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DYRKI1A protein kinase promotes
quiescence and senescence through
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In the absence of growth signals, cells exit the cell cycle and enter into GO or quiescence. Alternatively, cells enter
senescence in response to inappropriate growth signals such as oncogene expression. The molecular mechanisms
required for cell cycle exit into quiescence or senescence are poorly understood. The DREAM (DP, RB
[retinoblastoma], E2F, and MuvB) complex represses cell cycle-dependent genes during quiescence. DREAM
contains p130, E2F4, DP1, and a stable core complex of five MuvB-like proteins: LIN9, LIN37, LIN52, LIN54, and
RBBP4. In mammalian cells, the MuvB core dissociates from p130 upon entry into the cell cycle and binds to
BMYB during S phase to activate the transcription of genes expressed late in the cell cycle. We used mass
spectroscopic analysis to identify phosphorylation sites that regulate the switch of the MuvB core from BMYB to
DREAM. Here we report that DYRK1A can specifically phosphorylate LIN52 on serine residue 28, and that this
phosphorylation is required for DREAM assembly. Inhibiting DYRK1A activity or point mutation of LIN52
disrupts DREAM assembly and reduces the ability of cells to enter quiescence or undergo Ras-induced senescence.
These data reveal an important role for DYRK1A in the regulation of DREAM activity and entry into quiescence.
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The ability of cells to exit from the cell cycle and enter
into the GO or quiescence state is important for cell
differentiation, tissue development, and prevention of
tumorigenesis. Inactivation of proteins that control the
ability of cells to enter the GO state results in increased
proliferation and tumor formation as well as defects in
differentiation (for review, see Malumbres and Barbacid
2001; Vidwans and Su 2001; Massague 2004; Koreth and
van den Heuvel 2005; Miller et al. 2007). The E2F family
of transcription factors includes both activators and re-
pressors that control the expression of genes required for
cell cycle progression (Blais and Dynlacht 2004; Dimova
and Dyson 2005; McClellan and Slack 2007; van den
Heuvel and Dyson 2008). Binding of repressor E2F4 to the
promoters of cell cycle-dependent genes has been demon-
strated by chromatin immunoprecipitation (ChIP) in many
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cell-based and animal models of quiescence (Takahashi
et al. 2000; Rayman et al. 2002; Cam et al. 2004; Conboy
et al. 2007). The activity of E2F transcription factors is
regulated by the retinoblastoma (RB) family. In mamma-
lian cells, the RB family proteins—including pRB (RB1),
p107 (RBL1), and p130 (RBL2)—bind to and inhibit several
forms of E2F (for review, see Cobrinik 2005). Binding and
inhibition of E2Fs by RB family members are relieved by
CDK (cyclin-dependent kinase) protein kinases that phos-
phorylate all RB proteins in a cell cycle-dependent manner
(Cobrinik 2005; Malumbres and Barbacid 2009).

Mouse genetic studies revealed that RB family proteins
function redundantly to control entry into the GO state
and specifically in development and tumor suppression
(for review, see Cobrinik 2005; Dannenberg and te Riele
2006). Despite the apparent redundancy in cell cycle
control, RB family members differ in their cell cycle-
dependent expression and preferential binding of specific
E2Fs. Notably, p130 accumulates in cells entering quies-
cence in response to various growth arrest signals such as
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serum deprivation, confluency, or increased pl6M%4?

expression (Smith et al. 1996; Cam et al. 2004). This
accumulation is in part mediated by phosphorylation of
p130 by GSK3 (glycogen synthase kinase 3), which pro-
motes its stability (Litovchick et al. 2004). High levels of
expression in GO and a preferential interaction with
E2F4/5 make pl30 a predominant RB family member
bound to a repressor E2F4 in quiescent cells (Cam et al.
2004).

Mass spectroscopy proteomic analysis in human cell
lines revealed that p130 interacts with E2F4, DP1, RBBP4,
LIN9, LIN37, LIN52, and LIN54 in GO/GI1 but not in
S phase (Litovchick et al. 2007; Schmit et al. 2007).
Drosophila orthologs of LIN9, LIN37, and LIN54 were
first identified as Myb-interacting proteins (MIPs) (Beall
et al. 2002), and later were shown to be a part of nearly
identical RBF/E2F2/dMyb complexes independently pu-
rified by two groups (Korenjak et al. 2004; Lewis et al.
2004). These complexes were named dREAM (RBF, E2F2
and MIPs) or MMB (Myb-MuvB| because all subunits of
these complexes except for Myb have also been identified
in Caenorhabditis elegans and belong to the SynMuv B
class of genes (Harrison et al. 2006; Fay and Yochem
2007). Further proteomic analysis revealed that human
RBBP4, LIN9, LIN37, LIN52, and LIN54 form a stable
complex (referred to as the MuvB core) that binds to
BMYB in S phase (Litovchick et al. 2007; Schmit et al.
2007). Since no interaction was detected between BMYB
and pl130/E2F4 in human cells, these studies show that
the MuvB core alternatively binds to p130 in GO/G1 and
to BMYB in S phase. These respective complexes are
referred to as the DREAM complex (DP, RB-like, E2F4,
and MuvB) and the MMB complex (MYB-MuvB). The
MuvB core can bind to pl07, especially in cells depleted
of p130 with RNAI (Litovchick et al. 2007; Pilkinton et al.
2007a; Schmit et al. 2007). However, no interaction
between the MuvB core and pRB was detected by mass
spectroscopic analysis of LIN9-, LIN37-, and LIN54-
interacting proteins (Litovchick et al. 2007).

Analysis of the target genes of the RB/E2F complexes in
flies and humans revealed both overlapping and unique
functions. Human DREAM complex binds to the pro-
moters of >800 cell cycle-regulated genes during GO and
contributes to their repression, while the MMB complex
is required for expression of a subset of these genes
(Osterloh et al. 2007; Pilkinton et al. 2007b). Interestingly,
the fly dREAM/MMB complex displays both transcrip-
tional repressor and activator functions in the distinct
classes of targets, including the developmentally and cell
cycle-regulated genes (Georlette et al. 2007). ChIP and
microarray analysis (ChIP—chip) of the fly dREAM/MMB
target genes showed that both Myb and E2F components
were present at the majority of targeted promoters, con-
sistent with their presence in the same protein complex.
However, the gene expression changes observed in the
cells treated with E2F2- or dMyb-specific RNAi revealed
subsets of predominantly E2F- or Myb-regulated genes.
Interestingly, these genes had a higher enrichment of
either E2F or Myb consensus binding sites in their pro-
moters, correlated with a relatively stronger binding of
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the corresponding factors (Georlette et al. 2007). There-
fore, it appears that, even within the context of a single
protein complex, E2F2 and dMyb are responsible for the
binding and regulation of the specific classes of the target
genes.

