CELL CYCLE
2016, VOL. 15, NO. 17, 2275-2287
http://dx.doi.org/10.1080/15384101.2016.1172156

Taylor & Francis
Taylor & Francis Group

REPORT

NUP98 fusion oncoproteins interact with the APC/

C“9<2° 55 a pseudosubstrate

and prevent mitotic checkpoint complex binding
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ABSTRACT

NUP98 is a recurrent partner gene in translocations causing acute myeloid leukemias and myelodisplastic
syndrome. The expression of NUP98 fusion oncoproteins has been shown to induce mitotic spindle
defects and chromosome missegregation, which correlate with the capability of NUP98 fusions to cause
mitotic checkpoint attenuation. We show that NUP98 oncoproteins physically interact with the APC/CE9<°
in the absence of the NUP98 partner protein RAE1, and prevent the binding of the mitotic checkpoint
complex to the APC/C®4®°, NUP98 oncoproteins require the GLEBS-like domain present in their NUP98
moiety to bind the APC/C42°, We found that NUP98 wild-type is a substrate of APC/C<“®° prior to mitotic
entry, and that its binding to APC/C<4“?° is controlled via phosphorylation of a PEST sequence located
within its C-terminal portion. We identify S606, within the PEST sequence, as a key target site, whose
phosphorylation modulates the capability of NUP98 to interact with APC/C?“?°. We finally provide
evidence for an involvement of the peptidyl-prolyl isomerase PIN1 in modulating the possible
conformational changes within NUP98 that lead to its dissociation from the APC/C?*° during mitosis. Our
results provide novel insight into the mechanisms underlying the aberrant capability of NUP98
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oncoproteins to interact with APC/C4<2°

Introduction

The NUP98 gene is recurrently involved in chromosomal trans-
locations that cause acute myeloid leukemias (AML) and myelo-
displastic syndrome (MDS)"* and lead to the formation of
fusion oncoproteins with over 20 different partner proteins.”*
NUP98 codes for a nucleoporin, whose primary function, as a
component of the nuclear pore complex, is the transport of pro-
teins and RNA across the nuclear membrane.”® NUP98, how-
ever, has been implicated, like other nucleoporins, in several
additional processes, such as transcriptional regulation and
mitotic progression.”” The NUP98 protein contains 2 main func-
tional domains: a GLFG repeat region, which serves as a nuclear
transport receptor docking surface”'’; and a GLEBS-like domain,
which mediates the interaction with the RAE1 mRNA nuclear
export factor."" Both domains are located within the N-terminal
half of the NUP98 protein, spanning from amino acids 1 to
~470, which is present in essentially all NUP98 fusion oncopro-
teins."* A GLEBS domain is also found in the mitotic checkpoint
factor BubR1 where it mediates the interaction with Bub3, also a
regulator of mitosis.'> Bub3, in turn, shares extensive homology
with the Rael protein, which led to hypothesize a role of NUP98
and Rael as regulators of mitosis."> Indeed, in addition to their
function in nucleocytoplasmic transport, NUP98, together with
Rael, have been shown to modulate the function of the anaphase
promoting complex/cyclosome (APC/C)."*

and to interfere with its function.

The APC/C regulates mitosis and cell cycle progression by
targeting a series of key substrates for degradation. One of these
is securin,'”” an anaphase inhibitor protein that blocks the
action of the cohesin-degrading protease separase.'® In mitosis,
APC/C activity is regulated by the spindle assembly checkpoint
(SAC), which senses the correct attachment of chromosome
kinetochores (spindle attachment sites) to spindles and blocks
APC/C function, preventing sister chromatid separation, until
all kinetochores are properly attached (reviewed in'”). The
effector of the SAC is the mitotic checkpoint complex (MCC).
It is composed of the SAC proteins Mad2, BubR1(Mad3), Bub3
and Cdc20, which interact together to assemble the MCC. The
MCC can diffuse freely within cells to interact with the APC/C
and block its function until the SAC is satisfied (reviewed in'”).

We reported that the exogenous expression of NUP98
fusion oncoprotein causes SAC attenuation, and as a conse-
quence chromosome missegregation. We demonstrated that
NUP98 oncoproteins, unlike wild type NUP98, physically
interact with the Cdc20 APC/C regulator, thus suggesting their
direct interference with APC/C function, the mechanism and
the APC/C components involved, however, remain still
unclear.'®

In this work we dissected the molecular mechanisms
underlying the interference of NUP98 oncoproteins with
APC/C®, We found that NUP98 oncoproteins physically
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interact with the APC/C®*?° in the absence of the NUP98
partner protein RAE1, and prevent binding of the mitotic
checkpoint complex (MCC) in the presence of an unsatisfied
SAC, thus justifying their SAC-attenuating action. We show
that NUP98 oncoproteins require the NUP98 GLEBS-like
domain for interaction with the APC/C®4?°, NUP98 wt, while
being unable to interact with APC/C*?° during mitosis, was
found to bind, and to be a substrate of APC/C®9%° prior to
mitotic entry. Binding of NUP98 to APC/C®4?° was found to
be controlled by the phosphorylation state of a PEST sequence
located within the C-terminal portion of NUP98. We identify
S606, located within the PEST sequence, as a key target site,
whose phosphorylation affects the capability of NUP98 to
interact with APC/C““*°, Finally, we provide evidence for an
involvement of the peptidyl-prolyl isomerase PIN1 in modu-
lating the possible conformational changes, ensuing NUP98
phosphorylation, that lead to its dissociation from the
APC/C?°, A model is discussed, which provides a justifica-
tion of the aberrant association of NUP98 fusion oncoproteins
with APC/C®?° based on the potential of NUP98 wt to con-
ditionally interact with APC/C“I?" as a target.

Results

NUP98 fusion oncoproteins physically interact with
the APC/C during mitosis preventing MCC binding

We previously-reported the aberrant physical interaction, in
mitosis-arrested cells, between NUP98 fusion oncoproteins and
the Cdc20 APC/C regulator.'® In mitosis-arrested cells Cdc20
can be both part of an active mitotic checkpoint complex
(MCC) and part of a MCC-containing, inactive APC/C
(APC/CMSC, see'”), we therefore started by determining
whether NUP98 fusion oncoproteins could be co-immunopre-
cipitated with three different APC/C core components: APC3,
APC4, and APC10. The fusion proteins tested originate all
from AML-associated chromosomal translocations involving
the NUP98 gene, located on chromosome 11. They all contain
the N-terminal portion of the NUP98 protein including the
GLFG and GLEBS motifs."®* NUP98-HOXDI13 represents a
fusion with the C-terminal homeodomain DNA-binding moi-
ety of the HOXD13 protein."” The NUP98-LOC348801 fusion
(hereafter indicated as NUP98-LOC) contains the C-terminal
portion of a polypeptide of unknown function, encoded by the
LOC348801 gene.” Finally, NUP98-HHEX is a fusion protein
that incorporates the homeodomain of the hematopoietically
expressed homeobox gene (HHEX).*!

