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Photobleaching reveals complex effects of inhibitors on
transcribing RNA polymerase II in living cells
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RNA polymerase II transcribes most eukaryotic genes. Photobleaching studies have
revealed that living Chinese hamster ovary cells expressing the catalytic subunit of the
polymerase tagged with the green fluorescent protein contain a large rapidly exchanging
pool of enzyme, plus a smaller engaged fraction; genetic complementation shows this
tagged polymerase to be fully functional. We investigated how transcriptional inhibitors –
some of which are used therapeutically – affect the engaged fraction in living cells using
fluorescence loss in photobleaching; all were used at concentrations that have reversible
effects. Various kinase inhibitors (roscovitine, DRB, KM05283, alsterpaullone,
isoquinolinesulfonamide derivatives H-7, H-8, H-89, H-9), proteasomal inhibitors
(lactacystin, MG132), and an anti-tumour agent (cisplatin) all reduced the engaged
fraction; an intercalator (actinomycin D), two histone deacetylase inhibitors (trichostatin
A, sodium butyrate), and irradiation with ultra-violet light all increased it. The
polymerase proves to be both a sensitive sensor and effector of the response to these
inhibitors.

© 2007 Elsevier Inc. All rights reserved.
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Introduction

In order to study the dynamics of RNA polymerase II in living
cells, we developed a cell line expressing the largest (catalytic)
subunit, RPB1, tagged with the green fluorescent protein (GFP).
Our cell line, C23, is derived from tsTM4, a temperature-
sensitive mutant of the Chinese hamster ovary cell, CHO-K1.
The mutation in tsTM4, which grows at 34 °C but not at 39 °C,
has been mapped to RPB1 [1,2]. The gene encoding wild-type
human RPB1 was fused with another encoding GFP, and the
construct expressed in tsTM4; the resulting GFP-tagged poly-
merase (GFP-pol) complemented the defect at the restrictive
temperature (39 °C), and so enabled normal growth [3,4]. This

indicates the tagged polymerase is functional at 39 °C, as C23
cells depend on it for survival. However, C23 also contains the
original temperature-sensitive (endogenous) enzyme that is
used in conjunction with the GFP-pol at 34 °C, and to a lesser
extent at 39 °C. We have applied various photobleaching
techniques – including FRAP (fluorescent recovery after pho-
tobleaching) andFLIP (fluorescence loss in photobleaching) – to
analyze the kinetics of the tagged polymerases in this cell line
[5,6]; others have also analyzed kinetics using related con-
structs [[7–9]; reviewed by [10,11]]. All studies indicate there are
two major kinetic fractions of polymerase II, with ∼75% form-
ing a rapidly exchanging pool and ∼25% temporarily immobi-
lized on the template, presumably because it is engaged.
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The carboxy-terminal domain (CTD) of the largest catalytic
subunit of RNA polymerase II plays an important role in regu-
lating mRNA production [12]. In mammals, this CTD contains
52 repeats with the consensus sequence YSPTSPS, which is
reversibly phosphorylated in vivo at serines 2 and 5 (Ser2 and
Ser5). On transcriptional initiation, the cyclin-dependent
kinase (CDK)-7 subunit of TFIIH phosphorylates Ser5 [13],
so the CTD can activate factors that cap the 5′ end of the
nascent RNA [14]. Subsequently, the positive transcription
elongation factor, P-TEFb – which contains CDK9 and a
cyclin T subunit – phosphorylates Ser2; as a result, phospho-
Ser2 is widely used as a marker of productive elongation [15].
Phosphorylation of the CTD also activates splicing and
cleavage/polyadenylation [16,17], and splicing recruits P-
TEFb to the transcribing polymerase – and in turn this
promotes elongation [18]. Moreover, recognition of the
polyadenylation signal plays a central role in termination
of transcription, which may involve loss of CTD phosphor-
ylation [19]. Therefore, the CTD is cyclically phosphorylated
and dephosphorylated during transcription and the asso-
ciated processing of the transcript.