These studies have revealed that, although the overall
organization of the multisubunit RB/E2F repressor com-
plexes is highly conserved in evolution, there are impor-
tant differences (for review, see van den Heuvel and
Dyson 2008). In mammalian cells, the switch of the
MuvB core between DREAM and MMB could reflect a
specialized function of these complexes in the precise
timing of the cell cycle-regulated gene expression. The
mechanism that triggers binding of the MuvB core to
p130/E2F4/DP1, resulting in the DREAM complex as-
sembly, could be critical for entry into quiescence in
response to various growth arrest signals. To identify this
mechanism, we used proteomic analysis to determine
whether any of the shared subunits were differentially
phosphorylated in the context of the DREAM or MMB
complexes.

Results

DREAM is phosphorylated in vivo

The MuvB core—consisting of LIN9, LIN37, LIN52,
LIN54, and RBBP4—binds to p130/E2F4/DP1 to form
the DREAM complex in GO/G1 and to BMYB to form
MMB during S phase. To determine whether there were
any specific differences in the composition of the MuvB
core when bound to pl30 or BMYB, we performed 43
large-scale immunoprecipitations for endogenous and
HA-tagged p130 and endogenous and V5-tagged LINY,
LIN37, and LIN54, as reported earlier (Litovchick et al.
2007), as well as endogenous and V5-tagged LIN52 and
endogenous BMYB (Supplemental Table S1; this study).
Each sample was analyzed independently by multidimen-
sional protein identification technology (MudPIT) pro-
teomic analysis (Swanson et al. 2009). We observed that
each of the proteins included in this analysis coprecipi-
tated all components of the MuvB core—including LIN9,
LIN37, LIN52, LIN54, and RBBP4—while there was never
any detectable interaction between BMYB and pl130/
E2F4/DP1 (Supplemental Fig. S1A,B). The RB-like p107
was detected in a subset of LIN37, LIN52, and LIN54
immunoprecipitates but not in BMYB samples prepared
from S-phase-synchronized cells (Supplemental Table S2.).
In agreement with our earlier analysis, pRB was not detected
in any of the samples (Litovchick et al. 2007). Therefore, we
could not confirm previous reports of binding between
pl07 and BMYB in S phase or between LIN9 and pRB
(Gagrica et al. 2004; Schmit et al. 2007). Our proteomic
analysis revealed that human LIN9, LIN37, LIN52,
LIN54, and RBBP4 interact with each other to form the
MuvB core complex. The MuvB core can bind to either
p130 or pl07 and E2F4/DP1 to form the DREAM com-
plex, or to BMYB without an RB-like protein to form the
MMB complex. This switch represents a major difference
from the Drosophila complex, where RB, E2F, DP and
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MYB orthologs all interact with the MuvB core to form
a single AREAM/MMB complex (Korenjak et al. 2004;
Lewis et al. 2004).

Although there were no differences in the components
of the MuvB core when bound to p130 or BMYB, we asked
whether there were any phosphorylated residues specific
for each of the complexes. The complete proteomic data
set was merged to search for serine, threonine, and tyrosine
phosphorylation in the DREAM and MMB subunits as
described previously (Xiang et al. 2007). Use of the multiple
baits for immunoprecipitation of the DREAM and MMB
complexes combined with the high sensitivity of MudPIT
resulted in high sequence coverage and detection of phos-
phorylated residues in most of the proteins included in the
analysis (Table 1; Supplemental Table S3).

We compared the results of our phosphorylation search
with previously reported data and confirmed the presence
of several known phosphorylation sites in pl130 and
BMYB, as well as sites in LIN52, LIN37, and DP1 detected
in prior large-scale phosphoproteomic studies (Table 1;
Supplemental Table S2 and references therein). In addi-
tion, we detected novel phosphorylation sites in p130,
BMYB, LIN9, LIN37, LIN52, LIN54, DP1, and E2F4 (Table

DYRKI1A controls DREAM assembly and GO

1). No phosphorylated residues were detected in RBBP4,
E2F5, and DP2 despite the significant sequence coverage
obtained by tandem mass spectra (MS/MS) analysis for
these proteins (75.8%, 46%, and 42.2%, respectively).
We examined this phosphoproteome data set to de-
termine whether any of the identified phosphorylation
events in the MuvB core were specific for a given immu-
noprecipitation condition. To approximate the extent of
modification for a given residue, we compared the number
of spectra corresponding to a phosphorylated residue with
the total number of spectra—phosphorylated and non-
phosphorylated—detected for the corresponding peptide
(Fig. 1; Supplemental Fig. S2). This analysis revealed that
Ser 2.8 (S28) in LIN52 was present exclusively in the phos-
phorylated form (33 phosphorylated out of 33 total spectra)
when coimmunoprecipitated with p130 (Fig. 1A). In con-
trast, this residue was detected in both phosphorylated and
unphosphorylated forms in the merged data set contain-
ing the peptide information for all immunoprecipitates
(73 phosphorylated out of 136 total spectra) when LIN52
was directly immunoprecipitated (13 phosphorylated out
of 38 total) or coprecipitated by MuvB core components
or BMYB (Fig. 1B,C; Supplemental Fig. S2). In addition,

Table 1. Phosphorylation sites detected in the DREAM and BMYB-MuvB complex subunits by immunoprecipitation/MS/MS

Length Peptides: Sequence Residue
Name Accession (amino acids) unique (total) coverage position Context
p130 NP_005602.3 1139 114 (2899) 61.9% S373 LNAGSGTET
S413 IKENSPCVT
S639 CIAGSPLTP
T642 GSPLTPRRV
S662 RSITSPTTL
S672 DRYSSPPAS
S688 VENDSPSDG
S$690 NDSPSDGGT
T694 SDGGTPGRM
T986 SAPPTPTRL
$995 TGANSDMEE
S1035 APPLSPYPF
S1080 YEFSNSPSKR
S1112 DGSESPAKR
E2F4 NP_001941.2 413 19 (601) 60.3% S384 LLRLSPPPG
DP1 NP_009042.1 410 21 (345) 62.2% S23 DQNLSPGKG
LIN9 NP_775106.2 558 42 (1463) 57.7% T112 ATMSTPDKK
S$325 PPLQSPIID
S337 LLGQSPWRS
LIN37 NP_061977.1 246 26 (941) 63.8% S$138 CSPSSPLPP
S182 SRIPSPLQP
$202 EPEPSPSTL
LIN52 NP_001019845.1 116 22 (515) 79.3% S7 WKMASPTDG
S28 LDRASPDLW
LIN54 NP_919258.2 749 55 (2064) 61.6% S264 TTQVSPPVI
$310 KIAISPLKS
S314 SPLKSPNKA
BMYB NP_002457.1 700 47 (505) 71.7% S20 QDTDSDVPE
S28 EQRDSKCKV
S241 EEENSEEEL
S393 LIPISPSTE
S421 RVALSPVTE
$452, TLPFSPSQF

