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Abstract

P-TEFb functions to induce the elongation step of RNA polymerase Il transcription by
phosphorylating the carboxyl-terminal domain of the largest subunit of RNA polymerase Il. Core P-
TEFb is comprised of Cdk9 and a cyclin regulatory subunit, with Cyclin T1 being the predominant
Cdk9-associated cyclin. The kinase activity of P-TEFb is dependent on phosphorylation of the
Thr186 residue located within the T-loop domain of the Cdk9 subunit. Here, we used
immunofluorescence deconvolution microscopy to examine the subcellular distribution of phospho-
Thr186 Cdk9/Cyclin T1 P-TEFb heterodimers. We found that phospho-Thr186 Cdk9 displays a
punctate distribution throughout the non-nucleolar nucleoplasm and it co-localizes with Cyclin T1
almost exclusively within nuclear speckle domains. Phospho-Thr186 Cdk9 predominantly co-
localized with the hyperphosphorylated forms of RNA polymerase I1. Transient expression of kinase-
defective Cdk9 mutants revealed that neither is Thr186 phosphorylation or kinase activity required
for Cdk9 speckle localization. Lastly, both the Brd4 and HEXIM1 proteins interact with P-TEFb at
or very near speckle domains and treatment of cells with the Cdk9 inhibitor flavopiridol alters this
distribution. These results indicate that the active form of P-TEFb resides in nuclear speckles and
raises the possibility that speckles are sites of P-TEFb function and exchange between negative and
positive P-TEFb regulatory complexes.

RNA polymerase Il (RNAPII) transcription is a highly regulated process involving several
different stages that include pre-initiation, initiation, promoter clearance, elongation, and
termination (Sims et al., 2004). The elongation step is of particular interest, as it has become
increasingly clear that this stage is coordinately regulated for both the production of full-length
transcripts and mRNA processing events (Sims et al., 2004; Bentley, 2005). Moreover, recent
studies have shown that RNAPII elongation is the rate limiting step for expression of a large
portions of cellular genes (Guenther et al., 2007; Hargreaves et al., 2009). The carboxyl-
terminal domain (CTD) of the largest subunit of RNAPII is critical for the transition from
transcriptional initiation to elongation and the integration of mMRNA processing (Phatnani and
Greenleaf, 2006). The CTD is an evolutionarily conserved domain and is comprised of multiple
tandem copies of the consensus repeat heptad YSPTSPS (Corden, 1990). The phosphorylation
pattern of the heptad repeats within the CTD change as the polymerase progresses through the
stages of transcription and this appears to orchestrate the association of different cellular factors
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involved in transcription and co-transcriptional mMRNA processing (Buratowski, 2003; Sims
et al., 2004; Bentley, 2005; Phatnani and Greenleaf, 2006).

The transcription cycle begins with the formation of pre-initiation complexes in which the
hypophosphorylated CTD form of RNAPII is recruited to gene promoters (Dahmus, 1995).
Soon after the initiation of transcription, Ser5 residues in the heptad repeats of the CTD are
heavily phosphorylated by Cdk7, a component of the basal transcription factor TFIIH
(Orphanides et al., 1996). Progression into the elongation phase of transcription for most class
I1 genes requires the action of positive elongation factor b (P-TEFb), a cellular kinase complex
that phosphorylates the CTD at Ser2 positions and antagonizes negative factors associated with
the initiating RNAPII complex such as negative elongation factor (NELF) and DRB sensitivity-
inducing factor (DSIF) (Peterlin and Price, 2006; Zhou and Yik, 2006).

Core P-TEFb is a heterodimeric complex composed of the cellular kinase Cdk9 in association
with a regulatory cyclin subunit being either, Cyclins T1, T2, or K (Peng et al., 1998; Fu et al.,
1999). Although all of these complexes appear to function to a similar extent, Cyclin T1 is the
predominant regulatory partner for Cdk9 in cells examined to date. The Cyclin T1/Cdk9
complex has been extensively studied, as the HIV-1 Tat protein specifically targets these P-
TEFb molecules for efficient transcription of the proviral genome, an essential process for
replication of the virus (Rice and Herrmann, 2003).

Given the importance of P-TEFb to the transcriptional activity of the cell, it is subject to
considerable functional regulation. An initial level of P-TEFb regulation can be the differential
expression of Cdk9 and the cyclin proteins within cells. In resting CD4* T-cells and monocytes,
the level of Cyclin T1 is substantially lower than those of Cdk9 and Cyclin T2. Upon T-cell
activation or monocyte differentiation, the expression of Cyclin T1 is highly up-regulated while
Cdk9 and Cyclin T2 protein levels remain fairly constant (Garriga et al., 1998; Herrmann et
al., 1998; Ghose et al., 2001; Liou et al., 2002, 2006; Sung and Rice, 2006). A second mode
of control over P-TEFb relies on the activation state of the Cdk9 subunit. The kinase activity
of Cdk9 is dependent upon phosphorylation of the Thr186 residue within a region of the protein
called the T-loop (Chen et al., 2004). Phosphorylation of the T-loop in Cdk family members
induces a large conformation change in the protein that allows substrates to access the catalytic
core of the enzyme (Morgan, 1995). A recent structural study has shown that the Cdk9 T-loop
can be autophosphorylated (Baumli et al., 2008), a mechanism of auto-activation that has been
seen in a number of kinases (Lochhead, 2009). Phosphatases specific for the Cdk9 T-loop have
been identified recently (Chen et al., 2008; Wang et al., 2008). We refer to the phosphorylated-
Thr186 Cdk9 (p-Cdk9) in association with Cyclin T1 as the “active” form of P-TEFb
throughout this manuscript. It is currently believed that the active form of P-TEFb is regulated
through reversible association between positive and negative regulators, namely the Brd4
protein and the 7SK snRNP, respectively (Nguyen et al., 2001; Yang et al., 2001; Byers et al.,
2005).

