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Regulated interaction of ID2 with the anaphase-
promoting complex links progression through
mitosis with reactivation of cell-type-specific
transcription
Sang Bae Lee 1,2✉, Luciano Garofano 1, Aram Ko 1, Fulvio D’Angelo 1, Brulinda Frangaj1, Danika Sommer1,

Qiwen Gan1, KyeongJin Kim 3, Timothy Cardozo 4, Antonio Iavarone 1,5,6,7✉ & Anna Lasorella 1,5,7,8✉

Tissue-specific transcriptional activity is silenced in mitotic cells but it remains unclear

whether the mitotic regulatory machinery interacts with tissue-specific transcriptional pro-

grams. We show that such cross-talk involves the controlled interaction between core

subunits of the anaphase-promoting complex (APC) and the ID2 substrate. The N-terminus

of ID2 is independently and structurally compatible with a pocket composed of core APC/C

subunits that may optimally orient ID2 onto the APCCDH1 complex. Phosphorylation of

serine-5 by CDK1 prevented the association of ID2 with core APC, impaired ubiquitylation

and stabilized ID2 protein at the mitosis-G1 transition leading to inhibition of basic Helix-

Loop-Helix (bHLH)-mediated transcription. The serine-5 phospho-mimetic mutant of ID2

that inefficiently bound core APC remained stable during mitosis, delayed exit from mitosis

and reloading of bHLH transcription factors on chromatin. It also locked cells into a “mitotic

stem cell” transcriptional state resembling the pluripotent program of embryonic stem cells.

The substrates of APCCDH1 SKP2 and Cyclin B1 share with ID2 the phosphorylation-depen-

dent, D-box-independent interaction with core APC. These results reveal a new layer of

control of the mechanism by which substrates are recognized by APC.
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The progression of the eukaryotic mitotic cycle is controlled
by ordered oscillations of cell cycle regulators1,2.
Ubiquitin-mediated proteolysis underpins this process,

which is mostly controlled by the multi-subunit ubiquitin ligase
anaphase promoting complex/cyclosome (APC/C, APC
hereafter)3–8. The activity of APC is modulated during mitosis by
the structurally related CDC20/Fizzy and CDH1/FZR1 coactiva-
tors that induce conformational changes in the APC complex9.
Temporal control of the binding of these two coactivators to APC
(APCCDC20, APCCDH1) and targeting of distinct substrates
ensures metaphase to anaphase transition, exit from mitosis and
entry into the G1 phase of the cell cycle, respectively10–16. A
characteristic feature of cells undergoing mitosis is the drastic
down-regulation of transcription17–21. In spite of the global
decrease of gene expression during mitosis, proliferating cells are
able to transfer transcriptional programs from mother to
daughter cell and preserve their cell identity. As cells exit mitosis
and enter G1, the amplitude of gene expression is reestablished
through sequential transcription waves that re-institute cell-type-
specific functions17,18,20. It was reported that in embryonic stem
cells, APC controls gene expression through an interaction with
WDR5 at promoters of pluripotency factors, decorating histones
with K11/K48-branched chains leading to proteasome-mediated
histone degradation and rapid expression of pluripotency factors
after mitosis22. However, it remains incompletely understood
whether and how APC substrates orchestrate the cross-talk
between cell division and transcriptional programs of cell iden-
tity. This is especially relevant as APC activated by CDH1
orchestrates mitotic exit and the initiation of G1-specific differ-
entiation programs23. One of the substrates of APCCDH1 is the
Inhibitor of Differentiation 2, ID2 protein24. ID2 belongs to the
evolutionary conserved ID family of transcription regulators that
function to inhibit binding to DNA and activity of bHLH tran-
scription factors, key determinants of cell fate determination and
differentiation in multiple tissue types25–29. We showed that ID2
is recruited by CDH1 through the D-box located within the ID2
C-terminal region and is targeted for degradation by APC. We
also determined that in neuronal cells degradation of ID2 by
APCCDH1 is maximally achieved as differentiation is completed24.
However, it remains unknown whether there is a requirement for
temporal APC-mediated regulation of ID2 during the cell cycle,
in particular at mitosis-G1 transition when expression of cell
identity genes undergoes rapid changes. Here, we show that the
N-terminal region of ID2 and the phosphorylation state of ID2-
Ser-5 regulates ID2 binding to a pocket composed of core APC
subunits and this interaction is essential for optimal positioning
of ID2 onto the APCCDH1 complex. Ser-5 phosphorylated ID2 is
unable to bind APC in mitosis and is stabilized. As cells exit
mitosis, ID2 is dephosphorylated, recruited by APC and targeted
for ubiquitin-mediated proteasomal degradation. The dynamic
changes of the association of ID2 with APC affect chromatin
binding of bHLH transcription factors and transcriptional activity
at mitosis-G1 transition, thus suggesting a regulatory role for ID2
in the transcriptional adjustment of distinct cellular programs
after mitosis.

Results
Distinct domains of ID2 bind core APC and the CDH1 coac-
tivator. We reported that the D-box of ID2 mediates the inter-
action with the CDH1 co-activator of APC, but not the core APC
complex24. As both regulation and functional consequences of the
binding between core APC and ID2 remain to be charted, here we
sought to decipher the significance of this interaction. To identify
the domain of ID2 that mediates the interaction with core APC,
we generated deletion mutants of the ID2 protein and expressed

GST-ID2 polypeptides in bacteria as purified GST fusion proteins
(Supplementary Fig. 1a). The N-terminal region of ID2 (amino
acids 1–50) retained full ability to bind core APC as documented
by GST pulldown after incubation of different GST-ID2 poly-
peptides with HeLa cell lysate and western blot for the APC core
subunits APC3 or APC5 (Fig. 1a). However, the ID2 polypeptide
including amino acids 15–50 failed to bind either APC3 and
APC5, revealing that the first 15 amino acids of ID2 are essential
for recruitment of core APC. C-terminal deletions extending up
to amino acid 29 (GST-ID2 1–29) did not eliminate binding to
core APC. Conversely, the interaction of ID2 with the CDH1
coactivator was strictly dependent on the presence of the
C-terminally located D-box at residues 100–104, as shown by
successful binding to CDH1 only of the Id2-ΔHLH and ID2
100–134 polypeptides, both of which retain an intact D-box but
not the deletion mutants that lack amino acids 100–104,
regardless of their binding to core APC (Fig. 1a, Supplementary
Fig. 1a). Thus, the ID2 protein exhibits a dual capacity to capture
the APCCDH1 holocomplex whereby the N-terminal region cap-
tures core APC whereas the C-terminal D-box is independently
recruited by CDH1.

Next, we performed detailed N-terminal amino acid deletions
within the first 40 residues of ID2 to identify the N-terminal
residues essential for the ID2-core APC interaction. Surprisingly,
a minimal deletion of 3 amino acids was tolerated for core APC
binding (ID2 3–40) whereas deletion of the first 8 amino acids of
ID2 (ID2 8–40) abolished the interaction with core APC (Fig. 1b).
Despite sharing with ID2 the C-terminal D-box and the
interaction with CDH124, the ID family member ID1 exhibits
divergent amino acid sequences at the N-terminal domain
(Supplementary Fig. 1b). Consistent with the notion that the
N-terminal residues of ID2 are essential for binding core APC,
ID1 was unable to bind core APC in vitro (Fig. 1b).

We recently found that the N-terminal region of ID2 can be
phosphorylated on three residues, serine-5, serine-14, and
threonine-2730. We therefore asked whether phosphorylation of
any of the three amino acids, modeled through the phospho-
mimetic mutations of serine-5 to aspartic acid (S5D), serine-14 to
aspartic acid (S14D) and threonine-27 to glutamic acid (T27E),
might impact the ability of full-length ID2 to bind core APC and
CDH1. Whereas CDH1 binding was preserved in ID2 harboring
each of the three phospho-mimetic mutations, binding to core
APC was disrupted by mutation of the evolutionarily conserved
S5 (ID2-S5D), but not ID2-S14D or ID2-T27E (Fig. 1c,
Supplementary Fig. 1c). None of the ID2 phospho-mimetic
mutants affected the interaction with the ubiquitous bHLH
transcription factor E47, which is mediated by the HLH domain
(amino acids 35–76) of ID2 (Fig. 1c). These findings underscore
the specificity of the binding of the N-terminal region of ID2 to
core APC and the potential regulation of this interaction by S5
phosphorylation.