Not surprisingly, various steps during transcript produc-
tion can be inhibited by kinase inhibitors [20–23]. These
inhibitors include DRB (dichloro-1-β-D-ribofuranosylbenzimi-
dazole), KM05283 (8-(methylthio)-4,5-dihydrothieno[3,4-g]
[1,2]benzisoxazole-6-carboxamide), H-7 (1-(5-isoquinolinyl-
sulfonyl)-2-methylpiperazine, 2HCl), H-8 (N-[2-(methylamino)
ethyl]-5-isoquinolinesulfonamide HCl), H-9 (N-(2-amino-
ethyl)-5-isoquinolinesulfonamide, HCl), H-89 (N-[2-(p-bromo-
cinnamylamino)ethyl]-5-isoquinolinesulfonamide, 2HCl),
roscovitine (2-(R)-1-ethyl-2-hydroxyethylamino)-6-benzyla-
mino-9-isopropylpurine), and alsterpaullone (9-nitro-7,12-
dihydroindolo-[3,2-d][1]benzazepin-6(5H)-one). For example,
DRB, KM05283, H-7, and H-8 all affect Ser2 phosphorylation,
and inhibit 3′ end formation of transcripts from U2 snRNA
genes [15,24–27], while roscovitine inhibits phosphorylation
of the CTD and so RNA synthesis [28]. Microarray studies
also show that DRB rapidly reduces steady-state levels of
a wide range of transcripts, and that roscovitine also has
complex effects on gene expression profiles [29].

Therefore, we analyzed the effects of these inhibitors on the
kinetics of RNA polymerase in living cells.We also tested various
other inhibitors. Actinomycin D intercalates into DNA, and
arrests transcribing polymerase II [5]; studies using microarrays
show steady state levels of transcripts copied from most genes
fall rapidly [29,30]. The polymerase also arrests at the intrastrand
cross-links induced by cisplatin (cis-diammineplatinum(II)
dichloride [31,32]), and is then ubiquitinated and degraded [33];
microarrays again show that the effects are general without
changing the relative abundance of many mature transcripts
[34]. The role that ubiquitinylation and degradation plays in the
recovery from damage prompted us to analyze the effects of two
compounds – MG132 and lactacystin – that inhibit degradation
by the proteasome [35]. These inhibitors do not seem to affect
the polymerase directly, but they do prevent its UV-induced
ubiquitinylation and loss [36]; they also change the relative
abundance of few mature transcripts [37,38]. We also examined
two histone deacetylase (HDAC) inhibitors – trichostatin (TSA)
and sodium butyrate [39,40]; these induce histone hyperacetyla-
tion –which is a generalmarker for gene activity – although they

again have little affect on the relative abundance ofmostmature
transcripts [41,42].

Methods

Cells and drugs

C23 cells, a clonal derivative of tsTM4 cells expressing the
largest subunit of polymerase II (RPB1) tagged with GFP under
the control of the cytomegalovirus promoter [3], were grown at
39 °C in Ham’s F-12 medium (Invitrogen Ltd, Paisley, UK) plus
10% fetal calf serum.

The following drugs were used (all from Sigma-Aldrich,
Poole, Dorset, UK, unless stated otherwise): sodiumbutyrate at
5 mM, DRB (Merck Biosciences, Beeston, Notts, UK) and
KM05283 (Maybridge Trevillett, Tintagel, Cornwall, UK) at
100 μM, alsterpaullone (A.G. Scientific, San Diego, CA, USA)
and roscovitine (A.G. Scientific) and H-7 (Merck Biosciences)
and H-8 and H-89 and H-9 (Merck Biosciences) and TSA
(Biomol International, Exeter, UK) all at 50 μM, cisplatin at
25 μM, lactacystin at 20 μM, MG132 (Merck Biosciences) at
10 μM, and actinomycin D at 5 μg/ml.

