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REVIEWS 
Condensin and cohesin complexity: 
the expanding repertoire of functions 
Andrew J. Wood, Aaron F. Severson and 
Barbara/. Meyer 
Cohesin a nd condensin are best known for the ir 

roles in mitosis, but these complexes achieve 

remarkable functional diversity and specificity, 
Recent s tudies have demonstra ted their involvement 
in genome organization, gene expression, organismal 
development c1nd meiosis. 

The population genetics of antibiotic 
resistance: integrating molecular 
mechanisms and treatment contexts 

R. Craig Maclean. Alex R. Hall. Gabriel C. Perron 
and Angus Buckling 
The authors discuss the evo lutiona ry dyna mics of 
antibiotic resist ance in bacteria in rel.at io n t o the 

co mplex inte rplay between population genetic 
factors a nd the spatial and temporal pattern of 
antibiot ic use. 
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Uncovering the roles of rare variants 
in common disease through 
whole-genome sequencing 

Elizabeth T. Cirulli und David B. Goldstein 
Genome-wide association studies have explained 
only a smaU frac tion of t he genetic basis of complex 
diseases. This Review argues that rare variants could 
have a substant ial effect o n genetic pred isposition to 
common disease, a nd t he authors outline discovery 
strategies based o n whole-genome seque ncing for 
ident ifying these genetic risk fac tors. 

Inducible gene expression: 
diverse regulatory mechanisms 
Vikki M. Weake and Jerry L Workman 
The rapid ind uct ion of specific sets of genes is required 

for cells to respond to external cues. Transcription of 
eukaryotic inducible genes is controlled at multiple 

steps , including activator recruitme nt and polymerase 
pausing, and is influenced by chromatin remodelling 
and signal transduction. 
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FROM THE EDITORS 
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search in PubMed for papers with 'transcript ion' in the ti tle or 

abstract published during the last year and you will get a staggering 

number of hits - more than 20,000 studies - that reflects the 

importance of this first step in gene expression. In this issue 

of Natwe Reviews Genetics we launch a series of articles on M odes of 

Transcriptional Regulation that highlights the continuing interest in this topic. 

The first article in our series, the Review on p426 by Weake and 

Workman, examines how inducible gene regulation occurs at the level 

of transcription in eukaryotes. Classical models such as the Gal4 system of 

budding yeast and the heat-shock genes of Drosophila melanogaster 

are stil l widely used and cont inue to provide new insights. Recent 

examples include the importance of RNA polymerase II pausing in 

inducible expression at many genes and the direct involvement of signal 

transduction proteins in transcript ional activation. 

Interest is growing not only in the proteins that regulate transcription, 

but also in the DNA elements to which these proteins bind. The molecular 

genetic basis of variation in transcription levels in humans has recently 

become accessible to study, thanks to genome-wide maps of nucleotide 

polymorphisms combined with technological advances. A Research Highlight 

on p388 describes a new statistical approach that extends these studies to 

understanding the coordination of transcriptional regulation across human 

tissues. Meanwhile, a particular class of regulatory element - insulators -

are the topic of the Opinion article on p439. Here, Raab and Kamakaka 

present the evidence t hat insulators are closely related to promoters - a 

theory that could help to bring together conflicting models of insulator 

function. The signs are that transcriptional regulation will be the topic of 

many more studies for years to come. 
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Chromatin 
A nucleoprotein structure 

formed of repeating 
nucleosomal units in which 

I 4 7 base pairs of DNA are 

wrapped around an octamer of 

hi stone proteins consisting 

of an H3-H4 tetramer flanked 

by two H2A-H2B dimers 

Co-activator 
A protein that is recruited to 

promoters through interactions 

with transcriptional activators, 

and facilitates transcriptional 

activation through the 

recruitment of RNA 

polymerase II and the general 

transcription factors Many 

co-activators also catalyse 

chromatin modifications that 

assist the kinetics of 

recruitment of tl1e general 

transcription machinery 
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(@ MODES OF TRANSCRIPTIONAL REGULATION 

Inducible gene expression: 
diverse regulatory mechanisms 
Vikki M. Weake and Jerry L. Workman 

Abstract I The rapid activation of gene expression in response to stimuli occurs largely 

through the regulation of RNA polymerase I I-dependent transcription. In this Review, we 

discuss events that occur during the transcription cycle in eukaryotes that are important 

for the rapid and specific activation of gene expression in response to external stimuli. 

In addition to regulated recruitment of the transcription machinery to the promoter, it has 

now been shown that control steps can include chromatin remodelling and the release of 

paused polymerase. Recent work suggests that some components of signal transduction 

cascades also play an integral part in activating transcription at target genes. 

Cells must be able to rapidly respond to changes in 
their external environment - such as temperature or 
nutrient availability - to exploit and survive in new 
conditions. Even cells in a multicellular organism need 
to respond to developmental cues such as signalling 
molecules to determine when to divide, migrate or 
die. The production of new proteins in response to 
external stimuli results largely from rapid activation 
of gene transcription - this is known as inducible 
gene expression. 

Inducible gene expression has several features 
that distinguish it from the expression of genes that 
are constitutively active (for example, housekeep­
ing genes). Inducible genes are highly regulated and 
must be able to be rapidly and specifically activated 
in response to stimuli. Once the stimulus is removed, 
an inducible gene must quickly return to its basal, 
inactive state. Furthermore, multiple genes must 
often be synchronously activated in response to the 
same stimulus, such that the proteins required to 
respond to the stimulus are produced simultaneously 
at the appropriate relative levels. Similarly, multiple 
cells in an organism must respond to developmental 
cues in a coordinated fashion so that the appropriate 
morphogenetic process occurs over a broad region 
of cells. 

Here, we discuss mechanisms of inducible gene 
expression used by eukaryotic cells. Although proc­
esses that occur following transcription such as protein 
translation are also regulated as part of inducible gene 
expression, we do not discuss them in this Review. 
We focus on the events that are important for recruit­
ment of the transcription machinery and initiation of 

RNA polymerase II (Pol II)-dependent transcription. 
Although a traditional model of activator-dependent 
recruitment of Pol II and the general transcription 
factors (GTFs) holds true for many inducible genes, 
recent studies suggest that Pol II is already present and 
poised for transcription at many inducible genes 1

-
6

• 

Therefore, it is becoming increasingly apparent that 
there is an additional level of regulation that occurs 
during the initial stages of transcription elongation 
before Pol II is released into a productive transcription 
cycle. In addition, several recent studies suggest that 
some components of signal transduction cascades 
that lead to inducib le gene expressi.Oll Lh.ni-we rc once 
tholtght to function exclusively ln the cytopla m such 
as mitogen -activalcd protein kinases (MAPK) ru·~ 
rec nlited to cll romaLin aud aJ'e Integral c:omponcnls or 
transcription complexes7

