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Fcp1 dephosphorylates the C-terminal domain of the largest subunit of RNA polymerase II (Pol II) to recycle it into a form that
can initiate a new round of transcription. Previously, we identified Drosophila Fcp1 as an important factor in optimal Hsp70
mRNA accumulation after heat shock. Here, we examine the role of Fcp1 in transcription of heat shock genes in vivo. We dem-
onstrate that Fcp1 localizes to active sites of transcription including the induced Hsp70 gene. The reduced Hsp70 mRNA accu-
mulation seen by RNA interference (RNAi) depletion of Fcp1 in S2 cells is a result of a loss of Pol II in the coding region of highly
transcribed heat shock-induced genes: Hsp70, Hsp26, and Hsp83. Moreover, Fcp1 depletion dramatically increases phosphoryla-
tion of the non-chromatin-bound Pol II. Reexpression of either wild-type or catalytically dead versions of Fcp1 demonstrates
that both the reduced Pol II levels on heat shock genes and the increased levels of phosphorylated free Pol II are dependent on
the catalytic activity of Fcp1. Our results indicate that Fcp1 is required to maintain the pool of initiation-competent unphosphor-
ylated Pol II, and this function is particularly important for the highly transcribed heat shock genes.

Proper temporal and spatial expression of RNA transcripts is
vital to the development and health of all organisms. At the

heart of eukaryotic transcription is RNA polymerase II (Pol II),
the enzyme that catalyzes the synthesis of RNA from a DNA tem-
plate for protein-coding genes. Transcription is a cyclic process
that can be divided into three distinct phases: initiation, elonga-
tion, and termination (41). During initiation, the Pol II complex
assembles around the DNA at promoters and catalyzes the synthe-
sis of the first phosphodiester bond in the gene’s RNA transcript.
Elongation involves the processive synthesis of the RNA tran-
script. Termination of the transcription cycle results in the release
of both the nascent transcript and Pol II from the DNA template,
and terminated Pol II can then be recycled for subsequent rounds
of transcription.

The C-terminal domain (CTD) of the largest subunit of Pol II
contains a series of heptad repeats (YSPTSPS) that are differen-
tially modified during distinct phases of the transcription cycle.
CTD residues are targets of various modifications, including
methylation, phosphorylation, glycosylation, and proline isomer-
ization (13). The best-studied of these CTD modifications is phos-
phorylation. In particular, phosphorylation on serine 5, serine 7,
and serine 2 of the CTD repeats is readily apparent during Pol II’s
progression though the transcription cycle (8, 13, 39). Phosphor-
ylation of serine 5 occurs early in the cycle, between initiation and
elongation, and is predominantly catalyzed by the Cdk7 kinase
associated with the general transcription factor (GTF) TFIIH (1,
46). Serine 7 is also phosphorylated early in the transcription cycle
by Cdk7, but phosphorylation of this residue further increases
toward the 3= end of genes (8), mediated by the kinase Cdk9 (1,
44). Serine 2 phosphorylation occurs at the transition into pro-
ductive elongation and can be catalyzed by two kinases: Cdk9 of
P-TEFb and Cdk12 (BUR1 and CTDK-I, respectively, in Saccha-
romyces cerevisiae) (4, 32).

As a result of these modifications, the unphosphorylated Pol II
(Pol IIa) that initiates transcription is radically transformed to the
hyperphosphorylated Pol II (Pol IIo) that transcribes through the
gene body during productive elongation (26, 39). Importantly,

these marks serve as a platform for the recruitment of factors with
functions relevant to particular stages in the transcription cycle
(13). For example, early in the transcription cycle, the serine
5-phosphorylated CTD is bound by the mRNA capping enzymes
(14, 15), and during elongation, the serine 2-phosphorylated CTD
is bound by several factors, including elongation factors (30),
RNA processing factors (35), and termination factors (27, 33).
Thus, the phosphorylated CTD serves as a scaffold for the timely
recruitment of factors during the transcription cycle to ensure
proper mRNA biogenesis.

Since unphosphorylated Pol II forms the preinitiation com-
plex, dephosphorylation of the CTD is critical for the recycling of
terminated Pol II into a form that can initiate transcription (11).
The mechanistic details of how termination interfaces with Pol II
dephosphorylation are unknown (5), but the conversion of Pol IIo
back to Pol IIa is catalyzed by CTD phosphatases. These phospha-
tases target different phosphorylated residues of the CTD repeat
(34). The CTD phosphatases Rtr1, SCP1, and Ssu72 all target ser-
ine 5 phosphorylation, and abrogation of Ssu72 leads to defects in
transcription in yeast (25, 36, 40, 47). Fcp1 is an essential CTD
phosphatase in yeast and Drosophila, and although there is de-
tailed information about how it binds Pol II (7, 20, 22, 43), the
target of Fcp1 is less clear. In vitro assays have implicated both
serine 2 and serine 5 as possible targets (18, 28), and serine 2 has
been shown to be the in vivo target in yeast (10).

