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SUMMARY

Fanconi anaemia signalling, a key genomic maintenance pathway, is activated in response to
replication stress. Here, we report that phosphorylation of the pivotal pathway protein FANCD2 by
CHKT1 triggers its FBXL12-dependent proteasomal degradation, facilitating FANCD?2 clearance

at stalled replication forks. This promotes efficient DNA replication under conditions of

CYCLIN E- and drug-induced replication stress. Reconstituting FANCD2-deficient fibroblasts
with phosphodegron mutants failed to re-establish fork progression. In the absence of FBXL12,
FANCD2 becomes trapped on chromatin leading to replication stress and excessive DNA
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damage. In human cancers, FBXL12, CYCLIN E, and Fanconi anaemia signalling are positively
correlated and FBXL12 upregulation is linked to reduced survival in patients with high CYCLIN
E expressing breast tumours. Finally, depletion of FBXL12 exacerbated oncogene-induced
replication stress and sensitised cancer cells to drug-induced replication stress by WEE1
inhibition. Collectively, our results indicate that FBXL12 constitutes a vulnerability and a potential
therapeutic target in CYCLIN E-overexpressing cancers.
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The Fanconi anaemia pathway alleviates oncogene-induced replication stress. Brunner et al.
report that the ubiquitin ligase SCFFBXL12 targets the key Fanconi anaemia protein FANCD2

for proteasomal degradation. They demonstrate that this occurs in the vicinity of replication forks
and is critical for replication recovery and survival under CDK-driven replication stress.
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INTRODUCTION

The occurrence of oncogene-induced replication stress (OIRS) is a common early event in
the multistep process of cancer development?. Activation of oncogenes such as CYCLIN
E or c-MYC leads to replication stress (RS), signified by reduced replication fork speed,
through deregulation of cell cycle progression or transcription programs that result in fork
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collapses and one-ended double-strand breaks (DSBs)2-°. Clinically, targeting oncoproteins
has proven problematic, thus an alternative targeted approach is to focus on pathways that
enable survival under OIRSS.

In the context of OIRS, CCNE1 is one of the most thoroughly studied oncogenes owing

to its frequent overexpression and association with poor patient outcome’=®. Through its
CDK2 activator function, overexpression of CYCLIN E has been demonstrated to shorten
G1 phase, promote premature S-phase entry and reduce the number of licensed replication
origins while increasing the proportion of firing origins, leading to increased conflicts
between transcription and replication machineriesl®. CYCLIN E overexpression also causes
fork slowing, fork reversal and nucleotide depletion, ultimately resulting in DNA breaks and
DNA damage response (DDR) activation during G2/M and chromosomal instability10-13,
CYCLIN E-induced RS results in activation of ATR and, downstream, CHK1 kinases
which regulate a multitude of RS response pathways to limit DNA damage and restrict
nucleolytic processing of unresolved replication intermediates to G2/M phase®3. This notion
is supported by synthetic lethal interactions between CYCLIN E overexpression and ATR or
CHK1 inhibition, which is accompanied by massive DNA damage, threatening cancer cell
survivall4. However, despite their relevance for cancer treatment, pathways that counteract
the deleterious effects of OIRS remain incompletely understood.

Fanconi anaemia (FA) signalling is one of the major pathways that maintain genomic
integrity through recruitment and stabilisation of components of DDR pathways, such as
the homologous recombination repair (HRR) proteins BRCA1/215-17, While the classical
function of the FA pathway is the repair of inter-strand crosslinks (ICLs), its crucial

roles in counteracting RS have become increasingly apparent!®. The key FA proteins,
FANCD?2 and FANCI, safeguard stalled replication forks9 and facilitate new origin
firing2% . When replication forks stall, FANCD2-FANCI (ID2) dimers are recruited to
chromatin, clamp around DNA and become monoubiquitinated?-23, Although ID2 clamp
closure occurs independently of FANCD2 monoubiquitination, this modification stabilizes
the clamped conformation?124. The deubiquitinating enzyme USP1 in complex with UAF1
can remove monoubiquitin from FANCD225, presumably to promote the re-opening of the
ID2 clamp. However, how the fully engaged di-mono-ubiquitinated complex (Ub-FANCD2-
Ub-FANCI), which is no longer a substrate for USP1-UAF124, is removed, remains elusive.
Nevertheless, this step is critical to complete the pathway once conditions are permissive
for replication fork recovery. Here, we show that SCF-FBXL12 acts as an E3 ligase that
polyubiquitinates and targets CHK1-phosphorylated FANCD?2 for proteasomal degradation.
This mechanism is crucial for replication recovery and cell survival in the context of
CYCLIN E overexpression or WEE1 inhibition.

FBXL12 suppresses CYCLIN E-induced replication stress and facilitates replication

recovery

To identify regulators of replication recovery, we performed an imaging-based single-cell
small interfering RNA (siRNA) screen in HCC1569 cells with amplification of CCNEL,
as outlined in Fig. 1A. siRNAs directed against the F-box protein FBXL12 interfered with
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recovery of replication after release from a replication block induced by aphidicolin (APH)
(relative increase of BrdU+/EdU- labelled cells) (Fig. 1B and Fig. S1A and B). Supporting
the screening approach, siRNAs targeting FBXW?7, the SCF substrate receptor mediating
CYCLIN E degradation?6, also compromised replication recovery (Fig. 1B) and in line with
the exacerbated sensitivity of CYCLIN E overexpressing cells to ATR inhibitors81427 ATR
siRNAs attenuated incorporation of both nucleotide analogues (Fig. S1C and Table S1).
Consistently, knockdown of FBXL12 enriched BLBC cells in the S-G2 phase (Fig. S1ID-G),
increasing the proportion of non-replicating (EdU-negative) cells (Fig. S1H).

Increased or decreased DNA replication can be attributed to an altered capacity to rescue
stalled or damaged forks or changes in the activation of new origins. To distinguish these
different parameters of replication recovery, we performed single-molecule DNA fibre
analysis, analogous to the single-cell siRNA screen (Fig. 1C). Knockdown of FBXL12

in HCC1569 cells increased the proportion of stalled forks and the number of new origins
firing (Fig. 1C). Consistent with the DNA fibre results, inhibition of new origin firing

with CDCY inhibitors (XL413) reduced replication recovery in FBXL12-depleted S-phase
cells at the single cell level (Fig. 1D). To establish whether CYCLIN E overexpression

is a prerequisite to reduced replication fork processivity in the absence of FBXL12, we
performed DNA fibre assays following sequential pulse labelling of U20S cells (in which
doxycycline (dox)-regulated expression of CYCLIN E promotes DNA RS%28) with CldU
and 1dU, and measured 1dU track length. FBXL12 depletion only mildly affected replication
fork progression in the absence of CYCLIN E overexpression (+dox), but it amplified the
effect upon CYCLIN E overexpression (-dox), resulting in a significant decrease in the
length of replication tracks (Fig. 1E, Fig. S11 and J). Additionally, we assessed fork recovery
using APH as well as hydroxyurea (HU) to temporarily block replication forks, and again
found that FBXL 12 depletion reduced the proportion of restarted forks and decreased the
track length of elongating forks, particularly upon CYCLIN E induction (Fig. S1K and L).