• 

We use three well-characterized examples of induc­
ible gene expression to illustrate some of the key mecha­
nisms involved in transcription a tLvation in response 
to stimuli: al gene Jnduction m res pons to galactose 
in 'acclu1romyces cerevisiae, heat-shock gene inductioi: ill 
Drosophila melanognster and osmoslress regulat ion 
in S. cerevi.s iae. We fi rst discuss the initial. teps I f lh: 
transcription yde: activator-dependent recruitment ot· 
the transcriptionalmachinery and the role of co, acuvators 
and nucieo ome-remodelling complexe in facilitat­
ing thi · recruil.meut. Vve then exami1Je the even t lbal 
occur ~ llowlng recruitment of the gen .ral transalfJ!tOn 
machinery, including promoter clearan ce nnd release 
oi pau edPol II into productive transcrip tion eJ~n~~­
Lioo . FinallJr, we examine the role of ignalliJ1g kin, se; 
that seem to play an integral partin multiple a pe 1 0 

426 I JUNE 2010 I VOLUME 11 
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Nucleosorne­
remodelHng complex 

H2A 

H2B 

Ce-neraJ transcriptlon 
machinery 
RNA polyrne-ra~ II togeth-er 
''iith the general transcripliun 
facto,s THIA. TFIIB. TFIID, 
lFIJE, TF11F and n-nH 

Transcriptional activator 
A.~ueoce-spccific 
DNA-bindirl!! protein that 
in-c,eaSt-s the rate of 
lra~criptiun hy N'!Cruitin,e RNA 
~~nl€rasc II. Cilher directly 
in Drok.'=lryotes Of through 
CO-attivators in eukaryotes 

Target gene 

these initial stages of the transcription cycle. Although 
the mechanisms involved in the chosen examples may 
not always be observed in all other cases of inducible 
gene expression, we hope to p rovide a broad over­

view of the principles involved in indu cib le activation 
of transcription. 

Activator-dependent recruitment 
Gene ac tivation involves a multistcp recruitment 

process that co nsists of several potential rate-limiting 
steps during the initial stages of the lranscription cyclr 
(reviewed in REF. 8) [FIG I J. During the initial steps of 

gene induction, t ranscriptional act[vators bind Lo specific 
DNA sequences ntar target genes and recruit tr-.anscrip ­

tional co-activators and components of the transcription 

NATURE REVIEWS I GENETICS 

L 

Fig ure 1 I Early steps in the transcription cycle. 
a I Promoter select io n is determined by the lnteract ion 
of one or more transcriptional act ivator(s) with specific 
DNA sequences (recognition sites) near target genes. 
Activators then recruit components of t he transc ription 
machinory to these genes t hrough protein- protein 
interactio ns.. b I Activation of gene expression is induced 
by the sequential recruitment of la rge mult i-subunit 
protein co~activator compte-xes. (show n In purp le and 
pink) through b inding to activators. Activators also 
recr11it ATP-dependent nucleosome-remodelling 
complexes. which move or d isplace hi stones at the 
promoter, focilitatiriy the rapid recru itment and 
assembly of co-~ctivator~ a nd the general transcription 
machinery. c I Together, co-activators and nucleosome 
rernodellers facilitate t he rapid recru;tment of RNA 
polymerase II (Pol II) and t he gen~rill transcript ion 
factors (GTFs) TFIIA, TFIIB, TFIID, TFIIE, TFIIF a nd TFIIH 
to form t he p re-initiation complex (PlC) o n the co re 
p romoter•. Thc~e firs t three steps{a-c) constitute act i­
vator-dependent recruitment. d I After PIC assembly, 
CDK7 in human TFIIH (Kin28 in yeast) phosphorylate, 
the serine 5 {55) posit io n of the Pol II carboxy-terminal 
domain (CTD). At t he same t ime, another subun it of 
TFIIH, the DNA helicase XPB (Rad25 in yeast), remodels 
the PIC, and 11-15 bases of ONA at the t ranscript ion 
start site (TSS) is unwound to introduce a 
single -stranded DNA temp\ate into t he active site 
of Pol 11°. Pol II then dissociates from some of the GTFs 
and transitions into an early e longation stag~ of 
rrans.cript io n~J_ Thi:s ~tep is often referred to as promoter 
escape or clearance but is not sufficient for efficient 
passage of Pol U into the remainder of the gene. 
e I Following p romoter clearance, Pol II transcribes 
20 -40 nucleo tides into t he gene and halts at t he 
p romoter-proximal pause site. Efficient e longation by 
Pol II req u ires a seco ri<l pho:sphorylation event at the S2 
position of the Po l II CTD by CDK9.a subunit of human 
P-TEFb (Ctkl in yeast)11

•
11u_ Phosphorylation o f the CTD 

c reates binding site s for proteins t hat a re impo rtant for 
mRNA processing and t ranscription t hrough chro matin 
~uc h as t he histone H3 lysine 36 (H3K36~ methylase 
5ET2 (RC:F. I 04). Nucleosome remodellers also facilitate 
pass.:ige of Pol Ii during t he elongation phase o f 
transcription. The transcription cycle continues with 
elongation o f t he tn:rnsc, ipt by Po l IL followed by 
termination a nd re-init iatiOn of a new round o f 
trc1nscript ion (not shown). 

machinery to the.sl.' gen.es through protein-protein 
interactio ns. These s teps result in formation of the 
pre-initiatfori ( om1Jlex (PIC) on the promoter9•1-0_ For 
the purposes of this Review, these first three steps 

can be regarded as a single rate-determining process. 
which we refer Lo as activator-dependent recruitment 
(FIG. I a-cJ. An additional level of regulation is required 
for polymerase to proceed to productive transcription 
elongation (FIG Id.el. Although all of the steps in the 

t ranscription cycle are subject to regulation 11, we focus 
in this Review on those steps that are mo~t important 

for inducible gene expression: activator-dependent 
recruitment resulting in PIC formation; activation of the 

PIC and transcription initiation; a nd release of paused 

polymerase into productive elongation. 
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! • Galactose 

! Act;vato,-dependent SAGA recru;rment 

j Activator-depend. ent Mediator recruitment 
Nudeosome acetylation by SAGA 
stimulates nucleosome remodelling by 
SWI/SNF. whfch 1s also recruited by Ga\4 

Figure 2 I Gal4-mediated induction of Gal gene expression requires co-activators. 
In yeast, in the absence of galactose, the acidic activator Gal4 is bound by its 
repressor Gal80 (a). Addition of galactose to the growth mediurn causes an inducer 
protein, Ga 13, to bind and sequester Gal80 in the cytoplasm, releasing it from Gal4 {b). 
Gal4 binds target UASGAI. {upstream activating sequence) sites. in the promoters 
of G<1l genes such as GAL1 and s.equenrially recruits co-activators, such as the 
acetyltrans.ferase SAGA (c) an.d Mediator {d). Gal4 also recruits ATP-dependent 
nucleosome-remodelling complexes such as SWI/SNF that remove nudeosomes at 
rhe promoter and are srimulated by SAGA-catalysed histone acetylation.Together, 
SAGA and Mediator recruit RNA polymerase II and the general transcription factors 
(GTFs). leading to formation of the pre-initiation complex (PIC) (e}. Nudeosome 
removal. cat<1lysed by SWI/SNF, aids in the kinetics of Mediator and GTF recruitment, 
thereby facilitating rapid PIC formarion and initiation of transcription at Gal genes. 
H3Ac, histone H3 acetylatfon; TBP, TATA-binding protein: TSS. transcription start site. 