Several studies have indicated that Fcp1 has a direct role in
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transcription. Both in vitro biochemical studies and in vivo studies
in yeast have shown that Fcp1 dephosphorylation increases tran-
scription (10, 11, 23), and expression of Drosophila Fcp1 affected
luciferase expression from reporter genes (45). Moreover, a role
for Fcp1 in metazoan gene transcription in vivo is supported by a
study showing FLAG-tagged Fcp1 colocalizes with bulk Rpb1 on
Drosophila polytene chromosomes (45), and an RNA interference
(RNAi) screen identified Drosophila Fcp1 as an important factor
in optimal Hsp70 mRNA accumulation after heat shock (HS) (2).
However, another study could not observe localization of the
FLAG-tagged Fcp1 on the induced Hsp70 gene by chromatin im-
munoprecipitation (ChIP) (45). To reconcile and extend these
studies, we examine the role of Fcp1 in Hsp70 gene regulation in
vivo. Using immunostaining and ChIP, we show that Fcp1 colo-
calizes with phosphorylated Pol II at active sites of transcription,
including the induced Hsp70 gene, in Drosophila polytene chro-
mosomes and S2 cell culture. Moreover, RNAi depletion of Fcp1
in S2 cells (Fcp1-RNAi cells) results in the loss of Pol II in the
coding region of heat shock-induced Hsp70. Intriguingly, this loss
of Pol II signal correlates with a dramatic increase in phosphory-
lation of the non-chromatin-bound Pol II, and both of these ef-
fects are dependent on the catalytic activity of Fcp1. These findings
indicate that the decrease in Pol II levels at Hsp70 in Fcp1-depleted
cells are a consequence of free phosphorylated Pol II that cannot
be recycled for additional rounds of transcription.

MATERIALS AND METHODS
Polytene immunostaining. Immunofluorescence of proteins on fixed
polytene chromosomes was performed as described by Schwartz et al.
(42), utilizing 1:50 H14 antibody (Covance), 1:25 Fcp1 antibody, 1:25
Scp1 antibody, and 1:20 Ssu72 antibody.

Antibody generation. Fcp1 and SCP1 were amplified from the Dro-
sophila cDNA (Open Biosystems) and cloned into pET30a. The His-
tagged protein was expressed in Escherichia coli BL21 and purified using
Ni-nitrilotriacetic acid (NTA) magnetic agarose beads (Qiagen) accord-
ing to the manufacturer’s recommendation. The purified recombinant
protein was used as the antigen for the generation of rabbit antibodies,
according to published protocols (17).

Ssu72 was amplified from S2 cDNA and cloned into pET28a. The
His-tagged protein was expressed in E. coli BL21 and purified using Ni-
NTA-agarose (Qiagen), and the purified recombinant protein was sent to
Pocono Rabbit Farm and Laboratory for the generation of guinea pig
antibodies.

Generation of transgenic cell lines. The Fcp1 coding region was
cloned into the pDONR221 vector from S2 cDNA using the Gateway
system (Invitrogen). The catalytically dead D215N version was created
using QuikChange mutagenesis (Stratagene). The clones were transferred
to a Cu-inducible Drosophila expression vector with an N-terminal FLAG
tag based on the DEST48 vector (Invitrogen). The vectors were stably
transfected into S2 cells by cotransfection with pCoBlast vector (Invitro-
gen) using Effectene transfection reagent (Qiagen). The primers used are
listed in the supplemental material.

RNAi depletion. The template DNA was amplified from Drosophila
genomic DNA using the primers indicated in the supplemental material,
and 1 �g of template DNA was used per 25 �l of the T7 polymerase
reaction mixture (40 mM Tris-Cl, pH 8.0, 10 mM dithiothreitol [DTT], 2
mM spermidine-HCl, 20 mM MgCl2, 0.1 �l of T7 polymerase [lab
stock]). The reaction mixture was incubated at 37°C for 4 h, and then the
DNA was digested with DNase I. After extraction with phenol-chloro-
form, the RNAs were precipitated with 500 mM ammonium acetate
(NH4Ac) and 2 volumes of ethanol. The RNAs were resuspended in di-
ethyl pyrocarbonate (DEPC)-treated water, denatured at 80°C for 3 min,
and annealed on ice. Drosophila S2 cells were grown in M3-Bacto pep-

tone-yeast extract (BPYE) supplemented with 10% serum to a density
between 3 � 106 and 5 � 106 cells/ml. After cultures were split to 1 � 106

cells/ml in serum-free M3 medium (at least a 1:3 split), the desired volume
of cells was mixed with 10 �g/ml double-stranded RNA (dsRNA) and
incubated at 25°C for 45 min, and an equal volume of M3-BPYE medium
supplemented with 20% serum was added. After 5 days, the cells were
harvested for the experiments.

