santa Cruz sc-
34751, 0.3 ug/mL) and applied to cells at 4 °C overnight. The
cells were then washed two times for S min in 0.1% Tween 20 in
PBS and incubated with the secondary antibodies for 2 h (goat-
antirabbit-IgG-Alexa 647, goat-antirabbit-IgG-Alexa 568, don-
key-antigoat-IgG-Alexa 647, all diluted to 1 #g/mL in blocking
solution). After two washes in 0.1% Tween 20 in PBS, the cells
were counterstained with 1 M YO-PRO-1 (Molecular Probes,
Invitrogen) for 10 min and imaged on a confocal microscope
(UltraView RS3, Perkin-Elmer). Captured images were analyzed
using the software Image].

Database Search and Bioinformatics

Analysis and preprocessing of data were performed with
Bioconductor software*® using the R statistical computing and
graphics environment.”” First, transcriptome data were analyzed
by the Agilent Feature Extraction software version 9.5. All Agilent
microarray probe sets were mapped to PubMed ENTREZ, which
was used as the common point of reference. Mapping was accom-
plished using the mgug4122a.db R package version 2.4.5. Posi-
tive hybridization for both samples was taken as evidence that the
mRNA corresponding to the probe was present. By this criterion
the data set was reduced from 27032 (flag filtering) to 15476
probe sets (double positive), and the gene hits in the transcrip-
tome were screened to eliminate duplicates and multiple probes.
Thus, of the initial 16 157 genes (corresponding to 27032 probe
sets), 10833 genes (corresponding to 15476 probe sets) were
retained for further analysis.

Next, we processed the proteome data set provided by the
MaxQuant software. Frequent new releases of the IPI (International
Protein Index)*® implied that an update of the MaxQuant annotation
was required, so we utilized supporting history files obtained from
the IPI Web site (ftp://ftp.ebi.acuk/pub/databases/IPI/current) to
upgrade to version 3.76. Based on the ipiMOUSExrefs.gz file
downloaded from IPI data repository, two lists of proteins repre-
sented by PubMed ENTREZ identifiers were established from
MaxQuant proteome data sets, which yielded 3574 proteins from
the initial 3699 proteins detected in oocyte and 4588 proteins from
the initial 4723 proteins detected in ES cell. MaxQuant creates
protein groups if the identified peptide set of one protein was equal to
or contained in another protein’s peptide set. Protein groups were
processed by taking the IPI identifier for which the highest peptide
count was measured. When the same highest peptide count was
obtained for two proteins in a protein group, we considered this a tie,
and we arbitrarily took the first protein to not have to discard such
hits. Such a tie may happen in case of isoforms (splice variants), but it
may also happen in case of close paralogs, where no unique peptides
could be detected that reflect the difference between the paralogs.
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Table 1. Candidate Reprogramming Factors Shared between Oocytes and ES Cells and Filtered by the GO Criteria Nucleus (CC),
Chromatin Modification (BP) and Catalytic Activity (MF)

factor”

Bazlb

Brec3

Carml

Cenbl
Chd4

Dnmtl
Dnmt3a

Eed

Ep400

Hatl
Hdacl®
Hdac2

Hdac6
Hells

Kdmla (Aof2)*

Kdméa (Utx)?
MII3

Prmtl

PrmtS
Prmt7

Rnf2
Rnf20

Ruvbll, Ruvbl2
Smarca4
Smarca$®

Smarcall
Uspl6

level in 8-cell stage
blastomeres

compared to oocytes53

—

level during iPS

cell formation®"

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.
n.d.

n.d.

n.d.
n.d.

1
n.d.

function

Component of the WICH complex (WSTF-ISWI ATP-dependent chromatin-remodelling
complex). Regulates H2A.X DNA damage response via tyrosine kinase activity.”>
Deubiquitylating enzyme targeted to yH2A.X-dependent K6- and K63-linked ubiquitin polymers
at double-strand breaks. Required for cell cycle checkpoint and repair responses to ionizing
radiation.”

Histone H3R17 methylase. Enhances transcriptional activation by nuclear receptors through
interactions with the coactivators p160 and CBP.”*

Cyclin B1 drives mitosis and meiosis, e.g. in mouse oocytes.”

