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Mammalian Wdr82 is a regulatory component of the Setd1a
and Setd1b histone H3-lysine 4 methyltransferase complexes
and is implicated in the tethering of Setd1 complexes to tran-
scriptional start sites of active genes. In the studies reported
here, immunoprecipitation and mass spectrometry analyses
reveal that Wdr82 additionally associates with multiple pro-
tein complexes, including an RNA polymerase II complex,
four distinct histone H3-Lys4 methyltransferase complexes,
protein phosphatase 1 (PP1)-associated proteins, a chapero-
nin-containing Tcp1 complex, and other uncharacterized pro-
teins. Further characterization of the PP1-associated proteins
identified a stable multimeric complex composed of regulatory
subunits PNUTS, Tox4, andWdr82 and a PP1 catalytic subunit
(denoted as the PTW/PP1 phosphatase complex). The PTW/
PP1 complex exhibits in vitro phosphatase activity in a PP1-de-
pendent manner. Analysis of protein-protein interactions
reveals that PNUTS mediates phosphatase complex formation
by providing a binding platform to each component. The
PNUTS and Tox4 subunits are predominantly associated with
the PTW/PP1 phosphatase complex in HEK293 cells, and the
integrity of this complex remains intact throughout cell cycle
progression. Inducible expression of a PP1 interaction-defec-
tive form of PNUTS (W401A) or small interfering RNA-medi-
ateddepletionof PNUTS inHEK293 cells causes cell cycle arrest
atmitotic exit and apoptotic cell death. PNUTS (W401A) shows
normal association with chromosomes but causes defects in the
process of chromosomedecondensation at late telophase. These
data reveal that mammalian Wdr82 functions in a variety of
cellular processes and reveal a potential role of the PTW/PP1
phosphatase complex in the regulation of chromatin structure
during the transition frommitosis into interphase.

Protein phosphatase 1 (PP1)2 is a serine/threonine protein
phosphatase involved in diverse cellular processes, such as

transcription, replication, pre-mRNA splicing, protein syn-
thesis, muscle contraction, carbohydrate metabolism, neu-
ronal signaling, cell survival, and cell cycle progression
(1–3). Mammals express three PP1 catalytic isoforms, PP1�,
PP1�, and PP1�/�, which show distinct subcellular localization
patterns (4, 5). PP1 catalytic isoforms do not exist freely in cells
but rather associate with regulatory subunits to form distinct
multimeric holoenzymes. In general, PP1 regulatory subunits
function as signaling modules by regulating the enzymatic
activity or targeting of catalytic subunits to specific substrates
(6, 7). PP1 is involved in cell cycle progression, especially during
mitosis and mitotic exit, and dysregulation of PP1 activity
causes mitotic arrest or deficient cytokinesis in mammals (3, 8,
9). PP1 is associated with multiple mitotic structures, such as
chromosomes, centrosomes, and spindles (4, 8, 10), and is
implicated as a major phosphatase acting on phosphoproteins
at mitotic exit (11–14). However, the specific regulatory or tar-
geting subunits required for this activity are not well under-
stood. Therefore, the characterization of multimeric PP1 com-
plexes is essential for understanding PP1 functions in specific
biological pathways.
Numerous chromatin-associated PP1 regulatory subunits

have been identified and often contain histone-modifying or
chromatin-remodeling activities (15). PP1 nuclear targeting
subunit (PNUTS), also known as PPP1R10, p99, FB19, or CAT
53, was originally identified as a mammalian nuclear PP1-bind-
ing protein (16–18). PNUTS contains several functional do-
mains, including an N-terminal transcription elongation factor
S-II (TFS2N) domain implicated in the transcriptional initia-
tion or elongation of RNA polymerase (pol) II (19), a putative
zinc finger domain, a consensus PP1-binding RVXF motif, and
C-terminal RGG motifs that interact with homopolymeric
RNA (17, 20). PNUTS is ubiquitously expressed and tightly
associates with chromatin during interphase but is excluded
from chromosomes at early mitosis and is reloaded onto chro-
mosomes during the transition frommitosis to interphase (21).
PNUTS also enhances in vitro chromosome decondensation
in a PP1-dependent manner. These observations led to the
hypothesis that PNUTS may be a regulator of signaling events
promoting chromosome decondensation as cells reenter inter-
phase (21). PNUTS is also implicated in regulation of cell cycle
progression and apoptosis. Interaction of PNUTS with PP1
inhibits dephosphorylation of the retinoblastoma cell cycle
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regulatory protein (22–24), and siRNA-mediated depletion
of PNUTS causes apoptosis in an retinoblastoma-dependent
manner in cancer cells (24). Also, the gene encoding PNUTS is
induced by hypoxia, and PNUTS regulates the phosphorylation
and apoptotic activities of p53 under hypoxic conditions (25).
WD40 domains are found in a large family of proteins with

diverse biologic functions, including adaptor/regulatory mod-
ules in signal transduction, pre-mRNA processing, cytoskel-
eton assembly, and cell cycle control (26, 27). WD40
domain-containing proteins typically contain seven WD40
repeats that form �-propeller-like platforms to which other
proteins bind. TheWD40 repeat propeller structure is a versa-
tile module for recognition of post-translational protein modi-
fications, such as H3-Lys4 methylation or phosphorylated ser-
ine/threonine residues (28–31). The WD40 repeat protein
Wdr82 is a component of the Setd1a and Setd1b histone
H3-Lys4 methyltransferase complexes and specifically recog-
nizes the Ser5-phosphorylated C-terminal domain (CTD) of
RNA pol II and directs the Setd1 complexes to transcriptional
start sites of active genes (32–34). Swd2, a yeast homologue of
Wdr82, is implicated in histone H3-Lys4 trimethylation at the
5�-region of active genes and transcriptional termination at the
3�-end of genes. Swd2 is a component of two distinct com-
plexes, the Set1/COMPASSH3-Lys4methyltransferase and the
APT (associated with Pta1) subcomplex of the cleavage and
polyadenylation factor (35–39). Recently, Swd2 was implicated
in histone H2B ubiquitination-dependent histone H3-Lys4
methylation at the 5�-region of active genes, a process known as
histone cross-talk (40, 41).
In this study, mammalian Wdr82-associated proteins were

identified using affinity purification and mass spectrometry to
gain further insights into Wdr82 function. In addition to
the previously reported interaction with Setd1 histone H3-Lys4
methyltransferase complexes, these studies reveal that Wdr82
associates with PP1 catalytic and regulatory subunits. Further
characterization revealed a stable multimeric PP1 complex
composed of PNUTS, Tox4 (also known as Lcp1 (Langerhans
cell protein 1)), and Wdr82. PNUTS mediates complex forma-
tion by providing a binding platform for each component.
Inducible expression of a PP1 interaction-defective form of
PNUTS (W401A) causes cell cycle arrest at mitosis and cell
death. PNUTS (W401A) exhibits normal associationwith chro-
mosomes but causes defects in the process of chromosome
decondensation at late telophase, indicating that this PP1 phos-
phatase complex plays a role in the control of chromatin struc-
ture and cell cycle progression during the transition frommito-
sis into interphase.