FLIP

C23 cells expresses variable amounts of GFP-pol in the
cytoplasm, but more constant amounts in the nucleus; cells
expressing low cytoplasmic levels were selected for study to
minimize any contribution of nuclear import to fluorescent
recovery. [Such a contribution must be small, as repeated
photobleaching of a small nuclear region over several seconds
had little effect on cytoplasmic fluorescence.]

Cells were grown in glass-bottomed microwell dishes (Mat
Tek, Ashland, MA) for 40–48 h to 50% confluence and imaged at
39 °C on the microscope stage. FLIP experiments were per-
formed as described previously [5,43] using a Radiance 2000
confocal microscope (488 nm laser line; 25 mW argon laser at
6% power; 8× zoom, gain 31, scan speed 600 lines/s; detection
using LP500 filter and pinhole aperture 10; image size 256×256
pixels where 1 pixel=105 nm; BioRad Laboratories, Hemel
Hampstead, UK) fitted on a TE300 microscope (Nikon UK
Limited, Kingston-upon-Thames, Surrey, UK) and a 60× Pla-
nApo objective (numerical aperture 1.4). A field with two cells
was selected, imaged every∼0.43 s for 14 s, and the bottomhalf
of one nucleus bleached with 100% laser power as the field was
scanned every 0.43 s for another 130 s. The intensity of the
unbleached half of the bleached nucleus was measured and
normalized relative to the unbleached nucleus. Relative
intensities in the bleached areaweremeasured and normalized
using the average intensity before bleaching. On one day, 7–15
cells exposed to a drug for 1–2 h – plus an equivalent number of
untreated cells – were analyzed; such experiments were
repeated ≥3 times. Alternatively, medium was removed from
cells, the cells exposed to a UV-light (Sylvania germicidal tube;
dose rate of UV-C of 1 J/m2/s) and regrown in medium for 1 h,
and FLIP performed over the next hour. The significance of
differences seen between cell populations was determined
using GraphPad Prism4 software v4.03 (http://www.graphpad.
com) and the two-tailed Mann–Whitney test.
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Transcriptional activity determined using bromo-uridine

Transcription rates were determined using bromo-uridine
(BrU; [44]). Each experiment involved cells from 4 dishes, 2
treated without and 2 with a drug; each experiment was
repeated on ≥3 different days. Cells were grown±drug for 1 or
2 h (to assess the extent of the inhibition of transcription), or
for 2 h before cells were washed and regrown for 24 h in the
absence of the drug (to assess recovery from inhibition).
2.5 mM BrU (Sigma-Aldrich) was now added to the medium,
and cells grown for a further 15 min to allow engaged
polymerases to extend their transcripts; after fixation
(20 min; 4% paraformaldehyde in 250 mM HEPES; pH 8.0), the
resulting Br-RNA was indirectly immunolabelled with Cy3
using a primarymousemonoclonal anti-BrdU (1/50 dilution of
BMC-9318 antibody that also recognizes BrU; Roche Diagnos-
tics Ltd, Lewes, East Sussex, UK) followed by a secondary Cy3-
conjugated donkey anti-mouse IgG antibody (1:200 dilution;
Jackson Immunoresearch, West Grove, PA, USA). After coun-
terstaining DNA with Hoechst 33342 (100 ng/ml; Sigma-
Aldrich), images of duplicate sets of 4 fields of ∼50 cells from
one dish were collected using a CCD camera attached to a
Zeiss Axioplan 2e fluorescence microscope (63× objective;
numerical aperture 1.4). Images were analyzed automatically
using scripts written with ‘Definiens Developer’ software
(Munich, Germany). Information in images was segmented
and classified using intensity, contrast, and shape informa-
tion, to generate a hierarchical network of interlinked objects.
Nuclei were first defined using Hoechst fluorescence, before
background, cytoplasmic, and nucleolar objects were detected
using GFP fluorescence; the nucleoplasmic area was then
defined by subtracting nucleolar area from nuclear area.
Finally, the intensity of Cy3 fluorescence in the nucleoplasm
was measured, and Cy3 fluorescence in non-cellular back-
ground was subtracted.

