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The Cdk8 kinase and associated proteins form a nonessential transcriptional repressor module of the
Mediator in the budding yeast Saccharomyces cerevisiae. Genetic analyses of this module have demonstrated
functions ranging from environmental responses in budding yeast to organogenesis and development in worms,
flies, and zebrafish. Here we have investigated the function of mammalian Cdk8 using mice harboring a gene
trap insertion at the Cdk8 locus inactivating this kinase. No phenotypes were noted in heterozygote Cdk8*'~
mice, but intercrossing these did not produce homozygous Cdk8~'~ offspring. Developmental analysis dem-
onstrated a requirement for Cdk8 prior to implantation at embryonic days 2.5 to 3.0. Cdk8 ™'~ preimplantation
embryos had fragmented blastomeres and did not proceed to compaction. As Cdk8 deficiency in cultured
metazoan cells did not affect cell viability, the results suggest that transcriptional repression of genes critical
for early-cell-fate determination underlies the requirement of Cdk8 in embryogenesis.

Eukaryotic mRNA transcription depends on the interaction
of a set of general transcription factors that regulate basal
transcription from core promoters and a wide range of gene-
specific transcription factors that bind to distal regulatory ele-
ments. A critical coactivator complex required for this inter-
action has been identified in both biochemical and genetic
approaches and has been termed the Mediator (3, 23, 45). The
Mediator is composed of more than 20 evolutionarily con-
served proteins that have been divided into the core Mediator
(with head, middle, and tail submodules) and a distinct, revers-
ibly associating Cdk8 submodule (6).

Genetic analyses of core Mediator subunits in mammalian
systems are consistent with their identified roles in yeast.
Med21/Srb7 is one of 10 core Mediator subunits required for
viability in the budding yeast Saccharomyces cerevisiae (15) and
has also been proposed to be required for autonomous cell
growth in mammals (48). Med1 is not required for viability in
budding yeast (15), and Medl/TRAP220-deficient embryos
survive until embryonic day 9.5 (E9.5), when they exhibit heart
failure and neurological defects (20). Med24/TRAP100-defi-
cient mice likewise do not develop beyond E10.0 and exhibit
developmental defects in the cardiovascular system, central
nervous system, and placenta (19).

In contrast to the core Mediator involved in transcriptional
activation, the Cdk8 submodule is needed for transcriptional
repression in vitro in both yeast and mammalian systems (33,
39, 41, 42). The Cdk8 submodule consists of Cdk8 and cyclin C
(24, 26, 44), together with Med12/Srb8 and Med13/Srb9 (3, 4,
37), and the loss of any of these four subunits results in a
similar upregulation of a subset of genes in budding yeast but
has little effect on the viability of cells (17, 49). The molecular
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mechanism of transcriptional repression by Cdk8 has been well
established in yeast, where a majority of the submodule-re-
sponsive genes are regulated by the transcription factors Stel2,
Gcen4, and Msn2 and repressed through direct phosphorylation
of these transcription factors by CdkS8, resulting in rapid tran-
scription factor turnover or nuclear exclusion (7, 32).

The Cdk8 submodule is also important in development, as
the submodule components Med12 and Med13 are required
for the differentiation of several cell lineages and organ devel-
opment in flies and worms (46, 54). In line with the role of the
Cdk8 submodule in budding yeast, the function of Med12 and
Med13 was also proposed to involve transcriptional regulation,
in this case of the Wnt and Hedgehog pathways. As the func-
tions of mammalian Cdk8 and other submodule components
are uncharacterized in vivo, we investigated the function of
mammalian Cdk8 by generating mice harboring a loss-of-func-
tion allele of CdkS.

