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Genetic inactivation of Cdk7 leads to cell cycle
arrest and induces premature aging due to adult
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Cyclin-dependent kinase (Cdk)7, the catalytic subunit of
the Cdk-activating kinase (CAK) complex has been impli-
cated in the control of cell cycle progression and of RNA
polymerase I (RNA pol II)-mediated transcription. Genetic
inactivation of the Cdk? locus revealed that whereas Cdk?7
is completely dispensable for global transcription, is
essential for the cell cycle via phosphorylation of Cdkl
and Cdk2. In vivo, Cdk7 is also indispensable for cell
proliferation except during the initial stages of embryonic
development. Interestingly, widespread elimination of
Cdk? in adult tissues with low proliferative indexes had
no phenotypic consequences. However, ablation of condi-
tional Cdk? alleles in tissues with elevated cellular turn-
over led to the efficient repopulation of these tissues with
Cdk7-expressing cells most likely derived from adult stem
cells that may have escaped the inactivation of their
targeted Cdk? alleles. This process, a physiological attempt
to maintain tissue homeostasis, led to the attrition of adult
stem cell pools and to the appearance of age-related
phenotypes, including telomere shortening and early
death.
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Introduction

Cell cycle regulation in eukaryotic cells is controlled by a
family of conserved heterodimeric serine/threonine kinases
made of a regulatory subunit, generically known as Cyclin,
and a catalytic component designated as Cyclin-dependent
kinase (Cdk) (Malumbres and Barbacid, 2005). Cyclins are
essential to activate the catalytic activity of their cognate
Cdks and to provide substrate specificity. However, optimal
kinase activity requires additional steps, one of which
involves phosphorylation of a key threonine residue located
within the activating segment, also known as T-loop, of the
Cdk subunit (Harper and Elledge, 1998). This activating step
is carried out by the Cdk-activating kinase (CAK), a trimeric
kinase whose catalytic activity is also provided by a Cdk,
known as Cdk?7. Cdk?7 becomes activated by binding to Cyclin
H (CycH) and to a third regulatory subunit known as Matl
(Harper and Elledge, 1998).

Interestingly, CAK is also a component of the general
transcription factor TFIIH, a large protein complex involved
in the phosphorylation of serine residues (mainly Ser5)
located at the carboxy terminal domain (CTD) of the large
subunit of RNA polymerase II (RNA pol II). Thus, CAK has
also been implicated in the regulation of promoter clearance
and progression of the basic transcriptional machinery
(Palancade and Bensaude, 2003). Yet, recent evidence
suggests that RNA pol II-mediated transcription may not be
overtly affected by the absence of CAK activity. For instance,
a temperature-sensitive allele of Mcs6, the corresponding
orthologue in S. pombe, only affects transcription of a
selective cell-division gene cluster, representing <5% of all
transcripts (Lee et al, 2005). Similarly, Cdk7 deficiency results
in severe mitotic defects in C. elegans and D. melanogaster
without concomitant loss of CTD phosphorylation or
transcriptional integrity, respectively (Larochelle et al, 1998;
Wallenfang and Seydoux, 2002). Finally, mouse cells
defective in the regulatory subunit Matl present functional
de novo transcription (Rossi et al, 2001). Regardless of its
potential role in regulating the cell cycle and/or transcription,
genetic studies have shown that Cdk7 is an essential gene in
D. melanogaster (Larochelle et al, 1998). Likewise, Mat1l or
CycH deficiency results in an early embryonic lethality in
mice (Rossi et al, 2001; Patel and Simon, 2010).

We undertook the present study to analyse the physiolo-
gical role of Cdk7 in mice by genetic targeting. We report
that loss of Cdk7 causes impaired T-loop phosphorylation
of cell cycle Cdks, leading to cessation of cell division
in vitro and early embryonic lethality in vivo. In contrast,
RNA pol II-mediated transcription is unaffected with the
exception of E2F-controlled genes, an indirect consequence
of deficient Cdk function. Loss of Cdk7 expression in adult
mice has a little effect on non-proliferating tissues. However,
elimination of Cdk7 in proliferating tissues leads to the
premature onset of age-related phenotypes most likely due
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to depletion of progenitor cells and exhaustion of their
renewal capacity.

Results

Cdk7 is required for cell proliferation but not

for global transcription

Cdk7"°*/'°* mouse embryonic fibroblasts (MEF) were gener-
ated from Cdk7'°%/'°* embryos (see Materials and methods).
These MEFs were subsequently infected with adenoviral
vectors expressing the Cre recombinase (Ad-Cre) to generate
Cdk7™uY™ut MEFs that lack detectable levels of Cdk7 expres-
sion (Supplementary Figure 1). These mutant MEFs failed to
proliferate and to enter S phase upon serum stimulation
(Supplementary Figure 2A and B). As expected, loss of
Cdk?7 expression caused degradation of the other CAK sub-
units, CycH and Matl (Supplementary Figure 2C; Rossi et al,
2001). Likewise, Cdk7 was also degraded upon shRNA-
mediated knockdown of either Matl or CycH (data not
shown).

Cdk? is thought to activate transcription by phosphorylat-
ing serine residues, mainly Ser5, located within the CTD of
RNA pol II (Palancade and Bensaude, 2003). Interestingly, the
phosphorylation levels of this residue were unaffected in
Cdk7™""/™" MEFs (Figure 1A), indicating that either Cdk7
is not involved in the phosphorylation of this critical residue
or that this activity can be carried out by another kinase with
similar efficiency. This result prompted us to assess whether
RNA pol II-mediated transcription was affected in the absence
of Cdk7. To this end, 7 days after exposure to Ad-Cre,
Cdk7™"Y™ut MEFs were infected with a lentiviral vector
expressing a green fluorescent protein (GFP) from a consti-
tutive promoter. After 72 h, the intensity of the GFP reporter
in Cdk7™Y™ut MEFs was comparable to that of Cdk7'9%/1%%
controls (Supplementary Figure 2D). Likewise, Cdk7™/mut
and Cdk7'°*/'°* MEFs were serum starved in order to match
their proliferation rates. Under these conditions the rate of
de novo protein synthesis, as measured by [>°S]methionine
incorporation, was not affected in the absence of Cdk?7
(Supplementary Figure 2E). All together, these results suggest
that Cdk7 is dispensable for de novo transcription and
translation.

