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Abstract

Ubiquitination governs oscillation of cyclin-dependent kinase (CDK) activity through a periodic
degradation of cyclins for orderly cell cycle progression; however, the mechanism that maintains
the constant CDK protein levels throughout the cell cycle remains unclear. Here we show that
CDKG6 is modified by small ubiquitin-like modifier-1 (SUMOQ1) in glioblastoma, and that CDK6
sumoylation stabilizes the protein and drives the cell cycle for the cancer development and
progression. CDKG6 is also a substrate of ubiquitin; however, CDK6 sumoylation at Lys 216
blocks its ubiquitination at Lys 147 and inhibits the ubiquitin-mediated CDK6 degradation.
Throughout the cell cycle, CDK1 phosphorylates the SUMO-specific enzyme, ubiquitin-
conjugating enzyme9 (UBC9) that in turn mediates CDK6 sumoylation during mitosis; CDK6
remain sumoylated in G1 phase and drives the cell cycle through G1/S transition. Thus, SUMO1-
CDKG6 conjugation constitutes a mechanism of cell cycle control and inhibition of this
sumoylation pathway may provide a strategy for treatment of glioblastoma.

Introduction

SUMO is a conserved member of the ubiquitin-related protein familyl:2. Human genome
encodes four SUMO isoforms: SUMO1-4; however, it is unclear whether SUMOA4 can be
conjugated and SUMO2 and SUMO3 are commonly referred to as SUMO2/3 because they
share 97% amino acid sequence and cannot be distinguished by any antibodies®. In contrast,
SUMOL is distinct from SUMO2/3 because it shares only 50% amino acids. SUMO
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conjugation, i.e. sumoylation is now established as a key posttranslational modification
pathway distinct from ubiquitination. Ubiquitin is covalently attached to a lysine residue of
substrates through catalytic reactions by ubiquitin activating enzyme (E1), conjugating
enzyme (E2) and ligase (E3) and the conjugated ubiquitin is removed by deubiquitinating
enzymes*. In this ubiquitination process, E3 ligases directly transfer ubiquitin to substrates.
In contrast, SUMO E3 ligases may not be required for sumoylation since UBC9 binds
substrates directly>. SUMO modifies a large set of substrates®’, but its modification
pathway is surprisingly simple and composed of an E1 (SUMO-activating enzyme 1/2;
SAE1/2), an E2 (UBC?9), a handful E3 ligases and less than dozen SUMO-specific proteases
(SENPs)82. This is in sharp contrast to ubiquitin pathway that consists of tens of E2,
hundreds of E3 and more than fifty proteases®. One of the well established functions of
ubiquitin is to target proteins to the 26S proteasome for degradation; however, recent studies
indicate that SUMO regulates ubiquitin-mediated proteolysis!!. Clearly, more SUMO
enzymes and regulatory mechanisms are emerging that regulate diverse biological
processesiZ,

Ubiquitination is well known for regulation of cell cycle through degradation of cyclins. The
cell cycle is driven mainly by four CDKs: the interphase CDK2, CDK4 and CDK®6 and the
mitotic CDK113. These kinases are activated by binding to their activating cyclins and
forming specific complex in each cell cycle phase: CDK4/6-cyclin D complexes in G1
phase, CDK2-cyclin E complex in S phase, and CDK1-cyclin A/B complexes in G2/M
phases. This periodicity is governed by oscillation of CDK activity through periodic
ubiquitin-mediated degradation of CDK activating cyclins4. Two ubiquitin E3 ligase
complexes control the ubiquitin-mediated proteolysis of cyclins through the cell cycle: the
Skp1-cullin 1-F-box (SCF) complex destrays cyclins from G1 to M phase and the anaphase-
promoting complex/cyclosome (APC/C) degrades M to G1 phase cyclins. In contrast, the
CDK protein levels are constant through the cell cycle, but the mechanisms that maintain
CDK proteins are unclear. In human cancers, the elevation of CDK proteins is linked to gene
amplification and overexpression®; however, the amplification occurs only in a small set of
human cancers according to cancer genomes6:17.

Recent studies indicate the role of sumoylation in cancer development and progression?é.
SENP1 removes SUMO from reptin and release its repression of metastasis suppressor gene
KAI119; oncogenic Ras induces carcinogenesis through inhibition of MEK sumoylation??;
and sumoylation-defective microphthalmia-associated transcription factor (MITF)
predisposes to melanoma and renal cell carcinoma?!; SAE2 contributes to Myc-dependent
cancer formation?2, Here, we investigate how sumoylation regulates development and
progression of glioblastoma, the most common and lethal human brain cancer?3. Through
biochemical and functional analyses of CDKG6 in glioblastoma, we unveil the molecular
cascades of sumoylation, ubiquitination and phosphorylation in regulation of CDK6 protein
through the cell cycle using the tumor tissues, cell lines, initiating cells and xenografts?4.
The results reveal an active SUMOL1 conjugation pathway in glioblastoma and show that
CDKG6 sumoylation stabilizes the protein and its kinase activity through inhibition of its
ubiquitination and the ubiquitin-mediated degradation. CDK1 phosphorylates UBC9 that in
turn mediates CDK6 sumoylation during mitosis and CDK6 sumoylation remains from M to
G1 phase and thus drives the cell cycle through G1-S transition. Selective inhibition of
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SUMOL induces G1 arrest and inhibits cell growth and the formation and progression of the
tumor-initiating cells-derived glioblastomas. This study unveils the mechanisms by which
SUMO1-CDKG®6 conjugation contributes to the development and progression of glioblastoma
and proves the principle that inhibition of this SUMO1 conjugation may provide a
therapeutic benefit against this devastating human disease.

SUMO1 conjugation drives the cell cycle through G1/S transition

To investigate the role of SUMO1 in human glioblastoma, we examined the protein levels of
SUMO enzymes in patients-derived tumor tissues as compared with normal brain tissues.
Sumoylation is reversible due to the presence of SENPs that remove conjugated SUMO
from its substrates8°. To protect the conjugation, tissues were lysed in a sodium dodecyl
sulfate (SDS) denaturing buffer supplemented with the SUMO protease inhibitor N-
ethylmaleimide (NEM)’. Western blotting revealed the elevated levels of SEA1, UBC9 and
SUMO1-conjugated proteins in the tumors as compared with normal brains (Fig. 1a); thus,
SUMOL conjugation is overactive in glioblastoma. To confirm this at cell levels, we
examined glioblastoma-derived cell lines and human brain-derived astrocytes2® and showed
the elevation of SUMOL conjugated proteins in the cell lines as compared with normal
human astrocytes (Fig. 1b).

To define the role of SUMOL in the tumor, we transduced two independent SUMO1-
specific small hairpin RNA (shRNA) sequences into glioblastoma cell lines. The
transduction of SUMO1 shRNAs resulted in SUMO1 knockdown (Fig. 1¢) and growth
inhibition of the cell lines tested (Fig. 1d). To evaluate if SUMOL1 drives the cell cycle for
the cell growth, we synchronized cell lines in the prometaphase by nocodazole treatment26,
The synchronized cells were harvested, grown in nocodazole-free medium and thus allowed
to progress through the cell cycle. Flow cytometry detected G1 arrest (Fig. 1e and
Supplementary Fig. 1a) and impaired DNA synthesis in the SUMO1 knockdown cells (Fig.
1f and Supplementary Fig. 1b). To confirm this, cell lines were synchronized at the G2/M
border by the CDK1 reversible inhibitor RO-330627 and then allowed to progress through
cell cycle. SUMO1 knockdown caused G1 arrest (Supplementary Fig. 2). The data suggest
that SUMO1 conjugation is required for G1-S transition. Notably, a recent report indicates
that SUMO2/3 modifies cyclin E during S phase in Xenopus28.