Results

An example: H-7

Fig. 1 illustrates a typical FLIP experiment used to determine
the effect of H-7 on the kinetics of GFP-pol in living C23 cells.
H-7 inhibits various kinases including protein kinases A, C, II,
and casein kinase I; it also inhibits phosphorylation of Ser2 in
the CTD of RNA polymerase II, and the processing of the 3′
ends of some of its transcripts [25]. Cells were incubated with
the drug for 1 h, before FLIP experiments were carried out on
∼10 different cells (in the continued presence of the drug) over
the next hour. The drug concentration was chosen to be
sufficient to inhibit transcription significantly within 1–2 h,
but insufficient to prevent complete recovery of transcription
during subsequent growth in the absence of drug (below). For
each FLIP experiment, a field containing two nuclei was
selected and imaged (Fig. 1A), and then re-imaged every
0.43 s for 14 s to establish a baseline. As the next image was
collected (at t=0 s), laser power was increased as the laser
scanned through a rectangle containing the bottom half of the
lower (target) nucleus; this partially bleaches GFP-pol in the
target area. Unfortunately, the resulting power fluctuations

Fig. 1 – An example of a FLIP experiment, illustrated using
the kinase inhibitor, H-7. (A–D) C23 cells were incubated in
100 μMH-7 for 1–2 h (in this case, for 1.25 h), and an image of
a typical equatorial confocal section collected (at t=−14 s);
bright fluorescence marks the presence of GFP-pol. Similar
images were now collected every 0.43 s for 14 s to establish a
baseline. As the next image was collected (at t=0), laser
power was increased as the laser scanned the white
rectangle covering the lower part of the lower nucleus; this
partially bleaches GFP-pol in the target area. The combined
imaging/bleaching was now continued every ~0.43 s for a
further 140 s until most fluorescence disappeared from the
top half of the (bottom) target nucleus; typical images
obtained after 55 and 140 s are shown. The upper nucleus is
used to monitor the small amount of bleaching that occurs
during imaging. The signal to the left and right of the
bleached area is an artifact and does not affect
measurements in the top half of the nucleus. After 55 s,
fluorescence in the top half of the bottom (target) nucleus has
fallen substantially relative to that seen at −14 and 0 s, and
after 140 s it has fallen only a little further. Bar: 5 μm. (E)
Quantitative analysis. The average relative intensity (±SD)
seen in the top (unbleached) half of 26 target nuclei like the
one shown in A–D is given in red; results were collected from
3 different days. Similar results are given for untreated cells.
H-7 decreases relative intensities, and the scale of the
reduction (difference between blue arrows) is given by the
difference between values seen at 130 s (obtained by
averaging relative intensities between 120 and 140 s).
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and delayed recovery from saturation of the photomultiplier
degrade the image to the left and right of the rectangle (Fig.
1B). This combined imaging/bleaching was now repeated
every ∼0.43 s for another 140 s until most fluorescence
disappeared from the top half of the target nucleus (Figs. 1C,
D). The intensity in the unbleached half of the target nucleus
was then expressed relative to its original (unbleached)
intensity, and the value further corrected for the slight effects
of bleaching during imaging (using the small reduction in
fluorescence seen in the upper, unbleached, nucleus). Relative
intensities obtained at each time point with three ormore sets
of ∼10 cells measured on different days were then averaged,
and results are given by the red line in Fig. 1E. The relative
intensity remains constant until bleaching begins (at t=0); it
then declines rapidly at first, and then more slowly. The
decline seen with untreated cells is not so significant (Fig. 1E,
black line).

