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Mammalian RNA polymerase IT complexes and coacti-
vators containing homologs of yeast Srb/Med proteins
have been isolated recently from tissue culture cells. The
yeast Stb/Med complex is involved in global gene ex-
pression and is essential, but it is not yet known if its
mammalian counterparts are broadly expressed in tis-
sues or if they are essential. We have isolated the murine
gene encoding Stb7, an Srb/Med complex protein whose
sequence and function is highly conserved between yeast
and humans. The mouse Srb7 gene is single copy, and
Northern analysis showed that it is expressed in all tis-
sues examined. Disruption of the gene in embryonic
stem cells revealed that it is essential for cell viability
and murine embryonic development. These results, to-
gether with evidence that murine Srb7 is associated ex-
clusively with high molecular weight forms of RNA
polymerase II in extracts, suggest that Srb7-containing
polymerase complexes occur in most tissues and have
essential roles in expression of protein coding genes.

Transcription initiation in eukaryotes involves the re-
cruitment of RNA polymerase II and associated factors
to promoters by gene-specific activators (Orphanides et
al. 1996; Roeder 1996; Ptashne and Gann 1997; Hampsey
1998; Myer and Young 1998). Attempts to reconstitute
transcription in vitro led to the identification of one set
of initiation factors that are associated with RNA poly-
merase II at promoters, and these were called basal or
general transcription factors (GTFs). The GTFs include
TFIID, TFIB, TFIIE, TFIIF, and TFIIH. Genetic and bio-
chemical studies have identified additional factors that
are necessary for appropriate regulated expression in vivo
or for reconstitution of more physiologically relevant ac-
tivities in vitro, among which are the yeast Srb/Med
complex.

We and others have proposed that the form of RNA
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polymerase II that is generally recruited to promoters by
transcriptional activators in yeast cells contains an Srb/
med complex (for review, see Koleske and Young 1995;
Ptashne and Gann 1997; Hampsey 1998; Myer and
Young 1998). The genes encoding the yeast Srb proteins
were discovered through a genetic screen designed to
identify components of the transcription apparatus,
which are involved in the response to transcriptional
regulators (Nonet and Young 1989). Attempts to purify
Srb proteins led to the isolation of a large complex con-
taining core RNA polymerase II, a subset of the general
transcription factors, and various regulatory proteins
(Thompson et al. 1993; Koleske and Young 1994). This
holoenzyme complex had the capacity to initiate tran-
scription and respond to activators when supplemented
with additional purified general transcription factors in
vitro. A subcomplex that dissociated from the holoen-
zyme with anti-CTD antibodies was found to reconsti-
tute the response to activators in vitro; this subcomplex
contains Srb and additional proteins called Meds (Kim et
al. 1994). The response to activators is critical because in
vitro systems reconstituted with yeast GTFs and poly-
merase alone were not activator-responsive (Flanagan et
al. 1991). Two of the yeast Srb proteins (Srb4 and Srb6)
were found to be required for transcription of most pro-
tein coding genes in vivo (Thompson and Young 1995;
Holstege et al. 1998). Because these Srb proteins are
found tightly associated with the holoenzyme, it follows
that the Srb-containing holoenzyme is the form of RNA
polymerase II that is recruited to most promoters in
yeast cells.

Transcription-competent RNA polymerase II com-
plexes containing Srb homologs were identified in mam-
malian cells soon after the discovery of the yeast holo-
enzyme (Ossipow et al. 1995, 1999; Chao et al. 1996;
Maldonado et al. 1996; Pan et al. 1997; Cho et al. 1998;
Neish et al. 1998). The precise composition of these
complexes was not established, due in part to technical
difficulties associated with purifying intact megadalton
size multiprotein complexes. However, mammalian
Srb7 was found to be a component of all complexes as-
sayed by Western blot and was shown to be tightly as-
sociated with high molecular weight forms of RNA poly-
merase II (Ossipow et al. 1999). More recently, investi-
gators have described more highly defined protein
complexes that were isolated using assays for cofactor
function and that contain homologs of the yeast Srb/
Med proteins (Jiang et al. 1998; Gu et al. 1999; Naar et al.
1999; Rachez et al. 1999; Ryu et al. 1999). These purified
complexes lack RNA polymerase II but associate with
the enzyme where they function as coactivators and co-
repressors (Hampsey and Reinberg 1999).