The table shows a summary of the DREAM/BMYB phosphoproteomic analysis. Novel phosphorylation sites reported here are in bold.
Due to the space constraints, the references for the previously reported phosphorylation sites are given in Supplemental Table S3.
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Ser 182 (S182) in LIN37 was detected only in the phos-
phorylated form when coprecipitated with p130 or LIN52,
while both phosphorylated and unphosphorylated forms
were detected in LIN37, LIN9, LIN54, or BMYB immuno-
precipitates (Fig. 1; Supplemental Fig. S2).

LIN52-828 is required for DREAM assembly

The specific enrichment of pS28-LIN52 and pS182-LIN37
in p130 immunoprecipitations suggested that these phos-
phorylation events could be required for the DREAM
complex assembly. To test this, we generated T98G cell
lines stably expressing epitope-tagged wild-type or mutant
alleles of LIN52 and LIN37 with point substitutions at
residues S28 and S182, respectively. When LIN52-S2.8 was
substituted with alanine, the mutant LIN52-S28A was
unable to interact with pl30, while the substitution of
$28 with the phosphomimetic glutamate residue (S28E)
resulted in weak p130 binding (Fig. 1D,E). Point substitu-
tion of LIN52-S28 did not affect the interaction with BMYB,
LIN9, and LIN37 (Fig. 1D; Supplemental Fig. S3A). There-
fore, an intact LIN52-S28 residue was required for binding
to p130, consistent with a predominance of the phosphor-
ylated S28 LIN52 in the p130 immunoprecipitates detected
by mass spectroscopy analysis. Conversely, substitution of
residue S182 in LIN37 with alanine or glutamate did not
affect LIN37 binding to p130, LIN9, or BMYB (Fig. 1D;
Supplemental Fig. S3B), indicating that the phosphorylation
of LIN37 at S182 was not required for these interactions.
We observed that the phosphorylation status of LIN52
affected its gel migration pattern. While the ectopically
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IP: IgG p130 LIN® LIN37

LIN52-V5 Figure 1. Analysis of DREAM phosphorylation re-
5 =z veals a critical role of LIN52-S28. (A-C) Detection of
2 E & phosphorylated amino acid residues in the LIN pro-

- teins by the immunoprecipitation/MS/MS of p130,
BMYB, and merged data set of all samples. The
graphs show spectral counts of peptides where phos-
phorylated amino acids were detected (gray bars), and
the total spectral counts for the corresponding pep-
tides (white bars). Boxes indicate sites that were

HINGEN always phosphorylated in p130 immunoprecipitation
g _ 5 samples. (D) Mutational analysis of LIN52-S28 and
g- 2 :l LIN37-S182 residues. Ectopically expressed V5-tagged

Ses wild-type or the indicated mutants of LIN52 and

LIN37 were immunoprecipitated using anti-V5 anti-
body, and the binding of p130 and BMYB was detected
by immunoblot. (E) Immunoprecipitation/Western
blot assay shows that endogenous pl30 interacts
with the wild type but not the S28 A-LIN52 mutant.
Expression of LIN52 constructs was detected by
immunoprecipitation/Western blot with the V5 tag
antibody. (F) Immunoprecipitation/Western blot re-
veals that the immunoprecipitates for pl30 and
BMYB contain different species of LIN52. (G) Western
blot shows that the upper form of LIN52 coprecipi-
tated with pl130, LIN9, or LIN37 collapses to the
lower form with phosphatase treatment. (H) T98G
cells were synchronized at various stages of the cell
cycle by serum starvation and readdition, and LIN52
was detected in the extracts by immunoblot.

expressed wild-type LIN52 migrated as a doublet in the
SDS-polyacrylamide gel, the S28 A mutant appeared as
a single faster-migrating band (Fig. 1D,E). Importantly,
only a single slower-migrating band coimmunoprecipi-
tated with p130, while both slower- and faster-migrating
forms were observed when endogenous LIN52 was copre-
cipitated with BMYB or LIN9 or LIN37 (Fig. 1EG).
Phosphatase treatment of p130, LIN9, and LIN37 immu-
noprecipitations resulted in a relative decrease of the
upper form of LIN52, indicating that these gel migration
differences were due to phosphorylation (Fig. 1G). The
slower-migrating form of the endogenous LIN52 was also
enriched in cell extracts prepared from GO-arrested hu-
man T98G cells and cells entering G1 compared with the
cells in S or G2 (Fig. 1H). Therefore, the mass spectros-
copy proteomic analysis, point substitution mutant anal-
ysis, and gel migration pattern of LIN52 all confirmed
independently that only phosphorylated S28-LIN52 was
present in the pl30/DREAM complex. These results
demonstrate a requirement of LIN52-S28 phosphoryla-
tion for p130 binding, and indicate that phosphorylation
of LIN52 can occur in the GO quiescent state.