-t2s"fTuNt-: 20m I \'CH,U,\-IF. 11 

Gaf4-mediated Gal gene induction in yeast, TI1eexprcssion 

o f Gal genes, wh ich en code _prod ucts th at arc required 
for the import and m etabohsm o f galactosc, is rapid! , 
induced when galactose is added to the growth mediu,) 
o f S. cenwisiae (reviewed in REF 12). Activat ion orut 
Gal genes is regula ted prim arily through a,tivaic,r~ 
depe ndent recruit menl. Expression is in itiated b 
the transcriptio naJ activator Gal4, wh ich b inds to a~ 
upstream acth1ating sequence (UASGAi) in the promot­
ers of Gal genes (FIG 2). The affinity of Gal4 binding var­
ies among lhe Gal genes, thereby leading to differential 
levels of activation 12

• 

The Jnilia tio n of the entire response of the Gal reg­
ulon to galaet"ose is dependent on this transcriptional 
activator, Gal4. How then is Gal4 itself regulated? The 
regions of Gal4 Lhat contain the DNA-binding and 
transcription-activation activities are separahle1'. In 
the absence of galactose, the acidic aclivdtlon domain of 

Gal4 is bound tightly by an inhibitor protein Gal80. 
This prevents the interaction of this domain with 
co-activators, such as TATA-binding protein (TBP) or 
the SAGA acetyltransferase complex" 15• When galac­
tose is added to the growth medium, an inducer protein 
Gal3 sequesters Gal80) alleviating repression of Gal4 
and allowing it to interact with and recruit co-activators 
to the Gal ge11esi6

-
11

• Th~ activation function of Ga14 
is further regulated. by posl-lranslalional mechanisms 
that include phosphorylation and ubiquitin-mediatcd 
degradation 11, 

Gal gene induction requires co-activators. In Gal gene 

induction and many other examples of inducible 
gene expression> recruitment of co-activators and lhe 
transcription machinery to promoter regions is the key 
initial step in activating transcription. Recruitment of 
co-activators to Gal genes occurs in a sequential but 

not necessarily interdependent manner. The first co­
activator to bind to Gal promoters following a shift to 
galactusc-containing medium is SAGA, which is directly 
recruited by Gal4 JREFS 22-24). A few minutes follow­
ing this, Mediator is recruited to Gal promoters through 
d irecl contact with Gal4 (REFS ,3,,S- 28). Finally, Pol II 
and components of the general transcription ,nachinery, 
including TBP, TFIIH, Tfl!E and 'l'FIIF, are rccrui1ed 
to Gal promoters2·1• None of these fin al com ponents, 
including Pol ll, is recruited in the absence of SAGA, 
which indicates that Gal4 alone is not suflJ.cicnl to acti­
vate Lranscriptionz-u,_ Rat her, a combination of SAGA 
and Mediator aclivities is required for the recruitment of 
T IJP, Pol TI and the remainder of the GTFs" ·"""·~-

Allhough 1his respo nse to galactosc m ight seem 
specific to yeast and other closely related fungi, '.he 
m echanisms by which Gal4 activates gene expression 

must be widely conserved because Gal4 can ~1ctivate 
UAS -. -specific transcriptio n in o rganisms 1ha1 range 
front\D. mefa11ogaster to huma ns.11,J1 • Furtherrnore, 

SAGA, Mediator and the GT Ps are highly conserv~•: 
from yeast to humans {Supplementary infonnntion 

1 
(figure and tables)). The presence of cis-regulatory e _~­
ments that have varying affinities for Gal4 at many ch · 
ferent galactose-ind ucible genes p rovides a mecha.nisOl 

- -------w-w-w.n~turi.com/reviews/9cnetfcs 
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Pre-initiation complex 
A 44 polypept1Cle complex, 
whie.h consists of ~NA 
pdymcrJ~ H .1nd 1heeene1at 
lra11,;cnpOon rc'.M_tUU, TnlA. 
mIB, TFJID, Tr11E. TFIIF 
~nd TFIII I ns formatfon 
atTATA-coritalnine core 
promoters is 11ul lc;Jted hy 
binding of TATA binel1r~ µrot.ein 
~ component of Tl-110) lO the 
TArA etcrnent 111 the promoter 
DNAsequcutc 

~idic activation domain 
Tne type oJ transacttvJtk>n 
domain found 1n rrnnscrlpUonal 
acti..,.ators such as CW1 Th;~ 
domain contains a socLch ut 
aodrr c1mino ac.cis clJ'ld is 
'etawred for interactions 
lrlltti co ac\Jvdlurs 

~TP-depe,ideot nudeo­
Sorne-remodelllna com ptex 
A banscriµliurktl regulatory 
complex t.llat u~c~ Lhu Pf'l(irgy 

obtainc!d trorn ATP hydrolysis 
'-i rnu-.-c ()r displace h1Yooe 
°'-tamers horn DNA 

to co(lrdinate both the t iming and relative le,;els nf 
expression of the Gal gene.,. In higher eukaryotes, genes 
that are co-regulated often share coinmon cis-regulatory 
elements. T hese regulatory elements can be bound by 
individual activators or by combinations of transcrip­
tional activalor.'i that have varying affinities. J-.or exam­
ple, the Forkhead and Ets transcriptional activators bind 
together to the same DNA motif that is present upstream 
o f a set of co-regulated genes to synergistically acti ­
vate the transcription of the~ genes in the developing 
vascular cndothelium1-'. 

Co-activators facilitate gene activation 
In prokaryotc.i;, transcriptional activator~ J ircctly contact 
RNA polymerascl4

, so why are co-activators required in 
eukaryotes? Many .-.tudies have shown that. in contrast 
to prokaryotes, mo..i;t genomic DNA in a eukaryotic cell 
is compacted into chromatin and therefore is not directly 
acce~sible to components of the general transcription 
machinery (reviewed in RE~. lo), Although some tran­
scriptional activators such as the- human glucocorticoi<l 
receptor can bind their target DNA sequence in a 
nucleosmnal context", PIC formation and subsequent 
transcription are inhibited by nudeosomes in vitro'1 >'I, 

Furthermore, studies in yeast suggest that inducible 
genes tend to have a higher density of m,cleosomes cov­
ering their promoters than constitutively active genes, 
which have more open, nucleosome-deplete<l promot­
ers (reviewed in REF 40). In eukaryotes, co-activators 
and nucleosome-remodelling complexes act together to 
facilitate gene activation in a nucleosomal context. 

Co-activators are required for PIC formation . 
Overcoming the nucleosornal ba11 ic:r to transcrip­
tion initiation requires complexes ~uch as SAGA and 
Mediator. lnlr iguing1y, complexes involved in tran­
scriptio n activation often possess enzymatic activities 
directed towards the amino-terminal rails ofhistunc pro• 
tci ns in the nucleosome. SAGA, for instance, contains 
the histone acetyltransferasc (H AT) Gens (REF 41 J. So, 
are histone-modifying activities 1cquired for recruitment 
of Pol JI and the general transcription machinery? 