These recent developments suggest that Srb/Med-con-
taining complexes have diverse and important roles in
regulation of transcription initiation in mammalian
cells. It would be interesting to determine whether Srb/
Med genes are generally expressed in mammalian tissues
and whether they are essential for viability. To address
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these issues, we have isolated the murine Srb7 gene and
used it to determine the range of mammalian tissues
that express this gene and to ascertain whether it is es-
sential for cell viability and development.

Results and Discussion

Murine Srb7 genomic and ¢cDNA clones were isolated
from libraries by using a human SRB7 cDNA clone
(Chao et al. 1996) as probe. Among the Srb/mediator
proteins shared by yeast and mammalian holoenzymes,
Srb7 was selected for investigation because its sequence
and function is highly conserved between yeast and hu-
mans (Chao et al. 1996), it has been observed in all mam-
malian RNA polymerase II complexes examined thus far
(Chao et al. 1996; Maldonado et al. 1996; Scully et al.
1997; Neish et al. 1998; Ossipow et al. 1999), and Srb7 is
associated exclusively with the high molecular weight
form of RNA polymerase II in murine cell extracts (Os-
sipow et al. 1999). Southern analysis of genomic DNA
indicated that the Srb7 gene is single copy (data not
shown). The cDNA clone and a portion of the genomic
clone were sequenced, and the predicted mouse Srb7 pro-
tein sequence is shown in Figure 1. The 144-amino-acid
mouse and human Srb7 proteins are identical except for
a single amino acid difference at residue 36. Orthologous
sequences were also identified in Caenorhabditis el-
egans and Schizosaccharomyces pombe (Fig. 1). Se-
quence homology among the Srb7 proteins was highest
in the amino terminus, which is the portion of human
Stb7 which can functionally substitute for the corre-
sponding yeast sequence (Chao et al. 1996).

The presence of Srb7 mRNA in various tissues was

H.sapiens LiAlD N A L|- - -@QCG =
M.musculus L|AID NA L|---QQCG =
C.elegans GLMTNA L|- - -QATA =
S.pombe R VAT YSS[IHY|LISSHHDFV =3
Scerevisiae R MTEELATLNYIDKNHGFE%
H.sapiens 31 [P|-|PIAS FNN I Q DQPIANPTEEYAQL FlAJAL[I] =2
Mmusculis 31 [P|-|PIAS FSNIQ DQPIANPTEEYAQL FIAJAL|I]| =2
C.elegans 31 |P|-|PICEFGAIS -DEPN - - - - - - CA Il FlAJA 55
Spombe 34 [PILIPJGQEKVSD -PISAEELQFAQRDL|AIKDL =5
Scerevisize 3¢ RLTVNEPQMS TVV[PJPEEFSNTIDELS TO[] =
H.sapiens ez ARTAKD|ID VIL PISEE-STAAL[QJAASL Y] E 94
Mmuscuis sz ARTAKD|I|D VIL PSEE-STAAL|QAASLY E 94
C.elegans 52 AKAAKN|IE I|L P/l EAGNQEAEVEEKMI|KND ss
S.pombe g6 VTKFMQIDTIL 1S -TAPKHRL EK | K Q o7
Scerevsize &7 | L KTRQN KL PIGVD - VSAEEQIL RK | DMLIQ @
H.sapiens o5 EENH|EJAATCL YRGDML|ILEKIQS AL AD | AQ 127
. s EENH|EJAATCL YRGDMLILEKIQSALAD | AQ 127
C.elegans s EKQR|EKVNEL DSNRLIVGVVQKKLAEISK 121
Spombe == NS | E[EKQLER ENED|LIKLQLAKRIETFGR 12
Scerevisize 92 KKL VIE[VED EK KKEK|L|L RHVDSL | EDFVD 13
H.sapiens 122 SQLKTRSGTH Ds 144
Mmusculus 122 SQLKTRSGTH Ds 144
C.elegans 122 TQMSSRP---SE---- - 130
Spombe 131 LSCVLFQP--------- 138
Scervisibe 12 G I ANSKKST-------- 140