To further characterize the transcriptional status of cells
devoid of Cdk7, we compared the gene expression profile of
Cdk7'°%/1°% with Cdk7™"Y™4 MEFs by standard microarray
analysis. To rule out a possible bias due to their different
proliferation rates, we decided to perform a gene set enrich-
ment analysis (GSEA) on a predefined subset of 443 house-
keeping genes, as expression of this cluster has been shown
to be proliferation-rate independent (Eisenberg and Levanon,
2003). Our results indicated that transcription of this
housekeeping gene-set was not statistically altered 10 days
after the elimination of Cdk7 (false discovery rate (FDR)
0.339) (Supplementary Figure 2F-H) thus indicating that
the inability of Cdk7™" ™" MEFs to proliferate was not due
to a defect in global transcription. Indeed, when we analysed
the entire microarray data set in Cdk7™Y™% MEFs
(FDR<0.05), we detected the upregulation in 1250 genes
along with the presence of 1218 additional genes that showed
no variation in their levels of expression (data not shown)
thus supporting the notion that Cdk7 is dispensable for RNA
pol II-mediated global transcription.
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Cdk7 is essential for activation of cell cycle Cdks
Cdk7™"Y/™ut MEFs showed no detectable phosphorylation of
Thr160, the activating residue in the T-loop of Cdk2
(Figure 1A). Similar results were observed in quiescent cells
upon serum stimulation (Figure 1B). The rapid decline of
Cdk1 levels following the elimination of Cdk?7 prevented us
from analysing the overall level of phosphorylation of the
corresponding Thr161 residue of Cdkl. The CAK complex can
also activate the other interphase Cdks, Cdk4 and Cdk6 (Lolli
and Johnson, 2005). Unfortunately, no phospho-specific
antibodies for their T-loop threonine residues are available.
Thus, we examined whether their expression levels and
overall in vitro kinase activity was affected in MEFs lacking
Cdk7. As illustrated in Figure 1A, Cdk7™'/™ MEFs
expressed normal levels of Cdk4 and Cdk6. Moreover, the
kinase activity of Cdk4 and Cdk6 immunoprecipitates derived
from Cdk7™"/™ cells were significantly decreased, suggest-
ing that CAK activity is compromised in cells lacking Cdk?
(Figure 1C). Similar results were obtained using Cdk2
immunoprecipitaes (Figure 1C). The kinase activity of Cdkl
could not be examined due to its low levels of expression in
Cdk7™""™" MEFs (Figure 1A and B).

Next, we interrogated whether Cdk7™'7%*, a Cdk7 mutant
that retains normal CAK function but <5% of the kinase
activity towards the CTD of RNA pol II (Larochelle et al,
2001), was capable of rescuing proliferation of Cdk7 null
cells. As illustrated in Figure 2, Cdk7™""™" MEFs ectopically
expressing the Cdk7™7° mutant proliferated and formed
colonies with efficiencies similar to those of cells ectopically
expressing the wild-type Cdk?7 protein. As a negative control,
Cdk7¥*14, 3 kinase dead mutant, failed to induce both pro-
liferation and colony formation (Figure 2A and B). These
results support the notion that Cdk7 plays an essential role in
cell proliferation by providing CAK activity whereas its CTD
kinase activity is dispensable.

Cdk7 is required for T-loop phosphorylation of
cell cycle Cdks
Next, we expressed phosphomimetic mutants of each of the
cell cycle Cdks to determine which CAK substrate was
responsible for cell proliferation. Neither Cdk4™74E nor
Cdk6™77E mutants were able to convey proliferative proper-
ties to cells lacking Cdk7 (data not shown), suggesting that
constitutive activation of these kinases is not sufficient to
drive cell proliferation. We then performed a rescue assay
using Cdk2T'°F or Cdk1™'®'F phosphomimetic mutants. We
observed that expression of Cdk2™°F or Cdk1™'E, but not
their wild-type counterparts, partially restored proliferation
and colony formation in Cdk7-deficient cells (Figure 2C and
D). Colonies expressing these mutant proteins were analysed
by Southern blotting to verify the absence of Cdk7'°* alleles
(Supplementary Figure 2G). Yet, the proliferation rate and the
number of colonies obtained with these Cdkl and Cdk2
phosphomimetic mutants was lower than those observed
with vectors expressing the wild-type Cdk7 protein
(Figure 2C and D). Whether these differences are due to
limited activity of the Cdk2T'%°E or Cdk1™*®'E mutants or to
the fact that Cdk?7 has additional functions that contribute to
cell proliferation, remains to be determined.

Previous studies have shown that Cdk2 is neither essential
for cell proliferation nor compensates for the absence
of Cdkl, even when expressed from the Cdkl locus
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Figure 1 Deficient cell cycle Cdk activation in MEFs lacking Cdk?7. (A) Immunoblot analysis of Cdk7, RNA pol II, P-Ser5-RNA pol II, Cdkl1,
P-Thr161-Cdk1l, Cdk2, P-Thr160-Cdk2, Cdk4 and Cdk6 expression in extracts from Cdk7'9*/'°* MEFs infected with adenoviral particles
expressing GFP or Cre recombinase. Results from two independent experiments are shown. GAPDH serves as a loading control.
(B) Immunoblot analysis of Cdk7, Cdk2, P-Thr160-Cdk2, Cdkl and P-Thr161-Cdk1l expression at the indicated time points after addition of
serum to quiescent Cdk7'°*/'°* MEFs infected with adenoviral particles expressing GFP or Cre recombinase. GAPDH serves as a loading control.
(C) In vitro kinase activity associated with Cdk2, Cdk4 and Cdké immunoprecipitates obtained from Cdk7'°*/°* MEFs after infection with
adenoviral particles expressing GFP or Cre recombinase. Recombinant pRb was used as substrate. Results from two independent experiments
are shown. Figure source data can be found with the Supplementary data.

(Berthet et al, 2003; Ortega et al, 2003; Satyanarayana et al,
2008). Thus, we examined the mechanism by which the
Cdk2™'%F mutant conferred proliferative properties to
Cdk7-deficient cells. As shown in Figure 2G, expression of
Cdk2™6%E in Cdk7™“Y/™" MEFs restored normal levels of
Cdkl protein that was properly phosphorylated in its
Thr161 residue. These observations suggest that in the ab-
sence of Cdk7, Cdk2T!°°E induces the synthesis of Cdkl
through inhibition of pRb and subsequent activation of the
E2F-dependent transcriptional programme. Moreover, they
also raised the possibility that Cdk2™°F might activate
Cdkl by inducing phosphorylation in its critical Thrl6l
residue.

Restoration of E2F-dependent transcription rescues
proliferation of Cdk7-defective cells

Microarray analysis revealed that, unlike housekeeping
genes, the E2F-controlled programme (Bracken et al, 2004)
was consistently downregulated (FDR 0.068) in Cdk7™u/™mut
MEFs (Supplementary Figure 2H). Downregulated genes
included critical cell cycle regulators such as CycEl, CycA2,
CycB1 and Cdkl. These observations were confirmed by
western blotting (data not shown). These results suggest
that reactivation of the E2F transcriptional programme by

VOL 31 | NO 11 ] 2012

inactivation of the Rb family of proteins might alleviate the
proliferative defects caused by elimination of Cdk7. To test
this hypothesis, we expressed the T121 fragment of the SV40
large T antigen in Cdk7™Y™4 MEFs. This polypeptide is
known to inactivate the three members of the Rb family
and improve the proliferation rate of cells lacking all inter-
phase Cdks (Santamaria et al, 2007). As illustrated in
Figure 2E and F, ectopic expression of T121 restored the
proliferative properties of Cdk7™V™ cells to the same
level as the wild-type Cdk7 protein. Interestingly, these
T121-expressing Cdk7™"/™"* MEFs displayed normal levels
of Cdkl and Cdk2. Moreover, both kinases were properly
phosphorylated in their activating T-loop Thr residues
(Figure 2G). These observations indicate that cells have
mechanisms other than Cdk7-mediated CAK activity to phos-
phorylate Cdkl and Cdk2, providing that the Rb family of
proteins has been inactivated.