In HeLa, cells roughly half of the active P-TEFb molecules are bound in the so-called “large”
P-TEFb complex containing 7SK snRNA, HEXIM1 or HEXIM2, MePCE (BCDIN3), and
PIP7S (LARP7) (Michels and Bensaude, 2008), while the other half of P-TEFb are referred to
as the “small” P-TEFb complexes and consist of Cdk9, a cyclin partner, and the Brd4 protein.
The 7SK snRNP complexes are repressed for kinase activity (Michels et al., 2003; Yik et al.,
2003). In contrast, the P-TEFb/Brd4 complexes are capable of RNAPII-CTD phosphorylation
and stimulation of transcriptional elongation (Jang et al., 2005; Yang et al., 2005). Brd4 is a
bromodomain containing protein that directs the small P-TEFb complex to active chromatin
regions that are marked by acetylated histones (Hargreaves et al., 2009). The dynamic
equilibrium between the large and small P-TEFb complexes is dependent upon the
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transcriptional activity of the cell and this may play a crucial role in the global regulation of
transcription (Zhou and Yik, 2006).

Given the multifaceted degree of interacting partners that P-TEFb has within the cell, and the
effect that these interactions have on P-TEFb function, we were interested in determining the
spatial organization and localization of the active T-loop phosphorylated form of P-TEFb at
the cellular level. In the present study, we used a phospho-Thr186 Cdk9 specific antiserum to
examine the subnuclear distribution of T-loop phosphorylated Cdk9 and the localization of
both the large and small P-TEFb complexes by indirect immunofluorescence microscopy. We
found that p-Cdk9 is present at numerous foci scattered throughout the non-nucleolar
nucleoplasm and concentrates in larger speckle-like clusters that co-localize with nuclear
speckles. Furthermore, in both HeLa cells and primary activated CD4* T lymphocytes, the
population of p-Cdk9 that co-localizes with Cyclin T1 and represents the active form of P-
TEFb is almost entirely located within the speckle domains. We also show that neither is
Thr186 phosphorylation or Kinase activity required for Cdk9 localization within nuclear
speckles. By dual immunolabeling HeLa cells for p-Cdk9 and the various phosphoforms of
RNAPII, we found that T-loop phosphorylated Cdk9 co-localizes mostly with the
hyperphosphorylated forms of RNAPII. In HeLa cells immunolabeled for Cyclin T1, SC35,
and either Brd4 or HEXIM1, we observed that both the Brd4/Cyclin T1 and the HEXIM1/
Cyclin T1 complexes co-localize with nuclear speckles. Lastly, we found that the Cdk9
inhibitor flavopiridol causes increased co-localization of the small P-TEFb complex with
nuclear speckles and an abatement of the large complex from these domains. Our data further
support the view that nuclear speckles are sites of storage/assembly of proteins involved in
transcription and RNA processing and suggest that they may be sites of active P-TEFb function
and exchange between the Brd4 and 7SK/HEXIM1 complexes.

Materials and Methods

Cell culture, immunofluorescence, and immunoblots

HelLa cells were grown in DMEM supplemented with 10% fetal bovine serum (Gibco,
Carlsbad, CA) at 37°C with 5% CO,. Resting CD4* T lymphocytes were isolated from healthy
blood donors (Gulf Coast Regional Blood Center, Houston, TX) using the MACS CD4* cell
isolation kit 1l (Miltenyi Biotec, Bergisch Gladbach, Germany) and anti-CD30 microbeads to
deplete activated cells as described previously (Ramakrishnan et al., 2009). The purity and
resting phenotype of CD4* T cells was determined by flow cytometry using a Beckman-Coulter
XL-MCL cytometer with FITC-CD4, PE-CD3, PE-CD69, and FITC-CD25 antibodies. Cells
were cytospun onto glass coverslips as described (Ramakrishnan et al., 2009). For inhibition
of Cdk9, cells were incubated with 500 nM flavopiridol for 2h. Indirect immunofluorescence
was conducted as previously described (Herrmann and Mancini, 2001) except in the case of
the RNAPII antibodies in which 4% BSA (Sigma, St. Louis, MO) diluted in PBS was used as
the blocking solution. Coverslips were mounted onto slides using ProLong Gold Antifade
reagent (Invitrogen, Carlsbad, CA). Appropriate controls were conducted to demonstrate the
specificity of both primary and secondary antibody labeling under all conditions.
Deconvolution microscopy was conducted as described previously (Herrmann and Mancini,
2001) using a Carl Zeiss AxioVert S100 TV microscope and a DeltaVision Restoration
Microscopy System. Multiple images containing several cells (minimum of 3 cells per field)
taken in a Z-series of at least 10 focal planes were collected and examined. All images shown
are representative 0.2 um single Z-sections, are deconvolved, and were processed for
presentation using Adobe Photoshop. Immunoblots were conducted as described previously
(Wang et al., 2008).
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Antibodies and competition assay