SUMO1 stabilizes CDKG6 for glioblastoma progression

To understand the mechanisms underlying SUMO1 knockdown-induced G1 arrest, we
examined cyclins and CDKSs and found the decrease of CDK6 and its kinase product,
phosphorylated retinoblastoma protein (pRB) in the knockdown cells (Fig. 2a). In contrast,
SUMOL1 knockdown did not affect the levels of other CDKs (CDK1, CDK2, CDK4), cyclins
(cyclin A, cyclin B, cyclin D) and unphosphorylated RB family proteins (RB, RBL1, RBL?2)
(Supplementary Fig. 3). To test the specificity in SUMO1 regulation of CDK®6, we took
advantage of the SUMO1 shRNA sequence 613 that targets the 3’-untranslated region (3'-
UTR) and thus allows simultaneous expression of the vector containing the coding region of
SUMOL1 gene in the shRNA transduced cells?®. The cells were examined by western blotting
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using His and GFP antibody that also recognizes YFP. The data showed that expression of
His- and YFP-tagged SUMOL led to an increase of SUMO1-conjugated proteins and CDK6
protein as well in the SUMO1 shRNA 613-expressing cells (Fig. 2b), which confirmed that
SUMOL1 conjugation regulates CDKS6 protein. To determine whether CDKG6 regulation
occurs through gene transcription, total RNA was isolated and real time PCR analysis
revealed the decreased mRNA levels of SUMOL but not CDK6 in SUMO1 knockdown cells
(Fig. 2c); this indicates that SUMOL conjugation has no effect on CDKG6 transcription. Next,
we thought to decide if it was the CDK6 decrease that caused G1 arrest. Two independent
CDKe6-targeting ShRNAs were transduced in cell lines; the data showed that CDK6
knockdown reduced pRB levels (Fig. 1c), inhibited cell growth (Fig. 1d), induced G1 arrest
(Fig. 1e and Supplementary Fig. 1a) and blocked DNA synthesis (Fig. 1f and Supplementary
Fig. 1b), as shown in parallel with SUMO21 knockdown. Taken together, the results suggest
that SUMOL1 conjugation drives G1-S transition through the posttranslational modification
of CDKG® protein.

Both CDK4 and CDK®6 regulate G1-S transition through the phosphorylation of RB family
proteins!3 and genomic studies have revealed CDK4 and CDK6 amplification and RB
deletion in glioblastomal8. To distinguish the role of CDK4 and CDKG® in the tumors, we
analyzed a panel of the tumor cell lines known for CDK4 or CDK6 amplification and RB
deletion (Supplementary Fig. 4a)3931. CDK6 was expressed in all cell lines with no
correlation to its gene amplification in four of the fourteen cell lines; in contrast, CDK4 was
seen in seven of the fourteen lines, two of which had the amplified gene (Supplementary
Fig. 4b). This was consistent with the findings that CDK6 was detected in all but CDK4 was
seen only in one of the ten patients’ derived tumors (Fig. 1a). To distinguish CDK4 and
CDKG in cell growth, we transduced two independent CDK4 shRNAs in four CDK4-
expressing cell lines in parallel with CDK6 shRNAs. CDK4 knockdown slightly inhibited
the growth of two of the four cell lines but still not as effective as CDK6 knockdown even in
the lines harboring CDK4 amplification (Supplementary Fig. 5). The data suggest that
CDKG is the critical G1 phase kinase in glioblastoma.

Next, we thought to examine the role of SUMO1 and CDKG6 in parallel in all these cell lines.
Knockdown of either SUMO1 or CDKG6 inhibited cell growth (Supplementary Fig. 6) and
induced G1 arrest in all cell lines except two RB deleted lines (Supplementary Fig. 7); thus,
RB is required for SUMO1/CDK®6-driven G1/S transition. To examine this in animal
models, we generated intracranial xenografts by injecting LN229 cells in the NOD-SCID
mouse brains and showed that either SUMO1 or CDK6 knockdown inhibited the xenograft
growth as evident in histological examination (Supplementary Fig. 8a) and prolonged the
mouse survival as shown by Kaplan-Meier curve (Fig. 2d and Supplementary Fig. 8b).
Clearly, SUMO1 and CDKG® are required for glioblastoma progression.

CDKG6 are required for the tumorigenesis

Because SUMO1 and CDKG® drive glioblastoma xenograft growth, we thought to evaluate
whether they are also required for the tumorigenesis. Tumor-initiating cells possess the self-
renewal and tumorigenic capacity32:33 and neurospheres derived from glioblastomas contain
the tumor-initiating cells3#; thus, we generated neurospheres from patients’ glioblastoma
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tissues24 and examined the role of SUMO1 and CDKS6 in the self-renewal and tumorigenesis
of neurospheres. Neurospheres were transduced with either SUMO1 or CDK6 shRNAS;
SUMOL1 knockdown reduced CDKG® proteins in neurospheres (Fig. 3a); and either SUMO1
or CDK®6 knockdown blocked the growth of neurospheres (Fig. 3b). To test the self-renewal,
sphere formation assay was carried out and revealed that SUMO1 or CDK6 knockdown
inhibited the formation of neurospheres (Fig. 3c). To examine the tumorigenesis,
neurospheres were injected in the NOD-SCID mouse brains and glioblastoma xenografts
were observed in the mouse brains (Fig. 3d) with the histological features of glioblastoma
(Fig. 3e). In contrast, SUMOL1 (Fig. 3f) or CDK®6 (Fig. 3g) knockdown abolished the
initiation of xenografts and prolonged the survival of mice (Fig. 3h and Supplementary
Table 1). These data suggest that both SUMO1 and CDKG® are required for the tumorigenesis
of glioblastoma.

CDK®6 protein is modified by SUMO1 but not SUMO2/3

To evaluate if SUMOL1 stabilizes CDKG6 through its conjugation, we carried out an in vitro
sumoylation assay in a biochemical reaction consisting of ATP, SAE1/2, UBC9 and CDK6
according to the protocol3®. The assay revealed a higher molecular weight form of CDKG®,
compatible with the conjugation of SUMO1 to CDKG® only in the presence of ATP, SAE1/
SAE2 and UBC9 (Fig. 4a). To evaluate this in cells, we carried out an in vivo sumoylation
assay of endogenous CDKG6 protein in the following three-steps: i) to protect the
conjugation, cells were lysed in a denaturing buffer supplemented with NEM; ii) lysates
were diluted in a non-denaturing buffer suitable for immunoprecipitation with a CDK6
antibody; and iii) western blotting using SUMO1 and another CDK®6 antibody revealed that
CDK®6 was conjugated by SUMOL in all the cell lines tested (Fig. 4b). The failure to detect
the SUMO1-CDKG®6 conjugates in the absence of the SUMO proteases inhibitor NEM further
confirmed the specificity of CDK6 sumoylation (Fig. 4c). Both in vitro and in vivo assays
detected a small fraction of the conjugated protein, keeping in line with other studies’; thus,
gene transfection was used to investigate the mechanism of CDK6 sumoylation.