HEK293 cells exogenously expressing NUP98, NUP98-
HOXD13, NUP98-LOC, or NUP98-HHEX were arrested in
mitosis by treatment with the microtubule-depolymerizing,
SAC-activating drug nocodazole, and total extracts were pre-
pared for immunoprecipitation with specific antibodies against
APC3, APC4, and APC10. The NUP98-HOXD13, NUP98-
LOC348801, and NUP98-HHEX oncoprotein fusions were all
coimmunoprecipitated with the anti-APC3, the anti-APC4, and
the anti-APCI10 antibodies (Fig. 1A). Moreover, as expected,
since NUP98 was previously shown to be part of a Cdhl-con-
taining APC/C complex in mitosis,"* NUP98 wild type was also
coimmunoprecipitated with APC3, APC4, and APC10 (Fig. 1A).

We next tested whether the APC/C, in mitosis-arrested cells
that express NUP98 oncoproteins, would also contain compo-
nents of the mitotic checkpoint complex (MCC). Total extracts
from HEK293 cells expressing NUP98-HOXD13, NUP98-
LOC, or NUP98-HHEX, arrested in mitosis, were immunopre-
cipitated with anti-APC4 antibodies, and the presence of the
MCC components CDC20, BUBR1, BUB3 and MAD?2 was ver-
ified by immunoblotting (Fig. 1B). All MCC components
tested, efficiently coimmunoprecipitated with APC4 (Fig. 1B),
suggesting that at least part of the cellular APC/C pool is
bound, as expected, by MCC components, or that NUP98
fusions interact with APC/C™“C, without significantly displac-
ing any of the MCC components. To discriminate between
these two possibilities, mitotic extracts from cells expressing
Flag-tagged NUP98 or NUP98-HOXD13 were immunoprecipi-
tated with anti-Flag or anti-NUP98 antibodies to analyze
bound MCC components. None of the three MCC components
tested coimmunoprecipitated with NUP98-HOXD13 (Fig. 1C),
while NUP98 wt interacted only with the MAD2 MCC compo-
nent, but not with BUBR1 and BUB3 (Fig. 1C). This result indi-
cates that NUP98 oncoproteins interact with a fraction of the
cellular APC/C that is not bound to the MCC.

NUP98 was shown to interact with the APC/C“™™, together
with its heterodimerization partner RAE1, and to regulate its
activity during mitosis.'"* We reported that NUP98 fusion
oncoproteins can still potentially interact with RAEL'® and
therefore wanted to verify whether RAE1 is also part of the
NUP98 oncoprotein-bound APC/C. Extracts from mitotic-
arrested HEK293 cells expressing NUP98, NUP98-HOXD13,
NUP98-LOC, or NUP98-HHEX were thus immunoprecipi-
tated with anti-CDC20 antibodies or, reciprocally, with anti-
RAEI antibodies and analyzed by immunoblotting. RAE1 did
not coimmunoprecipitate with CDC20 and, reciprocally
CDC20 did not coimmunoprecipitate with RAE1 in all of the
tested extracts (Fig. 1D). Together these results indicate that
NUP98 oncoproteins physically interact, in the absence of
RAEI, with the APC/C®*?° during mitosis, and preclude its
interaction with the MCC in the presence of an unsatisfied
SAC.

The NUP98 GLEBS-like domain is required for the binding
of fusion oncoproteins to the APC/C<92°

We next wanted to determine which portion of the NUP98
oncoproteins was necessary for their interaction with the
APC/C°, To this end we generated deletion mutants involv-
ing the NUP98 moiety of the NUP98-HOXD13 fusion or the
NUP98 protein (Fig. S1), and tested them for their capability to
be coimmunoprecipitated by the CDC20 component of APC/C
from mitotic extracts of HEK293 cells. We first tested a NUP98
mutant derivative, NUP98(1-469), which represents a deletion
of the C-terminal portion of NUP98, and corresponds to the
portion of NUP98 that is present in essentially all NUP98 onco-
proteins."* Surprisingly, as NUP98 full length does not interact
with CDC20 (see e. g. Fig. 1D), the NUP98(1-469) mutant was
efficiently coimmunoprecipitated by the anti-CDC20 antibody
(Fig. 2A). In accordance, NUP98(1-469) coimmunoprecipi-
tated also with the APC3 APC/C component (Fig. S2). The
reciprocal deletion mutant, representing the C-terminal portion
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Figure 1. NUP98 oncoproteins bind the APC/C and prevent MCC binding. A), HEK293 cells were transfected with expression constructs for NUP98, NUP98-HOXD13,
NUP98-LOC, NUP98-HHEX (ND13, NLOC, NHHX). Mitotic extracts were obtained from nocodazole-treated cells and subjected to immunoprecipitation (IP) with the indi-
cated antibodies. Anti-lgG (Ig) was used as a negative control. Inmunoprecipitated proteins were revealed by immunoblot analysis (WB) with an anti-NUP98 antibody
(NUP98). B), HEK293 were transfected and mitotic extracts were obtained as in A). Samples were immunoprecipitated (IP) with the anti-APC4 antibody (APC4). Anti-
IgG (Ig) was used as a negative control. Inmunoprecipitated proteins were revealed by immunoblotting using the indicated antibodies. C), HEK293 were transfected with
expression constructs for Flag-NUP98 or Flag-NUP98-HOXD13, and mitotic extracts were obtained as in A). Inmunoprecipitated proteins were revealed by immunoblot-
ting using the indicated antibodies. D), HEK293 were transfected and mitotic extracts were obtained as in A). Immunoprecipitated proteins were revealed by immunoblot-
ting using the indicated antibodies. IgHC, immunoglobulin heavy chains.
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Figure 2. The NUP98 GLEBS-like domain is required for interaction with the APC/C“%°, HEK293 were transfected with expression constructs for NUP98, NUP98-HOXD13,
NUP98(1-469), NUP98(469-920), NUP98-HOXD13AGLEBS (ND13AGLEBS), NUP98APEST (APEST), and GLEBSD13. Mitotic extracts were obtained from nocodazole-treated
cells and were subjected to immunoprecipitation (IP) with the indicated antibodies. Anti-IgG (Ig) was used as a negative control. Immunoprecipitated proteins were
revealed by immunoblot analysis (WB) with an anti-Flag antibody (Flag) in A), or with an anti-NUP98 antibody («NUP98) in B). IgHC and IgLC, immunoglobulin heavy

and light chains, respectively.

of NUP98 wt, NUP98(469-920), did not interact with CDC20
(Fig. 2A) and did also not coimmunoprecipitate APC3
(Fig. S2). This result confirmed that the region required for
binding the APC/C®%?° is located within the N-terminal por-
tion of NUP9S that is present in all NUP98 oncoproteins."* It
moreover suggested that the presence of the NUP98 C-terminal
portion prevents NUP98 from interacting with APC/C,

We thus tested a NUP98 mutant, NUP98APEST, in which a
previously identified functional domain within the C-terminal
portion of the protein is altered. It represents the internal dele-
tion of a PEST sequence, which was found to be located
between amino acids 599-616."* NUP9SAPEST, was coimmu-
noprecipitated with CDC20, while exogenously-expressed
NUP98 and endogenous NUP98 (endoNUP98) were not
(Fig. 2B).

