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Elucidating the mechanisms underlying tran-
scriptional control in vertebrates has been my
main research project for almost 45 years. It
originated from my M.D. thesis work (1958)
on the effects of X-ray irradiation on free
ribonucleotides in rat tissues, which suggested
that RNA could be synthesized from nucleo-
side triphosphates. A year later, the field of in
vitro transcription opened up with the discov-
ery of a nucleoside triphosphate–dependent
RNA polymerase activity in rat liver nuclei1.
However, the mechanism of DNA-directed
RNA synthesis was established in the 1960s
using purified bacterial RNA polymerase,
because only little soluble activity could be
recovered from vertebrate nuclei; the bulk of
RNA polymerase, the ‘aggregate’ enzyme, was
transcriptionally engaged and tightly bound
to chromatin2. Nevertheless, two important
observations emerged from my studies with
such nuclear preparations. First, in 1963, I dis-
covered poly(ADP-ribose) polymerase3,
which has recently been shown to belong to a
multigene family with highly diverse func-
tions4,5. Second, and more decisively for my
future, I found that administration of estra-
diol to immature chickens elicited an increase
of liver ‘aggregate’ polymerase, which pre-
ceded the induction of protein synthesis6. This
finding suggested that the bound estrogen
receptor (ER), just discovered by Elwood
Jensen, could act positively on the initiation of
transcription.

As interesting as this hormonal induction
was, there was no hope of explaining its
molecular mechanism in the foreseeable
future. The complexity of vertebrate
genomes and the lack of molecular
approaches precluded the prerequisite char-
acterization and isolation of promoter
regions of the responding genes. Why charac-
terize RNA polymerase in animals if it could
not be used to study how the expression of
their genetic programs is controlled?

Furthermore, the opinion at the time was
that the mechanisms involved would be sim-
ple variations upon those already established
for prokaryotes. Was it therefore wise to pur-
sue such an ill-fated project?

Nevertheless, the spatiotemporal regula-
tion of transcription in multicellular organ-
isms was clearly a huge problem that is not
encountered in prokaryotes. This was partic-
ularly acute during embryonic development,
when many cells with diverse functions
derive from a single cell. The expression of
each gene could not be controlled by a spe-
cific regulatory protein, because controlling
its expression would require another regula-
tory protein, the expression of which would
in its turn require another one and yet
another one. The control of transcription in
animals had therefore to be combinatorial in
nature, involving regulatory proteins that,
on their own, would rarely be specific for a
given gene.

Because this mechanism would probably
require an RNA polymerase more sophisti-
cated than the bacterial one, I decided that
studying RNA polymerase in vertebrates was
worthwhile, particularly given that Stirpe
and Fiume had shown in 1967 that the toxin
α-amanitin selectively inhibited only a frac-
tion of RNA synthesis in isolated mouse liver
nuclei7,8. With four graduate students—
Claude Kédinger, Jean-Louis Mandel, Francis
Gissinger and Madeleine Cochet-Meilhac—I
resumed in 1968 my attempts to characterize
the animal RNA polymerase.

Multiplicity of eukaryotic RNA
polymerases
In 1969, Roeder and Rutter9 and our group10

independently succeeded in solubilizing the
‘aggregate’ enzyme and discovered several
RNA polymerase (Pol) activities. We isolated
two activities from calf thymus, Pol A and 
Pol B, of which only Pol B was inhibited by 

α-amanitin10, whereas Roeder and Rutter9

separated Pol I, II and III activities from sea
urchin. On the basis of their sensitivity to 
α-amanitin, Pol I and II were counterparts of
Pol A and B, whereas Pol III was later found11

to be inhibited by α-amanitin at a much
higher concentration, similarly to Pol C
activities found by others8.

