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Abstract

The ubiquitin ligase APC/CCdh1 coordinates degradation of key cell cycle regulators. We report
here that a nuclear-localized portion of the stress-activated kinase JNK is degraded by the APC/
CCdnl during exit from mitosis and G1 phase of the cell cycle. Expression of a non-degradable
JNK induces prometaphase-like arrest and aberrant mitotic spindle dynamics. Moreover, INK
directly phosphorylates Cdh1, during G2 and early mitosis, changing its subcellular localization
and attenuating its ability to activate the APC/C during G2/M. The newly identified regulatory
mechanism between JNK and Cdh1 reveals an important function for JNK during the cell cycle.
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Introduction

The capacity of a cell to normally progress through the cell cycle is controlled by complex
signaling pathways primarily driven by phosphorylation and ubiquitin-mediated degradation
events.

Among the key factors orchestrating cell cycle progression are cyclin-dependent kinases or
CDKs, which modulate activity and stability of proteins important for cell cycle
progressionl. Complementing the activity of CDKs is the anaphase-promoting complex or
cyclosome (APC/C), a ubiquitin ligase complex responsible for timely- and spatially-
coordinated degradation of cell cycle regulators, conferring directionality and irreversibility
to cell cycle transitions2, 3.
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APC/C activity requires Cdc20/fzy or Cdhl/fzr adaptor proteins, which recognize specific
motifs in protein substrates such as D- and KEN-boxes4—6. A timely switch between APC/
CCdc20 \which mostly acts during the metaphase-anaphase transition, to APC/CC4" which
is activated during exit from mitosis and G1, enables use of the APC/C complex to target
different substrates at distinct phases of the cell cycle7. This switch is controlled by (i)
CDK-mediated phosphorylation of APC/C components, including the activating adaptor
subunits Cdc20 and Cdh18-11; (ii) degradation of Cdc20 and Cdh1 through the cell
cyclel2, 13; and (iii) temporal expression of several APC/C inhibitors, such as Emil or
Acm1, during the cell cycle14, 15.

Cdh1 phosphorylation by CDKs negatively regulates its ability to activate APC/C during S-
phase, G2, and mitosis, when CDKSs activity is elevated16-18. Although it is clear that
CDKs target several S/TP motifs in Cdhl, detailed mapping of these phosphoacceptor sites
and assessment of their relative importance are lacking19.

Here we demonstrate that JNK is activated during G2 and beginning of mitosis. JNK
directly phosphorylates human Cdh1 at residues 32, 36, and 151, which inhibit its ability to
activate the APC/C during G2, before Cdk1 is readily activated. We further reveal that
APC/CCUh1 regulates the stability of nuclear-localized JNK during late mitosis and G1. The
significance of this regulation is illustrated by inhibition of INK degradation during the cell
cycle, which results in impaired entry into mitosis and abnormal spindle and chromosomal
dynamics.

levels are regulated by proteolysis in a cell cycle-dependent manner

We recently reported the presence of a KEN box, a motif found in APC/C substrates, in all
JNK isoforms described thus far in mammals20 (Figure 1A), prompting us to analyze JINK
stability during the cell cycle. Analysis of INK expression in HeLa cells synchronized by a
double-thymidine block (which arrests cells at the beginning of S phase) revealed that INK
protein levels are indeed reduced during exit from mitosis and GO/G1 phase (Figures 1B and
S1A-B). Similar changes in JNK expression levels through the cell cycle were also
observed in cell cycle-synchronized T98G, U20S, IMR90, HFF-1, and MEF cells (Figure
S1C). Cell cycle synchronization in HeLa cells was biochemically confirmed by analysis of
cyclin B1 and PIk-1 levels, which are mainly targeted for proteolysis by APC/C4¢20 and
APC/CCdL respectively (Figure 1B). Cells expressing low levels of ectopic JNK also
display cell cycle-dependent fluctuations in INK levels (Figures 1C and S1D-E), suggesting
that changes in JNK levels during the cell cycle are primarily post-translational. Indeed,
JNK mRNA levels during the cell cycle were largely unchanged (Figure S1F).