Chromatin immunoprecipitation. Drosophila S2 cells were grown in
M3-BPYE–10% serum to approximately 6 � 106 cells/ml. To prepare the
heat shock-induced chromatin, an equal volume of M3-BPYE medium
(no serum) at 48°C was added to the cells, and the culture was incubated
at 36.5°C for the desired time. Then, the same volume of M3-BPYE me-
dium (no serum) at 4°C was added to bring the cells to room temperature,
and formaldehyde was immediately added to a 1% final concentration.
After samples were mixed for 2 min at room temperature, the cross-
linking was quenched with the addition of glycine to a 125 mM final
concentration. After samples were mixed for 2 min room temperature, the
cells were cooled on ice for 2 min and centrifuged for 5 min at 4°C. After
the medium was thoroughly removed, the cells were resuspended to 1 �
108 cells/ml in sonication buffer (20 mM Tris-Cl, pH 8.0, 2 mM EDTA, 0.5
mM EGTA, 0.5% SDS, 0.5 mM phenylmethylsulfonyl fluoride [PMSF],
protease inhibitor cocktail [Roche]). The cells were sonicated 12 times for
20 s each time with a 1-min rest in between at 4°C using a Bioruptor
sonicator (Diagenode) on the highest setting. The sonicated material was
centrifuged at 20,000 � g for 10 min at 4°C, and the supernatant was saved
for the immunoprecipitation (IP). The non-heat shock (NHS)-induced
chromatin was prepared in the same manner, except that 2 volumes of
room temperature M3-BPYE medium (no serum) were added to the cells
before cross-linking with formaldehyde. For each IP, 25 �l of material was
mixed with 1 ml of IP buffer (20 mM Tris-Cl, pH 8.0, 150 mM NaCl, 2
mM EDTA, 10% glycerol, 0.5% Triton X-100) and 30 �l of 50% protein
A-agarose (EMD Millipore) at 4°C for 1 to 2 h. The cleared material was
mixed with the antiserum at 4°C overnight; proteins were immunopre-
cipitated with 4 �l of rabbit anti-Rpb3 antiserum (Lis laboratory stock), 2
�l of rabbit anti-heat shock transcription factor (anti-HSF) antiserum
(Lis laboratory stock), 10 �l of rabbit anti-Fcp1 (Reinberg lab stock), 10 �l
of mouse monoclonal IgM H5 antibody (Covance) for phosphorylated
serine 2 CTD, and 10 �l of mouse monoclonal IgM H14 antibody (Cova-
nce) for phosphorylated serine 5 CTD. Rabbit anti-mouse IgM antibody
(20 �l) was added to the mouse monoclonal IP mixtures (to allow pull-
down with protein A-agarose). Each IP mixture was incubated with 60 �l
of protein A-agarose for 2 h at 4°C and washed once with low-salt buffer
(20 mM Tris-Cl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1%
Triton X-100), three times with high-salt buffer (20 mM Tris-Cl, pH 8.0,
500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), once with LiCl
buffer (10 mM Tris-Cl, pH 8.0, 250 mM LiCl, 1 mM EDTA, 1% NP-40,
1% sodium deoxycholate), and twice with Tris-EDTA (TE) buffer, pH 8.0.
The bound protein/DNA was eluted twice with 250 �l of elution buffer
(1% SDS, 100 mM NaHCO3). The cross-links were reversed by the addi-
tion of 20�l of 5 M NaCl and incubation at 65°C for 4 h. After extraction
with phenol-chloroform, the immunoprecipitated DNA was precipitated
and resuspended in double-distilled H2O (ddH2O), and each immuno-
precipitated DNA was quantified using a Roche LightCycler 480 along
with a standard curve of 10%, 1%, 0.1%, and 0.01% of input DNA (the
standard curve was used to determine the amount of DNA immunopre-
cipitated). The primers used are listed in the supplemental material.

RT-qPCR. After heat shock treatment, cells were pelleted, and RNA
was isolated using an Omega E.Z.N.A. Total RNA kit I (R6834) and quan-
tified using a NanoDrop 1000 spectrophotometer. Duplicate reverse tran-
scription (RT) reactions were performed with 200 ng of total RNA and an
oligo(dT) primer using Superscript III reverse transcriptase (18080; Invit-
rogen). Upon completion, the reaction mixtures were diluted 10-fold
with 10 mM Tris-Cl (pH 8.0), and 2 �l was used in 10-�l quantitative
PCRs (qPCRs) using the following primer sets (the number indicates the
midpoint of the primer set relative to the TSS): Hsp70Ab�2211 primer
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set, Hsp26�624 primer set, Hsp83�3686 primer set, and RpL32�563
primer set (for primer sets, see the supplemental material). The qPCR was
run on a Roche LightCycler 480, and the level of each mRNA was calcu-
lated relative to that of RpL32 using the 2��CT method (where CT is
threshold cycle).

Cellular fractionation. The protocol for fractionation of proteins
(free versus chromatin bound) was adapted from Aygun et al. (3). Briefly,
cells were centrifuged at 1,000 rpm for 5 min at 4°C and resuspended in
nucleus lysis buffer (20 mM Tris-Cl, pH 7.5, 3 mM EDTA, 10% glycerol,
150 mM potassium acetate [KAc], 1.5 mM MgCl2, 1 mM DTT, 0.1%
NP-40, 1 mM PMSF, and protease inhibitors [Roche]) to 1 � 108 cells/ml.
The cells were immediately homogenized with 60 strokes in a 2-ml Teflon
Dounce homogenizer and centrifuged at 15,000 � g for 5 min at 4°C; the
supernatant (free fraction) was transferred to a new tube, and the pellet
was resuspended in nucleus lysis buffer to the equivalent of 1 � 108

cells/ml (chromatin fraction).
Microarray data accession number. Genomic data described in this

work have been deposited in the Gene Expression Omnibus (GEO) data-
base under accession no. GSE38748.

RESULTS
Fcp1 localizes to sites of active transcription. To investigate the
role of Fcp1 in transcription, we generated an antibody to the
previously identified Drosophila Fcp1 homolog, CG12252 (45).
Immunoblotting using the antibody detected one major band at
the predicted size of 97 kDa (see Fig. 2A). Additionally, this pro-
tein is depleted in Fcp1-RNAi cells, demonstrating that the anti-
body recognizes Fcp1 (see Fig. 2A). In order to assess the global
distribution of Fcp1 at gene loci in vivo, Drosophila polytene chro-
mosomes were immunostained for Fcp1 and phosphorylated Pol
II (H14 monoclonal antibody). Fcp1 colocalized with phosphor-
ylated Pol II at many interband loci, including developmental
puffs at 2B, 23E, 74E, and 75B (Fig. 1A), although not always with
the same intensity. This agrees with previous results indicating
that Fcp1 localizes to most sites of active transcription (45).

Our previous work found that Fcp1 depletion decreases Hsp70
transcript levels by �50% compared to RNAi control cells treated
with �-galactosidase dsRNA (LacZ-RNAi cells) (2). To further
study the role of Fcp1 in HS gene regulation, Fcp1 and phosphor-
ylated Pol II localization was examined on polytene chromosomes
derived from salivary glands heat shocked at 37°C for various
times. The fixed polytene chromosomes show that Fcp1 was re-
cruited to the endogenous Hsp70 genes at the 87A and 87C loci
after heat shock, as well as to a transgenic Hsp70 gene inserted at
the 87E locus (arrows in Fig. 1B). Fcp1 immunostaining can be
observed after 2 and 10 min of heat shock, albeit with reduced
signal at 10 min (Fig. 1B). The weaker Fcp1 signal at 10 min of HS
is likely due to decondensation of the loci as 60 min of recovery
after heat shock results in the return of a strong immunofluores-
cence signal (see Fig. S1 in the supplemental material). A similar
pattern of recruitment was observed for green fluorescent protein
(GFP)-Fcp1 in living cells (see Fig. S2 in the supplemental mate-
rial). Interestingly, despite the fact that our previous work showed
that RNAi depletion of SCP1 and Ssu72 results in a modest effect
on Hsp70 gene expression (2), both factors are also recruited to
active Hsp70 loci (see Fig. S3 in the supplemental material). Taken
together, these immunostaining and live-cell imaging experi-
ments indicate that Fcp1 localizes to transcribing Hsp70 loci.