Although nucleosome acetylatiun by activator­
recruited SAGA stimulates tr.1nscription i11 vitro~1••', 

surprisingly, the acetyltransferase activity of SAGA is 
not directly required for Po l II recruitment and P IC 
formation at Gal genes". However, mutations in other 
SAGA components such as Spt3 that only modestly 
reduce SAGA recruitment substantially decrease PIC 
formation22-2•. Therefore, importantly, the co-activator 
function of SAGA requires more than its enzymatic 
activity, Rother, both SAGA and Mediator have struc­
tural roles during inducible gene expression, forming 
a scaffold on which components of the general tran­
scription machinery and l'ol II con assemble. Mediator 
interact., directly with the ,mphosphorylated form of 
the carboxy-terminal heptapeptide repeat sequences 
(carboxy-terminal domain; CTD) of the RBPl subunil 
of Pol II (reviewed in REF. 44). Therefore, in the case o f 
Gal gene induction, Mediator links Gal4 and the general 
transcription machinery. 

NATURE REVIEWSl GENETICS 

REVIEWS 

A HAT-independent role for othl.-r co•activators such 
as p300 bas also lx.'Cn reported. Mutation of the KIX tran­
scription factor-binding domain of mouse p300 results 
in severe defects in haenrn.topoiesis but mutation of the 
HAT dumain has little effect". Furthermore, the role uf 
human PCAF (also known as KAT211) as a co-activator 
in activation of human Tcell leukacm in virus type J 
long terminal repeat transcription is al."iO independent 
ofits HAT activity ... Although these example.show that 
some HATs can have h istone acetylation-indcpendent 
functions in gene activation, at some genes, hi~tone 
acetylation is required for PIC formation. For example, 
in yeast, mutation of Lhe HAT GcnS in SAGA decreases 
Lhe levels ofTBP and Pol JI recruitment nt some genes47

• 

However, the findings discusse<l above show that, in the 
early stagl's of the transcription cycle, the strucrural role 
of co-activators is of at least equal importance to their 
histone-modifying activilies. 

Chromatin remodelling and tran,criptlon 
To understand why histone acetylation is required for 
the activation of some genes but not others, we need to 
consider another clas.i; of transcription regulators known 
as ATP-dependent nucleo-.ome remodelling complt~xPs. 
Nudcosome-remodelling cnmplCJ<es use the energy from 
Al'P hydrolysis to move histom:sur dis-place them from one 
piece of DNA onto another or onto a h istone-binding 
protein, known as a histone chaperone (reviewed in 
REF' 48). Followinggalactosei.nduclion, Gal4 recruits the 
nudeosome-remudelling complex SWl/SNJI to Gal gene 
promoters at which it rapidly removes promoter n udeo­
wmes21..i,.so_ Intriguingly. a recent study has shown that 
m the absence ofSWI/SNf, th<-sc promoter nudeosomes 
are still removed and transcription is initiated, albeit 
much more slowly 0 . Therefore. nucleosome removal 
facilitated by nucleosome-remodclling complexes is 
imporlant for the swift induction of gene expression but 
is not nece&"i,;ui1y essential for overall k vcls of induc­
tion at every inducible gene. This implie.,;; that at some 
inducible genes. given enough time> recruilmcnt of co­
activators and the general transcription machinery by 
1m activator alone is sufficient to remove nucleosomes 
at the promoter. However, nudcosome remodelling is 
crucial for inducible gene expression as it fucilitales lhe 
rapid activation of transcription. furthermore, at some 
promoters such as at the human a l ant itrypsin gene, 
recruitment of nudeosome-remodelling proteins like 
brahma is rate-limiting for activation5 1

• 

Is histone acctylation important for chromatin 
remodelling? Al least in the example of the Gal genes, 
SWI/SNF recruitment does not depend on SAGA". 
However, in vi!ro studies suggest that his tone acetyl[ltion 
is important tor the binding ofSWI/SNF to nudeosomcs 
and that acetylated histones arc prcferentiaUy displaced 
by SWI/SNP'·". Nucleosome-rcmodelling complexes 
such as SWI/SNF or RSC are al.<o important for assist­
ing Pol II transcription of a nuclcosomal template~s. 
Intriguingly, HAT complexes such ns NuA4 and 
SAGA increase RSC-stimulated transcription by Pol II 
in vitro$5• These find ings support a model i n which 
the acetylat ion act ivity of SAGA promotc.s SWT/SNF 

VOI.UMS tl lJUNF2010[429 
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activity, therefore facilitating the rapid removal of 
promoter nucleosoml·!'i after galactose induc.hon, leading 
to the swift activation of Gal tro.nsctiption. ln addition to 

thjs role in the early stages o f lranscriptio11 initiation, 
HAT complexes and nuclcosome remodellen• assist 
polymerase elongation through the coding region of 
Gal genes. 

·n,e i nterplay between SAGA and SWI/SNr at Gal 
genes is s imilar to that observed at the yeast PHOS gene 
under phosphate sta rvation conditions~·.:;7

, SAGA and 

SWUSNF are not essential for PHOS activation but arc 
important for the kmclics of activation. Therefore, the 
functions of a transcriptional co-activator complex 
such as SAGA can lx: separated inlo HAT-independent 
activinc~ that are essential for PIC formation and HA"l'­
depen<lcnl activities that arc required for chromatin 
remodelling and the kinetics of gene induction. At some 
indu cible genes these funct ions overlap, !Or example, 

the Gcn4-dependent genes in yeasr". as HAT activily 
is also required for nuclem;ome remodelling before 
PIC formation. 

The role o f co-activators in stimulating nucleusome 
remodelling is not limited to HAT complexes. At some 
gcnt:s, Mediator is also required for the recruitment· of 
SWI/SNF o r for its chromatin remodelling activityU,'il'I_ 

However, at other genes such as yeast CHA 1. chromatin 
remodell ing is independent of Mt.:diator~. T herefore. 
nucleosomc remodelling can occur before or subsequent 
to the activities of Mediator an<l SAGA and. in some 
cases, is even requin..-d for their co-activator functions. 