In SUMO1 conjugation, UBC9 binds the substrate RanGap1® and SUMO1 contributes to the
interaction of UBC9 and the substrate36. To examine these in SUMO1-CDK6 conjugation,
Flag-CDK®6 and myc-UBC9 were transfected in SUMOL or control shRNA expressing
LN229 cells. Transfected cells were lysed in a non denaturing buffer supplemented with
NEM and then immunoprecipitated with Flag antibodies. Western blotting using UBC9 and
CDKG® antibodies detected the interaction of UBC9 and CDKS6 in control but not SUMO1
shRNA expressing cells (Fig. 4d); thus, SUMOL is required for UBC9-CDKG® interaction
and CDK®6 sumoylation. Next, Flag-CDK®, Flag-UBC9 and His-SUMOL1 were transfected.
Flag immunoprecipitation, followed by western blotting using SUMOL1 antibodies, revealed
that transfection of Flag-UBC9 enhanced SUMO1-CDKG6 conjugation (Fig. 4e). To
determine whether CDKG6 is also the substrate of SUMO2/3, Flag-CDKG6 was transfected
either with YFP-SUMOL1 or YFP-SUMOS3; western blotting using CDK6 and GFP antibody
that also recognizes YFP identified CDK®6 conjugation by SUMOL, but not SUMO3 (Fig.
4f). To confirm this, we transduced two independent SUMO2/3 shRNAs in LN229 cells and
shown that CDK®6 protein were unchanged in SUMO2/3 knockdown cells by western
blotting (Supplementary Fig. 9). To determine if CDK4 is sumoylated like CDKG®, either
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Flag-CDK4 or Flag-CDK®6 was transfected with YFP-SUMO1,; western blotting of Flag
immunoprecipitates revealed the conjugation of SUMO1 to CDKG6 but not CDK4 (Fig. 4qg).
Clearly, UBC9 mediates SUMO1-CDK®6 conjugation in glioblastoma cells.

CDK6 sumoylation at Lys 216 is not required for its kinase activity

Sumoylation commonly targets the lysine residue within the consensus motif YKXE/D (¥ is
a large hydrophobic amino acid)3” or inverted consensus motif38. Both the motifs, however,
were not seen in a survey of the CDK6 amino acid sequence (Fig. 5a). On the other hand,
sumoylation of non-consensus lysine residues were reported3®39, To identify non-consensus
lysine residues of the sumoylation, we replaced each of the eighteen lysine (K) residues of
CDKG6 by an arginine (R) through point mutagenesis and inserted CDK6 K-R mts in Flag-
tagged vectors. Flag-CDK6 wild type (wt) and mutant (mt) were transfected with YFP-
SUMOL in LN229 cells. Western blotting of Flag immunoprecipitates using YFP antibodies
identified Lys 216 as the SUMO1 conjugation site (Fig. 5b). To test this in vitro
biochemically, we generated Flag-CDK6 K-R mt proteins through an in vitro transcription/
translation and confirmed the Lys 216 as the sumoylation site on CDKG® in an in vitro
sumoylation assay (Fig. 5¢).

To assess the impact of CDK6 sumoylation on its kinase activity, we first evaluated whether
the K216R sumoylation mt might interact with cyclin D. Flag-CDK6 wt and K216R mt were
transfected in LN229 cells. The cells were lysed in a NEM containing non-denaturing
buffer, to protect the conjugation and interaction of these proteins. Flag
immunoprecipitation, followed by western blotting using cyclin D1 and pRB antibodies,
revealed the interaction of cyclin D1 and pRB with Flag-CDK6 wt and K216R mt
(Supplementary Fig. 10a). To test CDKG6 activity, we carried out a kinase activity assay in
which truncated RB was used as a substrate. Flag-CDK6 wt and K216R mt were
immunoprecipitated from transfected cells with a Flag antibody and found to interact with
cyclin D1 and have CDKG®6 kinase activity (Fig. 5d). Flag-CDK6 wt was then transfected in
SUMOL1 and control shRNA expressing cells and immunoprecipitated with a Flag antibody;
kinase assay confirmed its kinase activity in SUMO1 knockdown cells (Supplementary Fig.
10b). Collectively, CDK6 sumoylation at Lys 216 is not required for its interaction with
cyclin D1 and kinase activity.

CDK6 sumoylation inhibits its ubiquitination and degradation

SUMOL1 knockdown reduced CDKG® protein (Fig. 2a); thus, we asked if CDK6 might
degrade through ubiquitin-proteasome pathway. SUMO1 and control ShRNA expressing
cells were treated with the 26S proteasome inhibitor MG132. While CDKG6 protein was
reduced in SUMO1 knockdown cells, the inhibition of proteasome caused its dramatic
accumulation in a timely fashion (Fig. 6a). In contrast, the CDK2 and CDK4 remained
unchanged in these cells. Endogenous CDK® protein was isolated through
immunoprecipitation with a CDK®6 antibody. Western blotting using ubiquitin antibodies
showed that CDKG®6 protein was polyubiquitinated in SUMO1 knockdown cells and the
treatment of MG132 increased the polyubiquitinated CDK® proteins (Fig. 6b). To examine
CDKG6 stability, we measured the half life of the protein in LN229 cells co-transfected with
SUMOL1 shRNA and Flag-CDK®6. The cells were treated with cycloheximide and Flag-

Nat Commun. Author manuscript; available in PMC 2014 December 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bellail et al.

Page 7

CDKG® levels were determined by western blotting using a Flag antibody and normalizing
with control B-actin. The half life of Flag-CDK®6 protein was dramatically reduced from
more than 24 hrs in control to less than 8 hrs in SUMO1 knockdown cells (Fig. 6¢). The data
support the notion that, in the absence of SUMO1, CDKG® is ubiquitinated and degrades
through the 26S proteasome.

There is no consensus moatif in ubiquitination; thus, to identify the ubiquitination lysine, we
took advantage of Flag-CDK6 K-R mts that were generated for sumoylation assays (Fig.
5a). Given that K48-linked polyubiquitination mediates protein degradation, Flag-CDK6 wt
and K-R mts were expressed in LN229 cells with HA-K48-linked polyubiquitin chain, in
which all lysines except K48 were replaced with arginines24. Flag immunoprecipitates were
examined by western blotting using a HA antibody, revealing the polyubiquitination of
CDKG6 wt and all K-R mts except the K147R (Fig. 6d). The data identify Lys 147 as the
polyubiquitination site of CDK6.

Next, we evaluated the K147R mt for its kinase activity. Flag-CDK6 wt, K147R and K216R
mt were immunoprecipitated from transfected cells; western blotting revealed the interaction
of the wt, K147R and K216R mt with cyclin D1; however, the kinase activity was not
detected in K147 mt (Supplementary Fig. 11). It seems that Lys 147 is required for CDK6
kinase activity through unknown mechanism. Because the lack of kinase activity even in the
complex with cyclin D1, K147R mt was used as a negative control in a rescue experiment to
evaluate the kinase activity of non-sumoylated CDK®6 protein. Flag-CDK6 wt and K147R mt
were expressed in SUMOL knockdown cells and expression of K147R mt was higher than
wt due degradation of the wt protein in the absence of SUMOL1 (Fig. 2a). However,
expression of CDK6 wt but not K147R mt rescued the cells from the SUMO1 knockdown-
induced growth inhibition (Fig. 6e); the data further confirms that SUMOL drives cell
growth thought stabilizing CDKG6 protein.