In order to assess the distribution of Fcp1 at higher resolution,
we performed ChIP for Fcp1 at the uninduced and induced Hsp70
gene in Drosophila S2 cells. Under NHS conditions, Fcp1 is not
enriched on the Hsp70 gene in comparison to the signal in a back-

ground region 30 kb away from the Hsp70 gene. In contrast, at 10
min of HS, Fcp1 is enriched on the transcribed region of Hsp70
compared to either region downstream of the transcribing Pol II
(Fig. 1D, position 4080) or the background region (Fig. 1D). Fcp1
localizes evenly across the Hsp70 gene at 10 min of heat shock, and
the pattern of Fcp1 enrichment is similar to that of Pol II (Fig. 1C).
These findings suggest that Fcp1 associates with the elongating Pol
II complex, similar to results from Saccharomyces cerevisiae (10).

Fcp1 depletion affects transcription of Hsp70 during heat
shock. Previously, we showed that RNAi knockdown of Drosoph-
ila Fcp1 resulted in a 2-fold reduction in Hsp70 mRNA accumu-
lation after 20 min of heat shock (2). To further characterize this
effect, we performed a heat shock time course in control and Fcp1
knockdown cells and examined the level of mRNA from three heat
shock genes: Hsp70, Hsp26, and Hsp83. RNAi depletion of Fcp1
was performed using a dsRNA targeting the fifth exon of Fcp1 (see
region A in Fig. S4A in the supplemental material). RNAi knock-
down reduced Fcp1 protein levels by at least 90% as assayed by
Western blotting (Fig. 2A). In agreement with the previous work,
Fcp1 knockdown reduces Hsp70 mRNA levels 2- to 3-fold at heat
shock time points of 5 min or longer (Fig. 2B). Hsp26 mRNA
accumulation is similarly affected by Fcp1 knockdown (Fig. 2C),
and Hsp83 mRNA accumulation is reduced, but less so (Fig. 2D).

The localization of Fcp1 on Hsp70 during heat shock suggests
that these Fcp1 knockdown effects on Hsp70 mRNA levels may be
due to direct effects on transcription. To investigate this, we used
ChIP to assay Pol II localization at the active Hsp70 gene in control
and Fcp1-depleted cells. Compared to untreated or LacZ-RNAi
control cells, Fcp1 knockdown results in a reduction of Pol II
throughout the Hsp70 transcription unit at 10 min of heat shock
(Fig. 2E). The Pol II ChIP signal is slightly more reduced toward
the 3= end of the gene (from about 40% at 5= end to about 60% at
the 3= end). Additionally, ChIP for Fcp1 showed that the knock-
down reduced Fcp1 levels on the Hsp70 gene close to levels at the
background region (see Fig. S4D in the supplemental material).
Fcp1 knockdown also results in a reduction of Pol II levels on the
transcription unit of induced Hsp26 and Hsp83 (Fig. 2F and G).
Notably, the loss of Pol II signal is similar to the decrease in Hsp70
mRNA levels observed in Fcp1-RNAi cells (2). The comparable
decrease in Hsp70 mRNA accumulation and Pol II levels indicates
that Fcp1 knockdown affects transcription directly.

To ensure that the effects seen are a result of Fcp1 knockdown
and not due to depletion of an unintended target, we depleted
Fcp1 using a different dsRNA targeting a nonoverlapping region
of the gene (see region B in Fig. S4A in the supplemental material).
The new dsRNA showed comparable knockdown of Fcp1 (see Fig.
S4B, region A compared to B), and a similar reduction in Pol II
levels (see Fig. S4C). Given the highly unlikely overlap of any
possible unintended targets for these two dsRNAs, this indicates
that the effects seen are due to Fcp1 depletion.

We next investigated whether Fcp1 depletion also perturbs lev-
els of the promoter-proximally paused Pol II. To test this, we used
ChIP to examine the distribution of Pol II on Hsp70 in Fcp1-
depleted cells under non-heat shock (NHS) conditions. We did
not observe any effect of Fcp1 knockdown on the level of paused
Pol II at Hsp70 in uninduced cells (see Fig. S5A in the supplemen-
tal material).

Constitutively expressed genes are not detectably affected by
Fcp1 depletion. Given the effect of Fcp1 depletion on transcrip-
tion of Hsp70 during heat shock, we investigated whether Fcp1
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depletion also affects transcription of constitutively expressed
genes under NHS conditions. We performed ChIP for Pol II in
NHS control and Fcp1-RNAi cells. Surprisingly, we failed to see
significant changes in Pol II levels on any genes in Fcp1-depleted
cells, even at highly expressed genes (Hsp83 and Thor) or moder-
ately expressed genes (RpL32, �-1-tubulin, pnr, Hsp26, and
Hsp70) (see Fig. S5B to G in the supplemental material). To ex-
haustively investigate constitutively expressed genes, we also per-
formed global run-on sequencing (GRO-seq) in control LacZ-
RNAi and Fcp1-RNAi cells to comprehensively quantify the
transcriptionally engaged polymerases genome-wide. Compari-
son of biological replicates for the LacZ-RNAi control and Fcp1-