The phospho-Thr186-Cdk9 antibody (Cell Signaling Technology, Danvers, MA) was
produced in rabbits and used at a dilution of 1:50 for immunofluorescence and 1:500 for
immunoblotting. The competition assay to confirm specificity of the p-Cdk9 antibody was
conducted by combining a working dilution of the antibody with the generating peptide at a
1:10 molar ratio. The antibody/peptide mixtures were then incubated with gentle shaking for
2 h at room temperature prior to use for primary staining in immunofluorescence. The Cyclin
T1 antibody (T-18; Santa Cruz Biotechnology, Santa Cruz, CA) was used at a 1:200 dilution
for immunofluorescence and at 1:1,000 for immunoblotting. The pan-Cdk9 antibody (C-20;
Santa Cruz Biotechnology) was used at the dilutions of 1:500 and 1:5,000 for
immunofluorescence and immunoblotting, respectively. The RNAPII antibodies (8WG16,
H14, and H5) were purchased from Covance and used at a 1:500 dilution. The rabbit anti-
HEXIM1 antibody was a kind gift from Jiemin Wong (Baylor College of Medicine) and used
ata 1:5,000 dilution for immunofluorescence and a 1:20,000 dilution for immunoblotting. The
rabbit anti-Brd4 antibody was a kind gift from Cheng-Ming Chiang (UT Southwestern) and
was diluted 1:2,000 for immunofluorescence and 1:1,000 for immunoblotting. The SC35 and
anti-Flag antibodies were both purchased from Sigma and used at a 1:10,000 dilution. Primary
antibody detection was conducted using appropriate secondary antibodies conjugated to
Alexa-488, Alexa-594, Alexa-647, or Texas Red and used at a 1:500 dilution. All Alexa
conjugates were purchased from Invitrogen and the mouse-IgM specific Texas Red conjugate
was purchased from Jackson ImmunoResearch Laboratories, West Grove, PA.

Plasmid transfection

Results

HeL a cells were grown on glass coverslips in six-well dishes to 50% confluency prior to
transfections. pBABE-Flag-Cdk9-IRES-eGFP, pBABE-Flag-Cdk9T186A-IRES-eGFP, and
pBABE-Flag-Cdk9D167N-IRES-eGFP (500 ng) were transfected using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. Cells were fixed at 24 h post-
transfection and processed for immunofluorescence.

Evaluation of phospho-Thr186-Cdk9 specific immunofluorescence

To determine the subcellular localization of T-loop activated Cdk9, we took advantage of a
recently developed antiserum specific for the phosphorylated threonine-186 residue in the T-
loop domain of Cdk9. We have shown previously with immunoblots that this antiserum
recognizes wild-type Cdk9, but not a mutant Cdk9 protein in which the threonine-186 position
has been changed to alanine (Wang et al., 2008). To determine if this antiserum is useful for
immunofluorescence, we conducted a binding competition assay in which the generating
peptide was incubated with the antiserum prior to the immunofluorescence procedure. HeLa
cells labeled with either the p-Cdk9 antiserum alone or the pre-incubated peptide/antiserum
mixture were then compared. As shown in Figure 1A, the phospho-Thr186 peptide completely
abolished the p-Cdk9 signal demonstrating that the antiserum is specific for T-loop activated
Cdko.

As shown in Figure 1B, the p-Cdk9 antibody showed a more defined punctate nuclear staining
pattern throughout the non-nucleolar space than did an antiserum that recognizes total Cdk9
(this antiserum is termed pan-Cdk9). Particularly evident was the enriched signal of large p-
Cdka clusters in what looked to be nuclear speckle domains as compared to the total Cdk9
pattern (Fig. 1B). We note that although most of the labeling seen with the p-Cdk9 antibody
was nuclear, we also saw a cytoplasmic population of p-Cdk9. This cytoplasmic signal is also
seen with the pan-Cdk9 antibody (data not shown) and appears to be specific, as the generating
peptide blocked the p-Cdk9 signal throughout the entire cell (Fig. 1A). A cytoplasmic and
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polysome-associated fraction of Cdk9 has been previously reported and we speculate that the
T-loop activated Cdk9 found in the cytoplasm may be associated with polysomes (Napolitano
et al., 2002; Rother and Strasser, 2007).

Active P-TEFb is located within nuclear speckles

Previous work has shown that the P-TEFb subunits Cdk9 and CyclinT1 co-localize with nuclear
speckles (Herrmann and Mancini, 2001). Nuclear speckles are a highly dynamic subdomain
of the nucleus enriched in pre-mRNA splicing components and transcription factors (Lamond
and Spector, 2003). To determine the extent to which T-loop activated Cdk9 co-localizes with
Cyclin T1 and nuclear speckles, we triple immunolabeled HeLa cells for p-Cdk9, Cyclin T1,
and the commonly used speckle marker SC35. As can be seen in Figure 2, the large clusters
of p-Cdk9 mentioned above showed extensive co-localization with SC35 indicating they were
indeed located within nuclear speckles (indicated by aqua, middle parts). Consistent with the
findings of Herrmann and Mancini, we found considerable co-localization between Cyclin T1
and nuclear speckles, indicated by the purple color in the SC35 overlay (Fig. 2, middle parts)
and as we expected, the p-Cdk9 signal co-localized with Cyclin T1 (Fig. 2, indicated by yellow).
To our surprise, we found that almost all of the T-loop activated Cdk9 associated with Cyclin
T1 was localized to the nuclear speckle domains (Fig. 2, indicated by white in the merge) with
only a small fraction present outside these areas (Fig. 2, indicated by yellow in the merge).
Collectively these data show that the active form of P-TEFb is located in nuclear speckles.