In cells stably expressing S28A-LIN52, we observed
that p130 coprecipitated significantly less LIN9 com-
pared with cells expressing wild-type LIN52 (Fig. 1E).
This result indicated a dominant-negative effect of S28A-
LIN52 on the interaction between p130 and LIN9. To test
whether an intact LIN52 was required for the interaction
between p130 and the MuvB core, we depleted LIN52 by
RNAIi in T98G cells. We observed that, in the cells where
LIN52 was depleted, the binding between p130 and LIN9
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was significantly reduced, accompanied by a decrease of
LIN9 and LIN37 expression levels (Supplemental Fig.
S4A,B). We then generated cell lines with stable knock-
down of LIN52 with an shRNA targeting the 5’ un-
translated region of the LIN52 mRNA. In these cells,
the expression of LIN52 as well as LIN9 and LIN37 was
also reduced, and the interaction between LIN9 and p130
was disrupted (Fig. 2A). Notably, when LIN52 expression
was rescued with V5-tagged wild-type or S28A LIN52
resistant to the shLIN52, the protein levels of LIN9 and
LIN37 were restored to wild-type levels (Fig. 2A,B).
However, only expression of wild-type LIN52, but not
the LIN52-S28A mutant, restored the interaction be-
tween LIN9 and pl30 as well as between LIN37 and
p130/E2F4 (Fig. 2A,B). We examined the contribution of
LIN52 to the interaction between BMYB and the MuvB
core subunits LIN9 and LIN37. Depletion of LIN52 by
shRNA resulted in decreased expression of the compo-
nents of the MuvB core in T98G cells (Fig. 2B) and HeLa
cells (Supplemental Fig. S4C). However, both the wild-
type and S28A mutant forms of LIN52 were capable of
binding to BMYB, LINY, and LIN37 and forming an intact
MMB complex (Fig. 2B). Notably, although depletion of
LIN52 or expression of LIN52-S28A disrupted the binding
of the MuvB core to p130 and E2F4, it did not affect the
interaction between p130 and E2F4 (Fig. 2B,C), consistent
with our earlier finding that E2F4 and the MuvB core bind
independently to p130 (Litovchick et al. 2007). These
results support a specific role of pS28-LIN52 in the MuvB
core for binding to p130/E2F4, resulting in the formation
of the DREAM complex.

DYRKI1A binds and phosphorylates LIN52

Given that LIN52 is phosphorylated in vivo, we searched
the LIN52 MudPIT proteomic data set for the presence
of a protein kinase (Supplemental Table S2). Indeed, in
addition to all subunits of the DREAM complex and
BMYB, the DYRKI1A protein kinase was detected in at
least two independent LIN52 immunoprecipitations but
not in the control samples (Fig. 3A; Supplemental Table

A B
Input IP: LING © IP:BMYB IP: LIN37
LIN52-V5: - - WTSA - - WTSA LIN52-V5: - - - WTSA - - WTSA
shLINS2: - + + + - + + + shLING2: - -+ + + - + + +
pla) T Emmm e e BMYB — e . =
LN === mal= LiN9:-f- == ==m=
(IgG)/ : —— -
LINGT v v v e e LIN37 ———— -
- | .
LIN52 — e LNs4
g -
P130  savam-

E2F4

DYRKI1A controls DREAM assembly and GO

$2). Mammals have five DYRK genes, with DYRK1A and
DYRKI1B most highly related to each other and to the
Drosophila Minibrain kinase and C. elegans MBK1 (Fig.
3B; Aranda et al. 2010). In addition, the sequence sur-
rounding the S28 residue in LIN52 closely resembles the
DYRKI1A phosphorylation consensus motif RX(X)(S/T)P
and is highly conserved in LIN52 orthologs from other
species (Fig. 3C; Himpel et al. 2000; Woods et al. 2001).
We tested purified recombinant DYRK1A and DYRK1B
and found them both to be capable of phosphorylating S28
of LIN52 in an in vitro kinase assay (Fig. 3D). Although
both DYRK1A and DYRKI1B could specifically phosphor-
ylate LIN52-S28 in vitro, we observed that human BJ-
hTERT fibroblasts and T98G cells expressed DYRKI1A,
while DYRKIB was not readily detectable (Fig. 3E).
Furthermore, when expression vectors for DYRKIA or
DYRKI1B were transfected into T98G cells, the endoge-
nous LIN52 could coprecipitate overexpressed DYRK1A
more efficiently than DYRKI1B (Supplemental Fig. S5A).
These results are consistent with the proteomic detection
of DYRKI1A but not DYRKI1B in LIN52 immunoprecipi-
tates. To determine whether DYRKI1A phosphorylates
LIN52 in vivo, we depleted DYRKI1A in T98G cells by
siRNA. As shown in Figure 4A, depletion of DYRKIA
resulted in the accumulation of unphosphorylated faster-
migrating LIN52. Similarly, when T98G cells were
treated with harmine, a specific small molecule inhibitor
of DYRKI1A (Bain et al. 2007), the phosphorylation of
LIN52 was significantly reduced (Fig. 4A), supporting the
hypothesis that DYRK1A phosphorylates LIN52 in vivo.
Given that phosphorylated S28 residue in LIN52 was
required for the MuvB core binding to p130/E2F4 and
DREAM assembly, we tested whether depletion of
DYRKI1A could affect this interaction. When T98G cells
were transfected with DYRK1A-specific siRNA, the in-
teraction between pl30 and LIN52 was decreased (Fig.
4B). In contrast, binding between BMYB and LIN52 was
increased upon the depletion of DYRKIA in these cells.
Notably, upon DYRK1A depletion, BMYB coprecipitated
relatively more unphosphorylated LIN52 compared with
the control RNAi knockdown, consistent with the finding

c Figure 2. Intact LIN52 is required for the
IP: E2F4 DREAM complex assembly. (A) Immunopre-
- - WTSA cipitation/Western blot assays show that only

the wild-type LIN52 allele can rescue the
binding of p130 to LIN9 and LIN37 in cells
with reduced expression of LIN52. LIN52 was
depleted in T98G cells by stable expression
of LIN52-shRNA and rescued by wild-type
LIN52 or the S28 A mutant. The DREAM com-
plex was assayed by immunoprecipitation/
Western blot. Input panels show the levels
of the proteins in cell extracts. (B) The immu-
nopreciptiation/Western blot assays show
that both wild-type and the S28A mutant of
LIN52 bind to BMYB and up-regulate the
levels of LIN37 in LIN52-depleted cells. (C)
The interaction between pl30 and E2F4 is
independent of LIN52, as shown by immuno-
precipitation/Western blot.

-4+ +

P130 -

E2F4;====
(IgG)
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Figure 3. DYRKIA interacts with LIN52
in vivo and phosphorylates LIN52-S28.
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that BMYB could bind to both forms of LIN52 and that
the phosphorylation state of S28 of LIN52 did not affect
the MMB complex assembly. In addition, RN Ai-mediated
depletion of DYRKIA but not DYRKI1B in T98G cells
reduced the interaction between pl30 and LIN37 (Fig.
4C). This finding is consistent with the role of LIN52 in
promoting p130 binding to the MuvB core and strongly
indicates that DYRKI1A contributes to the assembly of
the DREAM complex by phosphorylation of LIN52.
Although we were unable to find a specific role for
DYRKIB in LIN52 phosphorylation in the cell lines we
tested, ectopic overexpression of DYRKI1B in T98G cells
was able to rescue the effect of the depletion of DYRK1A
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by siRNA (Supplemental Fig. S5B), indicating that
DYRKIB could potentially phosphorylate LIN52 in cell
types that express high levels of this kinase, such as
myoblasts (Aranda et al. 2010).