Part of the nucleosome remodeling deacetylase (NuRD) complex.”® Involved in p33
deacetylation.”” Planarian (Schmidtea mediterranea) homologue is required for regeneration.”®
Maintenance cytosine methyltransferase for inheritance of methylation imprints.”” Somatic
isoform implicated in improper reprogramming after cloning.*

De novo DNA methyltransferase required for the establishment of methylation imprints in
oocytes.®! Involved in methylation of Oct4 and Nanog promoters during cell differentiation.*”
Member of the Eed/Ezh2 Polycomb repressive complex 2, which is required for silencing of HOX
genes during embryonic development.* and functions as a H3K27-specific methyltransferase®*
and histone deacetylatase.*®

Component of the Tip60-Ep400 histone acetyltransferase and nucleosome remodeling complex.
Regulates cell cycle progression and DNA damage-induced apoptosis.* Tip60-Ep400 integrates
signals from Nanog and H3K4me3 to regulate ES cell identity.””

Acetylates newly synthesized histone H4 in the cytoplasm.*® Recruited to DNA double-strand
breaks.®

Histone deacetylase leading to transcriptional repression. Inhibition improves efficiency of cloning
by nuclear transfer’® and direct reprogramming.”’

Histone deacetylase leading to transcriptional repression. Inhibition improves efficiency of cloning
by nuclear transfer’® and direct reprogramming”’

Lysine deacetylation of o-tubulin and HSP90, ubiquitin-binding activity.”>

Member of SNF2 family, participates in SWI/SNF chromatin-remodeling complexes.”® Epigenetic
regulator of heterochromatin.”*

Demethylates mono- and dimethylated H3K4, a post-translational modification associated with gene
activation.”

H3K27-specific demethylase that enables activation of genes involved in animal body patterning.96
H3K4-specific methyltransferase, required for H3K4 trimethylation, expression of p53 target
genes”” and regulation of Hox genes.”

Protein arginine methyltransferase in mammalian cells, functions as H4-specific histone

methyltransferase and regulates STAT1 signaling.””'%

Symmetrically dimethylates H3R8 and H4R3 for gene repression.'®!
Symmetrical dimethylation of H4R3,'%> suggested role in male germline imprinted gene

methylation.'*

Ubiquitylation of H2A linked to repression of transcriptional initiation.'**

E3 ubiquitin ligase; leads to H2B monoubiquitylation, higher levels of methylation at H3 lysines 4
and 79, and stimulation of HOX gene expression.'*

Regulation of transcription, DNA damage response, snoRNP assembly, cellular transformation by
c-myc and B-catenin function, cancer, apoptosis, mitosis and development.'*®

Member of the BAF chromatin remodeling complex, required for zygotic genome activation,*

107

regulates self-renewal in ES cells,” " and facilitates iPS cell formation."®

Part of the nucleolar remodeling complex (NoRC), which regulates the epigenetic state of IRNA

genes.'*® Null mutants die at the peri-implantation stage and no ES cells can be derived.'”

Involved in S-phase DNA damage response and replication fork stabilization.'"®
H2A deubiquitylating enzyme, involved in cell cycle progression gene expression''" and reversal of gene

. . 112
silencing.

“ Additional 45 proteins featuring GO terms nucleus, chromatin remodeling and catalytic activity were detected either in the oocyte proteome or in the
ES cell proteome but not in both. These proteins are: Kdm1b, Kdm2a, Kdm2b and Kdméb in oocytes; Atm, Cenpv, Chd1, Chd7, Chd8, Chd9, Crebbp,
Dmap1, Dnmt3b, Ehmt2, Ep300, Eya3, Ezh2, Hdac3, Hltf, Jarid2, Jmjd1c, Jmjd6, Kdm3a, Kdm3b, KdmSb, KdmSc, Mta2, Myst1, Myst2, Myst4, Nsd1,
Pknl, Prmt6, Rnf40, Setdbl, Sirtl, Smarcal, Suzl2, Tafl, Tlk1, Tlk2, Trrap, Ube2b, Usp22 and Uty in ES cells. ® Tie with LOC100048437 at first
(peptide count) level in oocyte proteome. ° Tie with LOC100046934 at first (peptide count) level in oocyte proteome and in ES cell proteome.  Tie with
Uty at first (peptide count) level in ES cell proteome. * Tie with Vmn2r-ps14, Gm13034 at second level (mapping IPI—Entrez) in oocyte proteome and

in ES cell proteome.
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A tie may also happen if a protein (referred to by a specific IPI
identifier) is mapped to more than one gene locus. The disadvantage
of arbitrarily selecting one of the hits is that for the subsequent Gene
Ontology analysis, we may have considered the wrong protein in case
of paralogs. However, since close paralogs usually have similar
function and feature a closely similar GO annotation, this disadvan-
tage is outweighed by the advantage of a more exhaustive GO
analysis. As the GO analysis of the oocyte and ES cell proteomes was
repeated with and without considering the ties, the analysis resulted
in the same top-20 categories (not shown). In the detailed analysis of
the reprogramming factors, all ties are explicitly noted (Table 1).