Is nucle.osome loss sufficient to activate transcription? 
In some example.~ in yeast , nudeosome loss alone is 

sufficient to ill<luce PIC formation ;nul act ivate gene 

expression, even in the abstnce of an inducing ~ig­
na11ou.01. Moreover, when yeast are shifted to growth 
media containing gJucosc, transcription of the Gal genes 
is repressed and nucleosoines rapidly reform at Gal 

promoters62
•
63

. Therefore, at many genes, nucleosome 
loss correlates positively with transcription. However, 
several lines of evidence across different species show 
that a nucleosome-frce region on its own is not neces­
sarily sufficient to activate transcription. f-urthermorc, 

repression is possible in the absence of nucleosomes. 
In yeast, expression o f the Gal genes is repressed in the 
presence of a combination of glucose and galacto~c. 

althouKh Gal4 still recruits SW J/SNF and mainta ins a 
nuck"<)SOme-frec promoter rcgion·19• Another example 

of this - heat sh11ck induction in D. melanogaster - is 
discussed below, 

PA RP-dependent nudeosome loss at D. melanogaster 
Hsp70. Heat shock induces a rapid loss of nt1cleo­
somes across the entfre Hsp70 locus in D. melanog,isler 
that precedes and is independent of transcription'1 ~ 

(rlG 5a). This nucleosome loss corresponds at least 
partially to the diffuse appearance or puffing of the 
heat-shock loci on polytene chromosome spreads and 
is important for optima.I levels of Hsp70 expression~~ 
(re,•iewcd in REr h I). Although nucleosome loss 1s 
required for optimal transcription of the heat-shock 

.,. ] JUNE 20 10 I VOLUME 11 

Figure 3 I Heat shock induces nucleosome loss and 
release of paused RNA polyme rase II. a I At the top is .., 
schematic of the Dtasophila melanogaster 87 A heat·sh;k 
locus; the example of Hsp70Ab is used below. fqliivalerit 
events occur at Hsp70Aa. l he a rrows at the Hsp70Aa 
and Hsp70Ab promoters indicate the direc1 ion of 
transcription through the gene. RNA polymerase II (Pol II 
shown In orange) ,ind GAGA fac1or (GAF or Trlthomx•lik~) 
are bound at the promoters of the Hsp70 gQnes before he 
shock. After heat shock. the transcriptional activator at 
heat·sOOck factOf"(HSF)forms a stable triine ric 1.:.ornpl~x 
that binds the Hsp70 promo ter10s,11)(,. Heat shock 
!)t imulat es nudeosome loss at the Hsp70 locus. 
Nucleosome loss 1s dependent on HSF. GAF rind 
poly(ADP)-rihose po(ymerase (PARPJ~. PA~P localize, 
at many Siles alony polytene chromosome.> but only 
catalyses fom,atioo of ADP-ribosc polymors lrorn donor 
NAD' nt the heat-shock loci afref induction by hcdt 
shockm1. Nucleosome loss proceeds outward~ fron1 the 
S' end of t he Hsp70 genes ahead of Pol 11, extending as far 
as the SCS and SCS' boundary elements (region of loss is 
grey in top panel). TheCG31211 an<l CG3281 genes are 
not trnnscrihed (as shown by blunt-headed a rrows ctt their 
promoters) although Pol I1 is born'K.I a t their promoters and 
nucleosomes are lost. Ba I Beforo heat-shod. ac.-tivat ion 
at Hsp70, GAF rec ruits co-activa tors., the GTfs and 
ATP-dependent nucleosomc--remodelting complexes. 
thereby facilitating pre-initiation complex (Pl() formation 
a t the promote r. At HsplO, however. PIC format ion is 
not sufficient to ac tivate productive transcription 
elonydtionA9.toa 110• The COK7 suhunit ofTF11H 
phosphorylates serine S (S5) of the carboxy·t~rmindl 
dornaln (CTD) and Pol II init ia tes transcrip tion into the first 
70-40 base::i. of the gene, at w hich it pauses at the 
promoter-proximat paus.e site. Pol II i,;, held here by the 
negat iw elongation factor (Nl:.LF) and ORB sensitivity• 
inducing fa ctor (DSIF), which is composed of SPT4 and S 
[RH5 111.112). Bb I Heat shock Induces l,irlding of HSF, 
which recruits additional co-activators .1nd nucleosome­
r~mode!Ung activities. HSF is required hut is not 'Sufficient 
to recruit the pause rele.:ise factor P-TI:Fb to H5p70 
{REF. 85}. Recruitme11t of Mediatot by HSF. wllich occurs 
independently of PIC formation, rnight contrihute to 
P-TEFb hinding"'. Recruited P-TEFb µho,pl1oryl•1es Slof 
the CTD, SPTS and NELF. These phosphorylat,onscau,e 
NELF to dissociate from Pol II, releasing polymerase into 
prodlictive transcription elongation. Although Pol II still 
pause~ briefly at the promoter-proximal pause site uridj:ff 
heat-shock conditions. the duration of these pauses a,e 
much ~orter than ;it normal temperat ures. 

genes 31 Hsp70, it is not sufficient to activate cxpressi?n 
of other genes that lie in the region of nuclcosome dis· 
ruplion&.. Furthermore. chemicals that induce pufOng 
and nucleosome loss at heat-shock loco such as sod!ufll 
salicylale do not activate expression of the heat-shock 
genes61• Therefore, although nuclcosome loss is impor~ 
tant for rapid activation of gene expression and is so'.ne· 

t imes required for optim al levels o f gene expression, 

t hese studies show that nucleosome loss alone is not 
necessarily sufficient to induce activated t r.:1 nscription; 
Rather, nucleosomc rem odelling can be •lll i111portai~ 
step in providing access to transcriptional activarors 

311 

the general transcriplion machinery. 

--www.na1ure.com/reviews/9enetlct 
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A 87A heat-shock locus 

Bb Po1t-heat shock 
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Hsp70Ab 
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These findings might seem at first to contrast with 
results from older studies in which h istone H4 was 
depleted in yeast using a genetic approachM. [n the 
absence ofH4, the yeast PHOS promoter was activated 
independently of its UAS. However. although nudco­
some depletion resulted in activation of PH05, Lhe 
level of 3ctivation was significantly lower than thal 
observed under physiological induction conditions. A 
similar result is observed for GAl,1 in which nucleo­
some loss activates a low level of transcription that is 
independent of UASGAL' In both these examples, the 
level of transcription oh served after nudeo.some loss is 
significantly lower than that observed under inducing 
conditions when nucleosomes are prc:,;cnt. Therefore. 
although some transcription may occur in the absence 
of nudeosomes, full activation of inducible gene lran­
scription generaJly requires additional factors such as 
transcriptional activators. 

Post-recruitment initiation of transcription 
Together. the activator-dependent recruitment of 
the gcncra1 t ra11scription machinery and chromatin 
remodelling at the promoter facilitate formation of the 
PIC. However, once Po1 11 and the GTF.s are present 
in Lhe PlC, a series of sequential chromatin modifica­
tion events a.re required for Pol U to clear the promote, 
and initiate efficient transcription elongation (Fl( i. 4). 

Although loss of some histone modifications can 
impair overall levels of transcription activalion al some 
inducible genes (for example, loss of acetylation by 
the HAT Gcn5 [REr. 70) or loss of H2B ubiquitylation 
by Rad6 lRcF. I I J), these his tone modifications are often 
not essential for co-activator-dependent transcription 
frnrn a chromatin template in v;tro72

, Tt is likely that 
the in vitro experiments do not cump1ete1y r€capitu­
late in vi\io regulation. In addition, it seems that many 
of these histone modifications are important for later 
stages of the transcription cycle. Therefore. it is us~ful to 
describe the chromatin modification events that occur 
during the early steps of PIC formation and promoter 
clearance to provide an overview of the role of these 
chromatin 111arks in activating efficient transcript ion 
elongation by Pol 11. 

