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Abstract
Pc2 (Cbx4) is a member of the chromobox family of polycomb proteins, and is a SUMO E3 ligase
for the transcriptional corepressor, CtBP1. Here we show that both CtBP1 and Pc2 are phosphorylated
by the kinase Akt1, which is activated by growth factor signaling via the PI3-kinase pathway. In the
presence of Pc2, phosphorylation of CtBP1 is increased, and this requires interaction of both CtBP1
and Akt1 with Pc2. Pc2 promotes CtBP1 phosphorylation by recruiting Akt1, and in part by
preventing de-phosphorylation of activated Akt1. Alteration of the Akt-phosphorylated residue in
CtBP1 to a phosphomimetic results in decreased CtBP1 dimerization, but does not prevent interaction
with other transcriptional regulators. The phosphomimetic mutant of CtBP1 is expressed at a lower
level than the wild type protein, resulting in decreased transcriptional repression. We show that this
CtBP1 mutant is targeted for poly-ubiquitylation and is less stable than the wild type protein.
Coexpression of Pc2 and Akt1 together results in both phosphorylation and ubiquitylation of CtBP1,
thereby targeting CtBP1 for degradation. This work suggests that Pc2 may coordinate multiple
enzymatic activities to regulate CtBP1 function.
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CtBP1 (Carboxyl-terminus binding protein) is a transcriptional corepressor, first identified by
its ability to bind to the carboxyl-terminus of the adenovirus E1a protein 1; 2. CtBP1 and its
paralog, CtBP2, have been shown to interact with transcriptional regulators that contain a short
amino-acid motif (PxDLS) 3. Mouse Ctbp1 and Ctbp2 have been shown to have both distinct
and overlapping functions during mouse development 4. Homozygous loss of function
mutations in both genes results in early embryonic lethality, clearly demonstrating the essential
role of these corepressors. In addition to binding PxDLS containing transcriptional regulators,
CtBP1 can recruit enzymatic activities involved in the regulation of gene expression, including
histone methylation and deacetylation 5, suggesting that CtBP1 is a targeting subunit of a larger
transcriptional regulatory complex. The crystal structure of CtBP1 has been solved, and it has
been shown to form homodimers. Disruption of CtBP1 dimerization by the introduction of
multiple point mutations results in decreased transcriptional repression, suggesting that the
functional unit is a dimer 6. In support of a role for CtBP1 dimerization, mutational analyses
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have suggested that a monomeric CtBP1 can interact with components of the general
transcriptional repression complex, but that such mutants fail to repress gene expression due
to an inability to assemble the corepressor complex on specific DNA bound transcriptional
repressors 7. Recent work has suggested that for CtBP2, one subunit of the dimer interacts with
a PxDLS motif containing transcriptional repressor, while the other subunit recruits general
transcriptional regulators such as histone deacetylases, via non-PxDLS interactions 8.

Polycomb proteins are a large and diverse group of proteins, with common functions in the
stable repression of gene expression 9. Mammalian cells have at least five chromobox (Cbx)
proteins, with some similarity to the prototypic Drosophila Pc. Cbx proteins have an amino
terminal chromodomain, which can bind methylated lysines on histone H3 10; 11; 12; 13, and a
small hydrophobic carboxyl-terminal domain, termed the c-box 14; 15. Cbx4, Cbx7 and Cbx8
have all been shown to associate with the PRC1 polycomb complex 16; 17. Cbx4 (Pc2;
Polycomb 2) is also a SUMO E3 ligase, which recruits the SUMO conjugating enzyme, Ubc9
18; 19. Known Pc2 sumoylation substrates include the transcriptional regulators, CtBP1 and
SIP1 (Smad-interacting protein 1), the de novo DNA methyl transferase, Dnmt3a, and the
homeodomain interaction protein kinase, HIPK2 19; 20; 21; 22. Pc2 can also be phosphorylated
by HIPK2, and it has been proposed that HIPK2 and Pc2 regulate each others activity 22.

Signaling via the Akt or protein kinase B pathway inhibits apoptosis and mutations which alter
pathway activity are associated with numerous forms of cancer 23. Activation of Akt1 requires
the phosphorylation of two residues within Akt1, resulting in a conformational change that
allows substrate access to the kinase domain. In Akt1, threonine 308 within the kinase domain
is phosphorylated by PDK1 24; 25, and the mTOR/rictor complex has been shown to provide
the second activating phosphorylation, on serine 473 26; 27. Although PDK-mediated activation
of Akt1 occurs at the plasma membrane, Akt1 is found in the nucleus, and it may shuttle
between nucleus and cytoplasm 28; 29; 30. Interestingly, recent work has shown that active
nuclear Akt1 can be recruited to PML nuclear bodies, where it is inactivated by phosphatases
31. This may represent a mechanism to limit Akt1 activity within the nucleus. However,
numerous nuclear substrates of Akt1 are known 32, and while some may be phosphorylated in
the cytoplasm prior to nuclear import, the presence of Akt1 in the nucleus suggests that it may
phosphorylate substrates within the nucleus.

We show that Pc2 and CtBP1 are phosphorylated by Akt1, and that Pc2 recruits both Akt1 and
CtBP1. Phosphorylation of CtBP1 by Akt1 is stimulated by Pc2, and this appears to be due
partly to the protection of Akt1 from inactivation. This provides evidence for a novel level of
regulation of the PI-3 kinase/Akt1 pathway within the nucleus, and further suggests that Pc2
acts as a nuclear platform to integrate numerous signaling inputs.