RNAi cells failed to identify any genes with significantly reduced
polymerase levels in Fcp1-depleted cells, and only seven genes
(T48, Appl, mfas, GlcAT-P, amon, corn, and Rgk1) had increased
polymerase levels (see Fig. S6). Moreover, it was also surprising to
find that under NHS conditions Fcp1 depletion did not influence
the expression of highly transcribed genes (according to GRO-seq
gene body read density). The observed effects on heat shock-in-
duced genes could be due to a requirement for Fcp1 under heat
shock conditions. To investigate this, we examined Pol II on the
constitutively expressed genes at 10 min of heat shock. Although
the levels of Pol II on these genes is lower due to a general shut-
down of transcription during heat shock, the Pol II levels are com-

FIG 1 Fcp1 localizes to transcriptionally active loci. (A and B) Drosophila spread polytene chromosomes immunostained with antibodies to Fcp1 (red) and
serine 5-phosphorylated Pol II CTD (H14 antibody, green). The DNA is stained with 4=,6=-diamidino-2-phenylindole (blue). Merge is an overly of Fcp1 and
serine 5-phosphorylated Pol II CTD. Panel A shows chromosomes from salivary glands under NHS conditions. In panel B, Hsp70 loci (87A and 87C [endoge-
nous] and a single Hsp70 transgene at 87E) are marked by arrows in salivary glands under NHS and HS conditions. (C) ChIP results showing the enrichment of
Pol II (Rpb3) at the Hsp70 gene in Drosophila S2 cells under NHS and HS conditions. (D) ChIP results of the Fcp1 enrichment on the Hsp70 gene in Drosophila
S2 cells under NHS and HS conditions. The x axis shows the midpoint of each PCR fragment along the Hsp70 gene, and the y axis shows the percentage of input
DNA immunoprecipitated (error bars indicate the standard error of the mean of at least four biological replicates).
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FIG 2 Fcp1 depletion by RNAi diminishes the levels of Pol II on Hsp genes. (A) Western blots of whole-cell extracts from control (�) and Fcp1-RNAi (�) cells
probed with antibodies for Fcp1 (1:1,000; lab stock) and TFIIS (1:3,000; lab stock loading control). The relative amount loaded is indicated (where 1 � 1 � 106

cells). (B to D) RT-qPCR results for heat shock time course in untreated, LacZ-RNAi, and Fcp1-RNAi cells. Total RNA was reverse transcribed with oligo(dT)
and amplified with primer sets to the Hsp70, Hsp26, and Hsp83 genes. (E to G) ChIP results for the Pol II subunit Rpb3 in untreated, LacZ-RNAi, and Fcp1-RNAi
S2 cells at 10 min of HS on the Hsp70, Hsp26, and Hsp83 genes. The legend indicates the midpoint of each PCR fragment. The y axis shows the percentage of input
DNA immunoprecipitated (error bars indicate standard error of the mean of at least three biological replicates).
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parable for control and Fcp1-depleted cells (see Fig. S7 in the
supplemental material). Thus, at this level of Fcp1 depletion, tran-
scription is impaired on only the extremely highly expressed heat
shock-induced genes.

Fcp1 depletion results in an increase in CTD phosphoryla-
tion of unengaged Pol II. Next, we used Western blotting to ex-
amine the CTD phosphorylation level in Fcp1-RNAi cells for ser-
ine 5 and serine 2 phosphorylation (using the 3E10 and 3E8
monoclonal antibodies, respectively). Surprisingly, there were no
dramatic changes in the overall levels of either epitope in whole-
cell extracts (Fig. 3A). Previous studies have shown that hypo-
phosphorylated Pol IIa initiates transcription (9, 21, 26, 31).
Therefore, we next investigated whether the level of terminated
non-chromatin-bound (free) unphosphorylated Pol II is reduced
when Fcp1 is depleted. To do this, we examined free and chroma-
tin-bound fractions of Pol II for changes in CTD phosphorylation
in Fcp1-RNAi-treated cells. The free (cytoplasmic and nucleoplas-
mic) proteins were separated from chromatin-bound proteins
with a modified version of a previously developed procedure (3).
Histone H3 is enriched on the chromatin fraction, and triose
phosphate isomerase (TPI) is enriched in the free fraction as ex-
pected (Fig. 3B). In addition, chromatin-bound Pol II in control
cells had high levels of both serine 5 and serine 2 phosphorylation,
and free Pol II had extremely low levels of phosphorylation (Fig.
3B, lanes 5 and 1, respectively). Although Fcp1 knockdown did
not dramatically change levels of chromatin-bound phosphory-
lated Pol II (Fig. 3B, lane 9 compared to lanes 6 and 8), knockdown
did increase the levels of free phosphorylated Pol II (Fig. 3B, lanes
3 and 4 compared to lanes 1 and 2). Similar levels of the Pol II
subunit, Rpb3, show that the increase in phosphorylated CTD was
not due to an increase in overall free Pol II in the Fcp1-RNAi cells
(Fig. 3B, lanes 1 through 3). Interestingly, both serine 5 and serine
2 phosphorylation increased, indicating that Fcp1 is important for
dephosphorylation of serine 2 and serine 5 in vivo (Fig. 3B). These
results indicate that changes in the phosphorylation of free Pol II
constitute a small fraction of the total phosphorylated Pol II in the
cell.

