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Chromosomalinstability (CIN) iscommon in solid tumours and fuels
evolutionary adaptation and poor prognosis by increasing intratumour
heterogeneity. Systematic characterization of driver eventsin the
TRACERx non-small-cell lung cancer (NSCLC) cohort identified that

geneticalterationsin six genes, including FATI, result in homologous
recombination (HR) repair deficiencies and CIN. Using orthogonal genetic
and experimental approaches, we demonstrate that FATI alterations

are positively selected before genome doubling and associated with HR
deficiency. FAT1 ablation causes persistent replication stress, an elevated
mitotic failure rate, nuclear deformation and elevated structural CIN,

including chromosome translocations and radial chromosomes. FATI loss
contributes to whole-genome doubling (a form of numerical CIN) through
the dysregulation of YAP1. Co-depletion of YAPI partially rescues numerical
CIN caused by FATI loss but does not relieve HR deficiencies, nor structural
CIN. Importantly, overexpression of constitutively active YAP1>**is sufficient
toinduce numerical CIN. Taken together, we show that FAT1loss in NSCLC
attenuates HR and exacerbates CIN through two distinct downstream
mechanisms, leading to increased tumour heterogeneity.

Chromosomal instability (CIN) is pervasive during cancer evolution,
particularly in non-small-cell lung cancer (NSCLC), where it is associ-
ated with poor recurrence-free survival'™. CIN results in loss of het-
erozygosity (LOH) events, the burden of which correlates with the
frequency of whole-genome doubling (WGD) eventsin solid tumours>®.
WGD not only mitigates the effect of LOH resulting from CIN, but also
fosters ongoing CIN”'°. By duplicating the complete set of chromo-
somes, WGD is a key event during cancer evolution and correlates
with poor prognosis and targeted therapy resistance”" . Despite the
importance of CIN and WGD in accelerating cancer evolution by pro-
motingintratumour heterogeneity’, genetic events responsible for the
initiation and maintenance of CIN and WGD in NSCLC have not been
systematically investigated.

Tracking Cancer Evolution Through Therapy/Rx (TRACERX)
is a longitudinal cancer study that utilizes multiregional sampling
and whole-exome sequencing (WES)® to identify and time genetic

alterations and their relationship with WGD and CIN®. Here, we identify
mutationsin cancer driver genes that co-occur with WGD and CIN and
further characterize their respective involvementin the DNA damage
response (DDR) and CIN. We demonstrate that genetic perturbation of
six TRACERXx driver genes identified in our screen (particularly FATI)
causes deficiencies in homologous recombination (HR) repair and
elevated CIN. Using NSCLC cell line models, we further characterize
the molecular mechanisms by which FATI alterations drive WGD and
CIN—known mediators of drug resistance'"*"'*, These findings high-
light theimportance of FATI gene alterations in lung cancer evolution.

Results

Identification of DDR and CIN drivers in lung TRACERx

To identify alterations that correlate with WGD and CIN in NSCLC, we
analysed multiregional WES data from tumours obtained from the
first 100 patients within the lung TRACERx study’. Here, we identified
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795 driver events in 91 genes, excluded known oncogenes that could
not be modelled appropriately by genetic depletion approaches and
focused on 37 tumour suppressor gene mutations that co-occurred with
WGD (Fig. 1a). Pathway analysis revealed cellular processes related to
genome maintenance, such as the DDR, transcription and chromatin
remodelling (Supplementary Fig. 1), To assess how these genes
contribute to genome integrity, we performed amulti-parametric RNA
interference (RNAi) screen using high-contentimagingin four different
lung cancer cell lines harbouring mutations in KRAS, EGFR and TP53
to reflect the mutational landscape of the TRACERx cohort (Fig. 1b
(top) and Extended Data Fig. 1a). DNA double-strand breaks (DSBs)
induced by ionizing radiation, as well as replication stress induced by
hydroxyurea, were chosen to model genotoxic stress. In parallel, the
impacton chromosome loss wasinvestigated utilizing ahuman artificial
chromosome (HAC) reporter system” (Fig. 1b (bottom) and Extended
DataFig. 1b). These combined approaches enabled the identification
of six tumour suppressor driver genes—namely BAP1, CREBBP, FAT1,
NCOA6,RAD21 and UBR5—asregulators of the DDR and maintenance of
chromosomal stability in NSCLC (Fig. 1c). In addition, we also confirmed
previously reported roles of WRN, FANCM, DICERI, SMARCA4/BRG1,
ARIDIB,ARID2, KDMS5C and ATRX in the DDR” 2 (Extended Data Fig. 1a).

The effect of these genes on the DDR was initially validated using
two orthogonal approaches; the DR-GFP HR reporter assay” and a
site-specific DSB-generating endonuclease system (DIVA)*, Loss of
BAPI1, FAT1, NCOA6, RAD21 or UBRS, but not CREBBP, was associated
with HR repair deficiency and impaired single-stranded DNA (ssDNA)
resection—a step required for accurate HR repair (Fig. 1d,e and Sup-
plementary Fig. 2). Next, we assessed early HR repair signalling 1 h after
6 Gyionizingradiationinboth A549 and H1944 cells. Amarked decrease
in the formation of RADS1ionizing radiation-induced foci (IRIFs) was
observed following depletion of BAPI, FAT1, NCOA6, RAD21 or UBRS
(Fig.1f, Extended Data Fig. 2a,b and Supplementary Figs.3and 4). These
alterations in HR efficiency could not be fully explained by cell cycle
changes (Extended Data Fig. 2c), which dictate the selection of activat-
ing HR or non-homologous end-joining (NHEJ) repair, suggesting that
these genes may be involved in HR directly. FATI was prioritized as a
top candidate of clinical relevance, as inactivating mutations in FATI
were highly recurrent (-10%) in the TRACERX 421 cohort (comprising
421 patients and 1,644 tumour regions), with a notable proportion of
FATImutations occurringearly before WGD (Fig. 1g and Supplementary
Fig. 5a-c). Notably, ~20% of the lung TRACERX cohort were found to
harbour otherinactivating mutations thatimpair HR efficiency (Fig.1g
and Extended Data Fig. 2d).

FATI alterations are positively selected in lung cancer

To quantify whether mutations in FATI were under positive selection,
we measured the enrichment of FATI mutations before and after WGD
using the ratio of the observed number of non-synonymous substitu-
tions per non-synonymous site to the number of synonymous substitu-
tions per synonymous site (AN/dS)?. Estimates of dN/dS above or below
1suggest positive or negative selection, respectively, whereas estimates
overlapping 1imply that there is no evidence of selection. FATI muta-
tions, which occurred more frequently in lung squamous cell carci-
noma (LUSC) compared withlung adenocarcinoma (LUAD), were under
greater positive selection before WGD occurrence in LUSC (Fig.2a and
Extended Data Fig. 3a). In the TRACERXx 421 cohort, an enrichment of
copy number deletion events was identified around the FATI genomic
locus4g35.2 only in patients with clonal WGD, indicating positive selec-
tion of 4g35.21oss (Fig. 2b and Extended Data Fig. 3b-d). In LUSC, FATI
promoter hypermethylation events reducing FAT1 expression levels
and FATI copy number loss events were observed in the same tumours
(Extended Data Fig. 3e-g). Furthermore, we detected a significant
occurrence of mirrored subclonal allelicimbalance (MSAI) at the 4g35.2
locus, suggesting parallel evolution (Fig. 2c). Among genes encoded at
the 4g35.2locus, FATI has the lowest Genome Aggregation Database

loss-of-function score in germline samples, implying that FATI loss is
theleast tolerated event within 4¢35.2 (Fig. 2d). These results highlight
the importance of FATI alterations.

FATI1 ablation reduces HR efficiency

Considering the frequency of FATI alterations in NSCLC (Figs. 1g and
2, Extended Data Fig. 3 and Supplementary Fig. 5) and its potential
role in genome maintenance (Fig. 1d-f), we further elucidated at
which stage FATI acts in the DSB repair pathway by systematically
investigating which mediators were affected by FATI depletion1h
post-ionizing radiation. FATI knockdown did notimpact IRIFs of early
DSB repair mediators, including phosphorylated ATM, yH2A.X and
53BP1oligomerization, which are associated with NHEJ** (Fig. 3a and
Supplementary Fig. 6a,b). However, IRIF formation of CtBP interacting
protein (CtIP), which is responsible for initiating ssDNA resection®,
was significantly impaired by FATI knockdown (Fig. 3a and Supplemen-
tary Fig. 6¢). FATI depletion also reduced IRIF formation of the key HR
mediator breast cancer type 1susceptibility protein (BRCA1) in G2/M
cells, using centromere protein F-positive staining as amarker (Fig. 3a
and Supplementary Fig. 6d). CRISPR knockout of FAT1 in H1944 or
A549 cellsimpaired RAD51IRIF formation, but not yH2A.X (Extended
DataFig.4a,band Supplementary Fig. 6¢e). A time-course post-ionizing
radiation demonstrated that FATI depletion was associated with persis-
tent DNA damage, as manifested by the increased frequency of 53BP1
nuclear bodies (Extended Data Fig. 4c).

Although the size of full-length FAT1 (4,588 amino acids) limits its
ectopic expression, the reduction in RADS51 foci formation could be
partially rescued by overexpression of the FAT1 carboxy (C)-terminal
intracellular domain®*® (HA-FAT1'®; amino acids 4,202-4,588),
which exhibited nuclear localization, suggesting that nuclear FAT1
may promote efficient HR (Fig. 3b,c and Extended Data Fig. 4d,e).
FATI-knockout A549 cells were more sensitive to genotoxic stress
induced by poly(ADP-ribose) polymerase inhibitors, cisplatin and
hydroxyurea (Extended DataFig. 5a,b). By analysing both the TRACERx
and The Cancer Genome Atlas (TCGA) LUAD datasets, we observed
a correlation between FATI loss and HR deficiency (HRD)-related
genomic signatures, including elevated telomeric allelic imbalance
(TAI)?, large-scale transitions (LST)** and loss of heterozygosity
(LOH)* (Fig. 3d-f). Using established reporters for distal and alterna-
tive end-joiningactivities, respectively**, we confirmed that transient
FAT1 siRNA depletion reduced the alternative end-joining efficiency
without significantly reducing distal end joining (Fig. 3g,h). Utiliz-
ing WGS data from Genomics England, no significant difference was
observedinID6 and SBS3 mutational profiles (Extended DataFig. 5c,d
and Supplementary Fig. 7a,b), both of which are mutation signatures
associated with NHE] activity™.

FATI ablation leads to structural and numerical CIN

Indeed, FATI depletionresulted inanincreased fork collapse rate and
HACloss (Fig. 4aand Extended Data Fig. 1b). Our analysis of the TCGA
and Genomics England datasets revealed that FATI loss correlated
with anincreased weighted genome instability index score and total
mutational burden, indicating elevated structural and numerical
CIN (Fig. 4b,c). To validate this observation, we used U20S and type
2 pneumocyte (T2P) cells to investigate the formation of micronu-
clei and 53BP1 nuclear bodies in G1 daughter cells, both established
markers of unresolved replication stress and HRD**"*°, FAT1 ablation
at baseline and under replication stress induced by either low-dose
aphidicolin or a short pulse of hydroxyurea exacerbated the for-
mation of cyclin A-negative (G1-specific) 53BP1 nuclear bodies and
micronuclei (Fig. 4d-h and Extended Data Fig. 6a). Notably, acentric
micronucleus formation was significantly elevated following FAT1
depletionin A549 and U20S cells following replication stress (Fig. 4f,g).
Under these conditions, FATI ablation also resulted in an increased
mitotic error rate at baseline and under replication stress, which
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Fig.1| DDR and CIN loss-of-function screen of genome doubling-associated
drivers from the TRACERXx 100 cohort. a, Flow chart depicting candidate gene
selection for the DDR and CIN screens. b, Schematic of the design of the DDR
and CIN screens. ¢, Venn diagram showing the six driver genes contributing to
DDRand CIN. d, Validation of the six candidate genes by DR-GFP homologous
recombination reporter assay; BRCA2 serves as a positive control. HR efficiencies
are normalized to those of control samples. Statistical significance was
determined by two-sided, one-sample t-test. The data represent means + s.d.
(n=3biological replicates, except for BRCA2, for which n = 2). e, Validation

of the six candidate genes by DIVA U20S-AsiSl site-directed resection assay.
Statistical significance was determined by two-sided paired ¢-test. The data
represent means *s.d. (n = 3 biological replicates). f, Box plots quantifying

RADS51 foci formation in A549 cells following depletion of the six candidate genes,
following 6 Gy ionizing irradiation and 1 h of recovery. The box edges represent
interquartile ranges, the horizontal lines represent median values and the ranges
ofthe whiskers denote 1.5x the interquartile range (n = 3 biological replicates;
>150 cells quantified per biological replicate). Statistical significance was
determined by Kruskal-Wallis test with Dunn’s multiple comparison test.

g, Driver mutation distribution and mutational timing of the six candidate genes
inthe TRACERX 421 cohort. ATM, CHEK2, ATR, CHEK1 and members of the Fanconi
anaemia (FA)/BRCA pathway are included for comparison. FATI is highlighted in
red. CTRL, control; EGFR, epidermal growth factor receptor; FACS, fluorescence-
activated cell sorting; HU, hydroxyurea; IR, ionizing radiation; mut, mutant;

nt, nucleotides; WT, wild type.
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Fig. 2| FATI1loss of functionis enriched in the TRACERx 421 cohort and
leads to an elevated mitotic error rate and WGD. a, Top, schematic of

dN/dS ratio analysis. Bottom, results of dN/dS ratio analysis in the TRACERx 421
cohort, demonstrating that FATI truncation mutations are selected early in LUSC
tumour evolution. The data points represent estimated dN/dS ratios and the
error bars represent 95% confidence intervals calculated using the genesetdnds
function from the R package dNdScv. The TRACERx 421 cohort comprised 233
males and 188 females (421 patients total), corresponding to a 55:45 male:female
ratio. 93% of the cohort was from a White ethnic background and the mean

age of the patients was 69 years, ranging between 34 and 92 years. Written
informed consent was obtained. None of the patients was compensated for
their involvement in the study. b, Genomic identification of significant

targets In cancer (GISTIC) analysis of LUAD (141 patients) and LUSC tumours

(80 patients) in TRACERx with clonal WGD only, demonstrating that SCNA loss

A ———
Enrichment (q value)

atthe FATI genomic locus (4¢35.2; red text and highlighted) is positively selected
intumours with clonal WGD only. SCNA loci overlapping with common or rare

chromosome fragile sites

7273 are annotated (in blue for common fragile sites

and in green for rare fragile sites). c, MSAl analysis illustrating that the genomic
region of chromosome 4 that harbours the FATI gene (arrows) is frequently lost
in LUSC. Statistical significance was determined by Fisher’s exact test. In the
schematic at the top, paternal and maternal chromosomes are indicated in blue
andred, respectively.d, Top, schematic illustrating the location of the FATI gene
on chromosome 4, together with other 4¢35.2 genes within the frequently lost
4g35.2genomic region. Bottom, selection pressures against losing genes. The
dataare from the Genome Aggregation Database (gnomAD) and demonstrate
high selective pressure against deletion of the FATI genomic locus within 4¢35.2.
exp, expected; LOF, loss of function; obs, observed.
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manifested as an increased formation rate of chromatin bridges and
lagging chromosomes (Fig. 5a and Extended Data Fig. 6b). Utilizing
the DIvA site-directed DSB system***°, we further demonstrated that
FAT1depletionresultedinincreasedillegitimate translocation of two
DSBsinduced on chromosome17 (Fig. 5b). Concurrently, higher rates
of structural chromosomal aberrations, including radial chromo-
somes and chromatid gaps, were observed upon FATI loss (Fig. 5c and
Extended DataFig. 6¢). FAT1 silencing also reduced mitotic fidelity, as
evidenced by deviationsinthe modal chromosome number (Fig. 5d-f
and Extended Data Fig. 6d).