The subunit composition of purified Pol A
and B8,12, and subsequently those of Pol I, II
and III13, confirmed that Pol I and II are
identical to Pol A and B, and showed that Pol
III is a different enzyme. Others also found
Pol A, B and C in yeast, showing similar sub-
unit structures (14, 12 and 17 subunits for
Pol A, B and C, respectively). This structural
complexity was in marked contrast with the
single four-subunit bacterial enzyme, in
keeping with the idea that the molecular
mechanisms controlling transcription would
prove to be much more complex in eukary-
otes than in prokaryotes.

Using α-amanitin, studies with cultured
cells and isolated nuclei showed that pre-
ribosomal RNA, cellular and viral pre-
mRNA, and pre-tRNA and 5S RNA are
synthesized by Pol I (A), II (B) and III (C),
respectively8,14. However, none of our puri-
fied RNA polymerases, notably Pol B, could
initiate transcription on intact double-
stranded DNA8. Because chromatin, rather
than naked DNA, was probably the template
in vivo, we prepared chromatin as gently as
possible. The unexpected outcome was our
contribution to the elucidation of the struc-
ture of chromatin and of its repeating unit,
which we named the ‘nucleosome’15,16.
However, chromatin was transcribed no bet-
ter than intact DNA.

Because protein-coding genes represent a
small fraction of vertebrate genomes, these
failures could have been due to the scarcity of
Pol B promoters. However, intact aden-
ovirus-2 (Ad2) DNA, known to be tran-

How I became one of the fathers of a
superfamily
Pierre Chambon

LASKER BASIC MEDICAL RESEARCH AWARD



COM M E N TA RY

NATURE MEDICINE VOLUME 10 | NUMBER 10 | OCTOBER 2004 xv

scribed by Pol B in vivo, was no better as a
template. Because similar results were
reported by others8, it was clear that either
purified Pol B lacked bacterial σ-like factors
(lost during purification) or some factors not
bound to Pol B and with no counterparts in
prokaryotes might be required in eukaryotes
for transcription of promoters of protein-
coding genes.

What was necessary to look for such fac-
tors were short DNA templates containing
bona fide Pol B promoters. Because none
were available in 1974, we were in the situa-
tion that I had feared several years earlier.
What was desperately needed was a genetic
toolbox that would allow us to obtain analyz-
able amounts of well-defined DNA frag-
ments from any genome, in order to
sequence DNA, to identify accurately RNA 5′
ends, to create site-directed mutations and so
on. With the advent of the technological
advances that fueled the genetic revolution,
everything that we had thought would never
be possible suddenly turned into reality. The
excitement was terrific, because we could
foresee the day when the mysteries underly-
ing the control of genetic programs in higher

eukaryotes would be unraveled at the molec-
ular level.

Complexity of promoter regions of
protein-encoding genes
Because we were interested in hormonally
controlled transcription, we promptly cloned
the estrogen- and progesterone-inducible
ovalbumin and conalbumin genes to look for
promoter elements around their 5′ ends17,18.
Incidentally, while cloning the ovalbumin
gene in 1977, we made the remarkable dis-
covery that DNA sequences encoding the
protein are split; this was the first evidence
that the amino acid coding sequences of
eukaryotic genes could be interrupted19,
whereas Phil Sharp’s group and a Cold Spring
Harbor Laboratory team had shown a few
months earlier that an Ad2 gene was split in
its 5′ leader sequence. Using deletion and sin-
gle-point mutants of cloned DNA fragments
of ovalbumin, conalbumin and Ad2 major
late genes, we showed that the Goldberg-
Hogness TATA homology was crucial for fix-
ing initiation of transcription at the start
sites, both in vitro17,18,20–22 using a soluble
system23 dependent on purified Pol B, and in

vivo using Xenopus oocytes24. Furthermore,
we found that a partially purified initiation
factor (BTF1; TFIID in Roeder’s nomencla-
ture) required in vitro stably bound the TATA
element to form a preinitiation complex in
the absence of Pol B25. This was markedly at
variance with the prokaryotic promoter par-
adigm, whereby RNA polymerase holoen-
zymes (which include σ-initiation factors)
recognize and bind on their own to proximal
promoter elements. Further studies showed
that the evolutionarily conserved TATA-
binding protein (TBP)26–28 was stably associ-
ated within the TFIID complex with several
polypeptides (up to 14) that Tjian named
TBP-associated factors (TAFs)29. Moreover,
studies from our laboratory30–32 and others
indicated that distinct populations of TFIID
complexes might exist, possibly mediating
the effect of different transcriptional activa-
tors bound to further distal promoter ele-
ments (see later). Again, none of this had a
precedent in prokaryotes.