MATERIALS AND METHODS

Generation of Cdk8 mutant mice, husbandry, and embryo manipulation.
Embryonic stem (ES) cells (clone RRS314) containing a Cdk8 gene trap allele,
designated according to JAX convention as Cdk8“7@CT0LN/Bye byt here abbre-
viated to Cdk8™, were obtained from BayGenomics (40). Morula-ES cell aggre-
gations were carried out by the Transgenic unit of the Meilahti Experimental
Animal Center, University of Helsinki. Briefly, superovulated CD1 morulas were
aggregated to ES cells containing the CdkS gene trap allele. Chimeric males were
subsequently bred with CD1 females. Germ line transmission was indicated by
coat color, and heterozygote mutant animals were identified by PCR genotyping.
The staging of embryos was according to standard convention (E0.5 is noon on
the day of the copulation plug). For the extraction of embryos, the uterine horns
were removed postmortem. For midgestation expression analysis, embryos were
fixed in paraformaldehyde and stained using standard LacZ-staining protocols
(38). Preimplantation embryos were dissected from the oviducts at various stages
as described previously (31). Mice were maintained on a mixed 129/Ola, CD1
background and in accordance with local regulations regarding the use of ani-
mals in research.

Genotyping. In order to locate the exact integration of the gene trap insertion,
overlapping PCR amplicons compatible with a gene trap-specific 5’ reverse
primer were designed to cover intron 4 of Cdk8. One amplicon produced an
RRS314 cell line-specific shorter product in addition to the expected wild-type
product. The forward primer used to capture the mutant-specific amplicon was
5'-TGCAGTAACGAGAGGCAGTG-3', the reverse primer of the gene trap
was 5'-CACTCCAACCTCCGCAAACTC-3', and the wild-type control ampli-
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con reverse primer was 5'-GGACGTGCGTGATGTATCTG-3'. Purification
and direct sequencing revealed the exact integration of the gene trap (not
shown).

Routine genotyping of mouse progeny from tail DNA samples was done by
PCR using the following primers: for the Cdk8 wild-type allele, F1, 5'-GCAAA
ACAAGCAAGCAAACA-3" and R1, 5'-CATGGCAGCATCTTCCAGTA-3’,
and for the Cdk8 mutant allele, F2, 5'-CAGGCAGTTGTGCATTGTCA-3', and
R2, 5'-CGGAGCGGATCTCAAACTCT-3'.

The genotyping of preimplantation embryos was done using a multiplex nested
PCR where the forward primer is shared and reverse primers are allele specific.
The wild-type outer amplicon is 492 bp, and the mutant outer amplicon is 456 bp.
The inner amplicons are 107 bp and 246 bp for the wild type and mutant,
respectively. The common forward primers are 5'-TGCAGTAACGAGAGGC
AGTG-3' and 5'-CAGGCAGTTGTGCATTGTCA-3’ for the outer and inner
amplicons, respectively. The reverse primers for the outer amplicons are 5'-AA
GACCTCCCTCCAAGCAGT-3' and 5'-TAGGACAAGAGGGCGAGACC-3'
for the wild-type and mutant alleles, respectively. The reverse primers for the
inner amplicons are 5'-CATGGCAGCATCTTCCAGTA-3" and 5'-CGGAGC
GGATCTCAAACTCT-3' for the wild-type and mutant alleles, respectively.

Southern blotting. Genomic DNA was prepared from postmortem biopsy
samples by standard protocols (36). Briefly, biopsy samples were incubated with
a denaturing proteinase K lysis buffer at 56°C overnight. The aqueous phase was
extracted two times using phenol extraction in combination with phase lock gel
(Eppendorf). The extracted aqueous phase was then precipitated and resus-
pended in Tris-EDTA buffer. Ten micrograms of genomic DNA was digested
overnight using a 5 U/ug restriction enzyme/DNA ratio. The digests were pre-
cipitated and separated on 0.8% agarose and transferred to Hybond N* mem-
branes by using capillary transfer. Hybridizations were carried out at 65°C in
Rapid-hyb solution (Amersham Biosciences). The probe used was generated
using a cloned intron fragment of the Cdk8 locus as template in a random-
labeling reaction (Redi-Prime II; Amersham Biosciences). The cloning of the
probe fragment was done by PCR cloning (Topo-TA kit; Invitrogen) of the
fragment amplified by the following primers: 5'-TTTTAAGCAGCCATCCATC
C-3" and 5'-ACAAGCTCAGGCACCTTTGT-3'.