To test whether the mechanisms uncovered in vitro also
operate to regulate the interaction of ID2 with core APC and
CDH1 in vivo, we expressed the wild type FLAG-ID proteins
(ID1, ID2, ID3, ID4) and multiple mutants of FLAG-ID2 in HeLa
cells and evaluated the ability of the FLAG-ID proteins to co-
immunoprecipitate core APC and CDH1. In this system, wild
type FLAG-ID2 but not FLAG-ID1 or FLAG-ID4 bound
efficiently to core APC, as determined by FLAG immunopreci-
pitation followed by western blot for APC1 and APC3. FLAG-
ID1, FLAG-ID2, and FLAG-ID4 exhibited similar binding to
CDH1 (Fig. 1d). FLAG-ID3, which lacks a D-box and is not
targeted by APCCDH1 for ubiquitin-mediated proteasomal
degradation24, failed to bind either core APC or CDH1. As
expected, all ID proteins co-immunoprecipitated the endogenous
bHLH transcription factors E47 and HEB (Fig. 1d). Mirroring the
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in vitro findings, the ID2-S5D phospho-mimetic mutant protein
failed to bind core APC subunits but retained binding to CDH1
(Fig. 1e). Conversely, the ID2 protein harboring a mutated D-box
(ID2-DBM) bound to core APC but not CDH1, therefore
confirming that the C-terminal D-box and the N-terminal S5-
containing domain of ID2 differentially capture CDH1 and core
APC, respectively. The ID2-S5A phospho-mutant and both ID2-
S14A phospho-mutant and ID2-S14D phospho-mimetic proteins
interacted with core APC and CDH1 as efficiently as wild-type
ID2 (Fig. 1e). Binding to E47 was unaffected by S5A and S5D
mutations, confirming in vivo the specificity of ID2-S5 phos-
phorylation as the mechanism for the regulation of the
interaction with core APC (Fig. 1f).

To unequivocally demonstrate that the interaction of ID2 with
CDH1 does not influence the binding of core APC to the S5-
containing N-terminal region, we silenced CDH1 and immuno-
precipitated the FLAG–ID2–APC complex. Loss of CDH1 did not
affect the ability of wild type and S5A FLAG-ID2 to co-precipitate
core APC whereas the ID2-S5D phospho-mimetic mutant was
defective in APC binding regardless of whether CDH1 was
present or absent in HeLa cell lysate (Fig. 1g).

We explored the mechanism of the binding of ID2 to core APC
and CDH1 by computational molecular docking. A N-terminally

derived ID2 peptide spanning the S5 phosphorylation site (amino
acids 2–8) exhibited a strong propensity to dock in a pocket
between the two APC3 monomers in high-resolution crystal
structure of the APC3 homodimer (Fig. 2a). We did not detect
alternative docking sites in other CDH1-proximal, APC subunits.
However, these structures are of suboptimal experimental
resolution. Next, we built a model of the ID2 polypeptide (amino
acids 2–106) including the N-terminal region, the dimerizing
HLH domain, and C-terminal D-box docked onto the cryo-EM
structure of the APCCDH1 holocomplex. In this model, the
N-terminal ID2-S5-containing peptide positioned within the
APC3 homodimer pocket with geometry, space, and energy
consistent with the four-helix ID2 HLH homodimer nestling
alongside the CDH1 beta-propeller domain and the C-terminal
D-box bound to the canonical CDH1 D-box-binding site (Fig. 2b,
c, Supplementary Fig. 2). ID2 occupies a conspicuously large
cavity in the APCCDH1 complex, the walls of which are formed by
CDH1, APC7, APC10, and APC16 and the floor is formed by
APC3. This cavity accommodates the N-terminal ID2-S5-
containing peptide docked within the APC3 homodimer pocket
as well as the four-helix ID2 HLH homodimer nestling alongside
the CDH1 beta-propeller domain and the C-terminal D-box
bound to the canonical CDH1 D-box binding site as a single
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Fig. 1 The N-terminal region of ID2 including Ser-5 is necessary for the interaction between ID2 and core APC subunits. a GST-ID2 WT and deletion
mutants of the N- and C-terminus were incubated with lysates from HeLa cells. Bound proteins were analyzed by western blot. Lower panel, Coomassie
staining of GST-ID2 proteins used in the GST pull-down. b GST pull-down using GST-ID2 WT and N-terminus deletion mutants and HeLa cell lysates.
Bound proteins were analyzed by western blot. Lower panel, Coomassie staining of GST-ID2 proteins used in the GST pull-down. c GST pull-down using
GST-ID2 proteins and U-2 OS cell lysates followed by western blot. Arrowhead, specific band; asterisk, non-specific band. Lower panel, Coomassie staining
of GST-ID2 proteins used in the GST pull-down. d In vivo interaction between ID family members expressed in HeLa cells and core APC subunits, CDH1
coactivator, and bHLH transcription factors (E47 or HEB). ID interacting proteins were detected by FLAG immunoprecipitation followed by western blot for
endogenous proteins as indicated. e Interaction between ID2 phosphorylation mutants and D-Box mutant (DBM) expressed in HeLa cells and core APC
subunits or CDH1 coactivator. ID2 interacting proteins were detected by FLAG immunoprecipitation followed by western blot for endogenous proteins as
indicated. f FLAG-ID2-S5 phospho-mutants expressed in HeLa cells were immunoprecipitated and probed by western blot for the association with
endogenous E47. g HeLa cells transduced with non-targeting or CDH1 siRNA were transfected with FLAG-ID2 WT or ID2-S5 phospho-mutants. Cellular
lysates were used in FLAG immunoprecipitation followed by western blot for core APC subunits and CDH1 (left panel). Right panel, whole cellular lysates.
Molecular weight markers are indicated in kDa. Coomassie staining in a–c was performed on SDS-gels loaded with the same GST-fusion protein amounts
used in the binding reactions. APC proteins and CDH1 are from the same blots in each panel; E47 and HEB in panel d are from two independent gels; FLAG
is from an independent gel; Loading controls are from the same gel as HEB in d, FLAG in e, E47 in f, APC1/APC3/CDH1 in g. Experiments were repeated
two times with similar results.
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chain with no significant clashes (Fig. 2b, c, Supplementary
Fig. 2). In this conformation, the S5 side-chain is tightly packed
into a relatively hydrophobic space that cannot spatially or
electrostatically accommodate phosphorylation. Upon docking
the same peptide with phosphorylated S5 (ID2-phospho-S5-
amino acids 2–8) or mutated to aspartic acid (D), the
phosphopeptide positioned to a different location enclosed
entirely within one APC3 monomer (Fig. 2a). In this conforma-
tion, the linker connecting S5 to the ID2 HLH domain (ID2
amino acids 9–29) is too large to fit into the intervening space and
thus is incompatible with the 3D structure of the APCCDH1

holocomplex (Fig. 2d). To test the requirements of the APC3
pocket for the interaction with ID2 in accordance to the APC3-
ID2 (amino acid 2–8) modeling, we generated mutant of APC3-
Y21 to F/W, APC3-D81 to G/H, and APC3-L120 to R/V, amino
acids that exhibit close contact with the ID2 peptide (Supple-
mentary Fig. 3a–d). We performed binding of in vitro translated
APC3 wild type and mutant with recombinant GST-ID2 by GST
pull down. We included CDK1 phosphorylated GST-ID2 as
control for loss of APC3-ID2 binding (see Fig. 3, Supplementary
Fig. 4c for CDK1-mediated phosphorylation of ID2-S5). We
found that all APC3 mutants abolished the binding to ID2 in this
assay (Supplementary Fig. 3e). However, the same mutations did
not alter APC3 homodimerization, that is the interaction between

in vitro translated HA-APC3 wild type and mutant polypeptides
with FLAG-APC3 expressed in HeLa cells (Supplementary
Fig. 3f). Similarly, the interaction between in vitro translated
HA-APC3 mutants with endogenous APC1 from HeLa cells
was unaffected (Supplementary Fig. 3g).

Taken together, our in vitro and in vivo experiments,
corroborated by the computational molecular docking of ID2
within the APCCDH1 holocomplex, converge on the ability of ID2
to capture core APC and CDH1 through two different regions.
Phosphorylation of S5 in the N-terminal region of ID2 emerged
as an event that could potentially regulate the interaction with
core APC.