EXPERIMENTAL PROCEDURES

Cell Lines—Human embryonic kidney cells (HEK293) were
cultured andmaintained as described (42). T-RExHEK293 cells
that constitutively express the tetracycline repressor (Invitro-
gen) were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% bovine calf serum and 5 �g/ml blasti-
cidin (Invitrogen). To establish inducible cells, T-REx HEK293
cells were transfected as described (33) and selected inmedium
containing 200 �g/ml hygromycin B (Sigma) and 5 �g/ml blas-
ticidin. Inducible T-REx cell lines were maintained in Dulbec-

co’smodified Eagle’smedium containing 50�g/ml hygromycin
B and 5 �g/ml blasticidin.
T-RExHEK293 cells were synchronized by successive thymi-

dine and nocodazole blocks as described (43). Briefly, cells were
cultured in complete medium containing 2 mM thymidine
(Sigma) for 16 h. Cells were washed and incubated in fresh
medium for 2 h and were incubated in medium containing 100
ng/ml nocodazole (Sigma) for 12 h. After washing with phos-
phate-buffered saline (PBS) and fresh medium, cells were
released from mitotic arrest by incubating with fresh medium.
Plasmid Construction—The cDNA of human Wdr82 (32)

was subcloned into pcDNA5/TO vector (Invitrogen) contain-
ing an N-terminal FLAG epitope. Human Tox4, mouse PNUTS,
and human Scp1 (small C-terminal domain phosphatase-1),
human NIPP1 (nuclear inhibitor of protein phosphatase-1),
human PP1�, human PP1�, and human PP1� cDNAs were
amplified from expressed sequence-tagged clones obtained
from the American Type Culture Collection. The cDNAs were
subcloned into the pcDNA3 vector, which contains an N-ter-
minal FLAGepitope, andwere subsequently subcloned into the
pcDNA5/TO vector (Invitrogen). Site-directed mutagenesis
was performed on the RVXF motif of PNUTS using primers
that mutate a tryptophan residue to alanine using the
QuikChange site-directed mutagenesis kit (Stratagene) in
accordance with the protocol provided by the manufacturer.
PNUTS (W401A) cDNA was subcloned into the pcDNA5/TO
vector, which contained an N-terminal FLAG epitope tag or
green fluorescent protein (GFP). Various deletion constructs of
PNUTS cDNA were subcloned into the pcDNA3 vector
(Invitrogen) with an N-terminal FLAG epitope using PCR and
restriction enzyme digestions. The nucleotide sequence of all
constructs was confirmed.
Identification of Protein Complexes by Mass Spectrometry—

T-REx HEK293 cells that inducibly express FLAG-Wdr82,
FLAG-PNUTS, FLAG-Tox4, or empty vectorwere treatedwith
1 �g/ml doxycyline for 3 days. Nuclear extracts were prepared
as described previously (32) in extraction buffer (10 mM PIPES,
pH 7.0, 300 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 1 mM

EGTA), supplemented with the protease inhibitors leupep-
tin, aprotinin, pepstatin (1 �g/ml each), 1 mM phenylmeth-
ylsulfonyl fluoride, and 0.5% Triton X-100), and anti-FLAG
M2 agarose beads (Sigma) were added, incubated for 3 h,
and extensively washed. Bound proteins were eluted with
extraction buffer containing 250 �g/ml FLAG peptide (Sigma).
Proteins were denatured and separated by 4–12% SDS-PAGE
and stained with Coomassie Brilliant Blue. Protein bands were
excised and processed for in-gel trypsin digestion. Peptides
were extracted with 0.1% formic acid for 30 min at 37 °C and
injected into a 75 �m � 5-cm C-18 reverse-phase column
(Waters, Picofrit column) and were eluted with a gradient of
5–45% acetonitrile developed over 30 min at a flow rate of 250
nl/min using an Agilent 1100 series nanopump. The column
was interfaced with an LTQ ion trap mass spectrometer
(Thermo), and data were collected in the triple playmode. Tan-
demmass spectra were searched against the IPI human protein
data base (version 3.57) with SEQUEST (version 2.7) and
X!Tandem.
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Immunoprecipitation and Western Blotting Analysis—Nu-
clear orwhole cell extractswere prepared as described (32). Cell
extracts were incubated with anti-FLAGM2-agarose beads for
3 h and extensively washed. Bound proteins were eluted with
SDS sample buffer. For PNUTS, Tox4, Setd1a, and Setd1b
immunoprecipitations, nuclear extracts were precleared and
incubated with antibodies for 3 h and incubated with protein
A-agarose beads (Roche Applied Science) for 1 h. Protein A-
agarose beads were washed four times with the extraction
buffer containing 300 mMNaCl. Proteins were eluted with SDS
sample buffer and analyzed by Western blotting. Antisera uti-
lized are as follows. Anti-FLAG (mouse monoclonal M2) anti-
body was obtained from Sigma. Antisera directed against
Ash2L, Rbbp5, Mll1, Mll2, PP1�, PP1�, PP1�, and Tcp1� were
obtained from Bethyl Laboratories. Anti-Tox4 and anti-Rbp2
antisera were obtained from Aviva Systems Biology, LLC (San
Diego, CA). Anti-Rbp1 antiserum was obtained from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-Ser5-phos-
phorylated RNA pol II CTD (monoclonal H14) was obtained
from Covance Ltd. (Berkeley, CA). Anti-acetylated histone H3
antibody was obtained from Upstate Biotechnology, Inc. (Lake
Placid, NY). Anti-NuMA (Ab-1) was obtained from EMD Bio-
sciences, Inc. (La Jolla, CA). Anti-PNUTS antiserumwas kindly
provided byDr.Mathieu Bollen (Catholic University of Leuven,
Belgium). Anti-Mll4 and anti-Ptip antisera were kindly pro-
vided by Dr. Kai Ge (National Institutes of Health). Generation
of antisera directed against Setd1a, Setd1b, Cfp1, Wdr5, and
Wdr82 was previously described (32, 33).
Purification of Recombinant Proteins and in Vitro Pull-down

Assay—The cDNA encoding PP1� was subcloned into the
pGEX 4T vector (AmershamBiosciences), and constructs were
transformed into Escherichia coli BL21 cells. Transformants
were grown and induced with 0.2 mM isopropyl-�-D-thioga-
lactoside for 4 h at 25 °C. Glutathione S-transferase (GST)-
PP1� fusion protein was purified using glutathione-agarose
affinity bead (Sigma), and purified protein was dialyzed
against PBS containing 10% glycerol. cDNAs encoding
PNUTS, Tox4, or NIPP1 were subcloned into the pFASTBAC
HTa vector (Invitrogen). Generation of recombinant baculovi-
rus and expression of recombinant proteins in Sf9 cells were
performed according to the manufacturer’s instructions. For
the purification of recombinant proteins, Sf9 cells were har-
vested and resuspended in 10 ml of lysis buffer (50 mM sodium
phosphate, pH 8.0, 300mMNaCl, 10mM imidazole, 1mMphen-
ylmethylsulfonyl fluoride, and 0.05% Tween 20). Cells were
homogenized using a Dounce homogenizer, and lysates were
centrifuged. Supernatantswere incubatedwithNi2�-nitrilotriace-
tic acid-agarose beads (Qiagen, Valencia, CA) for 4 h at 4 °C, and
beads were extensively washed using wash buffer (50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, 20 mM imidazole, and 0.05%
Tween20).Boundproteinswereelutedwithelutionbuffer (50mM

sodium phosphate, pH 8.0, 300 mM NaCl, 250 mM imidazole,
and 0.05% Tween 20) and dialyzed against PBS containing 10%
glycerol. Purification of recombinant FLAG-Wdr82 from
insect cells was performed as described previously (34).
For FLAG pull-down assays, purified proteins were incu-