Finally, to identify which part of the NUP98 N-terminal
region was required for NUP98 oncoprotein binding to APC/
C42% we tested an internal deletion of the NUP98 GLEBS-
like domain in the context of the NUP98-HOXD13 oncopro-
tein (NUP98D13AGLEBS). The NUP98 GLEBS-like domain
appeared to us as a good candidate region, as it was shown to
mediate the interaction with the RAE1 protein.'' The
NUP98D13AGLEBS (ND13AGLEBS) mutant indeed failed to

coimmunoprecipitate with CDC20 (Fig. 2A, middle panel),
whereas the NUP98-HOXD13 (ND13) oncoprotein readily
interacted with CDC20 (Fig. 2A), indicating that the GLEBS-
like domain of NUP98 is necessary for the interaction between
NUPYS8 fusion oncoproteins and the APC/C°,

To test for the sufficiency of the NUP98 GLEBS-like domain
in the interaction with APC/C®%?°, we generated a fusion pro-
tein containing solely the NUP98 GLEBS-like domain fused to
the HOXD13 homeodomain (GLEBSD13), and analyzed its
capability to interact with CDC20. The GLEBSDI13 fusion
coimmunoprecipitated with CDC20 (Fig. 2A bottom panel),
confirming that the NUP98 GLEBS-like domain is potentially
sufficient for the interaction between NUP98 oncoproteins and
APC/CH,

Taken together, these data reveal that the NUP98 GLEBS-
like domain is necessary for the interaction of NUP98 onco-
proteins with the APC/C®?°, but its presence is apparently
not sufficient to allow the binding of NUP98 wt to the APC/
C®42% The removal, such as in NUP98(1-469), or the alter-
ation, such as in NUP98APEST, of the C-terminal portion of
NUP98, however, causes the resulting mutant proteins to
mimic the aberrant capability of NUP98 oncoproteins to
interact with the APC/C“I?°, This led us to speculate that



possible structural changes within the NUP98 N-terminus,
ensuing the generation of the oncogenic fusions, promote
the availability of the GLEBS-like domain for an interaction
with the APC/C®*.

CDC20 and MAD2 overexpression rescues spindle
assembly checkpoint attenuation by NUP98 oncoproteins

As exogenous expression of NUP98 oncoproteins was found to
reduce the fraction of BubRl bound to APC/C®*'® and
BUBRI, BUB3 and MAD?2 proved to be not associated with
NUP98 oncoproteins (Fig.1C), we sought to determine
whether the overexpression of MCC components would rescue
SAC attenuation caused by NUP98 oncoprotein expression.
HEK293 cells expressing NUP98-HOXD13 were transfected
with expression vectors for BUBR1, CDC20, and MAD?2, and
arrested in mitosis using nocodazole. These were subsequently
harvested at different time points and analyzed for SAC attenu-
ation by assessing securin protein levels in immunoblottings of
total cell extracts. The overexpression of CDC20 or MAD2
abolished NUP98-HOXD13-induced securin degradation,
while BUBRI overexpression did not (Fig. 3A see also Fig. S3).
These results suggest that NUP98 oncoproteins and MCC com-
ponents compete for binding to the APC/C, likely via similar or
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overlapping docking surfaces, and that, most importantly, the
effect of NUP98 oncoproteins on the APC/C®%?° is potentially
reversible.

We thus next wanted to determine whether the overex-
pression of BUBR1, MAD2, and CDC20 antagonized
NUP98-HOXD13 oncoprotein activity by causing its dissoci-
ation from the APC/C. We therefore overexpressed in
HEK293 cells BUBR1, MAD2, and CDC20 together with
NUP98-HOXD13 and verified the coimmunoprecipitation of
NUP98-HOXD13 with anti-APC3 or anti-CDC20 antibodies.
The overexpression of BUBR1 or of NUP98 wt did not affect
the amount of NUP98-HOXD13 coimmunoprecipitated with
APC3, and the overexpression of CDC20 only slightly
reduced the amount of NUP98-HOXD13 coimmunoprecipi-
tated with APC3 (Fig. 3B). Conversely, the overexpression of
MAD?2 nearly abolished the interaction of NUP98-HOXD13
with the APC/C (Fig. 3B). Immunoprecipitations with anti-
CDC20 confirmed that overexpression of CDC20 only
weakly reduces the interaction between NUP98-HOXD13
and APC/C®%?°, whereas the overexpression of MAD2 sig-
nificantly reduces the fraction of NUP98-HOXD13 bound to
APC/C®4?° (Fig. 3B). Together these results suggest that the
rescue of NUP98 oncoprotein-induced SAC attenuation by
MAD?2 overexpression rests on the dissociation of NUP98
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Figure 3. CDC20 and MAD?2 rescue SAC attenuation by NUP98 oncoproteins. A), Immunoblots showing securin (SEC) degradation in extracts prepared from Nocodazole-
arrested HEK293 cells exogenously expressing the indicated proteins (left). Samples were collected at the indicated times after incubation. Loading control: Anti-Bactin
(BACT). B), HEK293 were transfected with expression constructs for the indicated proteins, mitotic extracts were obtained from nocodazole-treated cells and subjected to
immunoprecipitation (IP) with the indicated antibodies. Immunoprecipitated proteins were revealed by immunoblot analysis (WB) with an anti-NUP98 antibody
(@NUP98). C), Immunoblots showing securin (SEC) degradation. Mitotic extracts were prepared from nocodazole-arrested HEK293 cells, expressing the indicated proteins

(left), as in A).
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oncoproteins from APC/C““?°, while rescue by CDC20
overexpression relies only partially on NUP98 oncoproteins
displacement from the APC/C®%%,

Interestingly, the overexpression of NUP98 wt, while not
leading to a displacement of NUP98-HOXD13 from the
APC/C®4° (Fig. 3B), could also efficiently rescue NUP98-
HOXD13-induced securin degradation (Fig. 3C). In the same
conditions, the overexpression of NUP98 mutant derivatives,
such as NUP98(1-469), NUP98(469-920), and NUP9SAPEST
did not cause a reversal of NUP98-HOXD13-induced securin
degradation (Fig. 3C).