RESULTS
Pc2 promotes Akt1-mediated phosphorylation of CtBP1

Both CtBP1 and CtBP2, as well as Pc2, contain consensus Akt1 phosphorylation sites, which
are conserved among several vertebrate species (Fig 1). We were, therefore, interested to know
whether Pc2 or CtBP1 are phosphorylated by Akt1. To test whether Akt1 can phosphorylate
CtBP1, we coexpressed six histidine (H6)-tagged CtBP1 together with wild type, inactive
(K179A), or constitutively activated (S473D) Akt1 in COS1 cells. Cells were then lysed in 6M
guanidine HCl, and H6-tagged proteins were purified via metal affinity and analyzed by
western blot with a phospho-specific antibody, which recognizes the phosphorylated Akt1
consensus site. As shown in Figure 2a, coexpression of CtBP1 with either wild type or a
constitutively active Akt1 mutant (S473D) resulted in some phosphorylation of CtBP1,
whereas no phospho-reactive band was seen with the inactive K179A mutant of Akt1. When
Pc2 was coexpressed, the level of CtBP1 phosphorylation was dramatically increased. Some
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phosphorylation of Pc2 was also detected with wild type or activated Akt1. Note that Pc2
contains an internal poly-histidine stretch, so binds cobalt agarose. To test whether the
increased phosphorylation of CtBP1 in the presence of Pc2 and Akt1 was specific to Pc2 we
coexpressed CtBP1 and Akt1 with TGIF (thymine/guanine-interacting factor) and MITR
(MEF2-interacting transcription repressor), both of which interact with CtBP1 via PLDLS-like
motifs 33; 34. In contrast to the effects of Pc2, we observed little or no increase in CtBP1
phosphorylation when we co-expressed either of these CtBP-interacting proteins (Fig 2b). We
observed a similar Akt-dependent phosphorylation of CtBP1 in 293T cells that was also
increased by coexpression of Pc2 (Fig 2c). To test whether endogenous Akt1 could
phosphorylate CtBP1, we transfected 293T cells with CtBP1 alone or together with Pc2 and
treated cells with the PI-3 kinase inhibitor, LY249002, which blocks activation of Akt1. As
shown in Figure 2d, we observed phosphorylated CtBP1 and Pc2, and the level of
phosphorylation of both proteins was decreased in the presence of the inhibitor. Thus, it appears
that both Pc2 and CtBP1 can be phosphorylated by Akt1, and that Pc2 can increase the level
of CtBP1 phosphorylation.

Since Pc2 can recruit CtBP1 to subnuclear polycomb foci 19; 35, we wanted to know whether
Akt1 could also be recruited to these foci in the presence of coexpressed Pc2. Coexpression of
eYFP-tagged Pc2 with eCFP-Akt1 resulted in colocalization of a proportion of the Akt1 with
Pc2 foci (Fig 3a). In contrast, in the absence of coexpressed Pc2, Akt was observed throughout
the nucleus and cytoplasm. In cells with clear Pc2 foci, Akt1 and Pc2 colocalized 25% of the
time, and CtBP1 colocalized with Pc2 in approximately 70% of Pc2 expressing cells with foci
(Fig 3a). In contrast, we never observed colocalization of TGIF (which is not known to interact
with Pc2) and Pc2 under these conditions. Coexpression of eYFP-Akt1 with eCFP-CtBP1 did
not detectably alter the localization of either protein. However, when Flag-tagged Pc2 was also
present, colocalization of both Akt1 and CtBP1 at subnuclear foci was observed (Fig S1). Thus,
Pc2 is able to recruit both Akt1 and CtBP1 to subnuclear foci, consistent with the possibility
that CtBP1 phosphorylation by Akt1 may occur in the nucleus.

To begin to test the requirements for Pc2 stimulation of CtBP1 phosphorylation, we tested
Akt1 mediated phosphorylation of CtBP1 in the presence of wild type Pc2, or of a mutant form
in which the CtBP-interaction motif (PIDLR) had been deleted. The PIDLR mutant of Pc2 was
dramatically impaired in its ability to stimulate CtBP1 phosphorylation, whereas mutation of
either the single consensus Akt1 phosphorylation site (S415A) or the sumoylation site (K494R)
within Pc2 had no effect (Fig 3b). As shown in Figure 3c, the Pc2(2-531) construct was unable
to increase the phosphorylation of CtBP1 by Akt1 above that seen with Akt1 alone. One
interpretation of this is that a specific interaction of Akt1 with the carboxyl-terminus of Pc2 is
required for Pc2 to enhance phosphorylation of CtBP1. However, since this Pc2 mutant is
delocalized from polycomb bodies 19; 35, it is also possible that correct Pc2 localization
contributes to the increase in CtBP1 phosphorylation by Akt1. We, therefore, next analyzed
the interaction of Pc2 with Akt1. A series of Flag-tagged Pc2 expression constructs (Fig 3d)
was coexpressed in COS1 cells with T7-tagged Akt1, a deletion mutant lacking the PH domain,
or a construct with contains only the PH domain. All three Akt1 constructs coprecipitated with
full length Pc2 and with a construct containing only the carboxyl-terminal 158 amino acids
[Pc2(403-560)] (Fig 3d). Deletion of this carboxyl-terminal region (construct 2-377) abolished
interaction with all Akt1 constructs, whereas, deletion of only the 29 carboxyl-terminal amino
acids prevented interaction with the PH domain of Akt1, but did not affect interaction with
constructs containing the intact kinase domain. Thus, it appears that Pc2 and Akt1 interact via
two domains: The PH domain of Akt1 interacts with the extreme carboxyl-terminus of Pc2,
and the kinase domain interacts with a region between amino acids 403 and 531, which contains
the phosphorylation site. Together, these results suggest that interaction of both CtBP1
(substrate) and Akt1 (enzyme) with Pc2 are required for the stimulation of Akt1 activity
towards CtBP1.
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Pc2 maintains phosphorylated active Akt1
We were next interested to test whether Pc2 promoted CtBP1 phosphorylation by Akt1 simply
by bringing together enzyme and substrate, or whether Pc2 might also affect Akt1 activity.
Akt1 is activated by phosphorylation at two specific residues, threonine 308 and serine 473,
which are phosphorylated by PDK1 and mTOR/rictor respectively. When H6-Akt1 is isolated
from COS1 cell lysates and analyzed using a phospho-specific antibody, which recognizes
phosphorylated T308, two bands are visible by western blot (Fig 4a). Mutation of threonine
308 to alanine abolishes reactivity with this antibody for both bands, whereas, alteration of
serine 473 to alanine results in loss of only the slower migrating isoform (Fig 4a). Thus, the
slower migrating isoform represents the fully active doubly phosphorylated Akt1, whereas the
faster migrating band recognized by this antibody is phosphorylated only on T308.
Interestingly, in the presence of coexpressed Pc2, we noticed a small but reproducible increase
in the amount of the slower migrating doubly phosphorylated Akt1, which was not seen with
the 2-531 deletion mutant of Pc2 that failed to promote CtBP phosphorylation (Fig 4a).
Coexpression of PDK1 with Akt1 resulted in a dramatic increase in both the upper and lower
phospho-T308 bands, whereas in the presence of Pc2 it was clearly only the upper band that
was increased (Fig S2). It should also be noted that compared to over-expression of PDK1,
Pc2 results in a modest increase in activated Akt1.

