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Retroviral Cyclin Enhances Cyclin-Dependent Kinase-8 Activity

Joel Rovnak, Connie D. Brewster, and Sandra L. Quackenbush
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Alterations in the functional levels of cyclin-dependent kinase-8 (CDKS) or its partner, cyclin C, have been clearly associated
with cancers, including colon cancer, melanoma, and osteosarcoma. Walleye dermal sarcoma virus encodes a retroviral cyclin
(RV-cyclin) that localizes to interchromatin granule clusters and binds CDKS. It also binds to the Aa subunit (PR65) of protein
phosphatase 2A (PP2A). Binding to the A« subunit excludes the regulatory B subunit, but not the catalytic C subunit, in a man-
ner similar to that of T antigens of the small DNA tumor viruses. The expression of the RV-cyclin enhances the activity of im-
mune affinity-purified CDKS in vitro for RNA polymerase II carboxy-terminal domain (CTD) and histone H3 substrates. PP2A
also enhances CDKS kinase activity in vitro for the CTD but not for histone H3. The PP2A enhancement of CDKS8 is independent
of RV-cyclin expression and likely plays a role in the normal regulation of CDKS8. The manipulation of endogenous PP2A activity
by inhibition, amendment, or depletion confirmed its role in CDKS8 activation by triggering CDK8 autophosphorylation. Al-
though RV-cyclin and PP2A both enhance CDKS activity, their actions are uncoupled and additive in kinase reactions. PP2A
may be recruited to CDK8 in the Mediator complex by a specific PP2A B subunit or additionally by the RV-cyclin in infected
cells, but the RV-cyclin appears to activate CDK8 directly and in a manner independent of its physical association with PP2A.

he complex retrovirus walleye dermal sarcoma virus (WDSV)

is associated with a neoplastic disease that develops and re-
gresses seasonally (6, 7, 31, 32, 39, 58). During the development of
dermal sarcoma, only two viral transcripts are expressed, and they
encode the accessory proteins retroviral cyclin (RV-cyclin) and
Orf B, suggesting the involvement of these proteins in tumorigen-
esis (8, 32, 39, 43).

RV-cyclin is predominantly nuclear, is concentrated in inter-
chromatin granule clusters (IGCs; also called nuclear speckles),
and copurifies with components of the transcription machinery
(43, 46). RV-cyclin directly inhibits transcription at the WDSV
promoter and at NF-«kB- and interferon-dependent promoters in
mammalian and piscine cells (40, 46, 60), but RV-cyclin also sig-
nificantly enhances transcript levels from select cell cycle-regula-
tory genes (9). RV-cyclin contains two known functional do-
mains, a transcription activation domain (AD) and a cyclin box
fold (29, 40, 45, 47). The AD is located near the carboxy terminus
and directly contacts TATA binding protein-associated factor 9
(TAF9) in mammalian and piscine cells (45). Mutations within
the AD that disrupt TAF9 binding also interfere with RV-cyclin’s
function in transcription (45, 47). The majority of the RV-cyclin
structure is comprised of a cyclin box fold, which is responsible for
binding to cyclin-dependent kinase-8 (CDK8) (9, 29, 46). CDKS,
cyclin C, and Mediator proteins Med12 and Med13 comprise the
CDKS8 submodule of the Mediator complex. The Mediator com-
plex consists of a set of 26 highly conserved proteins that function
to support transcription through its interactions with general
transcription factors or specific DNA-binding transcription fac-
tors and the large subunit of RNA polymerase IT (RNA Pol II) (11,
17). Known substrates for CDK8 phosphorylation include the car-
boxy-terminal domain (CTD) of RNA Pol II, E2F1, SMAD, cyclin
H, histone H3, and Med13 (1, 2, 4,27, 33, 34,41, 42). CDK8 is also
subject to autophosphorylation, and this event is associated with
kinase activation (19, 26).

A loss-of-function screen for genes that regulate B-catenin
transcriptional activity in human colon cancer cells identified
CDKS8 as an oncogene (16). Morris et al. (34) demonstrated that
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phosphorylation by CDK8 inactivates E2F1, resulting in enhanced
B-catenin transcriptional activity. CDKS is located in a region of
chromosome 13 that is frequently amplified in colon cancer (16,
30, 54). This amplification was also observed in colon cancer cell
lines, and the knockdown of CDK8 expression can reverse the
growth of these lines. The overexpression of CDK8 is also able to
transform NIH 3T3 cells (16). A kinase-deficient CDK8 mutant
(D173A) does not transform cells, indicating a requirement for
kinase activity in transformation and the maintenance of the
transformed phenotype.

Mechanisms for the regulation of CDKS activity are currently
unclear. Interactions with both cyclin C and Med12 have been
shown to be required for activity by recombinant CDKS8 (26), and
autophosphorylation is required for full activation (19). Two
phosphorylation sites have been confirmed by analyses of the
phosphoproteome of Hela cells, T410 and S413 (36), but such
studies were not comprehensive in regard to the identification of
possible CDK8 phosphoepitopes and do not identify the respon-
sible kinase. CDKS8 lacks a residue for phosphorylation in its T
loop, making it unique among CDKs for activation at this motif
(23, 50). It is proposed that a glutamate in cyclin C mimics a
phosphoresidue that interacts with three conserved arginines
within the loop (23, 50). Interaction with Med12 may be required
for CDKS8 activation to initiate conformational changes that alter
the ATP binding site (26, 50). Further studies are needed to deci-
pher the mechanisms that regulate CDK8 kinase activity.

Protein stability, localization, and function are frequently reg-
ulated by phosphorylation. Protein phosphatase 2A (PP2A) is one
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of four major serine/threonine phosphatases in the cell, and it
functions in the negative control of cell growth and division (10,
49). PP2A is a multimeric enzyme comprised of a catalytic C sub-
unit (PP2A C), a scaffold A subunit (Aa or AB; PR65), and a
regulatory B subunit. There are four B subunit families, which
generate a large variety of PP2A holoenzymes with varied localiza-
tion and substrate recognition. Simian virus 40 (SV40) small t and
polyomavirus small t and middle T antigens can displace the B
regulatory subunit from the PP2A core enzyme and subvert PP2A
activity (37, 38, 52, 55). The transformation of 3T3 cells by poly-
oma middle T antigen is dependent upon this interaction with
PP2A.