To directly assess cell cycle-related changes in JNK stability, we first used in vitro extracts
prepared from HeLa cells synchronized either by a double-thymidine block or by
nocodazole-arrest. Only extracts prepared from cells exiting from mitosis or in GO/G1 phase
could induce degradation of exogenous JNK (Figures 1D, S1G, and S2A). Consistent with
these findings, we also observed that the half-life of endogenous JNK is regulated in a cell
cycle-dependent manner in both synchronized HeLa and HFF-1 cells (Figures S3A-D).
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Interestingly, we noted that timing of JNK degradation in different experimental settings
coincides with APC/CCdL activation during the mammalian cell cycle13, 21. To fathom cell
cycle-associated Cdh1-controlled JNK degradation, we used Xenopus laevis egg extracts,
which recapitulate cell cycle transitions in vitro22. JNK was stable in (i) mitotic (CSF,
CytoStatic Factor) extracts, (ii) extracts undergoing metaphase-anaphase transition (calcium-
treated CSF extracts, which activate the APC/CCdc20) and (iii) interphase extracts (Inter;
Figure 1E). Nevertheless, addition of Cdhl to interphase extracts (which activates APC/
CCdnly was sufficient to cause JNK disappearance. Furthermore, treatment with the
proteasome inhibitor MG-132 blocked Cdhl-induced JNK degradation in interphase extracts
(Figure 1E). These data indicate cell cycle-regulated degradation of INK by Cdh1 likely in a
KEN-box-dependent manner.

Fine tuning of JNK protein levels by Cdhl

To corroborate that the INK KEN box acts as a key molecular determinant responsible for
JNK degradation20, we analyzed stability of a JNK mutant whose KEN box had been either
deleted (JNK2KEN) or mutated (JINKAAA), In vitro kinase assays showed that INK kinase
activity is unaffected upon deletion or mutation of the KEN box (see Figure S2B).
Importantly, expression of either INKAKEN or INKAAA revealed that both are refractory to
degradation in vitro (Figures 1E and S2C) and in vivo (Figures 1C and S1E). In contrast,
deletion of a putative D-box (JNKAP-POX mutant) only had a mild effect in JNK stabilization
(Figures 1C, 1E, and S1E). Altogether, these results indicate that APC/CC411 mediates cell
cycle-dependent degradation of JNK through the KEN box.

Consistent with the role of Cdhl in JNK degradation, pull-down assays using recombinant,
bacterially-produced, tagged JNK and radiolabeled Cdh1 produced in rabbit reticulocyte
lysates revealed that JINK interacts in vitro with Cdh1l (Figures 2A and S2D). Conversely,
recombinant Cdhl (produced and purified from insect cells) was able to pull-down
radiolabeled JNK produced in reticulocyte lysates (Figure 2A, lower panels). Further, co-
immunoprecipitation assays using either overexpressed or endogenous components
confirmed JNK’s association with Cdhl in vivo (Figures S2E-F). Importantly, robust
interaction between endogenous Cdh1 and JNK proteins was cell cycle-dependent and
specifically apparent during exit from mitosis and G1 phase of the cell cycle (Figure 2B),
when the APC/CCdn js known to be activated. Finally, in vitro assays revealed that APC/
cCdhl could ubiquitinate JINK (Figures 2C and S2G). These data suggest that INK levels are
regulated by APC/CC4hl-mediated ubiquitination and subsequent proteasomal degradation.

Our experiments in Xenopus egg extracts suggested that Cdh1 is the limiting factor required
for cell cycle-dependent degradation of JNK. To test this possibility in mammalian cells, we
monitored JNK levels upon exogenous expression of Cdhl. Transient overexpression of
Cdh1 resulted in efficient degradation of JNK, which was blocked upon addition of the
proteasomal inhibitor MG-132 (Figure 2D). Conversely, depletion of Cdh1 from cells by
transfection of ShRNA directed against Cdh123 abolished the oscillation of JNK levels seen
during the cell cycle (Figures 2E and S2H). These findings strongly suggest that Cdh1 is
required to regulate JNK degradation during the cell cycle.
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Finally, in order to obtain a clearer understanding of the signaling pathway leading to JNK
degradation, we assessed whether JNK isolated from either nucleus or cytoplasm may
exhibit different levels of stability in degradation assays in vitro. Our analyses revealed that
nuclear-localized JNK is more susceptible to Cdhl-induced degradation (Figure 3A).
Indeed, a JNK protein isolated from the nuclear compartment of cells synchronized before
entry into mitosis, exhibited the shortest half-life (Figure 3A). Of note, INK degradation was
not detectable in cells subjected to UV-irradiation, suggesting that such degradation occurs
in normally cycling cells but not following a genotoxic insult (data not shown).
Interestingly, the kinase-deficient INK mutant (JNKAPF) exhibited a similar pattern seen for
the non-degradable version of INK (JNK2KEN) “indicating that JNK phosphorylation (and
activation) may be a prerequisite for its degradation (Figure 3A). These observations reveal
that degradation of JNK requires: (i) an intact KEN box, (ii) its prior activation
(phosphorylation at amino acids Thr183 and Tyr185 referred to as the TPY motif), (iii)
nuclear localization, and (iv) specific G2/M-dependent modification(s).

