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context of segregating variation allows the 
discovery of subtle effects obscured in strains 
with engineered knockouts. 

We have found that regulatory genetic 
variation is characterized by a high rate of 
cis-acting alleles and a small number of trans- 
acting alleles with widespread transcriptional 
effects. Finally, genetic variation in physio- 
logical and behavioral quantitative pheno- 
types is known to be highly complex. Our 
results indicate that even in a single-cell or- 
ganism grown in a controlled environment, 
variation in gene expression typically also 
has a polygenic basis. 
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Transcription Control by E1A 

and MAP Kinase Pathway via 

Sur2 Mediator Subunit 
Jennitte L Stevens,1 Greg T. Cantin,1 Gang Wang,1 Andrej 

Shevchenko,2 Anna Shevchenko,2 Arnold J. Berkl.3* 

Sur2 is a metazoan Mediator subunit that interacts with the adenovirus E1A 
protein and functions in a mitogen-activated protein kinase pathway required 
for vulva development in Caenorhabditis elegans. We generated sur2-/- em- 
bryonic stem cells to analyze its function as a mammalian Mediator component. 
Our results show that Sur2 forms a subcomplex of the Mediator with two other 
subunits, TRAP/Med100 and 95. Knock-out of Sur2 prevents activation by 
E1A-CR3 and the mitogen-activated protein kinase-regulated ETS transcription 
factor Elk-1, but not by multiple other transcription factors. These results imply 
that specific activation domains stimulate transcription by binding to distinct 
Mediator subunits. Activation by E1A and Elk-1 requires recruitment of Medi- 
ator to a promoter by binding to its Sur2 subunit. 
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Regulation of transcription by RNA polymer- 
ase II (Pol II) is controlled by specific com- 
binations of sequence-specific, DNA binding 
regulatory transcription factors (TFs) bound 
to a gene's promoter and enhancer regions. 
These TFs interact with several multiprotein 
complexes that remodel the chromatin con- 
text of the promoter, integrate signals from 
multiple TFs to control the frequency of tran- 
scription initiation, and regulate the efficien- 
cy of transcription elongation (1). One such 
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complex is the Mediator, an -2-megadalton 
complex of 20 to 30 subunits that is believed 
to function as a molecular bridge by simulta- 
neously interacting with both DNA-bound 
TFs and Pol II (1-4). The human Mediator 
subunit Sur2 was identified through its inter- 
action with adenovirus E1A conserved region 
3 (E1A-CR3), a potent activation domain that 
regulates early adenovirus genes (5). In C. 
elegans, mutations in sur2 suppress an acti- 
vated-ras multivulva phenotype and produce 

complex is the Mediator, an -2-megadalton 
complex of 20 to 30 subunits that is believed 
to function as a molecular bridge by simulta- 
neously interacting with both DNA-bound 
TFs and Pol II (1-4). The human Mediator 
subunit Sur2 was identified through its inter- 
action with adenovirus E1A conserved region 
3 (E1A-CR3), a potent activation domain that 
regulates early adenovirus genes (5). In C. 
elegans, mutations in sur2 suppress an acti- 
vated-ras multivulva phenotype and produce 

www.sciencemag.org SCIENCE VOL 296 26 APRIL 2002 www.sciencemag.org SCIENCE VOL 296 26 APRIL 2002 755 755 



multiple pleiotrophic developmental defects 
(6). Sur2 was shown to interact genetically 
with a receptor tyrosine kinase (RTK)-Ras- 
mitogen-activated protein kinase (MAPK)- 
regulated ETS DNA binding-domain (DBD) 
TF, Lin-1. The ETS family of TFs functions 
as critical nuclear targets of RTK-Ras-MAPK 
signal transduction pathways in metazoans, 
regulating cell proliferation, differentiation, 
and survival (7). Their associated activation 
or repression domains are regulated by phos- 
phorylation by MAPKs. 