To further explore this surprising finding, we sought to
determine whether NUP98 wt was able to physically interact
with the APC/C in phases of the cell cycle other than mitosis,

and could thus provide an explanation for the observed antago-
nism with NUP98-HOXD13.

NUP98 interacts with CDC20 prior to but not during
mitosis

To verify whether NUP98 interacts with the APC/C*° dur-
ing interphase, extracts from asynchronous or mitotically-
arrested HEK293 cells were immunoprecipitated with anti-
CDC20 antibodies, and co-immunoprecipitation of endoge-
nous NUP98 was assayed by immunoblotting (Fig. 4A). In
asynchronous HEK293 cells, a lower, faster-migrating form of
NUP98 was indeed found to physically interact with the
CDC20 APC/C component (Fig. 4A). Similarly, in HeLa cells,
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Figure 4. NUP98 binds to CDC20 during interphase. A), Extracts were obtained from asynchronous (AS) HEK293 or Hela cells, from HEK293 cells mitotically

arrested by nocodazole-treatment (M), from Hela cells mitotically arrested by no

codazole-treatment (M), or from G2-phase enriched Hela cells collected after

shake-off of mitotic cells (G2). Samples were subjected to immunoprecipitation (IP) with the anti-CDC20 antibody («CDC20). Immunoprecipitated proteins were
revealed by immunoblot analysis (WB) with an anti-NUP98 antibody («NUP98). B), Extracts were obtained from asynchronous (AS) Hela cells, or from G2-phase
enriched (G2) Hela cells collected after shake-off of mitotic cells (M), and from cells released after 1, 2, and 4 hrs. Imnmunoblot analysis was performed with an

anti-NUP98 antibody. C), HEK293 cells were transfected with expression constructs

for Flag-tagged NUP98, NUP98APEST (NAPEST), and NUP98(S606A) (N(S606A)),

or for NUP98-HOXD13 (ND13), NUP98-LOC (NLOC), NUP98-HHEX (NHHX). Extracts were obtained from nocodazole-treated cells after shake-off of mitotic cells and

analyzed using a cell free system recapitulating mitotic progression (see text). Imm
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itotically arrested (M) HEK293 cells were treated with lambda protein phospha-

tase (APPase) Immunoblot analysis (WB) was performed with an anti-NUP98 antibody. Loading control: Anti-Bactin (BACT). E), HEK293 cells were transfected with
expression constructs for Flag-tagged NUP98, and NUP98(S606A) (N(S606A)), or for NUP98-HOXD13 (ND13), NUP98-LOC (NLOC), NUP98-HHEX (NHHX). Extracts
from G2-enriched HEK293 cells, obtained after nocodazole treatment and shake-off of mitotic cells (G2), were released in vitro, and subjected at two different
time points to immunoprecipitation (IP) with anti-CDH1 (wCDH1) or anti-CDC20 («CDC20) antibodies. Immunoblot analysis (WB) was performed with an anti-

NUP98 («NUP98) or with an anti-Flag («Flag) antibody.



both asynchronous and G2-arrested, a faster-migrating form
of NUP98 was efficiently co-immunoprecipitated by anti-
CDC20 antibodies. Conversely, as expected, no interaction
with CDC20 was detectable in mitotically arrested HeLa cells
(Fig. 4A). These results indicate that NUP98 actually interacts
with APC/C®4, albeit exclusively prior to mitosis, and that a
slower-migrating, possibly modified form of NUP98, present
in mitosis, is unable to bind APC/C%?,

We next wanted to further investigate if the appearance of
the slower-migrating form of NUP98 correlated with mitotic
entry. We therefore analyzed G2 phase-enriched HeLa cells,
obtained after nocodazole treatment, removal of mitotic cells
by shake-off, and subsequent release of the remaining adher-
ent cells from nocodazole block by adding fresh medium.
Cell extracts were prepared at 1, 2, and 4 hours after release
and subjected to immunoblotting. After 2 hours from the
release, NUP98 was detectable as a band migrating slower
than the form detected in G2 or in asynchronously growing
cells, and of the same size of that detected in mitotic cells
(Fig. 4B), suggesting that NUP98 is modified early upon
M phase entry.

We then verified whether the mitotic modification of
NUP98 was detectable also in NUP98 fusion oncoproteins.
HEK293 cells expressing the NUP98-HOXD13, NUP98-LOC,
and NUP98-HHEX were treated with nocodazole and analyzed
after shake-off using a cell-free system that recapitulates mitotic
checkpoint events.'®** While NUP98 wt displayed a mobility
shift after 90 min following release, no differences in electro-
phoretic mobility were observed for NUP98-HOXD13,
NUP98-LOC, and NUP98-HHEX even at 120 minutes after
release (Fig. 4C). Similarly, no differences in mobility were
observed for the NUP9SAPEST mutant (Fig. 4C). Together
these results suggest that the modification of NUP98 occurring
at the onset of mitosis requires the C-terminal portion of the
protein and, more specifically, the NUP98 PEST domain, which
are missing in NUP98 oncoproteins.

A number of phosphorylation sites have been identified
within NUP98, whose phosphorylation has been shown to be
crucial to nuclear pore disassembly at the onset of mitosis.””
We generated a NUP98 mutant, NUP98(S606A), which affects
one of the reported phosphorylation sites, S606, that lies within
the PEST domain (see Fig. S4). No differences in electropho-
retic mobility were observed for the NUP98(S606A) mutant,
even after 120 minutes of release (Fig. 4C). These results indi-
cate that the different forms of NUP98 observed in interphase
and in mitosis likely reflect differential phosphorylation sta-
tuses of NUP98 during the cell cycle. Indeed, treatment of
mitotic cell extracts with lambda protein phosphatase (APPase)
was sufficient to completely eliminate the difference in mobility
(Fig. 4D).