The curves in Fig. 1E are interpreted as follows. If all GFP-
pol diffused freely, bleaching the bottom half of the target
nucleus would progressively reduce the relative intensity in
the top half to zero because unbleached molecules could
diffuse into the rectangle and be bleached; this is the result
obtained with control cells expressing free GFP [5]. On the
other hand, if all GFP-pol were engaged and so unable to
diffuse, the relative intensity would remain at unity because
immobile molecules in the top half could never enter the
rectangle to be bleached; this is seen with fixed cells [5].
Results lie in between, and are consistentwith the existence of
two (or more) pools. The largest exchanges rapidly while the
smaller one is relatively immobile, representing a large free
population (which might contain a fraction that is transiently
bound to DNA) and a smaller engaged one; as engaged
polymerases terminate, they enter the larger rapidly exchan-
ging pool to be bleached and the relative intensity slowly
declines [5]. [Additional, smaller, pools may also exist [6].]
Comparison of the curves obtained with and without H-7
shows the drug increases the size of the rapidly exchanging
pool at the expense of the engaged fraction. We conclude that
H-7 inhibits one or more of the kinases required for initiation
and/or productive elongation, consistent with the results
obtained in vitro (above).

A rough estimate of the scale of the effect of H-7 is obtained
as follows. We assume that essentially all the rapidly
exchanging pool initially present is bleached by 130 s, with
the remaining intensity representing engaged enzyme; then,
the difference between the two blue arrows in Fig. 1E reflects
the extent to which the drug reduces the engaged fraction. In
this case, H-7 reduces the engaged GFP-pol to 40% of the
control (Table 1).

Kinase inhibitors

We next tested other kinase inhibitors. H-8, H-89, H-9, DRB,
alsterpaullone, roscovitine, and KM05283 all had roughly
similar effects as H-7 (Figs. 2A, B); they increased the rapidly
exchanging pool at the expense of the engaged fraction. The
results obtained with DRB confirm those found earlier [5,6]. As
we shall see, the extent of the reduction in the engaged
polymerase correlates roughly with the extent of transcrip-
tional inhibition (Table 1).

Actinomycin D and cisplatin

Actinomycin D intercalates into DNA, arrests transcribing
polymerase II, and increases the fraction of immobile poly-
merase [5] – unlike the kinase inhibitors; we confirmed this
here (Fig. 2C). In contrast, another drug that generates
covalently linked adduct and also arrests the polymerase in
vitro – cisplatin – reduces the engaged fraction (Fig. 2C). This is
consistent with release of the stalled polymerase from the
template (probably involving the transcription-coupled repair
pathway and proteolytic degradation), and/or a reduced

Table 1 – Effects of drugs on the fraction of engaged
polymerase II measured using FLIP and BrU incorporation

Drug FLIP BrU
incorporation

(%±SD)Relative
intensity at
130 s (±SD)

Engaged
GFP-pol

(%)

Exposure 1–2 h 1 h 2 h
Untreated 0.15±0.04 100 100 100
Kinase inhibitor
H-8 0.10±0.04 69 81±5 73±11
H-89 0.09±0.04 63 55±15 31±4
H-9 0.08±0.04 52 56±5 46±4
H-7 0.06±0.02 40 38±3 28±3
Roscovitine 0.06±0.04 38 27±1 25±5
DRB 0.04±0.03 27 37±2 24±2
KM05283 0.03±0.02 19 35±1 22±1a

Alsterpaullone 0.02±0.02 17 25±4 21±2
Intercalator
Actinomycin D 0.2±0.04 136 45±2 28±2a

Cross-linker
Cisplatin 0.08±0.04 52 85±12 49±7

Proteasome inhibitor
Lactacystin 0.11±0.04 75 81±15 79±10
MG132 0.1±0.03 67 64±11 58±5

HDAC inhibitor
TSA 0.16±0.07 111 68±10 65±3a

Sodium butyrate 0.16±0.04 107 96±15 74±4
UV light
5 J/m2 0.17±0.06b 179b 40±8 35±5a