Proteomic profiling of a panel of 17 breast cancer cell lines showed that FBXL12 correlated
positively with CYCLIN E1 expression (Fig. 1F), but not significantly with other oncogenes
(Fig. S2A). Analysis of mRNA expression levels in cell lines using the DepMap portal?®
confirmed positive correlation between FBXL12and CCNEI, which was more pronounced
in breast cancer-derived cells (Fig. S2B and C). Further, expression of FBXL12 increased in
cells overexpressing CYCLIN E, either by doxycycline-induced expression in U20S cells or
through stabilisation by FBXW?7 deletion in HCT116 cells (Fig. 1G and Fig. S2D and E),
indicating that FBXL12 may be upregulated to alleviate CYCLIN E-induced RS.

As prolonged fork stalling and excessive origin firing can result in replication fork
collapse and formation of DSBs30:31 we assessed if FBXL12 attenuates RS-associated
DNA damage by analysis of pan-nuclear H2AX phosphorylation (yH2AX). FBXL12
knockdown increased the proportion of pan-yH2AX-stained nuclei in cancer cell lines
with high CYCLIN E expression (Fig. 1H), while knockdown only marginally increased
pan-yH2AX staining in untransformed immortalised cells and luminal breast cancer cell
lines with low levels of CYCLIN E (Fig. 1H). As expected, depletion of FBXL12 in U20S
cells overexpressing CYCLIN E increased phosphorylation of H2AX and DNA replication
checkpoint kinase CHK1 (Fig. 1I). To directly assess if depletion of FBXL12 generates
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DSBs, we conducted neutral comet assays in HCC1569 and MCF10A cells. FBXL12
knockdown resulted in increased DSB formation in HCC1569 cells, while MCF10A cells
remained unaffected (Fig. 1J).

FBXL12 sustains genome stability and promotes unrestricted proliferation in BLBC cells

To investigate the long-term effects of FBXL12 inhibition in BLBC cells, we first attempted
to knockout FBXL 12 using CRISPR-Cas9 genome editing in HCC1569 cells but failed

to obtain viable clones. Instead, we generated inducible FBXL12 shRNAs in HCC1569,
MDA-MB-231, and MCF10A cell lines. Prolonged knockdown (10 day) of FBXL12
resulted in a near-complete loss of viability of HCC1569 cells (Fig. 2A, 2B and Fig. S3A)
while MCF10A cells proliferated normally (Fig. 2C and Fig. S3A). Long-term knockdown
of FBXL12 in MDA-MB-231 cells with moderate levels of CYCLIN E resulted in an
intermediate phenotype in which the cells continued to proliferate, albeit at a reduced rate
with an increased proportion of cells with >4N DNA content, indicative of re-replication
(Fig. S3B and C). Consistent with MCF10A cells being unaffected by FBXL12 depletion,
no apparent activation of DNA damage markers yH2AX or CHK1 phosphorylation was
detected, while these markers were highly expressed in MDA-MB-231 and HCC1569 cells
(Fig. S3D).

Next, we generated several MDA-MB-231 FBXL12-KO cell lines, which all exhibited
reduced cell proliferation (Fig 2D) and slower S-phase progression based on EdU
pulse-chase experiments (Fig. S3E). MDA-MB-231 FBXL12-KO cells increased the
proportion of senescence-associated B-galactosidase (SA-p-gal)-positive cells and p21
expression, consistent with persistent DNA damage and induction of senescence under RS
conditions (Fig. 2E and Fig. S3F). FBXL12-KO cells displayed irregularly shaped nuclei
with an elevated number of micronuclei and polyploidization (Fig. 2F and Fig. S3G),
indicating FBXL12 deficiency contributes to chromosomal instability, resembling CYCLIN
E-induced RS in human cancer32. Under-replicated DNA can cause mitotic errors and
genomic instability if not resolved through a mitotic DNA synthesis process known as
MiDAS33:34, In the absence of MiDAS, ultra-fine anaphase DNA bridges (UFBs) are formed
during chromosomal segregation in anaphase, predating the onset of broad chromosomal
instability3>. FBXL12 depletion increased UFBs (Fig. 2G), consistent with micronuclei
formation and DNA replication defects (Fig. 2F and Fig. S3G).

FBXL12 interacts with Fanconi anaemia proteins FANCD2 and FANCI

To obtain mechanistic insight into FBXL12-dependent regulation of RS, we employed mass
spectrometry to identify FBXL12 interacting proteins. In two independent experiments,

we found several peptides corresponding to FA proteins FANCD2 and FANCI among

the interactors, and as expected SCF complex components SKP1 and RBX1 (Fig. 3A,

B and Table S2). Putative interacting proteins were significantly enriched for DNA
replication and cell cycle-associated pathways, and for FA signalling proteins (Fig. S4A
and B). Interaction of FBXL12 with FANCD2/FANCI was confirmed and validated by
co-immunoprecipitation (co-1P) (Fig. 3C and 3D). Endogenous FBXL12 and FANCD2/
FANCI interacted primarily in chromatin fractions and interactions were not disrupted by
nuclease (benzonase) treatment, indicating that binding does not require DNA (Fig. 3D
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and Fig. SAC). Depletion of FANCD2 or FANCI followed by FBXL12 IP showed that
FANCI interaction was FANCD2-dependent (Fig. S4D). As shown in Fig. 3E, FANCD2
only co-immunoprecipitated with FBXL12, and not with other F-box proteins. supporting
their specific interaction. To assess FBXL12’s binding to FANCD2 as an SCF complex,

we immunoprecipitated CUL1 in the presence of MLN4924, which inhibits neddylation
and SCF ligase activation (stabilizing substrates). CUL1 co-purified FANCD2 in FBXL12-
WT but not FBXL12-KO HEK293T cells (Suppl. fig 3E), confirming assembly of the
SCF-FBXL12-FANCD2 complex. During unperturbed S-phase, and more so in response to
increased RS and fork stalling, FANCD2 and FANCI form nuclear foci with other proteins
involved in DNA repair36. To examine their spatial interaction, we scored colocalization of
FANCD2 and FBXL12 in the presence or absence of MLN4924, with or without CYCLIN
E overexpression. As shown in Fig. 3F, FANCD?2 foci overlapped with FBXL12 in the
presence of MLN4924, and the number of FANCD2-FBXL12 foci significantly increased in
response to CYCLIN E overexpression, supporting their functional relation during CYCLIN
E-induced RS (Fig. 3G and Fig. S4F).