To identify potentially interesting gene sets, hypergeometric
testing was carried out for GSEA (Gene Set Enrichment Analysis) 2>
Testing was performed with a p value cutoff at 0.01 with Bonferroni
multiple testing correction. Gene Ontology Biological Process
(GO BP) over-representation was analyzed with the R packa%e
GOstats version 2.16.0*° which is part of the Bioconductor package.*®
The proteome data sets of both oocytes and ES cells were compared
against the proteome reference set of all mouse ENTREZ identifiers
with existing IPI identifier (26463 proteins). The proteome reference
set was also used for the proteome shared between oocytes and ES
cells. Due to the high number of proteins in the lists being analyzed
for over-representation, it was necessary to consider GO categories
where the number of genes is sufficient for finding general trends, as
proposed by Hahne and colleagues.®" Therefore we considered only
GO categories with more than 30 genes.

B RESULTS

Depth, Coverage and Purity of Metaphase Il Mouse Oocyte
Proteomics

In order to comparatively analyze the mouse oocyte pro-
teome, 1884 metaphase Il BGC3F1 oocytes (free of cumulus cells
and zona pellucida) and undifferentiated mouse ES cells (100 ug)
were lysed and the proteins were resolved by 1D-SDS-PAGE.
The two polyacrylamide gels of oocytes and ES cells were cut into
29 and 27 slices, respectively (Figure 1). Each slice was subjected
to trypsin digestion and analyzed by LC—MS using an LTQ
Orbitrap XL Velos mass spectrometer, processing the data in
MaxQuant and Mascot Server software for protein identification.
We identified 3699 and 4723 protein groups (MaxQuant created
protein groups if the identified peptide set of one protein was
equal to or contained in another protein’s peptide set; see
Experimental Methods, Database Search and Bioinformatics)
in oocytes and ES cells, respectively, at a false discovery rate of 1%
and with at least one unique and one additional peptide per
protein. Mass errors of peptide identification show that identi-
fication was reliable (Supplementary Figure 1). The complete
lists of peptide and protein identifications of oocytes and ES cells
are available as Supporting Information (Supplementary Tables
1, 1b and 2, 2b). Corresponding mRNAs for 2842 of the 3699
protein groups were detected in the transcriptome of B6C3F1
metaphase II oocytes using an Agilent microarray. This data set
contains transcripts of 16 157 genes and is available as Support-
ing Information (Supplementary Table 3). For the remaining
857 protein groups no corresponding RNA was detected; of
these, 496 have a probe in the Agilent microarray, 236 do not
have a probe, and 125 have no ENTREZ identifier.

To assess the quality of the oocyte’s protein data set, we
checked it for the presence of oocyte-specific proteins reported in
the literature, as well as for the absence of cumulus cell-specific
proteins. Of 68 proteins reported in oocytes,"'***~3* 46 were
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Figure 2. Pie charts describing proteins detected in oocytes (top) and in
ES cells (bottom) and grouped according to the main GO biological
process categories they belong to (a detailed GO analysis for biological
process can be found in Supplementary Table 6, Supporting Information).

Proteome
ES cell

Proteome
Oocyte

Figure 3. Venn representation of the overlap between oocyte proteome
and ES cell proteome (raw data can be found in Supplementary Tables 1
and 2, Supporting Information).

detected in our proteome (Supplementary Table 4, Supporting
Information). The transcription factors Oct4, Sox2, c-Myc and
Klf4 were neither detected in our oocyte extracts nor in other
oocyte studies'”'® including the most recent one by Wang and
colleagues™ while we detected Oct4 and Sox2 in ES cell extracts
(Supplementary Table 2, Supporting Information). Proteins
considered specific for cumulus cells® (Supplementary Table
S, Supporting Information) were mostly undetected, indicating
that oocyte processing for LC—MS was conducted properly.
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Figure 4. Confocal immunofluorescence images of Prmt7 and Ruvbl2 in mouse oocytes, embryonic cleavage stages, and ES cells. GV, germinal vesicle.

Original magnification: 40 x.

—> No treatment

- -» Cycloheximide 10 pg/mL
------ » Cytochalasin B 5 pg/mL

Enucleation Nuclear Activation  2-cell

transfer

Cycloheximide
after SCNT

Cycloheximide

Cytochalasin B

\ —>\ ---------------------
- .