Since FATI mutations are both commonin lung cancer and evolu-
tionarily selected before WGD (Fig. 2a-c), we experimentally validated
the mitotic defect associated with FAT1loss using the near-triploid (3N)
LUAD cellline PC9 (which harbours an in-frame deletion at exon 19 of
the epidermal growth factor receptor-encoding gene) and itsisogenic
WGD hexaploid (6N) clone™. Transient FAT1 depletion in PC9 cells
significantly elevated the rate of stalled replication forks and mitotic
errors, further confirming the involvement of FAT1 in genome main-
tenance (Extended Data Fig. 6e-g). Despite resulting in an elevated
replication fork collapse rate, reduced formation of interphase and
mitotic Fanconi anaemia complementation group D2 (FancD2) foci
was also observedin FATI-depleted WGD PC9 cells, suggesting afailure
torecover fromreplicationstress, leading to structural CIN (Extended
DataFig. 6e,g-j).

FATI1 depletion leads to mitotic errors and WGD

WGD events were highly prevalentin the lung TRACERx 421 cohort (84%
of LUSC and 77% of LUAD) and FATI driver mutations were selected
before WGD in LUSC tumours (Fig. 2a). However, FATI mutations and
WGD did notsignificantly co-occur in the TRACERx 421 cohort (Fisher’s
exacttest; P=0.179) (Extended DataFig. 7a). This was probably due to
the presence of other HR-related gene alterations (-20% of patients;
Fig.1g and Extended Data Fig. 2d), which also can contribute to WGD.
To investigate whether FATI alterations drive WGD, we used the PC9
lung cancer model to quantify the proportion of actively replicating
cellswith>6N genome content (the basal ploidy of PC9is 3N). Increased
5-ethynyl-2’-deoxyuridine (EdU) incorporationrates (Fig. 6a,b), as well
as asignificant increase in loading of the replicative helicase MCM7
beyond 6N, were observed in FATI-knockout PC9 cells (Extended
Data Fig. 7b), both indicating a second replication event post-6N and
suggesting that FAT1loss is associated with WGD. These observations
were independent of p53 mutational status, as similar results were
obtained in TP53 wild-type, near diploid, untransformed retinal pig-
mentepithelial-1(RPE-1) cellsimmortalized with the human telomerase
reverse transcriptase subunit (WnTERT) (Extended Data Fig. 7c).

To identify the cause of WGD following FATI depletion, we moni-
tored cells using live-cell microscopy, tracking at single-cell resolution.
Reported causes of WGD include cytokinesis defects, endoreplication,
mitotic bypass and cyclin Bldysregulation during G2 (refs. 41-44).No
change in cyclin Bl level was observed upon FATI knockdown in G2,
ruling out cyclin Bl dysregulation as the cause of WGD in the absence
of FATI (Extended Data Fig. 7d,e). DNA synthesis, measured by EAU
incorporation, was also unaltered in control versus FATI-knockout
WGD cells transiently blocked in mitosis using nocodazole (Extended
Data Fig. 7f), thereby ruling out a role for FATI loss in driving WGD
through endoreplicationin amanner similar to that of cyclin E ampli-
fication reported recently**. To investigate mitotic bypass, we used
the hTERT RPE-1 cell line expressing both H2B-mTurquoise and fluo-
rescent, ubiquitination-based cell cycle indicator (FUCCI) (hereafter
FUCCI-RPE-1cells) for live-cellimaging (Supplementary Video 1). FATI
depletion, irrespective of the induction of aphidicolin-induced repli-
cationstress, did not cause asignificant increase in the rate of mitotic
bypass (Fig. 6¢c and Supplementary Fig. 8). In contrast, FATI-depleted
cells demonstrated an elevated rate of cytokinesis failure, suggest-
ing defects in this final step of cell division as the cause of the WGD
associated with FATI deficiency (Fig. 6d, Extended Data Fig. 7g and
Supplementary Video 2). FATI depletion was also associated with an
increased rate of nuclear shape abnormalities in daughter cells after
normal mitoses (Fig. 6e and Supplementary Video 3). Similarly, after
FATIdepletion, increasesin multinucleation and nuclear morphology
alterations were observed in fixed U20S and RPE-1 cells (Extended
DataFig.7h,i) and WGD PC9 cells, respectively, after replication stress
exposure (Extended Data Fig. 8a).

Todelineate whether structural CIN precedes nuclear shape abnor-
malities, we performed live-cell spinning-disk confocal microscopy
on FUCCI-RPE-1 cells in G2, allowing us to determine the timing and
outcome of the pending mitosis and the fate of respective daugh-
ter cells at high resolution with low phototoxicity. We observed that
FATI1 depletion not only increases chromatin bridge formation rates
(Extended Data Fig. 8b, left) but reduces the maintenance of normal
nuclear morphology following mitotic chromosomal bridge formation
(Extended Data Fig. 8b (right) and Supplementary Videos 4 and 5).
Next, we investigated the long-term outcome of daughter cells with
deformed nuclear morphology, by observing the heritability and
recurrence of nuclear deformities and mitotic errors in respective
daughter cells following mitosis (Extended Data Fig. 8c). In addition,
the number of normal second mitoses was significantly reduced fol-
lowing an initial nuclear deformation event (Extended Data Fig. 8c).
Furthermore, FATI-depleted cellshad an accelerated rate of metaphase
entry (Extended Data Fig. 8d), suggestive of a potential role for FATIin

Fig.3 | FATIloss attenuates HR repair. a, Box plots demonstrating the impact

of FATI siRNA knockdown on early DNA damage signalling and 53BP1binding

in A549 cells. The boxes represent interquartile ranges, the black and red bars
represent median and mean values, respectively, and the ranges of the whiskers
denote 1.5x the interquartile range. Statistical significance was determined by
two-sided Wilcoxon rank-sum test (n = 3 biological replicates). The total numbers
of cells quantified per condition were as follows: n > 370 (pATM), n > 438
(YH2A.X), n > 448 (53PB1), n > 560 (CtIP) and n > 218 (BRCA1). b, Schematic of

the FAT1 functional domains. The full-length FAT1 protein is 4,588 amino acids.

¢, RADS1IRIF formation following 6 Gy ionizing radiationand 1 h of recovery in
FATI1 CRISPR knockout (sgFAT1) versus control A549 cells with overexpression

of HA-FAT1'®® versus pcDNA3.1. The boxes represent interquartile ranges, the
black and red bars represent median and mean values, respectively, and the
ranges of the whiskers denote 1.5x the interquartile range. Statistical significance
was determined by two-sided Kruskal-Wallis test followed by Dunn’s test with
Bonferroni correction (n = 3 biological replicates). d-f, Top, cartoons depicting
examples of HRD-related large-scale transition (LST; d), telomeric allelic
imbalance (TAI; e) and LOH (f). Bottom left, Permutation analysis showing a
correlation between FATI CNA and HRD-related genomic signatures based on

TCGA LUAD data. Red lines indicates 90 and 95% confidence intervals, blue line
indicates observed correlation value. Bottom right, FATI driver mutation scores
for these respective genetic alterations, based on TRACERx LUAD data. For the
TRACERX LUAD data, tumour numbers were as follows: n =212 (WT)and n=17
(mut). Inthe box and whisker plots, the boxes represent interquartile ranges,
thelines represent median values and the ranges of the whiskers denote 1.5x the
interquartile range. Statistical significance was determined by two-sided mixed-
effects linear model with purity as a fixed covariate and tumour ID as arandom
variable. g, Top, cartoon showing the design of the EJ5-GFP distal end-joining
reporter integrated in U20S cells. Bottom, 53BP1 siRNA knockdown, but not FAT1
knockdown, affects the distal end-joining rate. The data represent means + s.d.
Statistical significance was determined by two-sided repeated measures one-
way analysis of variance (ANOVA) with Holm-Sidak correction (n = 5 biological
repeats). h, Top, cartoon showing the design of the EJ2-GFP alternative end-
joining reporter integrated into U20S cells. Bottom, FATI siRNA knockdown
significantly reduces the alternative end-joining efficiency. The data represent
means + s.d. Statistical significance was determined by two-sided paired ¢-test
(n=4biological repeats). EGF, epidermal growth factor-like domain; LAMG,
laminin G-like domain; NLS, nuclear localization signal.
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regulating mitotic timing. Taken together, these results demonstrate
that FATI loss contributes to both an increased rate of structural CIN
and elevated mitotic defects in daughter cells following CIN, contrib-
uting to WGD.

Since elevated CIN is known to synergize with WGD to generate
increased intratumour heterogeneity®* and escape from targeted
therapeutic pressure*#**’ we also investigated whether FATI loss
might enable WGD PC9 cells to accelerate cancer evolution and bypass
targeted therapy treatment. PC9 cells were treated with a sensitizing

concentration of the epidermal growth factor receptor inhibitor
osimertinib (>90% inhibitory concentration) for 5 weeks (Extended
Data Fig. 8e,f). An increase in clonal survival and clonal derivation
rate was observed for FATI-knockout cells over 3 months (Extended
DataFig.8g,h). Osimertinib-resistant FATI-knockout clones exhibited
elevated ploidies compared with control clones (Extended Data Fig. 8i).
Takentogether, these results suggest that FAT1loss might fuel WGD and
elevated CIN, whichinturn exacerbates cancer evolution and targeted
therapy resistance, as previously demonstrated'>*¢*,
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Fig.4 | FATIloss elevates replication stress and micronuclei. a, FATI knockout
exacerbates replication fork stalling in A549 cells. Top, scheme of the nucleotide
labeling used to measure replication fork stalling. Bottom (left) quantification;
(right), representative image for the DNA fibre experiments. The data represent
means + s.d. Statistical significance was determined by two-sided paired ¢-test
(n=3biological replicates; >600 forks counted in total). Scale bars, 20 pm.

b, TCGA LUAD analysis showing that FATI copy number loss is significantly
correlated with weighted genome instability index measurements. The
bluelinesindicate FATI loss and the red dotted lines indicate the 90 and 95%
confidence intervals. Confidence intervals were generated using computational
permutation analyses. ¢, Box plot comparing the numbers of indelsin FATIWT
versus mutated tumours in the Genomics England LUAD and LUSC cohorts.
Theboxes representinterquartile ranges, the lines represent median values

and the ranges of the whiskers denote 1.5x the interquartile range. Statistical
significance was determined by two-sided Wilcoxon rank-sum test. n = 818 (WT)
andn =16 (mut).d, Transient FAT1 siRNA knockdown induces the formation of

53BP1bodies in cyclin A-negative U20S cells following 4 mM hydroxyurea for
Shandrecovery for 24 h. Statistical significance was determined by two-sided
Wilcoxon rank-sum test. Scale bars, 10 pm. The red bars in the graph to the left
represent mean values (n = 5biological replicates). e,f, Transient FATI siRNA
knockdown in U20S cells induces the formation of total micronuclei with or
without replication stress induced by 5 h of 4 mM hydroxyurea followed by

24 hrecovery (e), as well as the formation of both acentric and centromeric
micronuclei following the hydroxyurea treatment (f). The data represent

means + s.d. Statistical significance was determined by one-way ANOVA with
Bonferroni correction. Biological repeats: n =8 (e) and n =4 (f). g,h, FATI loss
elevates the rate of micronuclei formation in response to replication stress
induced by 0.2 pM aphidicolin treatment (24 h) following FATI CRISPR knockout
in A549 cells (g) or transient siRNA knockdown in T2P cells (h). The datarepresent
means + s.d. Statistical significance was determined by two-sided Student’s
t-test. Biological repeats: n = 4 (total micronucleiing), n = 3 (centromeric and
acentric micronucleiing) and n=8 (h).