Plasmid constructs. The Cdk8 and green fluorescent protein (GFP) templates
used for double-stranded RNA (dsRNA) production were generated by PCR
cloning (TOPO-TA kit; Invitrogen) by two-step amplification from Schneider S2
genomic DNA and pEGFP-N2 (Clontech) plasmid templates. The first-round
PCR primers containing T7 primer-flanking sequences (bold) were F(CdkS),
CTATAGGGCGATGGCAAAGAATATGCC; R(Cdk8), CTATAGGGGTGGA
GTATGTGGAGCGTT; F(GFP), CTATAGGGACGTAAACGGCCACAAG
TTC; and R(GFP), CTATAGGGTGCTCAGGTAGTGGTTGTCG. First-round
amplification was followed by a second amplification using T7 primers. The
cloned inserts were verified by sequencing. These vectors were subsequently used
as PCR templates for dsRNA production using a MegaScript T7 kit (Ambion)
according to the manufacturer’s instructions.

Plasmids encoding short hairpin RNAs (shRNAs) for Cdk8 and the control
plasmid were obtained from the Biocentrum Helsinki BCH knockdown library,
University of Helsinki (www.Itdk.helsinki.fi/sysbio). The control plasmid encodes
an incomplete ShRNA with a 4-bp deletion in the targeting sequence for Cdk8.
The plasmid backbone, pENTR-HI1-BgH, is a derivative of pENTR (Invitrogen)
containing the H1 promoter and shRNA sequence cloned using Bglll and
HindIII sites. The mouse Cdk8 open reading frame was amplified by PCR from
mouse embryo fibroblast cDNA template using primers CACC-ATG-GAC-TAT-
GAC-TTT-AAA-GTG (translation start codon in bold) and TCA-GTA-CCG-
ATG-TGT-CTG-ATG (translation stop codon in bold). The PCR product was
cloned to pENTR/D-Topo (Invitrogen) according to the manufacturer’s protocol
and subsequently verified by sequencing. All clones of several independent re-
actions revealed a silent change (CCA—CCG) at codon 358 compared to the
sequence NM 153599 (GenBank accession number). Subsequent transfer to
pDEST47 vector (Invitrogen) was performed according to the manufacturer’s
protocol and verified by restriction digests.

Cell culture, transfections, and gene knockdown by RNA interference (RNAi)
in S2 and 293FT cells. ES cells were cultured according to standard protocols
(31). Briefly, ES cells were maintained in KO Dulbecco’s modified Eagle’s
medium (Invitrogen) on gelatinized plates in the presence of leukemia inhibitory
factor (Chemicon) and passaged every 48 h.

293FT cells (Invitrogen) were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum, L-glutamine, and penicillin-streptomy-
cin. Transfections were performed using Lipofectamine plus (Invitrogen) accord-
ing to the manufacturer’s instructions. Cdk8 RNAi in mammalian cells was done
by using transfection of plasmids encoding shRNA targeting Cdk8 or its control
shRNA. In the stable transfection experiments, pPCMV-B-gal (29) was cotrans-
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fected with a 1/20 (wt/wt) ratio to total DNA and used to normalize for trans-
fection efficiency between samples (11). The selection of stably transfected clones
was done using puromycin (1 pg/ml) for 12 days, using cotransfection of
pRetroSuper (5) in a 1/10 (wt/wt) ratio of total DNA.

Drosophila Schneider S2 cell (Invitrogen) culture and RNAi knockdown pro-
tocols were performed as described previously (8) with minor modifications.
Briefly, S2 cells were cultured at 22.5°C in Drosophila SFM (Gibco, United
Kingdom) supplemented with 10% fetal bovine serum, L-glutamine, and peni-
cillin-streptomycin. Cdk8 knockdown was done by adding 15 ug dsRNAs for
Cdk8 (22) or GFP as control to 10° cells in 1 ml serum-free medium and
incubating for 1 h at room temperature before adding medium to a total of 3 ml
including supplements. To maintain efficient silencing of Cdk8, repeated RNAi
treatments were performed as described above, coinciding with the counting of
cells and dilution of cultures.