K216 sumoylation blocks K147 ubiquitination and degradation

To analyze how sumoylation regulates CDK6 ubiquitination and degradation, we first
confirmed Lys 147 as the ubiquitination site (Supplementary Fig 12a) and Lys 216 as the
sumoylation site of CDK®6 protein in transfected cells (Supplementary Fig 12b). Next, we
determined whether ubiquitin negative dominants inhibit CDK6 degradation. Two ubiquitin
mts were used as negative dominants: HA-KO non-conjugated in which all lysine residues
were replaced with arginines and HA-K48R mt where Lys 48 was replaced by arginine.
While transfection of HA-ubiquitin reduced the levels of K216R sumoylation mt in a dose-
dependent manner, transfection of HA-ubiquitin negative dominant mts increased the
sumoylation mt (Fig. 7a). In contrast, the levels of K147R ubiquitination mt remained
unchanged in the cells; thus, the K216R sumoylation mutation enhances where the K147R
ubiquitination mutation blocks the degradation of CDK® protein. To confirm this, we
examined the half-life of these mts and showed that the protein levels of K216R but not
K147R started dropping in transfected cells after 8 hrs cycloheximide treatment (Fig. 7b),
consistent with the half-life of CDK6 wt in SUMO1 knockdown cells (Fig. 6¢).

Sumoylation can inhibit ubiquitin-mediated protein degradation by competition for the same
lysine residues3940; however, it is unknown how sumoylation regulates ubiquitination
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through targeting different lysine residues. To address this, we first surveyed the CDK6
structure in the Research Collaboratory for Structural Bioinformatics Protein Data Bank
(www.resh.org; PDB 2EUF). CDKG6 protein is comprised of an N-terminal lobe and a C-
terminal lobe with the kinase active-site in the cleft*1-43, The binding of cyclin D to the al
helix of the N-terminal lobe causes the shift of the T-loop of the C-terminal out the active
site of the cyclin D-CDK6 complex for the kinase activation®3. In this structure, Lys 216 is
exposed at the surface of the C-terminal lobe and separated from Lys 147 by 12.5A at the o
carbon coordinates (Fig. 7¢), which predicts that the conjugation of CDKG6 at Lys 216 by the
globular structure of SUMO144 may block the access of ubiquitination molecules to the Lys
147 ubiquitination site. To test this notion, we conducted a sumoylation and ubiquitination
competitive assay. Flag-CDK6 was co-transfected with HA-ubiquitin/K48 polyubiquitin
chain and/or YFP-SUMO1 in LN229 cells. Western blotting of Flag immunoprecipitates
using HA and GFP antibodies revealed that transfection of ubiquitin resulted in shift of
CDKG6 sumoylation to polyubiquitination; in contrast, transfection of YFP-SUMOL inhibited
CDKG6 polyubiquitination and resumed its sumoylation in the cells (Fig. 7d). These findings
suggest that K216 sumoylation inhibits K147 ubiquitination and the ubiquitin-mediated
degradation.

CDK1 phosphorylates UBC9 for CDK6 sumoylation in M phase

CDKG6 is a G1 kinase; thus, we synchronized LN229 cells in G1 phase and revealed the
SUMOL1 conjugation of endogenous CDK®6 protein in G1 synchronized cells
(Supplementary Fig 13a). To further investigate CDK6 sumoylation through the cell cycle,
Flag-CDK®6 and YFP-SUMOL1 transfected LN229 cells were synchronized by nocodazole
treatment and allowed to enter the cell cycle as monitored by flow cytometry. Flag
immunoprecipitation revealed the conjugation of SUMO1-CDKG6 (Fig. 8a) and the
interaction of UBC9-CDKG6 in G1, but not S phase cells (Supplementary Fig 13b).
Interestingly enough, the conjugation and interaction levels were higher in the synchronized
M phase than G1 phase cells. Because CDK1 activity drives M phase, we evaluated whether
CDK1 activity might resume CDK6 sumoylation when cells passed S phase and entered M
phase. Flag-CDK®6 and YFP-SUMO1 expressing cells were treated with the CDK1
reversible inhibitor RO-3306. SUMO1-CDKG®6 conjugation was inhibited by RO-3306 but
resumed once RO-3306 was removed and cells entered M phase as evident by the presence
of pH3 (Supplementary Fig. 14a) and morphologic observation of nuclei (Supplementary
Fig. 14b). The transfected cells were then synchronized by nocodazole and allowed to
progress to M phase as evident by the presence of cyclin B1 on western blot. SUMO1-
CDKG® conjugation was observed in the cells at M phase, but inhibited by RO-3306
treatment (Fig. 8b). To examine the direct impact of CDK1 activity on CDK6 sumoylation,
we repeated in vitro sumoylation assay in the presence of cyclin B1-CDK1 complex and
showed that the complex enhanced SUMO1-CDK®6 conjugation (Fig. 8c). Clearly, CDK1
mediates SUMO1-CDKG6 conjugation in M phase.

CDK1 phosphorylates substrates at the full consensus motif (S/T*-P-x-K/R)*®. The presence
of a full consensus motif in the UBC9 amino acid sequence (Supplementary Fig 15a)
suggests that CDK1 activity might contribute to CDK6 sumoylation through
phosphorylation of UBC9 in M phase. Indeed, a recent report showed that CDK1
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phosphorylates UBC9 at the consensus Ser7146. To confirm this, we carried out an in vitro
CDK1 kinase assay in a kinase buffer consisting ATP, cyclin B1/CDK1 complex and UBC9
or histone H1 as the CDK1 substrate. A luminescent assay was used to detect the levels of
ATP after the reaction. The ATP levels were drastically reduced in the reactions with
histone H1 or UBC9 (Supplementary Fig. 15b); the data confirm that UBC9, like histone
H1, is the substrate of CDK1. CDK6 was sumoylated at G1 phase, we thought to evaluate if
the G1 phase CDK4 and CDK6 might phosphorylate UBC9. CDK4 and CDK®6 kinase
assays consisting of ATP, cyclin D1/CDK4 or CDK6 complex and UBC9 or RB1 as the
substrate) failed to reveal UBC9 phosphorylation, which was not detected in CDK2 kinase
assay (Supplementary Fig. 15b). Taken together, the data indicate that CDK1
phosphorylates UBC9 in M phase.