FATI1 depletion leads to dysregulated Yes-associated protein 1
signalling

To determine the molecular mechanism by which FAT1 alterations lead
to CIN, we investigated components of potential signalling pathways
in which FAT1 has been implicated. FATI loss has been connected to

dysregulation of the Hippo pathway, RAS-RAF-MEK-MAPK signal-
ling and regulation of the level of Yes tyrosine kinase, which mediates
hybrid-epithelial-mesenchymal transition*®*, Under our experi-
mental conditions, no consistent FATI siRNA-mediated alterations
of MEK-ERK phosphorylation or Yes tyrosine kinase levels (Fig. 7a)
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Fig. 5| FATIlossincreases structural CIN and chromosome numbers.

a, Transient FATI knockdown significantly increases the mitotic error rate
(lagging chromosomes plus DAPI bridges; left; data represent means + s.d.)

and the occurrence of nucleoplasmid bridges (middle; red bars represent

mean values) in U20S cells after 5 h treatment with 4 mM hydroxyurea and

24 hrecovery. Statistical significance was determined by one-way ANOVA with
Bonferroni correction (left) or Dunn’s test (middle). Right, selected maximum
projectionimages following FATI knockdown, showing DAPI-stained mitotic
U20S cells following treatment with 4 mM hydroxyurea and 24 hrecovery. Scale
bars, 5 pm. Over 100 mitotic cells were scored across three biological replicates.
b, Representative PCR-based semi-quantitative DIvA U20S-AsiSI translocation
assay. Transient FATI siRNA knockdown increases illegitimate repair products.
PCR products generated from the uncut region and the legitimate repair product
were used as the loading control. n = 3 biological replicates. ¢, Histogram (left)
and representative images (right) showing that A549 cells with FATI loss exhibit

Copies of chr15

Chromosome number per metaphase

asignificantly increased number of chromosomal aberrations upon challenge
with replication stress induced by 0.2 pM aphidicolin (APH) treatment. Scale bar,
5 um. The datarepresent means + s.d. Statistical significance was determined

by one-way ANOVA with Holm-Sidak correction. A total of 60 metaphases were
scored across three biological replicates per condition. Blue and red arrows
indicate radial chromosomes and chromatid gaps, respectively. d-f, Transient
FATI siRNA knockdown causes a significant numerical deviation in chromosome
number in H1944 cells, as determined by multiple methodologies, including
clonal fluorescence in situ hybridization (d), ImageStream high-throughput

flow cytometry (e) and metaphase spreads (f). The histogram data represent
means + s.d. For the box plots, the boxes represent interquartile ranges, the black
and red lines represent median and mean values, respectively, and the ranges
ofthe whiskers denote 1.5 the interquartile range. Statistical significance was
determined by two-sided Wilcoxon rank-sum test (d) or two-sided paired ¢-test (e).
n=3biological replicates for all cases. bp, base pairs. NT, non-targeting.
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Fig. 6 | FAT1loss leads to an elevated mitotic error rate and results in WGD.

a, Representative dot plots demonstrating FATI ablation in PC9 cells and
assessment of EdU incorporation beyond the normal G2 phase, to visualize
WGD. b, Top, representative western blot validating FATI knockout. Bottom,
quantification of EdU incorporation beyond the normal G2 population showing
that FATI knockout significantly increases the WGD population in PC9 cells.
The datarepresent means + s.d. Statistical significance was determined by
one-way ANOVA with Bonferroni correction. Biological repeats: n =7 (sgNT),
n=5(sgFAT1clonel) and n =4 (sgFAT1 clone 2). ¢, Schematic (left) and histogram
(right) showing the impact of transient FATI knockdown in TERT RPE-1 cells
onthe promotion of WGD through mitotic bypass, as determined by live-cell

Occurs in one daughter cell SiRNA

imaging. The datarepresent means + s.e.m. Statistical significance was
determined by one-way ANOVA with Bonferroni correction. Biological repeats:
n=3(with aphidicolin treatment) and n = 6 (without aphidicolin treatment).
d,e, Schematics (left) and histograms (right) showing that transient FATI siRNA
knockdown in TERT RPE-1cells increases the rates of cytokinesis failure (d) and
nuclear shape deformation (e), as determined by 30x magnification live-cell
microscopy imaging at 20 minintervals. The datarepresent means +s.e.m.
Statistical significance was determined by two-sided paired ¢-test, At least 200
mitotic events were tracked per condition over five biological replicates. YFP,
yellow fluorescent protein.

were observed. However, FATI depletion resulted in elevated nuclear
localization of the key Hippo pathway activator YAP/TAZ (Fig. 7b and
Extended Data Fig. 9a,b). Despite increased Yes-associated protein 1
(YAP1) nuclear localization, no significant alteration in YAP1 phos-
phorylation could be consistently observed following LATS1 or FAT1
depletion (Extended Data Fig. 9c) in T2P or FUCCI-RPE-1cells.
Orthogonally, we designed a neonGreen reporter with 14xTEAD
binding sites to elucidate how FAT1 regulates the ultimate output of
the Hippo pathway, TEAD transcriptional activity. This is particularly
importantsince YAPI and TAZ/WWTRI are highly analogous, function-
ally overlapping®®and bothamplified in lung cancer®”' (Extended Data
Fig. 9d). By scoring HA-tagged construct and neonGreen reporter
double-positive cells, we confirmed that FATI loss elevated TEAD tran-
scriptional activity, despite the presence of multiple copies of YAP/TAZ
in hexaploid WGD PC9 cells (Fig. 7c, condition 1 versus condition 2).
Notably, overexpression of the constitutively active YAP1 mutant

construct® further stimulated TEAD activity in FATI-knockout cells
(HA-YAPI*; Fig. 7c, condition 3).

Next, we investigated which FAT1 domains are required to
re-suppress TEAD transcriptional activity. Inaddition to the C-terminal
HA-FAT1'®® fragment capable of rescuing RAD51 IRIF formation
(Fig.3b,c), aFAT1construct encompassing the extracellular and trans-
membrane domain was generated (mScarlet—-HA-FAT1"" in Fig. 7c),
consisting of 3,735-4,588 amino acids of FAT1. Since FAT1is known to
cooperate with the E3 ligase MIB2 to regulate YAP/TAZ signalling®,
we also generated a FAT1 mutantlacking the MIB2 interaction domain
(mScarlet—-HA-FAT1IM®* in Fig. 7c). Indeed, the mScarlet—-HA-FATI""
fragment successfully re-repressed TEAD transcription, whereas the
FAT1 construct lacking the MIB2 interaction domain failed to do so
(Fig. 7c (conditions 4 and 5) and Extended Data Fig. 9e), highlighting
therole of FATI-MIB2interactionin the modulation of TEAD transcrip-
tion. Notably, the HA-FAT1'? construct, which lacks a transmembrane
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domain anchor compared with HA-FAT1"" (Supplementary Fig. 9),
failed to re-repress TEAD transcription (Fig. 7c, condition 6), despite
successfully rescuing RAD51 IRIF formation in A549 cells (Fig. 3b,c).
Next, weinvestigated whether depletion of LATS1/2—crucial modu-
lators of YAP1 nuclear localization®*—might lead to phenotypes resem-
bling those of DDRand CIN observed following FATI depletion. Indeed,
amarked reduction ofthe DNA end-resection rate, 533BP1nuclear body
formationand anincrease in micronuclei formation were all observed
following depletion of either LATS1 or LATS2 (Fig. 7d-f and Extended
Data Fig. 10a). Using the site-directed endonuclease DIVA system,
depletion of LATS2 caused illegitimate DSB repair, culminating ina
translocation (Extended Data Fig.10b). Notably, somatic copy number
alteration (SCNA) loss of LATS2 genomic lociat 13g12.11 was positively
selected for in LUSC (Extended Data Fig. 10c). Despite causing HRD,
neither LATSI nor LATS2 depletion disrupted the activation of early
DDR signalling, such as phosphorylation of KAP1/TRIM28 or yH2A.X
phosphorylation (Extended Data Fig. 10a). Similar to FATI depletion,
LATS1knockdown led to an elevated mitotic error rate (Fig. 7g).

FATI and YAPI co-depletion reverses WGD but not HR defects
Given the involvement of FATI loss in YAP/TAZ activity (Fig. 7b,c), we
systematically investigated whether WGD and numerical and structural
CIN associated with FAT1loss could be reversed by co-depleting YAPI.
Despite FAT1/YAPI co-depletionreversing the cell cycle arrest associated
with YAPI single knockdown (Extended Data Fig.10d,e), co-depletion of
FATI and YAPI did not rescue HR activation defects after DSB formation
(Fig. 8a-c). This result was orthogonally validated using the DR-GFP
reporter assay, ssDNA formation after endonuclease-induced DSBs and
RADSI fociformation after ionizing irradiation (Fig. 8a-c). Next, since
unresolved recombinationintermediates due to HR repair deficiency
can cause mitotic errors®, we quantified the rate of mitotic errors.
YAPI/FATI co-depletion failed to rescue the elevated mitotic error and
chromosomal bridges observedin FATI-knockout A549 cells (Fig. 8d,e
and Extended Data Fig. 10f).

Next, we investigated whether FATI/YAPI co-depletion might
rescue the CIN phenotypes associated with FAT1 loss. Live-cellimaging
experiments demonstrated that co-depletion of FAT1and YAPI reversed
the cytokinesis failure phenotypes (Fig. 8f (left) and Extended Data
Fig.10g). However, the nuclear shape deformation observed following
FATI depletion was only partially rescued (Fig. 8f, right).

Takentogether, our observations suggest that FATI possesses dual
roles. One outcome of FATI loss is HRD leading to unresolved recom-
binationintermediates, replication stress, structural CIN and nuclear

deformation (Figs.3-5and 8a-d); these events appear to be YAPI inde-
pendent. In contrast, hyperactive YAP1leads to increased cytokinesis
failure and WGD (Fig. 8f). To visualize the impact of constitutively
active mScarlet-YAP1*** overexpression on WGD, we performed an
EdU incorporation assay. Complementary to the literature®, mScar-
let-YAP1>* overexpression promoted WGD in RPE-1 cells and this was
independent of TP53 status (Fig. 8g and Supplementary Fig.10). Con-
currently, we observed an emerging WGD populationin FATI wild-type
and FAT1-knockout PC9 cells (Fig. 8h). These results suggest that con-
stitutively active YAP1 is sufficient to promote WGD. We postulate
that FATI loss might drive genome instability through two different
routes—one through WGD, dependent on YAP1, and the second through
HRD, driving structural CIN—ina TEAD/YAP1-independent manner.

Discussion

We systematically analysed 37 NSCLC drivers previously reported inthe
lung TRACERX study’ that are associated with CIN and WGD. Particu-
larly, we show that depletion of either BAPI,FATI, NCOA6,RAD21 or UBRS
isassociated with downregulation of multiple key steps required for HR
repair and elevated loss of aHAC, thereby confirming previous reports
of the roles of BAP1, RAD21 and UBRS in genome maintenance®” . In
addition, our DDR screen confirms previous reports characterizing the
role of WRN, FANCM, DICER1, SMARCA4/BRG1, ARID1B, ARID2, KDM5C
and ATRXin the DDR? %, Despite FAT1 being frequently altered in nor-
mal somatic skin cells®® and in multiple cancers®®*, as well as being
associated with NSCLC mortality?, the mechanistic links between FATI
alterations, DDR and both numerical and structural CIN have remained
elusive.

Through our comprehensive analyses, we have demonstrated
that FATI ablation impacts HR efficiency, but not NHE] efficiency, nor
the early signalling events of the DDR. FATI loss results in hallmarks
of HRD, such as increased sensitivity to replication stress inducers,
elevated chromosome translocation, elevated fork collapse rates and
increased HRD-predictive genetic scars in NSCLC. Our data suggest
that FATI loss leads to end-resection deficiency after the chromatin
remodelling step to initiate HR. The inability to accurately resolve
replication stress or clastogenic breaks may lead to chromosome-level
alterations™, especially structural CIN.

FAT1 alterations have been detected in normal somatic tissue® and
we hypothesize that FATI inactivation occurs early in tumorigenesis.
Using the multiregional sequencing of the TRACERX study to time the
occurrence of FATI alterations, we observed evidence of positive selec-
tion for tumour subclones with FATI alterations before WGD. Indeed,

Fig.7| FAT1lossleads to dysregulation of the Hippo pathway. a, Western blot
demonstrating the impact of FATI knockdown on the Src-Mek-Erk signalling
axisin hTERT RPE-1and T2P cells. The results are representative of three repeats.
b, Scatter plot showing the impact of transient siRNA depletion of FATI on
nuclear YAP1localization using the stringent PTEMF fixation buffer (Methods) in
TERT RPE-1cells. The red bars represent median values. Statistical significance
was determined by two-sided Kruskal-Wallis test followed by Dunn’s multiple
comparisons test. Over 170 cells were scored per condition over three biological
replicates. ¢, Top, schematic illustrating the predicted domains of the FAT1
proteinand respective regions cloned into a pCMV expression plasmid with an
HA epitope tag. Bottom, TEAD activity in FATI knockout PC9 hexaploid WGD
cells. The normalized TEAD activity was measured as an enrichment of the
neonGreen signal over the untransfected background signal in each experiment.
The HA signal was used to identify successful FATI rescue construct co-
transfection at the single-cell level. TEAD activity was elevated in FATI-knockout
cells but could be further increased by overexpressing the constitutively

active HA-YAPI*** mutant. Overexpression of the FATI wild-type construct
repressed TEAD activity. However, overexpression of FATI mutants devoid of the
MIB2binding region (mScarlet-HA-FATI™®*) and HA-FAT1'° did not repress
TEAD activity. The edges of the histograms represent mean values. Statistical
significance was determined by two-sided Kruskal-Wallis test followed by Dunn’s
multiple comparisons test. More than 95 cells were scored over three biological

replicates. d, DSB resection assay, showing that transient knockdown of LATS1
and LATS2—-both negative regulators of YAP1-represses ssDNA formation at
DSB break sites (chr22:37194035, ssDNA measured 131 nucleotides from the
DSB) in U20S-AsiSI cells. The data represent means + s.d. (n = 4 biological
replicates). Statistical significance was determined by two-sided paired t-test.
e,Both LATSIand LATS2 siRNA knockdown in U20S cells elevate rates of 53BP1
nuclear body formation when challenged with replication stress (5 h of 4 mM
hydroxyurea followed by 24 hrecovery). The boxes represent interquartile
ranges, the black and red lines represent median and mean values, respectively,
and the ranges of the whiskers denote 1.5x the interquartile range. Statistical
significance was determined by two-sided Wilcoxon rank-sum test. More than
340 cellswere scored over three biological replicates. f, Both LATSI and LATS2
siRNA knockdown in U20S cells induce centromeric and acentric micronuclei
formation following challenge with replication stress (5 h of 4 mM hydroxyurea
followed by 24 hrecovery), suggestive of a mitotic segregation deficiency.
Statistical significance was determined by repeated measures one-way ANOVA.
The datarepresent means + s.d. (n = 3 biological replicates). g, Transient siRNA
knockdown of LATSIin U20S cells elevates the mitotic error rate. The data
represent means = s.d. Statistical significance was determined by repeated
measures one-way ANOVA (n = 3 biological replicates). MIB2, MindBomb2-
interacting domain; mS, mScarlet; TM, transmembrane domain.
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FATI depletion attenuates HR and causes unresolved replicationstress,
both of which contribute to mitotic errors and micronucleus forma-
tion®. Using live-cell microscopy, we demonstrated that FATI deple-
tionnot only elevates structural CIN, such as mitotic bridges, but also

increases subsequent nuclear shape deformation.