JNK activation and its role during the unperturbed cell cycle

Timely degradation of JNK, during exit from mitosis and the G1 phase of the cell cycle,
implies that its instability is required for cell cycle progression. Since JNK is a kinase, it is
plausible that INK mediates timely phosphorylation of cell cycle regulatory proteins. To
assess these possibilities, JINK activity was measured during the cell cycle. Interestingly,
JNK activity per se (as monitored by use of a phospho-JNK antibody and in vitro kinase
assays) was cell-cycle-regulated and restricted to G2 phase and early mitosis (Figure 3B).
Furthermore, we found that a fraction of JINK accumulates in the nucleus during G2 and
early M-phase and that this accumulation correlates with JNK activation in the nuclear
compartment (Figure 3C).

Given that JNK activation is limited to G2 and early M-phase20, we hypothesized that (i)
down-regulation of INK activity during exit from mitosis is, in part, due to JNK degradation
and (ii) JNK activation during G2-M might be required for unperturbed cell cycle
progression. To test these possibilities, we employed the non-degradable mutant of INK
(INKAKENY ' As noted above, we confirmed that this mutant displays kinase activity in vitro
(Figure S2B) and is cell cycle-activatable in vivo (Figures 4A and S4A; HFF-1 cells and 4B;
HeLa cells). Notably, biochemical analysis of synchronized cultured cells expressing
INKAKEN revealed prolonged JNK activity during the cell cycle, accompanied by attenuated
Cdk1 activity, despite elevated levels of cyclin B1, as compared to either synchronized
control cells or cells transfected with wild-type JNK (Figures 4A, S4A, and 4B).
Significantly, cells expressing INKAKEN alsg failed to induce Cdk1 dephosphorylation at
Tyrosine 15 (an event required for Cdk1 activation) and exhibited deficient degradation of
Weel during entry into mitosis (Figure 4B). Moreover, INK2KEN expression provoked
delayed cyclin B1 degradation kinetics during exit from mitosis (Figures 4-B and S4B) and
an abnormally higher population of cells in G2- and M-phases, as detected by fluorescence-
activated cell sorting (FACS) analysis (Figures 4C, HFF-1; and S4C, HeLa cells). Of note,
the degree of G2/M arrest induced by JNKAKEN expression varied depending on the cell
type used despite similar biochemical responses, with non-transformed (normal diploid)
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cells being affected to a greater degree (compare Figures 4C; HFF-1 cells and S4C; HelLa
cells).

Elevated levels of Weel have been correlated with low levels of Cdk1 activity
independently of cyclin levels24. Thus, JINK may directly regulate Weel stability. Indeed,
we found that INK interacts with Weel in vitro and in vivo using either overexpressed or
endogenous components. However, in vitro phosphorylation assays using bacterially
purified and active Weel and JNK revealed that neither kinase is a substrate for the other
(Figures S5A-G). These findings suggest that the JNK effect on Weel is likely indirect and
could be mediated by members of the Cdc25 family20.

JNK controls microtubules and mitotic spindle dynamics

Given the increase in total mitotic index observed in both HFF-1 and HeLa cells expressing
the INKAKEN mytant (Figures 4C and S4C, respectively), we used immunofluorescence to
analyze their mitotic spindle and chromosomal dynamics. HFF-1 cells that showed the most
significant G2/M arrest after expression of the INKAKEN mytant also displayed aberrant
microtubular structures reminiscent of collapsed mitotic spindles (Figure 5A). Furthermore,
to determine whether INKAKEN_expressing cells were impaired in entry into or exit from
mitosis, or both (Figure 5B), we performed live cell imaging using wild-type JNK- and
mutant INKAKEN_expressing HFF-1 or HeLa cells. Analyses of movies recorded using these
cultured cell lines (Figure 5C and Supplemental Movies) revealed that INKAKEN_expressing
cells exhibit delayed entry into mitosis and instead display a clear prometaphase-like arrest,
characterized by highly condensed DNA that failed to align into a metaphase plate (a
prerequisite for its proper segregation during progression through mitosis). Furthermore, we
confirmed that prometaphase-like arrest induced by JINKAKEN js mostly due to kinase
activity generated by this mutant protein in cells, since arrest is rescued by low doses of a
peptidic INK inhibitor (Figure 5D). Finally, a significant increase in aberrant mitotic figures,
including monopolar and multipolar spindles and misaligned and metaphasic lagging
chromosomes were noted in HeLa cells, which were more resistant to INKAKEN.induced
G2/M arrest (Figure 5E). These data establish that inhibition of JINK degradation, coupled
with its unrestrained activity throughout the cell cycle, affects entry into mitosis, which is
accompanied by abnormal mitotic microtubular and chromosomal structures.