We generated sur2-/- murine embryonic 
stem (ES) cells by successive homologous re- 
combination of constructs that substituted dif- 
ferent drug resistance cassettes for the second 
through fourth exons at each sur2 locus (8). 
Mediator from sur2-'- ES cells was similar in 
size to the complex from wild-type (wt) ES 
cells. It fractionated similarly to human Medi- 
ator (9) during gel filtration of nuclear extract 
and immunoblotting with antibodies to several 
Mediator subunits (10). We partially purified 
Mediator from wild-type and sur2-/- ES cells 
by immunoprecipitation using an antibody 
against CDK8 (Fig. 1). In addition to the ab- 
sence of Sur2, a band of --100 kD was signif- 
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icantly reduced in sur2-/- cell Mediator. Mass 
spectrometry (8) identified the reduced -100- 
kD band as murine MedlOO. Western blotting 
showed that TRAP/Med95 was also reduced in 
the sur2-/- Mediator. These results suggest 
that the mammalian Mediator contains a Sur2 
subcomplex that includes Sur2, MedlOO, and 
Med95. In the absence of Sur2, MedlOO and 
Med95 are less stably bound to the complex 
and are partially lost either in vivo or during 
purification. Consistent with this result, Medi- 
ator purified from murine cells with a knock- 
out of TRAP/MedlOO also has reduced Sur2 
and TRAP/Med95 (11). Total Med95 was not 
reduced in sur2-/- nuclear extract but was 
largely monomeric (10). MedlOO could not be 
analyzed because of poor cross-reactivity with 
an antibody against human TRAP100. 

We analyzed several activation domains 
in sur2-/- cells in transient transfection as- 
says using Gal4 DBD-activation domain fu- 
sions. Whereas VP16 activated equivalently 
in wild-type and sur2-/- cells (Fig. 2A), 
E1A-CR3 was completely defective in the 
mutant cells (Fig. 2B). Addition of a human 
Sur2 expression vector rescued the ElA de- 
fect in the mutant cells, demonstrating that 
the only missing functions required for E1A 
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activation in sur2-/- cells are supplied by 
Sur2 (Fig. 2B). To test the ability of E1A- 
CR3 to activate transcription in the context of 
a viral infection, we assayed expression of 
early region 2 (E2). Although human adeno- 
virus 2 (Ad2) does not infect murine ES cells 
as efficiently as HeLa cells, E2 RNA was 
detected after infection of wild-type ES cells 
with wild-type Ad2 and mutant pm975, ex- 
pressing only the large E1A protein contain- 
ing CR3, but not with dll11500, expressing 
only the small E1A protein lacking CR3 (12) 
(Fig. 2C). Consistent with the transfection 
results, E2 expression in the sur2-/- ES cells 
was severely diminished. This was not due, to 
a difference in the efficiency of infection, 
because a recombinant adenovirus-express- 
ing luciferase from the CMV-IE promoter 
produced somewhat more luciferase in the 
sur2-/- than the wild-type cells (13). 

We used an immobilized template assay 
to analyze recruitment of Mediator from 
wild-type and sur2-/- nuclear extract to a 
promoter with bound Gal4-E1A-CR3 or 
Gal4-VP16 (Fig. 2D). Although TATA-bind- 
ing protein bound to all DNA fragments ir- 
respective of the presence of a TATA box or 
bound activator, binding of wild-type Medi- 
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Fig. 1. Mediator from sur2-/- ES cells has 
reduced Med95 and Med100. Nuclear extract 
from wild-type (wt) and sur2-/- cells were 
immunoprecipitated with antibody against 
CDK8, subjected to SDS-PAGE and stained (left) 
or immunoblotted (right) with the indicated 
antibodies. Asterisk, stained bands identified by 
mass spectrometry. Numbers, MW markers. 
Methods for all figures (8). 
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ator, as assayed by immunoblotting for sub- 
units CDK8 and Med6, required the addition 
of Gal4-VP16 or Gal4-E1A-CR3 (lanes 4 
and 5). However, sur2-/- Mediator could 
only be recruited by Gal4-VP16, and not by 
Gal4-E1A-CR3 (lanes 9 and 10). We con- 
clude that Sur2 is indeed the target for E1A- 
CR3 and that the recruitment of Mediator 
through an E1A-CR3-Sur2 interaction is re- 
quired for E1A activation in vivo. 