Figure 1. Alignment of sequences predicted for mouse, hu-
man, worm, and yeast Srb7 proteins. Human and S. cerevisiae
Srb7 protein sequences are from Chao et al. (1996) and Myers et
al. (1998), respectively. The putative S. pombe and C. elegans
homologs are derived from GenBank accession nos. 4007762
and Z81475 (gene C24H11.6, aligned sequence starting at con-
served methionine), respectively. The asterisk (*) indicates the
single amino acid difference between human and mouse Srb7.
Boxed residues are identical; shaded residues are similar as de-
termined by the SeqVu program (Riek et al. 1995).
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Figure 2. Expression of Srb7. The full-length Srb7 cDNA clone
was hybridized to a multiple tissue Northern blot from Clon-
tech.

investigated by probing a multi-tissue Northern blot
with radiolabeled Srb7 ¢cDNA (Fig. 2). A single band of
the predicted size was observed in samples from each of
the tissues examined, including heart, brain, spleen,
lung, liver, muscle, kidney, and testes. We conclude that
the Srb7 gene is expressed in most murine tissues.

The requirement for Srb/Med components in vivo has
not been established in higher eukaryotes. We disrupted
the Srb7 gene in embryonic stem (ES) cells to explore the
requirement for its function in the mouse. A genomic
DNA clone was used to create a targeting construct that
deletes the second and third exons of the Srb7 gene (Fig.
3A), eliminating sequence coding for residues 16-87 of
the 144-amino-acid reading frame. ES cells were trans-
fected with the targeting vector and drug-resistant colo-
nies were screened for homologous integration, which
occurred (Fig. 3B, left) in (% of the clones. These cells
showed no obvious growth phenotype. To determine if a
homozygous deletion of the Srb7 gene could be achieved,
heterozygous ES cell clones were retargeted with a vec-
tor containing a different drug resistance marker. The
mutated allele was replaced (Fig. 3B, right) at a frequency
similar to that seen in the initial targeting experiments
(9/74), whereas no clones were found to be homozy-
gously disrupted (0/74). This is consistent with inviabil-
ity of homozygous ES cells and suggests that the Srb7
gene is essential for cell viability.

To further explore the effects of Srb7 disruption, het-
erozygous ES cells were used to derive mice mutant for
Srb7. Of six chimeras derived from three different ES
clones, one animal, which showed 40% chimerism, gave
germ-line transmission. Heterozygous animals showed
no overt phenotype. In contrast, no homozygous animals
were born from heterozygous intercrosses, suggesting
that the absence of SRB7 is lethal.

Next we examined the developmental stage at which
homozygous embryos die. As embryonic transcription
begins soon after cleavage commences, it would be ex-
pected that maternal stores of the Srb7 protein would
allow the zygote to reach at least this stage. To test this,
embryos of different developmental stages were geno-
typed by PCR (Fig. 4). Homozygous embryos were found
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Figure 3.

(A) Targeted disruption of Srb7. An 8.5-kb BamHI-EcoRI (E and B) genomic fragment in pBS II KS- was the basis for the

targeting construct. Exons II and III were replaced by a PGK-neo or PGK-hyg cassette. Exons are numbered I-IV; construct pMT204
is the same as pMT203, except the drug resistance marker was replaced with a PGK-hyg cassette. (B, left) BamHI-digested genomic
DNA from G418-resistant ES cell clones (transformed with pMT203) were genotyped by Southern hybridization with the probe
indicated in A. (Right) Clones targeted with the neo-containing vector (203-targeted) were retargeted with the hyg vector (204-targeted).
Hygromycin B-resistant clones showed replacement of the neo allele but not disruption of the remaining wild-type allele.

in Mendelian ratios (n = 26, x* P < 0.05) until the blasto-
cyst stage. Culture of blastocysts yielded no outgrowth
of homozygous cells, suggesting developmental arrest at
this stage (data not shown). Analysis of later embryos
(7.5 and 8.5 dpc) showed numerous empty decidua and
no homozygous embryos (n = 25, significant departure
from Mendelian ratios, x> P < 0.01). We conclude that
the Srb7 gene product is essential for both embryonic
development and cell viability. The survival of embryos
to the blastocyst stage is likely due to maternal stores of
the protein. By comparison, homozygous disruptions of
Rad51 die immediately after the beginning cleavage
(Tsuzuki et al. 1996), whereas cyclin A2~/~ embryos sur-
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Figure 4. (A) Schematic depicting PCR genotyping assay. The

number 104 denotes primer oMT104, common to both alleles;
103 denotes oMT103, specific to the wild-type allele; 106 de-
notes oMT106, specific to the mutant allele. (B) PCR genotyp-
ing of 3.5 dpc embryos (blastocysts or late morulae) derived from
heterozygous crosses. Embryos were digested individually with
proteinase K and subjected to PCR as detailed in Materials and
Methods. Control reaction contained media alone. Wild-type,
heterozygous, and homozygous mutant embryos were found in
Mendelian ratios.