Although fractionation showed that the level of chromatin-
bound Pol II was unaffected under NHS conditions, we next in-
vestigated whether the Pol II reduction on the Hsp70 gene body in
Fcp1-depleted cells might be associated with abnormal Pol II
phosphorylation levels on the gene during heat shock. ChIP using
antibodies to serine 5- and serine 2-phosphorylated CTD (using
the H14 and H5 monoclonal antibodies, respectively) showed re-
duced levels of phosphorylated Pol II across Hsp70 at 10 min of
heat shock, comparable to the Pol II reduction. We also saw a
similar reduction in serine 5-phosphorylated CTD and serine
2-phosphorylated CTD using the 3E8 and 3E10 antibodies, re-
spectively (data not shown). Therefore, Pol II-normalized phos-
phorylation levels of both serine 5 and serine 2 showed no signif-
icant change in any region of Hsp70 (Fig. 3C and D). The relatively
uniform reduction of all forms of Pol II across Hsp70 in Fcp1
knockdown cells indicates that Pol II modifications during elon-
gation occurred normally and suggests that it is the Pol II initia-
tion rate that is affected in induced cells by Fcp1 knockdown
(Fig. 2B).

Transcription defects of Fcp1 depletion are dependent on
Fcp1 phosphatase activity. Previous work has shown that some
functions of yeast Fcp1 can occur independently of its catalytic
activity (11). Therefore, the effects seen in our various assays could

be due to the loss of the Fcp1 phosphatase activity or loss of the
protein itself, independent of its catalytic function. Fcp1 is the
founding member of the Fcp1 homology domain (FCPH) family
of phosphatases, which contain a highly conserved DXDX(T/V)
active site. Mutation of either aspartate residue abolishes Fcp1
phosphatase activity (19). To test if the effects we saw were depen-
dent on the phosphatase activity of Fcp1, we stably transfected a
copper-inducible FLAG-tagged transgene with either a wild-type
Fcp1 or a catalytically dead version (in which the second catalytic
aspartate was mutated to asparagine) into S2 cells. A dsRNA tar-
geting the Fcp1 3= untranslated region (UTR) (see Fig. S4A, region
C, in the supplemental material) was used to knock down endog-
enous Fcp1 to similar levels as the other dsRNAs (see Fig. S4B).
RNAi-resistant wild-type or mutant versions of Fcp1 were then
reexpressed by addition of CuSO4 to the cell culture medium (Fig.
4A to C). We examined Pol II distribution in untreated cultures
and in RNAi cultures with or without CuSO4. In all cell lines, 3=
UTR RNAi depletion reduced Pol II levels on heat shock-induced
Hsp70 to levels similar to those of other dsRNAs (Fig. 4D to F).
Reexpression of the wild-type Fcp1 partially restored the Fcp1
knockdown in Hsp70 Pol II after 10 min of HS to untreated levels
(Fig. 4E). In contrast, neither an empty vector control nor the
catalytically dead version restored Pol II levels (Fig. 4D and F).
Both Hsp26 and Hsp83 showed some rescue upon reexpression of
the wild-type Fcp1 but not the catalytically dead mutant (see Fig.
S8 in the supplemental material). Similar to the other dsRNAs, 3=
UTR RNAi depletion also increased the phosphorylated free Pol II
(Fig. 4G to I, middle lanes). Cells reexpressing the wild type had
levels of phosphorylated free Pol II similar to levels of untreated
cells (Fig. 4H, right lane), but, interestingly, cells reexpressing the
catalytically dead Fcp1 further increased the amount of phosphor-
ylated free Pol II above Fcp1 knockdown alone (Fig. 4I, right lane).
To determine if this additional increase in phosphorylation of free
Pol II has an effect on the transcription of constitutively expressed
genes under NHS conditions, we performed ChIP for Pol II under
NHS conditions in cells reexpressing the mutant Fcp1, but we did
not see any effect (see Fig. S9 in the supplemental material). The
rescue of Pol II levels on heat shock-induced genes by wild-type
Fcp1, but not the catalytic mutant, demonstrates that the effects of
Fcp1 knockdown are due to loss of the Fcp1 phosphatase activity.

Codepletion of Fcp1 and P-TEFb restores Pol II levels at the
5= end of Hsp70. Levels of Pol II on a gene are controlled at mul-
tiple steps during the transcription cycle. For example, the level of
Pol II on the 5= ends of genes depends upon both the rate of
initiation and the rate of pause escape (12). This is exemplified at
the Hsp70 gene, where under uninduced conditions, the Pol II
initiation rate is higher than the pause escape rate, and thus the 5=
end is highly occupied by a transcriptionally engaged Pol II. In
contrast, during an optimal heat shock, Pol II is efficiently released
into productive elongation, and the Hsp70 genes are fully occu-
pied with a transcribing Pol II complex every 80 bp (29). Thus, if
our hypothesis is that Fcp1 knockdown diminishes levels of Pol II
on Hsp70 by reducing initiation, we predict that the level of Pol II
on the 5= end of Hsp70 during Fcp1 knockdown will increase back
to its fully occupied, induced levels by reducing the pause escape
rate.

Since P-TEFb activity is required for pause escape (37), we
reasoned that the pause escape rate could be reduced by depleting
the P-TEFb subunit, cyclin T1. We therefore used RNAi to deplete
the cyclin T1 (cyclin T1-RNAi cells) alone or in combination with
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Fcp1 (cyclin T1-Fcp1-RNAi cells), and performed Pol II ChIP at
10 min of heat shock. Cyclin T1 is reduced by about 90% when
knocked down alone or in combination with Fcp1, and Fcp1 de-
pletion levels are similar when Fcp1 is knocked down alone or in
combination with cyclin T1 (Fig. 5A). As we expected, ChIP for
Pol II showed that the rate of pause escape was reduced in cells
depleted of cyclin T1. Levels of Pol II in the pause region at the 5=
end of the gene were unaffected, remaining fully occupied with
paused Pol II, but levels of Pol II in the downstream gene body
region were reduced, indicative of the lower rate of pause escape
(Fig. 5B). Consistent with previous experiments, Fcp1 knock-
down reduced Pol II levels in the pause region (Hsp70�96 primer
set) to approximately half the control level. As we hypothesized,
depletion of cyclin T1 in conjunction with Fcp1 increased the Pol
II level in the paused region compared to Fcp1 depletion alone,
restoring full Pol II occupancy on the 5= end of the gene in cells
depleted of both Fcp1 and cyclin T1, similar to control or cyclin T1
knockdown alone (Fig. 5B). Similar results were seen on both
Hsp26 and Hsp83 (see Fig. S10 in the supplemental material).