An interaction between the RV-cyclin of WDSV and the Aa
subunit, PR65, of PP2A was detected in a yeast two-hybrid screen,
and in cell culture RV-cyclin associates preferentially with the A
and C core enzymes of PP2A without the B subunit. In kinase
assays that assess RV-cyclin’s effects on CDK8 activity, a PP2A
inhibitor, okadaic acid (OA), was incorporated to exclude PP2A
activity and protect newly labeled substrates. Rather than protect-
ing signal, OA reduced the apparent kinase activity. Herein we
demonstrate not only the enhancement of CDKS8 activity by RV-
cyclin but also the positive regulation of CDK8 activity by PP2A
whether or not RV-cyclin is present. A dephosphorylation event
leads to CDK8 autophosphorylation and full activation in vitro.
The activating phosphatase was made apparent by the retroviral
cyclin, and we hypothesize that RV-cyclin recruits PP2A to CDKS.
However, the RV-cyclin enhancement of CDKS is additive to
PP2A enhancement, suggesting a separate and more direct mech-
anism for RV-cyclin action.

MATERIALS AND METHODS

Yeast two-hybrid screen. WDSV RV-cyclin sequences were derived from
the pKH3OrfA construct by PCR amplification using 5’ and 3’ primers
that incorporate EcoRI and BamHI restriction sites, respectively (43, 45).
The amplified products were digested and ligated into the GAL4 DNA
binding domain vector pAS2-1 and used as bait to screen a pACT2 GAL4
AD fusion HeLa cDNA library (Matchmaker GAL4 two-hybrid system;
Clontech). Saccharomyces cerevisiae strain Y190 was cotransformed with
the bait plasmid pAS2-1-RV-cyclin, ,, or pAS2-1-RV-cyclin, |, ,o, and
the pACT2 ¢DNA library. Positive clones were initially selected based
on the ability to grow in the absence of histidine, leucine, and tryptophan
but in the presence of 25 mM 3-amino 1,2,4-triazole (3-AT). Positive
colonies were further screened for -galactosidase activity by a colony lift
assay according to the manufacturer’s instructions (Clontech). Plasmid
DNA was isolated from clones positive for 3-galactosidase activity and
sequenced.

Cells and protein expression. The larger pACT2 GAL4 AD-PR65
¢DNA insert (amino acids [aa] 212 to 568), isolated from the yeast two-
hybrid screen, was subcloned into pCMV-myc (Clontech) at EcoRI and
Xhol sites. pPCMV-myc contains a cytomegalovirus (CMV) promoter and
fuses a myc epitope tag onto the amino terminus of the expressed protein.
Glutathione S-transferase (GST)-CTD, pFLAG-CDKS, and pKH3-RV-
cyclin and pKH3-cyclin C vectors were described previously, as well as
HeLa Tet-Off cells (BD Biosciences), with myc-tagged RV-cyclin induc-
tion in the absence of doxycycline (9). Kinase-deficient pFLAG-CDK8
(D173A) was prepared by the site-directed mutagenesis of pFLAG-CDKS.
HelLa cells were maintained in Dulbecco’s modified Eagle medium with
10% fetal bovine sera and 4 mM glutamine at 37°C in 5% CO,. Transient
transfections were performed with Fugene 6 according to the manufac-
turer’s instructions (Roche). For the precipitation of HA-RV-cyclin and
myc-tagged or endogenous PR65, cells were lysed at 48 h posttransfection
in immunoprecipitation (IP) buffer (1% Triton X-100, 0.5% NP-40, 150
mM NaCl, 10 mM Tris-HCI [pH 7.5], 1 mM EDTA, 1 mM EGTA) with
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protease and phosphatase inhibitors (2 pwg/ml leupeptin and aprotinin, 1
pg/ml pepstatin, 0.2 mM phenylmethylsulfonyl fluoride [PMSF], 0.2 mM
sodium orthovanadate, 2 mM sodium pyrophosphate, and 1 mM glycer-
ophosphate). Lysates were precleared with 1 pg normal rabbit serum and
50 pl protein G Sepharose (50:50) per mg total protein, and 100-pg equiv-
alents at 1 pg/pl were incubated with 0.5 to 1.0 ug mouse anti-HA (clone
12CAS5; Roche), anti-myc (clone 9E10; Santa Cruz), anti-PP2A-Aa (clone
5H4, 6G3, or 6F9; Covance), or goat anti-PR65 (PP2A-Aa/B [C-20]; sc-
6112; Santa Cruz) and 30 pl protein G Sepharose suspension (50:50)
overnight at 4°C. Protein G pellets were washed 4 times with IP buffer, and
bound proteins were separated on polyacrylamide gels. Western blots
were probed with anti-hemagglutinin (HA), anti-myc, or goat anti-PR65.
Five pg of protein from cell lysates was loaded in control lanes.

Preparation of NEs. Nuclear extracts (NEs) were prepared as previ-
ously described (9), except with the exclusion of phosphatase inhibitors.
Briefly, nuclei were isolated after cell lysis in 0.5% NP-40 in phosphate-
buffered saline (PBS) (6) and then washed three times in PBS and once in
buffer A (10 mM HEPES, pH 8.0, 10 mM KCl, 1.5 mM MgCl,, 0.5 mM
dithiothreitol [DTT]) prior to salt extraction by suspension in 2.5X
packed nuclear volume of buffer C (12) (10 mM HEPES, pH 8.0, 420 mM
KCl, 20% glycerol, 0.1 mM EDTA, 0.5 mM DTT, and protease inhibitors)
for 1 h at 4°C. Extracts were clarified at 21,000 X g for 20 min and pre-
cleared with 1 pg each normal rabbit and goat serum and 100 pl protein G
Sepharose suspension (50:50) overnight at 4°C in buffer C without glyc-
erol and with 0.05% NP-40.