bated in 1ml of pull-down buffer (20mMTris-HCl, pH 8.0, 150
mM NaCl, 2 mM EDTA, 0.2% Nonidet P-40, and 0.5% deoxy-

cholate) for 2 h, and anti-FLAGM2-agarose beads were added
and incubated at 4 °C for 2 h. Beads were extensively washed
with pull-down buffer, and bound proteins were denatured by
SDS sample buffer. Proteins were separated by SDS-PAGE
and stained with Coomassie Brilliant Blue. For GST pull-down
assays, glutathione-agarose beads were used, and reactions
were performed as described above.
Protein Phosphatase Assay—In vitro phosphatase activity

of the PP1 complex was analyzed using Ser5-phosphorylated
recombinant GST-CTD as a substrate. pGST-mCTD, a bacte-
rial expression vector expressing full-length mouse CTD, was
kindly provided by Dr. Michael Dahmus (University of Califor-
nia, Davis, CA). Purified GST-CTD was phosphorylated by
MAPK (New England Biolabs, Beverly, MA) as described pre-
viously (34). Recombinant inhibitor 2, a highly specific and
strong PP1 inhibitor (44), was purchased from New England
Biolabs. NIPP1, another specific PP1 inhibitor (45), was puri-
fied from insect Sf9 cells infected by recombinant baculovirus
encoding His-tagged NIPP1.
Nuclear extracts isolated from inducible T-RExHEK293 sta-

ble cell lines were subjected to FLAG immunoprecipitation.
Bound proteins were eluted by FLAG peptide after extensive
washing, and FLAG immunoprecipitates were used for an in
vitro phosphatase assay. MAPK-treated GST-CTD was incu-
bated with FLAG immunoprecipitates in the absence or pres-
ence of inhibitor 2 or NIPP1 at 30 °C for 1 h in PP1 reaction
buffer (50 mMHEPES, pH 7.5, 0.1 mM EDTA, 5 mM dithiothre-
itol, 0.025% Tween 20, and 1 mM MnCl2). The reaction prod-
ucts were analyzed by Western blotting using antiserum
directed against Ser5-phosphorylated CTD (monoclonal H14,
Covance Ltd.).
siRNA-mediated depletion of PNUTS—HEK293 cells were

transfected by control (D-001206–14) or PNUTS (M-011358)
SMART pool siRNAs (Dharmacon) according to the manufac-
turer’s instructions using DharmaFECT transfection reagent
(Dharmacon) and analyzed after 3 days.
Flow Cytometric Analysis—For cell cycle analysis, cells were

harvested, washed twice with PBS, fixed with cold 70% ethanol,
and incubated in PBS containing 0.3% Nonidet P-40, 0.5 mg/
ml RNase A, and 50 �g/ml propidium iodide (PI) for 30 min
on ice. Following staining, samples were analyzed for cell
cycle distribution using a FACScan flow cytometer (BD Bio-
sciences) and ModFit LT software (Verity Software, Topsham,
ME). Apoptotic cells were detected using an Annexin V-
FLUOS and PI staining kit (Roche Applied Science) according
to the manufacturer’s instructions. Apoptotic cells were
defined as Annexin V-positive and PI-negative cells. Statistical
significance was assessed by one-tailed t tests, with a p value of
�0.05 interpreted as statistical significance.
Immunofluorescence and Confocal Microscopy—T-REx

HEK293 cells were cultured on glass bottom collagen-coated
dishes and were analyzed as described (42) with slight modifi-
cations. Briefly, cells were fixed with 4% (v/v) paraformalde-
hyde in PBS, permeabilized with 0.2% Triton X-100 in PBS,
and then incubated with blocking solution (PBS containing
2.5% normal bovine serum and 0.2% Tween 20) for 1 h. Anti-
FLAG mouse IgG (1:1000, 3.5 �g/ml) (Sigma) was added
and incubated for 2 h at room temperature. Cells were then
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washed three times with PBS containing 0.2% Tween 20.
Bovine anti-mouse IgG-fluorescein isothiocyanate (2 �g/ml in
blocking solution) was added and incubated for 1 h. Cells were
washed three times, and nuclei were stained with 0.1 �g/ml
4,6-diamidino-2-phenylindole (DAPI) in PBS for 5 min, fol-
lowed by washing with PBS. Cells were scanned with a Zeiss
LSM 510 laser-scanning confocal microscope (Indiana Center
for Biological Microscopy). For detection of the GFP-PNUTS
(W401A) mutant, cells were fixed, permeabilized, and scanned
with a confocal microscope after staining with DAPI as de-
scribed above.

RESULTS

Affinity Purification and Identification of Wdr82-associated
Proteins—We and others previously reported that mammalian
Wdr82 protein specifically associates with the Setd1 histone
H3-Lys4 methyltransferase complexes (32, 33, 46). Wdr82 rec-
ognizes the Ser5-phosphorylated form of RNA pol II CTD,
which is associated with an early step of transcription elon-
gation and targets the Setd1a and Setd1b methyltransferase
complexes to transcription start sites of active genes (34).
Wdr82-associated proteins were purified and identified to fur-
ther investigate the cellular function(s) of Wdr82. Nuclear
extracts isolated from T-REx HEK293 cell lines expressing
FLAG-Wdr82 or carrying the empty vector were subjected to
FLAG immunoprecipitation (Fig. 1A). In addition to FLAG-
tagged Wdr82, 16 protein bands were detected that were not
present in the control immunopurification.Mass spectrometry
analysis of protein bands identified a total of 29 unique pro-
teins, with detection of multiple peptides for each protein (Fig.
1A). These were grouped into five categories based on known
biological activities: the chaperonin-containing Tcp1 complex
(47), four distinct histone H3-Lys4 methyltransferase com-
plexes (Setd1a, Setd1b, Mll3 (mixed lineage leukemia), and
Mll4) (32, 33, 48, 49), PP1-regulatory proteins (PNUTS and
Tox4 (also known as Lcp1 and KIAA0737)) and PP1 catalytic
subunits (50), RNA pol II catalytic core subunits (Rbp1 and
Rbp2) (34), and currently uncharacterized proteins (Rbm10
and C19orf7) (Fig. 1B).
Representative components of each putative Wdr82 com-

plex were analyzed byWestern blotting following immunopre-
cipitation to assess the authenticity of protein interactions
identified by mass spectrometry analysis (Fig. 1C). In all cases,
proteins identified by mass spectrometry were detected in the
FLAG-Wdr82 immunoprecipitates but were not detected in
FLAG immunoprecipitates prepared from cells carrying the
empty expression vector. For example, FLAG immunoprecipi-
tation recovers Tcp1�, a component of the chaperonin-con-
taining Tcp1 complex (47). For the histone methyltransferase
complexes, immunoprecipitation recovered CXXC finger pro-
tein 1 (Cfp1), a unique component of the Setd1a/b complexes;
the Setd1a and Setd1b proteins (32, 33); Pax transactivation
domain-interacting protein (Ptip), a unique component of the
Mll3 andMll4 complexes (48, 49); theMll4 protein; andAsh2L,
Rbbp5, and Wdr5 components of Set1-like methyltransferase
complexes (51). However, Mll1 and Mll2, other members of
the Set1-like histone H3-Lys4 methyltransferase family that were
not detected in the mass spectrometry analysis (Fig. 1A), were