) oy

from 2-cell stage \g _,\ Y e

after SCNT

Oh 24 h 48 h 72 h 96 h
post activation

@ (©) o ) o / ) Nanog

Control " e —% — el " (Wed P ore - — ! expressed
4-cell 8-cell Morula Blastocyst

.......Cycloheximide 10 pg/mL.___ £ &  Nanog not
. @ expressed
....... Cycloheximide 10 pg/mL £ © Nanog not
[6) expressed

Cytochalasin B 5 ug/mL §8§§¢ Nanog
%%Jg(? expressed

-8

Figure 5. Streamline of the cycloheximide and cytochalasin B experiments.

However, a significant number of peptides belonging to the
cumulus cell protein Pentraxin 3 were identified. This finding
may be explained by a previously undetected expression of
Pentraxin 3 in mouse oocytes or by translocation from cumulus
cells via intercytoplasmic bridges.

Gene Ontology (GO) Analysis and Intersection of the Pro-
teomes of Metaphase Il Mouse Oocytes and Undifferen-
tiated Mouse ES Cells

While the role of the four transcription factors Oct4, Sox2,
c-Myc and Kif4 in iPS cell reprogramming is well documented,

transcription factor-mediated reprogramming in iPS cells
takes weeks.” By contrast, oocyte- as well as ES cell-mediated
reprogramming takes as few as two cell cycles,” making it likely
that oocytes and ES cells share additional (and probably active)
reprogramming agents. Therefore we sought to compare the
proteomes of mouse oocytes and mouse ES cells in order to find
shared elements of their reprogramming feature. To this end, we
filtered the two sets of proteomic data by the same criteria (see
Experimental Methods, Database Search and Bioinformatics). Asa
result, 3574 protein IDs were retained from the initial 3699
identified in oocytes (—3.4%), and 4588 protein IDs were retained
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Table 2. Raw Quantitative RT-PCR Results of the Cycloheximide (CHX) Experiments Provided as Ct Values”

untreated Ct

SCNT embryos

Nanog 29.2
Combined reference (Gapdh and [-Actin) 259
F embryos

Nanog 26.6
Combined reference (Gapdh and [3-Actin) 23.0

CHX from 1-cell Ct CHX from 2-cell Ct

38.3 38.6
30.0 34.8
39.8 37.9
29.2 35.3

“Ct, threshold cycle in which the real-time PCR signal rises above the background; SCNT, somatic cell nuclear transfer; F, fertilized. All samples

contained 10 embryos.

from 4723 identified in ES cells (—2.9%). We categorized the
proteins of the filtered data sets in a similar way as the PANTHER
classification system*” by assigning them to the main GO terms of
the biological process (BP) hierarchy (Figure 2). This overview
suggests that if differences exist between the reprogramming
machineries of mouse oocytes and ES cells, such differences may
not be extensive after all. On this basis we analyzed the intersection
of the oocyte and ES cell proteomes, exposing 2556 proteins that
were detected in both oocytes and undifferentiated ES cells
(Figure 3). This shared proteome was enriched for 197 GO BP
terms (Supplementary Table 6, 6D, Supporting Information)

GO Filtering of the Shared Proteomes of Metaphase I
Oocyte and Undifferentiated ES Cell Points to Candidate
Reprogramming Factors

We screened the shared 2556 proteins for putative reprogram-
ming factors. We considered that proteins with active reprogram-
ming ability should be localized in the nucleus, have chromatin as
substrate, and act catalytically, so they would not be consumed,
since the oocyte has been proposed to hold enough reprogram-
ming factors for up to 100 nuclei.*' Therefore we filtered the
shared proteins for the GO terms nucleus (cellular component),
chromatin modification (biological process) and catalytic activity
(molecular function). Of these 2556 proteins, 28 fulfill the
filtering criteria: Bazlb, Brcc3, Carml, Cenbl, Chd4, Dnmtl,
Dnmt3a, Eed, Ep400, Hat1, Hdac1, Hdac2, Hdac6, Hells, Kdm1a
(Lsd1), Kdméa (Utx), Mll3, Prmt1, PrmtS, Prmt7, Rnf2, Rnf20,
Ruvbll, Ruvbl2, Smarca4 (Brgl), SmarcaS, Smarcall, Usp16
(Table 1). Additional 45 proteins matching the three criteria
were detected either in the oocyte proteome or in the ES cell
proteome, but not in both (footnote to Table 1), therefore they
were not pursued further. Coding mRNAs for all but one (Hdac2)
of the 28 proteins were detected in our Agilent transcriptome
(Supplementary Table 3, Supporting Information). We compared
our list of 28 candidates with gene expression microarray of MEF
cells undergoing reprogramming to iP$ cells,”" and found that 17
showed increasing levels (Table 1).