vive to the early postimplantation stage though the de-
letion is cell lethal (Murphy et al. 1997). Whereas Rad51,
cyclinA2, and Srb7 disruptions are all apparently cell
lethal, they have disparate developmental phenotypes,
the latter being temporally intermediate. Compared to
disruptions of other transcription factors, Srb7~/~ em-
bryos show earlier lethality ((4—6 dpc) than those defi-
cient for the abundant transcription factor Sp1 (11 dpc)
(Marin et al. 1997), the transcriptional coactivator/his-
tone acetylase p300 (9 dpc) (Yao et al. 1998), or the chro-
matin remodeling factor BRM (nonlethal proliferation
defects) (Reyes et al. 1998).

Recent studies have identified mammalian RNA poly-
merase II coactivator complexes containing Srb/Med
proteins, but it has not been clear whether these com-
plexes have general or essential roles in gene expression,
as is the case in yeast cells (Holstege et al. 1998). The
results described here reveal that the gene encoding Srb7
is expressed in most mouse tissues and is essential for
viability, suggesting that Srb7-containing polymerase
complexes exist in most tissues and play esential roles in
expression of protein coding genes.

Materials and methods

Isolation of clones and expression patterns
The human ¢cDNA clone was used to probe a mouse brain cDNA library
[provided by Tony Koleske (Yale University, New Haven, CT) and David
Baltimore (California Institute of Technology, Pasadena, CA|] by hybrid-
ization, and positive clones were sequenced. The cDNA was then used to
probe a 129 SV BAC genomic library (Genome Systems) to isolate over-
lapping genomic clones. A 10-kb BamHI fragment was found to contain
the entire coding sequence and was subcloned into pBluescript II
(PM429). This segment was used for subsequent constructions. Exons
were identified by restriction mapping and partial sequencing of PM429.
The ¢cDNA clone was hybridized to a mouse multitissue Northern blot
(Clontech).

Targeting

Either a PGK-neo or a PGK-hyg selection cassette was inserted between
the Avrll and Hpal sites of an 8.5-kb genomic subclone, resulting in the
deletion of the second and third exons of the gene (pMT203 and pMT204,
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respectively). Linearized vectors were electroporated into J1 ES cells (Li
et al. 1992), and drug-resistant colonies were screened by PCR and South-
ern hybridization of BamHI-digested DNA with an external probe
(pMT205). Homologously targeted clones were shown to be single copy
integrants by probing with an internal probe. Retargeting experiments
were analyzed by Southern hybridization. In these experiments the in-
dividual alleles could be distingushed by restriction polymorphisms.
This allowed the recognition of targeting events that replaced one mu-
tant allele with another. Heterozygous clones were injected into BALB/c
blastocysts, and resulting animals chimeric by coat color (20%-90%)
were mated with BALB/c and 129Sv/ mice to generate mixed-background
and inbred lines carrying the muation. To genotype embryos, heterozy-
gotes were mated, embryos were collected and developmental stage
noted, and were placed in 0.2-ml PCR tubes with 5 pl of proteinase K
buffer (1x Promega Mg-free PCR buffer + 200 pg/ml proteinase K). After
1 hr digestion at 50°C, the proteinase K was inactivated by heating to
95°C for 10 min, a PCR master mix was added, and the samples were
amplified and analyzed by gel electrophoresis. Southern hybridization
with an internal oligonucleotide was used to confirm identity of PCR
products. The following primers were used: oMT103, GGGAGGCATTT-
GAGGCTTTATTTGATTTTG (wild-type allele); oMT104, CACCAC-
CACCACCCAGCTGCTCTA (common); oMT106, CTTAATCGCCTT-
GCACCACATCCC (mutant allele); and oMT108, CCTCTGGAAGAT-
TGTGCTGT (internal hybridization oligonucleotide).
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