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Deregulation of the cell cycle and
genome instability are common
features of cancer cells and various
mechanisms exist to preserve the integ-
rity of the genome and guard against
cancer. The cullin 4-RING ubiquitin
ligase (CRL4) with the substrate recep-
tor Cdt2 (CRL4“?) promotes cell cycle
progression and prevents genome insta-
bility through ubiquitylation and deg-
radation of Cdtl, p21, and Set8 during
S phase of the cell cycle and following
DNA damage. Two recently published
studies report the ubiquitin-depen-
dent degradation of Cdt2 via the cul-
lin 1-RING ubiquitin ligase (CRLI1) in
association with the substrate specificity
factor and tumor suppressor FBXO11
(CRLI1¥B*01) "The newly identified path-
way restrains the activity of CRL4%4?
on p21 and Set8 and regulates cellular
response to TGF-B, exit from the cell
cycle and cellular migration. Here, we
show that the CRL1**°!! also promotes
the degradation of Cdt2 during an
unperturbed cell cycle to promote effi-
cient progression through S and G,/M
phases of the cell cycle. We discuss how
this new method of regulating the abun-
dance of Cdt2 participates in various
cellular activities.

The rapid and specific polyubiquitylation
and degradation of key cell cycle-regu-
latory proteins via the ubiquitin-prote-
asome system (UPS) drives the ordered
and irreversible transition of cells through

Cell Cycle

the various stages of the cell cycle and
is critical in regulating cellular prolif-
eration. The Cullin RING E3 ubiquitin
ligase 1 complexes (also known as SCF
complexes; SKP1-CULI-F-box protein
complexes) represent some of the best-
characterized E3 ubiquitin ligases today."?
Cullin 1 (CULI1)
interaction of its C-terminal end with a
small RING finger protein Rbx1/2, the
E2 ubiquitin-conjugating enzyme (E2)

recruits, through

charged with an ubiquitin ready for trans-
fer to a substrate. The N-terminal domain
of CULI binds the substrate adaptor
Skpl, which recruits over 60 F-box con-
taining substrate specificity factors or
substrate receptors (F-box proteins) to
constitute a large family of distinct SCF
(or CRL1) E3 ubiquitin ligases. Several
F-box proteins, such as Skp2, B-TrCP,
and FBXW?7, exhibit altered expression,
or their genes are mutated or deleted in
a number of human diseases, including
cancer."** CRLI1%? is best known for
promoting the degradation of the cyclin-
dependent kinase inhibitors p21, p27,
and p57 and is essential for cell cycle pro-
gression. CRL1FT™" degrades cell cycle
regulators CDC25A and Weel as well
as claspin, while CRLI™*Y” degrades
several positive regulators of cell cycle
progression: c-myc, cyclin E, Notch, and
c-jun.’ Additional CRL1 ligases, such as
the CRLlcyclin F) CRLIEBXOZA’ CRLlEBXLz’
and CRLIMXON are less characterized,

and few substrates for these E3 ligases
have been identified.®'?
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and BPC) make contacts with Cdt2.

Figure 1. Schematic illustration of cullin 4 (CRL4)-based E3 ubiquitin ligase with the substrate
receptor Cdt2 (CRL4%?) and its various substrates and physiological functions. The scaffold cullin
4 (CUL4A or CUL4B) proteins (light green) in complex with the small RING finger protein Rbx1/2
form the catalytic core of CRL4. Rbx1/2 proteins recruit the ubiquitin-conjugating enzyme E2

to mediate the covalent attachment of ubiquitin (orange) to the substrate (light purple). DDB1
(damage-specific DNA binding protein 1) (light blue) is an adaptor protein that functions to bridge
the cullin proteins with the substrate receptor Cdt2 (green). Cdt2 recognizes its substrates only
when they are bound to the trimeric PCNA ring (red) encircling DNA (blue helix). For DDB1, one
B-propeller domain (BPB) interacts with CUL4, whereas the two other B-propeller domains (BPA