One or several of a variety of upstream
promoter elements were found at variably
located positions between positions –40 and
–110. Most were present in several genes, but
some might be gene specific. They were
found to be required for efficient transcrip-
tion in vitro and in vivo, as initially shown by
us for the Ad2 major late upstream element
and its cognate factor UEF/USF33–35, and by
Tjian and co-workers and ourselves for the
Sp1 factor that binds the GC-rich upstream
elements of SV40 early and late promoters
and a number of cellular genes36–40. Such a
variety of upstream promoter elements scat-
tered over 70 base pairs (bp) upstream from
the start site had no precedent in bacteria.

The totally unexpected finding, however,
came with the functional dissection of the
SV40 early promoter achieved in 1979–1981
by Christophe Benoist, who discovered that
the selective deletion of a remote sequence
that included the 72-bp tandem repeat
located (at position –116 to –261) upstream
from the GC-rich upstream elements
markedly decreased transcription initiated at
the SV40 early gene start sites, even though
the TATA element and GC-rich elements
were intact41,42. In contrast to the TATA box,
which was required in vitro43 and in vivo42 to
fix initiation at SV40 early start sites, the 
72-bp repeat element had no apparent effect
on transcription in vitro. We quickly discov-
ered that the SV40 72-bp repeat had several
amazing properties, including the capacity to
enhance transcription from heterologous
promoters and to act in either orientation
and over a broad range of distances upstream
and downstream of the stimulated pro-

Figure 1 Ribbon diagrams of the unliganded human RXRα (left) and of the human RARγ bound to all-
trans retinoic acid in a ball-and-stick representation (right). Note the large conformational shift
elicited by the ligand71–74. H1 to H12, individual α-helices; S1 and S2, β-strands. Figure courtesy of
J.P. Renaud and W. Bourguet.
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moter44,45. While using a SV40 vector to
study mechanisms controlling the expression
of a rabbit β-globin gene, Schaffner and co-
workers independently found similar effects
of the 72-bp repeat, which they named an
‘enhancer’46. Enhancer elements with similar
properties were found soon after in cellular
genes, notably in the immunoglobin heavy
chain gene locus where it showed tissue
specificity47,48.

Because comparing various enhancers did
not reveal any obvious sequence homologies
and their mode of action was still a matter of
intense but sterile speculation two years after
their discovery, we made systematic deletions
and point mutations throughout the
enhancer region and investigated their
effects49. The minimal SV40 enhancer
included one 72-bp sequence and some 30 bp
further upstream, and enhancement in HeLa
cells could be ascribed to seven specific
motifs that could overlap, whereas an addi-
tional motif was specifically involved in the
enhancer activity in lymphoid cells49,50. Each
of these motifs showed little activity on its
own, whereas their association resulted in a
400-fold synergistic transcriptional enhance-
ment. In vitro ‘footprinting’ in HeLa and
lymphoid cells showed that each motif could
bind a protein. For each motif, this binding
was prevented by mutations detrimental to
enhancer activity in vivo, indicating that the
bound proteins could correspond to trans-
acting factors mediating enhancer activ-
ity50–52. Because the different SV40 enhancer
motifs were found in various assortments in
other viral and cellular enhancers49, all of
these observations led us to suggest49,52 that
the activity of an enhancer in a given cell type
could result from both the nature of its con-
stituent motifs and the presence or absence
of its cognate trans-acting factors in that cell
type. The general principles we had learned
from the modular organization of the 
prototypic SV40 enhancer clearly showed the
combinatorial possibilities of controlling
transcription with a limited number of fac-
tors bound to enhancers in a cell type–
specific manner.