As NUP98 has been shown to interact with the CDHI-
bound form of APC/C already in early mitosis,'* we wanted to
confirm whether the mitotic form of NUP98 was capable of dif-
ferentially interacting with APC/C™™ versus APC/CC?,
Extracts from G2-enriched HEK293 cells, obtained after noco-
dazole treatment and shake-off of mitotic cells, were released in
vitro as described in,”* and subjected, at two different time
points, to immunoprecipitation with anti-CDH1 or anti-

CDC20 antibodies. In G2-arrested cells NUP98 co-
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immnuoprecipitated both with CDHI as well as with CDC20
(Fig. 4E), whereas after 60 min of release the mitotic form of
NUP98 co-immunoprecipitated only with CDHI1. At a later
time point (120 min), NUP98 was not detected in both anti-
CDHI and anti-CDC20 immunoprecipitates (Fig. 4E). Con-
versely, NUP98 oncoproteins interacted both with CDH1 and
with CDC20 at 60 minutes after release (Fig. 4E). At 120 after
the release all 3 NUP98 oncoproteins tested dissociated from
CDC20, while interaction with CDHI1 persisted (Fig. 4E). Nota-
bly, the NUP98(S606A) mutant displayed a behavior superim-
posable to that of NUP98 oncoproteins, being bound both to
CDHI1 and to CDC20 at 60 minutes after release and dissociat-
ing from CDC20 120 minutes after the release (Fig. 4E).
NUP98(S606A), moreover, displayed an intracellular half-life
superimposable to that of the NUP98-HOXD13 oncoprotein
and of the NUP98APEST mutant (Fig. S5), suggesting that the
knocking-out of this phosphorylation target site is sufficient to
confer NUP98 at least some of the aberrant properties of
NUP98 fusion oncoproteins.

NUP98 is a substrate of APC/C<9<%°

of mitosis

prior to the onset

We next sought to determine the functional significance of the
observed interaction between NUP98 and the APC/C prior to
mitosis. One possible explanation envisaged NUP98 as a sub-
strate of APC/C. We thus set out to assess possible variations
of NUP98 protein levels during the cell cycle. HeLa cells,
arrested in late G1 phase by double thymidine block, were
subsequently released and collected at different time points to
prepare total cell extracts (Fig. 5A). NUP98 levels remained
relatively low with respect to asynchronously growing cells
(AS), until 9 hrs after release, when they reached their maxi-
mum, which coincided with the majority of cells being in
G2/M phase (Fig. 5A). At 12 hrs after release, NUP98 levels
sharply declined as cells were exiting mitosis and re-entering
G1, concomitantly with the persistence of high levels of
CDC20 (Fig. 5A). Similarly, in human primary fibroblasts,
synchronized by serum starvation and subsequently released,
NUP98 levels were relatively low throughout the cell cycle,
reaching their peak only when a large fraction of the cells
approached mitosis (Fig. S6).

To determine whether the APC/C™?, the APC/C“™™, or
both forms of APC/C were responsible for NUP98 degrada-
tion, we overexpressed in HEK cells the CDHI1 or the CDC20
APC/C co-activators and determined NUP98 levels. While
CDHI1 overexpression did not affect NUP98 protein levels,
both in nocodazole-treated and in untreated cells, CDC20
overexpression led to a visible reduction in NUP98 levels,
both in the presence or absence of nocodazole (Fig. 5B). These
results suggested that NUP98 is mainly targeted by
APC/C®? for degradation. We thus sought to confirm
APC/C*? involvement in NUPY8 protein degradation by
siRNA-mediated knockdown of CDC20 or of CDHI. CDC20
knockdown led to a substantial increase in NUP98 levels,
while control siRNA left NUP98 amounts unaffected
(Fig. 5C). Conversely, siRNA-mediated knockdown of CDH]I
did not cause any changes in NUP98 levels (Fig. 5C). In the
same experiments, NUP98 fusion oncoprotein levels did not
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Figure 5. NUP98 is a substrate of APC/C“® prior to the onset of mitosis. A), Extracts were obtained from asynchronous (AS) HeLa cells, or from HeLa cells arrested in late
G1 phase by double thymidine block and subsequently released and collected at the indicated time points. Immunoblot analysis was performed using an anti-NUP98
(NUP98), an anti-CDC20 (CDC20), or an anti-Securin (SEC) antibody. Loading control: Anti-Bactin (BACT). B), HEK293 were transfected with expression constructs for CDH1
or CDC20. Extracts were prepared from nocodazole-arrested (noco) or from control cells and subjected to immunoblot analysis with anti-NUP98, anti-CDH1, anti-CDC20
antibodies. Loading control: Anti-Bactin (BACT). C), Knock down experiments, using a control scrambled siRNA (CTRL), siRNA directed against CDH1, or against CDC20, in
cells expressing NUP98, NUP98-HOXD13 (ND13), NUP98-LOC (NLOC), or NUP98-HHEX (NHHX). Immunoblot analysis (WB) was performed with an anti-NUP98 («NUP98)
antibody. D), HEK293 cells were arrested with nocodazole, transfected with expression constructs for NUP98 or NUP98-HOXD13, and treated with the proteasome inhibi-
tor MG132. Immunoblot analysis was performed with an anti-NUP98 («NUP98) or with an anti-cyclinB1 (CCNB1) antibody. Loading control: Anti-Bactin (BACT). E), Ubiquiti-
nation assays in HEK293 cells. HEK293 cells were transfected with expression constructs for NUP98, NUP98-HOXD13 (ND13), or NUP98APEST (NAPEST) and for HA-tagged
Ubiquitin (HA-UBI). Cell extracts were subjected to immunoprecipitation (IP) with the anti-HA antibody (¢HA). Immunoprecipitated proteins were revealed by immuno-
blot analysis (WB) with an anti-FLAG antibody («FLAG). IgHC, immunoglobulin heavy chains.

show any variation, indicating that these are targeted neither
by the APC/C““*® nor by the APC/C“*"* (Fig. 5C).

To further substantiate the conclusion that NUP98 protein
turnover occurs via its ubiquitynation and proteasome-medi-
ated degradation, we analyzed NUP98 and NUP98-HOXD13
protein levels in the presence of the MG132 proteasome inhibi-
tor. MG132 treatment led to a considerable increase in NUP98
levels (Fig. 5D), while left NUP98-HOXDI13 levels essentially
unchanged (Fig. 5D).

Finally, we verified NUP98 ubiquitination by overexpress-
ing HA-tagged ubiquitin in HEK cells and by immunopreci-
pitating HA-ubiquitinated proteins from whole cell extracts.

Immunoblotting using anti-FLAG antibodies showed the
presence of ubiquitinated and degraded forms of NUP98
(Fig. 5E). Conversely, in the same conditions, the
NUP98APEST mutant was not ubiquitinated (Fig. 5E).

Together, these results show that the wt NUP98 protein is a
target of the CDC20-activated form of APC/C during G2 phase,
but not during mitosis, thus accounting for the observed physical
interaction of NUP98 with CDC20 during interphase. These
results furthermore suggest that phosphorylation of NUP98, at
the onset of mitosis, at a critical residue(s), such as $606, could
trigger conformational changes that would prevent its interaction
with the APC/C“°, thus causing its accumulation.