Cdk1-mediated phosphorylation of serine 5 of ID2 in mitosis
regulates ubiquitylation and destruction by APC. The binding
of core APC and CDH1 to separate regions of ID2 suggests that
efficient APCCDH1-mediated degradation of ID2 may require
cooperative recruitment of different APC components by the
N-terminal and C-terminal domains of ID2, respectively. Under
this scenario, the failure to recruit core APC by the ID2-S5D
phospho-mimetic mutant might result in inefficient degradation.
As the enzymatic ubiquitin ligase activity of the APC holocom-
plex towards ID2 requires the CDH1 co-activator24, we first asked
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whether destruction of FLAG-ID2 by CDH1 was impaired by the
ID2-S5D phospho-mimetic mutation. Expression of CDH1 led to
marked decrease of wild-type ID2 and ID2-S5A but ID2-S5D and
ID2-DBM were resistant to CDH1-mediated destabilization
(Fig. 3a). To determine the relevance of each phosphorylation
event at the N-terminus for destruction of ID2, we monitored the
rate of degradation of ID2 wild type and ID2 mutants S5A, S5D,
S14D and T27E. In transiently transfected HeLa cells, the half-life
of ID2-S5D was extended ~5-fold compared to ID2 wild type
(Fig. 3b, c). Conversely, the S5A phospho-mutant was degraded
more efficiently than the wild type protein. The rates of degra-
dation of the S14D and T27E phospho-mimic mutants were
comparable to wild type ID2. The inefficient degradation of ID2-
S5D and the increased instability of ID2-S5A were independently
confirmed by determining their half-life in a different cell line
(U251 glioma, Supplementary Fig. 4a, b). These findings indicate

that the inability to recruit core APC by ID2-S5D phospho-
mimetic mutant leads to inefficient degradation.

As the primary function of the APCCDH1 ubiquitin ligase is to
control mitotic exit and entry into the G1 phase of cell cycle, we
sought to identify the S5 kinase of ID2. We also set out to
determine whether ID2-S5 phosphorylation is regulated during
cell cycle progression and whether such regulation is associated
with changes in ID2 protein accumulation and the ID2–APC
interaction. To uncover the cell cycle-dependent regulation of
ID2-S5 phosphorylation, we generated and validated the
specificity of antibodies against each of the three phospho-ID2
peptides (S5, S14, T27, Supplementary Fig. 4c)30. To monitor cell
cycle regulation of ID2-S5 phosphorylation independently of the
well-known transcriptional fluctuations of the ID2 gene31,32, we
generated stable HeLa cells expressing FLAG-ID2, synchronized
them at the G1/S interphase by double thymidine block and
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released cells into cycling at different times after the block.
Phosphorylation of ID2-S5 was low in arrested cells (time “0”)
but progressively increased as cells moved into active cycling with
maximal levels reached 8 h after release, a time corresponding to
transition through mitosis, as evidenced by cell cycle profiles with
fluorescence activated cell sorting (FACS) and positivity for
phospho-histone H3 (Fig. 3d, Supplementary Fig. 4d). Mimicking
the abrupt collapse of mitotic cyclins that marks exit from mitosis
and entry into G1 10 h after release from the thymidine block,
ID2-S5 phosphorylation and the total cellular levels of ID2 were
also markedly down-regulated. To determine whether the
changes of ID2-S5 phosphorylation detected as cells transit
through mitosis and enter into G1 might impact the ability of ID2
to bind core APC, we immunoprecipitated FLAG–ID2 using
limiting volume of anti-FLAG beads, thus saturating and
equalizing the amounts of FLAG–ID2 complexes captured at
different cell cycle times, and analyzed ID2 phosphorylation of
FLAG immunoprecipitates using phospho-ID2-specific antibo-
dies. We selected these experimental conditions to interrogate
whether changes of ID2-S5 phosphorylation coincide with
specific changes in the association of ID2 with core APC, in a
manner that would be independent from the total amount of
FLAG-ID2 in the cell. We found that ID2-S5 phosphorylation
collapsed in cells re-entering G1 at 10 h whereas phospho-S14-
ID2 and phospho-T27-ID2 remained stable at all times. Maximal
ID2-S5 phosphorylation was detected in mitotic cells collected 8 h
after release from the block and coincided with the lowest levels
of the ID2-core APC (APC3 and APC1) complex. The ID2-core
APC interaction was efficiently restored as cells exited mitosis and
re-entered into the G1 phase of the next cycle with very low levels
of ID2 phosphorylated on S5 (Fig. 3e, Supplementary Fig. 4e, f).

We also monitored mitotic exit by the loss of pHH3 and Cyclin
B1 in cells arrested in G2/M by the specific CDK1 inhibitor
RO330633 and harvested at different times after release. Under
such experimental conditions, we again observed increased ID2-
S5 phosphorylation in mitotic cells (30 and 60 min after release
from the RO3306 arrest) and loss of ID2-S5 phosphorylation
associated with decreased ID2 abundance as cells exited mitosis
(Supplementary Fig. 5a). These changes were associated with
impaired recognition of ID2 by core APC (APC1 and APC3) in
mitotic cells. The ID2–core APC complex was rapidly restored as
cells transitioned from M into G1 (90 min after release from the
RO3306 arrest, Supplementary Fig. 5b).

In previous work, it was proposed that cyclin dependent
kinases (CDKs) were responsible for phosphorylation of ID2 on
serine 534. To unravel the identity of the cellular CDK that
phosphorylates ID2 in vivo, we used the phospho-specific ID2-
pS5 antibody for western blot of HeLa cells expressing FLAG-ID2
and treated with the CDK4/6 inhibitor palbociclib or the Cdk1/2
inhibitor dinaciclib. ID2-S5 phosphorylation was efficiently
inhibited by dinaciclib in a dose-dependent manner whereas
palbociclib was ineffective (Fig. 3f, Supplementary Fig. 5c, d). To
ask whether the main mitotic cyclin–CDK complex (Cyclin
B–CDK1) was responsible for the observed changes of ID2-S5
phosphorylation and whether this phosphorylation event directly
regulates the formation of the complex with core APC, we first
performed in vitro kinase assay and found that purified Cyclin
B-CDK1 efficiently and specifically phosphorylated S5 of ID2
(Fig. 3g). Next, we interrogated the ability of ID2 to bind core
APC following phosphorylation of ID2-S5 by active CDK1 under
controlled conditions in vitro. In these experiments, GST-ID2 was
first phosphorylated on S5 by CDK1 and then challenged for its
ability to capture core APC purified from HeLa cells. In the
absence of the CDK1-mediated ID2-S5 phosphorylation step,
GST-ID2 efficiently captured both core APC (represented by
APC3 and APC1) and CDH1 but not CDC20. As expected, core

APC components and CDC20 were co-precipitated by histidine-
tagged securin (Supplementary Fig. 5e). When GST-ID2 pull-
down of APC was done after in vitro phosphorylation of ID2-S5
by Cyclin B-CDK1, phospho-S5-GST-ID2 failed to capture core
APC without losing the ability to interact with CDH1 (Fig. 3h).

Consistent with a model in which S5 phosphorylation impairs
efficient recognition of the ID2 substrate by the APC ubiquitin
ligase complex, in vitro ubiquitylation assays revealed that,
compared with wild type ID2 and the ID2-S5A phospho-mutant,
the phospho-mimetic mutant ID2-S5D but not ID2-S14D was a
poor ubiquitylation substrate of purified APCCDH1. The ID2-
DBM mutant that cannot bind CDH1 was also inefficiently
ubiquitylated by APCCDH1. ID2 was not ubiquitylated by
APCCDC20, which efficiently ubiquitylated securin, thus confirm-
ing that CDH1 is the only APC co-activator that targets ID2 for
ubiquitylation (Fig. 3i and Supplementary Fig. 5f). Similar
findings emerged from in vivo ID2 ubiquitylation assays in
which FLAG-ID2-S5D exhibited markedly lower efficiency of
polyubiquitylation compared to wild type FLAG-ID2. The
protective effect of ID2-S5 phosphorylation against ubiquitylation
was also apparent from the increased ubiquitylated forms of ID2-
S5A in these experiments. Conversely, neither the S14A and S14D
mutations affected ID2 ubiquitylation by APCCDH1 (Fig. 3j).

These findings indicate that the high Cyclin B-CDK1 activity of
mitotic cells triggers maximal ID2-S5 phosphorylation, which in
turn compromises the interaction with core APC, thus preventing
premature degradation of ID2. As cells exit mitosis and enter G1,
mitotic cyclins collapse, ID2-S5 is dephosphorylated, the
APC–ID2 complex is restored and ID2 is efficiently targeted for
ubiquitin-dependent degradation by APCCDH1.