DYRKI1A is required for growth arrest

Upon removal of serum from the culture media, T98G
cells enter a GO/quiescent state characterized by de-
creased levels of DNA synthesis. Under these conditions,
the DREAM complex binds to the promoters of many
E2F-dependent gene targets and contributes to their re-
pression (Litovchick et al. 2007). Given the contribution

Figure 4. DYRKIA contributes to the DREAM
complex assembly and entry into quiescence.
(A) Immunoblot of LIN52 in the extracts from
T98G cells incubated with DYRK1A-specific
siRNA (48 h) or 10 puM harmine (20 h). (B)
Depletion of DYRK1A in T98G cells by RNAi
reduces the binding of LIN52 to p130 but not
BMYB, as shown by immunoprecipitation/
Western assay. (C) Depletion of DYRKIA
but not DYRKIB in T98G cells by RNAi
results in a decreased binding of p130 to
LIN37, as shown by immunoprecipitation/
Western blot. (D,E) Treatment of T98G cells
by DYRKI1A siRNA (a pool of four oligos) or
treatment with 10 pM harmine interferes
with GO/G1 growth arrest upon serum depri-
vation, as shown by FACS analysis of BRDU-
labeled DNA. Cells were incubated with 10%
FBS (10 FBS) or 0% FBS (0 FBS) for 24 h before
the assay. (F) The graph shows the average
percentage of BrDU-positive cells = SD mea-
sured in three independent experiments
shown in D and E. Two-tailed t-test: 0 FBS
control versus siDYRKI1A single and pool,
P =0.00008 and 0.014, respectively.

DYRK1A
DYRK1B
1A+ 1B
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of DYRKIA to LIN52 phosphorylation and DREAM
assembly, we asked whether DYRKI1A was required for
entry into a GO quiescent state. Cells in which DYRK1A
levels were reduced by RNAI displayed increased DNA
synthesis under serum-starved conditions when com-
pared with the cells transfected with nontargeting siRNA
(Fig. 4D,F). Similarly, T98G cells that were serum-starved
in the presence of the DYRKI1A inhibitor harmine had
higher levels of DNA synthesis relative to control-treated
cells (Fig. 4E,F). These results indicate that DYRKI1A is
required for DREAM complex assembly and entry into
GO/quiescence.

Given that DYRK1A was required for entry into quies-
cence, we tested whether overexpression of DYRKIA
could inhibit cell proliferation. DYRKIA was stably
overexpressed using retroviral infection in a panel of
cultured cells, resulting in significantly slower growth
rates compared with the control cell lines expressing
GFP (Fig. 5A). U-2 OS osteosarcoma cells appeared par-
ticularly sensitive to growth arrest upon overexpression
of DYRKI1A (Fig. 5A; Supplemental Fig. S6A). We engi-
neered tetracycline-inducible (tet-on) expression of wild-
type or kinase-inactive K188R mutant alleles of DYRK1A
(Kentrup et al. 1996) in U-2 OS cells and determined
whether the catalytic activity of DYRKIA was required

DYRK1A-wt DYRK1A-K188R
56 + 10% 87 + 7%

DYRKI1A controls DREAM assembly and GO

for growth suppression effect in a colony formation assay.
As shown in Figure 5B, induced expression of wild-type
DYRKI1A but not kinase-inactive DYRK1A-K188R re-
sulted in a significant suppression of colony formation
of the U-2 OS cells. Consistent with this finding, induced
expression in these cells of the wild-type DYRKI1A but
not the K188R mutant led to the appearance of a growth-
arrested flattened cell phenotype (Supplemental Fig. S6B).
We isolated two stable clones from each of the tet-
inducible U20S cell lines expressing vector, wild-type,
or kinase-inactive DYRKI1A and compared their growth
rate in a cell proliferation assay. The proliferation rate
was reduced by ~50% when wild-type DYRK1A was
induced with doxycycline compared with the uninduced
cells, while the cells expressing the DYRK1A-K188R pro-
liferated slightly faster when induced (Fig. 5C). The viabil-
ity of U-2 OS cells was not affected by induction of the
DYRKI1A alleles (data not shown). Notably, we observed
a dramatic increase in the phosphorylated form of LIN52
upon expression of wild-type DYRK1A but not DYRK1A-
K188R (Fig. 5D). Furthermore, in wild-type DYRKIA-
expressing cells, the binding of LIN9 to p130 was readily
detectable, while LIN9 binding to BMYB was reduced (Fig.
5D). Therefore, expression of active DYRKIA in U-2 OS
cells resulted in preferential recruitment of the MuvB core

Figure 5. Overexpression of DYRKIA sup-
presses cell proliferation. (A) Overexpression
of DYRKIA causes growth suppression. The
indicated cell lines were transduced with
retroviruses to express DYRK1A or GFP and
were used for cell proliferation assay after
antibiotic selection. The graph shows the
density of the cultures determined by crystal
violet staining relative to day 1 (average of the

triplicate samples = SD). The normalized OD
values at day 7 were significantly different for
all pairs of DYRK1A- and GFP-expressing cell

lines (two-tailed t-test, P < 0.005). (B) Active
but not kinase-dead DYRKIA suppresses
colony growth of U20S cells. Tet-on U-2 OS
cells were treated as described in the Mate-
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Overexpression of active but not kinase-
dead DYRKIA in U-2 OS cells affects the
DREAM and BMYB-MuvB complexes, as
shown by immunoprecipitation/Western

blots. DYRKIA alleles were expressed in U-2 OS cells by retroviral infection and by antibiotic selection. Two wild-type-expressing
samples (wtl and wt2) with different levels of DYRKIA are shown to emphasize a potent effect of DYRK1A on the DREAM and BMYB-
MuvB complexes in U-2 OS cells. (E) Overexpression of LIN52-S28A but not the wild type can override the growth suppression effect of
DYRKIA in NIH 3T3 cells. GFP, DYRK1A, or the DYRK1A-K188R mutant were introduced into NIH 3T3 cell lines expressing the
LIN52 alleles or vector. After antibiotic selection, the cell lines were equally plated, grown for 7 d, and stained by crystal violet dye.

Images of two representative wells for each condition are shown.
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into the DREAM complex, down-regulation of the MMB
complex, and growth suppression.