FATI has been proposed to be tumour suppressive and involved
in various signalling pathways, including the CaMK2, WNT and
Hippo signalling pathways**~%2, Components of the Hippo pathway
have been reported to impact various aspects of genome mainte-
nance, such as mitotic control, stabilization of replication forks, and
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Fig. 8| Co-depletion of FAT1and YAP1reverses cytokinesis failure but not

HR deficiencies. a, Impact of FATI/YAP1 siRNA co-depletion in U20S cells, as
determined by DR-GFP HR reporter assay. MRE11A siRNA served as a positive
control. The HR efficiencies are normalized to those of the control samples.
Statistical significance was determined by one-way ANOVA with Holm-Sidak
correction. The datarepresent means + s.d. Biological replicates: n =5 (siCTRL
and siFAT1), n =3 (siYAP1) and n = 4 (siFAT1 + siYAP1and siMRE11A). b, ssDNA
resection rates for FAT1/YAP1siRNA co-depletion, as determined by DIVA U20S-
AsiSl site-directed resection assay with the DSB site located at chr22:37194035,
ssDNA measured 131 nucleotides from the DSB. Statistical significance was
determined by one-way ANOVA with Holm-Sidak correction. The data represent
means +s.d. (n =3 biological replicates). ¢, Box plots quantifying RAD51 foci
formationin A549 cells following the loss of FATI, or the combined loss of

both FAT1 and YAPI, after 6 Gy ionizing irradiation and 1 h recovery. The boxes
representinterquartile ranges, the black and red lines represents median

and mean values, respectively, and the ranges of the whiskers denote 1.5x the

interquartile range. Over 380 cells were scored across three biological replicates.

Statistical significance was determined by uncorrected Dunn’s test. d,e, Plots
(d) and representative images (e) illustrating the quantification of mitotic error
rates in A549 cells after 24 h of aphidicolin treatment (0.2 pM). FATI wild-type
or knockout cells were transiently depleted of YAPI using RNAI. For the mitotic
error analysis, statistical significance was determined by one-way ANOVA with
Holm-Sidak multiple correction and the data represent means + s.d. (biological

repeats: n =3 (FATIWT) and n =4 (FATI knockout)). For the DAPI bridge and
Fanconi anaemia complementation group D2 (FANCD2)-flanked DAPI bridge
analyses, the red lines represent mean values, the boxes represent interquartile
ranges and theranges of the whiskers denote 1.5x the interquartile range,

and statistical significance was determined by Dunn’s test with Bonferroni
correction. Over 100 mitotic cells were scored across three biological replicates.
Scalebars, 5 pM. f, Results of live-cellimaging analysis, showing that FAT1/YAP1
double siRNA knockdown in TERT-RPE-1 cells fully rescued the failed cytokinesis
and WGD introduced by FATI knockdown (left) but only partially ameliorated the
nuclear shape deformation (right). Statistical significance was determined by
one-way ANOVA. At least five biological replicates were quantified per condition.
Biological repeats: n =4 (siCTRL), n =7 (siFAT1) and n = 5 (siFAT1 + siYAP1). The
datarepresent means +s.e.m. g, Histogram illustrating the WGD populations

in TP53wild-type versus knockout RPE-1cells with or without transient
mScarlet-YAP>* transfection. The data represent means + s.e.m. Statistical
significance was determined by two-sided Mann-Whitney test (n = 4 biological
repeats). h, Histogramsillustrating the total (left) and normalized (right) EQU*
WGD populationsin FATI wild-type versus knockout PC9 cells, with or without
transient mScarlet-YAP*** transfection. The data represent means + s.e.m.
(n=>5biological repeats). Statistical significance was determined by repeated
measures one-way ANOVA with Benjamini-Hochberg correction (left) or
Friedman test (right). KO, knockout.
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modulation of nuclear shape, which can affect three-dimensional
genome organization®***"*¢, We confirmed that depletion of LATS1
or LATS2 can significantly affect HR efficiency and contribute to
CIN®*, We discovered that FAT1—at least in part through its intracel-
lular C-terminal domain—is involved in the DDR and represses CIN
through the modulation of YAP1, whereas its interaction with YAP1
is dependent on the interaction between FAT1 and the E3 ligase MIB2
(ref. 53). Notably, despite being able to reconstitute HR-related func-
tions, overexpression of the HA-FAT1'? construct, devoid of the trans-
membrane domain, failed to re-repress TEAD transcriptional activity
in FAT1-knockout cells. In line with previous reports that HRD results
in mitotic defects and structural CIN***, FAT1/YAPI co-depletion failed
torescueboththe HRD-related phenotypes and the formation of chro-
mosomal bridges, suggesting that FATI loss contributes to HRD and
structural CINina YAPl-independent manner. Ithas beenreported that
FAT1caninteract withMST1and LATSI (ref. 49), which caninfluence HR
efficiency through their interaction with ATR and RASSF1A to control
BRCA2 recruitment at DNA damage sites®*“’.

Conversely, FAT1/YAPI co-depletion rescued both cytokinesis
failure and WGD. Strikingly, overexpression of constitutively active
mScarlet-YAP1** was sufficient to drive WGD and increased numer-
ical CIN. Taken together, our data reveal that FATI alterations may
contribute to HRD, CIN and WGD through two distinct mechanisms
(Extended DataFig.10h).

Multiple studies have suggested that WGD accelerates cancer
evolution and promotes intratumour heterogeneity, which promotes
targeted therapy resistance®'>***, Here, using PC9 cells that are
sensitive to osimertinib as an experimental model, weillustrate that
FATI loss, through elevated genomic instability, may provide the
evolutionary advantages that fuel targeted therapy resistance. Taken
together, genomic observations and experimental results suggest a
role for early positive selection of FATI alterations in LUSC tumori-
genesis, potentially by driving cancer evolution and WGD through
elevated CIN.

Recent studies have also identified that the YAP/TEAD signalling
axis promotes therapy resistance®. In addition to FAT1, three other
genes identified through our DDR and CIN screens—namely RAD21,
BAP1and NCOA6—have also been demonstrated to modulate the Hippo
pathway®’””". Although YAPI is not amplified in the TRACERx dataset,
amplification of the WWTRI/TAZ genomic locus (3¢25.1) and loss of
the LATS2 genomic locus (I13g12) are prevalent in LUSC>". Consistent
with other studies®" %, our data highlight the importance of FATI and
Hippo pathway dysregulationin genomeinstability, targeted therapy
resistance and cancer evolution.
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Methods

Ethical approval

The TRACERx study (NCT01888601; Clinicaltrials.gov) is sponsored by
University College London (UCL/12/0279) and has been approved by
anindependent Research Ethics Committee (13/LO/1546). TRACERx
is funded by Cancer Research UK (CRUK; C11496/A17786) and coor-
dinated through the CRUK and University College London Cancer
Trials Centre.

Cellline, cell culture, transfection and CRISPR knockout
generation

H1944, H1650, H1792, HCC4006, A549 (CCL-185) and U20S (HTB-96)
cellswere obtained from Cell Services at the Francis Crick Institute. The
FUCCI-H2B-mTurquoise-RPE-1cells have been described previously**
and were a kind gift from J. Diffley (Francis Crick Institute). The HA-
ER-AsiSI-U20S cells have been described previously?® and were akind
gift fromG. Legube (Paul Sabatier University). The ER-KRAS-V12-T2P
cells (referred to as T2P) have been described previously*® and were a
kind gift fromJ. Downward (Francis Crick Institute). The TP53 wild-type
and TP53-knockout RPE-1 cells have been described previously™. The
HCT116 iRFP cell lines have been described previously” and were a
kind gift from K. Vousden (Francis Crick Institute). All of the cell lines
were maintained in either McCoy’s 5A Medium, Dulbecco Modified
Eagle’s Medium (DMEM) or RPMI1640 Medium (all from Thermo Fisher
Scientific) fortified with10% foetal bovine serumin the presence of 1%
penicillin-streptomycin (Thermo Fisher Scientific). Cells were grown
at37 °Cunder 5% CO,. All cell lines used were negative for Mycoplasma
contaminationand are frequently tested in-house at the Francis Crick
Institute. DNA was transfected using GeneJuice (EMD Millipore) accord-
ing to the manufacturer’sinstructions.

CRISPR knockout cell lines were generated using a single-cell
cloning approach. To minimize the off-target effect, CRISPR plas-
mids and guides were transiently transfected using GeneJuice (EMD
Milipore) and underwent puromycin selection for 5 days before
single-cell sorting to generate knockout clones. Single-cell clones were
then cultured, validated and frozen. A549 clones were generated with
twoindividual guides (sgFAT1#1 (AAACCCGGGAAGTCGAAGTCCTTGC)
and sgFAT1#2 (AAACACGCTGGATGTGTAATGTAAC)), whereas PC9
clones were generated with both guides. The sgNT sequence as follows:
GCGAGGTATTCGGCTCCGCG.

RNAi

Alist of the siRNAs used is provided in Supplementary Table 1. Dhar-
macon ON-TARGETplus siRNA pools (Horizon Discovery) were used
for high-content screening, HAC assay and RAD51foci experimentsin
H1994 cells (Extended Data Figs.1and 2b,c and Supplementary Fig. 4).
Ambion Silencer Select siRNA (Thermo Fisher Scientific) was used
for all of the other RNAi experiments, except siRNA against MRE11A
(L-009271-00-0005; Dharmacon; Fig. 8a). siRNA transfection was
carried out using Lullaby reagent (OZ Biosciences) or Lipofectamine
RNAiIMAX Transfection Reagent (Thermo Fisher Scientific) according
to the manufacturers’ instructions.

ssDNA resection and translocation assays

ssDNA resection assays were carried out as described previously?®.
Briefly, DIvA HA-ER-AsiSI-U20S cells were plated overnight and
siRNAs were transfected as described previously. Samples were sub-
jected to a4 hincubation in 300 nM 4-hydroxytamoxifen. Genomic
DNA was extracted using the DNeasy Blood & Tissue kit (69504;
Qiagen). For every 500 ng genomic DNA used, five units of RNase
H1 (M0297; New England Biolabs) were added at 37 °C for 15 min.
Invitro, restriction digestion with the Banl restriction enzyme was per-
formed to assay for the presence of ssDNA around break sites. Then,
200 ng of samples were digested with 16 units of Banlat 37 °Cfor12 h
(New England Biolabs).

The following primers were used for the assay: 131-nucleotide
forward (ACCATGAACGTGTTCCGAAT), 131-nucleotide reverse
(GAGCTCCGCAAAGTTTCAA), 851-nucleotide forward (ACAGAT
CCAGAGCCACGAAA) and 851-nucleotide reverse (CCCACTCTCAGC
CTTCTCAG),

The percentage of ssDNA generated by DNA resection was deter-
mined by quantitative PCR. ACT was defined as the differenceinaverage
cyclesbetweenagivendigested sample anditsundigested counterpart.
To calculate the percentage of ssDNA, the following equation was used:

Percentage of ssDNA = 1/[2(2¢T-D 4 0.5] x 100.

For the semi-quantitative DNA translocation assay*°, 150 ng
genomic DNA was used to perform the PCR reactions using the
following primers: TRIM37 forward (AATTCGCAAACACCAACCGT),
TRIM37 reverse (TCTGAAGTCTGCGCTTTCCA), MIS12 forward
(GACTGGCATAAGCGTCTTCG), control chr1_82844750 forward
(AGCACATGGGATTTTGCAGG) and control chr1_82844992 reverse
(TTCCCTCCTTTGTGTCACCA).

Legitimate and illegitimate re-joining frequencies between MIS12
and TRIM37 (chr17_5390209 and chr17_57184285) were tested by PCR.
The uncut site at chromosome 1 was used as a negative control.

Plasmid construction

A gene fragment containing the C-terminal intracellular domain of
FATI transcript (NM_005245.4) was ordered from Integrated DNA
Technologies. The gene fragment was subsequently subcloned into the
pCMV-SPORT6 expression plasmid containing aHis-HA tag at theamino
(N) terminus of the open reading frame. To generate the mScarlet—
HA-FAT1"" construct, gene fragments containing the mScarlet
sequence and FAT1 sequences were ordered and ligated into the
HA-FAT1'® construct using NEBuilder HiFi DNA Assembly (New Eng-
land Biolabs). Similarly, deletion of the MIB2 binding domain and
generation of the HA-FAT1"" construct were achieved using NEBuilder
HiFi DNA Assembly (New England Biolabs).