FBXL12 targets chromatin-associated FANCD2 for degradation

To investigate if FBXL12 regulates the stability of FANCD2 through ubiquitin-mediated
proteasomal degradation, we first performed /n vivo ubiquitination experiments (see
methods) and observed high-molecular smears corresponding to polyubiquitinated FANCD?2
and FANCI (Fig. 4A). Notably, although both FANCD2 and FANCI were polyubiquitinated
in FBXL12-WT cells, FBXL12-KO cells showed a significant reduction only of
FANCD2-ubiquitin conjugates, suggesting FBXL12-mediated and specific FANCD2
polyubiquitination (Fig. 4A). Further, endogenous FANCD2 was polyubiquitinated in

an FBXL12-dependent manner (Fig. 4B), and pulldown of polyubiquitinated proteins

using Tandem Ubiquitin Binding Entities (TUBES) verified ubiquitination of FANCD2

in cells (Fig. S5A). We next fractionated cells treated with proteasomal inhibitor

MG132 and found enrichment of endogenous FANCD?2 polyubiquitination smears in the
chromatin fraction (Fig. S5B). As proteasomal inhibitors deplete the free pool of ubiquitin
which can reduce monoubiquitination of chromatin-associated proteins3’, we performed
additional experiments. As shown in Fig. S5C, MG-132 treatment decreased FANCD?2
protein levels at chromatin, while the DNA crosslinking agent mitomycin C (MMC)

which potently activates FA signalling®839 increased FANCD2 in the chromatin fraction,

in particular monoubiquitinated FANCD?2 (Fig. S5C). MMC treatment also increased
FANCD?2 polyubiquitination in an FBXL12-dependent manner (Fig. 4C), and purification
of chromatin-associated endogenous FANCD?2 confirmed polyubiquitination of FANCD2 in
the presence of MG-132 (Fig. S5B), as well as other proteasomal inhibitors (Fig. S5D). To
test if FANCD2 polyubiquitination by FBXL12 promotes its degradation, we co-transfected
FANCD?2 with increasing amounts of FBXL12. As shown in Figure 4D, FBXL12 reduced
FANCD?2 protein levels, and treatment with MG-132 rescued FANCD?2 levels. Accordingly,
expression of FBXL12-AF (an F-box-deleted mutant unable to interact with active SCF
complexes) failed to reduce FANCD?2 levels (Fig 4D and Fig. S5E). Further, expression of
dNCUL1 (dominant negative CUL1 unable to bind SCF subunit RBX1 that recruits the SCF
E2 conjugating enzyme) increased FANCD?2 protein stability at chromatin, supporting SCF-
mediated FANCD2 degradation (Fig. S5F). Conversely, doxycycline-induced overexpression
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of FBXL12 in MDA-MB-231 cells reduced endogenous FANCD2 protein levels in the
chromatin fraction even in the absence of exogenous DNA damage (Fig. S5G). Importantly,
cycloheximide (CHX) chase experiments confirmed that degradation of both exogenous
and endogenous chromatin-associated FANCD2 was prevented in FBXL12 depleted cells
(Fig. 4E and 4F). Notably, FBXL12 depletion did not stabilise endogenous FANCD2 in

the soluble fraction (Fig. 4F) but increased the pool of chromatin-associated FANCD?2

after treatment with different replication fork-stalling drugs that activate the FA pathway
(Fig. S5H). FBXL12 knockdown did not affect FANCD2 mRNA expression confirming
post-transcriptional downregulation of FANCD?2 protein (Fig. S51). The levels of a panel of
other proteins associated with replication forks and present in the mass spectrometry screen
for FBXL12 interactors were not appreciably altered in FBXL12-depleted cells (Fig. S5J).

In agreement with FBXL12 knockdown increasing DNA damage (Fig. 1H and 1J), yH2AX
was not resolved efficiently following washout of MMC in FBXL12-depleted cells (Fig.
4F, compare lane 5 and lane 10, 24h drug washout). These results were recapitulated in
FBXL12-depleted cells overexpressing CYCLIN E (Fig. 4G and Fig. S5K) and FBXL12-
KO cells displayed an increased number of FANCD?2 foci compared to FBXL12-WT cells
treated with MMC (Fig. S6A). We also found that FBXL12-depleted cells treated with HU
had increased numbers of FANCD2 and RAD51 foci, supporting recruitment of RAD51 on
resected ssSDNA strands by FANCD2-FANCI dimers#? (Fig. 4H and Fig. S6B).

Altogether, these results demonstrate that the SCF(FBXL12) ubiquitin ligase targets
chromatin-bound FANCD?2 for proteasomal degradation and regulates replication fork
recovery in response to CYCLIN E-induced RS (Fig. 41).

Phosphorylation of the FANCD2 N-terminus by CHK1 promotes FANCD2 polyubiquitination

by FBXL12

Next, we aimed to identify FANCD2 motifs essential for FBXL12 interaction and
polyubiquitination. We generated a series of FANCD2 deletion mutants, narrowing down
the putative interaction site to the N-terminal region encompassing amino acids (aa) 1-120
(Fig. STA and 5B). As F-box proteins commonly interact with phosphorylated substrates*1,
we examined the FANCD2 N-terminus for potential phosphorylation sites. The N-terminus
of FANCD?2 harbours consensus motifs for DNA repair and checkpoint kinases ATR,
DNA-PK and CHKL. Interestingly, phosphorylation of serine 8 and serine 10 in FANCD2
(Fig. S7A) were reported in publicly available mass spectrometry screens*2. Furthermore,
these sites are evolutionarily conserved and match two nested CHK1 consensus motifs,
RXXS and RXXXS/T, respectively (Fig. S7C). To test if FANCD2 phosphorylation by
checkpoint kinases promoted its recognition and ubiquitination by FBXL12, we treated
HEK?293 cells with ATR (AZD6738), CHK1/CHK2 (AZD7762) or DNAPK (NU7441)
inhibitors, respectively. ATR and CHKZ1 inhibition abrogated the interaction with FBXL12,
indicating that phosphorylation of FANCD2 by ATR-CHKZ1 kinases regulate binding to
FBXL12 (Fig. S7D). Next, we generated single amino acid substitution mutants of several
serine residues in the FANCD2 N-terminus (amino acids 1-140), as well as a double alanine
mutant of the putative CHK1 phosphorylation site (FANCD2-S8/10A, hereafter referred to
as FANCD2-AA. FANCD2 and FBXL12 co-IPs showed that several FANCD2 mutants,
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including S8A, S10A, S64A and S88A exhibited decreased FBXL12 interaction, albeit less
profoundly compared to the FANCD2-AA double mutant which significantly reduced but
did not fully abrogate FBXL 12 interaction (Fig. 5A). Upon activation of the FA pathway
with MMC, the full-length FANCD2-AA mutant also showed diminished interaction with
FBXL12 (Fig. 5B).

To investigate if CHK1 phosphorylates the FANCD2 N-terminus, we translated the
FANCD2 N-terminus and performed /n vitro kinase assays. CHK1 phosphorylated FANCD2
as shown by immunoblotting with an antibody detecting phosphorylated serine or threonine
within the RXXS/T motif (Fig. 5C). /n vitro binding to peptides (encompassing the first 15
amino acids of FANCD?2) which was phosphorylated by CHK1, confirmed that FBXL12
binds this phospho-motif (Fig. 5D), while two other F-box proteins with similar structure,
SKP2 and FBXLJ5, failed to bind. Importantly, FBXL12 did not bind FANCD2 peptides with
alanine mutations of the S8/S10 residues (Fig. 5D).