Kinase assays. Twenty g precleared nuclear extracts (40 pl) were
incubated overnight with 0.25 to 1 g specific antibody (Ab) and 8 pl
protein G magnetic beads (Dynabeads; Invitrogen). Antibodies included
mouse anti-cdk7/CAK (MO-1.1; Sigma), goat anti-cdk8 (C-19; sc-1521;
Santa Cruz), goat anti-cdk9 (C-20; sc-484; Santa Cruz), and goat anti-
PR65 (PP2A-A/B [C-20]; sc-6112; Santa Cruz). For dual precipitations,
the quantity of Dynabeads was doubled. For triplicate kinase samples,
3-fold amounts of nuclear extract were subject to IP with 3-fold quantities
of antibodies and magnetic beads. Beads were washed four times with
buffer C (without glycerol and with 0.05% NP-40) and two times with
kinase buffer (50 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 0.1 mM EDTA,
0.05 mM DTT) with 0.05% NP-40. Triplicate kinase samples were split
into three equal aliquots of suspended beads in the final wash. Individual
kinase reactions (20 wl) contained 1 pg of GST-CTD or purified mouse
histone H3 (a generous gift from Teri McLain, Department of Biochem-
istry and Molecular Biology, Colorado State University, Fort Collins, CO)
and 0.25 to 0.5 pCi [y->*P]ATP (6,000 Ci/mmol; Perkin Elmer) in kinase
buffer. Master mixes containing all components were split for the inclu-
sion of OA (1 to 100 nM) and dispensed to protein G beads. Reaction
mixtures were mixed at setting 1 on a vortexer for 50 min at 30°C, sup-
plemented with 5 .l of glutathione magnetic beads, and mixed for 15 min
at room temperature to capture GST-CTD substrate. All reactants, bound
to either protein G or glutathione beads, were washed three times with
kinase buffer with 0.05% NP-40 prior to the suspension of beads in load-
ing dye and separation on polyacrylamide gels and Western blotting. In
the case of histone H3, substrate was captured with 0.5 pg rabbit anti-
histone H3 (9715; Cell Signaling) and 5 .l additional protein G beads.
Western blots were dried in methanol and exposed to phosphor screens
for image capture on a Bio-Rad molecular imager FX. Multiple exposures
were made to ensure images in the linear response range of the screens.
Lane and band selection and densitometry of individual bands was per-
formed directly on Quantity One software (Bio-Rad) image files using
Image Lab 3.0 software (Bio-Rad) to yield relative band volume. These
values correlated with total counts per band as determined with Quantity
One software. Averages and standard deviations were determined with
Excel software (Microsoft). Student’s t test (see Fig. 1 and 6) and 95%
confidence intervals based on a ¢ distribution or two-way analysis of vari-
ance (see Fig. 3 and 7) were used for the analysis of data. A P value of less
than 0.05 was considered significant. Results directly comparing NEs are
from the same exposure time (except where indicated) and from matched
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FIG 1 RV-cyclin enhancement of CDK8 activity. Anti-CDK8 IPs from nu-
clear extracts of matched uninduced (—RV-cyclin) and induced (+RV-cyclin)
HeLa cells were assayed in triplicate reactions. Equal aliquots of washed CDK8
Ab-protein G magnetic beads were suspended in a common reaction mix.
After incubation, GST fusion substrate was captured with added glutathione
magnetic beads. IP and substrate were washed and separated by polyacryl-
amide gel electrophoresis and blotted onto nylon for the imaging of labeled
GST-CTD substrate (**P-CTD). The blot was subsequently probed with spe-
cificantibodies for GST-CTD (74 to 76 kDa; «CTD), CDKS8 (53 kDa; « CDK8),
and MED23 (140 kDa; aMED23). The chart presents means and standard
deviations of signal (relative band volume) from the phosphorimage of the
CTD band. Asterisks indicate the statistical significance of the increase associ-
ated with RV-cyclin expression (P < 0.001).

kinase reactions performed at the same time using the same reaction mix.
After image capture, blots were rewet in methanol, rehydrated, and
blocked in 5% milk. GST-CTD was detected with monoclonal anti-
body (MAb) reactive to RNAPII CTD (clone 8WG16; Covance). Ad-
ditional antibodies included anti-CDK7, anti-CDKS, anti-CDK9 (see
above), anti-MED23 (anti-SUR-2; clone D27-1805; BD Biosciences),
and rabbit anti-histone H3. Primary antibodies were detected with
appropriate secondary antibody-peroxidase conjugates and TMB col-
orimetric substrate (KPL). Antibody complexes were removed from
blots by incubation for 1 h at 50°C in Western strip buffer (62 mM
Tris-HCI [pH 6.8], 2% SDS, and 100 mM B-mercaptoethanol) prior to
probing with successive antibodies. Western blots were captured on a
Visioneer 9420 reflective scanner with Photoshop CS 8.0 (Adobe).
Composite images were assembled and levels of all parts of each panel
adjusted at once with Photoshop CS5 extended version 12.0 X32.

RESULTS
RV-cyclin enhances CDK8 kinase activity in vitro. We previ-
ously showed that RV-cyclin binds CDKS8 (9). To assess the effect
of RV-cyclin on CDKS8 kinase activity, CDK8 was immunopre-
cipitated (IP) with anti-CDKS antibody from nuclear extracts of
HeLa cells with or without induced RV-cyclin expression (Tet-off
induction). IPs on protein G magnetic beads were assayed in vitro
with [y->*P]ATP and a GST-CTD fusion protein as substrates.
Labeled GST-CTD was captured by the addition of glutathione
magnetic beads after the reaction. Bound IP and substrate were
then washed and separated by gel electrophoresis under denatur-
ing conditions. The gels were blotted onto nylon membranes for
radiography (phosphorimaging) and subsequent Western analy-
sis. The induction of RV-cyclin expression yielded a 40% increase
in CDK8 activity in IPs from equivalent amounts of nuclear ex-
tract (20 pg) (Fig. 1). After imaging, blots were probed succes-
sively with antibodies for GST-CTD, CDKS8, and MED23 (Medi-
ator component) to demonstrate equivalent substrate and enzyme
input and the coimmunoprecipitation (co-IP) of the Mediator
complex with anti-CDK8 Ab. There was no significant increase in
CDK8 mRNA expression as determined by quantitative reverse tran-
scription-PCR (not shown) or by Western blotting (Fig. 1) after the
induction of RV-cyclin. These assays were run in the presence of
excess okadaic acid (100 nM) to protect newly radiolabeled substrate
from any phosphatase activity that might be present in the IPs.
WDSV RV-cyclin interacts with the Aa subunit of PP2A. A
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yeast two-hybrid screen was used to identify cellular proteins that
interact with WDSV RV-cyclin. Our previous work showed that a
fusion of full-length RV-cyclin to the GAL4 DNA binding domain
(pAS2-1-RV-cyclin, ,4,) autonomously activated the lacZ re-
porter gene (45). The deletion of either the N-terminal 112 amino
acids (pAS2-1-RV-cyclin,;,_59;) or C-terminal 78 amino acids
(pAS2-1-RV-cyclin, ,,,) yielded constructs negative for autono-
mous activation (45), allowing the separate representation of the
entire RV-cyclin protein in two-hybrid screens of a HeLa cDNA
library. Of 16 3-galactosidase-positive clones, 2 contained partial
cDNAs of the regulatory Aa subunit of PP2A, PR65. The PR65
clones were isolated independently with amino- and carboxy-
truncated RV-cyclin constructs, delimiting the region between
amino acids 112 and 219 for PR65 interaction. This region lies
within the predicted cyclin box fold of the RV-cyclin (amino acids
17 to 231). The two PR65 clones encode amino acids 212 to 568
and 298 to 568, identifying amino acids 298 to 568 as sufficient for
RV-cyclin interaction. This region includes complete HEAT re-
peat regions 9 to 14 of PR65 (of 15 total). HEAT repeats, named
for Huntingtin, elongation factor 3, A subunit of PP2A, and
TORI, are tandemly repeated, 37- to 47-amino-acid modules that
form a rod-like scaffold for protein-protein interaction. In PR65,
38-amino-acid repeats consist of pairs of anti-parallel « helices
(21). Repeats 1 to 10 (amino acids 8 to 397) bind the B subunit,
and repeats 13 to 15 (475 to 589) bind the catalytic subunit (48).
The two-hybrid data delimit binding, via sequence in the cyclin
box fold of RV-cyclin, to some or all of PR65 HEAT repeats 9 to 14.
These repeats overlap the regions that bind B and C subunits by
one and two repeats, respectively. These PR65 sequences are
highly conserved in eukaryotic organisms. For example, zebrafish
PR65 Aa (Danio rerio) is 95% identical to human PR65 A« in the
region containing HEAT repeats 9 to 12.