CRL4c“2; Master Regulator
of Cell Cycle Progression
and Genome Stability

Similar to the CRLI family of E3 ubig-
uitin ligases, the cullin 4 (CUL4) RING
ligases (CRL4) are emerging as important
regulators of various physiologic activities,
such as cellular responses to DNA dam-
age and the regulation of the cell cycle and
genomic stability.”” Like CULI, CUL4A,
or CUL4B interacts through Rbx1/2 with
an E2, while the N-terminal domain
binds the DNA damage binding protein
1 (DDBI, functionally homologous to
the Skpl adaptor protein in the CRLI
complexes). The DDBI adaptor associ-
ates with WD-repeat containing substrate
specificity factors (DCAFs, DDBI, and
Cullin 4-associated factors), assembling
about 90 distinct CRL4 E3 ubiquitin
ligases,'*"” many of which are involved
in the regulation of various chromatin-
related DNA metabolic activities such as
DNA transcription and DNA repair.!>!*
For example, the Xerodema pigmintosum
group E gene product DDB2 (DNA dam-
age-binding protein 2) is a DCAF protein

participates in nucleotide excision repair
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(NER),"” primarily through its ability to
assemble with CRL4 (CRL4PP®?) to ubig-
uitylate the NER component XPC and
histone H2A at sites of DNA damage.?"*

Another DCAF, Cdt2 (Cdclo-
dependent transcript 2, also known as
DTL/RAMP) is a central regulator of
cell cycle progression and genomic stabil-
ity.” CRL4““? promotes the degradation
of the replication-licensing factor Cdtl
(Cdcl10 transcript 1), the Cdk2 inhibitor
p21, and the epigenetic modifier and his-
tone H4 lysine 20 (H4K20) monomethyl
transferase Set8/Pr-Set7 during S-phase of
the cell cycle and following DNA dam-
age (Fig. 1)./%%3¢ The ability of CRL4“!?
to target these substrates for degradation
and to promote the monoubiquitylation
of PCNAY is critical for cell cycle pro-
gression, for preventing aberrant DNA
re-replication, and for PCNA-dependent
translesion  DNA  synthesis  (TLS)
(Fig. 1).” CRL4“* recognizes many of its
substrates when they interact with chro-
matin-bound PCNA through a conserved
and specialized PCNA-interacting peptide
(PIP box), a condition only established
during S-phase of the cell cycle and fol-
lowing DNA damage.?3*

Overexpression
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of Cdt2 is sufficient to destabilize at least
two of its substrates: p21 and Set8.2>3%4
However, very little information about the
regulation of CRL4“Y? or its assembly or
disassembly is known. Two recent stud-
ies identified a mechanism for regulating
the level of Cdt2 through ubiquitylation
and degradation to impact various cellular

activities.?>4

CRL4A and CRL1FeX°"" Promote
the Polyubiquitylation and
Degradation of Cdt2

An si-RNA screen for E3 ubiquitin ligases
that regulate Cdt2 abundance in prolifer-
ating cells identified CUL4A and CULI
as independent regulators of Cdt2 abun-
dance and stability (Fig. 2).% CUL4A,
but not its paralog CUL4B, promotes the
autoubiquitylation of Cdt2 both in vivo
and in vitro (Fig. 2, left panel). Thus,
similar to other substrate receptors of
CUL4"# or CULL*® Cdt2 undergoes
autoubiquitylation and degradation. The
autoubiquitylation of Cdt2 may recycle
the CUL4A complex for its reassembly
with other DCAFs or terminate the Cdt2
activity following the polyubiquitylation
of its substrates, but this necessitates fur-
ther investigation.

The regulation of Cdt2 abundance and
stability by CULI was more surprising,
and suggested cross-talk between CRLI
and CRL4 ligases. An si-RNA screen of
F-box proteins identified FBXO11, a tumor
suppressor protein frequently mutated or
deleted in a subset of diffuse large B cell
lymphoma (DLBCL),"” as a major regula-
tor of Cdt2 stability (Fig. 2, right panel).”
A similar conclusion was reached indepen-
dently by the Pagano group while search-
ing for potential substrates of FBXO11 by
affinity purification and mass spectrom-
etry of FBXOl1-interacting proteins.*’

How does FBXO11
Recognize Cdt2?