Cdk7 deficiency causes early embryonic lethality

To characterize the impact of Cdk7 deficiency in vivo, we
generated mice from ES cells carrying a Cdk7'°*™ allele
(Supplementary Figure 1). Heterozygous animals had normal
lifespan and did not display obvious phenotypes. However,
crosses between heterozygous animals failed to produce live
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Figure 2 The CAK activity of Cdk?7 is essential for cell proliferation. (A) Growth of immortalized Cdk7'°*/'°* MEFs infected with retroviral
vectors expressing cDNAs encoding wild-type Cdk? (grey circles), Cdk7™!"* (open squares), Cdk7¥*'* (solid triangles) or control vector (solid
circles) and subsequently infected with Ad-Cre to inactivate the Cdk7"°* alleles. (B) Percentage of colonies observed in Cdk7'°*/'°* MEFs
infected with retroviral vectors expressing cDNAs encoding wild-type Cdk7, mutant Cdk7™'7**, mutant Cdk7**'* or with control vector and
subsequently infected with Ad-Cre, normalized to those observed in parallel cultures infected with control Ad-GFP. Data shown as mean +s.d.,
n=3. (C) Growth of immortalized Cdk7'°*/'°* MEFs infected with retroviral vectors expressing cDNAs encoding wild-type Cdk?7 (grey circles),
phosphomimetic Cdk1™*'® mutant (open squares), wild-type Cdk1 (solid squares), phosphomimetic Cdk2"'*°® mutant (open triangles), wild-
type Cdk2 (solid triangles) or with control vector (solid circles) and subsequently infected with Ad-Cre to inactivate the Cdk7'°* alleles.
(D) Percentage of colonies observed in Cdk7'°*/'°* MEFs infected with retroviral vectors expressing cDNAs encoding wild-type Cdk7,
phosphomimetic Cdk1™®'F and Cdk2"°°E mutant proteins, wild-type Cdk1 or Cdk2 proteins or with control vector and subsequently infected
with Ad-Cre, normalized to those observed in parallel cultures infected with Ad-GFP. Data shown as mean*s.d., n=3. (E) Growth of
immortalized Cdk7'°*/'°* MEFs infected with retroviral vectors expressing a cDNA encoding wild-type Cdk?7 (grey circles), the T121 fragment of
the SV40 large T antigen (open squares) or with control vector (solid circles) and subsequently infected with Ad-Cre to inactivate the Cdk7'°x
alleles. (F) Percentage of colonies observed in Cdk7'°*/!°* MEFs infected with retroviral vectors expressing a cDNA encoding wild-type Cdk?,
the T121 fragment of the SV40 large T antigen or with control vector and subsequently infected with Ad-Cre, normalized to those observed in
parallel cultures infected with Ad-GFP. Data shown as mean * s.d., n = 3. (G) Immunoblot analysis of Cdk7, CycH, Mat1, Cdk1, P-Thr161-Cdkl1,
Cdk1, P-Thr160-Cdk2 and Cdk2 expression in representative colonies of immortalized Cdk7'°*/'°* MEFs infected with retroviral vectors
expressing cDNAs encoding wild-type Cdk7, mutant Cdk7™'7°*, phosphomimetic Cdk1™**'® and Cdk2™'®°F mutants, the T121 fragment of
the SV40 large T antigen or with control vector and subsequently infected with Ad-Cre to inactivate the Cdk7'* alleles or with control
Ad-GFP. Figure source data can be found with the Supplementary data.
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Cd7'oxIr/1oxtt o ffspring as well as E13.5 and E9.5 embryos,
thus suggesting that Cdk7'°*™ alleles failed to express normal
levels of Cdk7 (see below). Analysis of E5.5 embryos derived
from these crosses revealed deciduas with a high percentage
of apoptotic cells within the embryonic body that were ne-
gative for Cdk7 immunostaining (Supplementary Figure 3A),
thus suggesting that homozygous Cdk7'°*™/1°X™ embryos died
at peri-implantation stages. Interestingly, E2.5 as well as E3.5
Cdk7'¥T/19XTt ambryos (blastocyst stage) were obtained with
Mendelian ratios. As the E2.5 mutant embryos did not express
detectable levels of Cdk7 (Figure 3A), the apparently normal
development of Cdk7'**™/1°XM plastocysts is unlikely to be due
to contribution by the maternal Cdk?7 protein.

To study the defects responsible for the death of
Cdk7ox/1oxIit ambryos, we isolated E2.5 embryos and main-
tained them under in vitro culture conditions. One day later,
the resulting E3.5 Cdk7'XTV1oXfTt plastocysts were indistin-
guishable from the heterozygous and wild-type littermates,
including normal levels of expression of Nanog, an inner cell
mass (ICM) marker (Figure 3B), thus indicating that early
embryo cells can differentiate into ICM lineages in the
absence of Cdk7. However, at E4.5, Cdk7'°*T/1°x" embryos
showed conspicuous staining of the apoptotic marker-
activated Caspase 3A within the ICM (Figure 3C), leading to
the disappearance of ICM cells 2 days later in hatching
embryos (Figure 3D). At this time (E6.5-E7.5), visual inspec-
tion of Cdk7'°*T™V/1oXI' embryos revealed the presence of
trophoblasts. However, their nuclei appeared smaller (3-4-
fold) than those of trophoblasts present in control embryos
(Supplementary Figure 3B and C). These observations sug-
gest that Cdk7"°X™/1°xI" embryos die during peri-implantation
stages due to apoptotic death of ICM cells. Furthermore, the
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smaller size of the nuclei of Cdk7'°XM19X trophoblasts
suggests additional defects in the trophoectodermal lineage,
most likely due to limited endoreplicative cycles.

Cdk7 is required for skin development
Next, we analysed the role of Cdk7 during skin development.
To this end, we generated a conditional Cdk7'°*'°* mice by
crossing Cdk7'°*T/1oxfT apimals to a Flpase-expressing strain,
as described in Materials and methods. The resulting
Cdk7'°*/1°% animals were subsequently crossed to K5-Cre, a
transgenic strain that selectively expresses the Cre recombi-
nase within the basal layer of the epidermis (Tarutani et al,
1997). Cdk7'°*/1%; K5-Cre */T compound mice were born with
Mendelian ratios. However, they displayed small size,
widespread lack of hair, scaly skin and died soon thereafter,
between postnatal days 1 and 4 (P1-P4) (Figure 4A).
Immunohistochemical analysis of the skin of these mice
revealed mosaic elimination of Cdk?7, with patches of epider-
mis showing positive staining interspersed with regions
lacking Cdk?7 expression (Figure 4B). In agreement with
in vitro studies, phosphorylation in the Ser5 residue of the
CTD of RNA pol II was unaffected in these cells (Figure 4B).
Likewise, cells lacking Cdk?7 displayed pRb hypophosphory-
lation and were negative for P-Thr160-Cdk2, suggesting that
CdKk?7 is also required for the activation of Cdk2 in vivo.
Histopathological analysis of skin samples of
Cdk7'°%/°%:K5-Cre*/T mice revealed a complex pheno-
type. The epidermis of these animals showed scattered
hyperplastic and hypoplastic regions (Figure 4C). The
latter were devoid of Cdk7 staining and contained non-
proliferating cells as indicated by the absence of PCNA
staining, a marker of cell proliferation (Figure 4D). On the