JNK directly phosphorylates and regulates Cdh1

We observed a significant delay in the kinetics of cyclin B1 degradation in synchronized
HFF-1 and HeLa cells expressing the INKAKEN mutant, despite only a modest G2/M arrest
(Figures 4A—-C and S4A-C), suggesting that INK hyperactivation might directly affect
APC/C. In addition, in vitro and in vivo assays revealed interaction between JNK and Cdh1l
(Figures 2A-B and S2D-F). We therefore asked whether JNK contributes to Cdhl
regulation. Indeed, in vitro kinase analysis revealed that JNKs can phosphorylate Cdhl
within its N-terminal regulatory domain (Figure S6A). Detailed mutagenesis analysis
including all putative S/TP sites located in the N-terminus of Cdh1 (amino acids 1-215)
identified threonine 32 and serines 36 and 151 as JNK phosphoacceptor sites on Cdhl in
vitro (Figure 6A). To test for potential crosstalk between JNK- and Cdk-mediated Cdhl
phosphorylation, we analyzed the precise kinetics of activation of JINK, Cdk1, and Cdk2
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during the cell cycle. We found that initial activation of JNK during the cell cycle preceded
Cdk1 and was concomitant with Cdk2 (Figure S6B). Significantly, in vitro analyses revealed
that JINK and Cdk2 phosphorylate different residues at the Cdh1 N-terminus (Figure S6C),
while Cdk1 was able to phosphorylate all S/TP sites at the Cdhl N-terminus in vitro
(Figures S6D-E). Notably, Cdk1 phosphorylation of Cdhl in vitro was enhanced when
Cdh1 was initially phosphorylated by JNK, indicating that JINK phosphorylation of Cdhl
may prime its subsequent phosphorylation by Cdk1 (Figure 6B).

To assess the effect of Cdh1 phosphorylation by JNK, we monitored possible changes in
Cdh1’s ability to activate APC/C. A pre-requisite for Cdhl contribution to APC/C activity is
its interaction with the APC/C core complex6. Significantly, when we monitored interaction
between recombinant Cdhl (either unphosphorylated or phosphorylated by JNK in vitro)
and Cdc27 (a core subunit of the APC/C), we found that INK-phosphorylated Cdhl
displayed significantly reduced affinity for Cdc27, in three different cell lines (Figure 6C),
which is expected to limit Cdh1-dependent APC/C activity. Moreover, ubiquitination assays
indicated that INK-phosphorylated Cdh1 is less capable of activating APC/C in vitro
compared to its unphosphorylated counterpart (Figure 6D). Consistent with these
observations, we found that a fraction of Cdh1 relocates in the cytoplasm before mitosis in a
JNK-dependent manner (Figure 6E). These observations reveal a mechanism for Cdhl
exclusion from APC/C core components in the presence of active JNK, thereby pointing to
the role of JNK in the regulation of APC/C activity.

Finally, to test whether activation of JNK during the cell cycle (which occurs mainly in G2)
also induces Cdhl phosphorylation in cells, we synchronized HeLa cells and used a
phospho-specific antibody (Figure S6F), raised against a phosphorylated-Thr32/Ser36-
containing Cdh1 peptide. We found that Cdh1 phosphorylation at Thr32 and Ser36 likely
occurred during G2 and early entry into mitosis, shortly before cyclin B1 readily
accumulated in cells (Figure 7). Treatment of cells after release from S-phase arrest with
either a peptidic JNK inhibitor or INK1/2 shRNA abolished Cdh1 phosphorylation at Thr32
and Ser36 (Figure 7). Furthermore, inhibition of Cdk1/2 activation during the cell cycle by
use of roscovitine, a specific pan Cdk inhibitor, did not alter Cdh1 phosphorylation at Thr32
and Ser 36 (Figure 7), suggesting that JNK is a bona fide kinase for Cdh1 during the cell
cycle that acts independently of Cdks.