PIN1 promotes the stability of NUP98 but not of NUP98
fusion oncoproteins

The peptidyl-prolyl isomerase PIN1 has recently emerged as a
critical player in many cellular processes including cell cycle con-
trol.** PIN1 is known to affect the stability and function of phos-
phoproteins, by catalyzing structural changes at phosphorylated
Ser or Thr residues within pSer/Thr-Pro sequences. As S606
within the NUP98 PEST motif matches these requirements (see
Fig S4), PIN1 appeared to us as a potential candidate for a mod-
ulator of NUP98 protein interaction with APC/C*’, We there-
fore tested whether the overexpression of PIN1 would affect
endogenous NUP98 protein levels both in cycling and in
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mitotically-arrested cells. PIN1 enforced expression caused
indeed a substantial increase in endogenous NUP98 protein
amounts in both cycling and nocodazole-arrested cells (Fig. 6A),
suggesting its direct effect on NUP98 protein stability. We fur-
ther wanted to verify whether PIN1 overexpression would also
affect the stability of the NUP98-HOXD13 oncoprotein, or of
the NUP98APEST and NUP98S606A mutants. PIN1 enforced
expression did not alter NUP98-HOXD13 levels, nor did it affect
the levels of NUP98APEST and NUP98S606A (Fig. 6B).

Finally, we sought to determine whether PIN1 and NUP98
physically interact in mitotically arrested cells. To this end, we
immunoprecipitated  exogenously-expressed NUP98  from
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Figure 6. PIN1 interacts with and promotes the stability of NUP98. A), HEK293 cells were transfected with an expression construct for PIN1. Extracts were obtained from
nocodazole-treated cells (noco) or from control cells. Immunoblot analysis was performed using an anti-NUP98 (NUP98) or an anti-PIN1 (PIN1) antibody. Loading control:
Anti-Bactin (BACT). B), HEK293 cells were transfected or co-transfected with expression constructs for NUP98, NUP98APEST (NAPEST), NUP98(S606A) (N(S606A)), NUP98-
HOXD13 (ND13), or PIN1. Immunoblot analysis was performed using an anti-NUP98 (NUP98) or an anti-PIN1 (PIN1) antibody. Loading control: Anti-Bactin (BACT). C),
HEK293 cells were transfected with an expression construct for HA-tagged PIN1. Extracts were obtained from nocodazole-treated cells or from control cells and subjected
to immunoprecipitation (IP) with an antibody directed against the C-terminal portion of NUP98 («N98C-term), which recognizes only the non-phosphorylated form of
NUP98, or with an antibody directed against the N-terminus of NUP98 («N98), which recognizes both phosphorylated and non-phosphorylated NUP98. Immunoblot anal-

ysis was performed using an anti-NUP98 (NUP98) or an anti-PIN1 (PIN1) antibody.
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whole-cell extracts of asynchronous or nocodazole-arrested HEK
cells with two different antibodies, one directed against the C-ter-
minal portion of NUP98, which recognizes only the non-phos-
phorylated form of NUP98,” the other directed against the N-
terminus of NUP98, which recognizes both phosphorylated and
non-phosphorylated NUP98. Exogenously-expressed PIN1 co-
immunoprecipitated with NUP98 only in mitotically arrested
cells and only using the antibody recognizing both phosphory-
lated and non-phosphorylated NUP98 (Fig. 6C). No interaction
was detected in asynchronous cells (Fig. 6C).

Together, these results point to a role of PIN1 in modulating
the stability of NUP98 during the cell cycle. More specifically,
they suggest a direct action of PIN1 on the phosphorylated,
mitotic form of NUP98, as the intracellular levels of the phos-
phorylation defective mutant NUP98S606A were not affected
by PIN1 overexpression and the non-phosphorylated form of
NUP98 did not physically interact with PIN1.

Discussion

The nucleoporin NUP98 is involved in the formation of fusion
oncoproteins with over 20 different partner proteins, as a result
of chromosomal translocations that cause AML and MDS."”
The functional characterization of the components of onco-
genic fusion proteins is crucial to understand the transforma-
tion process and to allow the tailoring of specific therapeutic
approaches. To explain the leukemogenic action of the wide
array of NUP98 oncoproteins, several models have been pro-
posed, mainly centered on their capability to perturb at the
transcriptional level the normal differentiation program of hae-
matopoietic progenitor cells.* We recently reported an addi-
tional mechanism centered on the NUP98 moiety, thus
potentially common to all NUP98 fusion oncoproteins,'® which
stems from the increasing appreciation that NUP98, like other
nucleoporins, is implicated is several processes, in addition to
nucleocytoplasmic transport, including mitotic progression
see.” We demonstrated that NUP98 oncoproteins interfere
with the function of the anaphase-promoting complex
(APC/C), leading to an attenuation of the mitotic checkpoint
(or spindle assembly checkpoint, SAC), ultimately resulting in
whole chromosome instability.'® Chromosomal instability due
to deregulation of the mitotic checkpoint has been shown to
increase the predisposition to malignant transformation,**’
and, more specifically, the misregulation of APC/C components
has been reported to be associated with a number of human
malignancies.”®"

In this work, we explored the molecular mechanisms under-
lying the perturbation of SAC function by NUP98 oncopro-
teins, as these remained still to be clarified. Our evidence points
to a mechanism for the interference of NUP98 oncoproteins
with APC/C““*° function, which rests on the aberrant occu-
pancy by NUP98 oncoproteins of a docking surface(s) for
MCC components within the APC/C“*?, thus preventing
inhibition by the MCC in the presence of an unsatisfied SAC.
We show namely that NUP98 oncoproteins physically interact
with the CDC20 protein in the context of the APC/C, as they
could be also coimmunoprecipitated with three major APC/C
components, APC3, APC4, and APC10. The presence of
NUP98 oncoproteins within the APC/C®® prevents its

association with key components of the mitotic checkpoint
complex (MCC), such MAD2, BUBRI, and BUB3, in the
course of an unsatisfied SAC, thus “locking” the APC/C““*" in
an active form and hence ultimately resulting in an attenuation
of the mitotic checkpoint.

The interaction of NUP98 oncoproteins with the
APC/C? differs from that of NUP98 wt, which, together
with RAEI inhibits APC/C“*™ function at the onset of mito-
sis.'"* NUP98 oncoproteins, while being potentially still capable
of heterodimerizing, via their NUP98 portion, with RAE1,'®
were not found to bind the APC/C®*?® in association with
RAEL.