The interaction of RV-cyclin with PP2A was first confirmed by
co-IP. The PR65 cDNA clone corresponding to aa 212 to 568 was
subcloned into the pCMV-myc vector (pCMV-myc PP2A), and
lysates from HeLa cells expressing myc-tagged PR65,,, 565 and
HA-tagged RV-cyclin, ,o, were precipitated with anti-myc or
anti-HA. Co-IPs were observed on Western blots with antibodies
to the respective tags to confirm the interaction of the overex-
pressed proteins (Fig. 2A).

WDSV RV-cyclin interacts with the PP2A core enzyme. The
PP2A core enzyme consists of the catalytic subunit on the PR65
scaffold. The binding of the B subunit to the core enzyme results in
the formation of the PP2A holoenzyme. Diversity in PP2A sub-
strate recognition and subcellular localization is dependent on B
subunit diversity. Kremmer et al. (28) developed monoclonal
antibodies that are reactive to the N terminus of PR65 (MAD clone
6F9), the N-terminal region in HEAT repeat 1 (MAb clone 5H4),
and the carboxy terminus (MAb clone 6G3). 6F9 binds to the
PP2A holoenzyme (A, B, and C subunits); the binding of 5H4 is
occluded by the B subunit, so it binds only the A and C core
enzyme; 6G3 is occluded by the C subunit, and it identifies free
PR65. The binding of the C subunit is necessary for the coopera-
tive binding of the B subunit (28). Lysates of HeLa cells transfected
with a vector expressing HA-RV-cyclin or control vector were
subject to IP with these antibodies or with polyclonal anti-PR65 to
characterize RV-cyclin association with the PP2A enzyme (Fig.
2B). RV-cyclin interacts primarily with the core enzyme (5H4; A
and C subunits) rather than with free PR65 or PR65 in the PP2A
holoenzyme. This result indicates that the B subunit is not present
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FIG 2 WDSV RV-cyclin interacts with PP2A. (A) Lysates of HeLa cells trans-
fected with constructs expressing myc-tagged PR65 (aa 212 to 568; 40 kDa;
myc-PR65) and HA-tagged RV-cyclin (37 kDa; HA-RV-cyclin) were subject to
IP with anti-HA («HA) and anti-myc (amyc) antibodies, and Western blots
were probed with the reciprocal antibodies. Lysate lanes contain 10 pg cell
lysate. (B) Co-IP of expressed HA-RV-cyclin with endogenous PR65. Lysate
from HeLa cells transfected with control vector or HA-RV-cyclin expression
vector were subjected to IP with monoclonal antibodies that distinguish free
PR65 Aa and AR subunits of PP2A (65 kDa; 6G3; A), the PP2A core enzyme
(5H4; A+C), or the PP2A holoenzyme (6F9; A+B+C) and with polyclonal
anti-PR65 Aa/ that precipitates all forms («PR65). The input lane contains
10 g lysate.

when RV-cyclin binds. This is in common with the DNA tumor
virus antigens, SV40 small t and polyoma small t and middle T.
However, the binding of RV-cyclin within PR65 repeats 9 to 14
distinguishes it from the DNA tumor virus antigens whose sites of
interaction reside in repeats 2 to 8 of PR65 (48). It is not clear why
there is reduced signal with the 6F9 holoenzyme antibody, which
should detect the RV-cyclin-A-C heterotrimer, but it suggests in-
terference with 6F9 at the N terminus when RV-cyclin is present.

Retroviral Cyclin Enhances CDK8 Activity

CDKB8 kinase activity is regulated by PP2A. To determine
whether PP2A activity affects the signal in the CDKS kinase assay,
equal aliquots of anti-CDKS8-IP bead suspensions were tested in
the same reaction mix but with or without OA (Fig. 3A). IPs from
nuclear extracts of cells with or without induced RV-cyclin ex-
pression were included. Rather than losing signal to phosphatase
activity, the apparent CTD phosphorylation was significantly in-
creased without OA in the reaction. This outcome was the same
whether or not RV-cyclin was expressed. Sixty-four percent of the
CDK8 activity was lost when 10 nM OA was included in the kinase
reaction of nuclear extracts from cells without RV-cyclin (Fig. 3A,
graph, comparelanes 1 and 2; P < 0.001). These results suggest the
activation of CDK8 by an OA-sensitive phosphatase that is copre-
cipitated with CDK8. When OA was included in the kinase reac-
tion of nuclear extracts from cells with RV-cyclin, there was a loss
of only 36% of the CDKS activity (Fig. 3A, graph, compare lanes 3
and 4; P < 0.01). In the absence of OA, an increase in CDK8
activity was observed in nuclear extracts from RV-cyclin-express-
ing cells, although the enhanced activity was not significant (Fig.
3A, graph, compare lanes 2 and 4). The same OA inhibition of
CDKS8 activity was observed with anti-CDK8 IPs from nuclear
extracts from the RV-cyclin-positive walleye tumor cell line STEC
(44) (Fig. 3B). In these kinase reactions, there was a loss of 35% of
CDK8 activity when OA was included. Collectively, these data
indicate a function for RV-cyclin that is independent of an OA-
sensitive phosphatase for the enhancement of CDKS8 activity.