Regulation of ID2-S5 phosphorylation controls ordered exit
from mitosis. As dephosphorylation of ID2-S5 coincides with exit
from mitosis and entry into G1, we sought to establish the con-
sequences of preventing ID2-S5 de-phosphorylation in synchronized
cells transiting through mitosis. Towards this goal, we generated
stable transfectants of HeLa cells expressing wild type FLAG-ID2, the
phospho-mutant FLAG-ID2-S5A and the phospho-mimetic mutant
FLAG-ID2-S5D. Following synchronization in G1-S by double thy-
midine, cells were released, harvested at multiple time points and
monitored for quantitative cell cycle analysis and phospho-histone
H3 by FACS. Approximately 80% of cells transduced with empty
vector, FLAG-ID2 and FLAG-ID2-S5A completed transition through
mitosis and re-entered G1 10 h after release from the block. However,
only 43% of cells expressing FLAG-ID2-S5D exited mitosis and
entered into G1 at 10 h (Fig. 4a). Similarly, the quantitative analysis of
cells positive to the mitotic marker phospho-histone H3 revealed that
10 h after release from G1-S phase arrest 25% of FLAG-ID2-S5D
expressing cells retained positivity for phospho-histone H3 but the
positivity of cells transduced with empty vector, FLAG-ID2 and
FLAG-ID2-S5A was markedly lower (6–8%, Fig. 4b, Supplementary
Fig. 6). The impaired mitotic exit of cells expressing FLAG-ID2-S5D
persisted 11 h after G1-S phase arrest (Fig. 4a, b, Supplementary
Fig. 6). As expected, FLAG-ID2 wild type and to a larger extent
FLAG-ID2-S5A were depleted as cells exited mitosis and re-entered
G1 10 h after G1-S phase block. Conversely, FLAG-ID2-S5D levels
remained stable throughout the experiment (Fig. 4c). Accordingly,
whereas the wild type FLAG-ID2 protein was rapidly eliminated
(90min) in cells released from a G2/M arrest induced by the CDK1
inhibitor RO3306, FLAG-ID2-S5D was stable and delayed the
elimination of the mitotic proteins pHH3 and Cyclin B1 (Fig. 4d,
Supplementary Fig. 7a–e).

To ask whether the kinetics of depletion of ID2 from cells
progressing through mitosis reflected the kinetics of the ubiquitin
conjugation reaction upon ID2 and whether the S5D mutation
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impacted ID2 ubiquitylation, we analyzed FLAG-ID2 ubiquityla-
tion in cells harvested at 7.5 h (G2/M) and 9 h (M/G1) after S
phase arrest by double thymidine. Ubiquitylation of wild type
FLAG-ID2 was detectable at G2/M and increased as cells exited
mitosis whereas FLAG-ID2-S5A was maximally ubiquitylated at
G2/M and ubiquitylation persisted in cells re-entering G1.
Conversely, the S5D phospho-mimetic mutation prevented most
ID2 ubiquitylation at both time points (Fig. 4e). Taken together,
the above findings indicate that loss of binding to core APC by
the S5D mutation prevents ubiquitylation and destruction of ID2
at the M-G1 interphase and results in inefficient exit from
mitosis.

Id2-S5 phosphorylation coordinates control of mitotic genes
with inverse regulation of stemness and cell identity-specific
gene expression programs. ID2 is a negative regulator of bHLH

transcription factors, which are among the most important
determinants of cell identity and differentiation in mammalian
cells25–29. Mitotic cells exhibit a global arrest of transcription that
is relieved at the M-G1 interphase to implement cell type-specific
functions and differentiation17–21. Thus, we asked whether the
phospho-S5-mediated regulation of ID2 stability through con-
trolled interaction with core APC might provide the cross-talk
between the intrinsic mitotic regulatory machinery and reactiva-
tion of tissue-specific transcriptional programs by bHLH tran-
scription factors. Interestingly, recent work reported that bHLH
transcription factors dissociate from mitotic chromosomes35. As
the ubiquitously expressed E proteins are obligate partners of all
bHLH transcription factors and cannot bind DNA in the presence
of ID227, we measured E-protein-mediated transcription with an
E-box-luciferase reporter in cells transiting through mitosis. By
comparing E-box-luciferase activity in cells transduced with empty
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Fig. 4 Impaired destabilization of the phospho-mimetic ID2 S5D mutant delays mitotic exit. a HeLa cells expressing ID2 WT or S5 phospho-mutants
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lysates (WCL). Molecular weight markers are indicated in kDa. Experiments were repeated two times with similar results. f HeLa cells expressing ID2 wild
type or S5 phospho-mutants were transiently transfected with a plasmid expressing the E-box-luciferase cassette. Cells were synchronized by double
thymidine block and analyzed for luciferase expression. Bar graph indicates means ± SD of three replicates. p-values are from unpaired t-test, unequal
variance. Experiment was repeated three times with similar results. g Loss of binding to chromatin of E47 and HEB in cells overexpressing ID2 S5D.
Western blot of chromatin fractions of HeLa cells transfected with ID2 WT or ID2-S5D, synchronized by double thymidine block, and collected at serial
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vector, wild-type ID2, ID2-S5A and ID2-S5D, we also asked
whether E-protein-mediated transcription was affected at each
time point by ID2-S5 phosphorylation status. In cells transduced
with empty vector, wild type ID2 and ID2-S5A and released from
a double thymidine block for 8.5 h (mitosis), E-protein-mediated
transcription was repressed, suggesting transcriptional inhibition
of bHLH target genes in mitosis. As cells exited mitosis and
entered G1 (10 and 11 h), bHLH transcriptional activity was
restored. However, this effect was blunted in cells expressing ID2-
S5D, thus indicating that the stabilized ID2-S5D protein delays
G1-specific reactivation of bHLH-mediated transcription (Fig. 4f).
These findings were corroborated by the analysis of the association
with chromatin by the ubiquitous bHLH E proteins E47 and
HEB28. In cells transduced with empty vector and wild type ID2, E
proteins dissociated from chromatin in cells transiting through
mitosis (8 h) but the association of E proteins with chromatin was
fully restored in cells re-entering G1 (10 h). Conversely, expression
of ID2-S5D prevented the association of E proteins with chro-
matin as cells exit mitosis (Fig. 4g), thus indicating that re-
association of E proteins with chromatin that marks entry into G1
requires dephosphorylation of S5 of ID2.

To uncover the global transcriptomic changes triggered by the
persistent expression of the phospho-mimic ID2-S5D mutant in
cells transiting through mitosis, we analyzed HeLa cells
transduced with empty vector, ID2 wild type and ID2-S5D and
released into cycle after double thymidine arrest (Fig. 5a,
Supplementary Data 1). The comparative analysis of the global
transcriptome of cells transduced with empty vector, ID2 wild
type and ID2-S5D at mitosis-G1 transition (10 h after the arrest)
by RNA-seq revealed that ID2-S5D suppressed the expression of
multiple genes implicated in chromatin organization/assembly

and positive regulation of gene expression (genes and pathways
repressed by ID2-S5D are indicated in blue in Fig. 5b,
Supplementary Fig. 8a, Supplementary Data 1, 2). Prominent
among the genes down-regulated in cells expressing ID2-S5D are
members of the four classes of replication-dependent histone
genes, including H2A (4), H2B (7), H3 (6) and H4 (5),
corresponding to 34% of the full complement of human histone
genes. We also observed reduction of the pioneer/primer
transcription factors ATF336 and FOSB37, and genes involved
in the organization of the nuclear pore complex LNP138 and
NPIPB13 (nuclear pore complex interacting protein). These genes
and the biological pathways they effect mirror the activities that
have to be restored for ordered M-G1 transition and progression
of the cell cycle17,39. Conversely, the analysis of the genes and
biological pathways that remained aberrantly elevated in ID2-S5D
cells compared to vector and ID2 wild type expressing cells as
they exited mitosis could be grouped into two categories, the first
enriched with mitotic functions (genes and pathways indicated in
purple in Fig. 5b), the second in stem cell and development-
related functions (genes and pathways indicated in red in Fig. 5b).
Mitotic genes de-repressed by ID2-S5D included key regulators of
mitosis such as CDK1, FBXO5/EMI1, cyclin F and HJURP39–44.
Interestingly, the FBXO5/EMI1 gene codes for the EMI1 protein,
a potent inhibitor of APCCDH1 45,46. Therefore, the persistent
elevation of EMI1 in cells expressing ID2-S5D (Fig. 5b,
Supplementary Fig. 8b) may directly contribute to delaying
APC-mediated destruction of cyclin B1 and CDK inactivation
(Fig. 4b, d). The stem cell and development-specific genes that
ID2-S5D kept at high level of expression at mitosis-G1 transition
included transcription factors (homeobox, T-box, forkhead-
related and HES transcription factors) and signaling molecules
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(SHH, BMP, WNT) with essential roles in preserving the stem/
undifferentiated cell state and preventing premature initiation of
differentiation programs during early embryogenesis47–62. Some
of the genes down- and up-regulated by ID2-S5D in cells
transiting through mitosis emerged as mitosis-specific transcripts
from a computational tool for the analysis of time series of gene
expression profiles from cells analyzed at multiple time points
after release from G1-S arrest (Supplementary Fig. 8, Supple-
mentary Data 3).