To more easily visualize the effect of Pc2 on Akt1 phosphorylation, we subjected transfected
COS1 cells to differential permeabilization with detergent. Cells were first treated with
digitonin to release the soluble cytosolic fraction, then with NP-40 to release soluble nuclear
proteins, and finally an insoluble pellet fraction was collected. Analysis of these fractions by
western blotting for endogenous components reveals that the small GTPase, Ran, is primarily
released in the digitonin fraction and TGIF is present in the NP-40 soluble fraction, consistent
with these being cytosolic and nuclear fractions (Fig S3). We also probed for Lamin A and
histone H3, and found that both remained exclusively in the pellet fraction, as expected (Fig
S3). Although the majority of the Akt1 is present in the insoluble fraction, most of the T308
phosphorylated Akt1 is in the NP-40 soluble fraction (Fig 4b). In the presence of Pc2, there is
a clear increase in the amount of doubly phosphorylated Akt1 in the insoluble fraction,
consistent with interaction of active Akt1 with Pc2-containing complexes. Additionally, when
we performed similar experiments and probed for the presence of phosphorylated CtBP1, we
found that the low level of phospho-CtBP seen in the absence of Pc2 was present in the digitonin
soluble fraction, whereas, all of the increase in phosphorylated CtBP1 in the presence of Pc2
co-fractionated into the insoluble fraction with Pc2 (Fig 4c). Following removal of the
activating stimulus, Akt1 is rapidly inactivated by phosphatases. To determine whether the
increase in doubly phosphorylated Akt1 in the presence of Pc2 was due to the inability of
phosphatases to inactivate Akt1, we expressed Akt1 alone or together with Pc2 in 293T cells,
and treated them with LY249002 for 20 or 60 minutes, to inhibit further Akt1 activation, or
left them untreated. In cells expressing Akt1 alone, both the phospho-T308 form and the fully
active doubly phosphorylated form of Akt1 were rapidly lost, decreasing to less than 20%
within 20 minutes (Fig 4d). In contrast, in cells expressing Pc2 and Akt1, a greater proportion
of the total Akt1 remained doubly phosphorylated, even out to 60 minutes. These results
suggest that Pc2 interacts with fully active Akt1, phosphorylated at both T308 and S473, and
may prevent the access of phosphatases, which normally result in rapid loss of phosphate from
threonine 308. Thus, once activated Akt1 enters the nucleus, Pc2 may protect a specific pool
of Akt1 from inactivation.

Identification of phosphorylation sites on Pc2 and CtBP1
Since CtBP1 contains a single conserved consensus site for Akt1, we converted the putative
phosphorylated residue (T176) to an alanine. The robust phosphorylation of CtBP1 in the
presence of both Akt1 and Pc2 was greatly reduced when the T176A mutant of CtBP1 was
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transfected in place of wild-type (Fig 5a), suggesting that T176 is the major Akt1
phosphorylation site in CtBP1. However, since there is some residual reactivity with the
phospho-substrate antibody we cannot rule out the presence of a second site. As with CtBP1,
there is a single good match to the Akt consensus phosphorylation site in Pc2, at serine 415.
We, therefore, tested phosphorylation of the Pc2 S415A mutant by Akt1. As shown in Figure
5b, Akt-mediated Pc2 phosphorylation was abolished by the presence of the S415A mutation,
suggesting that this is indeed the major Akt1 phosphorylation site in Pc2. To confirm that the
sites identified in Pc2 and CtBP1 by western blotting were indeed phosphorylated in the
presence of Akt1, and to identify other potential phosphorylation sites, we performed an
analysis of phosphorylated peptides by mass spectrometry (MS). COS1 cells were
cotransfected with His-tagged CtBP1, Flag-tagged Pc2 and T7-tagged Akt1 expression
constructs, and CtBP1 and Pc2 were purified under denaturing conditions, using cobalt agarose.
A portion of the purified protein was subjected to gel electrophoresis and analyzed by
Coomassie blue staining, or western blotting. As shown in Figure 5c, Pc2 and CtBP1 were the
major bands isolated, and the phosphorylated forms of both proteins were detectable with a
phospho-specific Akt substrate antibody. T7-tagged Akt was not detected in the cobalt agarose
purified fraction, as expected. Purified proteins were then digested with either trypsin or
chymotrypsin, and modified peptides were identified by MS. For CtBP1, we achieved 81%
coverage of the entire protein, including 34 of 45 (76%) serines and threonines (supplemental
Tables 1 and 2). Importantly, this included coverage of all six of the closest matches to a
consensus Akt phosphorylation site, as predicted by the Scansite motif scanning program
(http://scansite.mit.edu/motifscan_seq.phtml) (Fig 5d). However, we detected phosphorylation
at only one of these sites in CtBP1 by MS, and this corresponded to phosphorylation of T176,
which is present within the highest confidence Akt phosphorylation consensus motif. This
suggests that for CtBP1, T176 is at least the major Akt phosphorylation site, and provides
confirmation of the identification by western blotting with the phospho-specific antibody.

For Pc2, we obtained 62% coverage of the protein, including 41 out of 58 (71%) serine and
threonine residues. Here we identified numerous phosphorylated peptides, including seven
phosphorylated serines and three threonines (supplemental Tables 1 and 2). Among the five
best matches to an Akt consensus site, peptides containing three were found in the MS analysis,
and two of these (S434 and T41) were phosphorylated (Fig 5d). Peptides spanning S415 of
Pc2 were not detected in our MS analysis. Including the S415 site identified by western blot,
it appears that at least three potential Akt sites can be phosphorylated in Pc2. However, one of
these (T41) is a very low confidence match to the consensus, whereas the S434 site identified
by MS is the second best match after the S415 site identified by blotting and mutational analysis.
Among the sites identified by MS in Pc2, S434 had the highest confidence prediction for known
kinase motifs (1.161 percentile for Akt; Fig 5d and supplemental Table 1). The combination
of western blotting and mutational data with the MS analysis suggests that Pc2 is
phosphorylated by Akt on at least two residues, S415 and S434, whereas CtBP1 appears to be
phosphorylated by Akt1 primarily on a single residue, T176.