Thus, several of the actors most likely
involved in combinatorial control of tran-
scription initiation in higher eukaryotes had
been identified 20 years ago with the discov-
ery of (i) the multisubunit RNA Pol B (II in
Roeder’s nomenclature) dedicated to tran-
scription of protein-encoding genes (ii) sev-
eral TAFs present in preinitiation TFIID
complexes bound to the TATA element (iii)
multiple gene–restricted upstream promoter
elements and their possibly cell-specific cog-
nate activators and (iv) modular enhancers

and their motif-specific cell type–restricted
bound factors. What remained unknown was
the molecular mechanism by which these
factors, notably those bound to enhancers,
could trigger initiation of transcription.
While we were looking in 1983 for enhancers
simpler than that of SV40 to tackle this prob-
lem, it became apparent that a glucocorticoid
response element present in the mouse mam-
mary tumor virus (MMTV) long terminal
repeat53,54 had the characteristic properties
of an enhancer element to which the gluco-
corticoid receptor (GR) could bind to trigger
transcription from a heterologous pro-
moter54,55. In other words, the GR might be a
ligand-dependent enhancer-binding regula-
tory protein that, in contrast to the factors
bound to the different SV40 enhancer motifs,
could be active on its own. Assuming that all
steroid hormone receptors might be similar
to the GR, we looked at them as almost ideal
objects from which we could not only reveal
how enhancer-binding activators trigger
transcription, but also how nuclear receptors
specifically recognize their cognate cis-acting
DNA response elements and become tran-
scriptionally active upon binding of their lig-
ands. Because such studies required reverse
genetic approaches, the first step was the
cloning of receptor cDNAs. In view of our
long-standing interest in estrogen action, and
because it was clear that GR cloning was
underway in other laboratories, we set out to
clone the ER cDNA.

Lessons from our functional dissection of
the estrogen receptor
Using antibodies prepared by Geoff Greene
and Elwood Jensen against purified human
ER (known today as ERα), as well as syn-
thetic oligonucleotide probes derived from
its amino acid sequence, we56 isolated and
sequenced ER cDNA clones in 1985, one of
which contained the entire ER open reading
frame57,58. Shortly afterward we cloned the
chicken ER cDNA59. A comparison of these
two cDNAs revealed six regions (A–F from
the N-terminal to the C-terminal ends) of
variable evolutionary conservation. Two of
them (C and E) were highly conserved and
similarly present in human GR, which had
just been cloned in Ron Evans’ lab and, more
surprisingly, in the v-erb-a product of the
avian erythroblastosis virus, which provided
the first indication that the ER and GR are
members of a larger gene family.

We showed in vitro that region E was the
ligand-binding domain (LBD) and region C
was the DNA-binding domain (DBD)60,61,
and we unequivocally confirmed this in vivo
by constructing a chimeric receptor in which

we swapped region C of ER for that of GR.
Notably, the chimera could bind estradiol but
could not activate a chimeric estradiol-
responsive reporter gene (vit-tk-CAT),
whereas it activated a glucocorticoid-respon-
sive gene in the presence of estradiol, but not
in the presence of a glucocorticoid. In a
reciprocal construct, the chimeric receptor
could, in the presence of a glucocorticoid,
activate the estrogen-responsive reporter vit-
tk-CAT, but not the chimeric glucocorticoid-
responsive reporter gene MMTV-CAT62,63.
These data not only showed that steroid hor-
mone receptors (and presumably other
members of the family) have a modular
structure in which the DBD and the LBD can
function independently, but importantly,
also indicated how such chimeric receptors
can be used to identify ligands for any novel
member of the nuclear receptor (NR) family:
hooking the putative LBD of a new receptor
to the DBD of either the ER or the GR should
make its ligand activate an estrogen- or a glu-
cocorticoid-responsive reporter gene, respec-
tively. The value of this approach was quickly
illustrated by the independent discovery of
the first retinoic acid receptor (RARα) by
us64 and Ron Evans’ lab65.