Phosphatases PP2A and PP1 are both sensitive to inhibition by
OA, but PP2A is most sensitive, with 50% inhibitory concentra-
tions (ICs,s) of 0.5 to 1 nM (24). PP1 is inhibited at higher con-
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FIG 3 Okadaic acid (OA) inhibits CDKS kinase activity. (A) Anti-CDK8 IPs from nuclear extracts of matched uninduced (—RV-cyclin) and induced (+RV-
cyclin) HeLa cells were assayed in triplicate reactions. Equal aliquots of washed CDK8 Ab-protein G magnetic beads were suspended in a common reaction mix
with or without added OA (10 nM). After incubation, GST fusion substrate was captured with added glutathione magnetic beads. IP and substrate were washed
and separated by polyacrylamide gel electrophoresis and blotted onto nylon for the imaging of labeled GST-CTD substrate (**P-CTD). The blot was subsequently
probed with specific antibodies for the GST-CTD (74 to 76 kDa; «CTD), CDK8 (53 kDa; «CDK8), and MED23 (140 kDa; «MED23). The chart presents means
and standard deviations of signal (relative band volume) from the phosphorimage of the CTD band. Statistical significance is represented by asterisks (*, P < 0.01;
**,P<0.001). These data are representative of three independent experiments. (B) Assay of anti-CDK8 IPs from nuclear extracts of walleye cells with and without
the inclusion of OA (10 nM) in the reaction mix. (C) Titration of OA in kinase assay of anti-CDKS8 IPs from RV-cyclin-positive HeLa cell nuclear extract. Equal
aliquots of washed CDK8 Ab-protein G magnetic beads were suspended in a common reaction mix with or without added OA as indicated. (D) Assay of
anti-CDK8 and combined anti-CDK8/anti-PP2A IPs from RV-cyclin-positive HeLa cell nuclear extract [NE (+RV-cyclin)] or the same extract immune depleted
of PP2A (—PP2A NE) in a common reaction mix with or without added OA (10 nM). (E) Assay of anti-CDKS8 IPs from RV-cyclin-positive HeLa cell nuclear
extracts previously immune depleted of PP2A (—PP2A NE) or PP1 (—PP1 NE) with or without added OA (10 nM). Charts present signal (relative band volume)
from the phosphorimage of the CTD band in each experiment. (F) Western blot evaluation of depleted (Depl.) nuclear extracts. Ten g total protein was probed
for PR65 (65 kDa; aPR65) and PP1 (34 kDa; aPP1) before and after immune depletion.
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FIG 4 RV-cyclin only enhances CDKS8 activity. (A) Anti-CDK7, anti-CDKS8, and anti-CDK9 IPs from nuclear extracts of matched uninduced and induced
(RV-cyclin +) HeLa cells were assayed for kinase activity with the GST-CTD substrate. Equal aliquots of washed Ab-protein G magnetic beads were suspended
in a common reaction mix with or without added OA (10 nM). After incubation, GST fusion substrate was captured with added glutathione magnetic beads. IP
and substrate were washed and separated by polyacrylamide gel electrophoresis and blotted onto nylon for the imaging of labeled GST-CTD substrate (**P-CTD).
Blots were subsequently probed with specific antibodies for the CTD (74 to 76 kDa; «CTD) and the corresponding IP Ab (first panel, «CDK7, 40 to 42 kDa;
second panel, «CDKS8, 53 kDa; third panel, «CDK9, 42 kDa). Image exposures were 30 min for CDK7 IPs and 3 h for CDK8 and CDK9 IPs. The charts present
signal (relative band volume) from the phosphorimage of the CTD band. (B) Coprecipitation of CDKs. Western blots of CDK IPs («CDK7, « CDK8, or « CDK9)
and 10 pg HeLa nuclear extract (NE) were probed for CDK8 (aCDKS; upper panels) and for CDK7 and CDK9 (a«CDK7 or aCDK9; lower panels).

centrations (IC5, of 60 to 500 nM). The titration of OA in reac-
tions with four matched aliquots of CDK8-IP bead suspensions
demonstrated a loss of 34% of CDK8 activity at 1 nM (Fig. 3C).
Only PP2A is effectively inhibited at this OA concentration.

Anti-PP2A antibody (anti-PR65a/B) was included with anti-
CDK8 antibody in the same IP to directly test PP2A in the activa-
tion of CDKS. The inclusion of PP2A increased the CDKS activity
by 41% compared to that with anti-CDK8 alone, and the addition
of OA in the reaction blocked this effect (Fig. 3D, lanes 1 to 4).
PP2A and PP1 were also depleted from nuclear extracts with anti-
PP2A or anti-PP1 antibodies prior to CDK8 IP to exclude them
from CDKS8 IPs. Prior PP2A immune depletion resulted in CDK8
activity at levels similar to those observed with OA inhibition,
even with the subsequent inclusion of anti-PP2A antibody in the
anti-CDKS8 IP (Fig. 3D, lanes 5 and 6). Assays of CDK8 IPs from
PP2A- or PP1-depleted extract demonstrated a loss of the OA
response after PP2A depletion but not after PP1 depletion (Fig.
3E). Figures 3D and E present kinase assays of anti-CDK8 IPs from
nuclear extracts of cells expressing RV-cyclin, but similar results
were obtained without RV-cyclin expression. Figure 3F shows the
degree of the immune depletion of PP2A and PP1 relative to equal
quantities of untreated nuclear extract. These experiments pro-
vide direct evidence for the specific PP2A activation of CDK8 dur-
ing the kinase reaction. However, PR65 could not be detected in
anti-CDKB8 IPs by Western blotting without the inclusion of anti-
PP2A antibody, and anti-PP2A IPs alone did not yield CTD phos-
phorylation activity in vitro under the conditions described (not
shown).

PP2A effects on CDK8 IPs are not dependent upon other
CTD kinases. CDK7, CDK8, and CDK9 target the CTD of Pol II.
Anti-CDK7, anti-CDKS, and anti-CDK9 IPs were prepared from
HeLa NEs with or without induced RV-cyclin expression and were
assayed with or without OA for the phosphorylation of GST-CTD
(Fig. 4A). CDKY7 IP activity was largely unaffected by OA inhibi-
tion or RV-cyclin expression. CDKS8 IPs had 21% greater CDK8
activity in the absence of OA with or without RV-cyclin expres-
sion, and RV-cyclin increased activity by 23% independently of
OA. OA had nominal effects on CDK9 IP activity, and its activity
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was actually reduced by RV-cyclin expression (approximately
35% less with or without OA). These data demonstrate that the
effects of both OA and RV-cyclin on anti-CDK8 IP activity toward
the CTD are specific for CDK8 activity and are not the result of
coprecipitated CDK7 or CDK9.

The probing of kinase assay blots with specific antibodies did
not detect CDKS in anti-CDK7 or anti-CDK9 IPs, and there was
no detectable CDK9 in anti-CDK8 or CDK7 IPs, but small quan-
tities of CDK7 were detectable by the Western blotting of anti-
CDXKB8IPs (Fig. 4B). This coprecipitated CDK7 may be responsible
for a portion of the apparent CTD phosphorylation by anti-CDK8
precipitates but not for OA inhibition or RV-cyclin enhancement.