Next, we replaced the consensus Ser 71 with Ala (S71A) through point mutagenesis. Myc-
UBC9 wt and S71A mt were generated through immunoprecipitation from transfected
HEK?293 cells and used in the CDK1 kinase assay. The results showed that the S71A
mutation abolished the ability of UBC9 to act as a CDK1 substrate (Fig. 8d). To examine the
effect of the UBC9 phosphorylation on UBC9-CDKG® interaction, we generated an UBC9
phosphomimic mt through replacing of Ser 71 with Asp (S71D). UBC9 wt or S71D mt was
co-transfected with Flag-CDKG6 in LN229 cells. Flag-CDK6 was immunoprecipitated and
western blotting using UBC9 antibodies revealed that the UBC9 S71D phosphomimic
dramatically increased the interaction of UBC9 and CDKG6 (Fig. 8e). To further define the
role of UBC9 phosphorylation on CDK6 sumoylation, myc-UBC9 wt and S71A mt were co-
transfected with YFP-SUMOL and/or Flag-CDK®6. Flag-CDK®6 was immunoprecipitated;
western blotting using GFP antibodies showed that the UBC9 wt expression enhanced
SUMO1-CDK®6 conjugation; in contrast, the UBC9 S71A mt expression ablated SUMO1-
CDKG® conjugation (Fig. 8f). Collectively, UBCS9 is phosphorylated by CDK1 and mediates
SUMO1-CDK®6 conjugation during mitosis. SUMO1-CDKG6 conjugates remain once cells
pass M phase and enter G1 phase and drives the cell cycle through the G1/S transition (Fig.

80).

Discussion

The current concept in the cell cycle stipulates that constant synthesis without coupled
ubiquitin-mediated proteolysis maintains the levels of CDK proteins through the cell
cyclel®. The elevation of CDK proteins in cancers has been thought due to gene
amplifications and overexpressionl®. Contradictory to these traditional concepts, we identify
the G1 phase CDKG® as a substrate of both SUMO1 and ubiquitin and show that CDK6
sumoylation inhibits its ubiquitination and degradation and stabilizes the protein and kinase
activity. CDK®6 is sumoylated through CDK1-mediated phosphorylation of UBC9 in M
phase and it remains sumoylated when cells enter G1 phase. SUMO1-CDKG®6 conjugation
protects CDK®6 from ubiquitin-mediated degradation from M to G1 phase and thus drives the
cell cycle through G1/S transition in glioblastoma cells.

The results presented here provide a previously unknown mechanism that maintains CDK6
protein through the cell cycle. CDKG®6 protein is elevated in glioblastoma, which has been
linked to its gene amplification; however, genomic project identifies CDK6 gene
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amplification only in a small set of the cancerl®. Here, we show that CDK6 sumoylation
stabilizes its protein and drives the cell cycle through G1/S transition in glioblastoma. CDK6
sumoylation occurs at G1 but not S phase but resumes when cells pass through S into M
phases. In search of the mechanism, we confirm the previous finding that the M phase
CDK1 kinase activity phosphorylates UBC9 at the consensus motif Ser 7146 and further
show that the Ser71 phosphorylation of UBC9 enhances CDK6 sumoylation. Of the four
kinases CDK1, CDK2, CDK4 and CDK®, only CDKZ1 kinase phosphorylates UBC9 and the
phosphorylated UBC9 mediates CDK6 sumoylation in M phase. CDK6 remains sumoylated
when cells enter G1 phase and drive the cell cycle through G1-S transition. This notion
keeps in line with the reports that UBC9 is critical for the cell cycle and UBC9 deletion
leads to the mitotic catastrophe death of cells2247.

In analysis of CDK6 sumoylation and ubiquitination, we unveil a new mechanism by which
sumoylation regulates ubiquitin-mediated proteolysis. Earlier studies have suggested two
distinct models in sumoylation-ubiquitination crosstalk in regulation of proteolysis: they
compete for the same lysine residues and sumoylation recruits ubiquitin E3 ligases to
sumoylated proteinsl. For instance, sumoylation of IxBa at Lys 2140 and proliferating cell
nuclear antigen (PCNA) at Lys 16439 blocks the ubiquitination at the same lysine residue
and inhibits the ubiquitin-mediated protein degradation. On the other hand, the ubiquitin E3
ligase RING finger protein 4 (RNF4) is recruited to the sumoylated promyelocytic leukemia
(PML) for the protein ubiquitination and degradation®8. In this study, we identify Lys 216 as
the sumoylation site and Lys 147 as the ubiquitination site on CDK6 and show that K216
sumoylation inhibits K147 ubiquitination and the ubiquitin-mediated degradation. In support
of this notion, the CDK®6 protein structure survey indicates that SUMOL conjugation to
CDKG6 at Lys 216 may block the access of molecules to the Lys 147 ubiquitination site for
ubiquitination. These findings, therefore, provide a new model for sumoylation-
ubiquitination crosstalk in regulation of ubiquitin-mediated proteolysis through targeting
different lysine residues.

Recent genetic studies in mice indicates that the interphase CDK449, CDK2%0, cyclin E5L,
CDK®62 and cyclin D53 are dispensable but the mitotic cyclin A2%* and cyclin B1%° and
CDK156 are critical for normal cells during mouse development. On the other hand, this
genetic approach has revealed the essential role in the tumorigenesis of cyclin D1%7 and
CDK458 in RAS- and HER2-induced breast carcinoma, CDK4%? in RAS-induced lung
carcinoma, and cyclin D350 and CDK662 in Notch1-induced T cell leukemia. Genetic
ablation of cyclin D1/D3 and chemical inhibition of CDK4/CDKG® lead to the regression of
already formed breast carcinoma and T cell leukemia without causing damage to normal
cells in adult mice®2:63, These studies have proved the principles that interphase CDKs
(CDKZ2, 4, 6) and cyclins (cyclin D, E) act as oncogenes for cancer initiation and
maintenance. In addition, the studies have distinguished the role of the G1 phase CDK4 and
CDKG in different cancer types. The data presented here indicate that CDKS6, but not CDK4,
is the critical G1 kinase in human glioblastoma. CDK6-mediated G1/S transition requires its
kinase substrate RB; thus, RB gene status is the primary determinant of the tumor response
to the G1 kinase inhibition30:31,
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Because CDK4 and CDKG6 are dispensable for normal cell cycle, small molecule inhibitors
of the kinases have been under development for clinical treatment of human cancers.
Unfortunately, the first generation of CDK inhibitors have shown no clinical benefit mainly
due to toxicity and lack of specificityl®. The new generation of kinase specific inhibitors
such as the CDK4/CDKG® dual inhibitor PD033299164 has been generated and entered
clinical trials for cancer therapy. The PD0332991 (palbociclib) has received recently the
Food and Drug Administration breakthrough therapy designation for potential treatment of
patients with breast cancer. Our findings that SUMO1-CDK®6 conjugation stabilizes CDK6
protein and kinase activity for the development and progression of human glioblastoma
highlight the idea that inhibition of SUMOL conjugation may provide a novel strategy in
treatment of glioblastoma. By inducing CDK6 degradation, inhibition of SUMO1
conjugation may enhance the therapeutic efficacy of CDK®6 kinase inhibitors such as
PD0332991 (palbociclib) in combination treatment of the cancer.

Human tissues and glioblastoma cell lines

Human glioblastoma tissues and normal human brain tissues from seizure lobectomy were
either kindlyprovided by the London (Ontario) Brain Tumor Tissue Bank (London Health
Sciences Center, London, Ontario, Canada) or collected from Emory University in
accordance with protocols approved by the Emory University Institutional Review Boards.
Human astrocyte cultures were kindly provided by V. W. Yong?®. Glioma cell lines LN18,
LN71, LN215, LN229, LN235, LN405, LN443, LNZ308 (kindly provided by N. De
Tribolet, Lausanne, Switzerland), T98G, U118MG, U138MG, U343MG and U373MG
(purchased from the American Type Culture Collection) were cultured in DMEM
supplemented with 10% FBS. For cell growth assay, cells were grown in 96 wells plate for
10 days and quantified using CellTiter 96® AQueous One solution Proliferation Assay
(Promega).