Western blotting. Soluble protein extracts of ES cells from feeder-independent
cultures or subconfluent 293FT cells were prepared. Cells were collected in lysis
buffer (ELB plus inhibitors; 150 mM NaCl, 50 mM HEPES, pH 7.4, 5 mM
EDTA, 0.1% CA-630 with 5 mM dithiothreitol, 12.5 mg/ml aprotinin, 0.5 mM
phenylmethylsulfonyl fluoride-50 mM B-glycerophosphate, 5 pg/ml leupeptin)
48 h after transfection (293FT cells) or seeding (ES cells). Total protein extracts
of Drosophila S2 cells were prepared by collecting cells in boiling Laemmli buffer
(50 mM Tris, pH 6.8, 10% glycerol, 2% sodium dodecyl sulfate, 1 mM dithio-
threitol). Forty micrograms of total protein in Laemmli buffer was separated by
7.5 to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and sub-
sequently transferred to a nitrocellulose membrane. Incubation with mouse
monoclonal anti-B-galactosidase antibody (Promega) and subsequent enhanced
chemiluminescence detection (Supersignal; Pierce) were performed according to
the manufacturers’ instructions. Cdk8 was detected by using anti-Cdk8 (human)
antibodies (24), a kind gift from Erich Nigg (Max Planck Institute, Martinsried).

Image postprocessing. For purposes of clarity in the presentation of the data,
the Western blot images have been processed using the Level function of the
Creative Suite software (Adobe Systems Inc.); the level changes were made to
the entire image before cropping. Similarly, lanes have been reorganized as is
indicated by the black bars seen in Fig. 3.

RESULTS AND DISCUSSION

In order to study the in vivo functions of mammalian CdkS,
we used a murine ES cell line (RRS314) with a gene trap
insertion in intron 4 of Cdk8 based on the sequencing of a
fusion cDNA (Fig. 1A) (40). Consistent with this, we noted
that the insertion of the gene trap leads to a fusion protein
migrating at the predicted size of 163 kDa with 152 N-terminal
amino acids of Cdk8 fused to 1,323 amino acids of the B-ga-
lactosidase—neomycin (B-Geo) selection marker (Fig. 1B) and
lacking almost the entire kinase domain of Cdk8. Thus, this
allele represents a loss-of-function allele of Cdk8 and, based on
our knowledge of the interactions of Cdk8, probably represents
a null allele. Supporting this, the Cdk8-3-Geo fusion protein
has no kinase activity towards the recombinant glutathione
S-transferase—carboxy-terminal domain when immunoprecipi-
tated using an antibody against B-galactosidase (see Fig. S1 in
the supplemental material). In order to characterize the
genomic structure of this allele, we determined the precise
integration site at the genomic level through a PCR mapping
strategy and direct sequencing of the amplified genomic DNA
(see Materials and Methods; data not shown). The information
regarding the precise insertion site was then used to design
allele-specific PCR genotyping reactions that distinguish wild-
type and mutant alleles, as seen by the amplification of the
246-bp mutant product in the Cdk8"™/~ ES cells (Fig. 1C).
Furthermore, we could confirm the sequence-based integra-
tion site by Kpnl, Bgll, and BamHI Southern blotting analysis
(Fig. 1D and data not shown) using an external probe as
outlined in Fig. 1E.

Cdk8™'~ mice, generated by morula aggregation using the
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FIG. 1. Characterization of the Cdk§ gene trap allele. (A) Schematic representation of the gene trap insertion in the Cdk8 locus. En2, SA, and
pA indicate the engrailed 2 sequence and its splice acceptor and the polyadenylation site of the gene trap vector. (B) Anti-B-galactosidase Western
blot analysis showing the expression of the Cdk8-B-Geo mutant protein in the targeted (RRS314) ES cells. (C) PCR genotyping of Cdk8"'* and
Cdk8"'~ ES cells. (D) Southern blotting using a 5’ flanking probe of KpnI-digested DNA samples of Cdk8*/~ and Cdk8*'* mice. (E) Map of the
determined genomic structure of the CdkS$ gene trap allele. B (Bgll) and K (KpnlI) designate restriction sites used for Southern blotting analysis.
The locations of the probes used in the Southern blots are indicated by the black bars. (F) Cdk8 expression is indicated by LacZ staining of
paraformaldehyde-fixed embryos extracted at E11.5. The indicated genotypes were obtained by PCR genotyping of the yolk sac. wt, wild type.

described Cdk8"'~ ES cell line (Materials and Methods), were
normal, based on appearance and breeding capacity indistin-
guishable from those of wild-type littermates (data not shown).
In order to analyze homozygous Cdk8 '~ mice, the offspring of
Cdk8*'~ intercrosses were genotyped at weaning. Cdk8 /'~
animals were not observed, and the resulting 1:2 ratio of
Cdk8"'" and Cdk8*'~ genotypes (Table 1) indicates that Cdk8
is required for normal mammalian development. In addition,
the Mendelian ratio of wild-type and heterozygote mice