Co-localization of T-loop activated Cdk9 with RNAPII

To find the degree to which T-loop activated Cdk9 co-localizes with RNAPII in cells, we
conducted dual-label immunofluorescence using the p-Cdk9 antibody and antibodies specific
for the various phosphoforms of the RNAPII CTD. RNAPII exists in cells primarily in two
major forms — one are those with an unphosphorylated CTD and known as the
hypophosphorylated form, while the second population are those that have been extensively
phosphorylated, mainly at the Ser2 and/or Ser5 positions of the CTD and are known as the
hyperphosphorylated forms (Phatnani and Greenleaf, 2006). The CTD of RNAPII is a major
target of P-TEFb kinase activity and the different phosphorylation states of the CTD are
associated with different functionality. The hypophosphorylated form is found in pre-initiation
complexes and is recognized by the 8WG16 antibody (Thompson et al., 1989; Dahmus,
1994). The monoclonal antibody H14 recognizes phosphorylated Ser5 residues within the
heptad repeats of the CTD, which occur via TFIIH activity and are required for transcription
initiation (Bregman et al., 1994; Dahmus, 1994). The transition from initiating to elongating
RNAPII complexes occurs when P-TEFb phosphorylates Ser2 residues within the CTD heptads
and the monoclonal antibody H5 recognizes these phosphorylated epitopes (Warren et al.,
1992; Marshall et al., 1996).

The results of our immunofluorescence analysis revealed that although there was some co-
localization between the hypophosphorylated form of RNAPII and p-Cdk?9, a large portion of
T-loop activated Cdk9 co-localized with the hyperphosphorylated forms of RNAPII (Fig. 3).
Moreover, the areas of co-localization between p-Cdk9 and all of the three forms of RNAPII
predominantly occurred at or near the large clusters of p-Cdk9 determined in Figure 2 to be
localized in nuclear speckles (Fig. 3 merge part insets). As can be seen in the enlarged insets,
the BWG16 antibody co-localizes with p-Cdk9 mostly around the periphery of these speckle-
like regions whereas the H14 antibody co-localizes deeper into these domains (Fig. 3 compare
upper merge part insets to middle). Upon analyzing the co-localization pattern seen with the
H5 antibody, we found that the p-Cdk9 and H5 signals co-localized not only at the periphery
of the speckle-like clusters, but also at well-defined punctae surrounding them (Fig. 3 lower
merge part and insets). These data indicate that T-loop activated Cdk9 associates to a
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considerable extent with hyperphosphorylated RNAPII complexes within cells and that these
interactions most likely take place at or near nuclear speckles.

Cdk9 does not require Thr186 phosphorylation or kinase activity for nuclear speckle

localization

Upon finding that active P-TEFb (p-Cdk9/Cyclin T1) localizes predominantly within nuclear
speckles, we were interested in determining if phosphorylation of Cdk9 at Thr186 was required
for the association with the speckle domains, as phosphorylation/dephosphorylation has been
found to act as a toggle for exit/entry of other speckle-associated proteins (Misteli et al.,
1998). To test this, we transfected HeLa cells with a plasmid vector that expresses a Flag
epitope-tagged Cdk9 mutant in which the Thr186 position was changed to Ala (fCdk9-T186A).
We transfected another culture of HeLa cells with a plasmid vector that expresses the wild-
type epitope-tagged Cdk9 (fFCdk9-WT). The expression plasmids expressed eGFP from an
IRES located at the 3’ end of the Cdk9 cDNA sequences. Transfected cells were then
immunolabeled for Flag and SC35 and cells expressing similar levels of the eGFP internal
control protein were then examined (Fig. 4). We observed no significant difference between
the co-localization of SC35 with the fCdk9-T186A protein relative to that with the fCdk9-WT
protein (indicated by purple in merged images, compare upper row to middle), suggesting that
the phosphorylation of Thr186 in Cdk9 is not required for nuclear speckle localization.

We also determined if the kinase activity of Cdk9 was a determinant of speckle localization.
To do this, we transfected HelLa cells with a plasmid vector that expresses a kinase-defective
Cdk9 mutant (fCdk9-D167N), and again compared the localization pattern of SC35 with this
mutant Cdk9 protein and wild-type epitope tagged Cdk9 (Fig. 4). Similar to the Thr186 mutant,
we found that the kinase-defective Cdk9 mutant showed no significant difference in co-
localization with SC35 when compared to wild-type Cdk9 (Fig. 4, indicated by purple, compare
bottom row to middle). These data suggest that neither Cdk9 kinase activity nor the
phosphorylation of Thr186 is required for localization of Cdk9 within nuclear speckles.

Co-localization of Cyclin T1 with the Brd4 and HEXIML1 proteins

To further determine the potential function of active P-TEFb localization within nuclear
speckles, we sought to examine the spatial organization of the small and large P-TEFb
complexes in relation to the speckle domains. Although we could not observe the co-
localization of p-Cdk9 with Brd4 or the HEXIM1 proteins because the antibodies suitable for
immunofluorescence were all generated in rabbits, we were able to multi-label cells using an
antiserum specific for Cyclin T1. Both the Brd4 and HEXIML1 proteins interact directly with
Cyclin T1 (Jang etal., 2005; Dames et al., 2007), and we hypothesized that due to the functional
differences between the association of Brd4 and HEXIM1 with P-TEFb, these interactions may
take place in different regions of the nucleus.

We observed that both the Brd4 and HEXIM1 proteins were present throughout the
nucleoplasm with exception of the nucleoli (Fig. 5A, parts 3 and 9). While co-localization with
nuclear speckles was apparent with both Brd4 and HEXIM1 (indicated by aqua), in most cells
examined the extent of direct overlap between Brd4 and SC35 was somewhat greater than that
observed between HEXIM1 and SC35 (Fig. 5A, compare parts 5-11). Most often Brd4 was
present throughout the majority of the SC35 area whereas the HEXIM1 protein quite often
localized to the outer edges of the speckles.