Exogenous CDKS kinase activity is regulated by PP2A. To
confirm PP2A regulation of CDKS8, HeLa cells were transfected
with constructs that express Flag-tagged CDKS8 or a kinase-defi-
cient CDK8 mutant (D173A) (20). The Flag-tagged CDK8 expres-
sion constructs were also cotransfected with HA-tagged RV-cyclin
or HA-tagged cyclin C. Nuclear extracts from transfected cells
were immune precipitated with anti-FLAG antibody and with
anti-FLAG plus anti-PP2A antibodies, and the precipitates were
subjected to kinase assay with GST-CTD substrate (Fig. 5). CTD
phosphorylation by anti-FLAG IP was 20% greater without OA
(lanes 1 and 2). The inclusion of the PP2A antibody increased
FLAG-CDK8 activity and was also inhibited by OA (lanes 3 and 4).
RV-cyclin expression increased activity by 37% independently of
OA (lanes 1 and 5 and lanes 2 and 6). The expression of cyclin C
did not enhance FLAG-CDXKS activity in the presence or absence
of OA (lanes 7 and 8), and anti-FLAG IP from cells expressing the
kinase-deficient mutant, D173A, had approximately half of the
activity of the wild type, even with anti-PP2A antibody (lanes 9
and 10). Western analysis indicated the coprecipitation of endog-
enous CDK8 in the anti-FLAG IPs (not shown), which may ac-
count for the apparent activity of the kinase-deficient mutant. The
results with transiently expressed, FLAG-tagged CDK8 and ki-
nase-deficient CDK8 confirm the PP2A activation of CDKS8 in
vitro and the ability of RV-cyclin to enhance CDKS activity in a
manner not demonstrated by exogenous cyclin C.

PP2A regulates CDK8 autophosphorylation. CDK8 auto-
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FIG 5 Exogenous FLAG-CDKS kinase activity is regulated by PP2A and RV-
cyclin. HeLa cell nuclear extracts with transiently expressed FLAG-CDKS,
FLAG-CDKS8 with RV-cyclin (RV-cyclin), FLAG-CDKS8 with cyclin C (cyclin
C), or kinase-deficient FLAG-CDKS8 (FLAG-CDKS8 KD) were immune precip-
itated with anti-FLAG antibody or with combined anti-FLAG and anti-PP2A
(aPP2A) antibodies for kinase assay with GST-CTD as the substrate. Equal
aliquots of washed Ab-protein G magnetic beads were suspended in a common
reaction mix with or without added OA (10 nM). After incubation, GST fusion
substrate was captured with added glutathione magnetic beads. IP and sub-
strate were washed and separated by polyacrylamide gel electrophoresis and
blotted onto nylon for the imaging of labeled GST-CTD substrate (**P-CTD).
The blot was subsequently probed with specific antibodies for the CTD (74 to
76 kDa; «CTD) and FLAG-CDK8 (56 kDa; « FLAG). The chart presents signal
(relative band volume) from the phosphorimage of the CTD band.

phosphorylation was first identified by Gold et al. (20) and subse-
quently shown to be requisite for the CDK8 phosphorylation of
the CTD by recombinant CDK8 complexes (26). Anti-FLAG IPs
from nuclear extracts of cells transfected with FLAG-CDKS8 or
kinase-deficient FLAG-CDKS expression vectors were subjected
to kinase assays with no added substrate (Fig. 6A). The phosphor-
imaging of the assay blot demonstrated the in vitro phosphoryla-
tion of an immune-precipitated protein the size of FLAG-CDKS,
and OA reduced the phosphorylation of this protein by 47%
(lanes 1 and 2). The inclusion of anti-PP2A antibody in the IP
increased activity by 43% in the absence of OA (lanes 2 and 4). The
identity of the labeled band as FLAG-tagged CDK8 was confirmed
with anti-CDK8 antibody (Fig. 6A, bottom). The phosphorylation
of the kinase-deficient FLAG-CDKS was very low, indicating that
a functional CDK8 kinase domain was required for the observed
phosphorylation (lanes 5 to 8 and gray bars). The results demon-
strate that a PP2A-mediated dephosphorylation reaction precedes
CDXKS8 autophosphorylation and activation.

This proposed temporal role for PP2A action prior to CDK8
activation by autophosphorylation was tested by the preincuba-
tion of anti-CDKS8 IPs in kinase buffer with or without OA. After
allowing dephosphorylation to occur in vitro, the IPs were assayed
for the phosphorylation of the CTD substrate in the presence of
OA by the addition of a common reaction mixture containing
GST-CTD, [y-**P]ATP, and excess OA (100 nM). The preactiva-
tion of CDK8 without OA was sufficient for a subsequent 32%
increase in CTD phosphorylation in the presence of OA (Fig. 6B).

PP2A activation does not extend to histone H3 phosphoryla-
tion. Serine 10 (S10) of histone H3 is also a CDKS8 substrate,
whether the kinase is present in the free CDK8 submodule or in
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FIG 6 CDKS8 autophosphorylation is regulated by PP2A. (A) HeLa cell nu-
clear extracts with transiently expressed FLAG-CDKS8 or kinase-deficient
FLAG-CDKS8 (FLAG-CDKS8 KD) were immune precipitated with anti-FLAG
antibody or with combined anti-FLAG and anti-PP2A (aPP2A) antibodies for
kinase assay with no added substrate. Equal aliquots of washed Ab-protein G
magnetic beads were suspended in a common reaction mix with or without
added OA (10 nM). After incubation, IPs were washed and separated by poly-
acrylamide gel electrophoresis and blotted onto nylon for the imaging of la-
beled IP proteins (56 kDa; **P-FLAG-CDKS). The single radiolabeled band
was identified subsequently with anti-CDK8 Ab («CDK8). The chart presents
signal (relative band volume) from the phosphorimage of the FLAG-CDK8
band. (B) Anti-CDK8 IPs from HeLa cell nuclear extracts were assayed in
triplicate reactions. Equal aliquots of washed CDK8 Ab-protein G magnetic
beads were preincubated in a common reaction mix with or without added OA
(20 nM) for 50 min prior to the addition of a single mix with GST-CTD
substrate, [y**P]ATP, and excess OA (100 nM) to both reactions. After further
incubation, GST-CTD was captured with added glutathione magnetic beads.
IP and substrate were washed and separated by polyacrylamide gel electropho-
resis and blotted onto nylon for the imaging of labeled GST-CTD substrate
(**P-CTD). Blots were subsequently probed with specific antibodies for the
CTD (74 to 76 kDa; aCTD), CDKS (53 kDa; «CDKS8), and MED23 (140 kDa;
aMED23). The chart presents signal (relative band volume) from the phos-
phorimage of the CTD band. The asterisk indicates statistical significance as-
sociated with preincubation with OA (P < 0.01).

the Mediator complex (27). Anti-CDKS8 IPs include both CDK8
complexes. The inclusion of recombinant histone H3 as a sub-
strate, along with GST-CTD, recapitulated the increase in CDK8
activity associated with RV-cyclin expression: CDK8 phosphory-
lation of histone H3 was doubled (Fig. 7) (P < 0.001). However,
the addition of OA to the kinase reactions had no significant effect
on histone H3 phosphorylation in the presence or absence of RV-
cyclin expression (Fig. 7). CTD phosphorylation in these same
reactions remained susceptible to OA inhibition (Fig. 3A). This
result demonstrates a consistent effect of RV-cyclin on CDK8 ac-
tivity, but it also indicates the specific PP2A regulation of CTD
phosphorylation and not of histone H3 phosphorylation in vitro.
This may reflect two subsets of CDK8: one that preferentially
phosphorylates histone H3 in vitro, such as CDK8 in the submod-
ule, versus a CDKS8 subset that phosphorylates the CTD, such as
CDKB8 in the Mediator complex.