P-TEFb phosphorylates the CTD on serine 2, the presumed
target of Fcp1 in Drosophila; therefore, we investigated if the
codepletion’s rescue of the 5= levels of Pol II on induced HS genes
could be caused by the codepletion reducing the high level of
phosphorylated free Pol II seen in the Fcp1 knockdown. Western
blotting showed that the levels of phosphorylated free Pol II (both
serine 5 and serine 2) remained high in the codepleted cells, sim-
ilar to levels with Fcp1 knockdown alone (Fig. 5C). Taken to-
gether, our results support the model that the most highly ex-
pressed genes depend on Fcp1 phosphatase activity to provide
sufficient levels of unphosphorylated Pol II to support corre-
spondingly high initiation rates.

DISCUSSION

Our previous studies showed that Fcp1 depletion in Drosophila S2
cells results in reduced Hsp70 mRNA accumulation after heat
shock (2). In this study, we set out to further investigate the role of
Fcp1 in transcription in vivo. Consistent with a direct role in tran-
scription, we have demonstrated that Drosophila Fcp1 localizes to
actively elongating Pol II complexes. In particular, Fcp1 colocal-
izes with Pol II at many loci on polytene chromosomes under NHS
conditions. Although the ratio between Pol II and Fcp1 signals
varied at different loci, the variation in relative signal may repre-
sent differences in the transcription level at each locus. Immuno-
staining at 2 min of heat shock, when Pol II is being recruited to
the 87A and 87C loci, showed strong Fcp1 signal, but the Fcp1
signal was more diffuse at 10 min of heat shock when the loci are

FIG 3 Fcp1 knockdown does not significantly change phosphorylation level
of Pol II on the Hsp70 gene. (A) Western blots of whole-cell extracts from
untreated, LacZ-RNAi, and Fcp1-RNAi cells probed with antibodies for phos-
phorylated CTD serine 2 (3E10 at 1:250; EMD Millipore), phosphorylated
CTD serine 5 (3E8 at 1:250; EMD Millipore), Rpb3 (1:1,000; lab stock loading

control), and TFIIS (1:3,000; lab stock loading control). The relative amount
loaded is indicated (where 1 � 6 � 105 cells). (B) Western blots of free and
chromatin-bound protein fractions from untreated, LacZ-RNAi, and Fcp1-
RNAi cells probed with antibodies for phosphorylated CTD serine 5 (3E8 at
1:250; EMD Millipore), phosphorylated CTD serine 2 (3E10 at 1:250; EMD
Millipore), Rpb3 (1:1,000; lab stock loading control), triose phosphate isomer-
ase (1:1,000; lab stock loading control) and histone H3 (ab1791 at 1:500; Ab-
cam). The relative amount loaded is indicated (where 1 � 1 � 106 cells). (C
and D) ChIP results of the serine 5- and serine 2-phosphorylated Pol II CTD
enrichment relative to Pol II enrichment on the Hsp70 gene in untreated,
LacZ-RNAi, and Fcp1-RNAi S2 cells at 10 minutes of HS. The legend indicates
the midpoint of each PCR fragment. The y axis shows the ratio of the percent-
ages of input DNA immunoprecipitated (error bars indicate standard error of
the mean of at least three biological replicates).
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saturated with Pol II and maximally decondensed (48). At higher
resolution, our ChIP experiments showed that Fcp1 localization
on heat shock-induced Hsp70 was evenly distributed across the
gene in the same pattern as Pol II. These findings are consistent
with previous in vitro and ChIP experiments in yeast showing that
Fcp1 colocalizes with elongating Pol II (6, 10, 24).

Fcp1 temperature-sensitive mutants in yeast have increased
serine 2 phosphorylation on genes at the restrictive temperature
(10). Therefore, it was surprising to find that Pol II-normalized
CTD phosphorylation levels on heat shock-induced Hsp70 did not
change in Fcp1 depleted cells. There are several possible explana-
tions. First, RNAi-treated cells may still contain enough Fcp1 to
transiently associate with the elongation complex and prevent ab-

normal phosphorylation levels. Second, CTD phosphorylation
may be maximal on heat shock-induced Hsp70 and therefore can-
not increase further in Fcp1-RNAi cells. Finally, Fcp1 may not
catalyze CTD dephosphorylation of the elongating complex. Al-
though in vivo experiments in S. cerevisiae found evidence for Fcp1
catalytic activity during transcription and posttermination, an in
vitro study indicated that free Pol II is the preferred substrate of
Fcp1 (24). Our ChIP results are consistent with dephosphoryla-
tion occurring after elongation. In addition, Fcp1 depletion does
not change the amount of phosphorylation or total Pol II in the
chromatin fraction but dramatically increased the amount of
phosphorylated Pol II in the free fraction.