To provide additional evidence that SCFFBXL12 catalyses FANCD2 polyubiquitination and
to assess the dependency on residues S8 and S10, we performed /7 vitro ubiquitination
assays. As shown in Fig. 5E, full-length (FL) FBXL12, but not FBXL12-AF catalysed
FANCD?2 polyubiquitination. Correspondingly, FANCD2-AA was not polyubiquitinated
by FBXL12 /n vitro (Fig. 5E), or in cells (Fig. S7E), indicating that phosphorylation

of FANCD?2 at S8/S10 by CHK1 is required for efficient FANCD2 polyubiquitination.

To examine if FANCD2 phosphorylation by CHK1 regulates FANCD?2 protein levels, we
co-expressed FANCD2 and FANCI in FBXL12-WT and FBXL12-KO HEK?293T cells. As
shown in Fig. 5F, CHKZ1 inhibition increased FANCD?2 protein in chromatin fractions of
FBXL12-WT cells, to levels comparable to FBXL12-KO cells (Fig. 5F, compare lanes 2,
3 and 4). Comparably, FANCD2-S8A and S10A levels were not significantly different in
FBXL12-WT and FBXL12-KO cells (Fig. 5F, /anes 6 — 9), supporting FANCD?2 degradation
by FBXL12 upon S8/S10 phosphorylation by CHK1.

We next searched the ProteomicsDB peptide database*® and found several N-terminal
FANCD?2 peptides previously reported to be modified with ubiquitin, including lysines

13 and 22. Typically, ubiquitination sites tend to be located within unstructured regions
approximately 20 amino acids adjacent to the degron motif44. Based on this information, we
created a K13R/K22R FANCD2 mutant (2KR mutant) along with a mutant containing five
additional lysine mutations (from K13 to K34, 7KR mutant) and assessed polyubiquitination
in vitro. Both the FANCD2 mutants had significantly reduced polyubiquitination smears as
compared to WT-FANCD2 (Fig. 5G), indicating that lysines 13/22 are likely conjugated to
ubiquitin by SCFFBXL12 nromoting FANCD2 degradation.

To investigate if K561-monoubiquitination influences FANCD2 phosphorylation and/or
polyubiquitination by FBXL12, we performed MS-based proteomics using HEK293

cells co-transfected with monoubiquitin-deficient K561R-FANCD2 and FANCI, or CHK1
phosphorylation-deficient FANCD2-AA mutant as control. To induce rapid activation of
CHK1, we inhibited WEE1 kinase using AZD1775%. The MS results did not reveal

any conclusive FANCD2 ubiquitin-conjugated peptides, however, we identified several
phosphorylated N-terminal peptides in the K561R-FANCD2 sample, including S8, S10
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and S15 (Fig. 5H and Table S3), demonstrating that K561R is phosphorylated in response
to RS induced by AZD1775. To test if monoubiquitination of FANCD?2 influences
FBXL12-mediated FANCD2 polyubiquitination, we depleted FANCL, and for comparison
USP1 (which removes K561-monoubiquitin) and performed /7 vivo ubiquitination
assays. Depletion of FANCL (or USP1) did not prevent FBXL12-dependent FANCD2
polyubiquitination (Fig. S7F), and as expected, expression of FBXL12 downregulated
K561R-FANCD?2 in a dose-dependent manner, like WT-FANCD?2 (Fig. 51). Additional
analysis with the K561R mutant corroborated polyubiquitination in the absence of

K561 monoubiquitination (Fig. S7G) and both WT-FANCD2 and K561R-FANCD?2 were
increased in FBXL12-KO cells, supporting FANCD2 degradation independent of its
monoubiquitination state (Fig. S7H).

FBXL12 alleviates CYCLIN E-induced and CDK-driven replication stress in a FANCD2-
dependent manner

To discern the physiological role of FBXL12-mediated degradation of FANCD2, we
assessed replication fork progression and origin usage in CCNEZ amplified HCC1569 cells
following depletion of either FBXL12, FANCD2, or their co-depletion. While knockdown
of FBXL12 or FANCD?2 individually decreased replication fork speed, their co-depletion
restored fork progression to the same level as control cells (Fig. 6A). Similarly, the
proportion of stalled replication forks increased with FANCD2 or FBXL 12 silencing,
though co-silencing of FANCD2/FBXL12 re-established the number of stalled replication
forks analogous to control (Fig. 6B). These effects are likely due to residual expression

of FANCD2 following siRNA-mediated downregulation, whereby the combined FBXL12-
FANCD2 knockdown results in functionally sufficient FANCD2 levels to support fork
recovery and fork progression (Fig. 6B and C). Interestingly, however, firing of new origins
was specifically increased in FBXL12-depleted but not in FANCD2-depleted HCC1569
cells (Fig. 6B). Again, the combined depletion of FBXL12 and FANCD?2 resulted in a
significantly lower proportion of cells with new origin firing compared to control cells

(Fig. 6B). Together, the data indicate an epistatic function of FBXL12 and FANCD2, as
(partial) knockdown of FANCD?2 alleviates the RS phenotypes that derive from depletion

of FBXL12. Importantly, yH2AX immunoblotting revealed that the rescued replication fork
processivity in FBXL12/FANCD2 co-depleted cells (Fig. 6B) reverted the increased DNA
damage resulting from individual depletion of FBXL12 or FANCD?2 (Fig. 6C). In line with
these findings, the FANCD2-AA mutant was less efficient than WT-FANCD?2 in reducing
CYCLIN E-induced RS and ensuing DNA damage, as expression of FANCD2-AA increased
YH2AX and p21 in response to CYCLIN E overexpression, compared to FANCD2-WT or
control transfected cells (Fig. S8A). FBXL12 depletion also increased the percentage of
53BP1 nuclear bodies (NBs) in response to overexpression of CYCLIN E (Fig. 6D) and
co-depletion of FANCD2 and FBXL12 rescued the formation of 53BP1 NBs in damaged
daughter cells*’ (Fig. 6D), presumably reflecting that defective turnover of FANCD2 during
chromosomal segregation in anaphase results in unresolved UFBs (Fig. S8B).

As a different approach to induce CDK1/2-driven RS (and activation of ATR-CHK1
signalling®8) in addition to CYCLIN E, we conducted additional experiments using
AZD1775. Similar to CYCLIN E overexpression, WEE1 inhibition leads to increased
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origin firing, slower replication fork speeds, pre-mature mitosis and genomic instability0:49,
Initially, AZD1775 treatment increased FANCD?2 protein levels at chromatin. However,
upon washout of AZD1775, the amount of FANCD2 decreased in a manner dependent on
FBXL12 (Fig. S8C), reminiscent of FA pathway activation by MMC treatment and CYCLIN
E-induced RS (Fig. 4E-G).

To directly assess if FBXL12 and FANCD?2 bind to nascent DNA in the vicinity of
replication forks, we performed aniPOND experiments as described®?. Both FBXL12 and
FANCD?2 associated with replication forks in MDA-MB-231 cells (Fig. 6E and Fig. S8D)
and upon AZD1775 treatment, FANCD2 was depleted in FBXL12-WT cells, in sharp
contrast to FBXL12-KO cells where FANCD?2 protein levels was significantly enriched
(Fig. 6E). While thymidine-chase displaced replication fork protein PCNA, FANCD2 was
captured on DNA after the replication fork passed, supporting spatial targeted degradation of
FANCD? at the replication fork (Fig. 6E). Analysis of KAP1 and yH2AX phosphorylation
revealed a spike of DNA damage signalling in the vicinity of replication forks, which
persisted in FBXL12-KO cells after the replication fork had passed (Fig. 6E), in agreement
with unresolved DNA damage in FBXL12-depleted cells (Fig. 1).