Overexpression of FBXOI11 decreased
Cdt2. Deletion mutagenesis of Cdt2 in
this assay identified a small peptide (aa
456—464 in human Cdt2) necessary for
FBXO11l-mediated degradation.® The
same region was identified by the other
study, based on coimmunoprecipitation
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of Cdt2 mutants with FBXO11,% sug-
gesting that this peptide is an FBXO11-
specific degron, though this has not been
tested formally by adding the degron to
a heterologous substrate. Two highly
conserved residues within this peptide,
Ser-462 and Thr-464, were essential
for interaction with FBXOI11 and for
FBXO11-mediated degradation of Cdt2
in vivo. Our study additionally identi-
fied Asp-457 as an essential residue for
FBXO11-mediated degradation of Cdt2
in vivo, although its substitution to ala-
nine did not impact binding to or polyu-
biquitylation by FBXOI11 in vitro. The
Cdt2-specific putative degron is con-
served from worm to man, suggesting
that FBXOl1l-mediated Cdt2 degrada-
tion may also be conserved.

Because most F-box proteins recog-
nize their substrates through binding to
phosphodegrons,' we hypothesized that
Cdt2 may be similarly phosphorylated
before recognition by FBXO11. However,
our mass spectrometry of immune-puri-
fied Cdt2 form proliferating 293T cells
did not detect phosphorylation of Cdt2
within this peptide, although the phos-
phorylation of several other residues was
readily detectable. Furthermore, pharma-
cologic inhibitors of various kinases that
may phosphorylate Cdt2 on several of the
identified sites did not inhibit FBXO11-
mediated destabilization of Cdt2 (data
not shown). The Pagano group found
that
lated synthetic peptides containing the
FBXOL11 binding sequence (aa 457-470 in
human Cdt2) efficiently bound FBXOI11.
Interestingly, phosphorylation of Thr-
464 on Cdt2 inhibited FBXO11 binding

in vitro and in vivo. CDK activity was

immobilized

and unphosphory-

required for Thr-464 phosphorylation in
vivo, and both cyclin A-Cdk2 and cyclin
B-Cdk1 kinases, but not cyclin E-Cdk2,
phosphorylated this residue in vitro. Thus,
unlike most degrons recognized by CRLI,
the Cdt2-degron may not require prior
phosphorylation, although this cannot be
formally ruled out. In addition, phosphor-
ylation of Cdt2 within its degron inhibits,
rather than stimulates, FBXOI11 binding.
It is currently unknown whether the phos-
phorylation of other substrates of FBXO11
also inhibits binding/recognition by this
E3 ligase.
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CRL1-dependent Polyubiquitylation
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Figure 2. Schematic illustration of CRL4A and CRL17*°"-dependent ubiquitylation of Cdt2 and
the regulation of various cellular activities. The scaffold CUL4A and CUL1 proteins (light green) in
complex with the small RING finger protein (Rbx1/2) form the catalytic core of CRL4 and CRL1 (also
known as SCF), respectively. CRL4A promotes the autoubiquitylation and degradation of the CUL4
substrate receptor Cdt2 (green).* The adaptor protein SKP1 (light blue) bridges CUL1 with the
substrate receptor FBXO11 (beige), recognizing Cdt2 and promoting its ubiquitylation.**“° FBXO11-
mediated ubiquitylation and degradation of Cdt2 is important for regulating cellular responses

to TGF-B and cellular migration, primarily through its ability to upregulate Set8. It additionally
regulates cell cycle progression (S and G,) and promote exit from the cell cycle.

FBXO11 Promotes the
Degradation of Cdt2 during S and
G,/M Phases of the Cell Cycle
and Limits the Degradation of the
Cdt2-Dependent Substrates p21
and Set8 to Promote Cell Cycle
Progression

CRL4%? regulates the steady-state levels
of various cell cycle-regulated proteins,
such as Cdtl, p21, and Set8.” Because
cyclin A and cyclin B-dependent kinase
activity is high in S and G, phases of
the cell cycle, respectively, their ability
to phosphorylate Cdt2 and inhibit its
degradation via CRL1"¥°" may ensure
high levels of Cdt2 during S and G,. We
find, however, that the total Cdt2 protein
decreases as cells progress through S-phase
to reach 50% of the starting levels by 10
h post-release from G,/S block, as cells
approach G,/M (Fig. 3A-E). FBXOI1,
on the other hand, increased to about
4-fold at 4 h after release from G,/S, but
subsequently declined to reach basal levels
as cells progress through G, to enter G,
of the next cell cycle (Fig. 3A, B, and E).
In cells depleted of FBXO11, Cdt2 level
was about 3-fold higher at G /S and pro-
gressively increased thereafter (Fig. 3C