Searching the EMBL-EBI gene expression atlas* (http://
www.ebi.ac.uk/gxa) we found that all of the 28 factors are
expressed (mRNA) not just in oocytes and undifferentiated ES
cells but also in a variety of other murine cells and tissues,
particularly in the brain. It should be noted that also the four
transcription factors Oct4, Sox2, c-Myc and Klf4, which induce
pluripotency in somatic cells, are expressed in a variety of tissues
including brain.**** Reprogramming factors are therefore char-
acteristic or even specific, but not exclusive for oocytes and ES
cells. Next we selected two of the 28 proteins in order to confirm
their actual presence and localization in mouse oocytes, early
embryos and ES cells by in situ immunofluorescence. Because
metaphase II oocytes lack a nuclear envelope, and therefore the

nuclear localization feature of the candidates would be blind to
our immunofluorescence assay, germinal vesicle (GV) stage
oocytes were analyzed in place of metaphase II oocytes. We
chose Ruvbl2 and Prmt7, which fall within the 30th percentile
of the set of 4523 genes upregulated during mouse iPS cell
formation,”" and rank 10th and 12th, respectively, among our
28 factors; in an independent data set of genes upregulated
during mouse iPS cell formation, they rank even higher (Keisuke
Kaji, personal communication). The peptide sequences and MS/
MS spectra of Ruvbl2, Prmt7 and also of Smarca4 are available as
Supporting Information (Supplementary Figure 2, Supplemen-
tary Table 7). Immunofluorescence demonstrates that Ruvbl2
and Prmt7 are indeed present in GV oocytes, early embryos and
ES cells but not in the fibroblasts used as feeders for ES cells,
however they were not always exclusively localized in the nucleus
(Figure 4). In particular, Ruvbl2 was detected either inside or
outside of the nucleus at the GV and pronuclear (1-cell) stage.

Metaphase Il Oocyte Proteome may not be Sufficient for
Reprogramming

Although the 3699 oocyte proteins detected in this study
expand substantially the catalog of proteins of mouse oocytes, it
only accounts for a fraction of the oocyte transcriptome. Some of
the oocyte proteins were not detected due to technical limita-
tions associated with small sample amounts of oocytes, sample
preparation (e.g,, separation of the complex peptide mixture
obtained from a whole cell extract), and insufficient sensitivity of
LC—MS/MS measurements. However, as many mRNAs of the
oocyte have been reported to indeed be translationally silent at
the metaphase II stage,* failed detection of protein products of
many mRNAs may be a genuine result. Certain maternal mRNAs
are stockpiled in the ooplasm and are allocated for later transla-
tion during embryo cleavage.*®

To explore if additional factors translated from maternal
mRNAs upon oocyte activation are important for reprogram-
ming, we designed an experiment in which the mRNA appear-
ance of a key pluripotency-associated factor was tested in
the absence of translation. Nucleus-transplanted oocytes were
activated (ie., chemically induced to enter the cell cycle; see
Experimental Methods) and then treated with cycloheximide
(CHX), an inhibitor of eukaryotic peptidyl-transferase, which is
necessary for translation of mRNA into protein (Figure S).
Reprogramming was assessed by quantifying the mRNA level
of the Nanog gene, whose product is essential for pluripotency
while being absent in metaphase II oocytes.

Treatment with CHX from the time of SCNT until the
chronological blastocyst stage, when the pluripotency marker
gene Nanog is expressed in untreated embryos, allowed for at
least partial reprogramming as shown by pronuclear formation,
but the pluripotency gene Nanog was not induced as measured by
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gRT-PCR (Table 2). Control fertilized embryos showed the
same behavior as cloned embryos after treatment with CHX.
Unlike the CHX treatment, administration of cytochalasin
B (CYB; an inhibitor of actin polymerization and thereby
cytokinesis) to 1-cell embryos until the chronological blastocyst
stage allowed Nanog gene expression in both types of embryos,
as measured by fluorescent Nanog-GFP; these CYB-treated
embryos were arrested at the 1-cell stage and multinucleated
because their cell cycle progressed in the nucleus while the
cytoplasm could not divide. Our data indicate that Nanog gene
induction was prevented in both cloned and fertilized embryos
by the inhibition of mRNA translation.