Nanog

Merge
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Figure 3 Cdk7 germ line deficiency results in an early embryonic lethality. (A) Embryos of the indicated genotypes were isolated at E2.5 and
analysed for Cdk7 expression by immunofluorescence (green). Nuclei were stained with Hoechst 33342 (blue). Bar, 25 pm. (B) Embryos of the
indicated genotypes were isolated at E2.5, cultured in vitro and analysed by immunofluorescence at E3.5. Co-staining for Cdk7 (green) and
Nanog (red) is shown. Nuclei were stained with Hoechst 33342 (blue). Bar, 25 pm. (C) Embryos of the indicated genotypes were isolated at
E2.5 and cultured in vitro for 2 days (E4.5 stage). Active Caspase 3 was detected by immunofluorescence (red). Nuclei were stained with
Hoechst 33342 (blue). Bar, 25 pm. (D) Embryos of the indicated genotypes were isolated at E2.5 and cultured in vitro for 5 days (E7.5 stage).
BrdU incorporation was assessed by immunofluorescence (red). Nuclei were stained with Hoechst 33342 (blue). Actin filaments were stained

with Phalloidin (green). Bar, 100 pm.
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Figure 4 Cdk7 is required for skin development. (A) Overall appearance of Cdk7*/'°%K5-Cre™/T and Cdk7°*/'°%K5-Cre*/T P4 mice.
(B) Immunohistochemical staining of representative skin areas obtained from Cdk7*/°%K5-Cre*/T and Cdk7'°*/'%;K5-Cre /T P4 mice
using antibodies against Cdk7, P-Ser5-RNA pol II, P-Thr160-Cdk2 and P- Ser807/811-pRb. Bar, 20 um. (C) H&E staining of skin sections of
Cdk7*/"°%K5-Cre */T and Cdk7'°*/'*;K5-Cre */T P4 mice. Bracket indicates a hypoplastic area in the skin of a Cdk7'°*/**%;K5-Cre * /T P4 mouse
flanked by hyperplastic regions. Inset shows a magnified image of hypoplastic skin flanked by hyperplastic areas of a Cdk 7'/ lox.K5-Cre /T P4
mouse. Bar, 100 um. (D) Immunofluorescence analysis of normal skin sections of Cdk7*/'**;K5-Cre ™/T P4 mice (left) and of hyperplastic
(middle) and hypoplastic (right) skin areas of Cdk7'9*/19%,K5-Cre * /T P4 mice using antibodies raised against keratin K5, keratin K6, keratin K10,
Cdk?7, Loricrin (Lor) and PCNA. Antibodies are labelled in red or green colour according to the immunofluorescence they displayed in the

corresponding sections. Bar, 50 pm.

contrary, cells within the hyperplastic regions were positive
for Cdk7 expression, indicating that recombination of Cdk7°*
alleles was not complete. Most of these Cdk7-expressing cells
were also positive for PCNA, indicating that they were
actively proliferating.

The hypoplastic regions displayed delayed development,
thinning of the suprabasal layers as determined by keratin
K10 staining and a severe reduction in the number of hair
follicles (Figure 4D). Furthermore, they showed an altered

©2012 European Molecular Biology Organization

differentiation pattern illustrated by the misexpression of
keratin K6 in both the basal and suprabasal layers of the
interfollicular epidermis (Figure 4C and D). Interestingly,
keratin K6 was also misexpressed throughout the epidermis
in hyperplastic areas, suggesting that these regions also
experienced an altered homeostasis. Finally, hyperplastic
regions were additionally characterized by an expansion of
keratin K5-expressing cells to the suprabasal layers and by a
concomitant disorganization of these layers as determined by
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the expression pattern of keratin K10 and loricrin (Figure 4D).
Altogether, these observations suggest that ablation of Cdk?
in the epidermis results in the cessation of cell proliferation
leading to hypoplastic skin. As a consequence, neighbouring
areas that retained Cdk7 expression due to mosaic recombi-
nation of the Cdk7'* alleles underwent an aberrant hyper-
proliferative response, most likely a homeostatic attempt to
compensate the lack of proliferation within the nearby hypo-
plastic patches.

Deletion of Cdk7 in adult mice

These results prompted us to investigate the consequences of
widespread elimination of Cdk7 in adult tissues. To this end,
Cdk7* /% mice were crossed to Ub-CreERT2 /T animals, a
transgenic strain that expresses the tamoxifen-inducible
CreERT2 recombinase under the control of the human
ubiquitin C promoter (Ruzankina et al, 2007). Cdk7'°¥/'°%;
Ub-CreERT2 /T mice were exposed at weaning to a
tamoxifen-containing diet to ablate the conditional Cdk7
alleles. Four-month-old Cdk7'°*'°*,Ub-CreERT2 /" animals
were phenotypically normal in spite of lacking Cdk7 ex-
pression in most (>90%) cells within low proliferating
tissues such as liver, kidney or cerebellum (Figure S5A).
These mice exhibited normal physiological levels of several
key biochemical parameters in plasma including glucose,
amylase, bilirubin, albumin and alanine aminotransferase
(Supplementary Figure 4). Other parameters such as total
protein, globulin, calcium, phosphate and ureic nitrogen also
remained at normal levels in Cdk7'°*/'*;Ub-CreERT2*/T
animals (Supplementary Figure 4). Similar results were ob-
tained when we analysed the endocrine pancreas. Cdk7'**/
10X Jb-CreERT2 */T mice had the same pattern of insulin
and glucagon-expressing cells as control Cdk7*/°%;
Ub-CreERT2 */T animals, in spite of the fact that most of
these cells lacked Cdk?7 expression (Figure 5B). As illustrated
above in newborn skin (Figure 4B), the levels of phosphory-
lated Ser5 residues in RNA pol II of Cdk7'**/1%;Ub-CreERT2 +/T
mice were unaffected by the loss of Cdk7 expression in all
tissues examined (Figure 5A). Phosphorylation levels of
Cdk1™®" and Cdk2™%° could not be determined as these
proteins are not expressed in the large majority of cells
(>98%) in these non-proliferating tissues (data not shown).

Loss of Cdk7 expression in actively dividing tissues
results in accelerated aging

Cdk7"°*/1%,Ub-CreERT2 * /T animals retained Cdk7 expression
in their proliferating tissues such as the intestine and skin,
even when exposed to the tamoxifen diet for 7 months
(Figure 6A). An observation that might explain the relatively
long survival of these mice (Supplementary Figure SB).
Expression of Cdk7 in these highly proliferating tissues was
not due to impaired recombination of their Cdk7'* alleles as
they were efficiently ablated in heterozygous Cdk7*/1°%;
Ub-CreERT2 /T mice exposed to the same diet (Supple-
mentary Figure 5A). To explain these observations, we
hypothesized that the presence of Cdk7 in these proliferating
tissues might be due to an active process of cell renewal
sustained by a pool of adult stem cells that had retained Cdk?
expression. If so, such a continuous demand on adult stem
cells should result in their premature exhaustion leading to
the appearance of aging-like phenotypes (Krishnamurthy and
Sharpless, 2007). Indeed, visual inspection of 8-month-old
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Figure 5 Lack of physiological defects upon Cdk7 elimination in
young mice. (A) H&E and immunochemical staining of sections
obtained from liver (top), kidney (middle) and cerebellum (bottom)
of 4-month-old Cdk7*/°%Ub-CreERT2*/T and Cdk7"°¥/'°*,Ub-
CreERT2 */7 littermates exposed to a tamoxifen diet for 3 months.
Immunostaining was carried out with antibodies elicited against
Cdk?7 and against P-Ser5-RNA pol II. Insets show magnified images
of representative areas. Bar, 50 pm. (B) H&E and immunochemical
staining of consecutive sections of pancreatic islets obtained from
4-month-old  Cdk7 */'°%Ub-CreERT2 /T and  Cdk7'°¥'°%;Ub-
CreERT2 */7 littermates exposed to a tamoxifen diet for 3 months.
Immunostaining was carried out with antibodies elicited against
Cdk?7, insulin and glucagon. Bar, 50 pm.