As shown in Figure 5A, both Brd4 and HEXIM1 co-localized with Cyclin T1 at a number of
nucleoplasmic sites (parts 6 and 12, indicated by yellow). We found that Cyclin T1 and Brd4
co-localized tightly within nuclear speckles (Fig. 5B, indicated by white in the Brd4-merge)

with very few foci per focal plane of Brd4 associated Cyclin T1 located outside these regions

J Cell Physiol. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dow et al.

Page 7

(Fig. 5B, indicated by yellow in the Brd4 merge). While there was co-localization between
Cyclin T1 and HEXIML1 in speckles, we noted that in the majority of the speckles we observed
the co-localization was running along the edges of these domains (Fig. 5B, indicated by white
in the HEXIM1-merge). Along with the speckle localized Cyclin TI/HEXIM1 fraction there
was another population of HEXIM1 associated Cyclin T1 consistently seen outside the speckle
regions (Fig. 5B, indicated by yellow in the HEXIM1-merge). Most often this was observed
as a concentric gradient of yellow trending to white from outside to into the SC35 signal (Fig.
5B, HEXIM1-merge). These results imply that nuclear speckles are important sites of P-TEFb
interaction with the Brd4 and HEXIM1 proteins.

Effects of flavopiridol on p-Cdk9, Brd4, and HEXIM1 co-localization with speckles

To address the question of why both negative (HEXIM1) and positive (Brd4) regulators of P-
TEFb would localize to the same subnuclear site, we hypothesized that nuclear speckles may
be the sites where active P-TEFb is being exchanged between these regulatory complexes. To
test this idea, we treated HeLa cells with the Cdk9 inhibitor flavopiridol (Biglione et al.,
2007; Baumli et al., 2008) and examined the subnuclear localization of active P-TEFb and both
the Brd4 and HEXIM1 complexes under conditions where P-TEFb activity was inhibited.
Previous work has determined that treatment of cells with the transcription inhibitors
Actinomycin D and DRB causes almost complete dissociation of P-TEFb from the 7SK/
HEXIM1 complex which is quantitatively shifted to the Brd4 complex (Yang et al., 2005). We
reasoned that if speckles were indeed the sites where this exchange were to take place, then
treatment with flavopiridol should cause an increased co-localization of the Brd4/P-TEFb
complexes within the speckle domains and conversely a reduced co-localization of the 7SK/
HEXIM1 complexes from these sites.

Figure 6A presents representative cells treated for 2 h with 500 nM flavopiridol and then triple-
labeled for SC35 (blue), Cyclin T1 (red), and either Brd4 (green, upper parts), p-Cdk9 (green,
middle parts), or HEXIM1 (green, bottom parts). The effect of transcription inhibitors in cells
can be seen when speckles immunolabeled with SC35 become enlarged and rounded in
appearance due to the concomitant reduction in splicing activity (O’Keefe et al., 1994). This
effect on the SC35 signal is seen in parts 1, 8, and 15 (Fig. 6A) demonstrating that the
flavopiridol is indeed inhibiting transcription in these cells. As we expected from previous
work (Herrmann and Mancini, 2001), the flavopiridol treatment caused Cyclin T1 to also
coalesce into enlarged puncta (parts 2, 9, and 16) which co-localized with SC35 as indicated
by the purple color in parts 4, 11, and 18 (Fig. 6A). A similar effect occurred with both Brd4
and p-Cdk9 in the presence of flavopiridol as shown in parts 3 and 10, causing the proteins to
co-localize tightly with SC35 indicated by the aqua color in parts 5 and 12 (Fig. 6A). However,
the flavopiridol had the opposite result on the HEXIML1 distribution which became diffusely
dispersed throughout the nucleoplasm (part 17) and greatly reduced its co-localization with
SC35, which can be seen as the almost non-existent areas of aqua color in part 19 (Fig. 6A).
Furthermore, the co-localization patterns of Brd4, p-Cdk9, and HEXIM1 with SC35 were
analogous to the co-localization of these proteins with Cyclin T1 in the presence of flavopiridol
(Fig. 6A, indicated by yellow in parts 6, 13, and 20). A merge of all three channels for each
cell shows that flavopiridol does indeed cause increased co-localization of the small P-TEFb
complex (Brd4/Cyclin T1) and active P-TEFb (p-Cdk9/Cyclin T1) with SC35 (indicated by
white in parts 7 and 14), and conversely greatly reduces the co-localization of the large complex
(HEXIM1/Cyclin T1) with SC35 (indicated by white in part 21).

To confirm that the differences in the subnuclear distribution noted for active P-TEFb and the
small and large complexes was due to the effect of flavopiridol on Cdk9 activity and not
changes in the cellular concentration of the constituent proteins or levels of p-Cdk9, we
conducted an immunoblot analysis of flavopiridol-treated and DMSO (solvent control) treated

J Cell Physiol. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dow et al.

Page 8

cells. We observed no changes in the levels of Brd4, HEXIM1, Cyclin T1 or p-Cdk9 in
flavopiridol-treated cells relative to control cells (Fig. 6B). Taken together the data in Figure
6 imply that the exchange of active P-TEFb between the large and small P-TEFb complexes
is likely to take place in nuclear speckles.

Active P-TEFb localizes to nuclear speckles in primary activated CD4* T lymphocytes

To determine if the localization pattern of active P-TEFb seen in HelLa cells is similar in a
primary cell type in which P-TEFb function is highly regulated, we examined primary human
CD4* T lymphocytes. Cdk9 T-loop phosphorylation is low-to-undetectable in resting CD4* T
lymphocytes, and upon activation there is a rapid (< 1 h) increase in T-loop phosphorylation
that does not require protein synthesis (Ramakrishnan et al., 2009). Cyclin T1 levels are also
up-regulated in resting primary CD4* T lymphocytes (Sung and Rice, 2006).