JNK limits Cdh1 activation during cell cycle progression

We next assessed whether Cdh1 phosphorylation by JNK regulates cell cycle progression.
Expression of the INKAKEN mytant in cells correlated with enhanced phosphorylation and
cytoplasmic localization of Cdhl (Figure 8A). This result confirms that INK-mediated Cdh1l
phosphorylation affects its localization and therefore regulates Cdh1’s ability to activate
APC/C and recruit its bona-fide substrates. Furthermore, expression of non-
phosphorylatable forms of Cdhl, which are mutated in either the JNK or the Cdk2
phosphoacceptor sites characterized here, decreased steady-state levels of Cdc20, Plk-1, and
cyclin B1, typical substrates of APC/CCdN (Figure 8B), confirming that Cdh1’s
phosphorylation by JNK (and Cdk2) negatively regulates its contribution to APC/C
function. Moreover, ectopic expression of these non-phosphorylatable Cdh1l mutants was
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sufficient to block cell cycle progression, as evidenced by induction of G2/M arrest as
detected by FACS (Figure 8C). Further, inhibition of INK activity induced marked
reduction and delayed accumulation of cyclin B1 in HFF-1 and HeLa cells, respectively,
phenotypes rescued by Cdh1 down-regulation by shRNA (Figures 8D, for HeLa and S6G,
for HFF-1). Finally, we found that in MEFs obtained from JNK1/2 DKO animals,
expression levels of cyclin B1 and Cdc20 were partially repressed, which could be restored
upon inhibition of Cdh1 activity (Figure 8E). These findings suggest that unrestrained
activation of Cdh1 occurs during cell cycle progression in the absence of JNK activation.

Discussion

Our study uncovers an unexpected link between JNK (a major stress kinase) and Cdh1 (an
important cell cycle regulator) in the control of APC/C activity and cell cycle progression,
through direct phosphorylation and inhibition of Cdh1 function.

The observation that activation of endogenous JNK occurs during G2- and early M-phase20,
25, 26 suggests that INK degradation is one of the mechanisms responsible for kinase
inactivation after mitosis. Consistent with this possibility is the observation that activated
INK is preferentially targeted by APC/CC4-mediated degradation. However, initial
inactivation of JNK seems to start prior to its ubiquitination and degradation by the APC/
CCdnl The latter suggests the existence of a JNK-specific phosphatase responsible for its
inactivation during mitosis, thereby derepressing the APC/CCdh1 complex in conjunction
with Cdh1 dephosphorylation mediated by the Cdc14 phosphatases27—-29.

It is important to emphasize that the newly discovered function of JNK in cell cycle control
is likely of physiological relevance under conditions in which JNK degradation is impaired.
Such conditions could occur in settings where JNK expression and activity are constitutively
high, and would resemble phenotypes seen following expression of the INKAKEN mytant20.
Elevated JNK expression or activity, as often seen in human tumors, could be due to
increased transcription or impaired degradation and mimic the effects of a non-degradable
form of JNK, which deregulates cell cycle progression. In agreement, changes in Cdhl
expression or in the activity of the APC/C would result in increased JNK expression during
the cell cycle.

Consistent with the notion that JNK activity is important for cell cycle progression are
findings that inhibiting JNK activity either by pharmacological inhibitors30 or genetic
deletion31 impairs the G2- to M-phase transition or general cell cycle progression,
respectively. Finally, histone H3, Aurora B, and Cdc25C were recently suggested to be
regulated by the JNK pathway during the cell cycle20, 25, 26, indicating that JNK may
contribute to additional cell cycle-regulated processes.

Overall, our data establish that INK levels and activity are tightly controlled during the cell
cycle to ensure seamless entry into mitosis under normal growth conditions.
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Methods

Methods and any associated references are available in the online version of the paper at
http://www.nature.com/naturecellbiology/