Histone modifications and trauscription initiation. fn 
addition to recruiting more traditional co-activators 
such as SAGA and Mediator, the yeast Cial4 transcrip­
tional activator recruits histone-modifying activitic,'>, 
including the ubiquitin conjugase-ligase pair Rad6-
Brel (REFS 7 1.7 3.741 [FIG. 41. Together, Rad6 aml. Brc I 
monoubiquitylate histone H2Ir-~-,e. Monoubiquitylation 
ofH2B is a prerequisite for histone H3 lysine 1 (H3K4) 
di- and trimethylation by the Set I-containing complex 
COMPASS in yeast (reviewed in Rff 79). Studies suggest 
that some of the histone modification events that occur 
during transcription activation such as II2B ubiquityla­
tion might also be important for steps that occur during 
pr01noter clearance and release of Pol [I into produc­
tive elongation. Por cxampk, dcubiquity)ation of H2B 
mediated hy a nhiquitin protease in the yea.st .SAGA 
c:o-adivator complex Ubp8 !REFS 80.811 is rcqufrcd for 
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b 

d 

ActivatoNlependent recruitment o f H28 
ubiquitin ligas.e 

t 
ActivattOn of the PtC ond promoter clearance by Pol II 
1, required for H2B ubiquitytatlon 

! 
Deul);quitylatioo-dependent 52 phospho<ylation 
Is required for effk1ent transrtion to elongation 

Figure 4 j Sequential chromatin modification events occur during the early stages 
of transcription initiation at inducible genes. a I The ubiquitin ligase--conjugase pair 
'Bre1-Rad6 are d irectly recruited to yeast genes such as GALl by the Gal4 activator11•n.14 

(shown) orto human genessuch as MDMZ by p53 (REF 11 4) [not shown), but require 
additional factors to monoubiquitylate H2B. b I Once the pre-initiation complex (PIC) 
has been established t hrough the action of co-activator complexes, such as the 
acetyhransferase SAGA and Mediator. a ONA helicase within TFIIH (XPB in humans and 
Rad2S in yeast) unwinds ONA at the promoter to introduce a singles-stranded template 
into the active site of RNA polymerase 11 (Pot II). Another subunit of TFIIH, Kin28 in yeast 
(CDK7 in humans), phosphorylates serine 5 (S5) of the carboxy-terminal domain (CTD) 
of RNA polymerase II (Pol II), releasing Pol II from the promoter. Both phosphorylation of 
S5 and initiation of transcription. together with the PAF and BUR complexe5 that are 
important for this phase of transcriptionm. are required for Rad6--6rel catalysed 
monoubiquitylation of H28 in yeast and humansn 1

•. Recent work has shown tha1 the 
human RA06-BRE1 pair requires PAF-mediated transcription in vitro ror c rfective H2B 
ubiqultylation activity''. Phosphorylation of Rad6 by the BUR complex might also dlrecoly 
stimulate its ubiquitin conjugase activity. c I During promoter clearance by Pol II, the 
general transcription factors separate from polymerase, which then transcribes a shon 
region into the gene. During or preceding this stage of transcription, H2B ubiqultylation 
recruits the Cps3S subunit of the COMPASS complex. which Is required for the 
methyltransferase Seti to di-and trimethytate histone HJ lysine 4 (HJK4me2/me3) 
!REFS ·19.1 I 6~ d I An additional phosphorylation at S2 of the CTO of Pol II by yeast Ctkl 
then occurs and is important for effident transition of Pol II into the elongation stage of 
transcription. Deubiqultylation of H2B mediated by the Ubp8 subunit of yeast SAGA Is 
important at some genes for Ctk1 activity" and for optlmal levels of transcriptional 
act Nation'°"'· TSS. transcription start site: Ub. ubiquitin. 
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recruitment of lhe serine 2 CI'O kinase Ctkl . in th 
absence of Ubp8, C1kl is not recruited to elongali,,' 
Pol 11, and the subsequent recruitment of the l-13KJ: 
methyltransferasc Set2 is inhibited": Phosphorylation 
of Pol II S2 byCtkl (P-T EFb/CDK9 m D. melm1ogt1ste 
and human s) is a crit ical rate- limit ing step in relca/ 

ing paused Pol TI into productive elongation at cer­
tain inducible genes in higher eukaryotes and thi.~ is 
discussed below. 

Release of paused Pol II. The activator-dependent 
model of gene activation assumes that PIC formation 
is sufficient to activate gene expression. This assump­
tion was historically supported by evidence showing 
that pre-formation of a PTC on a DNA template before 
chromatin assembly facilitates transcription initiation 
in vitro"-"· Furthermore, many well-studied inducible 
genes such as the yeast Gal genes behave as the activator­
dependent recruitment model would predict. However 
in other examples of inducible gene expression such a~ 
the heat-shock genes in D. mtlauogaster neither PIC 
formation nor nucleosome los.lli is sufficient ro acth,ate 
tran~cription. Additional factors are required to release 
Pol II from the PIC into productive transcription elon­
gation (reviewed in REF. 85). Therefore, the rate-limiting 
step during the transcription cycle can differ between 
various inducible genes. 

Heat-s/rock regulation by release of paused Pol Il. Early 
studies of the D. mclanogaster Hsp70 genes showed that, 
befort heat-shock induction, Pol IT is already associated 
with the promoter and has transcribed 20-40 bases 
downstream of the transcription start site at which 
it remains in an arrested state•• (FIG 3Ba). How is this 
paused polymerase released into productive tr.inscrip­
tion elongation? For Hsp70, release requires recruitment 
and activation of the- specific tram,.criptional activa­
tor heat-shock factor (HSF). HSF recruitment alone, 
however. is not sufficient to activate transcription611

, 

Instead, HSF is required for recruitment of a second 
fac tor, P-TEFb, a hcterodimer composed of CDK9 
and cyclin T" (FIG 3Bb). p. TEl'b recruitment 1111s been 
found to be the crucial step for release because P-TEFb 
that is artificially tethered to the/ lsJ170 promoter is suf­
ficient to activate transcription in Lhe absence of heal 

shock" . Evidence suggests thal in addition to phospho­
rylal ing S2 of the Pol IT CTD, P-TEPb phosphorylates 
negative elongation factor (NELF), and SPT5 in ORB 
sensitivity-inducing factor (DSIF). Phosphorylation 
relieves the inhibitory effects of these factors on the 
polymerase, therefore releasing Pol 11 into produc1tve 
transcription elongation°·116• 