TABLE 1. Genotyping of progeny from Cdk8
heterozygote intercrosses

No. with Cdk8 genotype

Developmental stage

+/+ +/— —/-
Postnatal 49 96 0
E12.5 14 50 0
E3.5 10 7 0
E3.0 11 11 1
E2.5 15 14 4

strongly argues that the lethality in homozygous mice is not
due to a dominant gain of function of the CdkS§ allele.

In order to analyze the developmental process where Cdk8
exerts the essential function, we turned to the midgestation
period of mouse development, as the Cdk8 submodule has
been shown to be involved in the organogenesis of worms, flies,
and zebrafish (18, 35, 46, 54). First, we analyzed the expression
of Cdk8 at midgestation, taking advantage of the fusion mRNA
encoding B-galactosidase and controlled by the murine Cdk§
promoter. Widespread LacZ staining in E11.5 Cdk8*'~ em-
bryos (Fig. 1F) indicated ubiquitous expression of Cdk8 during
mouse midgestation. In order to analyze the possible role of
Cdk8 during midgestation, we examined embryos at E12.5
from Cdk8"/~ intercrosses. The absence of Cdk8~'~ animals
among the embryos examined (Table 1) indicated a require-
ment of Cdk§8 prior to midgestation. Importantly, the absence
of empty deciduas or other signs of resorption indicated a
critical function prior to implantation.

In order to analyze the apparent preimplantation require-
ment for Cdk8, we isolated embryos at E2.5, E3.0, and E3.5.
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FIG. 2. Cdk8 is required at E2.5. (A) Embryos isolated at E2.5 of
Cdk8*'~ intercrosses were genotyped using nested PCR. E2.5 is the
last stage of embryogenesis where Cdk8 '~ embryos can readily be
isolated. Molecular size markers are indicated on the right. (B) Phase-
contrast photomicrographs of Cdk8"*'* and Cdk8™/~ embryos at E2.5.
Black and white arrowheads indicate fragmented blastomeres.

The extracted embryos were photographed by using phase-
contrast microscopy and subsequently genotyped by PCR.
Cdk8 '~ embryos were identified at E2.5 (Fig. 2A and Table
1), whereas we could find only one Cdk8 ™'~ embryo at E3.0
(Table 1) and never past this stage (E3.5, Table 1). The ap-
parent overrepresentation of wild-type embryos at E2.5 to E3.5
is not likely to be significant as it was not noted at later stages
(Table 1). Inspection of the morphology of embryos at E2.5
revealed fragmented blastomeres in the Cdk8 '~ mutants (Fig.
2B); notably, we could not find compacted Cdk8 '~ embryos,
indicating a requirement of Cdk8 prior to or during the 8-cell
stage before compaction.

In an effort to rescue the loss of CdkS$ in preimplantation
embryos, we microinjected synthetic, capped mRNA encoding
Cdk8 and enhanced GFP flanked by the untranslated regions
of the Xenopus globin gene (25) into the cytoplasm of zygotes
isolated from timed Cdk8™/~ intercrosses using superovulated
females (see materials and methods in the supplemental ma-
terial). As indicated by the robust expression of enhanced GFP
in the injected embryos (see Fig. S2A and B in the supplemen-
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tal material), this method allows the expression of injected
synthetic mRNAs in all cells of the embryo throughout preim-
plantation development. Surprisingly, although we observed
progression to morula and blastocyst stages in both nonin-
jected controls and mRNA-injected embryos (see Fig. S2A and
B in the supplemental material), we could not find Cdk8™/~
embryos after 4 days of culture (see Fig. S2C and D in the
supplemental material). The ratio of Cdk8"/" and Cdk8"'~
embryos (n = 37 and n = 62, respectively; see Fig. S2D in the
supplemental material) suggests that Cdk8 '/~ embryos were
lost during the embryo extraction and injection procedure. In
an attempt to verify this hypothesis, we managed to obtain the
genotypes of a limited number of the runted noninjected em-
bryos, revealing one of Cdk8 '~ genotype (see Fig. S2C, em-
bryo 12, in the supplemental material). Thus, while Cdk8™'~
embryos can develop in utero to a stage prior to compaction,
Cdk8 '~ embryos extracted from superovulated females have
a runted appearance and reduced viability already at E0.5
when cultured in vitro.