Figure 8 presents a model of RV-cyclin regulation of CDK8
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FIG 7 RV-cyclin enhances, but okadaic acid (OA) does not inhibit, histone H3 phosphorylation. Anti-CDKS8 IPs from nuclear extracts of matched uninduced
(—RV-cyclin) and induced (+RV-cyclin) HeLa cells were assayed in triplicate reactions. Equal aliquots of washed CDK8 Ab-protein G magnetic beads were
suspended in a common reaction mix containing recombinant mouse histone H3 and GST-CTD as substrates and with or without added OA (10 nM). After
incubation, histone H3 substrate was captured with specific antibody and additional protein G magnetic beads and GST-CTD with glutathione magnetic beads.
IP and substrates were washed and separated by polyacrylamide gel electrophoresis and blotted onto nylon for the imaging of labeled histone H3 substrate
(**P-H3) (Fig. 3A, CTD). The blot was subsequently probed with specific antibody for histone H3 (17 kDa; «H3). The chart presents means and standard

deviations of signal (relative band volume) from the phosphorimage of the H3 band.

activity, both by the direct activation of kinase function and pos-
sibly through its interaction with the A subunit of PP2A. CDK8 in
the free submodule or in CDK8-Mediator is subject to RV-cyclin
binding and increased kinase activity toward histone H3 and CTD
substrates compared to cyclin C. In addition, CDK8-Mediator is
further subject to dephosphorylation by PP2A, which triggers
autophosphorylation and full kinase activity toward the CTD (in
vitro). RV-cyclin might enhance this CDKS activation process as
well by colocalizing PP2A and its CDKS8 substrate. Its specific tar-
geting of transcription initiation complexes via TAF9 (47) could
stabilize such interactions.

DISCUSSION

The dysregulation of CDKS8 function is clearly associated with the
development of cancer (16, 25, 34, 35). In melanoma, the loss of
expression of the histone variant macro-H2A results in the up-
regulation of CDKS8 expression, and this correlates with increasing
malignancy (25). In colorectal cancer, CDK8 expression is fre-
quently increased by CDK8 gene amplification (52% of cases
[16]). Colon cancer cell lines remain dependent upon elevated
CDKS8 expression for growth, and the overexpression of func-
tional CDK8 can transform cells in vitro. The increases of CDK8
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levels in disease are not large; colon cancer cell lines typically have
one to three additional copies of the gene encoding CDKS, sug-
gesting that as little as two to three times the normal level of CDK8
activity is oncogenic. In osteosarcoma, the gene encoding cyclin C
is frequently lost, and cell lines derived from these tumors are
dependent upon continued cyclin C depletion for growth (35).
This association of cyclin C depletion with cancer points to a pos-
sible role as a governor of CDKS8 activity. Any dysregulation of
CDKB8 activity, whether by the loss of control or modest increase
in total kinase activity, may be oncogenic. We suggest that the
functional increase in CDK8 enzyme activity that is associated
with RV-cyclin emulates the level of CDKS8 activity associated with
disease. This hypothesis is borne out by very large increases in the
expression of specific host genes when RV-cyclin is expressed (9).

The enzymatic activity of cyclin-dependent kinases is regulated
by reversible phosphorylation. Phosphatases may serve as positive
or negative regulators. The activity of most CDKs is dependent
upon binding to a cyclin followed by phosphorylation within the
activation loop (T loop). The phosphorylated residue in the T
loop then interacts with three conserved arginines, which induces
a conformational change allowing substrate access to the ATP
binding site. An example is CDK9, which binds cyclin T and is a

Cal

FIG 8 Proposed model of RV-cyclin regulation of CDK8 activity. RV-cyclin displaces cyclin C from CDKS in the submodule and in CDK8-Mediator complexes
associated with RNA Pol II and transcription complexes. CDK8 has greater enzymatic activity with RV-cyclin than cyclin C binding. CDK8-Mediator is also
subject to dephosphorylation by PP2A, which triggers autophosphorylation and full kinase activity toward the CTD of RNA Pol II. This mechanism functions
with or without RV-cyclin. RV-cyclin also binds the PP2A scaffold subunit, PR65, and excludes the regulatory B subunit. RV-cyclin may increase the PP2A-CDK8
activation process by colocalizing PP2A with its CDK8 substrate at active transcription sites. Known CDKS substrates, histone H3, RNA Pol II CTD, E2F1, cyclin
H, Med13, and CDKS itself, are illustrated with asterisks.
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component of the transcription elongation complex, P-TEFb. The
CDXKO T loop (T186) can be autophosphorylated to form an active
kinase that localizes to nuclear speckles where the further ex-
change of negative and positive regulatory components occurs
(14, 56). CDKO9 kinase activity is also positively regulated by the
PP1 dephosphorylation of residue S175, a reaction that contrib-
utes to the activation of HIV-1 transcription (3).

The control of CDKS8 activity remains poorly understood.
Hoeppner et al. determined the crystal structure of cyclin C
(SRB11) from Schizosaccharomyces pombe (23), and the modeling
of a CDK8/cyclin C complex suggested that CDK8 was not phos-
phorylated in the activation loop. They proposed that the activa-
tion of CDK8 is the result of an interaction of an exposed gluta-
mate residue in cyclin C with three arginine residues in the
activation loop to induce an open conformation of the CDK8
ATP-binding site. This model is supported by the recently solved
crystal structure of human CDKS8/cyclin C in a complex with
sorafenib, an anticancer drug that binds to the catalytic cleft of
CDKB8 (50). These studies revealed that the CDKS8 activation loop
does not contain a phosphoresidue and supports the cyclin C
model described by Hoeppner et al. (23). This is in contrast to a
computational study of CDKS8 structure, which predicted that a
threonine residue near the CDKS activation loop is phosphory-
lated (57). To date, only two phosphorylation sites have been
physically identified, and they are located in the C terminus of
CDK8 (T410 and S413) (36), which is distant from the activation
segment (50). These or other putative kinase targets could regulate
the activation loop.