Poll/ pt111sl11g is n key regulatory step for 11rrury gerres. 
Recent studies suggest that regulation o( prnmoter­
proximal pausing may be a widespread phenomenon. 
Chromatin immunoprecipitation studies ha\l'e sho,\'11 

that many developmental control and environmental 
response genes in D. melanogaster have pause<l Pol !1 

at their promoters before activation 1
•
1

• Si111ihirly, ~~ 
had previously been found that approxima1cly zo 
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Figure SI The Hogl MAPK induces osmostress gene exptesslon through different 
mechanisms. a f Osmotic stress in yeast induces a mitogen-actfvated protein 
kinase (MAPK) cascade in which the MAPKKK, S,k2, Ssk2Z and Ste! 1 converge to 
phosphorylate and activate the MAPKK Pbs2. Phosphorylated Pbs2 activates the high 
osmotarity glycerol response 1 (Hog!) MAPK, which then translocates to the nucleus to 
l!lctivate osmotic stress-respoose gene exJ)(ession. b I Hogl is recruited to the promoters 
of osmostres.s-response genes ~uch as STU by interactions with its substrate, the 
trnnscriptiona{ activator h;gh-osmolarity-lnduced transcription l (Hotl) (REF 9.'i], Hogl 
functions as a transcriptional activator at STU. interacting directly with Mediator and 
components of the general transcription machinery. Hogl also recruits the RSC 
nucleosome-remodelling complex to the coding region of STU, at which it assists 
the passage of RNA polymerase II (Pol II) during transcription elongation. c I Hogl 
phosphorytates transcripticmalactivators such a, Smp1 (REE 91 ), and this phosphorylation 
is important for retentloo of Smp 1 in t he nucleus. Phosphorylated Smp 1 then recruits 
additional co-activators and the general transcription rnachinery to genes. including 
CWPJ and also STU, to initiate Pol II-dependent t ranscription. P, pliosphorylation. 

of actively transcribing genes in D. melanogaster cell 
culture nuclei have a paused polymerase, wh ich can be 
released by sarkosyl or high salt conditions in nuclear 
run-on assay~"''· Furthermore. these observations are 
not restricted to JJ. melanogaster, as Pol Il and marks of 
active transcription such as trimethylated H3K4 are also 
observed at the promoters of genes that are not being 
actively transcribed in human embryonic stem cells•-4 

and in differentiated ceUsM. 
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Why would Pol II be present at the promoters of 
genes lhat are not being actively t ranscribed? It has heen 
speculated that regulated release of paused polymera.<e 
might facilitate a faster response to develnpmental sig­
nals than activator-dependent recruitment alone, aUow­
lng rapid changes in developmental gene eJcprcssion 
during cmbryogentsis1

• There is also strong evidence 
supporting a role for polymerase pausing in synchro­
nous gene activation: the coordinate expression of gene.~ 
in many cells in a given th.sue. Genes that are activated 
in a synchronous rather than stochastic pattern during 
D. melanogastcr embryogcncsis tend to have paused 
Pol JI present at their promoters before activation~8• 

Synchronous activation of inducible gene expression 
across different ceUs in higher eukaryotes ensures that 
morphogenetic. changes in an organism such as cell 
division and migration occur in a coordinated fashion. 
Other studies suggest that pausing may allow time for 
the mRNA processing machinery 10 correctly assem­
ble and cap nascent RNAs11

, Whatever the reasons, the 
mechanisms involved in the regulation of pausing seem 
lo be more widely used than one might expect given 
the specialized nature of heat-shock gene expression. 
Genome-wide studies in D. melanogaster indicate that 
NELF associates with more than 2000 genes, suggesting 
that its role in regulating promoter-proximal pausing is 
not confined to stress-regulated gene,; such as the heat• 
shock loci". Furthermore, a recent study has shown that 
more than one- third of IJ, me/anogaster genes show a 
form of polymerase stalling that might be partly caused 
by the nucleotide composition and stability of the initial 
RNA-DNA hybrid"'. 

Signalling kinases and transcription 
Whether inducible gene expression is regulated at the 
level of activator-dependent recruitment or the rele;1se of 
paused polymerase, genes must be activated quickly and 
specificaUy in response to the appropriate eictracellular 
signal. Various mechani.c:ms are used to regulate the 
activity of transcriptional activators. Two txamples have 
already been discussed In this Review: release ofGal80 
repressor binding to Gal4 and heat-shock-dependent 
trimerization ofHSF. The post-translational modifica­
tion of transcript ional activators is another example of 
a mechanism used to induce gene expression. In signal 
tran<duction cascades such as the MAPK system, tiers 
of protein k inases phosphorylate kinase., that are further 
downstream. The>e phosphorylation cascades re,;ult in 
the phosphorylation of target transcriptional activa­
tors and the subsequent induction of gene expression. 
Several recent studies suggest that. surprisingly, compo­
nents of these MAPK signal transduction cascades may 
have additional roles in regulating transcription through 
direct interactions with co-activators and the general 
transcription machinery. 

Hogl -mediated response to osmostress. The S. cerevisiae 
stress-activated kinase high osmolarityglycerol response 1 
(Hogl) responds to increases in extracellular o,mo· 
la rity and is required to activate the expression of sev­
eral genes that are needed to respond to this stress7

• 
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In response to osmotic s tress, two different signalling 
pathways converge to phosphorylate and activate the 
MAPK Pbs2, which then phosphorylates Hogl 1REF 7J 

(flG. Sa(. Hog I phosphorylation induces its nuclear 
localization, allowing it 10 intcr,ct with and phospho­
rylate several lronscriptional activators, including high 
osmolori1y-induced lranscriplion I (Holl) !FIG ~bl 
and Smp I (FIG ';c\. Hog I -dependent phosphorylation 
ofSmp I is required for stress-induced gene cxpressio11"·•2 

bul Hog I-mediated phosphorylallon of li<>ll is no1". 
Instead, Hog I is recruited to Holl-regulated promoters 
through the interaction of the kinase with its substrate, 
Holl (Rff. ~41. Furthermore, although the kinase activ­
ity of Hog I is required for binding to chromatin and 
transcriptional ac1ivation' 4

, Hog I-dependent phospho­
rylation of Hot I is nor•. These findings suggest that the 
kinase acti\lily of Hogl may recruit it, through interac­
tions with transcriptional activators such as Hot I, to the 
promoters of strcss-respo11se genes. at which it might 
then play addilional parts in transcriptional aclivation. 

Intriguingly; tethering of a Hogl- 1..exA fusion protein 
to a stress-responsive promoter i.s suffkicnt to activate 
gene expression after strcss11

J. Moreover. recombinanl 
Hog! physically associates with subunilsof Pol 11, TFII Ii 
and Mediator independently oftranscriplional activators 
such as Hott (REF 93). These findings suggest that Hog! 
recruits Mediator and the geucral transcription machin­
ery to stress-responsive promoters during osmotic stress, 
and is required for PLC forma.tion~3

• This unexpected 
role for a signalling k inase in activator-dependent 
recruitment is not restricted to this example from yeast. 
ln humans, progesterone induces recruitment of both 
the MAPK ERKI and its target MSKI lo target genes". 
Similar lo the Hogl-Hotl example, ERK! recruitment 
to FOS serum responbc element-containing genes 
requires the transcriptional activator El.Kl (R[ r. 96). 
Furthermore, an example from a recent study in human 
cells that involves gene repression rather than activation 
showed that the protein kina,e ERK2 (also known as 
MAPK.-1 ) phosphoryla1es transcription factors, exhib­
its sc<1uencc•specific DNA binding and represses the 
expression of interferon y-responsive genes independ­
ently of its kinase activity". In addition to Hog! , many 
other kinases in yeast localize to chromatin1 suggesting 
that the presence of signalling kinases at the promoters 
of target genes might be a widespread mechanism used 
by signal lrnnsduction pathways. 