Cell Cycle

and D). Thus, contrary to our expec-
tation, FBXOI11 seems to promote the
degradation of Cdt2 in S and G,, when
Cdr2 is most active, most likely due to an
increase in FBXOL11.

FBXOI11 depletion delayed the pro-
gression of cells through S and G, phases
of the cell cycle in cells released from
G,/S (Fig. 3E), but this delay did not
impact cell proliferation, probably due
to a compensatory shortening of some
other phase of the cell cycle. We tested
whether the delayed progression through
S phase could be attributed to stabiliza-
tion of Cdt2. Either wt-Cdt2 or Cdt2
mutant proteins insensitive to FBXO11,
namely Cde2P%7A and Cde2%62%, were
overexpressed in U20S cells. Ten hours
after release from a G /S block, 30% of
control cells were still in S-phase, 20%
in G, and 40% in the G, phase of the
next cell cycle (Fig. 3F). Interestingly, we
found that more than 40% of cells overex-
pressing wt-Cdt2, Cdt2P*7, or Cd254624
remained in S-phase, with fewer cells in
G, or in G, of the next cell cycle (Fig. 3F).
Thus the delay in progression through S
and G, induced by depletion of FBXO11
is at least partly dependent on increase of

Cdt2.
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Figure 3. For figure legend, see page 2179.

Importance of FBXO11-Mediated
Restraint of CRL4%%2 Activity in
Proliferating Cells

If FBXOI11 downregulates Cdt2 when
Cdt2 is most active, it appears that an

2178

important function of FBXOI1 is to
restrain the activity of Cdt2. Indeed, there
was significant shortening of the half-lives
of p21 and Cdtl in cells with inactivated
FBXOI11 following UV irradiation.”
Set8 halflife following UV irradiation

Cell Cycle

was already too short (< 10 min), and
inactivation of FBXOI11 did not reduce
this further. In actively proliferating un-
irradiated cells, knockdown of FBXOI11
destabilized p21 and Set8, but not Cdtl,
presumably because Cdtl degradation
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Figure 3 (See opposite page). FBXO11 promotes the degradation of Cdt2 during mid/late S and G, phases of the cell cycle and is required for efficient
progression through S/G,. (A and B) Expression of Cdt2 and FBXO11 proteins during S/G, phases of the cell cycle. (A) Western blot of endogenous Cdt2
and FBXO11 in cell lysates from U20S cells synchronized by double thymidine block (DTB) as described in the “Experimental Procedures” and released
for the indicated hour. Asterisk indicates a cross-reactive band in the FBXO11 immunoblot. B-actin is shown for loading control. (B) Quantitation of
Cdt2 (normalized to B-actin) and FBXO11 (isoforms 4, 1) proteins [normalized to the cross-reactive band from the anti-FBXO11 blot (marked by asterisk)]
from (A), and expressed relative to the 0 h time point (G,/S). (C and D) Similar to (A and B), except cells were either mock depleted (si-GL2), or depleted
of FBXO11 by si-RNA (si-FBXO11). (E) Inactivation of FBXO11 delays progression of cells through S/G, phases of the cell cycle. Propidium iodide staining
and FACS analysis of control U20S cell or U20S cells depleted of FBXO11 (si-FBXO11) and synchronized at the G,/S transition by double thymidine block
(DTB) (0 h) and released from the block for the indicated time points. The results demonstrate that FBXO11 is required for efficient progression through
the S and G, phases of the cell, although its depletion does not affect the cell cycle distribution in asynchronous culture or cell cycle proliferation.* (F)
The stable overexpression of wt-Cdt2, Cdt2°*, or Cdt2**** in U20S cells synchronized at the G,/S transition by double thymidine (0 h) and released
from the block for 10 h. The histogram shows the percentage of cells in various phases of the cell cycle (G, S, and G,/M) as determined by propidium
iodide and FACS analysis. (G) Depletion of FBXO11 or CUL4A results in increased Cdt2 mostly in the soluble fraction. Western blot of Cdt2 in whole cell
extracts or in cytoplasmic (S100), soluble nuclear (Nuclear), or chromatin fractions (Chromatin) of U20S cells. Asterisk indicates a cross-reactive band in
the FBXO11 immunoblot. Western blot with anti-Orc2 or p42/p44 antibody ensures proper fractionation. Low and high exposures of the anti-Cdt2 blot