The TEAD transcriptional reporter comprises a multimerized
TEAD-binding sequence (14XTBS), based on the sequence described
by Schlegelmilch etal.”, upstream of aminimal promoter and anuclear
localization signal in frame with four copies of mNeonGreen followed
by aMyc-tag. The sequence components were assembled by GeneArt
(Thermo Fisher Scientific) ina pDONOR221 backbone. The final con-
struct was obtained by cloning theinsertinto pLenti X1Zeo DEST using
Gateway technology (Thermo Fisher Scientific). The YAP*** construct
was obtained from Addgene (plasmid 27371)”” and subcloned into a
pCMV-SPORT6 expression plasmid containing a His-HA tag at the N
terminus of the open reading frame. The His-HA-elF4A1 plasmid was
a kind gift from M. Bushell (CRUK Scotland Institute) and was docu-
mented by Meijer et al.”s.

All of the plasmids used in this study were then sequenced using
Plasmidsaurus or Full Circle sequencing. The relevant sequences are
included in Supplementary Information.

DNA fibre assay

DNA fibre assays were performed as described inref. 55. A549 and PC9
cells were incubated with 5-chloro-2’-deoxyuridine for 20 min, chal-
lenged with replication stress induced by 2 mM hydroxyurea incuba-
tion for 2 hand then labelled with 5-iodo-2’-deoxyuridine for 20 min.

MCM?7 loading assay

PC9 or RPE-1 cells were trypsinized and treated with modified CSK
buffer (10 mMHEPES (pH 7.9),100 mM NaCl,3 mM MgCl,, 1 mMEGTA,
300 mM sucrose, 1% bovine serum albumin (BSA), 0.2% Triton X-100
and 1 mM dithiothreitol) on ice for 5 min to remove soluble proteins.
Cells were washed with1% BSA in phosphate-buffered saline (PBS) and
fixed in 4% paraformaldehyde (Thermo Fisher Scientific) for 10 min.
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Cells were then washed, pelleted and permeabilized in 70% ethanol
for 15 min. MCM?7 staining was performed using a mouse anti-MCM7
antibody (sc-56324; Santa Cruz Biotechnology) followed by an Alexa
Fluor 594 goat anti-mouse antibody (A11007; Invitrogen). DNA con-
tentwas stained using 1 ug ml™”4/,6-diamidino-2-phenylindole (DAPI)
supplemented with 100 pg ml RNase A. Cell doublets were excluded
fromall of the analyses.

Metaphase spreads

To assess numerical CIN, transfected cells were incubated with
KaryoMAX Colcemid at 0.1 pg ml™ for1h, collected and incubated for
7 minat37 °Cinpre-warmed hypotonic solution (75 mMKClI). Cells were
pelleted andrepeatedly resuspended infreshly prepared fixation buffer
(3:1methanol:glacial acetic acid) and spun three times, after which the
cellswere dropped onto glass slides. For hybridization, the slides were
ethanol dehydrated and subsequently incubated overnightat37°Cina
humidified chamber with AllHuman centromeric probes (KBI-20000G;
Leica) accordingto the manufacturer’s instructions. Metaphase chro-
mosomeimages were visualized using a100x oilimmersion objective
on anlmage Solutions DeltaVision microscope.

To assess chromosomal breakage and aberrations, metaphase
spreads were prepared as previously described’”. Briefly, 250,000
wild-type or FATI-knockout cells were seeded in 6 cm dishes for one day
before treatment with 0.2 uM aphidicolin for 24 h. Cells were treated
with 0.2 pg ml™ colcemid for 1 hat 37 °C before collection by trypsiniza-
tion and incubation with 5 ml pre-warmed hypotonic swelling buffer
(75 mM KCl) in 15 ml tubes at 37 °C for 10 min. 1 ml freshly prepared
fixation buffer (3:1 methanol:acetic acid) was added to the 15 ml tube
and mixed by inversion. Cells were pelleted by centrifugationat 300g
for4 minatroomtemperature. About 500 plsupernatant was leftinthe
tubes and the cells were slowly resuspended before the addition of 5 ml
fixation buffer, mixing and incubation for 10 min at room temperature.
The fixation step was repeated by pelleting the cells, resuspension and
the addition of fixation buffer, as above. To spread the metaphases,
the fixed cellswere dropped onglass slides at a45° angle froma30 cm
height. Slides were left to air dry before staining with Giemsa (7% in
10 mMPIPES (pH 6.8)) for 10 min at room temperature, then mounted
with DPX. Metaphase chromosome images were visualized using a100x
oilimmersion objective on an upright Zeiss Axio Imager fluorescence
microscope equipped with Volocity software.

ImageStream fluorescence in situ hybridization

Transfected cells were processed for fluorescence in situ hybridi-
zation in suspension, as described elsewhere®°. Briefly, following
transfection, cells were harvested and fixed with freshly prepared
3:1 methanol:glacial acetic acid. Cells were subsequently hybridized
with chromosome 15 satellite enumeration probe (LPE015G; CytoCell)
performed in a thermocycler under the following conditions: 65 °C
(2 h pre-annealing), 80 °C (5 min) and 37 °C (16 h) before analysis on
anImageStream X Mark I (Amnis).

Definition of FATI driver mutation in the TRACERx 421 cohort
FATI1 driver mutations in the TRACERXx 421 cohort were defined as
described in ref. 81. Briefly, FATI non-synonymous variants that were
found to be deleterious (either stop-gain or predicted deleterious
in two of the three computational approaches applied (that is, Sift*?,
Polyphen®® and MutationTaster®')) were classified as a driver mutation.
Any tumour with any such mutations in FATI was considered to have
aFATIloss.

Determination of WGD events in TRACERx 421

The WGD status for each tumour was estimated in two steps, as
described in ref. 81. Briefly, if the genome-wide copy number of the
major allele was >2 across at least 50% of the genome, this was assumed
to reflect a WGD event'>**. A major allele copy number >3 across at

least 50% genome was assumed to reflect two WGD events. Then, we
leveraged additional information from the estimated copy number
of mutations using a novel tool, ParallelGDDetect, available asan R
package (https://github.com/amf71/ParallelGDDetect).

TRACERX 421 cohort

The TRACERX 421 cohort consisted of 233 males and 188 females (421
patients in total), corresponding to a 55:45 male:female ratio. 93% of
the cohort was from a White ethnic background and the mean age of
the patients was 69 years, ranging between 34 and 92 years. Written
informed consent was obtained. None of the patients were compen-
sated for theirinvolvementin the study.

Mutation clonality in TRACERx 421

Reconstructed phylogenetic trees were used to classify mutations
based on their inferred phylogenetic cancer cell fraction (phyloCCF)®".
We classified as clonal in each tumour region every cluster whose 95%
confidenceinterval of the phyloCCF of its mutations overlapped with
the 95% confidence interval of the phyloCCF of the mutations in the
mutation cluster within the trunk node of the tree (a minimum thresh-
old of 0.9 was used for the left side of the 95% confidence interval on
truncal mutations). Second, we defined as subclonal every mutation
cluster in a tumour region whose mean phyloCCF across the corre-
sponding mutations in that region was greater than 0 and not clonal
(thatis, the mutation cluster did not pass the previous tests). Lastly, any
remaining mutation cluster was defined as absentin a tumour region
otherwise. Furthermore, clonal mutations were defined as early or late
depending on whether they occurred before or after WGD. A clonal
mutation copy number consistent with the WGD ploidy was therefore
considered early, or late, otherwise.

dN/dS analyses

The dN/dS point mutation estimate for FATI was calculated using the
dndscvand genecifunctions inthe dNdScv?’ R package. dndscvwas run
ondifferent subsets of mutations (clonal early versus clonal late) from
different subsets of samples (LUAD versus LUSC). The 95% confidence
interval of the dN/dS estimate was obtained using the geneci function.

Enrichment analyses

All enrichment analyses were performed by counting the tumours in
each category (for example, LUAD versus LUSC, WGD versus no WGD
or early clonal versus late clonal) and performing a chi-squared test.

SCNA detection and MSAI

Theidentification of genome-wide allele-specific copy number states
formultiregion WES is described inref. 81. Briefly, logR data were calcu-
lated using VarScan 2, GC corrected using a wave-pattern GC correction
method developed by Cheng and colleagues® and processed using
ASCAT (version 2.3)%, Sequenza (version 2.1.2)* was utilized to offer
supplementary assessments of tumour purity and ploidy for further
examination. ASCAT was presented with the automatically selected
models for ploidy and purity from either Sequenza or ASCAT, which
were manually reviewed to generate SCNA profiles for each tumour
area. Samples that had an estimated tumour purity below 10% were
excluded. The data on ploidy, purity and copy number segmentation
were fed into a multi-sample SCNA estimation approach’ to create
a consistently minimal segmentation and genome-wide evaluation
of LOH, as well as loss, gain and amplification copy number states in
relation to sample ploidy.

The input SCNA profiles were used to identify allelic imbal-
ance, which was subsequently employed to phase heterozygous
single-nucleotide polymorphisms and re-estimate allele-specific
copy numbers. Furthermore, MSAI, which occurs when SCNAs disrupt
the same genomic region but affect different parental alleles within
distinct tumour subclones, was detected as previously described®’.
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We identified a subset of these MSAl events as parallel SCNA events
that refer to the same class of event (gain/amplification or loss/LOH)
in multiple samples from a given tumour but with major alleles from
distinct haplotypes in the samples demonstrating the event. We then
quantified the proportion of tumours where MSAl events occurred per
cytoband, providing an empirical P value for cytoband 4¢35.2.

EdU incorporation assay and cyclin B loading assay

The Click-iT Plus EAU Alexa Fluor 647 Flow Cytometry Assay kit
(Thermo Fisher Scientific) was used for EdU incorporation assays.
Cellswereincubated with 10 uM EdU for 30 min before being fixed and
processed per the manufacturer’s instructions. Cyclin Blantibody was
obtained from Abcam (ab32053; Abcam). DNA was stained in staining
buffer (1 pg mI™ DAPI and 100 pg ml™ RNase A in PBS). Cell doublets
were excluded fromall of the analyses.

Microscopy and DNA damage foci studies

DDR foci and DNA fibre assays. The preparation of slides for DDR
immunofluorescence foci studies was carried out as described in
ref. 88. Briefly, cells were pre-seeded on glass coverslips, subjected
to Cs-137 ionizing irradiation and allowed to recover. Cells were then
washed once with PBS and pre-extracted with CSK buffer (100 mM
NacCl, 300 mM sucrose, 3 mM MgCl,, 10 mM PIPES (pH 6.8), 10 mM
B-glycerol phosphate, 50 mM NaF, 1 mM EDTA, 1 mM EGTA, 5 mM
Na;VO, and 0.5% Triton X-100). Cells were then washed once with
CSK buffer and fixed with 4% paraformaldehyde on ice for 20 min.
Samples were then washed three times with 0.1% Tris-buffered saline
(TBS)-Tween, blocked with 10% goat serum for 1 h, washed twice with
0.1% TBS-Tween and incubated with primary antibody overnightat4 °C
(seeSupplementary Table1). The samples were subsequently washed
and incubated with secondary antibodies (Alexa Fluor 488/594/647;
Invitrogen) with DAPI in 1% goat serum for 1 h at room temperature.
Samples were then washed with 0.1% TBS-Tween and mounted with
Vectashield (H1200; Vector Laboratories). The samples were then
double-blinded for quantification.

Images were acquired using a Zeiss Axio Imager M1 microscope
with a 40%/1.3 NA Plan-Neofluar or 63x/1.4 NA Plan-Apochromat
objective, equipped with an ORCA-spark CMOS camera (Hama-
matsu) and pE-300white LED light source (CoolLED) and controlled
by Micro-Manager 2.0 software®. Images were processed and counted

in an unbiased way using the FindFoci Image] plugin®.

Segregation errors. For segregation errors, cells were fixed and
permeablized in PTEMF buffer (4% paraformaldehyde, 0.2% Triton
X-100, 20 mM PIPES and 2 mM MgCl,) for 15 min at room tempera-
ture. The samples were washed three times in PBS, blocked for1h
with 3% BSA with 0.2% Triton X-100 and incubated overnight with the
relevant primary antibodies. The samples were subsequently washed
and incubated with secondary antibodies (Alexa Fluor 488/594/647;
Invitrogen) with DAPI in 1% goat serum for 1 h at room temperature.
Samples were then washed with 0.1% TBS-Tween and mounted with
Vectashield (H1200; Vector Laboratories). Images were acquired using
aNikonTi2 microscope with a 60%/1.45 NA Plan Apo TIRF objective and
1.5x intermediate magpnification, equipped with a Prime BSI sCMOS
camera (Teledyne Photometrics), motorized XY stage with piezo Z axis
(Applied Scientific Instrumentation) and Spectra X LED light engine
(Lumencor) and controlled with Micro-Manager 2.0 software®. Z stacks
wereacquired (31 pm x 0.2 um z steps) and deconvolved using Micro-
volution software with ten iterations.

Live-cell widefield microscopy. Live-cell widefield microscopy was
performed using aNikon Ti2 inverted microscope with a Perfect Focus
Systemusing1.5x intermediate magnification, equipped withaPrime
BSI sCMOS camera (Teledyne Photometrics), motorized XY stage
with piezo Z axis (ASI) and Spectra X LED light engine (Lumencor) and

controlled with Micro-Manager 2.0 software®. Environmental condi-
tions were maintained at 37 °C under 5% CO, using achamber and CO,
mixer (Okolab).

For live-cell imaging of the mitotic failure rate, the FUCCI-
H2B-mTurquoise-RPE-1 cells were grown and transfected for 72 h
on glass-bottomed plates (IBL) in DMEM culture media, as described
above. Before imaging, the growth media was replaced with Fluoro-
Brite DMEM (Thermo Fisher Scientific) with 10% foetal bovine serum
to improve the image quality. To acclimatize to potential tempera-
ture fluctuations, the cells were allowed to settle for 1 h before imag-
ing. Phase-contrast and fluorescence images were acquired with
20x/0.75 NA Plan Apo Ph2 objective every 20 min for over 72 h. The
images were analysed using Fiji and the cells were tracked manually.