Antibodies, plasmids and reagents

The mouse antibodies were used against the human CDK4, CDKS®, cyclin D1, cyclin D3,
cyclin A, cyclin E2, cyclin B1, p14, p21, RB (Cell Signaling), SUMOL1 (Invitrogen), Flag,
ubiquitin (Sigma-Aldrich), UBC9, RBL1, RBL2, pRB (S780) (BD Biosciences), HA
(Covance), His (Novagen), histone H1, myc and ubiquitin (Santa Cruz). The rabbit
antibodies recognized the human CDK2, CDK®6 (Santa Cruz), CDK1, cyclin D2, pRB
(S780), GFP, p21, p27, GAPDH, phospho(Ser) CDK substrate, phospho-histone H3, UBC9
(Cell Signaling), B-actin (Sigma), UBC9 and SUMO2 (Invitrogen). The working dilutions
and catalogue numbers of these antibodies are summarised in Supplementary Table 2.

The plasmid pCMV6-Myc-DDK(Flag)-CDK4 and -CDK6 were purchased from Origene
and YFP-SUMO1AC4 (1-97), YFP-SUMOB3ACL11, pcDNA3 6xHis/'SUMO1, pCMV-myc-
UBC9, pEF-IRES-P-HA-Ub-K48, pEF-IRES-P-HA-Ub-KO0, pEF-IRES-P-HA-Ub-WT and
pEF-IRES-P-HA-R48 were kindly provided, respectively, by Frauke Melchior (Max-Planck
Institute for Biochemistry, Germany), Ronald T. Hay (University of Dundee, UK), Ying-
Yuan Mo (Southern Illinois University, IL) and Zhijian J. Chen (University of Texas
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Southwestern Medical center, TX). Point K-R mutations of CDK6 and S71A and S71D
mutations of UBC9 were generated with Quickchange mutagenesis kit (Stratagene) at the
Emory Custom Cloning Core Facility.

The reagents used in the study included anti-Flag M2 agarose (Sigma-Aldrich), Flag and
myc peptide (Sigma-Aldrich), recombinant CDK6 (Signal Chem), SUMO1, Seal/Sea2
(Aos1/Uba2, Boston Biochem, Boston), ovalbumin (Sigma), ATP (Boston Biochem),
protease inhibitors (Sigma), ubiquitin E1 enzyme, UBC13, UBC5a, ubiquitin, K63 only
ubiquitin, K48 only ubiquitin, KO ubiquitin mt (Boston Biochem), truncated Rb
(SignalChem), kinase buffer (NEB), UBC9 (Boston Biochem), Histone H1 (NEB), CDK1-
Cyclin-B1, CDK4-cyclin D1, CDK6-cyclin D1 and CDK2-cyclin E1 complex (Invitrogen),
TNT Quick coupled Transcription/Translation system (Promega), Kinase-Glo®
Luminescent Kinase Assay reagent (Promega) and Hoechst 33342 (Molecular Probes).

shRNA sequences and transduction

The lentiviral ShRNA vectors included empty vector (SHC001), scrambled control
(SHC002), SUMO1-589 (TRCN0000148589, 5’-CCTTCATATT ACCCTCTCCTT-3),
SUMO1-613 (TRCN0000148613, 5’-CGACCAATGCAAGTGTTCATA-3'), CDK6-747
(TRCN0000039747,5CGTGGAAGTTCAGATGTTGAT-3’) and CDK6-893
(TRCN0000194893, 5’CATGAGATGTTCCTATCTTAA-3), CDK4-20
(TRCN0000010520, 5’-ACAGTTCGTGAGGTGGCTTTA-3), CDK4-64
(TRCN0000018364, 5'-ATGACTGGCC TCGAGATGTAC-3'), SUMO2/3-55
(TRCN0000007655, 5'-GACTGAGAACAATCATAT-3) and SUMO2/3-56
(TRCN0000007656, 5’-GAGGCAGATCAGATTCCGATT-3’) shRNA vector were from
Sigma MISSION® shRNA library (Sigma). Each of the lentiviral ShRNA vectors were
transduced into cells based on the protocol as we reported?4. Transduced cells were selected
with puromycin.

Western blotting and immunoprecipitation

In examination of SUMO1 conjugated proteins, tissues and cells were lysed in a denaturing
buffer (50mM Tris-HCL pH7.4, 5% SDS, 30% glycerol, ImM EDTA, 1mM PMSF, 50mM
NaF, 5mM sodium pyrophosphate, 4 mM sodium tartrate, 1mM sodium molybdate, 2mM
imidazole, 10mM B-glycerophosphate, 0.5mM DTT, 1mM PMSF and protease inhibitors)
supplemented with 20mM NEM and heated at 90°C for 10 min. Lysates were subjected to a
brief sonication after diluted three times in RIPA buffer. For immunoprecipitation, the
lysates were further diluted to 0.1% SDS and immunoprecipitated overnight with anti-CDK6
antibody or anti-Flag M2 agarose. The immunoprecipitates were washed with RIPA buffer
and eluted with 2x Laemmli buffer for endogenous CDKG6 or 150 ng/ul 3x Flag peptide for
Flag-CDKG®6 and tested by western blotting. Full blots are included in Supplementary Fig.
16-21.

Real time PCR

Total RNA was isolated using the RNeasy kit (Qiagen) and cDNA was synthesized using 1
ng RNA in a reverse transcription reaction (Quantitech® Reverse Transcription kit).
Quantitative PCR for SUMOL1 using Quantitech® Primer Assay (QT00014280), CDK6
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(QT00019985) or B-actin (QT00095431) as an internal control gene, were performed on an
Applied Biosystems 7500 FAST real time PCR system (Applied Biosystems). The
expression levels of SUMO1 and CDK6 mRNA were normalized to the f-actin mRNA
levels and represented relative to the expression in vector-control cells (means and standard
deviations from PCR triplicates; the sequences of QT00014280; QT00019985; QT00095431
are available from Qiagen).

In vitro and in vivo sumoylation

In vitro sumoylation assay was modified from the reported method3® in 10 pl reaction
volume containing 100 ng of CDKS®, 1.5 pg of SUMO-1, 500 ng of Ubc9, 50 ng of Seal/
Sea2 in a buffer consisting 20mM Hepes, pH 7.3, 110 mM KOAc, 2 mM Mg[OAc],, 1 mM
EGTA, 1ImM DTT, 0.05% Tween 20, 0.2 mg ovalbulmine, 10 mM ATP and protease
inhibitors. After 90 min at 30°C, reactions were stopped by addition of 10 pl 2x laemmli
buffer and analyzed by western blotting with CDK6 antibody. Flag-CDK®6 proteins were
generated using TNT Quick coupled Transcription/Translation system and
immunoprecipitated as described above. For in vivo sumoylation, Flag-tagged vector
expressing LN229 cells were immunoprecipitated using a Flag antibody and examined by
western blotting.