also not found in the FLAG-Wdr82 immunoprecipitate (Fig. 1C),
demonstrating thatWdr82 specifically associates with the Setd1a,
Setd1b,Mll3, andMll4methyltransferase complexes. For the PP1
complex, three different isoforms of PP1 and PP1-regulatory pro-
teins, such as PNUTS and Tox4, were detected by specific anti-
sera in the FLAG-Wdr82 immunoprecipitate. Finally, large and
small subunits of RNApol II were detected in the FLAG-Wdr82
immunoprecipitate, as reported previously (34).
Characterization of a Putative Phosphatase Complex Con-

taining PNUTS, Tox4, Wdr82, and PP1—Co-immunoprecipi-
tation studies were performed to further assess the Wdr82-
containing PP1 complex. Nuclear extracts derived from
HEK293 cells were subjected to immunoprecipitation using
antisera directed against endogenous Tox4, PNUTS, Setd1a, or
Setd1b, and immunoprecipitates were analyzed by Western
blotting. Fig. 2A demonstrates that endogenousWdr82 associ-
ates with Tox4, PNUTS, Setd1a, and Setd1b. Rbbp5, a common
component of Set1-like histone H3-Lys4 methyltransferase
complexes, associates with Setd1a and Setd1b as previously
reported (32, 33) but does not associate with Tox4 or PNUTS.
Also, Tox4 and PNUTS associate with PP1 but do not associate
with Setd1a and Setd1b. Taken together, these results indicate
that the PP1 and Setd1 complexes both containWdr82 but are
physically distinct. Last, Tox4 associates with PNUTS, PP1, and
Wdr82.

FIGURE 1. Wdr82 is associated with multiple protein complexes. A, T-REx
HEK293 stable cell lines that express FLAG-Wdr82 or empty vector were
induced with 1 �g/ml doxycycline for 3 days. Nuclear extracts were prepared
and subjected to FLAG immunoprecipitation (FLAG-IP), and bound proteins
were eluted by FLAG peptide after extensive washing. Proteins were analyzed
by SDS-PAGE and stained with Coomassie Brilliant Blue. Protein bands were
excised and processed for in-gel trypsin digestion. Peptides were analyzed by
quadrupole time-of-flight mass spectrometry, and proteins were identified. B,
identified proteins are classified into five categories based on known biolog-
ical activities. C, T-REx HEK293 stable cell lines that express FLAG-Wdr82 or
empty vector were induced with 1 �g/ml doxycycline for 3 days. Nuclear
extracts were subjected to FLAG immunoprecipitation, and immunoprecipi-
tates were analyzed by Western blotting for representative proteins of each
complex class.
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Additional studies were performed to assess the interac-
tion specificity of PP1-associated proteins. Inducible T-REx
HEK293 cell lines were generated that express FLAG-tagged
versions of Wdr82, PP1�, PP1�, PP1�, Scp1 (an unrelated
phosphatase) (52), Tox4, PNUTS, or the PP1 inhibitor NIPP1.

Cells were inducedwith 1�g/ml doxycycline for 3 days, nuclear
extracts were isolated and subjected to FLAG immunoprecipi-
tation, and immunoprecipitates were analyzed by Western
blotting (Fig. 2B). Consistent with the results presented in Fig.
2A, Rbbp5 associates withWdr82 but not with other PP1-asso-
ciated proteins. The Scp1 phosphatase does not associate with
any of the proteins tested. NIPP1, a known PP1 regulatory sub-
unit, interacts with all three catalytic PP1 subunits, as reported
previously (45), but does not associate with Wdr82, Tox4, or
PNUTS. Importantly, Wdr82, Tox4, PNUTS, PP1�, PP1�,
and PP1� exhibit reciprocal immunoprecipitation, indicating
that PNUTS, Tox4, Wdr82, and a PP1 catalytic subunit com-
prise a complex, hereafter denoted as the PTW/PP1 phospha-
tase complex.
To further characterize the PTW/PP1 phosphatase complex,

purified FLAG-Wdr82-associated proteins recovered from
T-RExHEK293 cells were analyzed byWestern blotting follow-
ing sucrose gradient fractionation, as described previously (32)
(Fig. 2C). FLAG-Wdr82 was found in all fractions, with the
majority in the 60–200 kDa size range. Rbbp5 and Cfp1, com-
ponents of Setd1 histone H3-Lys4 methyltransferase com-
plexes, were detected in the �450 kDa size range, and RNA pol
II components, such as Rpb1 and Rpb2, were detected in a
higher size range. In contrast, PP1�, PP1�, PP1�, PNUTS, and
Tox4 co-migrate in the �200 kDa size range, providing further
evidence that theWdr82-Setd1 andWdr82-PP1 complexes are
physically distinct.
Similar studies were performed to assess the size of endog-

enous Wdr82-containing complexes (Fig. 2D). Nuclear ex-
tracts from HEK293 cells were fractionated by sucrose gra-
dient equilibrium centrifugation as described above, and
each fraction was analyzed by Western blotting. Consistent
with the results presented in Fig. 2C, Cfp1 and Rbbp5, compo-
nents of Setd1 histone H3-Lys4 methyltransferase complexes,
migrate in the 450 kDa size range. A small amount of Rbbp5was
also detected in a size range greater than 450 kDa. PNUTS and
Tox4 are found in the 200 kDa size range, similar to what was
found following FLAG-Wdr82 immunoprecipitation. Endoge-
nous Wdr82 is found equally distributed between the 200 and
450 kDa size ranges, suggesting that Wdr82 is present in mul-
tiple complexes. These results indicate that PNUTS, Tox4, and
Wdr82 form a stable PTW/PP1 phosphatase complex of �200
kDa. Summation of the predicted size of the four complex com-
ponents (�235 kDa) agrees well with the observed mass of the
PTW/PP1 phosphatase complex and suggests a 1:1 stoichiom-
etry for the subunits. It is noteworthy that the PTW/PP1 phos-
phatase complex identified here is a mixture of three distinct
complexes containing either the PP1�, PP1�, or PP1� catalytic
subunit.
To further assess the interaction complexity of PTW/PP1

complex components, FLAG-PNUTS and FLAG-Tox4-associ-
ated proteinswere isolated fromT-RExHEK293 cell lines. Puri-
fied proteins were separated on SDS-PAGE and visualized by
staining with Coomassie Brilliant Blue (Fig. 3A).Migration pat-
terns of PNUTS- and Tox4-associated proteins on SDS-PAGE
are similar to each other. Protein bands that are not present in
the control immunopurification were further processed for
protein identification bymass spectrometry. PNUTS associates

FIGURE 2. Wdr82 forms a complex with PP1 catalytic and regulatory sub-
units. A, endogenous PNUTS and Tox4 associate with PP1 and Wdr82.
Nuclear extracts isolated from HEK293 cells were subjected to immunopre-
cipitation (IP) using antisera directed against Tox4, PNUTS, Setd1a, or Setd1b.
Immunoprecipitates were analyzed by Western blotting using the indicated
antisera. B, PNUTS, Tox4, Wdr82, and PP1 catalytic subunits exhibit reciprocal
immunoprecipitation. Inducible T-REx HEK293 stable cell lines that express
empty vector or the indicated FLAG-tagged protein were induced by 1 �g/ml
doxycycline for 3 days. Nuclear extracts were subjected to FLAG immunopre-
cipitation, and immunoprecipitates were analyzed by Western blotting using
the indicated antisera. Asterisks in the FLAG Western blot indicate the
expected size of each FLAG-tagged protein. C, PNUTS, Tox4, Wdr82, and PP1
catalytic subunits co-migrate following sucrose gradient fractionation. T-REx
HEK293 cells that express FLAG-Wdr82 were induced with 1 �g/ml doxycy-
cline for 3 days. Nuclear extracts were prepared and subjected to FLAG immu-
noprecipitation, and bound proteins were eluted by FLAG peptide. Wdr82-
associated proteins were loaded onto 10 –50% sucrose gradients and
analyzed by equilibrium centrifugation, as described previously (32). Equal
volumes of each fraction were analyzed by Western blotting. Migration of
RNA pol II subunits, histone methyltransferase complex components, and
PP1-associated proteins such as PNUTS, Tox4, and PP1 catalytic subunits are
shown in the gradient. Molecular markers were applied to a parallel gradient.
D, endogenous PNUTS, Tox4, and Wdr82 co-migrate following sucrose gradi-
ent fractionation analysis. Nuclear extracts from HEK293 cells were loaded
onto 10 –50% sucrose gradients and analyzed by equilibrium centrifugation.
Fractions were collected, and equal volumes of each fraction were analyzed
by Western blotting using the indicated antisera.