10 J/m2 0.22±0.05b 230b 22±5 16±5a

20 J/m2 0.23±0.06b 241b 16±4 12±1a

Relative intensities at 130 s were determined from experiments like
those illustrated in Fig. 1E by linear interpolation of values between
120 and 140 s, and expressed as a percentage of untreated controls.
These percentages reflect the fraction of engaged GFP-pol. All
relative intensities (at 130 s) given by treated samples were
significantly different from untreated controls (pb0.005; values
determined using the two-tailed Mann–Whitney test), except for
TSA and sodium butyrate, which were marginally significant
(p=0.03). Nucleoplasmic signal intensities obtained after growth
in BrUwere determined from ≥3 independent experiments like that
illustrated in Fig. 4, and expressed as a percentage of those given by
untreated controls. After 2 h of growth in the presence of the drug
(or irradiation with UV light with the dose indicated) followed by
24 h in its absence, BrU incorporation recovered to N90% untreated
controls except for KM05283, actinomycin D, TSA, and UV doses of
5, 10, and 20 J/m2 (which recovered to 40±2%, 77±12%, 81±10%, 78±
6%, 56±15%, and 28±5%, respectively).
a Indicates such partial recovery.
b See legend to Fig. 3.
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transcriptional initiation (as a result of the activation of
various signalling pathways [45–48]).

Proteasome inhibitors

Two proteasome inhibitors – MG132 and lactacystin – have
little effect on the relative abundance of most mature tran-
scripts [37,38], and sowould be expected to have little effect on
polymerase kinetics. However, both reduce the fraction of
engaged polymerase (Fig. 2D).

Histone deacetylase inhibitors

Twohistone deacetylase (HDAC) inhibitors – trichostatin (TSA)
and sodium butyrate – are general activators of transcription,
although they also have little effect on the relative abundance
of most mature transcripts [41,42]. Consistent with their role
as activators, they slightly increase the engaged fraction (Figs.
2C, D), although the curves were not as significantly different
from the control as those of the other inhibitors (Table 1,
legend).

Ultra-violet light

Irradiation with ultra-violet light (UV-C) induces damage in
DNA that stalls RNA polymerase II like cisplatin; this also
triggers the transcription-coupled repair pathway and even-
tually proteolytic degradation of the polymerase [33,36,48,49].
In contrast to the effects seen with cisplatin, irradiation
increases the fraction of engaged GFP-pol in a dose-dependent
manner to a maximum (Fig. 3). [The dose of 10 J/m2 that gives
this maximum induces one (endonuclease-sensitive) lesion
every ∼10 kbp [50]; it also reduces transcription to 22% of
controls and transcription falls even further on continued
growth in the absence of the drug (Table 1).]

Effect on transcription

The extent of transcriptional inhibition by the various drugs
was determined by pulse labelling with BrU. Cells were grown
without and with a drug for 1 or 2 h – the minimum and
maximum exposure used for FLIP – and then for another
15 min in BrU; any RNAmade during this short BrU pulse then
becomes tagged with bromine, and was indirectly immunola-
belled with Cy3. RNA polymerase II is responsible for ∼65% of
all transcription in the cell, and ∼93% of all nucleoplasmic
transcription [51]; therefore, nucleoplasmic Cy3 fluorescence

Fig. 3 – GFP-pol kinetics (analyzed using FLIP as in Fig. 1) in
cells irradiated with different doses of UV-C. The laser used
during FLIP had a power slightly greater than that used in
Fig. 2 (it was newer), so the relative intensity given by
untreated controls falls more rapidly and further. 5 and
10 J/m2 progressively increase the fraction of engaged
GFP-pol, but 20 J/m2 gives no further effect. All curves were
significantly different from all others, except for those given
by 10 and 20 J/m2 (i.e., p<0.005; significance assessed using
relative intensities at 130 s, as in Table 1).