Based on genetic studies in C. elegans (6), 
we also assayed activation domains that are 
targets of MAPK signal transduction path- 
ways. Elk-l, a member of the ternary com- 
plex factor (TCF) class of ETS-TFs that bind 
serum response elements (SREs) coopera- 
tively with serum response factor (SRF) (7), 
and the b-zipper TF ATF-2 are both targets of 
MAPKs (14). Both are activated by an acti- 
vated form of MEKK. Whereas activation by 
Gal4-ATF-2 was comparable in wild-type 
and sur2-/- cells in response to activated 
MEKK (Fig. 3A), activation by Gal4-Elk-1 
was almost completely eliminated in sur2-/- 
cells (Fig. 3B). Similar results were observed 
when activated MEK1, a normal physiologi- 
cal activator of ERKs, was substituted for 
MEKK (13). As for E1A-CR3, activation by 
the Elk-1 activation domain in sur2-/- cells 
was restored by expressing hSur2 (Fig. 3B). 
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As implied by this result, we found that the 
ERK2-phosphorylated Elk-1 activation do- 
main, but not the unphosphorylated Elk-1 
activation domain, bound Sur2 and/or Medi- 
ator, as indicated by detection of Sur2 in the 
bound fraction from HeLa nuclear extract 
(Fig. 3C). Gal4-Elk also recruited Mediator 
components in ES cell nuclear extract to a 
promoter in vitro, dependent on both phos- 
phorylation by ERK2 and the presence of 
Sur2 (Fig. 3D). 

Multiple other activation domains had com- 
parable activity in wild-type and sur2-/- cells, 
including VP16 (Fig. 2A), ATF-2 (Fig. 3A), the 
ligand-binding domain of the glucocorticoid re- 
ceptor activated by dexamethasone (Fig. 3E), 
ligand-binding domains of other nuclear recep- 
tors in response to their specific ligands (andro- 
gen receptor, PPARy, LXRI3), p53, nuclear 
factor KB (p65), sterol response element-bind- 
ing protein la, cyclic-AMP response element- 
binding protein in response to the catalytic sub- 
unit of protein kinase A, CHOP in response to 
MEKK, the Ewing sarcoma fusion protein 
(EWS), and the Zebra and Rta activators of 
Epstein-Barr virus. However, we observed a 
modest defect in activation by Ets-1 (Fig. 3F) 
and Ets-2 (13) in response to MEK1. Although 
ETS-1 and -2 are regulated by MAPKs, their 
activation domains are distinct from those of 

Fig. 3. Defective Elk-1 
activation in response 
to MAPK signaling in 
sur2-/- cells. (A, B, and 
E) Wild-type and 
sur2-/- cells were 
transfected with a 
5xGal-E1 BTATA-lucif- 
erase reporter and ex- 
pression vectors for ac- 
tivated MEKK, hSur2, 
and Gal4 DBD fusions 
to the indicated activa- 
tion domains or the 
glucocorticoid receptor 
ligand-binding domain 
and treated with dexa- 
methasone (DEX) as 
indicated. (C) HeLa nu- 
clear extract was incu- 
bated 10 min at 30?C 
with matrix bound Gst, 
Gst-Elk, or Gst-Elk 
treated with activated 
Erk2 and ATP (Gst-Elk- 
P). After washing, elut- 
ed proteins were im- 
munoblotted with the 
indicated antibodies. 
(D) Promoter recruit- 
ment as in Fig. 2D, us- 
ing Gal4-Elk and Gal4- 
Elk-P. (F) Transfection 
of luciferase reporter 
with two upstream 
ETS-binding sites and 
expression vectors for 
Ets-1 and activated 
MEK, as indicated. 
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the TCFs such as Elk-1 (7). The modest ETS-1 
and -2 defects were not rescued by coexpres- 
sion of hSur2 (13). 