Mutation of T176 affects CtBP1 dimerization and protein expression
We were next interested to know whether phosphorylation of CtBP1 and Pc2 by Akt1 might
affect their function. We tested the effects of mutating both S415 and S434 in Pc2, singly and
together, but did not observe any consistent effects on CtBP1 or Akt1 interaction, or on the
ability of Pc2 to promote CtBP1 sumoylation (data not shown). We next tested the effects of
mutating the single Akt1 site in CtBP1. CtBP1 forms homodimers, and mutations which disrupt
dimerization also affect transcriptional repression 6. We first tested the formation of CtBP1
dimers using either wild type or mutant CtBP1 proteins in which T176 had been altered to
alanine (T176A) or glutamic acid (T176E), to either prevent or mimic phosphorylation of this
site. COS1 cells were transfected with combinations of His6- and Flag-tagged wild type and
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mutant CtBP1, and proteins were precipitated via the Flag epitope. The T176E mutant was
clearly impaired in its ability to dimerize either with wild type or T176E mutant CtBP1,
whereas, the T176A mutation had a lesser effect on the ability of CtBP1 to dimerize (Fig 6a).
We next tested interaction of mutant CtBP1 with transcriptional regulators which recruit CtBP1
via interaction with PLDLS-like motifs. When protein complexes were isolated from COS1
cells, via the Flag epitope on CtBP1 or the T176E mutant, similar amounts of co-precipitating
epitope tagged TGIF1, Pc2 or MITR were present, suggesting that the T176E mutation in
CtBP1 does not prevent interaction with PLDLS-containing transcriptional regulators (Fig 6b).
Together, these results suggest that alteration of threonine 176 to a negatively charged residue
decreases the ability of CtBP1 to dimerize, but has little effect on interaction with proteins
containing a PLDLS motif.

We next analyzed the ability of the T176E mutant form of CtBP1 to repress transcription in
mouse embryo fibroblasts (MEFs) lacking both Ctbp1 and Ctbp2 (referred to here as
Ctbp1/2 null; 4). The E-cadherin gene is repressed by SIP1, dependent on its ability to recruit
CtBP1, and E-cadherin transcriptional reporters are derepressed in Ctpb1/2 null MEFs. As
shown in Figure 7a, we observed a decrease in E-cadherin reporter activity in Ctpb1/2 null
MEFs, when we co-expressed wild type CtBP1. However, there was significantly less
repression when we co-expressed the T176E mutant version of CtBP1. We next analyzed a
simpler artificial system for targeting CtBP1, in which CtBP1 is targeted to a reporter with five
GaI4 binding sites upstream of the SV40 promoter, via a fusion between the GaI4 DNA binding
domain (GBD) and the CtBP recruitment domains of either TGIF or ZNF217. TGIF contains
a PLDLS motif which recruits CtBP1 33, whereas CtBPs interact with this region of ZNF217
via an alternate peptide motif (RRTGCPPAL in ZNF217), which binds to a different region
of CtBP1 36. These two fusions, therefore, test alternate modes of CtBP1 recruitment.
Repression of SV40 promoter activity by both fusions is almost completely dependent on
CtBP1 (data not shown). As with the E-cadherin reporter, we observed significantly more
repression via both GBD fusions with the wild type CtBP1 than with the T176E mutant (Fig
7a). When we analyzed expression of the Flag-tagged CtBP1 constructs in these experiments
by western blotting, we observed a consistently lower level of expression of the T176E mutant
than the wild type protein (Fig 7a). This difference may not have been apparent in previous
experiments with COS1 cells due to the very high level of expression in these cells. To test
whether the lower expression of the T176E in Ctbp1/2 null MEFs was also seen in other cell
types, we transfected increasing amounts of Flag-tagged wild type, T176E and T176A CtBP1
into HeLa cells. We also performed a similar comparison using GBD fusions to CtBP1 and
the two T176 mutants. As shown in Figure 7b, the T176E mutant was less well expressed than
the wild type or T176A, whether tagged with Flag or GBD. We then used the GBD fusions to
test the ability of CtBP1 to repress transcription when tethered to a heterologous promoter
directly in HeLa cells. As shown in Figure 7c, the T176E mutant repressed significantly less
well at each of the three amounts tested. Additionally, we repeated these analyses in A549 cells
which have lower expression of endogenous CtBP1 and CtBP2 than HeLa 35, with similar
results, although in this case the T176A also appeared to repress slightly better than the wild
type protein (Fig 7d). This analysis suggests that the presence of a negative charge at position
176 in CtBP1 reduces its steady state expression level, thereby resulting in decreased
transcriptional repression.

Phosphorylation of T176 induces ubiquitylation and degradation of CtBP1
To test whether the decreased expression of T176E CtBP1 was due to a change in protein
stability, we analyzed the half-life of GBD-CtBP1 and the T176E mutant. HeLa cells were
transfected with wild type or T176E GBD-CtBP1 and treated with cycloheximide for 2-6 hours,
to prevent further protein synthesis. As shown in Figure 8a, the wild type protein was relatively
stable, whereas, the T176E mutant had a clearly reduced half-life. When we repeated this
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experiment but pretreated the cells with MG-132 for 30 minutes prior to the addition of
cycloheximide, to inhibit the proteasome, we effectively abolished the difference in half-lives
between the wild type and T176E mutant CtBP1 (Fig 8b). In contrast to the T176E mutation,
alteration of T176 to alanine did not dramatically reduce the half-life of CtBP1 (Fig. 8c). Thus,
it appears that conversion of threonine 176 to an acidic residue results in a proteasome-
dependent decrease in CtBP1 stability.