Since overexpressed DYRKIA likely phosphorylates
other targets in addition to LIN52 that could contribute
to the observed growth inhibition, we tested whether the
expression of LIN52-S28A in cells could suppress this
effect. We generated NIH 3T3 cell lines stably expressing
vector, wild-type, or S28A mutant LIN52 and then in-
troduced GFP (control), active DYRK1A, or the DYRK1A-
K188R mutant. Immediately after antibiotic selection,
the resulting set of nine cell lines was assayed for cell
proliferation. As shown in Figure 5E and Supplemental
Figure S6D, expression of the LIN52-S28 A mutant could
indeed rescue the growth suppression effect caused by
overexpression of active DYRKIA. A similar result was
also obtained in T98G cells (data not shown), indicating
that phosphorylation of LIN52 and DREAM complex
assembly significantly contribute to the growth suppres-
sion by DYRK1A.

DYRKI1A and intact LIN52 are both required
for oncogenic Ras-induced senescence

Oncogene-induced senescence is characterized by perma-
nent cell cycle arrest in GO/G1 with induction of senes-
cence-associated B-galactosidase (SA-B-gal) activity (Serrano
et al. 1997). In a previously reported gene expression
profiling study in human IMRO0 fibroblasts, expression of
the oncogenic HRAS-G12V allele resulted in a significant
down-regulation of cell cycle-regulated genes (Mason
et al. 2004). We previously identified >800 DREAM target
genes using ChIP—chip analysis (Litovchick et al. 2007). A
comparison of the DREAM target genes with the genes
that were repressed in the HRAS-G12V-expressing fibro-
blasts revealed a highly significant overlap (P = 2.2e71¢,
exact Fisher test) (Supplemental Fig. S7A).

To determine whether DREAM contributes to the
repression of genes down-regulated in cells undergoing
cellular senescence, we tested whether disruption of the
DREAM complex assembly could interfere with Ras-
induced senescence in immortalized human BJ-hTERT
fibroblasts (Hahn et al. 1999). We generated BJ-hTERT cell
lines stably expressing wild-type LIN52 or the S28A
mutant. We noted that expression of V5-epitope-tagged
LIN52 led to a reduced expression of endogenous LIN52
(Fig. 6A). As expected, we observed that expression of
LIN52-S28A led to disruption of the DREAM complex, as
shown by significantly reduced binding of p130 to LIN9
and LIN37 compared with cells expressing wild-type
LIN52 (Fig. 6B). These cell lines were infected by retro-
viruses carrying the oncogenic HRAS-G12V allele or
empty vector and were assayed for cellular senescence
on day 14 post-infection (Supplemental Fig. S7B). Expres-
sion of HRAS-G12V was comparable in wild-type LIN52-
and LIN52-S28A-expressing cells and was slightly lower
than in the empty vector-expressing cells (Fig. 6C). Re-
markably, cells expressing the LIN52-S28A mutant re-
sulted in significantly reduced SA-B-gal activity and
increased proliferation in response to HRAS-G12V com-
pared with vector control- or wild-type LIN52-expressing
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cells (Fig. 6D; Supplemental Fig. S7C). Since S28A-LIN52
specifically disrupts DREAM complex assembly, these
results indicate that an intact DREAM complex is re-
quired for oncogenic RAS-induced senescence.

Since DYRK1A was required for DREAM assembly and
entry into the GO-arrested state in RNAi experiments, we
tested whether DYRK1A was also required for oncogenic
HRAS-induced senescence. We generated BJ-hTERT cell
lines stably expressing DYRKI1A targeting shRNA and
infected them with the HRAS-G12V-expressing retrovi-
rus. The expression levels of HRAS-G12V in the control
and DYRK1A-depleted cell lines were similar (Fig. 6E).
Similar to BJ-hTERT cells expressing LIN52-S28A, the
DYRK1A-depleted cell lines displayed significantly re-
duced levels of SA-B-gal activity in response to oncogenic
HRAS when compared with the cells expressing the
nontargeting shRNA (Fig. 6F). Together, these results
indicate that DYRKIA and the DREAM assembly are
required for oncogenic RAS-induced growth arrest and
senescence.

Discussion

Evolutionarily conserved RB/E2F complexes control the
expression of cell cycle-dependent genes in various or-
ganisms. The function of these complexes is regulated by
a family of cell cycle-dependent protein kinases that
relieves the RB-mediated inhibition of E2Fs, resulting in
activation of E2F-dependent transcription and progres-
sion of the cell cycle. In addition to CDK regulation, the
RB family member p130 protein stability is increased by
GSK3 phosphorylation. Our results here indicate that
DYRKIA serves as an additional protein kinase that
activates the pl30/E2F4-containing DREAM complex
(Fig. 6). DYRKI1A directly phosphorylates the DREAM
subunit LIN52 on $28, and this phosphorylation is re-
quired for binding to p130. Moreover, this phosphoryla-
tion is also required for the interaction between p130/
E2F4 and all other subunits of the MuvB core because
either point substitution of LIN52-S28 or depletion of
DYRKI1A by RNAI can interfere with the DREAM com-
plex assembly. Conversely, phosphorylation of S28 is not
required for LIN52 binding to BMYB or the other MuvB
core proteins. Inhibiting DYRKI1A phosphorylation of
LIN52-S28 results in loss of the ability of cells to enter
the GO growth-arrested state upon serum deprivation or
undergo oncogenic RAS-induced senescence. On the other
hand, overexpression of DYRKI1A in cell lines leads to
a marked inhibition of cell proliferation, increased phos-
phorylation of LIN52, down-regulation of the MMB com-
plex, and the recruitment of the MuvB core into the
DREAM complex. Importantly, expression of the LIN52-
S28A mutant rescues the growth suppression effect of
DYRKIA in NIH 3T3 and T98G cells, indicating that this
growth inhibition requires the DREAM complex assembly.