As phosphorylation of the FANCD2 N-terminus by CHK1 regulates FBXL12-mediated
polyubiquitination (Fig. 5), we hypothesized that mutation of S10 may interfere with fork
progression during RS in a FANCD2-dependent manner. The Passmore lab recently showed
that the disordered FANCD2 N-terminus undergoes a conformational change upon ATR-
mediated phosphorylation of a flexible phospho-loop in FANCI, stimulating the transition
of the ID2 complex from an open (unstable) to closed (stable) state®L. Closure of the
FANCD2-FANCI heterodimer then primes the ID2 complex for monoubiquitination and
DNA clamping?. Notably, germline mutations in FANCD?2 at position 10 (S10P) have
been reported (Fanconi anemia mutation database - https://www2.rockefeller.edu/fanconi/).
To the best of our knowledge, the significance of S10P mutation in FA patients is

unknown. To investigate the functional effects of mutating the FANCD2 phosphodegron,
we used FANCD2-deficient FA patient fibroblasts (PD20) as a model®2 and reconstituted
FANCD2-WT, -AA and -S10P, and additionally S10D, as a phosphomimetic mutant in
PD20 cells (Fig. 6F). The constructs were expressed at low levels to avoid artefacts related
to overexpression and all mutants interacted with FANCI (Fig. S8E). Notably, we found
that the recruitment of FANCI to chromatin in PD20 (and HCC1569) cells depends on
FANCD?2 (Fig. 6C and Fig. S8G). As expected, the FANCD2-S10D mutant was consistently
detected at lower levels (Fig. S8F) and its turnover rate on chromatin was comparable to
FANCD2-WT, while the FANCD2-S10P and -AA mutants were stable (Fig. 6G).

Importantly, PD20 cells reconstituted with either FANCD2-AA or FANCD2-S10P failed
to promote cell survival in response to AZD1775 treatment, and to a lesser extent, MMC-
treatment, in contrast to PD20 cells expressing FANCD2-WT (Fig. 6H, 61 and Fig. S8H).
Consistent with a protective role of FANCD?2 during RS, AZD1775 treatment significantly
increased DSB formation in PD20 cells compared to PD20 FANCD2-WT cells (Fig.

6J). Importantly, PD20 cells reconstituted with the FANCD2 AA or S10P mutant were
unable to prevent DNA damage induced by AZD1775 (Fig. 61 and 6J). Finally, to provide
direct functional evidence of the FANCD2 N-terminal degron in regulating replication fork
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progression we performed additional DNA fibre assays. Strikingly, both AA and S10P
mutants significantly reduced fork progression as compared to WT-FANCD2 (Fig. 6K).
Thus, PD20 cells reconstituted with polyubiquitination-deficient FANCD2 mutants have
reduced RF processivity in response to CDK-driven RS and mutation of S10 disrupted the
protective function of FANCD?2. Deletion of FBXL12 in PD20 cells (PD20-FBXL12-KO)
did not change the rate of proliferation as compared to parental PD20 cells, nor did it
exacerbate DNA damage formation upon RS, further supporting FANCD2 dependency of
the observed FBXL12 phenotypes (Fig. S81-K). Consistently, siRNA depletion of FBXL12
significantly increased DNA damage in PD20-FANCD2-WT cells treated with AZD1775, as
compared to PD20 cells (Fig. S8L).

The FBXL12-FANCD2 axis is overexpressed in highly proliferative tumours and its
disruption causes sensitisation to drug-induced replication stress

We next interrogated public cancer transcriptomic data and found increased expression

of FBXL 12in basal-like and luminal A breast tumours (Fig. S9A) and strong positive
correlation between FBXL12and CCNEI1, CHEKI and FANCDZ, particularly in breast
cancer (Fig. S9B-E). In agreement with the function of FBXL12 and FANCD?2 in mitigating
OIRS, FBXL1Z2expression correlated with CCNEI and several FA genes in the TCGA
PanCancer dataset (Fig. 7A and Fig. S9F). FANCDZ2 expression correlated strongly with
MKI67 expression, supporting its requirement in highly proliferative cells (Fig. S9G).
Correlations between FBXL12, FANCD2 and CYCLIN E were more evident in the
proteome cohorts of 45 breast®3 and 141 non-small cell lung cancers (NSCLC)%4. In breast
cancer, both FBXL12 and FANCD2 were significantly elevated in the BLBC subtype when
stratified according to their PAMS50 signature, which also coincided with high CYCLIN E2,
MYC and MKI67 expression (CYCLIN E1 was absent in the proteome dataset) (Fig. 7B-D,
Fig. S9H and I). Rank-based gene set enrichment analysis (GSEA) using this dataset with
FBXL12 protein expression as a continuous variable demonstrated that genes correlating
with FBXL12 were significantly enriched for E2F targets, G2/M checkpoint, DNA damage
response, MY C targets, and interestingly interferon gamma/alpha response, characteristic
features of genomically unstable BLBCs (Fig. S9J-M). Among the proteins that most
strongly correlated with FBXL12 expression in the breast cancer dataset were USP1 and
PARP2 (Spearman’s correlation coefficients r=0.57 and r=0.62, respectively), which are
intricately linked to HR/FA DNA damage response pathways (Fig. SON). GSEA of FBXL12
protein correlations in the panel of breast cancer cell lines (Fig. 1) consistently revealed
enrichment of E2F targets, as well as epithelial-to-mesenchymal transition and G2/M
checkpoint (FDR<0.00025 for all three gene sets) (Fig. S90). In lung cancer, increased
expression of the FBXL12-FANCD2 axis was observed in subtype 5, which is distinguished
by high proliferation, worse patient outcome and frequent overexpression of oncogenes®
(Fig. S10A-F).

High FBXL 12 expression correlated with significantly decreased patient survival in lung and
gastric cancer (Fig. S10G and H), while in breast cancer, increased expression was linked

to improved survival (Fig. S10I). In contrast, when analysis was restricted to high-grade,
chemotherapy-treated breast cancers, high FBXL 12 expression showed a trend towards

poor patient outcome (Fig. S10J). To further assess the clinical significance and correlation
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between FBXL12, CCNE1, and overall survival, we analysed TCGA breast cancer survival
data®® using a median FBXL 12 expression cut-off. Tumour samples stratified based on
high or low FBXL 12 expression were then analysed in relation to CCNEI gene expression.
Importantly, in the FBXL12high group, CCNE1 high patients showed significantly lower
survival compared to patients with low CCNEI expression (Fig. 7E, p=5.8e-3), while there
was no significant difference between CCNEI high and low patients in the FBXL12low
group (Fig. 7F, p=0.158). Moreover, a notable co-occurrence of CCNEZ and FBXL12
amplifications was observed in breast cancer patients (p<0.0001) and median progression-
free survival was markedly reduced in patients with amplifications of both genes (Fig. 7G
and Fig. S10K).