Resting CD4* T lymphocytes were isolated from healthy blood donors and either left resting
or activated for 1h with phorbol 12-myristate 13-acetate (PMA) + ionomycin prior to fixing
and immunolabeling. We triple immunolabeled cells for Cyclin T1, p-Cdk9, and SC35.
Interestingly, we observed that the expression pattern of SC35 follows that of Cyclin T1 in
resting and activated CD4* T lymphocytes (Fig. 7A). Consistent with our findings in HeLa
cells, we found that indeed, active P-TEFb (Cyclin T1/p-Cdk9) is almost exclusively located
within (indicated by white in the merge) or at the edge (indicated by yellow in the merge) of
nuclear speckles in activated primary CD4* T cells (Fig. 7B). These data not only support our
observations of active P-TEFb localization in HeLa cells, but also indicate that in cells
undergoing high levels of transcription, most of the P-TEFb activity likely occurs at or very
near to nuclear speckle regions.

Discussion

Active P-TEFb localization in nuclear speckles

Although previous work has determined that P-TEFb localizes to nuclear speckles (Herrmann
and Mancini, 2001), this is the first report to specifically examine the subnuclear distribution
of the active form of P-TEFb containing a phosphorylated T-loop. The development of a
phospho-Thr186-Cdk9 specific antiserum made this analysis possible. The immunofluorescent
pattern seen with the p-Cdk9 antiserum is similar yet more defined when compared to the
pattern seen with a pan-Cdk9 antiserum, indicating that the T-loop activated Cdk9 population
can be evaluated by immunofluorescent microscopy separately from total Cdk9 (Fig. 1B).

A previous study found that although both Cyclin T1 and Cdk9 co-localize with nuclear
speckles, the enrichment of Cyclin T1 within these domains was more pronounced than that
of Cdk9, and that the Cyclin T1 subunit of P-TEFb is responsible for recruiting Cdk9 into
nuclear speckles (Herrmann and Mancini, 2001). Our results are consistent with these data and
indicate that the fraction of Cdk9 present in nuclear speckles is phosphorylated at the Thr186
position and is associated with Cyclin T1, and thus is an active form of P-TEFb capable of
inducing transcriptional elongation. Our analysis of transiently expressed mutant Cdk9 proteins
indicates that neither Thr186 phosphorylation nor Cdk9 catalytic function is required for
speckle localization (Fig. 4) and reiterates that Cyclin T1 is the component that directs P-TEFb
to nuclear speckles.

In contrast to the enrichment of active P-TEFb in nuclear speckles, we found that although
numerous foci of p-Cdk9 are seen in punctae outside of the speckle domains, only a few foci
per focal plane were associated with Cyclin T1, and most often these sites of active P-TEFb
were located very near the boundary of a speckle. Importantly, these observations were seen
in both HeLa cells and in primary activated CD4" T lymphocytes. It is possible that the p-Cdk9
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found outside of the nuclear speckles is associated in other complexes with proteins other than
Cyclin T1. We have been unable to evaluate the co-localization of p-Cdk9 with the Cyclin T2
and Cyclin K regulatory subunits, as their low expression levels and the quality of available
antisera against these proteins do not allow an analysis of their subnuclear localization by
immunofluorescent microscopy.

Co-localization of p-Cdk9 and RNAPII in relation to nuclear speckles

It is generally agreed upon that nuclear speckles are not sites of active transcription. However,
polyA* RNA and all three phosphoforms of RNAPII have been found to localize to nuclear
speckles, as well as a fraction of phospho-Ser2 RNAPII that remains stably associated with
speckles after transcription inhibition (Bregman et al., 1994; Cmarko et al., 1999; Lamond and
Spector, 2003; Xie et al., 2006).

We found that although p-Cdk9 co-localizes with all three forms of RNAPII, it appears to have
the most extensive co-localization with the hyperphosphorylated forms. Furthermore, the
majority of co-localization between p-Cdk9 and all three forms of RNAPII occurred at or near
the boundaries of the speckle-like clusters of p-Cdk9 (Figs. 2 and 3). These observations raise
the possibility that P-TEFb functions to activate transcriptional elongation at or very near the
periphery of nuclear speckles. In fact, previous reports have demonstrated that while the interior
of nuclear speckles are transcriptionally inactive, Br-UTP incorporation into RNA transcripts
is detected along the periphery of the speckle domains (Cmarko et al., 1999;Xie et al., 2006).
Moreover, speckles appear to assemble in close proximity to sites of active transcription and
live-cell imaging experiments have shown that speckle components move from speckles via
peripheral extrusions to nearby sites of active transcription (Misteli et al., 1997;Trinkle-
Mulcahy and Lamond, 2008).

Nuclear speckles may be the sites of active P-TEFb exchange between the Brd4 and 7SK/
HEXIM1 complexes

The proposed functional role for nuclear speckles is that they serve as storage and/or assembly
sites for pre-mRNA processing and transcription factors (Lamond and Spector, 2003).
However, it is unclear what possible regulatory roles these subnuclear regions may serve for
the cell, particularly those pertaining to the process of transcriptional elongation. Our finding
that active P-TEFb localizes to nuclear speckles prompted us to examine the extent of co-
localization of the Cyclin T1/Brd4 and Cyclin TI//HEXIM1 regulatory complexes with these
sites. We found that Brd4 associated Cyclin T1 co-localizes tightly with nuclear speckles in
HeLa cells, with very few foci located outside these regions. Upon analyzing the subnuclear
distribution of HEXIM1 associated Cyclin T1, we found that although there is co-localization
of these complexes with nuclear speckles, the areas of overlap were predominantly seen
running along the outer region of the speckles. Moreover, we consistently found HEXIM1
associated Cyclin T1 localized to an area encircling the outside of the speckle boundary in the
majority of cells examined. Taken together these data imply that Brd4 predominantly binds to
P-TEFb within nuclear speckles while the 7SK/HEXIM1 complex predominantly associates
with P-TEFb outside of these domains. Indeed, one previous study employing HEXIM1-YFP
fusion constructs determined that a mutant of HEXIML1 that does not bind to 7SK or Cyclin
T1isgreatly excluded from speckles and diffuse throughout the nucleoplasm; however, another
HEXIM1 mutant which can bind to Cyclin T1 but not 7SK became highly concentrated in
nuclear speckles (Barboric et al., 2005).