This study reveals that DYRKIA plays an important
role in suppression of mammalian cell proliferation.
DYRKI1A protein levels do not change throughout the
cell cycle (L Litovchick and J DeCaprio, unpubl.); there-
fore, its activity could be regulated by other mechanisms,
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Figure 6. DYRKIA and intact LIN52-S28A
contribute to oncogenic Ras-induced senes-
N cence. (A) Western blot shows that over-
g ﬁ expression of either the wild type or LIN52-
S28A mutant in BJ-hTERT cells results in
down-regulation of the endogenous LIN52
protein. (B) The LIN52-S28 A mutant but not
wild-type LIN52 disrupts the DREAM com-
plex in BJ-hTERT fibroblasts, as shown by
immunoprecipitation/Western blot assay.
(C) The indicated BJ-hTERT cell lines were
infected with retroviruses to express HRAS-
G12V or empty vector, and the expression of
HRAS-G12V was assayed by Western blot.
Vinculin was used as a loading control. (D)
BJ-hTERT cells expressing LIN52 alleles or
—- vector were infected with HRAS-G12V and
stained for SA-B-gal on day 14 post-infec-
tion. Representative images of the cells are
shown as well as average values = SD of
three independent experiments, each count-
ing >100 cells per condition. Two-tailed
t-test: vector versus LIN52 wild type (LIN52-
WT) and S28A mutant (LIN52-S28A), P = 0.24
and 0.01, respectively. Bar, 100 nM. (E) BJ-
hTERT cells were transduced with either
control or two different DYRKIA-specific
shRNA lentiviruses, followed by infection
with retrovirus encoding HRAS-G12V.
Western blot shows the levels of DYRKIA
and HRAS-G12V in these cells. Vinculin
was used as a loading control. (F) Ras-in-
duced senescence assay in BJ-hTERT cell
lines treated with DYRKI1A-shRNA. The
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and shDYRKIA-2, P = 0.09 and 0.05, re-
spectively. Bar, 100 pM. (G) The model
shows how DYRKI1A promotes the DREAM
complex assembly, GO/G1 arrest, and senes-

cence. DYRK1A phosphorylation of the Ser 28 residue in the LIN52 subunit of the MuvB core promotes the DREAM complex assembly
and repression of E2F target genes such as BMYB. MuvB core subunits are shaded in blue.

including subcellular localization, autophosphorylation,
and interaction with regulatory proteins such as 14-3-3
and SPREDI (for review, see Aranda et al. 2010). Specific
up-regulation of DYRK1A activity toward LIN52 by the
tumor suppressor protein kinase LATS2 is described in
the coordinated study by Tschop et al. (2011). Over-
expression of LATS2 suppresses proliferation of cancer
cell lines, while the loss of LATS2 is observed in many
types of cancer and has been shown to promote pro-
liferation and oncogenic transformation of the primary
fibroblasts (for review, see Visser and Yang 2010). Future
studies will hopefully provide a deeper insight into the
relationship between LATS2, DYRKIA regulation, and
DREAM complex assembly, and into the role of this
emerging pathway in the entry into quiescence and
tumor suppression.

Our findings presented here implicate DYRK1A in cell
cycle control in mammalian cells. Curiously, based on
structural similarity, DYRK1A belongs to the same
CMGC group of protein kinases that includes well

known regulators of the cell cycle processes, such as
CDKs, mitogen-activated protein kinases (MAPKs), GSKs,
and cdc2-like kinases (Kannan and Neuwald 2004; Park
etal. 2009). DYRK proteins are well characterized in yeast,
Dictyostelium discoideum, C. elegans, Drosophila, and
mammals (for review, see Aranda et al. 2010). Many of the
DYRK proteins function in various aspects of cell cycle
regulation, differentiation, and stress response pathways.
Yeast DYRK proteins Yaklp and Pom1p are implicated in
the control of the cell cycle and nutrient-sensing path-
ways, and coupling of the cell size and cell cycle pro-
gression (Aranda et al. 2010). In Dictyostelium, one of the
three known DYRK proteins, YakA, regulates exit from
the cell cycle upon starvation and the transition from
growing phase to the developmental phase (Souza et al.
1998; Taminato et al. 2002).

Drosophila Minibrain is closely related to mammalian
DYRKIA and DYRKI1B, and was named because of the
marked reduction of the brain size in hypomorphic
mutant flies (Tejedor et al. 1995). The region that harbors
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the serine residue homologous to human LIN52-S28 is
conserved in the Drosophila protein, so it will be in-
teresting to learn whether it could be phosphorylated by
Minibrain, and whether this phosphorylation could affect
the structural composition or the function of the
dREAM/MMB complex. The function of the mnb homo-
log DYRKIA in neurogenesis is well supported by evi-
dence from both transgenic mouse models and human
disease (for review, see Park et al. 2009). Dyrk1A~/~ mice
die during mid-gestation, while the heterozygous animals
show decreased viability and reduction of body and brain
size, with regional-specific increases and decreases in
neuronal density (Fotaki et al. 2002). In humans, the
DYRKI1A gene is located within the Down syndrome
(DS)-critical region on chromosome 21, and is a strong
candidate contributor to the neurological abnormalities
associated with this syndrome (Park et al. 2009). The
exact mechanisms linking the trisomy of the chromo-
some 21 region that includes DYRKIA as well as other
genes with the pathological phenotypes observed in DS
are not well understood. However, a detailed analysis of
several available mouse models of DS indicates that
increased dosage of the DYRKIA gene is sufficient to
induce learning defects in transgenic animals (Altafaj
et al. 2001; Bouchikhi et al. 2009).

More than 20 different protein substrates for DYRK1A
have been reported to date, including some with well-
documented functions important for neuronal differenti-
ation, cell survival, and metabolism (for review, see
Aranda et al. 2010). Most likely, the DS brain phenotype
results from multilevel defects in neuronal genesis,
differentiation, and function, mediated by increased dos-
age of DYRK1A and other genes in the DS-critical region
(Gardiner et al. 2010). The role of cell proliferation and
cell cycle exit in DS pathogenesis is not well understood.
However, a decreased proliferation capacity, elongated
cell cycle, and reduced expression of cell cycle-dependent
genes have been shown in specific regions of the brain in DS
patients as well as in a mouse model of DS (Contestabile
et al. 2007, 2009; Hewitt et al. 2010). In addition, over-
expression of DYRKI1A in the embryonic mouse neo-
cortex by in utero electroporation results in inhibition of
neural cell proliferation without affecting cell fate and
layer positioning (Yabut et al. 2010). Therefore, it is
possible that at least some of the neurogenesis defects
associated with DS could be attributed to a decreased
neuronal proliferation due to overexpression of DYRK1A
and increased DREAM formation during development.