In vivo ubiquitination

For in vivo ubiquitination, LN229 cells were treated with 10 uyM MG132 for the time
indicated, lysed in a denaturing buffer as described above and immunoprecipitated overnight
with CDKG6 antibodies. The cells were co-transfected with HA-K48-Ubiquitin and Flag-
CDKG6 for 24hrs and immunoprecipitated with Flag M2 agarose beads and examined by
western blotting using HA and Flag antibodies.

Synchronization and cell cycle analysis

Cells were synchronized in M phase after grown for 20 hours in the medium containing 80
ng/ml nocodazole that reversibly interferes with microtubule polymerization2.
Synchronized cells were harvested by shake-off and then grown in nocodazole-free medium.
Cells were synchronized in G1 phase after grown for 72 hours in serum-free medium. Cells
were synchronized at the border of G2/M phases after grown for 24 hours in the medium
containing 9 uM Ro-3306, a CDK1 reversible inhibitor?. For flow cytometry, cells were
fixed and stained with a propidium iodide (PI)-RNase solution. For DNA synthesis, cells
were incubated for 15 minutes with 100 pgt bromodeoxyuridine (BrdU) and stained with
P1-RNase solution and FITC-conjugated BrdU antibody. Analyses were performed with
FACS Cantoll (Becton Dickinson, Franklin Lakes, NY, USA). Flow cytometric data were
analyzed with FloJo Software (Tree Star Inc., Ashland, OR, USA). To observe cells in M
phase under fluorescent microscopy, cells were fixed and stained with Hoechst 33342.

CDK6 and CDK1 kinase assays

CDKS6 kinase assay was modified from the reported method®®, LN229 cells were lysed with
an ice-cold kinase buffer consisting of 50 mM Hepes (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 2.5 mM EGTA, 0.5 mM DTT, 0.1% Tween-20, 10% glycerol, 1 mM PMSF, 50 mM
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NaF, 1 mM sodium orthovanadate, 5 mM sodium pyrophosphate and 10 mM j3-
glycerophosphate. Lysates were then incubated at 4°C for 2 hrs with CDKG6 antibody,
protein G-agarose or Flag antibody-agarose beads. After washes, CDK6 was
immunoprecipitated and incubated at 30°C for 30 min in 20 pl of reaction buffer (50 mM
Hepes [pH 7.5], 1 mM EGTA, 10 mM KCI, 10 mM MgCl,, 1 mM DTT) containing 200 ng
of truncated Rb and 10 mM ATP. The reaction mixtures were examined by western blotting.
The Rb molecules phosphorylated by CDK6 were detected with anti-Ser-780-
phosphorylated RB antibody. CDK1 in vitro kinase assay was performed in a 10 pl kinase
buffer containing 5 uM ATP, 500 ng UBC9, Histone H1, 100 nM CDK1/Cyclin B1. After
90 min at 30°C, equal volume of Kinase-Glo® Luminescent Kinase Assay reagent was
added and luminescence was measured.

CDKG6 protein half life assay

Flag-CDKG6 wt was stably expressed in LN229 cells transduced with control and
SUMO1-613 shRNA. The transfected cells were treated with cycloheximide (50ug/ml) for
the indicated times in the Results. Cell extracts from each time points were resolved by
SDS-PAGE followed by western blotting using Flag and B-actin antibodies. The B-actin
protein levels were used as protein loading control and normalized for the degradation rate
of Flag-CDKG6 in quantification graph generated by ImageJ software. The p-actin normalized
Flag protein levels at 0 h were defined as 100 for each panel control-vector and
SUMO1-613.

Neurospheres and mouse intracranial xenografts

For neurosphere formation assay, neurospheres were dissociated cells and plated at 100 cells
per well in 24-well plates and grown in the neurosphere culture conditions as described
above for 14 days. The neurospheres formed were counted and presented as the number of
neurosphere forming cells over the total 100 cells plated. The animal studies were approved
by the Institutional Animal Care and Use Committee of the Emory University. Neurospheres
(5 x 104 cells) and LN229 cells (10° cells) were injected in the right striatum of NOD-SCID
mice (National Cancer Institute). The mice were followed up and sacrificed until
development of the signs (lethargy, ataxia, paralysis or seizure) as defined by the
Committee. At necropsy, brains were removed, fixed in 10% neutrally buffered formalin,
sliced and embedded in paraffin blocks and stained with hematoxylin and eosin (H&E) for
microscopy examination based on our protocols??.

Statistical analysis

Kaplan-Meier survival analysis was carried out using GraphPad PRISM and statically
analyzed with Log rank test. All values are expressed as mean + SD. Statistical significance
was assessed by unpaired Student t test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SUM O1 conjugation drivesthe cell cycle progression through Gl/Stransition
(a) Normal human brain and glioblastoma tissue samples were examined by western blotting

using the indicated antibodies (left). f-actin was used as the protein loading control and the
molecular weight were indicated (left). (b) Three human astrocyte samples and two
glioblastoma cell lines (top) were tested by western blotting for the expression of SUMO1-
conjugated proteins and CDK®. (c) LN229 cells were transduced or not with the empty,
scramble control, SUMO1 shRNA as indicated (top) and examined by western blotting
using a SUMOL antibody. (d) Three cell lines transduced with the shRNAs (top) were
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analyzed for cell growth for 4 days (points: means; bar: SE; n = 6 from two independent
experiments; *** P < 0.001; student’s t-test). (e,f) The transduced cell lines were analyzed
by flow cytometry for cell cycle (e) and BrdU incorporation (f) (points: means; bar: SD; n =
3 from two independent experiments; *** P < 0.001; student’s t-test).
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Figure2. SUMO1 and CDK6 arerequired for glioblastoma progression
(a) Three cell lines were transduced or not with the indicated vectors (top) and subjected to

western blotting using the antibodies as indicated (left). (b) The SUMO1-613 and control
ShRNA expressing LN229 cells were transfected either with YFP-SUMO1 or His-SUMO1
and examined by western blotting using CDKS®, his and GFP antibody that also recognized
YFP. (c) Total RNA isolated from the cells as described above in (a) was examined by real
time PCR and the mRNA levels of SUMO1 and CDK6 were normalized to the control -
actin mRNA levels (points: means; bar: SD; n = 6 from two independent experiments; *** P
< 0.001; ** P < 0.01; NS: no significance; student’s t-test). (d) Kaplan-Meier curves show
the survival of the mice transplanted intracranially with LN229 cells transduced or not with
the indicated ShRNA vectors (n = 10 for each group; *** P < 0.001; Log rank test).
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Figure 3. SUMO1 and CDK6 contributesto the tumorigenesis of neurospheres
(a) Three neurospheres were transduced or not with the SUMO1 and CDK6 shRNAs as

indicated (top) and tested by western blotting using SUMO1 and CDKG® antibodies. (b) The
transduced neurospheres were examined by cell growth for 9 days (points: means; bar: SD;
n = 6 from two independent experiments; *** P < 0.001; student’s t-test). (c) The
transduced neurospheres were also examined by sphere formation assay with the numbers of
neurospheres as indicated (left) (points: means; bar: SD; n = 6 from three independent
experiments; *** P < 0.001; student’s t-test). (d,e) Coronal cerebral section (d) and
microscopic section of hematoxylin and eosin (e) reveals the infiltrating glioblastoma in the
right side of a mouse brain injected with the neurospheres expressing the control scrambled
shRNA. (f,g) The glioblastoma xenograft was not observed in the mouse brain injected with
the neurospheres expressing shRNA targeting SUMOL (f) or CDK6 shRNA (g). (h) Kaplan-
Meier curves show the survival of the mice intracranially injected with the neurospheres
transduced with the indicated sShRNA vectors (n = 6 for each group; *** P < 0.001; Log
rank test).
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Figure 4. CDK 6 is conjugated by SUM O1but not SUMO2/3
(a) Invitro sumoylation assay was performed in a reaction with the elements as indicated