The interference of NUP98 oncoproteins with APC/CC4<%°
revealed to be reversible, as the overexpression of MAD2 and
CDC20 could rescue SAC attenuation induced by NUP98-
HOXD13 and caused partial (CDC20) or complete (MAD2)
dissociation of NUP98-HOXDI13 from APC/C®?, Interest-
ingly, BubR1 overexpression was ineffective, indicating that
among MCC components CDC20 and MAD2 are those that
become limiting in a NUP98 oncoprotein-attenuated SAC.
MAD?2 is considered as a crucial factor in the assembly and
function of the MCC. MAD2 directly competes with the coacti-
vator function of CDC20 by binding to one of the two CDC20
molecules associated to APC/C®“*°. And dissociation of
MAD?2 with the concomitant ubiquitin-dependent degradation
of CDC20 is held to be a major checkpoint silencing mecha-
nism, leading to APC/C re-activation upon checkpoint satisfac-
tion (reviewed in'’). Further work will be required to
determine the structure of the NUP98 oncoprotein-bound
APC/C, to reveal its exact composition, and to determine
the position occupied by NUP98 oncoproteins within the
complex.

By generating and testing mutant derivatives of the NUP98-
HOXD13 oncoprotein and of NUP98 wt, we were able to estab-
lish that for NUP98 oncoproteins, the domain required for
interaction with the APC/C®4?° resides within the GLEBS-like
domain present in the NUP98 moiety. Surprisingly, we also
found that the interaction of NUP98 oncoproteins with the
APC/C®?° could be mimicked by NUP98 mutants affecting
the C-terminal portion of the protein, such as NUP98(1-469),
which corresponds to the portion of NUP98 present in fusion
oncoproteins, and NUP98APEST, which represents a deletion
of a PEST sequence,'® located within the C-terminal portion of
NUP98. This observation prompted us to speculate that wild-
type NUP98, under certain conditions, may interact with
APC/C4, possibly as a substrate, and that the NUP98 C-ter-
minal portion, and in particular the PEST sequence, could exert
a control over the capability of NUP98 to interact with, and be
a substrate of the APC/C“**°, We found that NUP98 indeed
interacts with APC/C“%*, albeit only prior to, but not during
mitosis, and that NUP98 association with APC/C®4?° results
in the ubiquitination of NUP98, contributing to its turnover
during interphase. The lack of interaction between NUP98 and
APC/C®¥? in mitosis correlated with the presence, in mitoti-
cally-arrested cells, of a slower-migrating, phosphorylated form
of NUP98. Several potential phosphorylation sites have been
reported to be targeted by Ser/Thr kinases upon entry in mito-
sis, concomitantly with nuclear pore disassembly.”> We focused
on S606, as this evolutionarily conserved phosphorylation



target site, is located within the NUP98 PEST sequence, and
was shown to be phosphorylatable by CDK1 in vitro.>> A phos-
phodeficient mutant, NUP98(S606A), could indeed mimic the
aberrant interaction with APC/C“‘*° displayed by NUP98
oncoproteins and by the NUP98APEST mutant, confirming
that phosphorylation at S606 is relevant for the lack of associa-
tion of NUP98 with APC/C““*® and for its accumulation at
the onset of mitosis. Interestingly, the NUP98(S606A) mutant,
despite its capability to interact also in mitosis with the APC/
€42 proved to be as stable as the NUP98-HOXD13 oncopro-
tein and the NUP98APEST mutant, suggesting that the substi-
tution of S606 results in addition in a lack of ubiquitination by
APC/C®4°, NUP98 wt can thus be regarded as a conditional
target of APC/C““*® depending on the phosphorylation state
of its PEST sequence, and in particular of S606, whose phos-
phorylation state appears to affect the conformation of NUP98.

The NUP98 S606 residue is part of a peptide sequence, Ser-
Pro, which represents, in its phosphorylated form (pSer-Pro), a
potential target for the activity of peptidyl-prolyl isomerases.
These are enzymes known to affect the stability and function of
phosphoproteins by catalyzing the isomerization of phosphor-
Ser-Pro or phosphor-Thr-Pro peptide bonds, thus inducing
conformational changes (reviewed in***?). Because the PIN1
peptidyl-prolyl isomerase has recently emerged as a relevant
player in cell cycle control,” it appeared to us as a good candi-
date for a modulator of NUP98 protein conformation. Our
results show that PIN1 overexpression indeed leads to an
increase in NUP98 protein levels, possibly via its stabilization,
while no effect is observed on NUP98 oncoproteins or on the
NUP9SAPEST and NUP98(S606A) mutants. Further work will
be required to characterize the role of PIN1 on NUP98
function.

The finding that NUP98 can be a target of APC/C“**® pro-
vides important clues about the cause of the aberrant interac-
tion of NUP98 oncoproteins with APC/C““?*°, Based on our
results, we propose that the ability of NUP98 oncoproteins to
bind APC/C?° via their NUP98 moiety reflects the potential
of NUP98 to bind APC/C®%?° as a substrate during interphase.
However, while the interaction of wild-type NUP98 with APC/
C4% js controlled by its PEST sequence, via phosphorylation
and the possible subsequent PIN1-mediated isomerization at
pSer606-Pro, NUP98 fusion oncoproteins, which lack the
NUP98 C-terminal portion altogether, and thus the PEST
sequence, are constitutively bound to APC/C®?°, NUP98
oncoproteins, though, are not effective substrates of APC/
C4%, probably because they lack the PEST sequence, and
thus remain bound to APC/C“?*°, preventing its regulation by
the MCC in the presence of an unsatisfied mitotic checkpoint.
NUP98 oncoproteins could thus be considered as de facto
pseudosubstrates, which by lingering in the APC/C“** would
“lock” it in an active form, ultimately leading to an attenuation
of the spindle assembly checkpoint.

Materials and methods
Plasmid constructs

The expression vectors for pSG5-FlagNUP98(N98) pSG5-Flag-
NUPHOXD13 (Flag-ND13), EGFP-NUPD13 (ND13), EGFP-
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NUPLOC348801(isoform1) (NLOC) and EGFP-NUP98HHEX
(NHHEX) have already been described in Refs.18 and 21.
NUP98 deletion mutants were obtained by cloning the N-ter-
minal (amino acids 1-469, NUP98(1-469)) or the C-terminal
(amino acids 469-920, NUP(469-920)) portion of NUP98 into
the pSG5 expression vector. Expression constructs for the
NUP98APEST and NUP98(S606A) mutants were obtained by
PCR-mediated mutagenesis using pSG5-NUP98 as a template
by deleting the aa from 599 to 616 of NUP98 ¢cDNA or by
substituting the serine 606 residue (S) with an alanine residue
(A). Mutants of pSG5-Flag ND13 were obtained by deleting the
N-terminal portion of the protein from aa 34 to 262,
(ND13DGLEBS) or by fusion of the NUP98 GLEBS domain
(aa 154 to 221) in frame with ND13 homeodomain portion
(ND13GLEBS-HD).