Fig. 2 – GFP-pol kinetics analyzed (using FLIP as in Fig. 1) in
cells (n≥25) exposed for 1–2 h±various drugs. Drug
concentrations: sodium butyrate at 5 mM; DRB and KM05283
at 100 μM; alsterpaullone, roscovitine, H-7, H-8, H-89, H-9,
and TSA all at 50μM, cisplatin at 25μM, lactacystin at 20μM,
MG132 at 10 μM, and actinomycin D at 5 μg/ml. SD values
(not shown) were generally in the range shown in Fig. 1B and
all curves given by the drugswere significantly different from
that of the untreated control (Table 1, legend). (A, B) Inhibitors
of various protein kinases. Treatment with all drugs gives
curves below that of the untreated control; this is consistent
with loss of GFP-pol from the template, and an increase in the
rapidly exchanging pool of the enzyme. Alster:
alsterpaullone. (C, D) Other inhibitors. Curves for untreated
controls are included in each case. Curves for actinomycin D
(actD), and two histone deacetylase inhibitors (TSA, sodium
butyrate) lie above that of the untreated control, indicating
the drugs increase the fraction of GFP-pol bound to the
template. In contrast, curves for the two proteasome
inhibitors (lactacystin, MG132), and cisplatin all lie below,
indicating they decrease the bound fraction.
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reflects polymerase II activity. Fig. 4 illustrates a typical ex-
periment. Growth in alsterpaullone (alster) for 1 and 2 h
reduces Cy3 signal to 25% and 21% of the controls (compare
Figs. 4A, B with Figs. 4D, E). If the treated cells are nowwashed
and regrown in the absence of the drug, the signal recovers to
the level found in controls (compare Fig. 4C with Fig. 4F). We
conclude that alsterpaullone reversibly inhibits RNA polymer-
ase II activity.

Results for the other drugs are illustrated in Table 1; all
inhibit transcription to some extent. This inhibition could
generally be reversed by continued growth in the absence of
drug; however, there was only partial recovery after treatment
with KM05283, actinomycin D, and TSA – and no recovery after
UV-irradiation (Table 1, legend). Clearly, the exposures used
are usually too small to irreversibly inhibit transcription.

Discussion

RNA polymerase II is the enzyme responsible for transcribing
most eukaryotic genes, and exhaustive studies have given us
detailed information on how it works in vitro; here, we assess
how various transcriptional inhibitors affect its dynamics

in vivo. We had previously established a stable cell line that
expresses the largest (catalytic) subunit of the polymerase
tagged with GFP, and had shown that this tagged polymerase
is fully functional as it is required to sustain life at 39 °C [2].
Photobleaching studies also showed that this line contains
two major populations of tagged polymerase – one large and
rapidly diffusing, and the second smaller and relatively
immobile; the former probably represents the inactive pool,
and the latter the active polymerases engaged on their
templates [5,6]. Inhibitors were used at concentrations suffi-
cient to suppress transcription significantly but reversibly
(Table 1), and they acted in two general ways: one class
decreased the engaged fraction, the other increased it (Figs. 2
and 3). As with all discussions of inhibitors, this one comes
with the caveat that the inhibitors may act in ways other than
the intended one.

Transcriptional initiation and elongation depend on CTD
phosphorylation (Introduction), so we would expect kinase
inhibitors to prevent the polymerase from engaging, and
therefore to increase the size of the rapidly exchanging pool;
this is the case (Figs. 2A, B). Indeed, inspection of Table 1
shows there is a good correlation between the degree of trans-
criptional inhibition and the fraction of engaged polymerase
(as assessed by FLIP). [In Table 1, kinase inhibitors are listed in
the order that reflects the percentage of engaged polymerase.]
For example, H-8 is the weakest transcriptional inhibitor (at
the concentration and exposure used here) and incubation in
the drug for 1 and 2 h reduces the incorporation of BrU to 81%
and 73% of that of untreated controls; levels of engaged poly-
merase are reduced to roughly the same extent (i.e., to 69%). At
the other extreme, the strongest inhibitor (alsterpaullone)
under our conditions reduces incorporation to 25% and 21%,
and leaves only 17% polymerase on the template. Each of
these different inhibitors inhibit different targets to different
degrees, but they all inhibit phosphorylation of Ser2 in the
CTD by P-TEFb (Introduction); therefore, P-TEFb may well be
the common target. Heat shock – another effective transcrip-
tional inhibitor – acts like these kinase inhibitors to reduce the
engaged fraction [6].