Characterization of a Novel PP1 Phosphatase Complex

24470 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 32 • AUGUST 6, 2010



withTox4,Wdr82, the PP1 catalytic subunits, andHsp70. Tox4
associates with PNUTS, Wdr82, the PP1 catalytic subunits,
Hsp70, and Vimentin. These data reveal that PNUTS and Tox4
are primarily associated with the PTW/PP1 complex in vivo.
Taken together, data from co-immunoprecipitation, sucrose
gradient fractionation analysis, and identification of Wdr82-,
PNUTS-, and Tox4-associated proteins by mass spectrometry
indicate that PNUTS, Tox4, Wdr82, and PP1 comprise a stable
PTW/PP1 complex.
Protein Domains within the PTW/PP1 Phosphatase Complex—

Data base searches indentified candidate orthologues ofWdr82
and PP1 in yeast andmetazoa. However, candidate orthologues
for PNUTS and Tox4 are found in Xenopus andDrosophila but
not in yeast (data not shown). This indicates that the PTW
phosphatase complex is specific formetazoa. Primary sequence
analysis reveals that PNUTS possesses a TFS2Ndomain in its N
terminus, a central RVXF motif, and a single putative zinc fin-
ger with the signature C-X8-C-X5-C-X3-H at its extreme C ter-
minus (Fig. 3B). The TFS2N domain is found in transcription
elongation factor S-II, elongin A, and mediator complex sub-
unit 26 and is implicated in the transcriptional initiation or
elongation of RNApol II (19). Tox4, amember of the TOXhigh
mobility group box subfamily, possesses an highmobility group
box implicated in protein-protein interactions and binding to

bent or distorted DNA, such as four-way DNA junctions (53).
The PP1 catalytic subunit harbors the catalytic domain specific
to phosphorylated serine or threonine (1–3). Wdr82 contains
seven WD40 domains, which are implicated in recognition of
post-translational modifications of proteins such as phosphor-
ylated serine or threonine andmethylated lysine (28, 29, 30, 31,
34). This domain structure suggests that the PTW/PP1 phos-
phatase complex may be involved in regulating chromatin
structure in the nucleus.
Molecular Interactions within the PTW/PP1 Phosphatase

Complex—To gain insights into the molecular interactions
within the PTW/PP1 phosphatase complex, epitope-tagged
versions of each component were purified and used for in vitro
pull-down analysis. Fig. 4A reveals that FLAG-Wdr82 directly
interacts with PNUTS but does not directly interact with PP1�
and Tox4. Importantly,Wdr82 successfully pulls down PP1�
in the presence of PNUTS, indicating that PNUTS mediates
the association betweenWdr82 and PP1�. In addition, GST-
PP1� directly interacts with PNUTS but does not interact
with Wdr82 and Tox4 (Fig. 4B). Importantly, PP1� interacts
withWdr82 in the presence of PNUTS, indicating that PNUTS
mediates the association between PP1� and Wdr82. Thus,
these results indicate that PNUTS directly interacts with
Wdr82 and PP1 but that there are no direct interactions
between Tox4, Wdr82, and PP1.
Truncated fragments of PNUTS were similarly analyzed to

further investigate interactions between PNUTS and Tox4,
Wdr82, and PP1. Various deletion constructs of PNUTS carry-
ing an N-terminal FLAG epitope were transiently transfected
into HEK293 cells. Nuclear extracts were prepared and sub-
jected to FLAG immunoprecipitation, and immunoprecipitates
were analyzed by Western blotting. Fig. 4C confirms that full-
length FLAG-PNUTS interactswith endogenousTox4,Wdr82,
and PP1. Wdr82 is immunoprecipitated by N-terminal (aa
1–619) and C-terminal (aa 418–888) fragments of PNUTS but
not by PNUTS fragments containing aa 1–465 or 465–888.
Thus, these results reveal that the middle region of PNUTS (aa
418–619) is required for the interaction with Wdr82. PP1 is
immunoprecipitated by PNUTS fragments containing aa
1–465 and 388–888 but not by PNUTS fragments containing
aa 1–348 or 418–888. Thus, these results indicate that the aa
388–417 region of PNUTS is required for interactionwith PP1.
This region contains the previously described RVXF PP1-inter-
action motif of PNUTS (20, 21) (Fig. 4D). Last, Tox4 interacts
with all C-terminal deletion PNUTS fragments but does not
interact following deletion of aa 1–114, indicating that Tox4
interacts with the N-terminal region of PNUTS. This result is
consistent with a previous yeast two-hybrid result that showed
that the N-terminal region of PNUTS interacts with Tox4
(54). Consistent with the failure to detect direct interactions
between Tox4, Wdr82, and PP1 in vitro (Fig. 3, A and B), the
N-terminal fragment of PNUTS (aa 1–348) interacts with Tox4
but does not immunoprecipitate either PP1� or Wdr82. Simi-
larly, the C-terminal fragment of PNUTS (aa 418–888) inter-
acts with Wdr82 but does not immunoprecipitate either Tox4
or PP1�. Taken together, these results indicate that PNUTS
mediates PTW/PP1 complex formation by providing distinct
binding platforms to each component.

FIGURE 3. PNUTS and Tox4 interact nearly exclusively with components
of the PTW/PP1 phosphatase complex. A, identification of PNUTS- and
Tox4-associated proteins by mass spectrometry. Inducible T-REx HEK293 sta-
ble cell lines that express FLAG-PNUTS, FLAG-Tox4, or empty vector were
induced with 1 �g/ml doxycycline for 3 days. Nuclear extracts were prepared
and subjected to FLAG immunoprecipitation, and bound proteins were
eluted by FLAG peptide after extensive washing. Proteins were analyzed by
SDS-PAGE and stained with Coomassie Brilliant Blue. Specific bands were
analyzed by mass spectrometry. The arrows indicate identified proteins.
B, summary of the PTW/PP1 phosphatase complex. The domain structure of
each component in the PTW/PP1 phosphatase complex is schematically
shown. TFS2N, transcription factor II N-terminal domain; RVXF motif, PP1
docking motif; Zinc finger; HMG box, high mobility group box; PP2Ac, catalytic
domain of protein phosphatase 2A; WD40, WD40 repeat. The number of
amino acids in each component is indicated.
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The PTW/PP1 Complex Exhibits Phosphatase Activity in
Vitro—PP1 has been reported to dephosphorylate the CTD of
RNA pol II large subunit in vitro (55). Studies were performed to
assess the phosphatase activity of the PTW/PP1 complex using