Taken together, these data indicate that dephosphorylation of
serine-5 of ID2 in mitotic cells is essential for timely re-entry into
G1 marked by resumption of bHLH-mediated transcription and
activation of the chromatin-specific functions required for
activation of cell type-specific differentiation programs. More
importantly, ID2-S5 dephosphorylation is required in late mitosis
to orchestrate the suppression of mitotic genes with activation of
a coordinated set of transcription factors and signaling molecules
implicated in the maintenance of the stem cell state that would
otherwise prevent activation of cell type-specific transcriptional
programs.

A general phosphorylation-dependent mechanism of recogni-
tion of APC substrates. The finding that optimal destruction of
ID2 by APCCDH1 requires a dual substrate recognition mechan-
ism, whereby a key role is played by the regulated interaction
between core APC subunits and the CDK-dependent ID2-S5
phosphosite, raises the possibility that such mechanism of sub-
strate recruitment by the APC might be more general and involve
other substrates. Similar to ID2, the APCCDH1 substrates SKP2
and Cyclin B1 have classical D boxes for CDH1 recognition and
also harbor established CDK1/2 phosphosites (S64 of SKP2 and
S126 of Cyclin B1)63–65. We therefore asked whether SKP2
and Cyclin B1 interact with core APC in a cell-cycle regulated
manner and whether such interactions are associated with changes
of SKP2-S64 and Cyclin B1-S126 phosphorylation. The time-
dependent analysis of HeLa cells released from a double thymidine
block revealed that mitotic cells marked by positivity for pHH3
(8 h after the block) exhibited the highest levels of SKP2-S64 and
Cyclin B1-S126 phosphorylation, which abruptly collapsed toge-
ther with the total cellular levels of SKP2 and Cyclin B1 as cells
exited mitosis. This profile mirrored the changes of ID2-pS5 and
ID2 protein accumulation (Fig. 6a). Resembling the dynamic
changes of the ID2–core APC complex, the SKP2–core APC and
Cyclin B1–core APC complexes were disassembled in mitotic cells
(8 h after the block) when the phosphorylation of SKP2-S64 and
Cyclin B1-S126 was maximal (Fig. 6b). These findings are con-
sistent with the hypothesis that, as for ID2, CDK1-mediated
phosphorylation of SKP2 and Cyclin B1 may prevent interaction
with core APC, thus impairing APCCDH1-mediated ubiquitylation
and degradation of these substrates. To experimentally interrogate
this scenario, we generated phospho-deficient (SKP2-S64A, Cyclin
B1-S126A) and phospho-mimetic (SKP2-S64D, Cyclin B1-S126D)
mutants and tested their ability to function as degradation sub-
strates of CDH1. The phospho-deficient mutants (SKP2-S64A,
Cyclin B1-S126A) exhibited lower basal level of expression than
the wild type proteins and were efficiently eliminated by CDH1.
Conversely, the SKP2-S64D and Cyclin B1-S126D phospho-
mimetic mutants were expressed at higher basal levels than wild-
type SKP2 and Cyclin B1 and were resistant to CDH1-mediated
destabilization (Fig. 6c, d). Accordingly, SKP2-S64D and Cyclin
B1-S126D mutants were inefficiently ubiquitylated in vivo whereas
the corresponding phospho-mutants (SKP2-S64A, Cyclin B1-
S126A) exhibited higher levels of ubiquitylation (Fig. 6e, f). Next,
we asked whether phosphorylation of S64 of SKP2 and S126 of
Cyclin B1 was implicated in regulation of binding to core APC

and/or CDH1. Compared with the respective wild type proteins,
the phospho-mimetic mutants (SKP2-S64D, Cyclin B1-S126D)
did not bind to core APC but retained the interaction with CDH1.
Conversely, the phospho-mutant proteins SKP2-S64A and Cyclin
B1-S126A showed increased affinity for core APC, again without
changes in the binding to CDH1. The independent modules for
core APC versus CDH1 binding by SKP2 and Cyclin B1 was
confirmed by the absence of functional consequences upon the
SKP2–core APC and Cyclin B1–core APC complexes by silencing
of CDH1, regardless of whether the experiments were done using
wild type or mutant protein substrates (Fig. 6g, h). Each of the
three proteins, ID2, SKP2 and Cyclin B1, contain the CDK-
phosphorylated serine (S5 in ID2, S64 in SKP2 and S126 in cyclin
B) as an APC interacting segment. No overall local sequence
similarity is shared by these three unrelated proteins within four
residues of the phosphorylated serine, but the local 3D structures
of the seven amino acid peptides centered on the relevant serine
residues is similar, and all three are included in disordered/flexible
regions of ID2, SKP2 and Cyclin B1, which have resisted crys-
tallographic resolution (Supplementary Fig. 8c). We conclude that
APCCDH1 regulates ubiquitylation and degradation of ID2, SKP2
and Cyclin B1 through a common mechanism that involves
phosphorylation-regulated recognition of these substrates by core
APC.

Discussion
The regulation of destruction of substrates by APC depends on
the CDC20 and CDH1 co-activators as degron recognition factors
(D-box)66. This paradigm also applies to the control of ubiquitin-
mediated degradation of ID2 by APCCDH1 24. However, our
previous work indicated that ID2, similar to the APC substrates
NEK2A67,68, and cyclin A2–CKS complex69,70 binds core sub-
units of APC independently of the canonical D-box24. Here we
report mechanism, regulation and significance of the ID2–core
APC interaction. We showed that (i) the N-terminal region of
ID2 is sufficient and necessary for recognition of core APC; (ii)
the N-terminal domain of ID2 interacts with core APC subunits
but not CDH1; (iii) binding between the N-terminal domain of
ID2 and core APC is negatively regulated by Cyclin B-CDK1-
mediated phosphorylation of S5 of ID2. As similar degron-
independent and phosphorylation-sensitive recognition of core
APC is also shared by the APC substrates Cyclin B1 and SKP2,
our work uncovered a more general mechanism of recognition of
substrates by core APC and CDH1, respectively, that coopera-
tively provide optimal orientation of the substrates for the ubi-
quitylation reaction (Supplementary Fig. 9).

The three-dimensional structural compatibility of the inde-
pendently derived 3D structures of APCCDH1 and ID2 suggest
that the segment of the ID2 N-terminus centered on S5 can
associate with APC3 while simultaneously the C-terminus D-box
associates with the canonical binding site on CDH1, despite their
distant 3D locations in the APC complex. Thus, the D-box is
necessary but not sufficient for ID2 to recruit the APC holoen-
zyme and the N-terminal domain including S5 confers a stringent
control of interaction and consequent degradation during
mitosis-G1 transition. Similar to ID2, the phosphorylation-
regulated binding of SKP2 and Cyclin B to APC suggests that
at least some APC substrates evolved combinatorial interaction
motifs with S5 of ID2, S64 of SKP2, and S126 of Cyclin B spe-
cifying an additional level of regulation of the binding (phos-
phorylation on/off) during mitotic progression and exit.
Interestingly, it was proposed that regions of Cyclin B1 different
from the D-box mediate interaction with the APC and regulate
timely destruction in late mitosis to allow cytokinesis. Although
each of the three proteins, ID2, SKP2 and Cyclin B, contain the
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CDK-phosphorylated serine as an APC interacting segment, there
is no overall local sequence similarity surrounding the phos-
phorylated serine. However, preservation of local structural
similarity only without surrounding sequence similarity is typical
of phosphosite-regulated binding motifs, especially for ubiquitin
ligases (e.g. DSG motif for unrelated substrates of ß-TrCP)71,72. A
corollary for “floating” motifs like these is that they can occur
anywhere in the target protein and in any order relative to other
motifs. This appears to be the case with ID2, SKP2 and Cyclin
B1 since there is no conserved order of occurrence of the SP motif
and the D-box in the three proteins, with the D-box in Cyclin B
occurring before the SP motif. Thus, we conclude that the APC
interacting SP motif is a typical motif of this kind. Our docked
complex of ID2 with APC3 supports this view, as it suggests a
tight backbone specific for proline to place the serine in a tight

pocket that cannot accommodate phosphorylation and 284 Å2 of
contact area between the arginine and APC3 (Fig. 2a, d).