are shown for clarity.

during a normal S-phase is predominantly
executed by CRL1%%2% Although Set8
half-life was altered, there was not a sig-
nificant decrease in the level of Set8 in
these cells.

Because overexpression of wt-Cdt2 or
of FBXOll-resistant Cdt2 delayed pro-
gression through S phase (Fig. 3E), the
question arises as to what is the substrate
of Cdt2 whose degradation leads to this
delay. p21 is a cell cycle inhibitor, and so
its degradation is not expected to delay
cell cycle progression. We do not know all
substrates of Cdt2 yet, but although we do
not see a reduction of total Set8 in cells
depleted of FBXO11 under normal growth
condition in culture, we speculate that loss
of a small pool of Set8 at a critical site in
the cell may be responsible for the delay
in S phase progression. Previous studies
demonstrated that the depletion of Set8 by
si-RNA in mammalian cells, or deletion
of the Set8 gene, resulted in spontaneous
DNA damage and induced an S/G, cell
cycle arrest.®7 We too observed sponta-
neous DNA damage in U20S and A549
cells depleted of Set8 by si-RNA (data not
shown). Therefore the delayed progression
through S and G,/M in FBXO11-depleted
cells may be due to DNA damage from a
reduction of a critical pool of Set8 due to

the stabilized Cdt2.

FBXO11 is a Chromatin-Bound
Protein, and its Inactivation
Increases Both Chromatin and
Soluble Cdt2 Protein

Cdt2 promotes the degradation of its
substrates when these substrates are
bound to PCNA on chromatin.?> Cdt2 is
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localized primarily in the chromatin frac-
tion, although detectable levels also exist in
the soluble (cytoplasmic [S100] and soluble
nuclear) fraction (Fig. 3G). On the other
hand, FBXOI11 is localized almost exclu-
sively to chromatin. Depletion of FBXO11
slightly increased Cdt2 in the chromatin but
significantly in the soluble pool (Fig. 3G).
Depletion of CUL4A, had similar results,
and the co-depletion of CUL4A and
FBXOI1 together substantially increased
the soluble and chromatin-bound Cdt2.
Because FBXOL11 is exclusively chromatin-
associated (Fig. 3G), and because inacti-
vation of FBXOI11 increases functionally
active Cdt2* (which is believed to act on
its substrates on chromatin), we conclude
that FBXOI11 degrades chromatin-bound
Cdt2, but when FBXOI11 is inactivated,
the excess Cdt2 rapidly re-localizes to the
soluble fraction. Alternatively, because
CRL4“? binds to chromatin through
PCNA that is loaded on DNA, the stabi-
lized Cdt2 saturates the DNA-associated
PCNA, leaving the newly synthesized
Cdt2 to accumulate in the soluble pool.

FBXO11-Mediated Degradation
of Cdt2, Allows the Accumulation
of Set8 in TGFB-Treated Cells and
Limits the Phospho-Smad2 Signal

Consistent with a role of FBXOI1I in
restraining the activity of Cdt2, we found
that FBXOll-mediated degradation of
Cdt2 to be essential for restraining the
cellular response to TGFR.* Depletion
of FBXOI11 by siRNA or the expression
of FBXOl1-insensitive mutants of Cdt2
resulted in sustained phospho-Smad2

signaling and increased N-cadherin
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expression. Normally after 10-12 h of
TGFP treatment, there is an FBXOI11-
dependent reduction of Cdt2 that leads to
an upregulation of the Cdt2 substrates p21
and Set8 and that is followed a few hours
later by a decrease in phospho-Smad2 and
a cessation of N-cadherin induction.*” We
speculate that the upregulation of Set8
normally seen after TGF@ treatment (and
dependent of FBXO11 degrading Cdt2) is
important for restraining the response of a
cell to TGFR. Although it remains unclear
how Set8 promotes Smad2 de-phosphor-
ylation, our results provide a biochemical
basis of the genetic link between FBXO11
and Smad2 signaling that may underlie
the developmental defects observed in
mice with FBXO1I deletion.*®