phosphorylated GST-CTD as a sub-
strate. Wdr82-, PNUTS-, and PP1�-
associated proteins were purified by
FLAG immunoprecipitation from
HEK293 cells, as described above,
and analyzed for phosphatase activ-
ity. Phosphorylated GST-CTD was
incubated with Wdr82, PNUTS, or
PP1� immunoprecipitates in the
absence or presence of the PP1-spe-
cific inhibitors NIPP1 (45) or inhib-
itor 2 (44) (Fig. 5). The level of phos-
phorylated GST-CTD was analyzed
by Western blotting using phos-
phorylation-specific antiserum. The
Wdr82, PNUTS, and PP1� immu-
noprecipitates each dephosphory-
lated the GST-CTD substrate, and
this phosphatase activity was par-
tially blocked by the presence of PP1
inhibitors. Also, the amount of the
PP1 catalytic subunit in the PNUTS
immunoprecipitate is far less than
the PP1� immunoprecipitate, but
these samples exhibit comparable
phosphatase activity, demonstrat-
ing that the PTW/PP1 complex ef-
ficiently dephosphorylates GST-
CTD in vitro. These results confirm
that the PTW/PP1 complex exhibits
PP1-dependent protein phospha-
tase activity.
Chromatin Association and Integ-

rity of the PTW/PP1 Phosphatase
Complex throughout Cell Cycle Progression—Protein domains
within the PTW/PP1 phosphatase complex (e.g. the TFS2N
domain of PNUTS and the high mobility group box domain of
Tox4) suggest that the complex functions in chromatin regula-
tion. Additional experiments were performed to determine
whether the PTW/PP1 phosphatase complex is associated with
chromatin throughout cell cycle progression. T-REx HEK293
cells that express FLAG-PNUTS were stained with anti-FLAG
antibody and observed using confocal microscopy. Consistent
with a previous report (21), FLAG-PNUTS associates with
chromatin during interphase, is excluded from condensed
chromosomes during early mitosis, and is reloaded onto chro-
mosomes at late telophase (Fig. 6A). To further assess the chro-
matin association of the complex, we performed in vitro
sequential biochemical fractionation experiments as described
previously (21, 42). HEK293 cells were successively extracted to
recover soluble, chromatin-associated, and matrix-associated
protein fractions, and an equal proportion of each fraction was
analyzed by Western blotting. Consistent with a previous
report (21), endogenous PNUTS and Tox4 are nearly exclu-
sively associated with the chromatin-associated protein frac-
tion (Fig. 6B). Wdr82 is predominantly associated with chro-
matin- and matrix-associated protein fractions, indicating
that Wdr82-containing complexes are associated with chro-

FIGURE 4. PNUTS mediates PTW/PP1 complex formation by providing a binding platform to each com-
ponent. A, PNUTS directly interacts with Wdr82 and mediates the association of Wdr82 with PP1�. Recombi-
nant FLAG-Wdr82, His-PNUTS, and His-Tox4 were purified from insect Sf9 cells, and GST-PP1� was purified from
E. coli. Purified FLAG-Wdr82 was incubated with various combinations of purified components, and protein
interactions were analyzed by in vitro FLAG pull-down assay. Proteins were separated by SDS-PAGE and
detected by Coomassie Brilliant Blue staining. The arrows indicate identities of protein bands. B, PNUTS directly
interacts with PP1� and mediates the association of PP1� with Wdr82. Purified GST-PP1� was incubated with
various combinations of purified components, and protein interactions were analyzed by an in vitro GST pull-
down assay. Proteins were analyzed as described above. C, protein-protein interactions within the PTW/PP1
phosphatase complex. A diagram of PNUTS deletion constructs is shown. The numbers indicate amino acid
residues of the PNUTS protein. HEK293 cells were transiently transfected with various deletion constructs of
PNUTS with an N-terminal FLAG epitope. Nuclear extracts were prepared and subjected to FLAG immunopre-
cipitation (FLAG-IP), and immunoprecipitates were analyzed by Western blotting using the indicated antisera.
D, summary of protein-protein interactions within the PTW/PP1 phosphatase complex.

FIGURE 5. The PTW/PP1 complex exhibits phosphatase activity in vitro.
Wdr82-, PNUTS-, and PP1�-associated proteins were purified from inducible
T-REx HEK293 cell lines using FLAG immunoprecipitation. Purified proteins
were examined in a phosphatase assay, using GST-CTD phosphorylated by
MAPK as a substrate. In vitro phosphorylated GST-CTD was incubated with the
immunoprecipitate from vector control, Wdr82, PNUTS, or PP1� in the
absence or presence of the PP1-specific inhibitor NIPP1 or inhibitor 2 at 30 °C
for 1 h. Reaction products were analyzed by Western blotting using anti-
Ser(P)5 (Anti-Ser5P) CTD and anti-PP1� antisera. The anti-Ser(P)5 CTD anti-
serum recognizes phosphorylated CTD at Ser5, the major product of the
MAPK reaction (34). The slightly slower mobility of PP1 in the PP1 immuno-
precipitates is due to the presence of the FLAG epitope.
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matin or matrix. NuMA and acetylated histone H3 were used
as marker proteins of the matrix and chromatin-associated
protein fractions, respectively (42). Therefore, data from anal-
ysis of localization and sequential biochemical fractionation
indicate that chromatin association of the PTW/PP1 complex is
regulated during cell cycle progression.
To examine the integrity of the PTW/PP1 phosphatase

complex during cell cycle progression, T-REx HEK293 cells
expressing FLAG-PNUTS were synchronized by successive

thymidine-nocodazole block and harvested at various time
points following release from cell cycle arrest. Cell cycle anal-
ysis indicates that at least 90% of cells were synchronized at the
mitotic block (0 h) and progressively moved to G1 and S phases
(3, 6, and 9 h) (Fig. 6C).Whole cell extracts were prepared from
cells at each time point and subjected to FLAG immunoprecipi-
tation, and immunoprecipitates were analyzed by Western
blotting. PNUTS was found to immunoprecipitate Tox4,
Wdr82, and PP1 at themitotic block (0 h) and at all times tested
following nocodazole release (3, 6, and 9 h). Similar results were
observed at 1, 12, and 24 h after nocodazole release (data not
shown). These data indicate that although chromatin associa-
tion of the PTW/PP1 complex is dynamically regulated
throughout the cell cycle, the integrity of the PTW/PP1 phos-
phatase complex is intact throughout cell cycle progression.
Dysregulation of the PTW/PP1 Phosphatase Complex Causes

Cell Cycle Arrest—To investigate the physiologic functions of
the PTW/PP1 phosphatase complex, we tested whether a PP1
interaction-defective form of PNUTS (W401A) (20, 21) can be
used as a dominant negative mutant. Inducible T-REx HEK293
cells that express FLAG-PNUTS (W401A) were developed.
FLAG immunoprecipitates were analyzed by Western blotting
to assess the ability of the PNUTS (W401A) protein to interact
with other components of the PTW/PP1 complex (Fig. 7A).
Consistent with a previous report (20), the PNUTS (W401A)
mutant fails to interact with PP1 but still interacts with Tox4
and Wdr82. These results are consistent with our previous
observation that Tox4, Wdr82, and PP1 interact with distinct
PNUTS domains (Fig. 4).
T-REx HEK293 cells that express empty vector or FLAG-