Cdk7'°*/'°%,Ub-CreERT2 * /" mice exposed to a tamoxifen diet
as weaning revealed a variety of age-related phenotypes not
present in Cdk7*/1°%;Ub-CreERT2*+/T control littermates
(Figure 6B). These phenotypes included a significant body
weight loss, with Cdk7'°/'°%;,Ub-Cre " /T females weighing an
average of 30% less than the control animals (14.36+2.63 g
versus 20.27 £1.28 g; n=8; P<0.001), diffuse alopecia, per-
vasive hair-greying and kyphosis (Figure 6B).

Further characterization of these mice revealed additional
age-related phenotypes affecting bones, hematopoietic and
intestinal tissues as well as skin. Densitometric analysis of
the femurs of Cdk7'°*/'%;Ub-CreERT2*/T animals revealed
that their mineral content was significantly reduced com-
pared with that of control littermates (0.33 £0.003 g versus
0.41+0.021g; n=4; P<0.001). Furthermore, computed
tomography (CT) scanning revealed that the cortical cross
section (0.40mm +0.009 versus 0.54mm*0.03; n=4;
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Figure 6 Widespread elimination of Cdk7 expression in adult mice
results in premature aging. (A) Immunochemical staining of skin
(top) and the small intestine (bottom) from 8-month-old
Cdk7'%*/'°%;Ub-CreERT2 */T animals exposed to a tamoxifen diet
for 7 months. Bar, 50 um. (B) Overall appearance of 8-month-old
Cdk7 " /"°%;Ub-CreERT2 " /T mice and Cdk7'°*/'"°*;Ub-CreERT2 "/"
littermates exposed to a tamoxifen diet for 7 months. (C) Micro-
CT analysis of femurs (top) and H&E staining of femur sections
(bottom) obtained from 8-month-old Cdk7 */'*;Ub-CreERT2*/T
and Cdk7'°*/'°*;Ub-CreERT2 /T littermates exposed to a tamoxifen
diet for 7 months. Bar, 100 um. (D) Quantification of hematopoietic
Lin~Sca-1 * c-Kit" progenitors in the bone marrow of Cdk7*/'**;Ub-
CreERT2 /T (solid bar, n=5) and Cdk7'°*'°%;Ub-CreERT2 /T
(open bar, n=7) littermates exposed to a tamoxifen diet for 7
months. Data shown as mean +s.d. A student’s t-test was used to
calculate statistical significance. (E) H&E staining of small intestine
sections of  Cdk7"/'°%Ub-CreERT2*"/T and  Cdk7'°¥'°%;
Ub-CreERT2 ©/T littermates exposed to a tamoxifen diet for 7
months. Bar, 100 pm. (F) Number of cells showing positive nuclei
for y-H2AX phosphorylation in liver sections of Cdk7*/'°%
Ub-CreERT2 */Tand Cdk7°*/'°%;Ub-CreERT2 * /T littermates exposed
to a tamoxifen diet for 7 months. Each dot represents the total
number of nuclei with positive staining in 20 microscope fields.
Positive cells were detected by immunohistochemistry.

P<0.001) and the trabecular bone content were also reduced
in the Cdk7'°'°%;Ub-CreERT2*/T cohort (Figure 6C). In
addition, some of the bone marrow had been replaced by
adipose tissues (Moerman et al, 2004).

Eight-month-old Cdk7'**/*°*;Ub-CreERT2 "/" mice exposed
to tamoxifen diet also had reduced levels of Lin~Sca-1 * c-Kit™
hematopoietic progenitors (Figure 6D), hypoplastic crypts
and villi in the small intestine (Figure 6E) and increased
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the number of hepatocytes with positive staining for
phosphorylated histone y-H2AX (Figure 6F, Ruzankina et al,
2007; Matheu et al, 2007). All Cdk7'°*/'°%;Ub-CreERT2 */T
mice examined (n=28) a displayed progressive nephropathy
and severe medullary calcification, two age-related defects
that were only marginally present in some Cdk7*/'°%
Ub-CreERT2 " /T control littermates (Supplementary Figure 5C,
Chuttani and Gilchrest, 1995; Haines et al, 2001). Finally, skin
tissue also showed phenotypic marks associated with
premature aging, including reduced dermal thickness, loss of
the subcutaneous adipose layer and transformation of follicular
epithelium into sebaceous glands (Figure 7A and B).
Interestingly, most of the physiological parameters of these
8-month-old Cdk7"°*/**;Ub-CreERT2 " /" mice, including key
biochemical factors in plasma as well as levels of globulin,
calcium, phosphate and ureic nitrogen, remained mostly un-
affected (Supplementary Figure 4).

Stem cell exhaustion in Cdk7 depleted skin

As reasoned above, these ageing phenotypes are likely to
result from the exhaustion of stem cell compartments that
have retained Cdk7 expression. As illustrated in Figure 7A,
the bulge region of the hair follicles of Cdk7'%*/'°%
Ub-CreERT2 /T mice were almost deprived of epithelial
stem cells characterized by coexpression of keratin K15 and
CD34 (Lyle et al, 1998; Blanpain et al, 2004). Progressive
shortening of telomeres is a hallmark associated with
persistent cell division that parallels a decline in stem cell
functionality (Flores et al, 2008; Flores and Blasco, 2010).
Thus, telomere length may serve as a marker to determine
whether the reduced number of stem cells in the skin of
Cdk7'°*/1°%:Ub-CreERT2 */T mice arose as a consequence of
stem cell exhaustion. As shown in Figure 7C, quantitative
telomere Q-FISH analysis revealed a significant reduction in
the average telomere length in the skin cells of Cdk7'°%/1°%;
Ub-CreERT2 /T mice compared with those of Cdk7*/'%;
Ub-CreERT2 */T littermate controls. Furthermore, the overall
distribution of telomere length in Cdk7'°*/'%;Ub-CreERT2 * /T
skin was shifted towards undersized values with a substantial
increase in the percentage of short telomeres (Figure 7D and
E). This difference is maximized when the skin telomere
length is normalized to that of a non-proliferative tissue
(Figure 7F), thus arguing that indeed telomere shortening
occurred as a consequence of increased proliferative demand
and not as a cell autonomous defect associated to Cdk?
elimination. Notably, the increased frequency of short telo-
meres, rather than the mean telomere length, is particularly
determinant for telomere dysfunction and correlates with
aging phenotypes (Hemann et al, 2001; Canela et al, 2009).
Altogether, these observations indicate that skin cells of
Cdk7'9%/1°%:Ub-CreERT2 */T mice have endured an extended
proliferative period, most likely to compensate for those cells
that lost their proliferative capacity due to inactivation of
their Cdk7'°* alleles.