(top) and examined by western blotting using a CDK®6 antibody with the free and conjugated
forms of CDKG® indicated (right). (b) Three cell lines were lysed in a denaturing buffer,
immunoprecipitated (IP) with a CDK®6 antibody with IgG used as a negative IP control and
examined by western blotting using SUMO1 and CDK®6 antibody. (c) LN229 cells were
lysed in a denaturing buffer supplemented with or without NEM and the endogenous CDK6
protein was immunoprecipitated using a CDKG6 antibody with 1gG as control and tested
examined by western blotting using SUMO1 and another CDK6 antibody. (d) LN229 cells
transduced or not with SUMO1 and control sShRNA (top) were transfected with Flag-CDK6
and myc-UBC9 (left top). Flag IP and whole cell lysate (WCL) were tested by western
blotting for the interaction of Ubc9 and CDKG6. (e) LN229 cells were co-transfected with the
indicated vectors (top), immunoprecipitated with a CDK®6 antibody and examined by
western blotting for the presence of Flag-CDK6-His-SUMO1 conjugates (right). (f) LN229
cells were co-transfected with YFP-SUMO3, YFP-SUMO1 and/or Flag-CDKG6 and then
immunoprecipitated with a Flag antibody. Western blotting using CDK6 and GFP antibody
that recognizes YFP detected SUMO1-CDKG6 conjugates as indicated (right). (g) Flag
immunoprecipitate from YFP-SUMOL, Flag-CDK4 and Flag-CDKG6 transfected LN229

- CDKE-SUMO1
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cells were examined by western blotting for the presence of Flag-CDK6-YFP-SUMO1
conjugates.
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Figure 5. SUMOL1 is conjugated to the non-consensus Lys 216 on CDK 6 protein
(a) The amino acid sequence of CDKG6 reveals 18 lysine residues as indicated (red). (b)

Each of the 18 Lys (K) residues was replaced with an arginine (R) through point
mutagenesis. Flag-tagged CDK6 wt and K-R mt were transfected with YFP-SUMOL1 in
LN229 cells. The transfected cells were lysed in a denaturing and diluted in a non-
denaturing buffer. The cell lysates were immunoprecipitated with a Flag antibody and
examined by western blotting using the indicated antibodies (left), revealing YFP-SUMO1-
Flag-CDKG®6 conjugates in the cells transfected with all except K216R (arrow). (c) In vitro
sumoylation assay was carried out in the reaction with the indicated elements (top) and the
reaction was analyzed by western blotting using a CDK®6 antibody. (d) SUMO1 and control
shRNA expressing LN229 cells were transfected with Flag-CDK6 wt and K-R mt. Flag
immunoprecipitates (IP) were subjected to kinase assay (top panel) and, together with whole
cell lysate (WCL), examined by western blotting (bottom panel).
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(a) LN229 cells, transduced or not with the indicated sShRNAs, were treated with MG132 for
the indicated hours (top) and examined by western blotting using the indicated antibodies
(Ieft). (b) The transduced cells were immunoprecipitated (IP) by a CDK6 antibody. The IP
and whole cell lysate (WCL) were examined by western blotting using UB and another
CDKG6 antibody. (c) The half-life of Flag-CDK®6 protein was evaluated by western blotting
(top) and quantified against the control -actin protein in SUMOL1 and control ShRNA
expressing cells (bottom). (d) SUMO1 shRNA expressing LN229 cells were transfected
with Flag-CDK®6 wt and K-R mt with HA-K48-polyubiquitin (HA-K48-UB). Flag
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immunoprecipitates were examined by western blotting using HA and CDKG6 antibodies. (€)
The SUMO1-613 shRNA expressing LN229 cells were transfected with Flag-CDK6 wt,
K147R and empty vector and analyzed by western blotting (top) and cell growth assay
(bottom) (points: means; bar: SD; n = 6 from two independent experiments; *** P < 0.001;
student’s t-test).
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Figure 7. Sumoylation and ubiquitination regulate CDK 6 degradation
(a) Flag-CDK®6 wt, K216R and K147R mt were transfected in LN229 cells with HA-K48R

polyubiquitin (HA-48-UB), HA-ubiquitin (HA-UB) and/or non-conjugated ubiquitin mt
(KO0-UB) in the concentrations as indicated (top). Flag-CDK6 and HA-ubiquitin were
detected by western blotting using Flag and HA antibodies. (b) The half-life of Flag-CDK6
K216R and K147R mt were evaluated by western blotting (top) and quantified against the
control B-actin in SUMO1 and control sShRNA expressing cells (bottom) (points: means; bar:
SD; n = 6 from two independent experiments). (d) The CDK® protein structure, generated at
http://www.rcsh.org (PDB 2EUF), shows the kinase active site with the ATP binding side
chains in the deep cleft between N-terminal and C-terminal lobe from which T-loop rises.
K216 of the C-terminal is close to K147 near the kinase active site. (d) LN229 cells were

Nat Commun. Author manuscript; available in PMC 2014 December 23.


http://www.rcsb.org

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Bellail et al.

Page 28

transfected with Flag-CDK6, HA-K48-UB, HA-UB and YFP-SUMOL. Flag
immunoprecipitates (IP) and whole cell lysate (WCL) were tested by western blotting using
the indicated antibodies (left).
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Figure 8. CDK 1 activity phosphorylates UBC9 for CDK 6 sumoylation

(a) YFP-SUMOL1 and Flag-CDK®6 expressing LN229 cells were immunoprecipitated in the
hours after released from nocodazole synchronization to the cell cycle as monitored by flow
cytometry (low panel). Flag immunoprecipitates (IP) and whole cell lysate (WCL) were
analyzed by western blotting with asynchronized (AS) cells used as controls (top panel). (b)
LN229 cells were co-transfected with YFP-SUMO1 and Flag-CDKG®, treated with
nocodazole for 20 hrs and then treated or not with RO-3306 for the indicated hrs (top). Flag
IP and WCL were analyzed by western blotting using the indicated antibodies (Ift). (c) In
vitro sumoylation of CDKG6 in the absence and presence of the cyclin B1-CDK1 complex
(CDK1/Cycl B1). (d) HEK293 cells were expressed with the tagged proteins,
immunoprecipitated and analyzed by western blotting (top) and CDK1 kinase assay
(bottom). (e) Flag-CDK6 was transfected with Myc-UBC9 wt or S71D mt in LN229 cells,
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immunoprecipitated using Flag antibodies and tested by western blotting for UBC9-CDK6
interaction. (f) LN229 cells were transfected with Myc-UBC9 WT and S71A mt together
with Flag-CDKG6 and/or YFP-SUMO1, immunoprecipitated and examined by western
blotting. (g) The molecular model shows that CDK1 phosphorylates UBC9 and thus
enhances SUMO1-CDKG® conjugation from G2/M to G1 phase, driving the cell cycle
through G1/S transition.
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