For the mitotic timing experiments, FUCCI-H2B-mTurquoise-
RPE-1cellswereset up asabove butimaged with a40x/0.95 NA Plan Apo
objective. Locations with high-level mVenus-geminin-expressing G2
cellswereidentified and recorded. Zstacks (25 pm x 0.5 um z steps) of
H2B-mTurquoise were taken at 5 min intervals over 12 h. Images were
deconvolved over teniterations using Microvolution software.

Live-cell confocal microscopy. Live-cell confocal microscopy was
performed usingeither: (1) a Yokogawa CSU-W1spinning-disk confocal
scanhead on a Nikon Ti2 inverted microscope with a 40x/1.15 NA Apo
objective and Prime 95B sCMOS camera (Teledyne Photometrics), con-
trolled with NIS-Elements, at 37 °C under 5% CO, with an environmental
chamber and gas mixer (Okolab); or (2) an NL5 slit-scanning confocal
unitonaNikon Eclipse Tiinverted microscope witha40x/1.25 NA Apo
objective and Quest qCMOS camera (Hamamatsu), controlled with
Micro-Manager 2.0 software® at 37 °C under 5% CO, using a stage top
incubator and gas mixer (Tokai Hit). Locations with high-level mVe-
nus-geminin-expressing G2 cells were first identified and recorded.
Zstacks (25 pm x 0.5 pm z steps) of H2B-mTurquoise were taken at
S5minintervals over12h.

For Extended Data Fig. 7h,i and Supplementary Videos 4 and 5,
a higher resolution was required to delineate whether mitotic error
precedes nuclear deformation. A mixture of widefield deconvolution
microscopy (n =28 cells (siCTRL) and n =27 cells (siFAT1)) and confocal
microscopy (n =50 cells (siCTRL) and n = 27 cells (siFAT1)) techniques
were utilized to obtain sufficient images for statistical analysis.

Statistics and reproducibility

No statistical methods were used to predetermine the sample size.
Thesstatistical test types and biological n numbers used are detailed in
therelevant figure captions. Forimmunofluorescence data, the num-
bers of cells sampled per biological repeat are documented accord-
ingly. All of the data points shown are independent samples. For the
experiments using statistical tests that assume normal distributions,
we assumed that the data distribution was normal, but this was not
formally tested.

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

Data availability

The RNA-seq, WES and reduced representation bisulfite sequencing
(RRBS) data (in each case from the TRACERX study) used during this
study have been deposited inthe European Genome-phenome Archive,
whichis hosted by the European Bioinformatics Institute and Centre for
Genomic Regulation, under the accession codes EGASO0001006517
(RNA-seq), EGAS00001006494 (WES) and EGAS00001006523 (RRBS).
Access is controlled by the TRACERx data access committee. The
Genomics England lung cohort is part of the 100,000 Genomes Pro-
jectwhosedataare heldinasecureresearch environmentand are only
available toregistered users. For further information on how to obtain
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access, visit https://www.genomicsengland.co.uk/research/academic.
Source data are provided with this paper.

Code availability

The code used to determine genome doubling is available at https://
github.com/amf71/ParallelGDDetect. The code used to process
data and generate figures is available at https://doi.org/10.5281/
zenodo.13884283 (ref. 91).
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Extended Data Fig. 1| Summary of the DDR and CIN loss-of-function screen

of genome-doubling-associated drivers from the TRACERx 100 cohort.

a, Unsupervised clustering of the results from the DDR screen of 37 TRACERx
driversin4 LUAD cell lines. Each row represents a DDR foci readout under a given
genotoxic stress. Random forest classifiers were used to identify genes that had
feature scores similar to positive controls; known DDR genes such as ATR, CHEK1,
RADS1 and TP53BP1 are highlighted. Hierarchical clustering was used to calculate

Mean log2 Fold Change

the Euclidean distance between TRACERx drivers and the known DDR positive
control genes. b, HAC assay was used to assess the impact of gene depletion and
mild replication stress on CIN, through modelling chromosome loss usingan HT-
1080 reporter system. Cells were processed and data was analysed as described
in Methods. Data are displayed as scatter plots of log fold changes (LFCs) and
Strictly Standardized Mean Difference (SSMDs), highlighting negative and
positive control genes, and genes that passed the hit threshold (green area).
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Extended DataFig. 4| FATI CRISPRKO cells show reduced RADS51 foci
formation post-ionizing. a, Impact of FATI on RAD51/yH2A.X foci formation

in polyclonal FATI wild-type or CRISPR knockout H1944 cells following 6Gy IR.
Cellswereirradiated and allowed 1h to recover. Left, quantification showing
RADS51fociin the presence of 6Gy IR. Red-line = mean. The boxes represent the
interquartile range, the lines represent the median and the whiskers range denote
L5 xinterquartile ranges, 2-sided Mann-Whitney test, n=3 biological replicates.
Right, representative figures illustrating RAD51/yH2A.X foci following 6Gy IR.
Bar =10 pM. Polyclonal FAT1 CRISPR knockout cells were irradiated and allowed
lhrecovery.b, Left, representative figures illustrating RAD51 foci in the presence
of 6Gy IR. Scale bar =10 pm. Right: box plots showing FATI CRISPR knockout
A549 cells displayed a reduction in RAD51 foci formation. The boxes represent
theinterquartile range, the lines represent the median and the whiskers range
denotes 1.5 x interquartile ranges, Dunn’s test, n=3 biological replicates.

¢, Quantification of 53BP1 foci at various time points post 6h IR irradiation

in A549 cells. n=2 biological repeats, over 300 cells were quantified in each
condition per time point. Solid line =median, dotted lines = quartile ranges,
2-sided Mann-Whitney tests were carried out between two conditions within the
same time point. d, Representative western blot showing cellular fractionation

of control and FATI CRISPR KO A549 cells. Localization of full-length FAT1 protein
and C-terminal isoforms were visualized using a FAT1 antibody targeting the
C-terminal of the FAT1 protein. Note the loss of FAT1 full-length and C-terminal
(p65) signalin FATIKO cells. e, A549 FAT1KO cells were transfected with the HA-
FAT1'® construct used in Fig. 3b,c. Top, representative western blot showing the
level of endogenous FAT1and HA-FAT1'® construct in A549 cells following 6Gy IR.
Levels of KAP1/TRIM28 phosphorylation, yH2A.X, and ubiquitination of yH2A.X
arenot affected. Bottom, representative figures illustrating RAD51 foci formation
in the presence of 6Gy IR, with or without overexpression of HA-FAT1'",

Scale bar =10 pm. HD, homozygous deletions; LOH, loss of heterozygosity.
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signatures, both dependent on indels as a result of end-joining activity.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-024-01558-w

A T2P WAEHLEE F 53BP1 Bodies B Centromeric Lagging Chrom, Y208 Acentric Lagging Chrom.
Oy = CTRL SiRNA FAT1 SIRNA P.:CJO_";)O.(.;SEZ =001
8 Sl . <U. p<0.0001
g 2 § s g 4
£O041. ] %0 » 28 28z s
& g 2 - = by £ o829 298
5 g 3 £53 868 2 '
% 5 koo & 5 o= 17 <% || |
o< g 1 &
EC E L 8 g
5E 5 & g o L e
C A549 , 0.2 UM APH, 24 hr Huﬁ F-AT Ut ot
SgNT SQFATH | D =l 8 5l &l
5 e W “i': H1944
\ ”~ - L ¢ Chromosome no. per metaphase (N=23)
I-. 4“:" i N 2N 3N 4N 5N 6N 7N 8N
i ‘, . *" ’ - \f o S D Dt R D
-y A Fd |
S5 - ' ‘; & ’ 7) N \ CTRLsi - P@o-« p=0.028
Ny ‘ = “ S
= ~ 1 ':‘ - ! " f ’ <
L4
y \’:', -~ o V2 FAT1si - &zsszz%#——
= s - NS i
- -
E PC9 cells F
mitotic error rate CTRLSIRNA FAT1 SIRNA CTRLSIRNA FAT1 siRNA
Genome Doubled: "= i § # Genome Doubled: - + - +
0.1 pM aphidicolin: -+ - + - + - + 0.1 M aphidicolin: - + - + - + - +
50+ FAT1- P53 pSer15-| - — Lso 1D
1 -250 kD
— P53 -| e cn e s a s s
& 40+ Ub-FANGD2- [ v 1 o E | |52 k0
£ 401 EAN D2_| d e bt |1so kD .
< - =
= 30- Ub-gH2A X- A -25 kD Priuioulin |“"‘""‘“"""|-52 kD
g ] gH2A X- e =l s| |
2 20- basal GAPDH.IWL o oncead
= F o, 35 a o
= ] error % — - = .75 kD E2F7-[m e em e - — = ——[-102kD
107 pChki Ser296-|-:;- S bl “al63 KD
0- pChk1 Ser345- - -63 kD
0 1UMAPH: - + - + - + - +
(24P A: CTRL FAT1 CTRL FAT1 CHK - e e N ©° I':B
non-GD GD =8
G H PCO cells- _ I PCocells- Y PCY cells -
genome double genome doubled genome doubled
PC9 cells - genome doubled interphase FANCD2 foci  mitotic FANCD2 foci itsticaals
stalled 20 40m 40 0002 8 0<0.0001
replication fork Cldu 2mM HU pP=2t 5 e 0.1 uM _
5 _ 35 2 APH:
8= 5o-p<.0007 2
S O € -~
Sg 25 5 4
£ N8 20 = =
S 88 15 g 6
3 2s =
= XE 10 a —
w 5 % B o ®
° ke = | c
w : o
" 0.1 pM I -:- I 01 am
o= + L= - scale bar=10pM
SgNT sgFATT APH: o 2 % o APH: - -+ + g
T CECLC Er R
= =
EE6E 6% 6K

Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | FAT1loss results in chromosomal instability in lung
cancer cells. a, Transient FAT1 siRNA knockdown induces the formation of 53BP1
nuclear bodies in T2P cells. The boxes represent the interquartile range, the lines
represent the median and the whiskers range denotes 1.5 x interquartile ranges,
Dunn’s test, red bar = mean, n=3 biological replicates. Scale bar =10 um.

b, Transient FATI siRNA significantly increases the number of lagging
chromosomes per cell after replication stress (left, centromeric; right, acentric),
Dunn’s test. Over 100 mitotic cells were scored across 3 biological replicates.
Red bar =mean. ¢, Representative metaphase spreads of FATI WT and KO A549
cells after 24 hours of aphidicolin treatment. Scale bar = 5uM d, Metaphase
chromosome number following transient FATI knockdown in H1944 cells. A
significantincrease in metaphase chromosome number is observed in H1944
cells following FATI knockdown. N=3 biological repeats, red bar = mean.

2-sided Welch’s T-test. e, Mitotic error rate in PC9 cells following transient FAT1
knockdownin PC9 cells. one-way ANOVA, N=4 biological repeats, mean+SEM.

f, Western blot showing FAT1 knockdown efficiency in PC9 cells. FANCD2
monoubiquitylation and yH2A X, or expression level of E2F7 are not significantly
affected by FATI ablation. g, FATI knockdown leads to more replication fork
stalling in genome-doubled PC9 cells. >600 forks were counted across

3 biological repeats, 2-sided Paired T-test, scale bar =20 pM. h-j, FATI knockdown
significantly reduces interphase FANCD2 foci (h, histogram) and mitotic FANCD2
foci (iandj, histogram and representative image, respectively) despite the
increased rate of fork collapse. The boxes represent the interquartile range,
black horiziontal bar represent the median and the whiskers range denotes

1.5 xinterquartile ranges, red line=mean, N=3 biological replicates, >1200
interphase and >120 mitotic cells scored per condition, Dunn’s test.
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Extended Data Fig. 7| See next page for caption.
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Extended DataFig. 7| FATI loss promotes WGD and multinucleation.

a, Proportion of FATI driver mutations in genome-doubled TRACERx421
tumors. Fisher’s Exact Test, p=0.179. b, FATI CRISPRKO leads to elevated MCM7
reloading rate >6N in TP53 mutant PC9 cells, 2-sided Paired T-test, mean+SD,
n=3 biological replicates. c, FATI ablation leads to elevated MCM7 reloading rate
>4Nin TP53WT RPE1 cells with transient FAT1 siRNA transfection, mean+SEM,
2-sided paired T-test, n=3 biological repeat.d,e, Cyclin Bllevels in the G2/M
population following CTRL or FAT1 depletionin TP53WT RPE1 cells. The
histogram ind shows no difference in G2/M cyclin Bl levels, mean+SEM, 2-sided
paired T-test, n=3 biological repeats. The representative dot plots in e show
cyclinBllevels of the G2 population. f, Nocodazole treatment arrests PC9 cells
at mitosis and causes endoreplication (EdU positive cells >6N). FATI knockdown
does not significantly further increase EdU-positive cells >6N when treated with
nocodazole, mean+SEM, 2-sided paired T-Test, n=4 biological replicates.

g, Live cell tracking data showing mitotic error rate of RPEI-TERT-FUCCl cells.

2 different FAT1siRNAs produced a significant increase in mitotic error rate.