The Set8 protein has also been impli-
cated in regulating the invasion of breast
cancer cells in vivo and in vitro and
has been shown to interact with Twist
and to promote Twist-dependent EMT
through the regulation of N-cadherin and
E-cadherin promoters.”” Although inac-
tivation of FBXOI11 increased Cdt2 and
decreased Set8, we did not notice a delay
in EMT induced by TGER. This may be
because our studies were in A549 lung
cancer cells and not in breast cancer cells,
or because we did not titrate down the
TGEB levels to ascertain whether a delay
in EMT becomes apparent at low levels of
the cytokine.

FBXO11-Mediated Degradation
of Cdt2 Promotes Exit
from the Cell Cycle

TGEF-P treatment or serum starvation also
results in FBXO11-mediated reduction of
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Cdt2 to promote exit from the cell cycle.
Depletion of FBXOI1 increased Cdt2,
decreased Set8, and delayed cell cycle
exit.® Deletion of FBXOII in C. elegans
(DRE-I) or in mice results in lethality.*>
During development, epidermal stem cells
(seam cels) in the worm undergo multiple
rounds of asymmetric cell division before
they exit the cell cycle early in L4 and fuse
into long syncytium, forming a continu-
ous ridged cuticular structure known as
adult alae. Partial loss of function muta-
tions in dre-1 cause precocious fusion of
seam cells, altered temporal patterning
of gonadal outgrowths, and gaps in the
adult alae’® The latter phenotype results
from failure to exit the cell cycle and dif-
ferentiate properly.“>? Importantly, the
knockdown of cd#-2 (the worm ortholog
of Cdt2) by si-RNA reduced the number
of dre-1 (dh99) mutant animals with alae
gaps from 56-13%, demonstrating that
the alae gaps were due to the accumula-
tion of Cdt2 following the genetic inac-
tivation of DRE-1. These results confirm
that FBXOll-mediated degradation of
Cdt2 pathway is conserved from worm to
man, and that in worms, too, this pathway
is important for exit from the cell cycle.®

Cells exiting the cell cycle, either in
response to TGF-f treatment, serum with-
drawal or differentiation signals appear to
require FBXO11-mediated degradation of
Cdt2. Again, we do not know which sub-
strate of Cdt2 needs to be stabilized during
cell cycle exit, but Set8 is a plausible candi-
date. This can be formally proven if ecto-
pic expression of Set8 prevents the delay
of exit from the cell cycle observed in cells
with inactivated FBXO11-Cdt2 pathway
or in dre-I mutant fly. An alternative, but
not mutually exclusive possibility, is that
the decrease in Cdt2 increases p21, lead-
ing to cell cycle exit. Again, a role of p21
can be tested experimentally as described
above for Set8. Finally, it remains possible
that other unknown substrates of Cdt2
need to be stabilized before cells can exit
from the cell cycle.

FBXO11 Promotes
Set8-Dependent Cellular Migration

FBXO11-mediated degradation of Cdt2

is critical for the migration of epithelial

cells.*” Epithelial cells depleted of FBXO11
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or expressing FBXO11-insensitive mutants
of Cdr2 fail to migrate efficiently, and this
defect can be rescued by overexpressing
catalytically active, but not catalytically
inactive, Set8 protein.*” We speculate that
low levels of Set8 lead to migration defects
that cause the developmental defects seen
in mice with homozygous mutations of
the FBXOII gene, namely cleft palate
and eyes open at birth.”' Furthermore,
because Set8 promotes the invasion of
breast cancer cells,” it will be interesting
to test whether FBXO11 may have similar
pro-invasive phenotype in breast cancer
through downregulating Cdt2 and upreg-
ulating Set8.