The interaction between core APC and ID2 is impaired in
mitotic cells when high Cyclin B-CDK1 activity causes maximal
phosphorylation of ID2-S5 and minimal degradation of ID2 by
APCCDH1. Phosphorylation of ID2-S5 collapses at the M-G1
transition thus inducing the recognition of unphosphorylated ID2
by core APC and licensing APCCDH1-mediated destruction of
ID2. Accordingly, the S5 phospho-mimetic mutant of ID2 (ID2-
S5D) was resistant to APCCDH1-mediated destruction and
delayed entry into G1. Moreover, in the presence of ID2-S5D, the
cell cycle dynamics of the binding of bHLH transcription factors
(E proteins) to chromatin was perturbed and their transcriptional
activation blunted. At the end of mitosis, degradation of de-
phosphorylated ID2-S5 provides the mechanism for rapid
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Fig. 6 The APC substrates SKP2 and Cyclin B exhibit a phosphorylation-dependent mechanism for the interaction with core APC during cell cycle
progression. a Western blot of HeLa cells synchronized by double thymidine block using phospho-specific antibodies. b Western blot of
immunoprecipitates from HeLa cells synchronized by double thymidine block and collected at serial times for immunoprecipitation using SKP2 (upper
panel), Cyclin B (middle panel), or ID2 (lower panel) antibodies. E47 and HEB are controls for the immunoprecipitation of endogenous ID2. c Loss of CDH1-
mediated regulation of SKP2-S64D stability. Western blot of HeLa cells expressing FLAG-SKP2 WT, S64A, or S64D in the presence or absence of CDH1.
d Loss of CDH1-mediated regulation of Cyclin B-S126D stability. Western blot of HeLa cells expressing FLAG-Cyclin B WT, S126A, or S126D in the
presence or absence of CDH1. e In vivo ubiquitylation of HeLa cells co-expressing FLAG-SKP2 WT or phospho-mutants and HA-ubiquitin. HA western blot
of cellular lyasates immunoprecipitated with FLAG antibody. WCL, whole cellular lysates. f In vivo ubiquitylation of HeLa cells co-expressing FLAG-Cyclin
B1 WT or phospho-mutants and HA-ubiquitin. HA western blot of cellular lysates immunoprecipitated with FLAG antibody. WCL whole cellular lysates.
g Loss of interaction between the SKP2-S64D and core APC is independent of CDH1. FLAG-immunoprecipitation-western blot of HeLa cells expressing
FLAG-SKP2 WT or phospho-mutants in the presence or the absence of CDH1 siRNA (left panel). Right panel, whole cellular lysate (WCL). h Loss of
interaction between the Cyclin B-S126D and core APC is independent of CDH1. FLAG-immunoprecipitation-western blot of HeLa cells expressing FLAG-
Cyclin B WT or phospho-mutants in the presence or the absence of CDH1 siRNA (left panel). Right panel, whole cellular lysate (WCL). Total and
phosphorylated proteins are from independent gels; APC1, APC3, CDH1 are from the same gel in each panel; E47, HEB, pHH3, SKP2 and Cyclin B1 are from
independent gels; HA and FLAG/Vinculin in panel e are from different gels; Loading controls are from the same gel as FLAG or HEB in panel a. Molecular
weight markers are indicated in kDa. Experiments were repeated two times with similar results.
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reactivation of bHLH transcription to reinstate cell identity
functions. Thus, as normal cells transit through mitosis, CDK1
activity constitutes a bi-stable switch mechanism for ID2 protein
that is operated through the ID2 N-terminus module with ID2
“off” at exit from mitosis. Whereas our findings uncovered a role
for ID2-S5 phosphorylation in the control of exit from mitosis,
some experiments indicated that the ID2-S5D phospho-mimic
mutant has excessive inhibitory activity against E protein binding
to DNA and transcriptional activation at the G1/S phase of the
cell cycle (see for example, Figs. 4g and 5a). As ID2-S5 can also be
phosphorylated by the G1/S CDK2 kinase34, our results do not
exclude that other biochemical effects, different from the negative
regulation of the interaction with core APC, may account for the
unrestrained activity of ID2-S5D at the G1/S phase of the
cell cycle.

The analysis of the transcriptome of cells transiting through
mitosis in the presence of a constitutively phosphorylated ID2
protein (ID2-S5D) highlighted a more complex scenario for the
function of ID2 in cells that exit mitosis and shed light on an
unexpected new layer of regulation of transcriptional programs
during mitosis. Extensive research supports the crucial role of
APCCDH1 to induce differentiation programs in synchronization
with entry and maintenance of the G1 state23. Several groups
including ours have proposed a positive role of APCCDH1 in
enforcing stable differentiation programs in multiple cell types
through ubiquitin-mediated degradation of key inhibitors of differ-
entiation such as ID2, SnoN, and SKP224,73,74. In this study, we
found that the coordination of mitosis and differentiation requires
controlled degradation of ID2 by APCCDH1. Besides implementing
the irreversible G1 state associated with terminal differentiation of
certain cell types (e.g., neurons), a similar, albeit transient,
APCCDH1-mediated degradation of ID2 is essential for timely exit
from mitosis and re-entry into G1 of cycling cells. This process is
initiated by dephosphorylation of S5 of ID2, an event that promotes
the optimal recognition of the ID2 substrate by the core complex of
APC. ID2-S5 dephosphorylation triggers the efficient degradation of
unphosphorylated ID2 by APCCDH1 and the coordinated down-
regulation of mitotic genes, and transcription factors and signaling
molecules (HOX, T-box and HES transcription factors, SHH and
WNT signaling components) that act as master regulators of stem
cells/cell fate by preventing premature/aberrant differentiation dur-
ing embryonic development. Conversely, sustained ID2 activity by
expression of ID2-S5D in cells exiting mitosis preserved the
expression of mitotic genes and stem cell master regulators while
suppressing the activation of cell-specific transcriptional programs.
The transcriptomic analysis of cells expressing ID2-S5D uncovered a
number of de-repressed genes that, together, may have a negative
impact on APC activity resulting in impaired exit from mitosis.
However, the persistent elevation in mitosis of the APCCDH1 inhi-
bitor EMI145,46 by ID2-S5D is likely to play a key role for the delay
of APC-mediated destruction of cyclin B1 and CDK inactivation.

The transient “mitotic stem cell state” elicited by CDK1-
mediated protection of ID2-phospho-S5 from degradation by
APCCDH1 suggests a similarity between reprogrammed tran-
scription during mitosis of somatic cells and transcriptional
activity of highly cycling embryonic stem cells. It also helps
explaining the distinct susceptibility of mitotic cells to repro-
gramming with stable loss of differentiation75–77. In conclusion,
our findings provide evidence for the regulation of mitosis to G1
transition by the APCCDH1-ID2 S5 phosphorylation pathway.

Methods
Plasmids, cloning, and lentivirus production. FLAG-tagged ID plasmids (wild
type and mutants) have been described previously30. V5-tagged ID2, HA-tagged
Ubiquitin, HA-tagged CDH1 and CDC20 were generated by PCR and cloned into
pcDNA3 plasmid. FLAG, V5 or HA tags were added at the N- or C-terminus as

indicated. cDNA for APC3, SKP2, and Cyclin B1 expression were obtained from
Addgene and sub-cloned into pcDNA3 or pLVX vector. All mutants in this
manuscript were generated by site-directed mutagenesis using the QuickChange
II Site-Directed Mutagenesis kit (Agilent, # 200524) and resulting plasmids were
verified by Sanger sequencing. Lentiviral particles were obtained by co-transfection
of lentiviral vectors with pCMV-ΔR8.1 and pMD2.G plasmids into HEK293T cells
as previously described30.

Cell culture. HeLa (ATCC, CCL-2), HEK293T (ATCC, CRL-11268), and U-2 OS
(HTB-96) cell lines were acquired through American Type Culture Collection.
U-251 MG were obtained from Millipore-Sigma (# 09063001). Cell lines were
cultured in DMEM supplemented with 10% fetal bovine serum (FBS, Sigma). Cells
were routinely tested for mycoplasma contamination using Mycoplasma Plus PCR
Primer Set (Agilent, Santa Clara, CA # 302008) and were found to be negative.
Cells were transfected with Lipofectamine 2000 (Invitrogen, # 11668019) or cal-
cium phosphate. Cells were transduced using lentiviral particles in medium con-
taining 4 μg/ml of polybrene (Sigma). siRNA/CDH1 was purchased from
Dharmacon (siGenome Human FZR1 siRNA SMARTPool, L-015377-00-0010) and
transfected using Lipofectamine 2000 (Invitrogen, # 11668019).