In light of the data reported here, we propose a model in which active P-TEFb is associated
with Brd4 in nuclear speckles and this form of P-TEFb is recruited to RNAPII transcription
complexes to activate transcriptional elongation. The Brd4-associated P-TEFb may then be
released from the RNAPII complex and bound by the 7SK/HEXIM1 snRNP, which can then
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recycle the active P-TEFb back to speckles. In this way, a pool of active P-TEFb can be readily
recruited for an immediate stimulation of transcription or alternatively, active P-TEFb can be
stored at speckles during periods where the transcriptional activity of the cell is low. It is not
clear whether Brd4 remains associated with active P-TEFb and the transcribing RNAPII
complex through the entire transcription cycle or if it is released once P-TEFb is recruited to
the template. However, ChIP analyses have shown that the Brd4 distribution is similar to that
of Cdk9 throughout entire transcription units (Jang et al., 2005; Yang et al., 2005).
Nevertheless, our data support the notion that Brd4 may act as a global factor for delivering
P-TEFb from nuclear speckles to transcription templates. Because nuclear speckles are highly
dynamic structures in which the constituent components can cycle continuously between the
speckles and other nuclear sites, it is conceivable that active P-TEFb associated with Brd4 is
shuttled from speckles to transcription templates, and then may shuttle back to speckles via
7SK/HEXIM1 complexes.

In summary, we have shown that the active form of P-TEFb as defined by a phosphorylated
T-loop localizes to nuclear speckles and associates with both negative (HEXIM1) and positive
(Brd4) regulatory proteins, as well as a primary substrate (RNAPII), all within or very near to
speckle domains. Collectively, our data suggest that nuclear speckles may be sites of exchange
between the large and small P-TEFb complexes and support the idea that speckles may function
as sites of higher-order assembly and/or storage for transcription factors.
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Fig. 1.

The p-Cdk9 antibody is specific for T-loop activated Cdk9. Indirect immunofluorescence was
conducted on HeLa cells to evaluate the specificity and staining pattern of the phospho-T186
antiserum (p-Cdk9). A: (upper parts) Cells were labeled using a 1:50 dilution of the p-Cdk9
antibody (determined as the optimum dilution by titration, data not shown) which was detected
with an Alexa-488 (green) conjugated secondary antibody and the DNA was counterstained
with DAPI. A: (lower parts) HeLa cells were labeled with a working dilution (1:50) of the p-
Cdk9 antibody pre-incubated with a 10-fold molar excess of the peptide used to generate it.
As can be seen, the cognate peptide effectively competes out the p-Cdk9 signal, demonstrating
the specificity of this antiserum for use in indirect immunofluorescence. B: A comparison of
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the subnuclear distribution of T-loop activated Cdk9 (p-Cdk9) versus total Cdk9 (pan-Cdk9)
shows that a more defined punctate, non-nucleolar staining pattern is seen with the p-Cdk9
signal with large clusters reminiscent of nuclear speckles. Bar, 10 pm. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 2.

The active form of P-TEFb is located within nuclear speckles. HeLa cells were triple
immunolabeled for SC35 (blue), p-Cdk9 (green), and Cyclin T1 (red) as shown in the upper
parts. Co-localization of p-Cdk9 with SC35 (aqua), Cyclin T1 with SC35 (purple), and p-Cdk9
with Cyclin T1 (yellow) are shown in the middle parts. As can be seen, the large clusters of p-
Cdk9 co-localize with nuclear speckles and to a high degree with Cyclin T1 (middle parts).
The merge of all three channels shows that almost all of the active form of P-TEFb (p-Cdk9/
Cyclin T1) is found within nuclear speckles. In the merge part areas of co-localization between
p-Cdk9 and Cyclin T1 with nuclear speckles (SC35) appear as white, whereas those outside
the speckle domains are indicated by yellow. Bar, 10 pm.
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RNAPII

Fig. 3.

T-loop activated Cdk9 co-localizes mostly with the hyperphosphorylated forms of RNAPII.
HelLa cells were dual immunolabeled for p-Cdk9 (green) and the various phosphoforms of
RNAPII (red). Co-localization between p-Cdk9 and hypophosphorylated RNAPII (8WG16),
Ser5-phosphorylated RNAPII (H14), and Ser2-phosphorylated RNAPII (H5) is shown in the
upper, middle, and lower merge parts, respectively. Areas of co-localization are indicated by
the yellow color in the merge parts and an enlargement of a speckle-like cluster of p-Cdk9
(boxed region in merge) from each cell is shown in the insets. Bar, 10 pm.
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Fig. 4.