Strikingly, Fcp1 depletion resulted in a reduction of Pol II lev-

FIG 4 Reexpression of wild-type Fcp1 rescues Pol II levels on heat shock-induced Hsp70. (A to C) Western blots of whole-cell extracts with and without
Fcp1-RNAi and with and without Cu induction of the transgenic Fcp1 from control (empty vector) (A), FLAG-tagged wild-type Fcp1 transgene cells (B), and
FLAG-tagged catalytically dead mutant Fcp1 transgene cells (C) probed with antibodies for FLAG (1:5,000; Stratagene), Fcp1 (1:1,000; lab stock), and TFIIS
(1:3,000; lab stock loading control). (D to F) ChIP results for the Pol II subunit Rpb3 enrichment on the Hsp70 gene at 10 minutes of HS for control (empty
vector) (D), FLAG-tagged wild-type Fcp1 transgene (Fcp1wt) cells (E), and FLAG-tagged catalytically dead mutant Fcp1 transgene (Fcp1mut) cells (F). The
legend indicates the midpoint of each PCR fragment. The y axis shows the percentages of input DNA immunoprecipitated (error bars indicate standard error of
the mean of three biological replicates). (G to I) Western blots of serine 2-phosphorylated CTD (3E10 at 1:250; EMD Millipore), serine 5 phosphorylated CTD
(3E8 at 1:250; EMD Millipore), Rpb3 (1:1,000; lab stock loading control), and TFIIS (1:3,000; lab stock loading control) on the free fraction with and without
Fcp1-RNAi and with and without Cu induction of the transgene from control (empty vector) (G), FLAG-tagged wild-type Fcp1 transgene cells (H), and
FLAG-tagged catalytically dead mutant Fcp1 transgene cells (I). The relative amount loaded is indicated (where 1 � 1 � 106 cells).

Fcp1 Required for Hsp70 Transcription

September 2012 Volume 32 Number 17 mcb.asm.org 3435

http://mcb.asm.org


els across all regions of the induced Hsp70, Hsp26, and Hsp83
genes, similar in magnitude to the decrease in the corresponding
mRNAs (2). However, we failed to see significant changes in Pol II
levels on any genes in Fcp1-depleted cells under non-heat shock
conditions by ChIP or GRO-seq. Although we cannot eliminate
the possibility that Fcp1 depletion affects heat shock signaling, we
believe it is unlikely because recruitment of the activator HSF to
Hsp70 is unaffected (data not shown). The detection of a 2-fold
reduction in Hsp70 transcription with no detectable changes in
transcription of constitutively expressed genes may be explained
by the extremely high levels of transcription on induced heat
shock genes compared to NHS genes. It has been estimated that an
optimally induced Hsp70 gene has Pol II complexes every 80 bp
(29). This translates into a high turnover of Pol II, with a new Pol
II initiating about every 4 s, corresponding to greater than a 100-
fold increase in transcription (16). Thus, a decrease in unphos-
phorylated free Pol II, the form which is required for initiation
(26), may slow initiation on induced Hsp70 sufficiently to cause an
increase in the spacing between elongating Pol II complexes on
heat shock-induced Hsp70. This increased spacing would cause a
corresponding decrease in Pol II ChIP along the Hsp70 transcrip-
tion unit (see Fig. S11, panel B versus panel A, in the supplemental
material). Based on GRO-seq gene body reads, both Hsp83 and
Thor were among the highest expressed in uninduced cells, but,
notably, Hsp83 is known to be transcribed at a 11-fold higher level
in induced cells based on pulse labeling measurements in vivo
(38). Thus, no constitutively expressed gene in S2 cells has a den-
sity of Pol II approaching that of induced Hsp70, Hsp26, or Hsp83.
The fact that only super highly expressed HS genes are affected
indicates that the concentration of unphosphorylated Pol II,
which is required for initiation, is not limiting for the vast majority
of genes expressed (see Fig. S11, panel B versus panel A). In agree-
ment with this model, slowing the rate of pause escape by codeple-
tion of the P-TEFb subunit cyclin T1 with Fcp1 depletion restored
Pol II levels on the 5= end of induced Hsp70 to control levels by
making pause escape sufficiently slow that the reduced initiation
rate could still fill the pause site to its normal level.

Overall, our study demonstrates that Fcp1 depletion causes
reduced HS gene expression and a corresponding reduction of Pol
II on induced Hsp70, and it also causes a dramatic increase in
phosphorylation of both serine 2 and serine 5 on free Pol II. Al-
though these results suggest that Fcp1 dephosphorylates both ser-
ine 2 and serine 5, we cannot rule out that its activity is coupled to
a second phosphatase. Further studies are required to determine if
both residues are direct targets of Drosophila Fcp1 or if dephos-
phorylation of these different residues is indeed coupled. Taken
together, our results are consistent with Fcp1 depletion impairing
the ability to recycle Pol II, reducing the pool of initiation-com-
petent polymerase, and leading to reduced levels of transcribing
Pol II on the highly transcribed heat shock genes.
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FIG 5 Cyclin T1 and Fcp1 double knockdown increases Pol II levels at the 5=
end of Hsp70 during heat shock. (A) Western blots of whole-cell extracts from
untreated, LacZ-RNAi, cyclin T1-RNAi, Fcp1-RNAi, and double knockdown
cyclin T1-Fcp1-RNAi cells probed with antibodies for cyclin T1 (1:1,000; lab
stock), Fcp1 (1:1,000; lab stock), and TFIIS (1:3,000; lab stock loading con-
trol). The relative amount loaded is indicated (where 1 � 1.5 � 106 cells). (B)
ChIP results for the Pol II subunit Rpb3 enrichment on the Hsp70 gene in
untreated, LacZ-RNAi, cyclin T1-RNAi, Fcp1-RNAi, and double knockdown
cyclin T1-Fcp1-RNAi cells at 10 min of heat shock. The x axis shows the
midpoint of each PCR fragment along the Hsp70 gene, and the y axis shows the
percentage of input DNA immunoprecipitated (error bars indicate the stan-
dard error of the mean of at least four biological replicates). (C) Phosphory-
lated CTD serine 5 (3E8 at 1:250; EMD Millipore), serine 2 (3E10 at 1:250;
EMD Millipore), and TFIIS (1:3,000; lab stock loading control) Western blots
of nonchromatin (free) fractions from untreated, LacZ-RNAi, cyclin T1-
RNAi, Fcp1-RNAi, and double knockdown cyclin T1-Fcp1-RNAi cells. The
relative amount loaded is indicated (where 1 � 1 � 106 cells).
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