The sequence alignment of RV-cyclin and cyclin C revealed a
number of conserved residues that are critical for binding to
CDXKS8. Mutation of two of these residues in RV-cyclin (K8ORV-Crey
K969°C and E111%V"“/E139“7°°) disrupts RV-cyclin binding to
CDKS8 (9). The exposed glutamate residues in yeast (E91) and
human cyclin C (E99) that interact with the arginine residues in
the CDKS8 activation loop also align with RV-cyclin E83, suggest-
ing that RV-cyclin has the capacity to bind CDK8 and yield an
active conformation in the CDK8 T loop. The data presented here
support direct action by the RV-cyclin on CDKS structure to en-
hance its activity compared to that of exogenous cyclin C (Fig. 5).
The model in Fig. 8 includes this direct aspect of the RV-cyclin
regulation of CDK8-Mediator.

The RV-cyclin enhancement of CDK8-dependent RNA Pol 11
CTD phosphorylation in vitro may result from the formation of an
open conformation of the CDKS active site. The CDK8 immune
precipitate in this case is likely to be a component of the Mediator
complex, since the endogenous CDK8 submodule is unable to
phosphorylate the CTD in vitro, and approximately 70% of the
CDKS8 in HeLa nuclear extracts are part of the Mediator complex
(27). Also, Med23, a component of CDK8-Mediator, was present
in the anti-CDKS IPs (Fig. 1, 3A, and 6B). This result places RV-
cyclin at transcription complexes where CDK8 phosphorylates
and activates RNA Pol II and promotes transcription elongation
through the recruitment of CDK9 (13). We hypothesize that the
contribution of RV-cyclin to transcription elongation processivity
is an important part of its ability to significantly enhance the ex-
pression of a number of cell cycle regulatory genes, specifically the
known oncogene cyclin DI (9) and immediate-early genes FOS
and EGRI (C. Birkenheuer, S. L. Quackenbush, and J. Rovnak,
unpublished data). The transcription elongation of FOS and
EGRI during serum response is positively regulated by CDK8 (13,
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53). The RV-cyclin stabilization of CDK8 in an active conforma-
tion may contribute directly to the increased expression of these
regulators of cell proliferation and promote tumorigenesis.

RV-cyclin also binds the Aa subunit of PP2A. This led to the
finding that CDKS kinase activity is regulated by PP2A. The anti-
CDKS8 IPs are at least partially phosphorylated at a site that serves
as both a substrate for PP2A phosphatase activity and as a regula-
tor of CDK8 autophosphorylation and subsequent CTD phos-
phorylation. What is the role for PP2A in the context of its RV-
cyclin interaction? The avidity of the RV-cyclin for the nuclear
compartment and, specifically, for IGCs and perichromatin fibrils
has been well established (43, 44, 46). The enrichment of a variety
of transcription components in these nuclear regions, including
CDKS8, CDKO9, and hyperphosphorylated forms of RNA Pol I1, has
also been shown (5, 14, 22, 46, 51). An ability of the RV-cyclin to
deliver additional, active PP2A to IGCs may promote CDK8 func-
tion by dephosphorylation. The RV-cyclin may also stabilize
PP2A specifically at active transcription complexes that include
CDK8-Mediator. The transcription activation domain in the car-
boxy terminus of RV-cyclin directly binds TAF9 at these sites (47).
The interaction of this separate domain may juxtapose PP2A and
CDK8-Mediator. The data presented here do not specifically sup-
port the PP2A-dependent RV-cyclin activation of CDKS, but they
do not preclude such a mechanism.

Each PP2A heterotrimer contains a specific B subunit that
functions in both its localization and substrate specificity (recently
reviewed by Eichhorn etal. [15]). Regions of the B subunit interact
directly with positively charged motifs adjacent to targeted phos-
phoepitopes to stabilize contacts by the catalytic subunit. Among
the four families of PP2A B subunits, the B’ family (B56 or PR61)
is comprised of types a, 3, €, 8, and 7y (15, 59). Five isoforms of
B56+y have been identified, isoforms 1, 2, and 3 have been observed
in the nucleus, and 1 is concentrated in IGCs (18). We hypoth-
esize arole for the PP2A B56y1 isoform in the regulation of CDKS.
In this context, the RV-cyclin displacement of the B subunit that
normally targets CDK8 would also require the RV-cyclin replace-
ment of the function of that B subunit for localization and sub-
strate recognition. Although RV-cyclin could serve to localize
PP2A at CDK8-Mediator, its ability to provide substrate recogni-
tion is unclear.

The anti-CDKS8 IPs tested here contain the proportions of
CDKS8 subpopulations observed previously: approximately 30%
as free submodule and 70% in Mediator complex (27). Either
form should be capable of phosphorylating the recombinant H3
substrate in vitro, but only CDK8-Mediator phosphorylates the
CTD. RV-cyclin enhanced the phosphorylation of both histone
H3 (Fig. 7) and GST-CTD by anti-CDKS IPs (Fig. 1, 3, 4, and 5),
but only CTD phosphorylation was subject to inhibition by oka-
daic acid. This difference in PP2A response suggests that the RV-
cyclin enhancement of histone H3 phosphorylation by CDK8 oc-
curs via a direct, PP2A-independent mechanism and supports the
conclusion that the additive enhancement of CTD phosphoryla-
tion also results from direct RV-cyclin action. Furthermore, OA
inhibition specifically of CTD phosphorylation suggests that
CDK8-Mediator is the primary target for dephosphorylation by
PP2A in vitro. However, the loss of PP2A regulation in vitro may
only indicate the prior, complete PP2A dephosphorylation of
CDKS in the submodule in vivo or a lack of sufficient PP2A asso-
ciated with the submodule in the CDKS8 IP. Either way, the CDK8
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complexes that are subject to PP2A regulation now can be sepa-
rated based on their substrate specificity and OA sensitivity.

We have identified a role for RV-cyclin in the enhancement
of CDKS activity and a PP2A-mediated mechanism for CDK8
activation by dephosphorylation prior to CDK8 autophos-
phorylation. The specific phosphoepitope(s) that serves as
CDK8 regulator and PP2A substrate remains unknown. It is
clear that the anti-CDK8 immune precipitate contains many
bound proteins, including components of the Mediator com-
plex and RNA Pol II (45, 46). Likely candidates for PP2A de-
phosphorylation include CDKS8 itself and Med13, which binds
to and is phosphorylated by CDK8 (26). Cyclin C controls the
structure of the CDKS active site and also has many predicted
serine/threonine phosphorylation sites that may be dephos-
phorylated by PP2A.
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