In some of our western blotting analyses we noticed a minor shifted band associated with the
T176E mutant, which was too small to be sumoylated CtBP1. To analyze this more carefully,
we transfected COS1 cells with Flag tagged wild type, T176E or T176A CtBP1, and
fractionated cells into digitonin-soluble, NP-40-soluble and pellet fractions. As shown in
Figure 9a, a slower migrating band was clearly visible in the insoluble pellet fraction with the
T176E mutant, but was not seen for the wild type or T176A. To confirm that it was specifically
introduction of a negative charge that induced this slower migrating form, we compared NP-40
lysate and pellet fractions from cells expressing wild type CtBP1, and forms in which T176
had been altered to E, A, V or S residues (Fig 9a). Again, only the T176E resulted in a slower
migrating band present in the insoluble fraction, although in this case, it appeared that a ladder
of slower migrating forms was detectable, consistent with poly-ubiquitylation. To test whether
the T176E mutant could be ubiquitylated, we coexpressed wild type or mutant CtBP1 in COS1
cells with a T7-tagged ubiquitin construct, immunoprecipitated the Flag-CtBP1 and blotted
with an antibody that recognizes the T7 epitope. As shown in Figure 9b, a ladder of slower
migrating forms of CtBP1 was clearly present in the Flag precipitate from CtBP(T176E)
expressing cells, but was barely detectable with the wild type protein. Thus, it appears that the
T176E mutant of CtBP1 can become ubiquitylated, consistent with its reduced stability.

We next tested whether we could detect endogenous ubiquitin on CtBP1 and whether this was
affected by coexpression of Akt1 or Pc2. COS1 cells were cotransfected with six histidine
tagged wild type or T176E mutant CtBP1, together with expression constructs encoding
constitutively active Akt or a mutant of Pc2 which lacks the internal histidine stretch. CtBP1
was purified on cobalt agarose, and western blotted with antibodies to detect the His6 epitope,
or ubiquitin. As shown in Figure 9c, CtBP(T176E) was robustly ubiquitylated independent of
the coexpression of Akt or Pc2. However, we also observed an increase in ubiquitylation of
the wild type CtBP1, when both Akt and Pc2 were both coexpressed. In contrast, expression
of Akt alone did not induce either CtBP1 ubiquitylation or significant phosphorylation of
CtBP1 (Fig 9c). To test whether the Akt1 and Pc2 mediated increase in CtBP1 ubiquitylation
was dependent on phosphorylation of T176, we compared the increase in ubiquitylation of wild
type and T176A CtBP1. To better visualize low levels of attached poly-ubiquitin chains, we
co-expressed a T7-tagged ubiquitin with His6-tagged CtBP1 and purified proteins under
denaturing conditions to increase solubility of the poly-ubiquitylated CtBP1. As shown in
Figure 9d, we observed an increase in the amount of poly-ubiquitylated wild type CtBP1 on
coexpression of both Akt1 and Pc2 together, whereas, this increase was not apparent with the
T176A mutant. Together, this data suggests that in response to Akt-mediated phosphorylation,
CtBP1 is ubiquitylated and degraded, and that this effect is promoted by Pc2.

DISCUSSION
Here we demonstrate that Pc2 and Akt1 can promote the phosphorylation of CtBP1 on a single
residue within an Akt consensus site. This phosphorylation event promotes ubiquitylation of
CtBP1, and we suggest that this decreases the half-life of CtBP1 thereby decreasing
transcriptional repression (Fig S4).

CtBP1 is known to be regulated by numerous post-translational modifications, including
sumoylation, phosphorylation and ubiquitylation. Sumoylation has been suggested to increase
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transcriptional repression by CtBP, in part by promoting nuclear localization 37. CtBP1 has
been shown to be phosphorylated by Pak1 and HIPK2 at different residues, with both resulting
in decreased transcriptional repression by CtBP1 38; 39. HIPK2-mediated phosphorylation of
CtBP1 appears to down-regulate function by inducing CtBP1 degradation, whereas Pak1 was
suggested to effect sub-cellular redistribution of CtBP1. Interestingly, Pak1 phosphorylates
S158 of CtBP1, which is the second best match to an Akt consensus site 38. However, we did
not detect phosphorylation of this residue by our MS analysis, suggesting that it is not a target
for both kinases. Our analysis suggests that phosphorylation of CtBP1 is a negative regulatory
input, with similarities to the regulation by HIPK2; both Akt1- and HIPK2-mediated
phosphorylation target CtBP1 for ubiquitin-mediated degradation. CtBP1 phosphorylation by
Akt1 appears to both decrease dimerization and induce ubiquitylation. However, we do not as
yet know whether the ubiquitylation of CtBP1 is simply a result of decreased dimer formation,
or whether it is an independent event. Other mutations which affect CtBP1 dimerization have
been shown to maintain at least some interactions with CtBP1 partner proteins, and do not
appear to target the protein for ubiquitylation 6; 7. Thus decreasing dimerization and increasing
ubiquitylation may represent two independent modes of regulation of CtBP1 function. CtBP1
is a component of a large corepressor complex 5, and based on its ability to interact with a wide
array of PxDLS containing transcription factors 3; 40, CtBP1 is likely to represent a key
targeting component of such complexes. In this context, it is perhaps not surprising that CtBP1
is targeted by numerous regulatory inputs, since this allows for the modulation of general
corepressor recruitment to a large number of transcription factors.