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. INK is degraded in vivo and in vitro in a cell cycle- and KEN box-dependent manner
(A) Multi-alignment of a selected protein sequence from the ten members of the human JNK

family. Highlighted in italics and underlined is the activation loop (amino acids 183-185, in
JNK2a2); in bold and underlined is the KEN box (amino acids 203-205, in INK2a2) and
underlined a putative Destruction-box (D-box) (amino acids 295-298, in INK2a.2). (B)
Extracts prepared from HelLa cells were synchronized by a double-thymidine block (DTB)
and analyzed over a period of 18 h by immunoblotting using the indicated antibodies. INK2
displays as a 54kDa band (*) while JNK1 displays as a 46kDa band (+). FACS analysis
confirming the synchronization is shown in Figure S1A. (C) Synchronized HeLa cells
overexpressing either HA-tagged JNK2 (wild-type or mutants) or HA-tagged JIP1 (JNK
Interacting Protein 1) or control-transfected cells were analyzed by immunoblotting with
antibodies against HA-tag, cyclin B1, or tubulin. Quantification of INK2 (wild-type or
mutants) levels for each synchronization is shown in the graph. (D) JNK2 in vitro
degradation assays in concentrated extracts prepared from HelLa cells released after being
synchronized by either DTB (left panels) or nocodazole arrest (right panels). FACS data is
included in Figure S1G. (E) JNK2 in vitro degradation assays in Xenopus laevis egg
extracts. Uncropped images for key results of this figure are shown in Figure S7.
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Figure 2. JNK levels are directly regulated by APC/CCdNl mediated protein degradation during
the cell cycle

(A) Top panels: in vitro binding assay using recombinant 6xHis-tagged JNKs and Cdhl/fzr
translated in reticulocyte lysates and radiolabeled with 3°S-methionine. Bottom panels: in
vitro binding assay using recombinant 6xHis-tagged Cdh1 and JNK2 translated in
reticulocyte lysates and radiolabeled. Autoradiograms and Coomassie-stained gels are
shown. (B) In vivo binding between endogenous JNKs and endogenous Cdhl
immunoprecipitated from synchronized HeLa cells released from a double-thymidine block
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(DTB). INK2 displays as a 54kDa band (*) while INK1 displays as a 46kDa band (+). (C) In
vitro ubiquitination assay using JNK2 (wild-type or mutants) and immunoprecipitated
APC/C complex from exponentially growing HeLa cells supplemented with Cdhl. (D)
Overexpression of myc-tagged Cdhl induces JNK degradation in HeLa cells. Time-course
refers to hours after transfection of cells with Cdh1. Graph shows a quantification of the
JNK signal. (E) Cell-cycle-synchronized Cdhl RNAIi’d HelLa cells were analyzed by
immunoblotting for expression levels of Cdh1 and JNK. Uncropped images for key results
of this figure are shown in Figure S7.
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Figure 3. INK activation during the cell cycle regulates its subcellular localization and
degradation

(A) Invitro degradation assays, performed in Xenopus laevis interphase egg extracts
supplemented with recombinant Cdh1, of FLAG-tagged JNK2 proteins (either wild-type or
mutants) isolated from HelLa cells transfected for 48 h. Cells were either untreated (Control),
UV-irradiated (45 J/m2) and harvested after 45 min (UV) or synchronized by DTB and
harvested before mitosis (6 h after release) (G2). Extracts from these cells were separated
into nuclear or cytosolic fractions when indicated. The different extracts were subjected to
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anti-FLAG immunoprecipitation. The bound material was eluted with the help of a
saturating concentration of FLAG peptide, quantified and volume-adjusted before being
used in the degradation assays. Signal observed was detected by FLAG immunoblotting and
quantified with the help of the Odyssey software (LiCOR Biosciences). Numbers on the
right depict the percentage of JINK2 protein degradation for each assay at the 120 min time
point. Levels of JunB (whose reduction is a marker of G2-phase) were assessed in the
double-thymidine blocked (DTB) versus 6 hours-released G2 extracts. FACS analyses are
also included. (B) JNK activity (as detected, by either p-JNK blot or in vitro kinase assay
using immunoprecipitated JNK) during the cell cycle in synchronized HeLa cells after
release from a double-thymidine block (DTB). (C) HeLa cells synchronized by DTB at early
S-phase, were harvested at the indicated times after release and biochemically separated into
nuclear and cytosolic fractions. Each fraction was then analyzed with the indicated
antibodies by immunoblotting. B23/nucleophosmin and GAPDH serve as nuclear and
cytosolic markers, respectively. In this figure, INK2 displays as a 54kDa band (*) while
JNK1 displays as a 46kDa band (+).Uncropped images for key results of this figure are
shown in Figure S7.
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Figure 4. Unrestricted activation of INK during cell cycle progression regulates Weel’s levels,
Cdk1 activity, and entry into mitosis