To determine if loss of FBXL12 causes deregulation of RS and DNA damage response
pathways, we profiled the transcriptomes of two MDA-MB-231 KO clones and WT cells
(Fig. 7H and Table S4). FBXL12-KO cells displayed significant upregulation of pathways
linked to induction of senescence and cell death, and downregulation of several DNA
damage and repair pathways, including HR/FA (Fig. S10L). We next created an FBXL12
gene signature comprising genes significantly upregulated at least 2.8-fold in FBXL12-KO
cells to evaluate if FBXL12 is linked to deregulation of the RS response. The FBXL12-KO
gene signature correlated with a published RS signature from MCF10A cells overexpressing
CYCLIN E and depleted of central RS/DDR response regulators®®, applied on various gene
expression datasets from TCGA cancer patient cohorts (Fig. 71-L).

As CYCLIN E overexpression induces ssDNA gaps®’, a marker of RS, and HR-deficient
cancer cells can accumulate ssSDNA gaps at stalled replication forks®8, we scored ssDNA
intensity in nuclei with nascent DNA (see methods). Since PARP inhibition interferes

with repair of sSDNA breaks, we also treated cells with the PARP inhibitor Olaparib and
found that in FBXL12-KO but not -WT cells Olaparib treatment resulted in significantly
increased ssDNA intensity (Fig. 7M and Fig. S10M), supporting accumulation of ssDNA
gaps and DNA damage upon depletion of FBXL12 in BLBC cells. Although TNBC cells
are commonly HR defective (with mutations in BRCA1/2) only a fraction responds to PARP
inhibitors. We performed comet and viability assays of Olaparib treated FBXL12-WT and
KO cells and found that FBXL12 depletion sensitised TNBC MDA-MB-231 cells to PARP
inhibitors (Fig. S10ON and O).

Finally, to test whether FBXL12 depletion sensitised cancer cells to drug-induced RS, we
treated MDA-MB-231 cells (FBXL12-WT and FBXL12-KO) with AZD1775 and assessed
acute sensitivity and re-proliferation capacity. Although MDA-MB-231 cells respond

to acute inhibition of WEE1 by AZD1775, they recover post-treatment*®. Importantly,
knockout of FBXL 12 exacerbated sensitivity to low nanomolar AZD1775 concentrations
(Fig. 7N) and impaired cellular recovery compared to FBXL12-WT cells (Fig. 70).
Consistently, FANCD2 protein was enriched at chromatin post AZD1775 treatment in
FBXL12-depleted cells (Fig. 7P) which was also associated with a significant delay in
clearance of yH2AX (Fig. 7Q), accordant with a dependency on FBXL12 in response to
RS, comparable to CYCLIN E overexpressing cells (Fig. 1). Collectively, these data indicate
that FBXL12 expression may be a useful indicator of patient outcome and a potential
vulnerability in tumors with CYCLIN E overexpression.
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DISCUSSION

In this study we show that FBXL12-mediated polyubiquitination and proteasomal
degradation of FANCD?2 at stalled replication forks promotes fork recovery and DNA
synthesis in the context of CYCLIN E- and drug-induced RS (Fig. S11). To activate

FA signalling, ATR-phosphorylates FANCI, enabling monoubiquitination of both FANCI
and FANCD?2 by the FA core complex20. This modification triggers a structural change,
resulting in the formation of a stable clamped 1D2 complex encircling the DNAZ1.23,
De-ubiquitination of the monoubiquitinated ID2 complex by USP1-UAF1 stimulates its
unloading from chromatin and knockdown of USP1 impairs subsequent DNA repair steps®®.
It is presently unclear how USP1 catalyses de-ubiquitination of the ID2 complex as
monoubiquitinated FANCI occludes the USP1 interaction site in FANCD250. Additionally,
extraction of DNA bound ID2 complex may be initiated through sumoylation-ubiquitination
involving the DVC1-p97 segregase complex, limiting 1D2 dosage on chromatin®?,

Failure to remove the ID2 complex may lead to replication barriers that exacerbate DNA
damage during replication stress, ultimately causing genome instability. Our findings shed
light on the rapid removal of the ID2 complex, even in its di-monoubiquitinated (USP1-
resistant) state, preventing potential replication obstacles. FBXL12 depletion and FANCD2
accumulation on chromatin not only reduced replication fork processivity and increased

the proportion of stalled replication forks but also led to increased origin firing, seemingly
contradictory to a report indicating an inhibitory effect of FANCD2 on dormant origin
firing20. This could be explained by several observations: Firstly, stabilisation of FANCD2
also results in elevated levels of FANCI, possibly by formation of stable FANCD2-FANCI
heterodimers®2. Secondly, FANCI was attributed an activating role in dormant origin firing
under mild RS conditions, however, phosphorylated FANCI is likely excluded from dormant
origins as high RS resulted in sustained ATR-CHK1 activation and reduced dormant origin
firing in the cited study29. Thirdly, we observed decreased amounts of FANCI present at
chromatin in FANCD2-negative PD20 cells and following knockdown of FANCD?2 in cancer
cells. Thus, the likelihood of new origin firing is expected to vary based on the specific cell
context and differ depending on the intensity and timing of RS.

Although both CHK1 and FANCD?2 are general effectors of ATR signaling and DNA
replication stress, ATR and CHKZ1 also have distinct functions. For instance, CHK1
inhibition leads to phosphorylation of ATR targets causing increased replication initiation
and DNA strand breaks®2. In addition, cancer synthetic lethality between ATR and CHK1
has been linked to increased CDK-dependent origin firing84. Our data show that CHK1
facilitates polyubiquitination of FANCD2 by FBXL12, presumably targeting of a pool

of FANCD2 on chromatin that needs to be removed to allow replication recovery once
conditions are favorable. Interestingly, slower fork progression in CHK1-inhibited cells

is not caused by the excessive firing of new origins but was shown to result from

the accumulation of replication barriers that compromise cell proliferation®. Evidently,
spatiotemporal differences in CHKZ1 activity, early versus late replication origins and origin
density will influence the local concentration of CHKZ1 at a particular fork/origin, further
finetuning replication recovery with cell cycle progression. High expression of FANCD?2
does not per seresult in deregulation of fork dynamics, rather our data suggest that it is the
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decreased FANCD?2 protein turnover at replication forks that delays recovery. Analogously
to other DNA repair factors recruited and trapped on DNA, such as PARP1 in the presence
of PARP1 inhibitors, we suggest that defective turnover of FANCD2 results in a more severe
functional impairment than complete FANCD?2 loss under conditions of high RS, which
may be due to increased difficulty in resorting to alternative pathways®®. Elevated levels of
FBXL12 and FANCD?2 were observed in aggressive malignancies, particularly susceptible
to high replication stress, and linked to unfavourable patient outcomes. This suggests that
activation of the FBXL12-FANCD2 pathway may potentially contribute to development of
drug resistance and that”-68FBXL12 could represent a potential cancer target, specifically
in cancers exhibiting CYCLIN E overexpression and/or deregulation of CYCLIN E-CDK2
activity, for instance in tumours with CCNVEI amplification or inactivation of the tumour
suppressor gene FBXW79, Intriguingly, CYCLIN E overexpression was shown to sensitise
BLBCs to WEEL inhibitor AZD1775 and PARP inhibition’%"1, and we demonstrate

here that depletion of FBXL12 further sensitises cancer cells with moderate levels of
CYCLIN E. Additionally, CHKZ1 inhibition induces RS and synthetic lethality in CYCLIN
E overexpressing cells, as well as in MYC-driven lymphomas!472, indicating that the
FBXL12-CHK1-FANCD?2 axis might constitute a more general pathway for therapeutic
intervention in cancers with high RS.