In addition to the potential contribution of DYRKIA
and DREAM to decreased neuronal proliferation and
premature cell cycle exit, there is a strong correlation
between increased DYRKIA dosage and the reduced
incidence of solid tumors observed in DS (Baek et al.
2009). We observed that DYRKIA activity and intact
LIN52-S28 are both required for oncogenic Ras-induced
senescence in the immortalized human fibroblasts. On-
cogene-induced senescence in premalignant lesions in
mouse models as well as in some human tumors could
serve as a protective tumor suppressor mechanism (for
review, see Collado and Serrano 2010). Since DYRK1A
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was able to suppress the proliferation of several human
cancer cell lines, it will be interesting to investigate
whether this kinase could serve as a tumor suppressor
in humans. Therefore, our finding of the key role of
DYRKIA in promoting the DREAM complex function
and the cell cycle exit could reveal a novel important
pathway to understand cancer pathogenesis. Our data
could also bring insight into the pathogenesis of DS, and
potentially lead to strategies to improve the cognitive
functions of affected individuals.

Materials and methods

Cell lines, plasmids, and reagents

Established cell lines were obtained from American Type Cul-
ture Collection. Primary BJ human skin fibroblasts were immor-
talized by infection with hTERT-pWZL retroviral vector (gift of
R. DePinho) at passage 5 and selection on blasticidin (Invitrogen).
pBabe-Hygro retroviral vectors encoding human LIN37 and
LIN52 with a C-terminal V5-6His epitope tag (Litovchick et al.
2007) were used for site-directed mutagenesis (QuikChange;
Agilent). HRAS-G12V-pBabe-Puro and HRAS-G12V-pWZL-Hygro
were from Addgene (plasmids 9051 [W. Hahn| and 18749 [S. Lowe],
respectively).

Tet-on U-2 OS cells were generated using pRev Tet-On system
(Clontech Takara Bio). Human DYRK1A ¢cDNA (gift of W. Hahn)
was subcloned into tet-inducible pRevTre vector and used to
generate the kinase-inactive DYRKIA-K188R by site-directed
mutagenesis (QuikChange; Agilent). GFP-HA-Flag, DYRK1A-
HA-Flag, and DYRK1B-HA-Flag constructs were prepared using
Gateway cloning using entry clones from Harvard PlasmID
repository and pMSCV-CTAP retroviral vector (gift of M. Sowa).

Antibodies, siRNA oligonucleotides, and shRNA constructs
are described in the Supplemental Material.

Cell cycle analysis

Cell cycle synchronization using serum deprivation and read-
dition was performed as described (Litovchick et al. 2004). DNA
synthesis was assayed by incubation of the cells with BrdU/FdU
(GE Healthcare LifeSciences) for 1 h, followed by detection using
FITC BrdU Flow kit (BD Biosciences) and FACS analysis.

Recombinant proteins and kinase assays

Purified GST-tagged DYRK1A (PV3785) and DYRKIB (PV4649)
proteins were from Invitrogen. The bacterial expression con-
struct for GST-LIN52 was generated by subcloning human
LIN52 into a pGEX-2T vector. GST-tagged LIN52 was expressed
in bacteria and purified using glutathione-Sepharose 4B (GE
Healthcare). In vitro kinase assay was performed by incubating
20 ng of GST-LIN52 and 10 ng of GST-DYRKIA and GST-
DYRKIB in a buffer containing 20 mM Tris-HCI (pH 7.5), 10
mM MgCl,, 5 mM DTT, and 100 pM ATP for 30 min at room
temperature. Phosphorylation at the S28 residue in LIN52 was
detected by immunoblotting with rabbit phospho-S28-specific
antibody (custom-made by New England Peptide, Inc.).

MudPIT analysis and PTM search

LIN52 was purified from the T98G cell line expressing LIN52-V5
using either anti-peptide antibody against the endogenous LIN52
or V5-epitope tag and was analyzed by MudPIT mass spectros-
copy analysis (Litovchick et al. 2007; Swanson et al. 2009). BMYB
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was purified from S-phase T98G cells using anti-peptide anti-
body specific to BMYB (Bethyl Laboratories, Inc.). MS/MS were
interpreted using SEQUEST against a database of 61,788 se-
quences, consisting of 30,709 human proteins (downloaded from
NCBI on 2009-07-02) as described in Swanson et al. (2009). Peptide
hits from multiple runs were compared using CONTRAST, and
relative protein levels were estimated using distributed normal-
ized spectral abundance factors (INSAFs) (Florens and Washburn
2006). The MS/MS data sets were searched for serine, threonine,
and tyrosine phosphorylation (A mass + 80) as described in Xiang
et al. (2007). The raw mass spectrometric data are available at
Proteome Commons Tranche (https://proteomecommons.org/
tranche) using the identifiers provided in Supplemental Table S1.

RAS-induced senescence

RAS-induced senescence assay was performed as described
(Serrano et al. 1997). HRAS-G12V-pBabe-Puro was used in BJ-
hTERT cell lines expressing LIN52 alleles, while HRAS-G12V-
pWZL-Hygro was used in BJ-hTERT cell lines transduced with
pGIPZ-based lentiviruses. Infected cells were selected using 1
pg/mL puromycin and 200 pg/mL hygromycin, respectively. At
day 7 post-infection, the cells were counted and replated. The
cells were then grown for seven more days and used for SA-B-gal
Senescence Colorimetric Assay (Sigma-Aldrich). Stained cells
were overlaid with 70% glycerol and photographed at 10X
magnification using a Nikon Eclipse E300 microscope and Spot
digital camera (Diagnostic Instruments, Inc.). At least nine
nonoverlapping fields were photographed for each condition,
and digital images were used to determine the number of SA-
B-gal-positive and SA-B-gal-negative cells (>100 cells for each
condition).

Cell proliferation assays

NIH 3T3, T98G, U-2 OS, and SW1990 cells were infected with
retroviruses to express GFP or human DYRKIA, selected on
puromycin (1 pg/mL) for 5 d, and seeded in triplicate onto 12-
well plates (2 X 10* cells per well). Cell density was measured
using crystal violet (Dannenberg et al. 2004). All cell density
values were normalized to day 1.

For cell proliferation assay, tet-on U2 OS cell lines were
seeded onto six-well plates in triplicate at 10* cells per well
and grown *doxycycline (0.5 ug/mL) for 5 d. Cells were counted
using ViaCount assay and the Guava flow cytometer (Millipore).
Two different stable clones for each cell line were analyzed in
two independent experiments.

For colony formation assays, tet-on U2 OS cells were infected
with inducible DYRKI1A alleles or vector retroviruses and
selected on antibiotic for 5 d. Viable cells were then counted,
and two sets of cell lines were seeded in triplicate at 10* cells per
10-cm plate. The cells were allowed to grow for 2 wk while the
cell culture medium (=doxycycline) was replaced every 4 d. The
plates were then stained using crystal violet (Sigma) and scanned
to obtain TIFF images that were quantified using QuantityOne
software (Bio-Rad).
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