The lethality of Cdk8 ™'~ embryos prior to compaction was
unexpected, as this early lethality is rare and typically associ-
ated with genes involved in functions required for cell viability,
such as Xpd (10), Rad51 (47), Sfrs3 (21), and Incenp (9). Cdk8,
on the other hand, has been demonstrated to be dispensable
for the viability of cells in budding yeast (17, 49) and the fission
yeast Schizosaccharomyces pombe (52). In order to examine the
requirement of Cdk8 for cell autonomous growth in metazoan
cells, we performed knockdown of Cdk8 in Drosophila S2 cells
using long dsRNAs. A single dose of dsRNA against Cdk8
efficiently downregulated Cdk8 at the protein level compared
to control (GFP)-treated samples (Fig. 3A, day 4). Sustained
knockdown of Cdk8, ensured by repeated Cdk8 and GFP
dsRNA treatments on days 4 and 7 (Fig. 3A, days 7 and 11),
had no effect on the proliferation of Drosophila S2 cells (Fig.
3B). In addition, shRNA-mediated knockdown of Cdk8, as
seen in transient transfections of cultured mammalian 293FT
cells analyzed by Western blotting (Fig. 3C), does not decrease
the ability to form drug-resistant colonies in stable transfec-
tions (Fig. 3D). Taken together, these data provide evidence
for Cdk8 not being required for autonomous cell growth or
survival. This conclusion is consistent with the results of large
knockdown screens of cultured Drosophila cells (1, 2) and
human cells (30); also, slime mold (27, 43) and wall cress (51)
Cdk8 are not essential for cell viability. Interestingly, a recent
report discussing null alleles of Drosophila Cdk8 and Cyclin C
also found that neither is required for the viability of cells,
while they were essential for organismal development, similar
to our results (28).

An alternative role for Cdk8 that would be consistent with
the observed early embryonic lethality of the Cdk8 '~ embryos
is provided by the analysis of Cdk8 submodule mutant flies and
worms, where Cdk8 submodule members appear to regu-
late specific developmental pathways, such as the Wnt and
Hedgehog pathways, involved in differentiation and cell fate
determination (28, 46, 54). In this regard, it is interesting to
note that the blastomeres at the 2-cell stage of the developing
mouse embryo already have biased cell fates (13, 14, 34, 53).

Active transcriptional regulation has been suggested to be
an important molecular mechanism for differentiation events
before the compacted 8-cell stage, based on transcription pro-
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FIG. 3. Proliferation of cultured metazoan cells is unaffected by Cdk8 depletion. (A) Efficiency of the Cdk8 knockdown (Cdk8 dsRNA)
compared to that of the control (GFP dsRNA) in Schneider S2 cells was assessed by anti-Cdk8 Western blot analysis. (B) The proliferation rate
of parallel S2 cultures was determined and is presented as population doublings (PD) over 11 days. (C) Anti-Cdk8 Western blot analysis of
shRNA-mediated knockdown in transiently transfected 293FT cells. (D) The effect on proliferation of expressing shRNA-targeting Cdk8 in 293FT
cells is determined as the number of drug-resistant colonies at 13 days posttransfection. The values are the average number * SD of colonies/10
microscopic fields (10X objective, approximately 3.1 cm?) of three independent transfections normalized to pCMV-B-gal activity.

filing (16, 50), where bursts of transcription are noted between
the 2-cell and 8-cell stages. Cdk8 can function as a transcrip-
tional repressor in cultured mammalian cells (12), and the
repression of transcription observed between the 2-cell and
8-cell stages is correlated with an induction of Cdk§ transcrip-
tion just prior to compaction (50), raising the interesting no-
tion that Cdk8 is important for transcriptional repression
during preimplantation development.

To summarize, these observations suggest that the develop-
mental arrest of CdkS§-deficient embryos is due to transcrip-
tional deregulation of developmentally critical genes and that
this underlies the unexpected very early requirement of Cdk$
in murine development prior to compaction observed in this
study.
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