Does Inhibition of Cdt2
Contribute to the Tumor
Suppressor Functions of
FBXO11?

Recently, several loss-of-function muta-
tions and deletions were found in the
FBXO11 gene in a large subset of diffuse
large B-cell lymphomas (DLBCL)."? The
loss of FBXO11 led to the disease due to
failure to polyubiquitylate and degrade the
B cell-specific oncoprotein and transcrip-
tional regulator BCL6, commonly overex-
pressed in DLBCL. Because many of the
mutations/deletions in FBXO!! found in
this disease are monoallelic, FBXO11 may
function as a haplo-insufficient tumor
suppressor protein.'> Other loss-of-func-
tion mutations in FBXOII are also seen in
head and neck, ovarian, colon, and lung
cancers,” but the mechanism by which
FBXOI1 contributes to the development
of these cancers remains to be identified.
On the other hand, Cdt2 may function
as a tumor oncogene, because it exhibits
high expression in multiple human can-
cers, including liver, breast, gastric, and
colon cancers, and its elevated expression
correlates positively with advanced disease
state, metastasis, and poor patient sur-
vival.>#¢! In addition, the Cdz2 gene was
amplified in a subset of Ewing sarcomas.®
However, it is unclear how Cdt2 may
exhibit its oncogenic activity, although its
ability to assemble CRL4%4? E3 ubiquitin
ligase and promote the polyubiquitylation
and degradation of p21 as well as its abil-
ity to monoubiquitylate PCNA and regu-
late TLS in proliferating cells may play an

Cell Cycle

important role.”¥ The identification of
the FBXO11-Cdt2 degradation axis raises
an interesting hypothesis that FBXOI11
may suppress tumor formation through
the destabilization of Cdt2 (and concur-
rent stabilization of some Cdt2 substrates,
such as p21). Investigating the level and
activity of CRL4“Y? and its downstream
targets in tumors with deletion/mutation
in the FBXOII will shed more light on
this possibility.

Experimental Procedures

Cell culture, antibodies, and reagents.
U20S cells were obtained from ATCC
and cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and
antibiotics. Antibodies against ORC2 and
actin were purchased from Santa Cruz
Biotechnologies. Anti-FBXOI11 (Bethyl
anti-p42/44  (Cell
Signaling). Other reagents and methods

Laboratories) and

were previously described.?’

Chromatin fractionation and protein-
protein interactions. The cell fraction-
ation method was adapted from ref. 63.
3.0 x 10° cells were resuspended in 80 pl
buffer A (10 mM HEPES pH 7.9, 10 mM
KCl, 1.5 mM MgCl,, 0.34 M sucrose, 10%
glycerol, 0.1% Triton X-100, 1 mM DTT,
Ix protease inhibitor cocktail, 1 mM
PMSF, 10 mM NaF, and 1 mM Na,VO,)
and incubated on ice for 5 min and centri-
fuged at 1300x g for 5 min to yield S1 and
P1. S1 fractions were centrifuged at 13000
rpm for 15 min to yield soluble fraction
(cytoplasmic, §2). The pellet was washed
with 500 pl of buffer A and resuspended
in 80 wl buffer B (3 mM EDTA, 0.2 mM
EGTA, 1 mM DT, 1x protease inhibitor
cocktail, I mM PMSF, 10 mM NaF, and
1 mM Na,VO,). Samples were incubated
on ice 30 min. and centrifuged at 1700x
g for 5 min to yield supernatant (soluble
nuclear, S3) and chromatin fraction (P3).
Chromatin fraction was suspended in 1x
sample buffer and sonicated for 10 sec at
10%.

Cell cycle synchronization and FACS
analysis. U20S cells were synchronized
by double thymidine block (DTB) and
released from the block as described pre-
viously.®® For flow cytometry analysis

(FACS), cells were washed with phosphate
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buffer saline (PBS) and fixed in 70% etha-
nol. Fixed cells were resuspended in 1 ml
of PBS with 60 pg/ml propidium iodide
and 50 pg/ml RNase A, rotated at 4 °C
for 30 min and analyzed by FACScalibur

flow cytometer (Becton Dickinson).
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