Akt1 activation occurs at the plasma membrane, but once activated, Akt1 can signal at other
locations within the cell. Akt1 is found in both the nucleus and cytoplasm, and a nuclear export
signal (NES) has been identified in Akt1, suggesting the protein can shuttle between nuclear
and cytosolic compartments 28; 29; 30. Here we show that two proteins with nuclear functions,
CtBP1 and Pc2, are phosphorylated by Akt1. Although it is possible that they are
phosphorylated in the cytoplasm and then translocate to the nucleus, at least for Pc2 we think
this is unlikely, since it stably associates with sub-nuclear foci, termed polycomb bodies.
Additionally, we show that in the presence of Pc2, Akt1 can localize to these foci. Since Pc2
expression stimulated Akt1-mediated CtBP1 phosphorylation, dependent on interaction of Pc2
with CtBP1, it is likely that phosphorylation of CtBP1 also occurs in the nucleus, at least when
in complex with Pc2. However, we cannot rule out the possibility that CtBP1 can also be
phosphorylated in the cytoplasm by Akt1. The stimulation of CtBP1 phosphorylation by Akt1
in the presence of Pc2 appears to require interaction of all three proteins, suggesting that Pc2
acts as a scaffold which brings together enzyme and substrate. This recruitment of Akt1 has
clear parallels to the SUMO E3 activity of Pc2 towards CtBP1. As with E3 activity, it appears
that the effect of Pc2 on Akt1 consists of more than simple co-recruitment of enzyme and
substrate. Threonine 308 of Akt1 is normally subject to rapid dephosphorylation, thereby
inactivating Akt1 41. However, we show that a pool of Akt1 in the nucleus is protected by Pc2
from dephosphorylation. It appears to be specifically the doubly phosphorylated fully active
form of Akt1 that is protected by Pc2, suggesting that Pc2 is preserving a sub-nuclear pool of
active Akt1. As yet we have been unable to distinguish between the requirement for a specific
Pc2-Akt1 interaction, involving the PH domain and the C-box of Pc2, and localization to
polycomb bodies which prevents dephosphorylation of Akt1. We do not know whether the
active Akt1 preserved by Pc2 can phosphorylate proteins other than Pc2 and CtBP1, but it
remains an intriguing possibility that Akt1 may be released from Pc2 allowing it to act on other
nuclear proteins. The effect of Pc2 on CtBP1 phosphorylation appears to be relatively specific,
since co-expression of two other PLDLS containing CtBP interacting proteins did not increase
CtBP1 phosphorylation at T176. Thus it appears that Pc2 can recruit at least two enzymatic
activities (phosphorylation and sumoylation) that modify CtBP1. This may suggest that, in
addition to its role in repression of gene expression, Pc2 can act as a platform to recruit protein
modifying activities within the nucleus. We have as yet been unable to show that sumoylation
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regulates Akt1 activity, or of the ability of Pc2 to stimulate CtBP1 phosphorylation, but this
remains an intriguing possibility.

Recent work has shown that active Akt1 in the nucleus can be recruited to PML nuclear
domains, where it is inactivated by phosphatases 31. Here we show that Pc2 recruits Akt1 to
distinct nuclear domains, resulting in protection of the active enzyme rather than inactivation.
Pc2 and PML may perform opposing functions in the regulation of nuclear Akt1 function. Once
active Akt1 enters the nucleus, it may be subject to differing regulation by these proteins,
depending on the specific regulatory inputs and the relative levels of PML and Pc2 within the
nucleus. Pc2 interacts with several protein modifying enzymes, including Ubc9, the kinases
Akt1 and HIPK2, and proteins involved in histone modification, such as Ring1 and SUV39H1
15. Thus Pc2 may represent a platform which recruits multiple enzymatic activities to specific
sub-nuclear domains. Pc2 can be incorporated into the PRC1 polycomb complex, and recent
evidence suggests that differing versions of this complex may exist, based in part on their
inclusion of different Cbx proteins 16. This may represent a mechanism to recruit different
complements of enzymatic activities to PRC1 complexes.

In summary, we show that Pc2 can recruit both CtBP1 and Akt1, resulting in the stimulation
of CtBP1 phosphorylation by Akt1. Our data support a model in which, once phosphorylated
at T176, CtBP is subject to ubiquitylation and proteasome-mediated degradation (Fig S4). This
work suggests a novel mechanism by which Akt1 activity is regulated within the nucleus, and
demonstrates a further level of regulation of CtBP1 function.

Materials and Methods
Cell Culture

Ctbp1/2 double null mouse embryonic fibroblasts (MEFs) were a gift of J. Hildebrandt, and
were cultured in DMEM with 10% FBS. COS1, HeLa and A549 cells were cultured in DMEM
with 10% bovine growth serum. 293T cells were maintained in DMEM with 5% FBS. COS1
and 293T were transfected with LipofectAMINE. MEFs were transfected with
LipofectAMINE 2000. HeLa and A549 were transfected with Exgen.

Plasmids
Akt1, Pc2, and CtBP1 constructs were expressed from modified pCMV5 plasmids with amino-
terminal T7, Flag, His6, or HA tags. T7-ubiquitin was expressed from pCMV5, with an amino-
terminal T7 tag, as a processed ubiquitin, terminating in the di-glycine motif. Fluorescent
protein fusions were expressed from pCS2 with amino-terminal fusions to eCFP or eYFP.
CtBP1 constructs used in luciferase assays were expressed from pCS2. The (Gal)5-SV40-luc
reporter and Gbd-TGIF(1-42) are as described 33. The E-cadherin luciferase reporter contains
a region from the mouse E-cadherin promoter (−178 to +91) in pGL3. GBD-CtBP1 expression
construct were created in pM (Clontech), with an amino-terminal GBD fusion. Mutations were
introduced by standard PCR techniques and verified by sequencing.

Cobalt Affinity Purification and Cell Fractionation
Cells were lysed in 6M guanidine-HCl, 50mM NaH2PO4 (pH 8.0), 10mM Tris-HCl pH 8.0,
100mM NaCl. His6 tagged proteins were bound to Talon Resin (Clontech) at room
temperature. Resin was washed 3 times for 30 min with 8M Urea, 50mM NaH2PO4 pH 7.0,
100mM NaCl. Transfected COS1 cells were permeabilized as described in 19.

Coimmunoprecipitation and Western blotting
COS1 cells were lysed in PBS with 1% NP-40 (PBSN) and protease inhibitors (Roche). After
centrifugation, lysates were immunoprecipitated with Flag-agarose (Sigma) for 2h at 4°C.
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Beads were washed 3 times with PBS-N and proteins were separated by SDS-PAGE and
transferred to Immobilon-P (Millipore). Proteins were visualized using ECL (Amersham).
Antibodies for tagged proteins were against Flag M2 (Sigma), T7 and His6 (Novagen), and
HA (12CA5; UVA lymphocyte culture center). Antibodies against Akt1, Akt1 phosphorylated
on T308 and a phosphorylated Akt substrate site (RxRxxpS/T) were from Cell Signaling. The
anti-CtBP1 antibody was from BD Biosciences, and the anti ubiquitin antibody from Cell
Signaling. Blots using phospho-antibodies were blocked in TBS, 0.2% TWEEN-20, 1% BSA,
with phosphatase inhibitors. For quantification, blots were incubated with a rabbit Akt1
phospho-T308 antibody and an Alexa goat anti-rabbit secondary antibody, and quantified using
a Licor Odyssey infrared imager. For fractionation, transfected COS-1 cells were
permeabilized with Transport Buffer (TB: 20mM HEPES, pH 7.4, 110mM K Acetate, 2mM
Mg Acetate, 0.5mM EGTA) with 0.005% digitonin, and protease and phosphatase inhibitors,
for 5 minutes. The cytosol fraction was removed and cells were washed twice with TB, prior
to solubilization in TB with 1% NP40. NP40 soluble and pellet fractions were separated by
centrifugation.