PNUTS did not show any proliferation defects upon transgene
induction. However, although inducible cell lines expressing
mutant FLAG-PNUTS (W401A) appear normal prior to trans-
gene induction, they exhibit a proliferation defect following
induction (Fig. 7B). Cells start to detach from tissue culture
dishes within 2 days of induction, and after 4.5 days of induc-
tion, a majority of cells show morphological features of cell
death, including condensed chromatin, nuclear fragmentation,
cell shrinkage, and cell blebbing, indicating that expression of
the PNUTS (W401A) mutant leads to cell death (Fig. 7C). To
further characterize the mechanism of cell death, cells were
analyzed by flow cytometry after staining with Annexin V and
PI. Consistent with Fig. 7C, cells expressing the PNUTS
(W401A)mutant for 3 days showed an elevated level (23.1%) of
dead cells compared with control cells (5.9%) (Fig. 7D). Also,
�9.1% of cells expressing the PNUTS (W401A) mutant were
undergoing apoptosis (Annexin V-positive, PI-negative), in
contrast to �4.3% of control cells. These data indicate that
expression of the PNUTS (W401A) mutant causes apoptotic
cell death.
Cell cycle distribution was analyzed to further characterize

the proliferation defects caused by the PNUTS (W401A)
mutant (Fig. 7E). Cells do not show cell cycle defects prior to
induction of FLAG-PNUTS (W401A) but exhibit a dramatic
increase of cells in G2/M phase and decrease of cells in S phase
3 days following induction. This indicates that expression of the
PP1 interaction-defective form of PNUTS (W401A) causes cell

FIGURE 6. Chromatin association and integrity of the PTW/PP1 complex
throughout cell cycle progression. A, chromatin association of PNUTS is
regulated throughout cell cycle progression. Inducible T-REx HEK293 cells
that express FLAG-PNUTS were cultured on glass bottom collagen-coated
dishes and induced by 1 �g/ml doxycycline for 2 days. Cells were stained with
anti-FLAG antibody and fluorescein isothiocyanate (FITC)-conjugated sec-
ondary antibody. Cells were observed by confocal microscopy after DNA was
stained with DAPI. Cell phase was determined based on cell morphology and
DAPI stains. B, the PTW/PP1 phosphatase complex is associated with chroma-
tin. HEK293 cells were fractionated by sequential extraction as described pre-
viously (42). An equal proportion of each fraction was analyzed by Western
blotting. Acetylated histone H3 and NuMA were used as marker proteins for
chromatin and matrix fractions, respectively. C, the integrity of the PTW/PP1
phosphatase complex is preserved throughout cell cycle progression. T-REx
HEK293 cells expressing FLAG-PNUTS were induced and synchronized by
successive thymidine-nocodazole block. Cells were harvested at various time
points following release from arrest. A small fraction of cells at each time point
was analyzed for cell cycle distribution by PI staining and flow cytometry.
Whole cell extracts were prepared and subjected to FLAG immunoprecipita-
tion (FLAG-IP), and immunoprecipitates were analyzed by Western blotting
using the indicated antisera.
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cycle arrest at G2/M phase and blocks cell cycle progression
into S phase.
To further investigate the function of the PTW/PP1 com-

plex, we depleted PNUTS, the scaffold protein of the complex,
by siRNA in HEK293 cells.Whole cell extracts were prepared 3
days following transfection and analyzed by Western blotting.
An �90% decrease of PNUTS protein was observed following
transfection with PNUTS-specific siRNA compared with non-
specific siRNA control (Fig. 8A). Depletion of PNUTS also led
to a nearly complete loss of Tox4 and to reduced levels of the
Wdr82 component of the PTW/PP1 complex but did not affect

the expression level of actin. Consistent with Fig. 4, this result
provides additional evidence of PNUTS function as a scaffold-
ing protein in the PTW/PP1 complex. These results indicate
that depletion of PNUTS causes destabilization of the PTW/
PP1 complex.
Cell cycle distribution was analyzed for PNUTS-depleted

cells after 3 days of transfection (Fig. 8B). Similar to cells
expressing the PP1 interaction-defective PNUTS (W401A)
mutant, PNUTS-depleted cells exhibited an abnormal cell cycle
distribution, with significant increases of cells in G2/M and G1
phases and a significant decrease of cells in S phase. This indi-
cates that dysregulation of the PTW/PP1 complex causes cell
cycle arrest at G2/M phase and blocks cell cycle progression
into S phase. PNUTS-depleted cells were also analyzed by flow
cytometry after staining with Annexin V and PI (Fig. 8C). Sim-
ilar to cells expressing the PNUTS (W401A) mutant, PNUTS-
depleted cells showed significant increases of dead and apopto-
tic cells compared with control cells. This result indicates that
dysregulation of the PTW/PP1 complex causes apoptotic cell
death.
T-REx HEK293 cells that express GFP-PNUTS (W401A)

were developed to further examine the observed cell cycle
defect and apoptotic cell death. Cells expressing GFP-PNUTS
(W401A) for 3 days showed proliferation defects similar to
those shown for cells that express FLAG-PNUTS (W401A)
(data not shown). Cells were fixed and stained by DAPI and

FIGURE 7. Dysregulation of the PTW/PP1 phosphatase complex causes
cell cycle arrest and cell death. A, the PNUTS (W401A) mutant interacts with
Wdr82 and Tox4 but not with PP1. T-REx HEK293 cell lines that express FLAG-
PNUTS, FLAG-PNUTS (W401A), or empty vector were induced with 1 �g/ml
doxycycline for 3 days. Nuclear extracts were subjected to FLAG immunopre-
cipitation, and immunoprecipitates were analyzed by Western blotting.
B, inducible expression of PNUTS (W401A) causes proliferation defects. T-REx
HEK293 cell lines that express empty vector, FLAG-PNUTS, or FLAG-PNUTS
(W401A) were cultured in the presence of 1 �g/ml doxycycline for 3 days. Cell
morphology was photographed using inverted microscopy. Representative
images are shown. C, inducible expression of PNUTS (W401A) leads to cell
death. T-REx HEK293 cell lines that express FLAG-PNUTS or FLAG-PNUTS
(W401A) were cultured on glass bottom collagen-coated dishes. Cells were
induced with 1 �g/ml doxycycline for 4.5 days. Cells were fixed and stained by
DAPI and observed by confocal microscopy. Representative images are
shown. D, inducible expression of PNUTS (W401A) leads to apoptotic cell
death. T-REx HEK293 cell lines that express empty vector or FLAG-PNUTS
(W401A) were cultured in the presence of 1 �g/ml doxycycline for 3 days.
Apoptotic cells were detected by flow cytometry after Annexin V and PI stain-
ing. UR, upper right panel corresponding to dead cells; LL, lower left panel
corresponding to healthy cells; LR, lower right panel corresponding to apopto-
tic cells. Numerical values represent a summary of data from three experi-
ments. *, p � 0.05. E, inducible expression of PNUTS (W401A) causes cell cycle
arrest. T-REx HEK293 cell lines that express empty vector, FLAG-PNUTS, or
FLAG-PNUTS (W401A) were cultured in the absence or the presence of 1
�g/ml doxycycline for 3 days. Cells were analyzed for cell cycle distribution by
PI staining and flow cytometry. The percentage of cells in each phase of the
cell cycle was determined.