In summary, our study demonstrates that FBXL12 is a crucial suppressor of DNA replication
stress through its function as an SCF substrate receptor for FANCD?2. This pathway is

vital for the survival of cancer cells under conditions of high RS, findings that may have
important medical implications.

Limitations of the study

Our work primarily focused on FBXL12-mediated degradation of FANCD?2 in the context
of CDK-driven replication stress. The broader implications of this mechanism in cancer
types and different sources of replication stress require further exploration. While the study
provides evidence of a positive correlation between FBXL12, CYCLIN E, and Fanconi
anaemia signalling, further investigation is needed to establish the potential efficacy and
safety of targeting FBXL12-FANCD?2 signalling as a therapeutic approach. It is also
important to consider that FBXL12 may have regulatory effects on other proteins involved in
different cellular processes.

STARXxMethods

References from key resource table;10.20.32:45,52,73-81

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by Olle Sangfelt (olle.sangfelt@ki.se).

Materials availability—All unique/stable reagents generated in this study are available
from the lead contact without restriction.

Mol Cell. Author manuscript; available in PMC 2024 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Brunner et al. Page 15

Data and code availability

. All original data are available on GEO, MassIVE, Mendeley data and
ProteomeXchange, respectively. All data are publicly available as of the date
of publication. Accession numbers and DOI are listed in the key resources table.

. This paper does not report any original code.

. Any additional information required to reanalyse the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mammalian cell culture—HEK?293, HEK293T, RPE-1 and U20S cell lines were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS and 2mM
L-glutamine. Medium for culturing U20S CYCLIN E1 tet-off cells was furthermore
supplemented with 1ug/ml puromycin and 1ug/ml doxycycline. HCC1569, SUM149PT,
MDA-MB-231, CAL51, HCC1143, HCC1419, MCF7 and MDA-MB-157 breast cancer
cell lines were grown in RPMI-1640 supplemented with 10% FBS and 2mM L-glutamine.
MCF10A cells were maintained in DMEM supplemented with 10% FBS, 2mM L-glutamine
and mammary epithelial growth supplement. PD20 fibroblasts were cultured in alpha-MEM
supplemented with 15% FBS. All cells were incubated at 37°C in 5% CO2. Cell cultures
were authenticated by short tandem repeat (STR) analysis. All cell lines were mycoplasma-
free and periodically monitored using a PCR-based detection kit.

METHOD DETAILS

Antibodies and biochemical analysis—Whole cell lysates were obtained by lying
cells in NP-40 lysis buffer (50 mM Tris-HCI [pH 8.0], 150 mM NacCl, 1% NP-40)
supplemented with both protease (Complete mini) and phosphatase (PhosSTOP) inhibitors.
In the case of immunoprecipitation experiments, lysates were incubated with respective
antibodies for 16h, then incubated with Dynabeads coupled to protein G for 1h followed

by three washes with lysis buffer. Subsequently, proteins were resolved by SDS-PAGE on 4—
12% bis-acrylamide gels, blotted onto PVDF membranes, and detected by immunoblotting
using the antibodies specified in the key resources table. For subsequent detection by
chemiluminescence isotype-specific secondary antibodies coupled to horseradish peroxidase
were used. Quantifications of immunoblot bands were obtained by densitometry analysis
using ImagelJ. Where plotted, data represent mean + SEM based on at least three
experiments.

Gene silencing and transfections—HEK?293 and HEK293T cells were transfected by
calcium-phosphate method as described elsewhere82. All other cell lines were transfected
using TransIT LT-1 transfection reagent according to the manufacturer’s information.

For transient gene silencing siRNAs were transfected using HiPerfect according to the
manufacturer’s instructions. Cells were transfected 48 to 72h prior to analysis or functional
assays.

CRISPR genome editing—Cas9 and guide RNAs were either transiently introduced
by transfection described above (HEK293T) or stably integrated using a lentiviral vector
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(MDA-MB-231, HCC1569, MCF10A). In the case of transient transfection plasmid pX462
containing Cas9-D10A nickase was transfected along with two gRNAs for enhanced
specificity. Lentiviral vectors were generated in HEK293T cells using pLenti-CRISPR V2
together with packaging plasmids psPAX2 and pMD2.G. Culture medium containing viral
particles (48 and 96h after transfection) was used to infect target cells in the presence of
8mg/ml polybrene. After transduction or transfection cells were puromycin-selected (0.5

— 3.0ug/ml) for 72h or 24h respectively, and subsequently clones picked and expanded.
Clones were genotyped by sequencing of the targeted region and knock-out verified by
immunoblotting.

Image cytometry-based high-throughput siRNA screening—The high-throughput
siRNA screen was performed as previously described83. Briefly, HCC1569 breast cancer
cells were transfected for 72 hours with a library of two individual siRNAs targeting 583
DNA repair genes (Silencer Select Human DNA Damage Response siRNA Library). Cells
were then pulse-labelled for 1 hour with 10uM BrdU and then for 3 hours with 10uM Edu.
Between the two pulse labels, the cells were treated with 2uM APH for 16h. Cells were
fixed in 90% methanol overnight and then permeabilized with 0.3% Triton-X in PBS for 10
min. Incorporated EdU was detected using the Click-it Kit according to the manufacturer’s
instructions. The cells were then treated with 1% BSA and 2N HCI in PBS for 20min

and stained for BrdU using anti-BrdU antibody diluted 1:400 in PBS for 1h followed by
secondary anti-mouse antibody labelled with Alexa Fluor 488 dye diluted 1:200 in PBS for
30min. The genomic DNA was stained with Hoechst33342.

Flow cytometry—S-phase cell population and progression were studied by pulsing cells
with 10pM EdU for 1h and releasing for the times indicated, then fixing in 80% v/v cold
ethanol and subsequent staining using Click-it chemistry and Hoechst33342 stain according
to the manufacturer’s instructions, alternatively staining with Hoechst33342 alone to assess
DNA content only. Stained cells were analysed on FACS Canto Il flow cytometer and FACS
Diva software (BD).

DNA fibre assays—Replication fork progression and/or restart were measured as
described previously®4. Briefly, cells were sequentially pulsed with 25uM CldU for 20
min, when applicable replication was blocked with APH (2uM) or HU (0.2mM), followed
by wash-out and 250uM IdU pulse for 20-40 min. In between these incubation steps

cells were washed twice with warm PBS. After harvesting, cell suspension was spotted
onto a microscope slide, air-dried for 5 min, lysed and DNA fibres allowed to stretch by
tilting the slide. Then, DNA fibres were fixed in methanol/acetic acid and denatured in 2M
HCI. After thorough washing anti-CldU antibodies (BrdU antibody, Abcam, ab6326), anti-
IdU antibodies (BrdU antibody, BD, 347580) and appropriate isotype-specific secondary
antibodies coupled to Alexa-555 and Alexa-488 were used to detect labelled fibres. Images
were taken using a Zeiss LSM880 confocal laser-scanning microscope and analysed using
ImageJ software.