Agents that slow or stall elongating/terminating poly-
merases, or facilitate polymerase initiation,might be expected
to increase the engaged fraction. Actinomycin D, irradiation
with UV-C, and the HDAC inhibitors (TSA, butyrate) all seem to
act in this general way (Figs. 2C and 3), one by creating a
temporary obstacle (through intercalator binding), the second
a more permanent one (through the photo-generation of a
permanently linked adduct), and the third by making it easier
for the enzyme to load on to its nucleosome-covered template.
In contrast, cisplatin –which stalls the polymerase in vitro like
UV light – has the opposite effect; it reduces the engaged
fraction (Fig. 2C). This is consistent with stalling activating
transcription-coupled repair followed by the proteolytic
removal of the stalled enzyme from the template, and/or a
reduction in initiation [45–48,52]. As many of the adducts
generated by UV-irradiation and cisplatin are repaired by the
same pathway [31,32,53], why does one increase the fraction
of engaged polymerase while the other reduces it? We can
speculate the differences might arise from the different kinds
of damage the two induce, which signalling pathways are
activated, and how rapidly the resulting signals feed back to

Fig. 4 – The effects of alsterpaullone on transcription. Cells
were grown±50 μM alsterpaullone (alster) for 1 or 2 h, or for
2 h before cells were washed and regrown for 24 h in the
absence of the drug (2 h+24 h). 2.5mMBrUwas now added to
the medium, and cells grown for a further 15 min; after
fixation, the resulting Br-RNA was indirectly
immunolabelledwith Cy3, DNA counterstainedwith Hoechst
33342, and images of ~50 cells collected using a CCD camera.
Six typical fields illustrating Cy3 fluorescence (marking
newly made Br-RNA) are shown. Bar: 30 μm. (A–C) After
growth in the absence of drug, Cy3 fluorescence per cell
(which reflects the transcription rate) remains constant but
the total amount of fluorescence in the field increases (as cell
number increases). (D–F) After growth for 1 or 2 h in the drug,
nuclei are less intensely labelled as the drug inhibits
transcription, but Cy3 fluorescence recovers almost to levels
found in untreated controls after the 24-h chase. The
intensity of nucleoplasmic Cy3 signal (expressed as a
percentage of the untreated counterparts shown above) is
indicated.
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the polymerase. [Neither actinomycin D, UV-C, nor cisplatin
induced substantial degradation of GFP-pol, as treatment
induced only marginal falls in total signals of 15%, 10%, and
6%, respectively (data not shown). However, it remains pos-
sible that changes in the smaller bound fraction were masked
by the changes in the larger soluble pool.]

Two proteasome inhibitors – MG132 and lactacystin –
reduce the engaged fraction. Taken at face value, this is con-
sistent with efficient transcription normally depending on
continued proteolysis; we have no obvious explanation of why
this might be so. We know that stalled polymerases are
removed by the proteosome (above), so wemight expect these
two inhibitors to increase the engaged fraction. Wemight also
expect this effect to be substantial if significant numbers of
polymerases stall under normal circumstances, as is the case
in the fly [54]. As we find the opposite effect, it may be that
stalling generates a signal that slows engagement of new
polymerases, and/or enhances disengagement of active ones.
But as stated above, these inhibitorsmay have other, unexpec-
ted, effects – and the GFP tag may even play unexpected roles.
For example, it has recently been found that EGFP can inhibit
polyubiquitinylation [55]. In the face of such conflicting
results, and in the absence of more data, we prefer not to
speculate further.

Taken together, these results illustrate how complicated
the response to transcriptional inhibition is. They also rein-
force the emerging view that the transcription complex is both
an important sensor and effector at the heart of a complex
signalling network [48,52,53]. As a number of these inhibitors
are being used therapeutically, it is clearly important to
establish what effects they might have on this complex
circuitry.
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