We also examined the ability of the 
sur2-/- ES cells to initiate immediate early 
endogenous gene responses to serum mito- 
gens. Immediate early genes such as egr-1, 
egr-2, c-fos, and c-jun show a rapid, transient 
increase in transcription after serum addition 
to serum-starved cells (14). Egr-1 and egr-2 
are controlled by multiple SREs via signaling 
through the RTK-Ras-Raf-MEK-ERK path- 
way, dependent on TCFs (15-17). The c-jun 
promoter, on the other hand, does not contain 
SREs or ETS-binding sites (14). The c-fos 
promoter contains a single SRE, and binding 
of TCFs is only partially responsible for its 
serum activation (18, 19). Serum induction of 
the endogenous egr-1 and egr-2 genes was 
dramatically depressed in sur2-/- cells (Fig. 
4, A and B). In contrast, the c-jun serum 
response was normal, and activation of c-fos 
was only partially reduced. These results are 
in perfect agreement with earlier studies and 
our finding that, of multiple cellular activa- 
tion domains tested, only the Elk-1 activation 
domain depends on Sur2. When wild-type 
cells were treated with the MEK-l-specific 
inhibitor U0126, c-fos induction was signifi- 
cantly inhibited, as expected (20) (Fig. 4C). 
In contrast, the induction in sur2-/- cells 
was much less sensitive to the drug, indicat- 
ing that control of c-fos transcription was 
largely independent of the RTK-Ras-Raf- 
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Fig. 4. Defective serum induction of specific 
immediate early genes in sur2-/- cells. (A and 
B) Northern blots of RNA isolated at the indi- 
cated minutes after serum addition to serum- 
starved wt or mutant cells, as indicated. In (B), 
two sister sur2-/- clones were analyzed in 
parallel. (C) Duplicate cultures of serum- 
starved cells were treated or untreated with 10 
FM U0126 for 30 min; serum was added as 
indicated for 60 min and c-fos RNA analyzed. 
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MEK-ERK pathway in the mutant cells. 
Probably as a consequence of the defect in 
immediate early gene induction by serum, 
sur2-/- ES cells replicated significantly 
more slowly than wild-type ES cells in me- 
dium with 15% serum. However, their 
growth rate was more similar to wild-type 
cells in medium with 0.2% serum (8). These 
results demonstrate that activation of endog- 
enous immediate early genes in response to 
the RTK-Ras-Raf-MEK-ERK pathway is de- 
fective in sur2-/- cells because Elk-l, and 
possibly other closely related TCFs, must 
interact with the Sur2 Mediator subunit to 
activate transcription. 

These studies demonstrate that a function 
of the Mediator Sur2 subcomplex is to medi- 
ate transcriptional activation in response to 
RTK-Ras-Raf-MEK-ERK signaling to the 
TCF class of Ets-domain TFs. Although 
knocking-out sur2 results in decreased 
Med1OO and Med95 in the Mediator complex 
(Fig. 1), the defect in activation by E1A-CR3 
and Elk-1 probably results from the absence 
of Sur2 because expression of excess Sur2 in 
wild-type cells inhibits (squelches) E1A-CR3 
and Elk-1 activation specifically (5). More- 
over, EIA-CR3 binds directly to a monomer- 
ic form of Sur2 isolated from HeLa cells (5, 
9), and the Erk2-phsophorylated Elk-1 acti- 
vation domain interacts with Sur2 (Fig. 3C). 
Activation by Ets-1 and -2 also was modestly 
reduced in the sur2-/- cells. Perhaps the 
inability of transient hSur2 expression to res- 
cue the Est-1 and -2 defect is because their 
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activation domains interact with MedlO0 or 
95, whose association with the mutant Medi- 
ator may be impaired during the time course 
of a transient transfection assay. 

Studies in yeast have suggested that dis- 
tinct Mediator subunits function in the acti- 
vation mechanisms of specific classes of ac- 
tivation domains (1, 2). The results reported 
here extend this model to higher eukaryotes. 
Most activators functioned well in the 
sur2-/- cells. Only E1A-CR3 and Elk-1 
were severely defective. The large Sur2 sub- 
unit (-150 kD) may also interact with other 
as-yet-uncharacterized activation domains. 
Some activation domains probably function 
to activate transcription at several steps in the 
transcription process. For example, nuclear 
receptors interact with SWI/SNF chromatin 
remodeling complexes and histone acetylase 
complexes, as well as Mediator complexes 
(21). Perhaps this is why even though the 
ligand-binding domains of nuclear receptors 
bind to the Mediator subunit TRAP/Med220 
in a ligand-dependent manner, TRAP220-/- 
cells continue to exhibit some activation in 
response to nuclear receptors (22). The find- 
ing that activation by E1A-CR3 and Elk-1 is 
virtually eliminated in the absence of Sur2 
may indicate that the principal mechanism of 
transcriptional control by these activation do- 
mains is through recruitment of the Mediator. 
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