Discussion

In this study, we have provided genetic evidence indicating
that Cdk7, the catalytic subunit of the trimeric CAK complex,
is essential for cell proliferation. Indeed, Cdk?7 is essential for
activation of the cell cycle through phosphorylation of key
threonine residues in the T-loops of the Cdks. In contrast,
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Figure 7 Loss of Cdk7 in the epidermis causes stem cell depletion and telomere shortening. (A) H&E (top) and immunuofluorescence (bottom)
staining using antibodies against CD34 and keratin K15 of representative skin areas from 8-month-old Cdk7 */*°%;Ub-CreERT2 */T and Cdk7"**/
10X Jb-CreERT2 /T mice exposed to a tamoxifen diet for 7 months. Antibodies are labelled in red or green colour according to the
immunofluorescence they displayed in the corresponding sections. Insets show magnified images to illustrate that the stem cell pool of the
hair bulge is mostly exhausted in Cdk7'°*/'°%;Ub-CreERT2 /T mice. Bar, 100 um. (B) Magnified images of skin areas of Cdk7'°*/"°%;,Ub-
CreERT2 /T mice to illustrate extreme epidermal thinning (brackets) (top) and conversion of hair follicles into adipose tissue (arrowhead)
(bottom). Bar, 50 pm. (C) Telomere Q-FISH analysis of skin sections of 8-month-old Cdk7*/1°%;Ub-CreERT2 * /T and Cdk7'°*/'°%;Ub-CreERT2 * /T
mice exposed to a tamoxifen diet for 7 months. Red bars indicate average telomere fluorescence intensity. a.f.u., arbitrary fluorescence units.
(D) Q-FISH histograms showing telomere fluorescence frequencies of data shown in C for Cdk7"/ 19X Ub-CreERT2 */T (black) and
Cdk7"*/°%;Ub-CreERT2* /T (red) mice. (E) Percentage of short telomeres (intensity <10th percentile) in the skin of Cdk7*/'%;Ub-
CreERT2 /7T (solid bar; n=5) and Cdk7°*'%;Ub-CreERT2 /T (open bar; n=06) littermates. Data shown as mean +s.d. A student’s t-test
was used to calculate statistical significance. (F) Percentage of short telomeres (intensity < 10th percentile) in skin upon normalization to their
respective brain values from Cdk7*/'°%;Ub-CreERT2 */T (solid bar; n=4) and Cdk7"°*/'**;Ub-CreERT2 */T (open bar; n =4) littermates. Data
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shown as mean +s.d. A student’s t-test was used to calculate statistical significance.

Cdk7 is completely dispensable for phosphorylation of the
critical Ser5 residue located in the CTD of RNA pol II and for
regulating overall transcription. These results are reminiscent
of those previously obtained for Matl, one of the regulatory
subunits of the CAK complex (Rossi et al, 2001; Korsisaari
et al, 2002), and with previous findings in lower organisms in
which RNA pol II-mediated transcription is only marginally
affected upon elimination of Cdk?7 activity (Larochelle et al,
1998; Lee et al, 2005; Wallenfang and Seydoux, 2002).
Genetic inactivation of Cdk7'°% alleles led to a loss of T-loop
phosphorylation, damped Cdk activity and cell cycle arrest.
Indeed, the Cdkl and Cdk2 T-loop phosphomimetic mutants,
Cdk1T'%'E and Cdk2T!°E, partially restored proliferation in
cells deprived of Cdk?7. These observations suggest that the
inability of Cdk7-defficient cells to proliferate could be
explained by the lack of Cdk1 activity. However, the mechan-
ism by which Cdk2T'°°® induces cell proliferation in the
absence of Cdk7 is less clear as previous genetic studies
have demonstrated that Cdk2 is completely dispensable for

VOL 31 | NO 11 ] 2012

cell division (Berthet et al, 2003; Ortega et al, 2003). The
presence of active P-Thr161-Cdkl in Cdk2™F-expressing
Cdk7™V™" cells suggests that Cdk2™¢%F, either directly or
indirectly, induces phosphorylation of the T-loop of Cdkl.
Whether Cdk2 plays a role in the activation of Cdk1 in normal
cells expressing Cdk? remains to be determined.

Loss of Cdk? also contributes to cell cycle arrest by decreas-
ing the E2F-controlled transcription levels, including genes
essential for cell cycle progression such as CycA2 and Cdkl.
In view of the lack of effect of Cdk7 on RNA pol II-driven
global transcription, the decreased levels of expression of E2F-
controlled genes is most likely a consequence of the decreased
Cdk activity and subsequent hypophosphorylation of the
pocket proteins. These observations are reminiscent of those
observed in S. pombe where loss of Mcs6, the Cdk?7 orthologue,
showed a modest effect on global gene expression while
selectively affected the expression of a cell-division cluster
(Lee et al, 2005). Indeed, inactivation of the three Rb family
members by ectopic expression of the SV40 T121 fragment

©2012 European Molecular Biology Organization



restored the proliferation of Cdk7-deficient MEFs. Interestingly,
these T121-expressing Cdk7™Y™ cells displayed normal
levels of P-Thr161-Cdkl and P-Thr160-Cdk2.

Our results cannot rule out a requirement of Cdk7 for
transcription of E2F-controlled genes. Yet, we favour the
concept that E2F-mediated transcription is only affected
indirectly upon Cdk?7 ablation due to an overall decrease in
Cdk activity and hypophosphorylation of pRb. The lack of
effect on RNA pol II-mediated transcription might simply
reflect the compensation of Cdk7 function by other kinases.
Indeed, several proteins, including the closely related Cdk9,
have been reported to phosphorylate Ser5 in the CTD of RNA
pol II (Palancade and Bensaude, 2003). Furthermore,
inhibition of Cdk7 and Cdk9 is concomitantly required to
eliminate Ser5 phosphorylation of RNA pol II (Ni et al, 2004).
In fact, activation of Cdk9 does not rely on Cdk7 and
therefore would remain active following CAK inhibition
(Kim and Sharp, 2001).

Embryos lacking Cdk7 developed to peri-implantation
stages before undergoing massive apoptosis. These observa-
tions are reminiscent of those obtained upon ablation of the
Matl regulatory subunit (Rossi et al, 2001). However, Cdk?
mutant embryos do not require expression of the maternal
Cdk? protein. In vitro, these embryos also progressed to the
blastocyst stage, but at E6.5 their ICM cells underwent
apoptotic death. As Cdkl activity is essential during the
first cell divisions (Santamaria et al, 2007), these
observations suggest that early embryonic stem cells may
have alternative mechanisms to activate Cdk1. Trophoblasts
also developed in the absence of Cdk7 but the small size of
their nuclei suggests that they have reduced endoreplication
cycles, a phenomenon also observed in Matl knockout
embryos (Rossi et al, 2001).