Cell culture, retroviral transduction and transfection

HEK-293 (ATCC# CRL-1573) human embryonic kidney cells,
HeLa (ATCC# CCL-2) human epithelial cervix cells and human
primary fibroblasts (hPF) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Celbio ECB7501L-50). Transfection
experiments in HEK 293 or Hela cells were carried out by
CaPO, precipitation and cells were collected 48 hours after
transfection. The cells were transfected with 20 ug of the
expression vectors for Flag-NUP98-D13, Flag-NUP98, Flag-
NUP98APEST, Flag-NUP98(S606A), Flag-NUP98(1-469),
Flag-NUP98(469-920),  Flag-NUP98-D13AGLEBS,  Flag-
NUP98-D13GLEBS-HD, pSGNUP98-D13, pSGNUP9SLOC,
PSGNUP98HHEX per 10 cm dish.

Cell synchronisation and cytofluorimetric analysis

HEK293 cells and human primary fibroblasts were synchro-
nized in G2/M-phase by treatment with 0.2 mg/ml Nocoda-
zole (Sigma) and collected at the indicated times. HeLa cells
were synchronized in G2/M phase by mitotic shake off fol-
lowing Nocodazole treatment. Primary fibroblasts were
starved by growing highly confluent cultures in DMEM with-
out fetal bovine serum (FBS) for 24 hours. Cells were then
reseeded in DMEM plus 20% FBS and collected at the indi-
cated time points. HeLa cells were synchronized in G1/S-
phase by double thymidine block: cells were incubated with
2 mM thymidine for 18 hours, released in fresh DMEM for
9 hours and then treated again with thymidine for 15 hours.
Cells were collected for cell cycle profile analysis and western
blot at different time points after thymidine release. Protein
synthesis inhibition in HEK cells was obtained by adding
cycloheximide (CHX) at a final concentration of 100 pg/ml
After 3, 6, 12, 24 and 36 h of treatment cells were collected.
In HEK 293 cells transiently transfected before Nocodazole
or CHX treatments, the synchronization procedure started
24 hours after transfection. HEK293 treatment with the pro-
teasome inhibitor MG132 was conducted for 16 hours at a
final of concentration of 1M. For cell cycle analysis, mea-
sure of DNA content in cells was performed by permeabili-
zation of cells with Tryton-X100 0,1% and staining with
50 mg/ml of propidium iodide in 1X PBS.
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Proteins depletion with siRNA

siRNA duplexes targeting the coding sequence of human
CDH1, CDC20, and siRNA control duplexes were synthe-
sized by Invitrogen (Stealth® siRNA duplexes, 25 MER and
Stealth RNAi Negative Control Duplexes, (12935-400). Two
different siRNA duplexes were designed targeting the
CDC20 (CDC20HSS101650, CDC20HSS101651), or CDH1
(FZR1HSS122071, FZR1HSS122072) mRNAs. siRNA tran-
sient transfection in Hek 293 cells was performed using
40-pM of RNAIi duplexes per 6-cm wells, using Lipofecta-
mine™ 2000 (Invitrogen, 11668-027) following the
manufacturer’s protocol. Under these conditions, proteins
depletion was detected by western blot analyses 48 hours
after siRNA transfection.

Co-immunoprecipitation, immunoblotting and antibodies

For immunoblotting analysis of HEK 293 and human primary
fibroblasts, total cell extracts were prepared by resuspending
cells in lysis buffer (50 mM TrisHCI ph7.8, 400 mM NaCl, 1%
NP40). Thirty ug of extracts were loaded in 10% poly-acrila-
mide gel and immunoblotting was performed using the indi-
cated antibody(ies).

For co-immunoprecipitation experiments, cells were col-
lected after nocodazole treatment, lysed in extraction buffer
(20 mM Hepes ph7.9, 5 mMKCI, 1 nM DTT) and sonicated for
10.” For each immunoprecipitation, 250 ug were incubated
overnight with 5 ug of antibody and precipitated with 10 ul of
protein G agarose for 2 hours, then washed three times with
extraction buffer. Half of the immunoprecipitated matherial
was resolved by SDS-PAGE and detected by immunoblotting
using the indicated antibody(ies). For co-immunoprecipitation
of NUP98 and PIN1, cells were cross-linked with dithio-bis-
(succinimidylproprionate) (DSP; Sigma) for 30 min at room
temperature. The cross-linking was stopped by the addition of
glycine at a 0.2 m final concentration for 15 min. 500 pg of cell
extracts were then sonicated for 10” and subjected to immuno-
precipitation as indicated.

Antibodies against Securin (Ab-3305), CDH1 (DSC-226),
BUBRI1 (Ab-70544) and RAE1 Ab-124783) were from Abcam.
Antibodies against NUP98 (2288 S), Cyclin B (4135) BUB3
(Ab-8195), and HA epitope (2367) were from Cell Signaling
Technology. The antibody against Flag-epitope was from sigma
(F3165). Antibodies against NUP98 C-terminus (sc-74553),
APCI10 (sc-166790), CDC20 (sc-13162), and B-actin (sc-1616)
were from Santa Cruz. Antibodies against APC3 (A301-183-
A), APC4 (A301-176 A), and MAD2 (A300-301 A)) were
from Bethyl.

Mitotic check point release in vitro

Nocodazole-arrested cell extracts preparation from HEK293
cells were obtained as described in®* with the exception that
cells were sonicated 10” after lysis. A reaction mix (160 mg of
each extract) was prepared and incubated with an ATP-regen-
erating system (5 mM MgCl,, 10 mM Phosphocreatine,
0,1-mg/ml Creatine phosphokinase, 1 mM ATP) at 30°C to
induce mitotic release. At the indicated time points an aliquot

from the mix corresponding to 30 ug of protein extract was
collected for the immunoblot experiments.

Ubiquitination assays

HEK293 cells were transfected with pBluescript HA6xUbiqui-
tine,”> Flag-NUP98-D13, Flag-NUP98 or Flag-NUP9SAPEST.
HEK293 were treated with 1 mM MG132 for 16 hours, har-
vested 48 hours after transfection and lysed in RIPA buffer sup-
plemented with 1 mM PMSF, PIC, 2.5 mM sodium fluoride
(NaF), 1 mM sodium orthovanadate (Na3VO4), 0.5 mM
EDTA, 10 mM Iodoacetamide, 2 mM MG132 and 1 mM G5,
Ubiquitin Isopeptidase Inhibitor I. 500 ug of cell extracts were
used for co-immunoprecipitation using 10 mg of anti HA
antibody.
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