B DISCUSSION

Despite clear hints of the presence of active reprogramming
factors in the oocyte, no definitive candidates have been found so
far. Among proteins, transcr;ption factors are currently consid-
ered the prime candidates.*”*® Transcription factors have the
ability to simultaneously interact with specific DNA sequences as
well as with a defined set of proteins, thus guiding other proteins
to these chromatin regions to exert their activities, a view that also
found support in the recent study of Koche et al. who found that
early reprogramming events largely depend on areas of pre-
existing, accessible chromatin.*’ Access to the substrate may
therefore also be facilitated in particular phases of the cell cycle,
such as the S-phase, owing to the open chromatin. However, we
postulate that the mere presence of guiding factors and favorable
conditions cannot account for the swift pace and unparalleled
extent of reprogramming afforded by the oocyte. Indeed, Tani
and colleagues, for example, showed that the reprogramming
ability of bovine oocytes correlated with the presence of phos-
phorylated translationally controlled tumor protein 1 (Tptl), a
protein involved in the regulation of spindle function and
anaphase progression during the cell cycle but lacking transcrip-
tional function.®*" In line with the emerging role of nontran-
scription factor proteins in nuclear reprogramming, Singhal and
colleagues showed that two enzymes, Smarca4 and Smarccl,
could account for the ability of certain ES cell protein fractions to
enhance reprogramming in iP$ derivation."

Driven by the assumption that proteins featuring nuclear
localization, chromatin remodeling and catalytic activity are
among the main functional and active promoters of oocyte-
mediated nuclear reprogramming, we resolved the proteome of
metaphase Il BGC3F1 mouse oocytes to an unprecedented depth
of 3699 proteins. While there are oocytic proteins still undetected,
our data set extends the catalogued mouse oocyte proteome from
185—2973 (refs 17—20) to 3699 proteins. Compared to other
proteomic studies, our study has detected many proteins that were
previously undetected, such as NlrpS/Mater (not detected in refs
17,18) and Smarca4/Brgl, Zarl, Dppa3/Stella, Ctcf, Pms2 (not
detected in ref 19), while the four iPS factors Oct4, Sox2, c-Myc and
Klf4 remained undetected in our as well as in previous studies (refs
17—20). Notably, in our study 496 oocyte proteins were found that
lacked corresponding mRNA in the transcriptome although the
probes were present in the Agilent microarray.

There are several possible reasons why certain oocyte factors
remain undetected even at a depth of 3699 proteins. Even though
extremely high, the sensitivity of LC—MS/MS does not ensure
detection of proteins of very low relative abundance. In ES cell
lysates prepared according to the same protocol we could identify
Sox2 and Oct4 with 4 and 11 different peptides, respectively. This

indicates that these proteins are of higher relative abundance in ES
cells than in oocytes, a fact that is easily explained by the higher
nucleus/cytoplasm ratio of ES cells compared to oocytes. More-
over, a plethora of known and unknown post-translational mod-
ifications, such as phosphorylation and ubiquitylation, shift the
molecular weight of a protein and its peptide fragments, and prevent
their assignment. Additionally, inconsistencies of the genetic anno-
tations may account for a certain number of false negatives.