Cdk9 does not require Thr186 phosphorylation or kinaseactivity for nuclear speckle
localization. HeLa cells grown on glass coverslips were transfected with 500 ng of either:
pBABE-Flag-Cdk9T186A-IRES-eGFP (fCdk9-T186A, upper parts), pBABE-Flag-Cdk9-
IRES-eGFP (fCdk9-WT, middle parts), or pPBABE-Flag-Cdk9D167N-IRES-eGFP (fCdk9-
D167N, bottom parts) and fixed at 24 h post-transfection. The fixed cells were then
immunolabeled for Flag (red) and SC35 (blue). The eGFP (green) was used as an internal
control in conjunction with the Flag signal for assessing cells with similar expression levels.
Immunoblots were also conducted to confirm that the expression levels of eGFP and the
epitope-tagged Cdk9 proteins were similar in all cultures examined (data not shown). As can
be seen, all three of the Flag-tagged Cdk9 proteins co-localize with SC35 (purple) to a similar
extent, and show a similar non-nucleolar distribution throughout the nucleoplasm. An
enlargement of a nuclear speckle from each of the three cells (boxed region on SC35/Flag parts)
is shown on the right. Bar, 10 yum.
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Fig. 5.

Co-localization of the small and large P-TEFb complexes with nuclear speckles. A: HeLa cells
were triple immunolabeled for SC35 (blue), Cyclin T1 (red), and HEXIM1 or Brd4 (green) as
shown in parts 1-3 and 7-9, respectively. The co-localization of Cyclin T1 with SC35 (purple),
HEXIM1 with SC35 (aqua), and Cyclin T1 with HEXIML1 (yellow) are shown in parts 4-6.
The areas of co-localization between Cyclin T1 and SC35 (purple), Brd4 and SC35 (aqua), and
Cyclin T1 with Brd4 (yellow) are shown in parts 10-12. As can be seen, both the HEXIM1
and Brd4 proteins co-localize with nuclear speckles (parts 5 and 11) and both HEXIM1 and
Brd4 co-localize with Cyclin T1 (parts 6 and 12). B: Merge parts from the cells in A, in which
co-localization of the large complex (HEXIM1/Cyclin T1) with nuclear speckles (SC35) is
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indicated by white and shown in the upper part, and co-localization of the small complex (Brd4/
Cyclin T1) with nuclear speckles (SC35) is shown in the bottom part (also indicated by white).
Avreas of localization of the large and small complexes outside of the speckles regions are
indicated by yellow in these parts. As can be seen, while both the large and small P-TEFb
complexes co-localize with nuclear speckles (white), the small complex has a very tight co-
localization pattern within the speckles, whereas the large complex localizes not only in the
speckles, but also at many areas surrounding the outside of these regions (yellow). Bar, 10 pm.
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Fig. 6.

Effects of flavopiridol on the localization of active P-TEFb and the small and large P-TEFb
complexes. A: HelLa cells were treated with 500 nM flavopiridol for 2 h prior to
immunofluorescence labeling for SC35 (blue), Cyclin T1 (red), and either Brd4 (green, upper
parts), p-Cdk9 (green, middle parts), or HEXIM1 (green, bottom parts). As can be seen,
flavopiridol causes the speckles to round up (parts 1, 8, and 15) and Cyclin T1 to co-
localizegreatly with the nuclearspeckles (indicated by purple in parts4, 11, and 18). Similarly,
both Brd4 and p-Cdk9 also greatly co-localize with speckles (indicated by aqua in parts 5 and
12) and with Cyclin T1 (indicated by yellow in parts 6 and 13). In contrast, flavopiridol causes
HEXIM1 to become more diffusely scattered throughout the nucleoplasm (part 17) and
abatement of its co-localization with speckles (part 19) and Cyclin T1 (part 20). A merge part
for each cell specifies areas of co-localization between Brd4/Cyclin T1, p-Cdk9/Cyclin T1,
and HEXIM1/Cyclin T1 complexes with nuclear speckles (indicated by white in parts 7, 14,
and 21, respectively) and outside of speckles (indicated by yellow in parts 7, 14, and 21
respectively). Bar, 10 um. B: HeLa cells were treated with 500 nM flavopiridol or DMSO
(solvent control) for 2 h prior to preparation of cell lysates. The expression levels of the
indicated proteins were examined in immunoblots. No significant differences in levels of Brd4,
HEXIM1, Cyclin T1, or p-Cdk9 were observed in lysates of flavopiridol-treated cells versus
control cells. This suggests that the dynamic shift of active P-TEFb from the large to the small
complex may occur in nuclear speckles.
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Fig. 7.

Active P-TEFb localizes to nuclear speckles in primary activated CD4* T lymphocytes. A:
Resting CD4* T lymphocytes were cytospun onto glass coverslips and fixed immediately
(upper parts) or activated (1 h) with PMA + ionomycin, cytospun onto glass coverslips and
fixed (lower parts). The fixed cells were triple immunolabeled for SC35 (blue), Cyclin T1 (red),
and p-Cdk9 (green), and the DNA was counterstained with DAPI to visualize nuclei. As can
be seen, both the level of Cdk9 T-loop phosphorylation and the expression of Cyclin T1 and
SC35 are highly up-regulated after 1 h of cell activation (compare upper to lower parts). B:
Merge parts of the activated cells in A, showing the areas of co-localization between SC35
with Cyclin T1 (indicated by purple), SC35 with p-Cdk9 (indicated by aqua), Cyclin T1 with
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p-Cdk9 (indicated by yellow) and the co-localization of all three proteins (indicated by white).
Ascan be seen, almost all of the active P-TEFb (CyclinT1/p-Cdk9) islocated either within or
at the periphery of nuclear speckles in activated Tlymphocytes (merge part). This is particularly
evident in the enlargement of a speckle region from one of these cells (boxed area on merge

part) shown at the right of the merge part. The boxed region has been rotated 90° clockwise in
the speckle enlargement for aesthetics. Bar, 5 pm.
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