By 1987 the stage had been set for bringing
the NR superfamily to completion66.
Furthermore, by 1990 we had shown that the
ER has two distinct synergistic activation
functions (the ligand-independent AF-1
located in the A/B region and the ligand-
dependent AF-2 encompassing the LBD) and
had proposed that their transcriptional activ-
ity is mediated by intermediary factors
(TIFs)67,68. This proposal was confirmed by
the discovery in 1995–1996 of the first two
bona fide p160 coactivators by O’Malley and
colleagues (SRC-1)69 and our group (TIF-
2)70. Because these coactivators were found
to directly or indirectly (through CBP/p300)
acetylate the nucleosome core histones, these
results established that an activation func-
tion, such as ER AF-2, could stimulate tran-
scription through the recruitment of factors
remodeling the chromatin template and
through interaction with or recruitment of
factors belonging to the transcription appa-
ratus such as TAFs30–32, thereby enormously
increasing the diversity of the transcriptional
response to a hormonal signal. Moreover, our
crystallographic studies of bound and
unbound LBDs of retinoid X receptor-α
(RXRα) and RARγ71–74 (Fig. 1), performed
in collaboration with Dino Moras’ group in
our Institute, revealed that the mechanism
involved in the activation of AF-2 upon lig-
and binding corresponded to a conforma-
tional shift of the LBD, creating an
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interacting surface to which factors such as
the coactivators could bind, whereas core-
pressors would be released73,75.

Finally, in collaboration with Shigeaki
Kato and co-workers76, we showed that the
ER AF-1 activity is enhanced by phosphory-
lation of a serine residue, thereby establish-
ing that signals transduced by
membrane-associated receptors through
kinase cascades can modulate the activity of
NRs77. Thus, nuclear receptors are highly
sophisticated molecular switches that are
capable of responding to the two main cellu-
lar signaling pathways by simultaneously
transducing their cognate ligand signal
directly as well as signals received by mem-
brane-associated receptors.

RAR and RXR families: an extraordinary
combinatorial complexity
It is beyond the scope of this commentary to
summarize all of the work that we have done
since the discovery of the three RAR isotype
genes (α, β and γ, encoding altogether eight
main isoforms) and the three RXR isotype
genes (α, β and γ, encoding altogether six
main isoforms). The demonstration by us and
others75,77,78 that they can transduce the
retinoid signal as RAR-RXR heterodimeric
functional units, and furthermore that RXRs
also heterodimerize with TRs, VDR, PPARs,
LXRs, FXR, PXR, Nurr1 and few other NRs,
strikingly illustrated the concept of combina-
torial control of gene expression in higher
eukaryotes. Our in vitro reconstruction, from
purified components, of a ligand-dependent
transcription system that mimics transactiva-
tion by retinoids in vivo and is dependent on
remodeling of the chromatin template79,80,
paves the way to the full elucidation, at the
molecular level, of the problem we raised 40
years ago: how could the binding of a hor-
mone to its cognate nuclear receptor act posi-
tively on initiation of transcription?
Remembering where I was 40 years ago, I am
every day astonished that we succeeded in
demonstrating the reality of this control dur-
ing mouse development81,82 and in homeosta-
sis83 using conventional germline site-directed
knockouts84 and, more recently, spatiotempo-
rally controlled site-directed somatic muta-
tions83. I am even more amazed that all of this
happened by tinkering, to borrow the beauti-
ful image from François Jacob. Is it, however,
so extraordinary? After all, the transcription
machinery required for activation of gene
expression by nuclear receptors was already
present in yeast more than one billion years
ago85, even though there are no nuclear recep-
tors, no cognate ligands and no p160 coactiva-
tors in this unicellular eukaryote.
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