Selective inactivation of Cdk alleles in skin during
embryonic development resulted in defective Cdk phosphory-
lation, hypophosphorylation of the pocket proteins and
proliferative arrest. However, phosphorylation of the Ser5
residue of RNA pol II was unaffected, thus extending the
results obtained with cultured MEFs. Skin areas lacking Cdk?7
displayed an altered differentiation pattern and a severe
reduction in the number of hair follicles. Interestingly, adja-
cent regions in which the Cdk7'°% alleles had not undergone
genetic recombination exhibited a hyperplastic phenotype,
most likely a compensatory response to the defects present in
the neighbouring hypoplastic areas.

Widespread loss of Cdk7 expression in young adult mice
did not lead to an obvious phenotype. Interestingly, low
proliferative organs such as liver, kidney or brain displayed
normal histology and the animals maintained standard levels
of physiological parameters in spite of extensive loss of Cdk7
expression in these tissues thus, suggesting that Cdk?7 is not
essential to maintain cellular homeostasis in low proliferating
organs. In contrast, highly proliferative tissues such as intes-
tine or skin retained Cdk7 expression in most of their cells.
These observations were not due to inefficient recombination
of the Cdk7'°* alleles as the heterozygous Cdk7*/'°%;
Ub-CreERT2 /T mice displayed a widespread occurrence of
recombined Cdk7™" alleles. Instead, these findings must be a
consequence of the efficient replacement of cells lacking
Cdk?7 by cells derived from a pool of stem cells that had
retained expression of this kinase, thereby maintaining nor-
mal organ function. This hypothesis would predict that as

7lox
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mice age, these pools of Cdk7-expressing stem cells should
become exhausted. Indeed, Cdk7'°*/'%;Ub-CreERT2 * /T mice
exposed to a continuous tamoxifen diet developed a variety
of age-related phenotypes including diffuse alopecia, perva-
sive hair-greying and kyphosis. Moreover, these mice under-
went premature death with <20% of the animals surviving
more than a year.

Detailed examination of their tissues revealed defects char-
acteristic of premature aging such as decreased bone mineral
content, accumulation of fat cells in the bone marrow and
presence of hepatocytes positive for phosphorylated histone
y-H2AX. In addition, Cdk7'°/"°%;Ub-CreERT2 /T mice pre-
sented hypoplastic crypts and villi in the small intestine, as
well as progressive nephropathy and severe medullary calci-
fication in their kidneys. Their skin also presented phenotypic
marks associated with premature aging including reduced
dermal thickness, loss of subcutaneous adipose layer and
transformation of follicular epithelium into sebaceous glands.
Moreover, the bulge region of the hair follicles had limited
numbers of progenitor cells. Finally, the substantial increase
in the percentage of short telomeres in the epidermis
(Figure 7) reinforces the hypothesis that the stem cell pool
in adult Cdk7°*'°%;Ub-Cre*’" animals has endured an
extended proliferative period.

Activation of tissue renewal in adult mice devoid of Cdk?
relies entirely on physiological signals. Therefore, the mobi-
lization of progenitor pools required to maintain homeostasis
in highly proliferative tissues upon Cdk7 elimination may
provide a useful tool for the identification of adult stem cell
niches by lineage tracing experiments. Finally, Cdk7 has been
considered a putative therapeutic target to inhibit tumour
development (Fisher, 2005). The maintenance of normal
physiological parameters by critical tissues such as liver,
kidney or the endocrine pancreas in the absence of Cdk7
suggests that Cdk?7 inhibitors may not cause a significant
toxicity, providing that they are not administered for long
periods of time. Yet, the potential use of such inhibitors may
depend on the relative ability of adult stem cells to replenish
highly proliferating tissues versus cancer stem cells to replace
Cdk7-deficient tumour cells. Conditional ablation of the
Cdk7'* alleles described here in well-defined mouse
tumour models should help to evaluate the therapeutic
potential of Cdk7 as a cancer target.

Materials and methods

Mouse strains

All animal experiments were approved by the CNIO Ethical
Committee and performed in accordance with the guidelines stated
in the International Guiding Principles for Biomedical Research
Involving Animals, developed by the Council for International
Organizations of Medical Sciences (CIOMS). Cdk7 /¥t mice
were generated from an ES cell clone (Ref D032B11) purchased
from the German Gene Trap Consortium (Schniitgen et al, 2005).
The Cdk7°*™ allele carries the genetrap vector in the active
orientation and prevents Cdk7 gene expression (Supplementary
Figure 1). To generate the Cdk7*/'°* strain, Cdk7 /'™ mice
were crossed to the ACTB-FLPe tool strain that expresses the FLPe
recombinase in the germ line to invert the genetrap to allow
reexpression of the targeted allele (Supplementary Figure 1;
Rodriguez et al, 2000). Cdk7*/°* and Cdk7'°*/'°* mice were
crossed to the K5-Cre and Ub-CreERT2 transgenic strains to
eliminate the expression of Cdk7 alleles via Cre-mediated
recombination. This allele has been designated as Cdk7™"" to
indicate that it retains all the Cdk7 genomic sequences, yet it does
not produce detectable Cdk7 transcripts or Cdk7 protein
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(Supplementary Figure 1C and Figure 1, respectively). To induce
CreERT2-mediated recombination in Cdk7°*'°*;Ub-CreERT2*/T
mice, animals were fed ad libitum with tamoxifen-containing diet
(Harland-Tekald CRD TAM*“?) starting after weaning (P21-P30). The
K5-Cre and Ub-CreERT2 strains have been described elsewhere
(Tarutani et al, 1997; Ruzankina et al, 2007).

Genotyping

Primers used for genotyping these Cdk7 alleles included primers
ExN (5'-GTTCCTTACCCCATCATCTGTCAC-3') and Ex12RC (5'-GTTG
CCCAGGGGGAATAAAGG-3') for amplification of the wild-type
Cdk7 allele (310bp); primers IntL (5-GGAGACTCTTGCAAAAA
CTAACCCCACCTC-3’) and B40 (5-GGGTCGATGGTGATGCTTGGCA
ATTC-3') for amplification of the Cdk7'*™ allele (650bp); and
primers ExN and B48 (5-TCCCACTGTCCTTTCCTAATAA-3') for
amplification of the Cdk7'°* allele (852bp). Primers CreF (5'-CCC
GCAGAACCTGAAGATGT-3') and CreR (5-GTTCGAACGCTAGAGCC
TGTTT-3') were used to genotype the K5-Cre and Ub-CreERT2
transgenes (220 bp). All alleles were amplified as follows: 94°C for
2 min; 35 cycles at 94°C for 30s; 60°C for 30's; 72°C for 30 s and then
followed by 72°C for 10 min.

Real-time PCR analysis )

Cdk7 mRNA levels were assayed using Power SYBR®™ Green PCR
Master Mix (Applied Biosystems). Primers detecting Cdk7 wild-type
mRNA: Cdk7-FW1 (located in exon 2, 5-CAGTTTGCGACGGTCTA-
TAAGG-3'), Cdk7-RV4 (located in exon 3, 5-GCTTTATCTCCCTT
AAGGCTGTTC-3'). B-Actin mRNA levels were used as internal
controls. The following PB-Actin mRNA primers were used: f-
Actin-QRTS5 (5-GACGGCCAGGTCATCACTATTG-3’) and B-Actin-
QRT3 (5-AGGAAGGCTGGAAAAGAGCC-3').