(A) Biochemical cell cycle analyses of HFF-1 cells transfected with empty plasmid
(Control), INK2 wild-type (wt) or the INK22KEN mytant after DTB and release. Levels of
overexpressed FLAG-tagged JNKs were analyzed by immunoblot together with levels of
cyclin B1, phosphorylated-histone H3 at Serine 10 (p-histone H3) and tubulin (as loading
control). Immunokinase assays of INK (using GST-Nt-c-Jun as substrate) and Cdk1 (using a
6xHis-tagged kinase-dead Weel as substrate) were performed. FACS data is included in
Figure S4A. (B) Similar experiments as described in (A) but using HeLa cells. Levels of
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overexpressed FLAG-tagged JNKs were analyzed by immunoblot together with levels of
cyclin B1, Weel and actin (as loading control). Immunokinase assays of JNK (using GST-
Nt-c-Jun as substrate) and Cdk1 (using histone H1 as substrate) were performed. (A and B)
Degradation pattern of INK2-wt along the cell cycle is not obvious due to the efficient
expression of INK2 when using the pEF-FLAG plasmid (see Figures S1D-E for details).
(C) Flow cytometry cell cycle analyses performed in HFF-1 cells overexpressing the
indicated constructs under the stated treatments (noc: nocodazole treatment —18 hours). The
percentage of cells in G1, S, and G2/M (a mixed population of cells in G2 and mitosis)
phases of the cell cycle are included for one representative experiment. Experiments were
repeated at least three times. Uncropped images for key results of this figure are shown in
Figure S7.
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Figure 5. Hyperactivation of JINK during unperturbed cell cycle induces aberrant microtubular
and chromosomal structures and a prometaphase-like arrest in cells

(A) Immunofluorescence microscopy performed in HFF-1 cells. Upper left panels depicts
normal spindles in cells expressing INK2 wild-type. Bottom left panels shows cells arrested
in early mitosis and abnormal microtubular structures seen upon expression of JINK22AKEN,
Tubulin is visualized in red and DNA in blue. Graphs on the right panels correspond to the
G2/M (mitosis) arrest quantification observed by microscopy in HFF-1 cells expressing
INK22KEN (n =900 cells counted) versus INK2 wild-type (n = 1200 cells counted) and the
penetrance of the aberrant microtubular structures found in the cells arrested in the mitosis-
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like state. (B) Flow cytometry cell cycle analyses performed in HFF-1 cells overexpressing
the indicated constructs under the stated treatments (noc: nocodazole —18 hours), for a
representative experiment used to perform the microscopy depicted in (A). The percentage
of cells in G1, S, and G2/M (a mixed population of G2 and mitosis) phases of the cell cycle
are included. Experiments were repeated at least three times. (C) Top panels, captions taken
from live imaging movies using either HeLa cells stably transfected with GFP-H2B or
HFF-1 cells after overexpression of the indicated JNKs (for 24 h). Bottom panel,
quantification of the prometaphase-like arrest induced by JINK22KEN expression (for 24 h)
in HeLa and HFF-1 cells. (D) Quantification of the percentage of HFF-1 cells in
prometaphase-like arrest (as detected by immunofluorescence analysis after 24 h) under the
conditions indicated. APF refers to a kinase-dead version of INK2 (Thr183Ala, Tyr185Phe
mutant)32. [i]-n corresponds to three different concentrations (n=1-3) of JNK inhibitor VII
(100 nM, 0.5 pM, and 1 uM) used for 16 h. (E) Immunofluorescence analysis of mitotic
spindles in HelLa transfected (for 48 h) with INK2 wild-type (wt) or KEN-deleted mutant
(JINK2-AKEN). Tubulin is shown in green and DNA (chromosomal) staining with DAPI in
blue.
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Figure 6. INK-mediated phosphorylation of Cdh1 regulates its function
(A) Invitro kinase assays using active JNK and MBP-Cdh1 wild-type (wt) or single