Cell proliferation and senescence assays—~Proliferation rates were measured by
plating cells in a 96-well format followed by respective cell treatment. Subsequently,
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proliferation was either assessed by adding alamar blue and measuring fluorescence changes
at 590nm indicative of cell proliferation. Alternatively, cells were fixed by methanol at

the indicated time points and stained with 0.5 % wi/v crystal violet solution. Subsequently,
crystal violet was resolubilised in 50% v/v methanol / 5% v/v acetic acid and absorbance
measured at 590nm using a SpectraMax M2e spectrophotometer (Molecular devices). To
assess long-term proliferation rates in response to drug treatment a low number of cells (20
000-40 000/well) was plated on 6-well plates treated for 72h and allowed to recover in the
absence of the drug for 10-14 days. Colonies were stained by crystal violet as above and
images taken using CanoScan Lide 700f scanner (Canon).

Senescence was assessed by SA-Bgal staining as described previously8°. Briefly, cells were
plated on 6-well plates, treated as indicated, subsequently fixed in 4% paraformaldehyde for
5min, then incubated at 37°C for 12 to 24h in staining solution containing 1mg/ml X-gal.
Images were taken on a Leica DMI600 microscope and analysed using CellProfiler 4.2.1
software80,

Mass spectrometry—Identification of FBXL12 interactors: Flp-In T-REx-293 cells
stably expressing 3xHA-3xFLAG-FBXL12 or control cells were harvested and lysed in

IP buffer consisting of 100mM Tris-HCI pH8.0, 150mM NacCl, 50mM EDTA, 0.1% NP-40,
10% glycerol, ImM DTT, protease inhibitors, phosphatase inhibitors and DNase. Protein
lysates were incubated with anti-HA agarose for 2 hours at 4°C. Beads were washed four
times with IP buffer followed by washes with IP buffer lacking NP-40. Following the
washes, bound protein complexes were eluted using 8M urea and 100mM Tris-HCI [pH 8.0].
Eluates were precipitated in acetone.

Acetone precipitates were resuspended in 100mM Tris-HCI [pH 8.5], 8M urea, reduced
and alkylated using 5mM Tris (2-carboxyethyl) phosphine and 10mM iodoacetamide,
respectively, and digested with Lys-C and trypsin. The digested peptides were subjected
to offline high pH reverse phase fractionation using high pH reversed phase spin columns
and subsequently analysed by LC-MS/MS. Peptides were separated by reversed phase
chromatography using 75pum inner diameter fritted fused silica capillary column packed
in-house to a length of 25 cm with Luna C18 3um reverse phase particles. An increasing
gradient of acetonitrile was delivered by a Thermo Scientific Dionex Ultimate 3000 at a
flow rate of 300nl/min. MS/MS spectra were collected using data dependent acquisition
on Orbitrap Fusion Lumos Tribrid mass spectrometer. Proteomic database search was
performed using the MSGF+ algorithm via the target-decoy strategy against the EMBL
Human reference proteome.

Network analysis of FBXL12 interactors was performed using evidence for physical protein
interactions available through STRING-DB8® with a STRING interaction score cut-off of
0.4. ldentification of posttranslational FANCD2 modifications: MY C-tagged FANCD2 was
immunoprecipitated as described above. On-bead reduction, alkylation and trypsin digestion
were performed followed by SP3 peptide clean-up of the resulting supernatant*6. Each
sample was separated using a Thermo Scientific Dionex nano LC-system in a 3h 5-40%
ACN gradient coupled to Thermo Scientific High Field QExactive. The software Proteome
Discoverer 1.4 including Sequest-Percolator for improved identification was used to search
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the Homo Sapiens Uniprot database for protein identification, limited to a false discovery
rate of 1%.

Sub-cellular fractionation—Fractionation of cell lysates to distinguish chromatin-
associated and soluble (nucleoplasm and cytoplasm) protein pools was carried out as
previously described®’. Briefly, cell suspension after harvesting was incubated in pre-
extraction buffer (25mM HEPES [pH 7.4], 50mM NaCl, 1mM EDTA, 3mM MgCl,,
300mM sucrose and 0.5% Triton X-100) for 5min under constant agitation, then spun
down and supernatant soluble fraction collected. Remaining cell pellet was resolubilised in
Laemmli buffer (4% SDS, 20% glycerol and 120 mM Tris [pH 6.8]), heated, sonicated and
supernatant chromatin-enriched fraction collected after spin-down. Samples were analysed
as described above.

Ubiquitination assays—/n vivoand in vitro ubiquitination assays were performed as
previously described®8. Briefly, for /7 vivo ubiquitination HEK293T cells were treated

with 10pM MG-132 for 4h prior to harvesting if indicated in the figure. Then, cells

were lysed in NP40 lysis buffer, as above, additionally containing 1% SDS and 10mM
N-ethylmaleimide (NEM), sonicated and heat-denatured at 95°C for 10min. Lysates were
diluted and respective ubiquitination substrate immunoprecipitated followed by SDS-PAGE
and immunoblotting analysis as above. To complement ubiquitination assays pulling down
substrates, TUBES were used to pull down ubiquitin chains. For these assays SDS was
omitted from the lysis buffer.

For in vitro ubiquitination assays, Dynabead-immobilised FANCD?2 protein along with
immunopurified and eluted SCF-FLAG-FBXL12 were resuspended in ubiquitination
reaction buffer (25mM Tris—HCI pH 7.6, 5mM MgCl,, 100mM NaCl) containing 2mM
ATP, ImM DTT, 200nM UBAL1, 500nM HIS6-UBCH3 and 4pug ubiquitin. /n vitro reactions
were carried out at 37°C and incubated for 1h prior to three washes with NP40 lysis buffer
and analysis by SDS-PAGE and immunoblotting.

In vitro phosphorylation and binding assays—FANCD?2 constructs were in

vitro transcribed and translated using the Promega coupled transcription/translation

system according to the manufacturer’s instructions. Translated proteins were then
immunoprecipitated as above and after three additional washes with NP-40 lysis buffer
(50mM Tris—HCI [pH 8.0], 150mM NacCl, 1% NP-40) incubated for 60min at 37°C in

50ul of phosphorylation buffer (50mM Tris—HCI [pH 7.4], ImM EGTA, 150mM NacCl,
0.1% p-mercaptoethanol, 2mM ATP) with 1U of the respective recombinant kinase. For

in vitro binding assays, bead-immobilised FANCD?2 peptides or in vitro translated and
phosphorylated FANCD?2 protein constructs were resuspended in 50mM Tris—HCI [pH 7.4]
and 150mM NaCl buffer in the presence of immunoprecipitated and eluted FLAG-FBXL12
and under constant g