Since oocytes and ES cells share the ability to swiftly repro-
gram a somatic nucleus to pluripotency after somatic cell nuclear
transfer (SCNT) or cell fusion, respectively, we compared the
two proteomes for differences and similarities. GO analysis for
biological process reveals that the ES cell proteome features more
transcription-related terms compared to the oocyte proteome
(Supplementary Table 6, Supporting Information), although this
finding may be biased in part by the very different nucleo-
cytoplasmic ratios of oocytes and mouse ES cells. Pending a
quantitative validation, our analysis is thus concordant with
independent reports that GO terms associated with transcription
are under-represented in the mouse oocyte proteome® and over-
represented in the ES cell transcriptome.>> While acknowledging
these possible differences, we are more interested in the common
features of oocyte- and ES cell-mediated reprogramming, be-
cause both cell types feature rapid reprogramming as opposed to
the slow course of direct reprogramming enacted by the tran-
scription factors Oct4, Sox2, c-Myc and Klf4 in iPS cells. The
intersection of the oocyte and ES cell proteomes showed an
overlap of 2556 proteins, which accounts for the majority of the
proteins detected and is consistent with the similar distributions
of the two protein sets along main GO biological process
categories (Figures 2 and 3). This intersection exceeds by 1
order of magnitude the previously reported overlap of 256'” and
371"® proteins, and is almost as big as the whole oocyte proteome
of Wang and colleagues.”® Among the 2556 proteins that are
shared by oocytes and ES cells, 28 feature the GO terms nucleus
(cellular component), catalytic activity (molecular function), and
chromatin modification (biological process) (see Table 1). The
mRNA levels of 17 of the 28 factors (Brcc3, Cecnbl, Dnmtl,
Dnmt3a, Eed, Hat1l, Hdac2, Hdac6, Hells, Kdm1a, Prmt1, PrmtS,
Prmt7, Rnf2, Ruvbll, Ruvbl2, Smarcall) were upre]gulated during
the conversion of mouse fibroblasts to iP$ cells.*' In particular,
mRNA levels of 4 of the 17 factors (Prmtl, PrmtS, Ruvbll,
Ruvbl2) were upregulated also during embryo cleavage as mea-
sured by microarray or RNA seq. analysis at the 8-cell stage™ or
4-cell stage,”® respectively. Comparison of our 28 candidate factors
with the ES cell factors that were identified to be overrepresented
as proteins in a reprogramming-competent nuclear fraction of ES
cells versus MEFs by Singhal and colleagues'® identified only
6 overlaps, namely Ccnbl, Chd4, Hdacl, MlI3, Kdm6a and
Smarca4. Transcript levels of Hdacl and Smarca4 peak around
the 8-cell stage while Ccnbl, Chd4, MlI3 and Kdm6a show an
expression peak at the 1-cell stage.”> These 10 factors (Ccnbl,
Chd4, Hdacl, Mll3, Kdmé6a, Prmtl, PrmtS, Ruvbll, Ruvbl2,
Smarca4), whose increased abundance is common to early
embryos, iPS cells and the reprogrammingcompetent fraction of
ES cells, are of particular interest as reprogramming is thought to
predominantly take place within the first cell cycles after SCNT.

Among the 28 factors, we verified the presence of Prmt7 and
Ruvbl2 protein in mouse oocytes, early embryos and undiffer-
entiated ES cells. Prmt7 is a protein arginine methyltransferase
that catalyzes monomethylation and symmetric dimethylation of
arginine depending on substrate concentration.’* Ruvbl2 is an
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ATP-dependent DNA helicase, which is linked to DNA damage
repair as well as the control of transcription.’ Interestingly,
overexpression of Ruvbl2 leads to increased cell proliferation in
early Xenopus development,*® whereas Ruvbl2 and Pont1n52 act
in an antagonistic manner in f3-catenin signaling.”’ Immuno-
fluorescence confirmed that Prmt7 and Ruvbl2 were indeed
present in mouse GV oocytes, early embryos and undifferen-
tiated ES cells, although they were not always exclusively nuclear;
sometimes the signal was higher in the cytoplasm than in the
nucleus (Figure 4). In fact, the GO annotation nucleus is not
exclusive—it does not imply that the factor is present solely in
the nucleus. We note that mRNAs encoding proteins potentially
associated with reprogramming, that is, Prmt7 and Ruvbl2, were
not found exclusively in oocytes, embryos and ES cells, but also in
several tissues of the adult animal.>® In fact, transcripts of the
reprogramming transcription factors Oct4, c-Myc, KIf4* and Sox2*
can also be found in unsuspected locations. This suggests that the
function of the individual factors is not limited to reprogramming
and that only a very specific combination of factors reprograms to
pluripotency in the context of the oocyte.

Our list of 28 proteins includes well-established pluripotency-
associated factors, such as the chromatin remodeling ATPase
Smarca4 (Brgl). Depletion of Brgl has been shown to inhibit the
reprogramming capacity in Xenopus egg extracts ? and to arrest
development at the 2-cell stage in mice,® while its averexpres-
sion is associated with extended reprogramming activity.> Our
microarray and proteomics data again identified Brgl mRNA and
protein in metaphase oocytes and our GO filtering criteria put
the factor into the shortlist of putative reprogramming factors,
thereby confirming the validity of the approach. In contrast, the
transcription factors Oct4, Sox2, c-Myc and Klf4 were not detected,
neither in our oocyte extracts nor in other oocyte studies,"”"®
including the most recent one by Wang and colleagues,” while
Oct4 and Sox2 were detected in ES cell extracts. However, these
transcription factors also would not fulfill two of the three stringent
postulated search criteria for reprogramming factors, since they lack
catalytic activity and chromatin modification function. Transcription
factors, albeit present in the extracts only at low concentrations, are
nevertheless not generally precluded from being detected in our
LC—MS/MS approach, since the transcription factor Sall4 was
detected, among others, in our oocyte extracts as both mRNA and
protein. Sall4 is required for early embryonic development, is an
integral part of the transcriptional network in ES cells and can
enhance somatic cell reprogramming after fusion."*> While tran-
scription factors may well be underrepresented in oocyte proteomic
studies to date simply due to the fact that these proteins are not
present at sufficiently high enough relative concentrations in
oocytes, it is worth noting that also immunoblot-based studies have
led to contrasting results on the expression of Oct4 in oocytes;
specifically, Liu and Keefe did not detect Oct4 in mouse oocytes,”
whereas Palmieri and colleagues reported its presence.”” We
detected Oct4 in metaphase II mouse oocytes by immunoblotting
(data not shown) and most recently also in pronuclei by immuno-
fluorescence.”® While we detected Oct4 in ES cells by LC—MS/MS,
in oocytes the Oct4 protein may also carry a unique set of post-
translational modification that hinder the reliable assignment of its
peptide fragments.