phosphorylation sites mutants. (B) In vitro kinase assays using active JNK and Cdk1 either
alone or sequentially (first reaction —priming— was performed using cold ATP) and
recombinant MBP-Cdh1 as substrate. (C) Unphosphorylated or in vitro phosphorylated
6xHis-Cdhl by JNK, were used to pull-down Cdc27 from extracts produced from
exponentially growing cell lines. (D) In vitro ubiquitination assay using APC/C complex
immunoprecipitated from HelLa cells and either unphosphorylated or JNK-phosphorylated
Cdhl and 6xHis-TOME-1 as substrate. Ubiquitination reactions were performed in the
presence of 32P-labeled ubiquitin (previously phosphorylated by PKA in vitro) and were
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analyzed by SDS-PAGE and Phosphorimaging. Membrane was probed with TOME-1
antibodies to detect levels of unmodified substrate. (E) Nuclear (N) and Cytosolic (C)
fractions produced from HeLa cells synchronized by a DTB and released (0, early S-phase
arrest; and 6 h, G2 phase) into control or INK VII inhibitor-containing media (JNKi; 10 pM
added at 4 hours release time-point). Extracts prepared from these fractions were analyzed
by Cdc27 immunoblotting and subjected to Cdhl immunoprecipitation followed by Cdh1
and phospho-ThrPro (pTP) immunoblotting. B23/nucleophosmin and PI3K serve as nuclear
and cytoplasmic markers, respectively. Levels of JunB (whose reduction is a marker of G2-
phase) were assessed in the 0 h (double-thymidine blocked) versus 6 h-released (G2)
extracts, only for the control conditions. FACS analyses are also included. Uncropped
images for key results of this figure are shown in Figure S7.
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Figure 7. INK phosphorylates Cdhl in cells independently of CDKs activation
Phosphorylation status of endogenous Cdh1l after immunoprecipitation at residues Threonine

32 (T32) and Serine 36 (S36) in cell cycle-synchronized HeLa cells after a double-thymidine
block (DTB). JNKi (JNK VII inhibitor) was used at 10 uM at the 4 hours release time-point.
Roscovitine was utilized at 100 uM at the 6 hours release time-point. Down-regulation of
JNK1 and JNK2 achieved by means of ShRNA, is shown in the inset panels (bottom right).
Western-blot corresponds to the 0 h time-point; INK2 displays as a 54kDa band (*) while
JNK1 displays as a 46kDa band (+). CDKs assays were performed in vitro —using total
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extracts— by assessing 32P-y-ATP incorporation in histone H1 as substrate. JNK activity was
assessed in vitro, using total extracts incubated with cold ATP and recombinant GST-N-
terminus-tagged c-Jun, and revealed by immunoblotting using phospho-Ser63-c-Jun
antibodies following a GSH-pull down. Uncropped images for key results of this figure are
shown in Figure S7.
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Figure 8. INK-mediated phosphorylation of Cdh1 affects cell cycle progression
(A) Nuclear (N) and Cytosolic (C) fractions produced from HeLa cells, expressing either

control or pEF-FLAG-IJNK2a2-AKEN plasmids, were synchronized by a DTB and release
(0; early S-phase arrest and 6 h; G2 phase) and analyzed by Cdh1 immunoprecipitation
followed by Cdh1 and phospho-ThrPro (pTP) immunoblotting. B23/nucleophosmin and
PI13K serve as nuclear and cytoplasmic markers, respectively. (B) Immunoblot analysis of
Cdc20, Plk-1, and cyclin B1 protein levels in cells expressing for 36 h either Cdhl wild-type
(wt) or non-phosphorylatable triple mutants: (i) Threonine 32, Serines 36 and 151 to Alanine
(a protein that cannot be phosphorylated by JNK) or (ii) Serines 40 and 70 and Threonine
121 to Alanine (a protein that is significantly less phosphorylated in vitro by Cdk2, see
Figure S21). (C) Flow cytometry cell cycle analysis performed in HeLa cells overexpressing
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the indicated constructs. The percentage of cells in G1, S, and G2/M (a mixed population of
G2 and mitosis) phases of the cell cycle are included. (D) HeLa cells infected, with either
control or INK1/2 shRNAs for 24 h, were cell cycle-synchronized by a double-thymidine
block (DTB). Cells were also transfected after the first thymidine treatment with either
control or Cdhl shRNAs. Levels of INK, Cdh1, and tubulin were assessed at time zero
before release (bottom panels) and changes in cyclin B1 and PIk-1 levels and tubulin (as
loading control) were analyzed during a cell cycle kinetic of 18 h. (E) Extracts from MEFs
isolated from either wild-type or INK1/2 DKO animals were analyzed by immunoblotting
using antibodies directed against major cell cycle regulators (as shown), under
downregulation of Cdhl for 36 h by means of sShRNA where indicated. In this figure, INK2
displays as a 54kDa band (*) while INK1 displays as a 46kDa band (+).Uncropped images
for key results of this figure are shown in Figure S7.
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