Cell cycle synchronization and flow cytometry analysis. HeLa cells were syn-
chronized by double thymidine block. Briefly, cells were treated with 2 mM thy-
midine for 18 h. Cells were washed with phosphate buffered saline (PBS) and
allowed to grow in regular growth medium for 9 h. Cells were then exposed again
to 2 mM thymidine for 15 h. Cells synchronized at the G1-S phase of the cell cycle
were released after extensive washes with PBS in fresh medium and collected at
serial time points as indicated in figures. For synchronization in late G2, HeLa
cells were treated by 10 μM RO3306 for 20 h. After extensive washes with PBS,
cells were released in fresh medium and collected at the time points indicated in
figures.

Cells were harvested by trypsinization, washed in PBS and fixed in cold 70%
ethanol overnight. Fixed cells were washed twice in PBS, treated with ribonuclease
A 100 μg/ml in PBS plus 0.1% Triton X-100 and stained with propidium iodide at
concentration of 50 mg/ml for at least 2 h before the analysis using FACSCalibur
instrument (BD) and collecting the area, height, and width parameters for the
DNA channel in addition to forward scatter and sideward scatter. For phospho-
histone-H3 staining, cells harvested and fixed in cold 70% ethanol were
permeabilized in PBS containing 0.25% triton X-100 for 15 min, washed in PBS
containing 1% bovine serum albumin and immunostained using Alexa Fluor 647-
conjugated histone-H3 phospho-Ser-10 antibody (1:50; Cell Signaling Technology
# 3458) in PBS containing 1% bovine serum albumin for 1 h at room temperature.
After three washes in PBS, cells were stained with propidium iodide in PBS
containing 100 μg/ml ribonuclease A for 30 min and analyzed by flow cytometry
using LSR II Flow Cytometer (BD Biosciences, San Jose, CA). Debris and cell
aggregates were excluded using the appropriate FSC versus SSC gates. BD
FACSDiva Software v.7.0.1 was used for acquisition; for analysis we used FCS
Express 6 Flow v.7.12.007 or FlowJo v.10.7.1. In every experiment at least 10,000
cells for each sample were evaluated.

Immunoprecipitation, western blot, and in vitro GST/histidine pull-down
assay. Cells were lysed in NP40 lysis buffer [50 mM Tris–HCl, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% NP40, 1.5 mM Na3VO4, 50 mM sodium fluoride, 10 mM
sodium pyrophosphate, 10 mM β-glycerolphosphate and EDTA free protease
inhibitor cocktail (Roche)] or RIPA buffer [50 mM Tris–HCl, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% NP40, 0.5% sodium dexoycholate, 0.1% sodium dodecyl
sulfate, 1.5 mM Na3VO4, 50 mM sodium fluoride, 10 mM sodium pyrophosphate,
10 mM β-glycerolphosphate, and EDTA free protease inhibitor cocktail (Roche)].
Lysates were cleared by centrifuge at 20,000×g for 15 min at 4 °C. For immuno-
precipitation, cell lysates were incubated with primary antibody and protein G/A
beads (Santa Cruz, # sc-2003), FLAG-M2 affinity beads (Sigma, # F2426), or HA
affinity matrix (Millipore-Sigma, # 11815016001) at 4 °C overnight. Beads were
washed with lysis buffer for four times and eluted in 2× SDS sample buffer or
FLAG peptide (Sigma, # F4799). Protein samples were separated by SDS–PAGE
and transferred to polyvinyl difluoride (PVDF) or nitrocellulose (NC) membrane.
Membranes were blocked in TBS with 5% non-fat milk and 0.1% Tween20, and
probed with primary antibodies. Antibodies and working concentrations are: ID2
1:500 (C-20, # sc-489), E2A/E47 1:1000 (N-649, # sc-763) and CDH1/Fzr 1:250
(DCS-266, # sc-56312) obtained from Santa Cruz Biotechnology; HA 1:1000
(C29F4, # 3724 or # 2367), phospho-SKP2 1:1000 (Ser64) (# 14865), SKP2 1:1000
(D3G5, # 2652), CCNB1 1:1000 (D5C10, # 12231), APC1 1:1000 (D1E9D,
# 13329), APC3/CDC27 1:1000 (D3I1V, # 12530), TCF12/HEB 1:1000 (D2C10,
# 11825), securin1:1000 (D2B6O # 13455) obtained from Cell Signaling Technol-
ogy; β-actin 1:8000 (# A5441), α-tubulin 1:8000 (# T5168), vinculin 1:5000
(# V9131), and FLAG M2 1:500 (# F1804) obtained from Sigma; HA 1:1000 (3F10,
# 12158167001) obtained from Roche; phospho-Cyclin B1 (S126) 1:1000
(# ab55184) obtained from Abcam. Secondary antibodies anti-mouse (# 32460),
anti-rabbit (# 32430), and anti-rat (# 31470) horseradish-peroxidase-conjugated
were purchased from ThermoFisher Scientific and ECL or ECL PLUS reagent (GE
Healthcare Amersham) was used for detection. For in vitro binding assay,
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Glutathione-S-Transferase (GST)-tagged ID2 (wild type and mutants), or GST-ID1
proteins were expressed in E. coli BL21(DE3) (Thermo Scientific # EC0114) and
immobilized on glutathione sepharose 4B affinity matrix (Sigma, # GE17075601).
6X-Histidine-tagged securin protein was obtained from Abcam (ab87664) and
immobilized on Ni-NTA-Superflow agarose (Pierce-Thermo Scientific 25214).
Immobilized proteins were incubated with cell lysate prepared in NP40 lysis buffer
for 2 h, and after extensive washing steps, protein complexes were eluted using
Laemmli sodium dodecyl sulfate (SDS) containing sample buffer and analyzed by
western blot.

In vitro kinase assays. Recombinant active Cdk1 kinase was purchased from
ThermoFisher (# PV3980). Five hundred nanograms of GST-ID proteins were
incubated with 10–20 ng of the active kinase. The reaction mixture included 10 μCi
of [γ-32P]ATP (PerkinElmer Life Sciences, # BLU002Z250UC) in 50 μl of kinase
buffer (25 mM Tris–HCl, pH 7.5, 5 mM β-glycerophosphate, 2 mM dithiothreitol
(DTT), 0.1 mM Na3VO4, 10 mM MgCl2, and 0.2 mM ATP). Reactions were
incubated at 30 °C for 30 min. Reactions were terminated by addition of Laemmli
SDS sample buffer and boiling on 95 °C for 5 min. Proteins were separated on
SDS–PAGE gel and phosphorylation of proteins was visualized by autoradiography
or phospho-specific antibodies. Coomassie staining of GST-fusion proteins was
performed to document the amounts of substrates included in the kinase reaction.

Evaluation of protein half-life. HeLa cells expressing FLAG-tagged ID2 were
treated by 50 μg/ml of cycloheximide (CHX) for the indicated times and analyzed
by western blot. ID2 half-life was quantified by densitometry using ImageJ pro-
cessing software (NIH). Densitometry values were analyzed by Prism 6.0 using the
linear regression function.

Ubiquitylation assays
In vivo ubiquitylation. Cells were transfected with FLAG-tagged substrates (Cyclin
B1, SKP2, and ID2) and pcDNA3-HA-Ubiquitin. 36 h after transfection, cells were
treated with 5 μM MG132 (EMD Millipore, # 474790) for 10 h or the indicated
time. After two washes with ice-cold PBS, cells were collected and lysates prepared
in 100 μl of buffer 50 mM Tris–HCl pH 8.0, 150 mM NaCl (TBS), and 2% SDS and
boiled at 100 °C for 10 min. Lysates were diluted with 900 μl of tris buffered saline
containing 1% NP40. Immunoprecipitation was performed using 1 mg of cellular
lysates. Proteins were immunoprecipitated using anti-FLAG affinity matrix (Sigma,
# F2426) and analyzed by western blot using the indicated antibodies.