Recently Egli and colleagues reported that not only metaphase
IT oocytes but also fertlhzed oocytes (zygotes) in M-phase can
reprogram somatic nuclei.’® Therefore we considered that the
relevant factors may be present in the metaphase II oocyte only
as mRNAs that are translated upon oocyte maturation or

activation.*>®”® To test the hypothesis that reprogramming may
require translation of specific maternal mRNAs, SCNT-derived
mouse embryos were treated with the protein synthesis inhibitor
cycloheximide (CHX) continuously from the 1- or 2-cell stage,
followed by qRT-PCR analysis of gene expression at the chron-
ological blastocyst stage. Bhutani and colleagues showed that
reprogramming in heterokaryons between human fibroblasts and
mouse ES cells takes place in the absence of cell division or DNA
rephcatlon, as measured by expression of human Oct4 and Nanog
genes.”” We chose Nanog as a reprogramming marker because
this gene is expressed in pluripotent ES cells but not in somatic
cells, and because Nanog mRNA and protein are absent in mature
oocytes used as recipients for SCNT (unlike the products of Oct4,
Sox2 and Kif4 (ref 70). After CHX treatment, Nanog mRNA was
not detected (Ct > 35). On the contrary, SCNT-derived mouse
embryos expressed Nanog-GFP when continuously exposed to
cytochalasin B (CYB), which prevents cytokinesis but not cell
cycling”" As expected, embryos treated with cytochalasin B
contained multinucleated cytoplasms, indicating that cytokinesis
but not cell cycling was inhibited. However, fertilized control
embryos showed the same behavior as the cloned embryos upon
treatment with CHX and CYB. While the failed activation of
Nanog in fertilized oocytes suggests that our experimental treat-
ment was not specific for the study of reprogramming, it may also
indicate that metaphase II and fertilized oocytes share that part of
the reprogramming machinery that is sensitive to CHX.

In summary, with the deepest mouse oocyte proteome to date
and 28 candidate reprogramming factors, 17 of which showin
upregulated transcript levels during mouse iPS cell formation,”
we provide a basis to further explore and understand the
mechanisms of active reprogramming achieved by the oocyte
for the benefit of all reprogramming platforms. Future studies
aimed at further characterizing the oocyte’s reprogramming ma-
chinery will have to include the pronuclear stage, in which not only
the reprogramming activities are segregated in the pronucleus but
also the oocyte set of proteins has changed due to degradation and
de novo translation in the context of an active cell cycle. The study
of Wang et al.”® is a step in the right direction, although we would
prefer the parthenote to the zygote, so as to not introduce paternal
factors in our study. We propose that at least some of the identified
28 factors could confer speed, effectiveness and specificity on the
processes that take place during transcription factor-induced
reprogramming, which otherwise relies on the window of oppor-
tunity offered by the cell cycle and on endogenous components
that may be present in insufficient amounts or not at all in a given
cell type. To test our proposal, we will have to see if oocytes can still
support cloned embryo development when candidate maternal
proteins have been depleted prior to SCNT (loss of function) or if
iPS cells can be induced at higher rates when the oocyte proteins
are coexpressed in precursor somatic cells along with the four
factors Oct4, Sox2, c-Myc and Klf4 (gain of function).
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and 6D. Supplemental Table 7. Peptides differing in sequence
that were identified for the proteins proposed to be reprogram-
ming factors (Prmt7, Ruvbl2, Smarca4). Only peptides with a
Mascot Score >25 are listed. MS/MS spectra for the top scoring
peptides of each protein are provided in supplementary Figure 1 as
representative examples. Supplemental Figure 1. Frequency dis-
tribution histograms of the mass errors, with which peptides were
identified (A. Oocyte; B. ES cell). Supplemental Figure 2. MS/MS
spectra for Prmt7, Ruvbl2 and Smarca4. Note the nearly complete
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