One-way ANOVA with Sidak correction, mean+SD, n=3 biological repeats.

h, Quantification of fixed microscopy images showing that FATI siRNA
knockdownincreases the rate of multinucleated U20S cells, with or without
replication stress induced with hydroxyurea. Left, multinucleation was
quantified using phalloidin as a marker for cell boundaries and nuclear envelope
stain emerin was used to mark the number of nuclei per cell. Mean+SD, 2-sided
paired T-test, Biological repeats: n=4 without damage, n=6 with HU. Right,
representative image of cells, scale bar =10 pM, white arrows = multinucleated
cells. i, Quantification of fixed microscopy images showing FATI knockdown
elevates EdU incorporation rate in multinucleated TP53 KO RPE1-TERT cells,
butnotinthe TPS3WT counterpart. Following aphidicolin-induced replication
stress, FAT1 depletionincreases EdU incorporation rate inboth TPS3WT

and TP53KO cells, mean+SD, one-way ANOVA with Holm-Sidak correction.
Biological repeats, no damage n=3; Ctrl siRNA with aphidicolin n=3, FATI siRNA
with aphidicolin n=4.
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Extended Data Fig. 8| FAT1 loss results in nuclear shape deformation

and exacerbates targeted therapy resistance. a, Nuclear morphometric
measurements of PC9 cells following CTRL and FATI siRNA knockdown.
Genome-doubled PC9 cells were treated for 24h with replication stress inducer
aphidicolin. Z-project images were segmented and analysed for the difference
in nuclear morphology. More than 1680 cells were analysed per condition over
3 biological repeats. 2-sided Mann-Whitney test, p<0.001. b, Live-cellimaging
demonstrated higher chromatin bridge formation rate following transient FAT1
siRNA knockdown in RPELI-TERT cells. In addition, the daughter cells are more
likely to display nuclear shape deformation morphologies following chromatin
bridge formation when FAT1 is depleted. ¢, Mitotic outcomes of RPEI-TERT cells
monitored after initial nuclear shape deformation. Among FATI depleted cells,
those cells with nuclear shape deformation were less likely to undergo normal
mitotic segregation in the following mitosis. 60x magnification live cell microscopy

performed using 5 minute intervals, 25 z-steps. scale bar = 5uM, Chi-squared test.
At least 50 mitotic events were tracked per condition over 8 biological repeats.
d, Estimation of the effect of FATI depletion on mitotic timing in RPE1-TERT-
FUCCI cells. At least 100 cells were scored per siRNA knockdown across
3biological repeats. Cells were imaged at 5-minute intervals over 12 h. Black

bar =mean, Kruskal-Wallis test with False Discovery Rate Correction. e, IC90
determination of osimertinib treatmentin PC9 cells. f, Experimental flowchart
showing the generation of osimertinib-resistant PC9 subclones. g,h, Graphs
demonstrating the impact of FATI CRISPR KO on the acquisition of osimertinib
resistance, asindicated by clone survival (g; 2-sided Mann-Whitney Test) and

the number of long-term derivation of resistant subclones (h; Fisher’s exact
test). i, Among Osimertinib-resistant subclones, FATI CRISPRKO cells exhibited
significantly variable DNA ploidy compared with non-targeting controls. 2-sided
Welch’s T-test, non-targeting = 6 clones, FATI KO =31 clones.
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Extended DataFig. 9| FAT1loss results in dysregulation of YAP1 nuclear
localization. a,b Transient siRNA depletion of FATI increases the relative YAP1
nuclear localization ratio in RPE1-FUCCI cells (a; PTEMF fixation) and T2P cells
(b (left panel); PFA fixation). Scale bars =10 pm. Representative images are
shown. The right panel in b shows quantification of the results in T2P cells. Red
bar=mean, 2-sided Mann-Whitney test. ¢, Transient siRNA depletion of FAT1 and
LATS1 does not consistently alter the phosphorylation level of YAP1in RPE1 and
T2P cells.d, Plot showing the incidences of amplification and deep deletions

of Hippo pathway membersin the TRACERXx 421 LUSC cohort. The effectors

TEAD4 and WWTRI/TAZ are amplified in >10% and >35% of cases, respectively.

e, Thelocalization of the HA-epitope tag does not affect the ability to repress
TEAD reporter transcriptional activity. Left, Scheme showing the location of
the HA-epitope tag in different FAT1 expression constructs. The HA-epitope

tag was located either at the N terminus or internally within the FAT1 construct.
Right, Histogram showing normalized TEAD transcriptional activity upon
overexpression of different FAT1 construct. The edge of histograms denotes the
mean values, One-way ANOVA with Holm-Sidak multiple comparisons test, for
each condition >95 cells were scored across 3 biological repeats.
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Extended Data Fig. 10 | Loss of LATS2is enriched in the TRACERx LUSC

cohort. a, Representative western blot following LATS1/2knockdown in the
U20S-AsiSI DIVA system reveals that DNA damage markers such as yH2A. X and
phospho-KAP1 are activated proficiently upon damage. b, Middle, representative
gelshowing that transient knockdown of LATS2, but not LATS1,induces an
illegitimate repair product in U20S-AsiSI DIVA cells. PCR products generated
from the legitimate repair product were used as the loading control (bottom).
n=3 biological repeats. ¢, Plots of GISTIC scores illustrating that the SCNA loss
ofthe LATS2 genomic loci (13g12.11) is positively selected in the LUSC but not

the LUAD TRACERx421 cohort. Red lines denote q value <0.2.d, e, Histograms

representing cell cycle profiles following loss of FATI, YAP1 or combined loss

of both FATI and YAP1 by siRNA in U20S-AsiSI cells (d) and A549 FATI WT/KO

cells (e), n=3 biological repeats, one-way ANOVA with Sidak corrections.

f, Histogram quantifying the percentage of FATI WT or KO A549 cells with
lagging chromosomes after aphidicolin treatment following transient depletion
of YAPI using RNAi, mean+SD, one-way ANOVA with Holm-Sidak multiple
correction, biological repeats: FATI WT =3, FATI KO =4. g, Representative western
blot showing YAPI and FATI knockdown efficiency in the RPE1-FUCCl and A549
cells. h, Proposed model showing potential interaction between FAT1and the
Hippo pathway.
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The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O OO0 000F%

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  LiCOR image studio v5.0
Oxford Optronix GelCount
MicroManager 2.0
Microvolution plugin for FlJI
FUI Imagel v 1.54)
BD FACSDiva software
ABI QuantStudio softwareNikon NIS elements
The code used to determine genome doubling is available at https://github.com/amf71/ParallelGDDetect.

Data analysis R (version 3.6.2)
Alignment and QC:
FastQC (version 0.11.8)
FastQ Screen (version 0.13.0)
bwa-mem (version 0.7.17)
Sambamba (version 0.7.0)
Picard Tools (version 2.21.9)
GATK (version 3.8.1)
Somalier (version 0.2.7)
Samtools (version 1.9)
Conpair (version 0.2)
Variant Calling:




SAMtools (version 1.10)
VarScan2 (version 2.4.4)
MuTect (version 1.1.7)
bam-readcount (version 0.7.4)
Annovar (version: Revision 529)
R packages used in version 3.6.3:
fst (version 0.9.4)

tidyverse (version 1.3.0)
survival (version 3.2.13)

ggplot2 (version 3.3.2)

dplyr (version 1.0.2)

tidyr (version 1.1.2)

gridExtra (version 2.3)

cowplot (version 1.1.0)
survminer (version 0.4.9)
ggpubr (version 0.4.0)

reshape? (version 1.4.4)

tibble (version 3.0.4)

gtable (version 0.3.0)
RColorBrewer (version 1.1-2)
plyr (version 1.8.6)

gerepel (version 0.8.2)
GenomicRanges (version 1.38.0)
rlist (version 0.4.6.2)

tidytext (version 0.2.3)

stringr (version 1.4.0)
data.table (version 1.13.2)
DiagrammR (version 1.0.1)
magrittr (version 2.0.1)
BSgenome.Hsapiens.UCSC.hg19 (version 1.4.0)
deconstructSigs (version 1.8.0)
Li-COR Image studio Lite (5.0)
Fiji (2.0.0)

FindFoci Plug-In (Herbert et al Plos ONE 2014)
FloJo (10.8.1)

Prism (9.4.1)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The RNA-seq, whole-exome sequencing and RRBS data (in each case from the TRACERx study) used during this study have been deposited at the European
Genome—phenome Archive, which is hosted by the European Bioinformatics Institute and the Centre for Genomic Regulation, under the accession codes
EGAS00001006517 (RNA-seq), EGAS00001006494 (WES) and EGAS00001006523 (RRBS). Access is controlled by the TRACERx data access committee. The Genomics
England lung cohort is part of the 100,000 Genomes Project whose data are held in a secure research environment and are only available to registered users, for
further information on how to obtain access visit https://www.genomicsengland.co.uk/research/academic.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The TRACERx 421 cohort consisted of 233 males and 188 females (421 patients total), corresponding to a 55:45 M:F ratio.

93% of the cohort was from a white ethnic background and the mean age of the patients was €9, ranging between 34 and 92.

Written informed consent was obtained. None of the patients were compensated for their involvement in the study. See
Frankell et al Nature 2023 for cohort detail.

Reporting on race, ethnicity, or  The ethnicity breakdown for the TRACERx 421 cohort is the following:
other socially relevant White- British 371 (88%)
groupings White- Irish 17 (4%)

White - European 13 (3%)

White -Other 3 (1%)

Mixed 4 (1%)

Black 1 (<1%)

Caribbean 4 (1%)
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Indian 3 (1%)
Middle Eastern 4 (1%)
South American 1 (<1%)

Population characteristics Please note that the study started recruiting patients in 2016, when TNM version 7 was standard of care. The up-to-date
inclusion/exclusion criteria now utilizes TNM version 8.

TRACERx inclusion and exclusion criteria

Inclusion Criteria:

_Written Informed consent

_Patients >18 years of age, with early stage I-1lIB disease (according to TNM 8th edition) who are eligible for primary surgery.
_Histopathologically confirmed NSCLC, or a strong suspicion of cancer on lung imaging necessitating surgery (e.g. diagnosis
determined from frozen section in theatre)

_Primary surgery in keeping with NICE guidelines planned

_Agreement to be followed up at a TRACERX site

_Performance status O or 1

_Minimum tumor diameter at least 15mm to allow for sampling of at least two tumour regions (if 15mm, a high likelihood of
nodal involvement on pre-operative imaging required to meet eligibility according to stage, i.e. TIN1-3)
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Exclusion Criteria:

_Any other* malignancy diagnosed or relapsed at any time, which is currently being treated (including by hormonal therapy).
_Any other* current malignancy or malignancy diagnosed or relapsed within the past 3 years**.

*Exceptions are: non-melanomatous skin cancer, stage 0 melanoma in situ, and in situ cervical cancer

**An exception will be made for malignancies diagnosed or relapsed more than 2, but less than 3, years ago only if a pre-
operative biopsy of the lung lesion has confirmed a diagnosis of NSCLC.

_Psychological condition that would preclude informed consent

_Treatment with neo-adjuvant therapy for current lung malignancy deemed necessary

_Post-surgery stage IV

_Known Human Immunodeficiency Virus (HIV), Hepatitis B Virus (HBV), Hepatitis C Virus (HCV) or syphilis infection.
_Sufficient tissue, i.e. a minimum of two tumor regions, is unlikely to be obtained for the study based on pre-operative
imaging

Patient ineligibility following registration

_There is insufficient tissue

_The patient is unable to comply with protocol requirements

_There is a change in histology from NSCLC following surgery, or NSCLC is not confirmed during or after surgery.
_Change in staging to llIC or IV following surgery

_The operative criteria are not met (e.g. incomplete resection with macroscopic residual tumors (R2)). Patients with
microscopic residual tumors (R1) are eligible and should remain in the study

_Adjuvant therapy other than platinum-based chemotherapy and/or radiotherapy is administered.

Recruitment TRACERx: Patients seen with a new diagnosis of lung cancer in lung cancer units across the United Kingdom, according to the
eligibility criteria above, were recruited. No selection bias has been identified to date.

Ethics oversight The TRACERx study was approved by the NRES Committee London with the following details:
Study title: TRAcking non small cell lung Cancer Evolution through therapy (Rx)
REC reference: 13/L0O/1546
Protocol number: UCL/12/0279
IRAS project ID: 138871

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For the bioinformatics studies, the sample size of 421 patients represents the half-way point of the TRACERx longitudinal study. In total 432
tumours (1553 tumour regions) of the 421 patients were analysed in this study. TRACERx is a programme of work of multiple projects built
around a single observational cohort study. It is not possible to perform a sample size calculation for each project, especially post hoc. Please
see Frankell et al, Nature 2023 for detailed explanation.




For the investigations involving cell lines, a minimum of three independent experiments were performed unless otherwise stated.
Measurements were taken from distinct samples except from live cell imaging experiments when the same cell was recorded over a period of
time. No statistical methods were used to predetermine sample size. The statistical test types and biological n number used in each
experiment are detailed in the relevant figure legends.

Data exclusions  Please see study inclusion/exclusion criteria below. Additionally, samples which fail quality control metrics including low tumor purity (<10%)
were also excluded from analysis.

Please note that the study started recruiting patients in 2016, when TNM version 7 was standard of care. The up-to-date inclusion/exclusion
criteria now utilizes TNM version 8.

TRACERx inclusion and exclusion criteria

Inclusion Criteria:

_Written Informed consent

_Patients >18 years of age, with early stage I-1IIB disease (according to TNM 8th edition) who are eligible for primary surgery.
_Histopathologically confirmed NSCLC, or a strong suspicion of cancer on lung imaging necessitating surgery (e.g. diagnosis determined from
frozen section in theatre)

_Primary surgery in keeping with NICE guidelines planned

_Agreement to be followed up at a TRACERX site

_Performance status O or 1

_Minimum tumor diameter at least 15mm to allow for sampling of at least two tumour regions (if 15mm, a high likelihood of nodal
involvement on pre-operative imaging required to meet eligibility according to stage, i.e. TIN1-3)
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Exclusion Criteria:

_Any other* malignancy diagnosed or relapsed at any time, which is currently being treated (including by hormonal therapy).
_Any other* current malignancy or malignancy diagnosed or relapsed within the past 3 years**.

*Exceptions are: non-melanomatous skin cancer, stage 0 melanoma in situ, and in situ cervical cancer

**An exception will be made for malignancies diagnosed or relapsed more than 2, but less than 3, years ago only if a pre-operative biopsy of
the lung lesion has confirmed a diagnosis of NSCLC.

_Psychological condition that would preclude informed consent

_Treatment with neo-adjuvant therapy for current lung malignancy deemed necessary

_Post-surgery stage IV

_Known Human Immunodeficiency Virus (HIV), Hepatitis B Virus (HBV), Hepatitis C Virus (HCV) or syphilis infection.