ln1ercs1ingly, lhc role of these MAPKs mighl not be 
limlled to PIC formation. Hog I also interacts with the 
elongating form of Pol 11 and is found on the coding 
regions of osmostrcss-re~ponse genes following osmotic 
shock"·'"· Recent work suggests that Hog) , ecruils the 
RSC nucleosome-remodclling complex to the coding 
regions of osmostress-response ~enes and this facili­
tates efficient transcription by Pol 11101

• This suggest.s 
that signalling kinases might have additional roles in 
the rcgula1ion of transcription clongntion, confirm­
ing their function as integral components of the tran­
scription cycle. Recent work suggests that the presence 
of the MAPKs at the promoters of their target genes 
might faciBtate a rapid switch between activation and 

414fTUNR 2ofofvot,UM l1 11 

repression in respoI1se to stimuli. ln human pancreatic 
~-cells, ERK! and 2, p38, JNK and their upoire-dm effec. 
tor kinase RSK bind together lo the same region of the 
~,sulin promoter in the presence of the proinflammatory 
cytokine interleukin- I~ ( IL-I~)'°'. 'lbese kinase, pro. 
mote activation or repre~~ion in the presence ofIL-1~, 
depending on whether the cells are in fasting or hype,. 
glycacmic condillons. Therefore, the presence of signal­
ling kinases at the promoters of target genes, which act 
as integral components of the transcription machinery. 
allows rapid activation or repression of transcription •n 
respon~ lo extracellular signals. 

Conclusions 
Regulation of inducible gene expression can occur at 
multiple stages of the transcription cycle. At some gene, 
such a.s the Gal genes in yeast the key regulatory step 
occurs during activator-dependent recruitment of the 
transcription machinery. By contrast, Pol II ls already 
present on the promoters of other genes such as the heat­
shock genes in D. me/anogastcr. At these genes, lhe key 
regulatory step in inducing gene expression occurs at the 
release of Pol U into productive transcription elongation. 
Jn addition, we are beginning to Wlderstand that there is 
an overlapping relationship between signal trnn:;duction 
pathways and inducible gene expression, a~ components 
of some signal t ransduction pathways are obser ved to 
function as co-activators; for exampk, the Hogl kinase 
in the response to osmotic stress. 

Certain fundamental principles still hold true for 
aU inducible genes despite differences in the relative 
importance of each transcriplional stage to indudblc 
gene activation. First, inducible genes musl be specifi­
cally activated in response to stimuli. \,Vhether or not the 
rate-limiting step occurs at the level of paused polymer­
ase, PIC formation must occur as the initial step in tran­
scriptional aclivalioo to specify the appropria te c;tart si lc 
for 1rnnscriptio n1 as idcntined by scquencc-spedtic trnn­
scriptional act ivators and DNA-binding proteins in the 
transcriptional machinery. Following PIC formation and 
release of Pol II from the promoter, additional factors are 
required to facilitate the switch from an initiation mode 
of Pol II into transcription elongation. 

The widespread dependence of D. mefm,ogmter genes 
on NELP' and higher than expected occurrc11cc of 
s1alled polymerase molecules in D. melauognster• i,ug· 
gcsl that regulation al the level of polymerase pausing 
might be a general feature of ind ucible gene expressio1_1• 
Even al the Gal genes, which seem 10 be regulated pri­
marily at the level of activator-dependent recruitment, 
processes importa.111 for rc:lease of paused poly1ntrase 
are regulated. For example, deubiquitylalion ofH2B by 
SAGA is required for th e yeast equivalent of P-TEfb 
Clkl 10 phosphorylate S2 of1he Pol II c rO''. Perhaps iile 
011ly differences in le.ems of regulation between t..he 1 ~"

0 

classes of inducible genes typified by the Gal and heal· 
shock genes nre the relative kinetics and contribution °1 

the.~c two regulatory steps to gene activation. 1\1 the G.,I 
genes. SAGA is required for Clkl-mediated phosphor· 
ylation of the Pol U CTD and is directli• recruited by 

th
~ 

transcriptional activntor Gal4 during tbc firsl st~gcs 
0 

-- www.nature.corn /revlcws/gcnellCt 
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gene induction. 'lbercfore, no additional activat~rs are 
required for Ctkl recruitment and/or activity at Gal. By 
contrast, two differenl activators arc required for estab­
lishment of PIC formation and release of paused Pol IT 
at the heat-shock genes; GAF is sufficient for PIC for• 
mation whereas activated HSF is required for P-TEPb 
recruitment and release of paused Pol IL 

The relative use of these two regulatory mechanisms 
of inducible gene expression is not yet understood on a 
genome-wide scale. One kc:y question remaining in the 
fidd is how release ofpatLsed Pol II is activated at partic­
ular genes but not at others. Dot:s binding of additional 
transcriptional activators genes regulate the specificity 
of release of paused Pol I! at most genes? Or are regu­
lation of the recruitment and/or ac tivity of additional 
co-activators, such as SAGA and/or Mediator, involved? 
It remains lo be determined whether there is a role for 
as yet unidentified co-activators in the release of paused 
Pol I!. Furthermore, it is possible that components of 
signal transduction cascades such as MAPKs might play 
additional parts in regulating this release. 

A S<..umd major question is why I.he: rate-limiting step 
during gene activation differs among genes. One appeal­
ing hypothesis is that the release of pausing allows the 
same gene to he activated simultaneously aero~ many 
different cells in response to a signal", In contrast to the 
release of paused Pol 11, which is essentially dependent on 
a single factor (P-TErb), multiple processes must occur 
during activator-dependent recruitment before tran­
scription can be initiated. The1 cfore, if genes are to be 
expressed coordinately in response to developmental cues 

REVIEWS 

or .stress, regulating the release of paused Pol 11 provides 
a rapid mechanism by which this can be achieved in 
multiple ce11.s simultaneously. 

Owing to space constraint:,, we have not discussed 
events in transcription that occur follnwing the release of 
paused Pol II, including elongation, mRNA splicing and 
processing, termination and nuclear export. Many stud­
ies suggest that these events occur co-transcriptionally11, 

and therefore inducible gene expression is likely also to 
be regulated at these steps. forthcr studies examining 
both the kinetics of gene activation and the sequential 
localization of proteins to activated genes will help iden 
tify factors that have more subtle roles in gene activation. 
In addition, many of the co-activator complexes involved u, 

indu.cible gene expression have tissue-specific forms 
in ma1nmalian cells•0J. suggt,.-..ting that an additional Jevel 
of complexity is presenl in the regulation of inducible 
gene expression in mammaJs. 

The multiple layers of regulatory control that gov­
ern inducible gene expression provide• myriad of ways 
in which cells can control their responses lo clCternal 
stimuli. By regulat ing different stages during the t ran• 
scription cycle, cells can regulate both the speed and 
coordination of their response to particular signal~. 
Integrating the components of signal transduction cas­
cades directly with the core transcriptional machinery 
provides another mechanism to coordinate the activation 
of transcription. Together, these rcgulotory mechanisms 
provide organisms thal range from yeast to humans 
with the tools their cells need to respond effectively to a 
rapidly changing environment. 
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