FIGURE 8. Depletion of PNUTS results in destabilization of the PTW/PP1
complex leading to cell cycle dysregulation and apoptotic cell death.
A, depletion of PNUTS causes destabilization of the PTW/PP1 complex.
HEK293 cells were transfected with control or PNUTS siRNA pools according
to the manufacturer’s instructions. Proteins were analyzed by Western blot-
ting after 3 days of transfection. B, depletion of PNUTS causes abnormal cell
cycle distribution. Cell cycle distribution after 3 days of transfection was ana-
lyzed by PI staining and flow cytometry. The error bars indicate the mean S.D.,
and p values were determined by a standard t test. C, depletion of PNUTS
causes apoptotic cell death. Apoptotic cells after 3 days of transfection were
analyzed by cytometry after Annexin V and PI staining. UR, upper right panel
corresponding to dead cells; LL, lower left panel corresponding to healthy
cells; LR, lower right panel corresponding to apoptotic cells. Numerical values
represent a summary of data from three experiments. *, p � 0.05.
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observed using confocal microscopy. Similar to wild type
PNUTS, the GFP-PNUTS (W401A) mutant associates with
chromatin in interphase, is excluded from condensed chromo-
somes during early mitosis, and is reloaded into chromosomes
at late telophase (Fig. 9). However, after its loading into chro-
mosomes at the exit of mitosis, the GFP-PNUTS (W401A)
mutant causes partial and uneven chromatin decondensation,
leading to cell cycle arrest at mitotic exit and subsequent apo-
ptotic cell death. These results indicate that the PTW/PP1
phosphatase complex is essential for the transition from mito-
sis to interphase and suggest that this complex plays a role in
chromatin remodeling.

DISCUSSION

Wdr82, a WD40 domain-containing protein, was previously
identified as an integral component of the human Setd1a
and Setd1b histone H3-Lys4 methyltransferase complexes and
mediates the interaction of these complexes with initiating and
early elongating RNA pol II by recognizing Ser5-phosphory-
lated CTD (32–34). The data reported here reveal that Wdr82
additionally associates with other protein complexes, including
the Mll3 and Mll4 histone H3-Lys4 methyltransferases, the
PTW/PP1 phosphatase complex, and the chaperonin-contain-
ing Tcp1 complex. Previously, several groups identified the
Mll3 and Mll4 complexes, but Wdr82 was not found (48, 49,
56). Mll3 and Mll4 proteins lack the RRM domain through
which Wdr82 interacts with the Setd1a and Setd1b proteins.
Thus, the mechanism of interaction between Wdr82 and
Mll3/4 andwhetherWdr82 similarly targets thesemethyltrans-
ferases to Ser5-phosphorylated CTD remain to be determined.
The Tcp1 complex is required for structural formation of
WD40 domain-containing proteins (57); thus, it is not surpris-
ing to find this interaction with Wdr82.
The PTW/PP1 phosphatase complex is a newly identified

multimeric PP1 complex. Interestingly, Swd2, a homologue
of mammalian Wdr82, is a component of the yeast Set1/
COMPASS histoneH3-Lys4methyltransferase complex as well
as the APT complex (35–38). The APT complex consists of six
protein components (Pti1, Swd2, Glc7, Ssu72, Ref2, and Syc1)

and is implicated in the transcription termination of small
nucleolar RNA genes in yeast (39). Importantly, Glc7, the yeast
homologue of PP1, is present in a stable complex with Swd2.
Thus, although the PNUTS andTox4 components of themam-
malian PTW/PP1 phosphatase complex do not showhomology
to components of the yeast APT complex, the presence of
Wdr82 homologues in PP1 complexes is conserved from yeast
to mammals. Wdr82 may function to recognize phosphoryl-
ated serine/threonine residues for PP1 action, consistent with
our previous report thatWdr82 in the Setd1a and Setd1bmeth-
yltransferase complexes specifically recognizes Ser5-phosphor-
ylated RNA pol II CTD (34).
Analysis of the PTW/PP1 phosphatase complex shows

that PNUTS serves as a binding platform for complex forma-
tion and is mainly present as a stable complex in vivo. This
result is also supported by reports from other groups. Trinkle-
Mulcahy et al. (50) stably expressed each of the PP1 catalytic
isoforms in HeLa cells and purified PP1-associated proteins by
immunopurification. They identified numerous PP1-interact-
ing proteins by mass spectrometry, including PNUTS, Tox4,
and Wdr82. Kreivi et al. (16) purified a high molecular weight
PP1 complex from HeLa cell nuclear extracts using conven-
tional and affinity chromatography. The purified fraction con-
tained six major proteins, two of which corresponded to
PNUTS and PP1. Although not further characterized, the pro-
tein profile obtained is similar to the profiles we observed fol-
lowing affinity purification of PNUTS- and Tox4-associated
proteins (Fig. 3A). It was also shown by yeast two-hybrid
screening that the N-terminal region of PNUTS interacts with
Tox4 (54). PNUTS is ubiquitously expressed and is implicated
in multiple cellular pathways, including chromosome decon-
densation, cell cycle progression, and apoptosis (21–25). The
finding that PNUTS associates predominantly with PTW/PP1
complex components suggests that these PNUTS functions
may be mediated via the PTW/PP1 phosphatase complex.
Functional inactivation of PP1 results in mitotic arrest or

deficient cytokinesis in mammalian cells (3, 8, 9). Although a
large number of mitotic phosphoproteins are known to be
dephosphorylated by PP1, the relevant PP1 holoenzyme
complexes or regulatory subunits have not been identified. It
was shown that PNUTS is imported into the nucleus after cells
form intact nuclear membranes and that PNUTS associates
with chromosomes at mitotic exit. Also, dephosphorylation of
phosphoserine 10 of histone H3 precedes chromosome associ-
ation of PNUTS during mitotic exit (21). Using inducible cell
lines, we demonstrate that a PP1 interaction-defective form of
PNUTS (W401A) associates with chromosomes but causes
abnormal chromatin structures at mitotic exit, eventually lead-
ing to apoptotic cell death. Expression of the PNUTS (W401A)
mutant does not affect PP1-mediatedmitotic processes, such as
chromosome condensation, chromosome segregation, and
cytokinesis. This observation suggests that the PTW/PP1 phos-
phatase complex is critical for mitotic exit, possibly by regulat-
ing chromosome decondensation as previously proposed by
Landsverk et al. (21). The identity of in vivo substrates of the
PTW/PP1 phosphatase complex and how this complex is reg-
ulated during the transition between mitosis and interphase
remain to be determined. We showed that the integrity of the

FIGURE 9. Dysregulation of the PTW/PP1 phosphatase complex causes
defects at mitotic exit. T-REx HEK293 cells that express GFP-PNUTS (W401A)
were cultured on glass bottom collagen-coated dishes. Cells were cultured in
the presence of 1 �g/ml doxycycline for 3 days. Cells were fixed and stained
by DAPI and observed by confocal microscopy. The first three columns show
representative progression through mitotic stages, and the fourth column
shows a representative image of a defective exit from mitosis to interphase.

Characterization of a Novel PP1 Phosphatase Complex

AUGUST 6, 2010 • VOLUME 285 • NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 24475



complex is intact during cell cycle progression. Interestingly,
PP1 catalytic subunits are subject to reversible phosphorylation
at threonine 320, resulting in regulation of enzyme activity dur-
ing the burst of protein dephosphorylation that occurs at the
transition between interphase and mitosis (58, 59). PNUTS is
also reported to be phosphorylated (20). Taken together, these
findings suggest that phosphatase activity of the PTW/PP1
complexmayberegulatedbyphosphorylationanddephosphor-
ylation cascades to ensure cell cycle progression and mitotic
exit.
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