Luciferase Assays
Cells were lysed in passive lysis buffer 48 hours after transfection. Where shown, one-third of
the lysate was subjected to western blotting with a CtBP1 antibody, and two-thirds were
assayed for luciferase activity with an Berthold LB953 luminometer. A Renilla luciferase
reporter (phCMV-RL; Promega) was included in all transfections as a control. Significance
was tested by Student's T test.

Live Cell Imaging
COS1 cells were plated onto 4-well chamber slides and transfected with eYFP and eCFP
fusions using Fugene 6 (Roche). After 24 hr, cells were imaged with a Zeiss Axiovert 135T
inverted fluorescence microscope with YFP and CFP filter sets. Images were converted to 8
bit .tif files using Openlab and manipulated in Photoshop 9.

Mass spectrometry
COS1 cells were transfected with CtBP1, Pc2 and Akt expression constructs, lysed directly in
6M guanidine HCl, and the CtBP1 and Pc2 purified on cobalt agarose. Samples were washed
six times in 8M urea buffer as above. 10% of each sample was removed and analyzed by western
blotting, and the remaining samples were transferred to 50 mM ammonium bicarbonate
digested overnight at 37 °C and evaporated to 15 μL for MS analysis. The LC-MS system
consisted of a Finnigan LTQ-FT mass spectrometer system with a Protana nanospray ion source
interfaced to a self-packed 8 cm × 75 um id Phenomenex Jupiter 10 um C18 reversed-phase
capillary column. 0.5-5 μL volumes of the extract were injected and the peptides eluted from
the column by an acetonitrile/0.1 M acetic acid gradient at a flow rate of 0.25 μL/min. The
nanospray ion source was operated at 2.8 kV. The digest was analyzed using the double play
capability of the instrument acquiring full scan mass spectra to determine peptide molecular
weights and product ion spectra to determine amino acid sequence in sequential scans. This
mode of analysis produces approximately 1200 CAD spectra of ions ranging in abundance
over several orders of magnitude. Data were analyzed by database searching using the Sequest
search algorithm against Human IPI and CtBP1 and Pc2 protein sequences.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Pc2 and CtBP have conserved Akt consensus phosphorylation sites
Alignment of Akt1 consensus sites in CtBP1, CtBP2 and Pc2 are shown. Identities to human
sequence are indicated with colons (h: human, m: mouse, r: rat, c: chicken, x: Xenopus laevis,
z: zebra fish, d: Drosophila melanogaster).
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Fig. 2. Akt1 phosphorylates CtBP1 and Pc2
(a) COS1 cells were transfected with H6-CtBP1, Flag-Pc2, H6-Akt1, H6-Akt(S473D), or HA-
Akt(K179A) expression constructs as indicated. Cells were lysed in 6M guanidine-HCl,
proteins purified on cobalt agarose and western blotted with an Akt1 substrate [RxRxxp(S/T)]
antibody. Lower panels: 20% of the pulldown was analyzed by western blot using H6 and a
portion of the lysate with an Akt1 antibody. (b) COS1 cells were transfected with the indicated
expression constructs and analyzed as in panel a. Cobalt affinity purified proteins were
analyzed with phospho-substrate and His6 antibodies [upper panels] and part of the lysate was
analyzed by direct western blot with a T7 antibody [below]. (c) 293T cells were transfected
with H6-CtBP1, H6-Akt1, and Flag-Pc2 expression constructs as indicated, and analyzed as
for panel a. (d) 293T cells were transfected with H6-CtBP1 and Flag-Pc2 expression constructs
and were left untreated or treated with 50μm LY294002 for 1 hour, and analyzed as for panel
a.
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Fig. 3. Interaction of Akt1 and CtBP1 with Pc2 is required for CtBP1 phosphorylation
(a) COS1 cells were transfected with an eCFP-Akt1 expression vector, with or without eYFP-
Pc2. Cells were visualized 24 hours after transfection. % colocalization with Pc2 is shown for
Akt1, CtBP1 and TGIF. (b) Lysates from COS1 cells transfected with the indicated expression
constructs were analyzed by cobalt affinity purification and western blot, or by direct western
blot of the lysate. (c) Transfected COS1 cells were lysed in 6M guanidine-HCl, proteins
purified on cobalt agarose, and analyzed by western blot with an Akt1 substrate antibody, as
in panel b. (d) COS1 cells were transfected with expression constructs as indicated. Proteins
were isolated with anti-Flag agarose and analyzed by western blot with a T7 antibody.
Expression in the lysates is shown below. Circles indicate Ig heavy and light chains. The
constructs used are shown schematically below. PH: pleckstrin homology domain, KD: kinase
domain, CD: chromodomain, His: Pc2 poly-histidine stretch. Numbers indicate amino acids
present in each construct.
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Fig. 4. Pc2 protects Threonine 308 phosphorylation on Akt1
(a) COS1 cells were transfected with H6-Akt1, Flag-Pc2, or Pc2(2-531) expression constructs
as indicated. Akt1 expression constructs were either wild type, T308A mutant (center) or
S473A mutant (right). Proteins were purified on cobalt agarose and western blotted with an
Akt1 phospho-T308 antibody, or a His6 antibody. The bands corresponding to Akt1
phosphorylated on T308 or both T308 and S473 are shown. (b) COS1 cells transfected with
H6-Akt1 and Flag-Pc2 were partitioned into digitonin soluble [D], NP-40 soluble [N], and
pellet [P] fractions, which were analyzed for phosphorylated Akt1 by western blot. Relative
phospho-T308 levels, in arbitrary units normalized to total expression of Akt1 are shown to
the right. (c) COS1 cells were transfected with the indicated constructs and fractionated as in
b. Fractions were western blotted for Pc2 and CtBP with a His6 antibody and for the
phosphorylated proteins using the phospho-Akt substrate antibody. (d) 293T cells were
transfected with H6-Akt1 and Flag-Pc2, then treated with 50μm LY294002 for the indicated