In vitro ubiquitylation. HeLa cells expressing FLAG-APC3/CDC27 were synchro-
nized by the use of 100 ng/ml nocodazole overnight. Cells in prometaphase were
harvested by mitotic shake off and wash twice in ice cold PBS. Cells were lysed in
NP40 buffer (50 mM Tris, pH 7.5, 250 mM NaCl, 1% NP40, 0.1% Triton X-100,
1 mM EDTA, 1 mM DTT, and phosphatase and protease inhibitors). Four mg of
cell lysate were immunoprecipitated with anti-FLAG affinity matrix at 4 °C for 2 h
30 min. Anti-FLAG affinity matrix was washed four times with NP40 buffer and
twice with modified QA buffer (10 mM Tris–Cl, pH 7.5, 100 mM KCl, 1 mM
MgCl2, 0.1 mM CaCl2, 0.1% NP40, and phosphatase and protease inhibitors).
Purified APC complex was activated using in vitro translated CDH1 or CDC20.
Activated APC complex was washed four times in modified QA buffer and eluted
in 4 μl of FLAG peptide dissolved in TBS on ice for 1 h. ID2-V5 substrates were
synthesized by in vitro translation. Recombinant 6X-histidine-tagged securin was
obtained from Abcam (ab87664). In vitro ubiquitylation assay was performed in
15 μl of reaction mixture containing 0.3 μM UBE1 (Boston Biochem, # E-304),
1.2 μM UBE2C (Enzo, # BML-UW0960-0100), 0.6 μM UBE2D1 (Boston Biochem,
# E2-800), 0.6 μMUBE2D3 ((Boston Biochem, # E2-802), 1 μMUbiquitin aldehyde
(Boston Biochem, # U-201), 166 μM Ubiquitin (Boston Biochem, # U-100H)
diluted in 1× Ubiquitin reconstitution buffer (Boston Biochem, # B-90), APC
complex, substrate (ID2-V5), 1× energy regeneration solution (Boston Biochem, #
B-10), and E3 ligase reaction buffer (Boston Biochem, # B-71). In vitro ubiquity-
lation was performed at 30 °C for 30 min. Reactions were terminated by the
addition of SDS sample buffer and analyzed by western blot using the indicated
antibodies.

Chromatin fractionation. Chromatin fractionation was performed according to
published method78. Briefly, 5 × 106 cells were washed in ice-cold PBS twice and
resuspend in 200 μl buffer A [10 mM Tris-HCl buffer, pH 7.5, 10 mM KCl, 1.5 mM
MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT, 1.5 mM sodium orthovanadate,
50 mM sodium fluoride, 10 mM sodium pyrophosphate, 10 mM β-glycerolpho-
sphate, and EDTA free protease inhibitor cocktail (Roche)] containing 1 mM DTT,
protease inhibitors and 0.1% Triton X-100 for 5 min on ice. Nuclei were collected
by centrifugation at 1300×g for 4 min at 4 °C. Nuclei were washed in 200 μl buffer
A and centrifuged at 1300×g for 4 min. Nuclei were then lysed in 200 μl buffer B
[3 mM EDTA, 0.2 mM EGTA, 1 mM DTT and 1.5 mM sodium orthovanadate,
50 mM sodium fluoride, 10 mM sodium pyrophosphate, 10 mM β-
glycerolphosphate and EDTA free protease inhibitor cocktail] for 30 min on ice.
The insoluble chromatin pellet was centrifuged at 1700×g for 4 min at 4 °C, washed
once in buffer B, centrifuged again under the same conditions and dissolved in 4%

SDS containing buffer followed by boiling. Immunoprecipitation was performed as
indicated above and immunoprecipitates analyzed by western blot.

Modeling of APC complex–ID2 interaction. The peptide corresponding to amino
acids 2–8 of ID2 (ID2 amino acids 2-8) was docked to both the 3.3 Å crystal-
lographic structure of the APC3 homodimer (PDB 4rg6)79 and the 3.6 Å cryo-EM
structure of holo APC (PDB 4ui9)80, as previously described81. Briefly, grid
potentials representing van der Waals, hydrogen bonding, Coulombic, and solva-
tion electrostatics were generated from the APC3 homodimer coordinates and the
coordinates of all the subunits surrounding (APC1, APC3, APC6, APC7, APC10,
APC13, APC16) and including CDH1, respectively; a conformational search of a
full atom model of ID2 peptide amino acids 2-8 was performed within the space of
these grid potentials. As both top docked conformations of the ID2 peptide within
APC3 alone and within the wider CDH1-centered APC region were similar, a
parallel docking with ID2 peptide amino acids 2-8 phosphorylated at S5 (ID2-pS5-
2-8) and also with S5 mutated to D (ID2-D5-2-8) was performed for the APC3 grid
alone. The conformation docked to the APC3 homodimer alone was placed within
the larger cryo-EM structure of the whole APCCDH1 complex (PDB: 4ui9)80 to
evaluate its position relative to the D-box-binding site on CDH1. A full length
model of ID2 with its N-terminal 2–8 residues in the APC3 homodimer-docked
position in situ within the whole APCCDH1 complex and its C-terminal D-box
superimposed on the CDH1-bound D-box (PDB 4bh6)82. Superimposition of the
4-helix bundle homodimer of ID2 (PDB 4aya)83 showed that this 4-helix bundle
could fit without clashing into the cavity between CDH1, APC7, APC10, and
APC16 in the intact APCCDH1 complex. Energy minimization of the flexible ID2
linker (amino acids 9–29) between this location of the 4-helix bundle and the
APC3-docked N-terminus using van der Waals, torsional, and electrostatic terms
showed that the linker could adopt an un-clashed conformation connecting the
C-terminus of the APC3-docked, ID2 amino acids 2-8, and the N-terminus of the
first helix in the ID2 4-helix bundle. Similarly, the linker connecting the ID2 4-helix
bundle to the C-terminal D-box was energetically compatible. ID2-pS5-2-8 and
ID2-D5-2-8 however, docked to a different location on APC3, exhibiting strong
electrostatic interaction between the phosphate/aspartate and a surface of APC3.
The new location was too close to the ID2 4-helix bundle to accommodate any
folded conformation of the ID2 linker consisting of amino acids 9–29. All mole-
cular modeling was performed with ICM-Pro (Molsoft LLC, La Jolla, CA, USA).

RNA sequencing and analysis. HeLa were synchronized by double thymidine
block. Total RNA was purified with TRIZOL (ThermoFisher, #155960026). Total
RNA was poly(A)-selected and sequencing libraries were constructed using the
TruSeq stranded mRNA Library Prep (llumina, # 20020594) and Seq RNA CD
Index Plate (Illumina, 20019792). Library were sequenced on a NovaSeq 6000
System (Illumina). We performed a pseudoalignment to a kallisto index created
from transcriptomes (GRCh38) using kallisto84, and computed the estimated
counts for each gene using tximport R package85. The final matrix was composed
of 27 samples (3 cell conditions: ID2 S5D, ID2 WT, EV; 3 time points: 0, 8, 10 h; 3
replicates each). Downstream analysis of gene expression was performed in the R
statistical environment. To test whether the expression trajectory of a gene over
time differs between ID2-S5D and ID2 wild type samples, we used the ImpulseDE2
R package, an algorithm for differential expression of longitudinal sequencing
experiments86. The algorithm produces gene-wise expression trajectories over time
with a descriptive single-pulse (impulse) function, and is based on a negative
binomial noise model with dispersion trend smoothing by DESeq2 and uses the
impulse model to constrain the mean expression trajectory of each gene. We
defined a gene up-/down-regulated between ID2-S5D versus ID2 wild type if
ImpulseDE2 q < 0.05, log2FC10 h

�
�

�
� > 0:58, two-sided t-test, unequal variance

p10h < 0.05, that resulted in 22 up-regulated and 12 down-regulated genes in cells
expressing ID-S5D. Gene ontology enrichment analysis using the full ranked list of
genes defined as the ordered set of genes on the basis of the log2FC10 h between ID2
S5D versus ID2 WT expressing samples collected 10 h after double thymidine block
was obtained using MWW-GST from the yaGST R package (two-sided MWW-
GST, p < 0.01, logit NESð Þ

�
�

�
� > 0:3)87. Genes reported in the circos plot in Fig. 5b are

up-/down-regulated in ID2-S5D compared with ID2 WT ( log2FC10 h

�
�

�
� > 0:4).

Statistics. Results in graphs are expressed as means ± SD or SEM as indicated in
figure legends, for the indicated number of observations. Statistical significance was
determined by the Student’s t-test (two-tailed, unequal variance) using GraphPad
Prism 6.0 software package (GraphPad Inc.). p-value < 0.05 is considered sig-
nificant and is indicated in figure legends.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support this study are available from the corresponding authors upon
reasonable request. The RNA-seq data generated in this study are available from the
Gene Expression Omnibus (GEO) with the accession no. GSE181639. Source data are
provided with this paper.
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