In vivo imaging

Bone mineral analysis from total body imaging was carried out with
the help of dual-energy X-ray absorptiometry (DEXA) using a Lunar
PIXImus Densitometer (GE Medical Systems). Acquisition time was
Smin with 2% isofluorane as inhalatory anaesthesia. The analysis
of bone mineral density was performed using a manual region of
interest (ROI) in the femur. For the analysis of the trabecular area,
the femur was imaged using the eXplore Locus micro-CT scanner
(GE Healthcare). The reconstructed images were viewed and ana-
lysed using MicroView 2.2 Advanced Bone Analysis software (ABA,
GE Healthcare). The isotropic resolution was set to 45um. The
micro-CT image acquisition consisted of 400 projections collected in
one full rotation of the gantry in ~10min. The X-ray tube settings
were 80kV and 450 pA. The resulting raw data were reconstructed
to a final image volume of 875 x 875 x 465 slices at (93 um®) voxel
dimensions. The reconstructed slices were output in the CT man-
ufacturer’s raw format and were corrected to Hounsfield units.

Immunofluorescence

Embryos were fixed with cold methanol during 15min at —20°C,
washed in PBS containing 4% BSA, blocked with PBS containing
4% BSA for 1 h and incubated with primary antibodies for 90 min at
37°C. Secondary antibodies carrying Alexa 488, 594 or 647 fluor-
ochromes were obtained from Molecular Probes (Invitrogen).
Embryos were transferred to Vectashield mounting medium
(Vector) on pClear plates (Greiner) for image acquisition. Images
were obtained using a confocal ultra-spectral microscope (Leica
TCS-SP5-AOBS-UV). For trophoblast analysis, embryos were grown
on pClear plates and were allowed to hatch. Nuclear volumes were
calculated on confocal images using ImageJ software. Antibodies
used included anti Cdk?7 (sc-7344, Santa Cruz), Nanog (NB100-588,
Novus) and BrdU (RPN202, GE Healthcare). Nuclei were stained
with Hoechst 33342 (Invitrogen). Embryos were genotyped by
nested PCR, following immunofluorescence staining and confocal
analysis.

Cell culture assays

MEFs were isolated from E13.5 embryos of the corresponding
genotype and propagated according to standard 3T3 protocols. For
proliferation assays, 500 cells were plated in 96-well plates in
DMEM supplemented with 10% fetal bovine serum and their
growth rate determined by the MTT ‘Cell proliferation Kkit’
(Roche). To obtain Cdk7™"Y™Ut MEFs, Cdk7'°*/'°* MEFs were
infected with Ad-Cre (Supplementary Figure 1). All Cdk7™"/™
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MEFs were positive upon X-Gal staining demonstrating that the
genetrap is integrated in the active orientation. These MEFs failed to
express detectable levels of Cdk7 protein. (Figure 1A and
Supplementary Figure 2C). Adenoviral infections were performed
using a MOI of 150. The Cdk7™7%4, Cdk7*4'4, Cdk4™7*E, Cdke™ 77,
Cdk2™%%% and Cdk1™® mutants were generated using the
QuickChange site directed mutagenesis kit (Stratagene) and deliv-
ered by retroviral infection. For labelling of cellular proteins, 5 x 10°
MEFs were seeded in triplicate in six-well plates 1 week after
infection with Ad-GFP or Ad-Cre particles and serum starved for
72h. MEFs were then incubated in the presence of 100 Ci 3°S-
protein labelling mix (Amersham) for 2 and 4 h. Cells were washed
twice with PBS and lysed with 1% Triton X-100 PBS buffer. Total
protein was precipitated from lysates with 10% TCA. Pellets were
subjected to liquid scintillation counting to measure incorporated
radioactivity.

Gene expression analysis

MEFs were infected with Ad-Cre or Ad-GFP particles and harvested
after 1 week in culture. Cells were tripsinized and re-plated as
necessary to maintain sub-confluent cultures. RNA was extracted
using RNeasy kit (Quiagen). RNA integrity was assayed by Lab-chip
technology on an Agilent 2100 Bioanalyzer. One microgram per
sample was labelled with ‘Two-Color Microarray-Based Gene
Expression Analysis (Agilent)” and purified with silica-based
RNeasy spin columns (Qiagen). Samples were hybridized to
Mouse WMG 4 x 44K (Agilent). Microarrays were scanned on a
G2565C DNA microarray scanner (Agilent). Images were quantified
using Agilent Feature Extraction Software (version 10.1.1).
Microarray background subtraction was carried out using normexp
method. To normalize the data set, we performed loess within
arrays normalization and quantiles between arrays normalization.
Differentially expressed genes were obtained by applying linear
models with R limma package (Smyth et al, 2005) available at the
Bioconductor Project (http://www.bioconductor.org). To account
for multiple hypotheses testing, the estimated significance level (P
value) was adjusted using Benjamini & Hochberg false discovery
rate (FDR) correction. Those genes with FDR <0.05 were selected
as differentially expressed between Ad-Cre- and Ad-GFP-infected
cultures. GSEA was applied using annotations from a curated
version of Biocarta, KEGG (Reactome, GenMapp). Custom gene
sets were built from literature (Bracken et al, 2004; Eisenberg and
Levanon, 2003). Genes were ranked based on limma-moderated
t statistic. After Kolmogorov-Smirnoff testing, those gene sets
showing FDR <0.25, a well-established cut-off for the identification
of biologically relevant gene sets (Subramanian et al, 2005), were
considered enriched between classes under comparison. Microarray
experiments data have been deposited at the NCBI Gene Expression
Omnibus (GEO) database and are freely accessible: GSE36050.

Histopathology and immunostaining

For routine histological analysis, tissues were fixed in 10%-buffered
formalin (Sigma) and embedded in paraffin. Immunohistochemical
staining was performed on 3-4pum paraffin sections. Antibodies
used included those elicited against Cdk7 (sc-7344, Santa Cruz),
P-Thr160-Cdk2 (2561, Cell Signalling), P-Ser5-RNA pol II (H14,
Covance), P- Ser807/811-pRb (9308, Cell Signalling), Insulin
(A0564, Dako), Glucagon (G2654, Sigma) and phosphorylated
v-H2AX (05-636, Millipore). Immunofluorescence staining of skin
sections was performed with the following antibodies: Cdk7 (sc-
7344, Santa Cruz), keratin K5 (PRB-160, Covance), keratin K6 (PRB-
169, Covance), keratin K10 (M7002, Dako), loricrin (PRB-145,
Covance) and PCNA (PC10, Thermo Scientific).

Protein analysis

Cell pellets were processed for western blotting and kinase assays,
as previously described (Santamaria et al, 2007). Primary
antibodies used included those elicited against Cdk7 (sc-7344,
Santa Cruz), Cdk2, Cdk4 and Cdké6 (our own rabbit polyclonals),
P-Thr160-Cdk2 (2561, Cell Signalling), Cdkl (sc-54, Santa Cruz),
P-Thr161-Cdk1 (9114, Cell Signalling), Mat1 (sc-13142, Santa Cruz),
CycH (2927, Cell Signalling), pRb (554136, BD Pharmingen),
P-Ser807/811-pRb (9308, Cell Signalling), RNA pol II (8WG16,
Covance), p-Ser5-RNA pol II (H14, Covance) and GAPDH (Sigma).
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Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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