times, and analyzed as in b. Relative phospho-T308 levels of Akt1 are shown to the right.
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Fig. 5. Identification of phosphorylation sites in CtBP1 and Pc2
(a) COS1 cells were transfected with H6-CtBP1, H6-CtBP(T176A), Flag-Pc2, and H6-Akt1
expression constructs as indicated and phosphorylation was analyzed by western blot with an
Akt phospho-substrate antibody. (b) COS1 cells were transfected with Fl-Pc2 or Fl-Pc2
(S415A), together with a control vector, HA-Akt1, or HA-Akt(K179A) expression constructs,
and analyzed by western blot as in A. (c) A sample used for MS analysis is shown. Pc2 and
CtBP1 were purified from transiently transfected COS1 cells expressing both proteins together
with T7-Akt1. A portion of the purified proteins was analyzed by Coomassie blue staining
(left), or by western blot with the indicated antibodies (right). (d) CtBP1 and Pc2 are shown
schematically, together with the positions of the closest matches to consensus Akt
phosphorylation sites. The sequences of consensus Akt phosphorylation sites are shown below,
together with the score and percentile as predicted by Scansite. A + in the MS column indicates
that peptides spanning the site were identified in the MS analysis. A + in the phospho column
indicates that phosphorylation was detected at that site by MS. * indicates the two sites which
were identified by western blotting with the phospho-substrate antibody.
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Fig. 6. Mimicking Akt1-mediated phosphorylation of CtBP1 decreases dimerization
(a) COS1 cells were cotransfected with H6- or Flag-tagged CtBP1, CtBP(T176E) or CtBP
(T176A) expression constructs, as indicated. Proteins were precipitated with anti-Flag agarose
and analyzed by western blot with a H6 antibody. Expression of transfected proteins in the
lysates is shown below. (b) COS1 cells were cotransfected with T7 tagged TGIF, Pc2, or MITR,
together with a control vector, Flag-CtBP1 or CtBP(T176E) expression constructs. Proteins
were precipitated with anti-Flag agarose and analyzed by western blot with a T7 antibody.
Expression in the lysates is shown below.
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Fig. 7. Decreased expression and transcriptional repression by CtBP(T176E)
(a) Ctbp1/2 double null MEFs were transfected with an E-cadherin promoter-based Luciferase
reporter and expression vectors encoding Flag-CtBP1 or CtBP(T176E) [left], or with a
(Gal)5-SV40-Luciferase reporter, an expression vector encoding a Gal4 DNA binding domain
(GBD) fusion to amino acids 1-42 of TGIF [center], or the (Gal)5-SV40-Luciferase reporter
and a GBD fusion to amino-acids 706-800 of ZNF217 [right], with increasing amounts of Flag-
CtBP1 or CtBP(T176E). Luciferase activity is presented as mean + s.d. of triplicate
transfections. CtBP1 expression was assayed by western blot with a Flag antibody (below).
(b) Relative expression in HeLa cells of increasing amounts of transfected Flag- or GBD-tagged
CtBP1, or the T176A and T176E mutants, was analyzed by western blot (triangles represent
increasing amounts of transfected CtBP1 expression construct; 100, 200 and 400ng per 35mm
dish). HeLa cells (c), or A549 lung epithelial cells (d) were transfected with the (Gal)5-SV40-
Luciferase reporter and an expression vector encoding the GBD, or a GBD fusion to wild type
or T176A, or T176E CtBP1 as indicated. Luciferase activity is presented as mean + s.d. of
triplicate transfections (upper panels) and as fold-repression relative to the control transfection
(below). Triangles represent increasing amounts of transfected GBD expression construct; 3,
9 and 27ng per 35mm well (or 0, 9 and 27ng for the GBD). Significance testing was by student's
T test. ***: p < 0.001, **: p < 0.01, *: p < 0.05, ns: not significant.
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Fig. 8. Half-life analysis of CtBP1
(a) HeLa cells were transfected with GBD-CtBP1 or the T176E mutant, and 40 hours later
incubated with cycloheximide. Cells were lysed at the indicated times (in hours) after
cycloheximide addition, and western blotted with a CtBP1 antibody. The relative amount of
protein for wild type and T176E mutant is plotted below. (b) Cells were treated and analyzed
as in a, except that 30 minutes prior to the addition of cycloheximide, MG-132 was added to
inhibit the proteasome. (c) HeLa cells were transfected with GBD-CtBP1 or the T176A mutant,
and analyzed as in a.
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Fig. 9. Ubiquitylation of CtBP1
(a) COS1 cells were transfected with Flag tagged wild type or mutant CtBP1 as indicated and
partitioned into digitonin soluble [D], NP-40 soluble [N], and pellet [P] fractions, which were
analyzed by Flag western blot. Lower panels show NP-40 lysate and pellet fractions from COS1
cells expressing Flag-CtBP1, in which residue 176 was either wild type [T], or altered to one
of the other indicated amino acids, were analyzed by western blot. (b) COS1 cells were
transfected with Flag tagged CtBP1 or the T176E mutant, together with a T7-tagged ubiquitin
expression construct, as indicated. Flag immunoprecipitates, or the pellet fraction were
analyzed by Flag and T7 western blot as indicated. (c) COS1 cells were transfected with the
indicated expression constructs, lysed in guanidine HCl and His-tagged CtBP1 was purified
by metal affinity [note the Pc2 construct used here lacks the poly-histidine stretch, so does not
bind cobalt agarose]. Bound CtBP1 was analyzed by western blot with antibodies for
endogenously expressed ubiquitin, H6-CtBP1 and phosphorylation at T176. (d) COS1 cells
were transfected with the indicated expression constructs, lysed in guanidine HCl and CtBP
was isolated on cobalt agarose. Bound His-tagged CtBP was detected with a His6 antibody
(lower panel) and ubiquitylated CtBP was detected with a T7 antibody (upper panel).
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