_Sufficient tissue, i.e. a minimum of two tumor regions, is unlikely to be obtained for the study based on pre-operative imaging

Patient ineligibility following registration

_There is insufficient tissue

_The patient is unable to comply with protocol requirements

_There is a change in histology from NSCLC following surgery, or NSCLC is not confirmed during or after surgery.

_Change in staging to IlIC or IV following surgery

_The operative criteria are not met (e.g. incomplete resection with macroscopic residual tumors (R2)). Patients with microscopic residual
tumors (R1) are eligible and should remain in the study

_Adjuvant therapy other than platinum-based chemotherapy and/or radiotherapy is administered.

Replication TRACERX is a prospective longitudinal study. As such, the results shown are not the result of an experimental set up. This is the half-way point
of the TRACERx study and reflects hypothesis-generating analysis.

For the investigations involving cell lines, a minimum of three independent experiments were performed unless otherwise stated. N number
indicating biological replicates are available in the manuscripts. Measurements were taken from distinct samples except from live cell imaging
experiments when the same cell was recorded over a period of time.

Randomization  No randomization was conducted. Randomization is not applicable for TRACERx data because this is an observational study. Randomization is
not applicable for experiments involving cell lines.

Blinding Not applicable for this study, except for fixed cell imaging studies. For experiments comprising imaging analysis, laser intensity and channel
intensity were standardized using the control cells as a reference. Initially, microscope slides were renamed and blinded before microscopy
imaging and analysis so that the sample identity is not known at the point of imaging. However, since FAT1 loss induces cell morphology
change this is not strictly necessary as the identity become rather obvious during imaging. For genomics data analysis (TRACERx , TCGA or
Genomics England) blinding is not applicable. For flow cytometry and WBs the experiments are not blinded.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
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Plants

Antibodies

Antibodies used The specificity of all the antibodies were validated by the supplier, with the relevant data page listed below.
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Santa Cruz SC-56324 mouse anti mecm7 used in facs

https://www.scbt.com/p/mcm7-antibody-47dc141-human

abcam ab32053 rabbit anti cyclin b1 used in facs
https://www.abcam.com/en-gb/products/primary-antibodies/cyclin-b1-antibody-y106-ab32053

Thermo Fisher (clicklT EdU kit) c10634 anti edu used in facs and IF(against nucleotides, not protein)
https://www.thermofisher.com/order/catalog/product/C10634?SID=srch-hj-c10634

Abcam 6326 rat anti Anti-BrdU for CldU used in fibre assay (against nucleotides, not protein, widely used in multiple DDR papers)
https://www.abcam.com/en-gb/products/primary-antibodies/brdu-antibody-bul-75-icr1-proliferation-marker-ab6326

BD (clone B44) 347580 mouse anti Anti-BrdU for IDU used in fibre assay( against nucleotides, not protein, widely used in multiple
DDR papers)

https://www.sigmaaldrich.com/GB/en/product/sigma/b25317?
utm_source=google&utm_medium=cpc&utm_campaign=21473730186&utm_content=165772576758&gclid=CjwKCAjwoJa2BhBPEi
wAOIOImFXQUel5sudLYDRU70jmLQAgn_INvg-U6YK6kxL5jDO2_5G-d8rloBoCE9OQAVD_BwE

MerckMillipore 05-636 mouse anti yH2A.X used in high content screening and IF
https://www.merckmillipore.com/GB/en/product/Anti-phospho-Histone-H2A.X-Ser139-Antibody-clone-JBW301,MM_NF-05-6367?
ReferrerURL=https%3A%2F%2Fwww.google.com%2F

Santa Cruz sc-22760 rabbit anti 53bp1 used in high content screening — discontinued due to Santa Cruz losing animal license.
https://www.scbt.com/p/53bpl-antibody-h-300

Santa Cruz sc-8349 rabbit anti rad51 used in high content screening— discontinued due to Santa Cruz losing animal license.
https://www.scbt.com/p/rad51-antibody-h-92

Abcam ab87277 rabbit anti rpaps4s8 used in high content screening
https://www.abcam.com/en-gb/products/primary-antibodies/rpa32-rpa2-phospho-s4-s8-antibody-ab87277

Abcam ab109394 rabbit anti rpa pT21 used in high content screening
https://www.abcam.com/en-gb/products/primary-antibodies/rpa32-rpa2-phospho-t21-antibody-epr28462-ab109394
Abcam ab63801 rabbit anti rad51 used in IF
https://www.abcam.com/en-gb/products/primary-antibodies/rad51-antibody-ab63801

Cell Signaling 4526 mouse anti patmS1981 used in IF
https://www.cellsignal.com/products/primary-antibodies/phospho-atm-ser1981-10h11-e12-mouse-mab/4526

Novus Biologicals nb100-305 rabbit anti 53BP1 used in IF
https://www.bio-techne.com/p/antibodies/53bp1-antibody_nb100-305

Abcam ab16780 mouse anti BRCAL used in IF
https://www.abcam.com/en-gb/products/primary-antibodies/brcal-antibody-ms110-ab16780

Francis Crick institute (in house monoclonal) E43.2 mouse anti cyclin A used in IF

NB: This is the same clone sold by Santa Cruz Sc-53229, and was used in multiple papers.
https://www.scbt.com/p/cyclin-a-antibody-e43-2?srsltid=AfmBOoqon6i6jwR5N5L9n1Epl04yAxIx60M_Udav79LNDDhAwWSEUS6Te
Cell Signaling 9201 rabbit anti CtIP used in IF
https://www.cellsignal.com/products/primary-antibodies/ctip-d76f7-rabbit-mab/9201

ImmunoVision HCT-0100 human anti CREST used in IF
https://immunovision.com/index.php/autoimmune-polyclonal-antibodies/autoimmune-positive-controls/

Cell Signaling 58982 rabbit anti CENPF used in IF
https://www.cellsignal.com/products/primary-antibodies/cenp-f-déx4l-rabbit-mab/58982

Cell Signaling 8878 anti Alexa Fluor 488 phalloidin used in if
https://www.cellsignal.com/products/buffers-dyes/alexa-fluor-488-phalloidin/8878

Cell Signaling 8940 anti Alexa Fluor 647 phalloidin used in IF
https://www.cellsignal.com/products/buffers-dyes/alexa-fluor-647-phalloidin/8940

Atlas antibodies AMAb90562 mouse anti emerin used in if
https://www.atlasantibodies.com/products/primary-antibodies/precisa-monoclonals/anti-emd-antibody-amab90562-100ul/?
language=en

Santa Cruz SC-101199 mouse anti Yap1 used in if and wb

https://www.scbt.com/p/yap-antibody-63-7

Novus Biological NB100-182 rabbit anti FancD2 used in if and wb
https://www.bio-techne.com/p/antibodies/fancd2-antibody nb100-182

Cell Signaling 65344 rabbit anti Ubr5 used in wb
https://www.cellsignal.com/products/primary-antibodies/ubr5-d608z-rabbit-mab/65344

Novus Biologicals NBP2-32275 rabbit anti Fat1 used in wb

https://www.bio-techne.com/p/antibodies/fat1-antibody nbp2-32275#reviews




Proteintech 27071-1-AP rabbit anti Rad21 used in wb

https://www.ptglab.com/products/RAD2 1-Antibody-27071-1-AP.htm

Cell Signaling 9718 rabbit anti yH2A.X used in wb
https://www.cellsignal.com/products/primary-antibodies/phospho-histone-h2a-x-ser139-20e3-rabbit-mab/9718
Proteintech 10398-1-AP rabbit anti Bap1 used in wb
https://www.ptglab.com/products/BAP1-Antibody-10398-1-AP.htm

Bethyl A300-363A-T rabbit anti Crebbp used in wb

NB: Bethyl Laboratories was rebranded as Fortis Life Science
https://www.fortislife.com/products/primary-antibodies/rabbit-anti-cbp-antibody/BETHYL-A300-363

Francis Crick insitute (in house monoclonal) clone 12AC5 mouse anti ha used in wb

*NB: In house monoclonal antibody. It is however the same clone as
https://www.sigmaaldrich.com/GB/en/product/roche/roaha?srsltid=AfmBOor8dii5mITqC6Z-
h7XNiOfy_COduOp1bRgZnUHPEz8eKL2Dbgcg

Proteintech 25241-1-AP rabbit anti ncoa6 used in wb
https://www.ptglab.com/products/NCOAG-Antibody-25241-1-AP.htm

Abcam ab1791 rabbit anti Histone H3 used in wb
https://www.abcam.com/en-gb/products/primary-antibodies/histone-h3-antibody-nuclear-marker-and-chip-grade-ab1791
Abcam ab9485 rabbit anti gapdh used in wb
https://www.abcam.com/en-gb/products/primary-antibodies/gapdh-antibody-loading-control-ab9485

Bethyl A300-767A rabbit anti pkap1 used in wb

NB: Bethyl Laboratories was rebranded as Fortis Life Science
https://www.fortislife.com/products/primary-antibodies/rabbit-anti-phospho-kap-1-s824-antibody/BETHYL-A300-767
Abcam ab22758 rabbit anti nucleolin used in wb
https://www.abcam.com/en-gb/products/primary-antibodies/nucleolin-antibody-ab22758

Cell Signaling 2661 rabbit anti pChk2 Thr68 used in wb
https://www.cellsignal.com/products/primary-antibodies/phospho-chk2-thr68-antibody/2661

Cell Signaling 3477 rabbit anti Lats1 used in wb
https://www.cellsignal.com/products/primary-antibodies/lats1-c66b5-rabbit-mab/3477

Cell Signaling 5888 rabbit anti Lats2 used in wb
https://www.cellsignal.com/products/primary-antibodies/lats2-d83d6-rabbit-mab/5888

Cell Signaling 2349 rabbit anti pchk1 s296 used in wb
https://www.cellsignal.com/products/primary-antibodies/phospho-chk1-ser296-antibody/2349

Cell Signaling 2348 rabbit anti pchk1 s345 used in wb
https://www.cellsignal.com/products/primary-antibodies/phospho-chk1-ser345-133d3-rabbit-mab/2348

Cell Signaling 2360 mouse anti chk1 used in wb
https://www.cellsignal.com/products/primary-antibodies/chk1-2g1d5-mouse-mab/2360

Cell Signaling 9286 mouse anti p53s15 used in wb
https://www.cellsignal.com/products/primary-antibodies/phospho-p53-ser15-16g8-mouse-mab/9286

Cell Signaling 2527 rabbit anti p53 used in wb
https://www.cellsignal.com/products/primary-antibodies/p53-7f5-rabbit-mab/2527

Abcam ab6046 rabbit anti beta tubulin used in wb
https://www.abcam.com/en-gb/products/primary-antibodies/beta-tubulin-antibody-loading-control-ab6046
Affinity DF2444 rabbit anti e2f7 used in wb

https://www.affbiotech.com/pdf?id=6525

Cell Signaling 29495 rabbit anti active yap1 used in wb
https://www.cellsignal.com/products/primary-antibodies/non-phospho-active-yap-ser127-e6u8z-rabbit-mab/29495
Cell Signaling 13619 rabbit anti yap1 ps397 used in wb
https://www.cellsignal.com/products/primary-antibodies/phospho-yap-ser397-dle7y-rabbit-mab/13619

Cell Signaling 4911 rabbit anti yap1 ps127 used in wb
https://www.cellsignal.com/products/primary-antibodies/phospho-yap-ser127-antibody/4911

Santa Cruz sc-73614 mouse anti vinculin used in wb

https://www.scbt.com/p/vinculin-antibody-7f9

Cell Signaling 6943 rabbit anti Src pTyr416 used in wb
https://www.cellsignal.com/products/primary-antibodies/phospho-src-family-tyr416-d49g4-rabbit-mab/6943
Cell Signaling 65890 rabbit anti yes used in wb
https://www.cellsignal.com/products/primary-antibodies/yes-d9p3e-rabbit-mab/65890

Cell Signaling 9154 rabbit anti phospho mek1/2 Ser217/221 used in wb
https://www.cellsignal.com/products/primary-antibodies/phospho-mek1-2-ser217-221-41g9-rabbit-mab/9154
Cell Signaling 4376 rabbit anti pErk1/2 T202/Y204 used in wb
https://www.cellsignal.com/products/primary-antibodies/phospho-p44-42-mapk-erk1-2-thr202-tyr204-20g11-rabbit-mab/4376
Cell Signaling 4695 rabbit anti total erk1/2 used in wb
https://www.cellsignal.com/products/primary-antibodies/p44-42-mapk-erk1-2-137f5-rabbit-mab/4695
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Validation The antibodies used have been validated accordingly to manufacturer's instructions. Molecular size markers have been included on
each of the western blots, and the molecular weights for each of the antibodies were validated as per manufacturer's datasheets
detailed above.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) H1944 (lung, female), H1650 (lung, male), H1792 (lung, male), HCC4006(lung, male), A549 (CCL-185, lung male) and U20S
(HTB-96, osteosarcomam female) cells were obtained from Cell Services at the Francis Crick Institute, UK.




Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Flow Cytometry

RPE1-FUCCI-H2B-Turquoise cells have been described previously and were a kind gift from John Diffley (The Francis Crick
Institute, UK). U20S-HA-ER-AsiSI cells have been described previously 18 and were a kind gift from Gaelle Legube (Univ. Paul
Sabatier, Toulouse, France). T2P-ER-KRAS-V12 cells (referred to as T2P) have been described previously and were a kind gift
from Julian Downward (The Francis Crick Institute, UK). RPE1 TP53WT and RPE1 TP53 KO cells have been described
previously. HCT116 (male, colon) iRFP cell lines have been described previously and were a kind gift from Karen Vousden (The
Francis Crick Institute, UK).

For Cell Authentication we use STR (Short Tandem Repeat) Profiling for all our Human cell lines using the Promega
PowerPlex16HS system. This profile is compared back to any available on commercial cell banks (such as ATCC). We confirm
the species is correct using a primer system based on the Cytochrome C Oxidase Subunit 1 gene from mitochondria — we call
this test Species ID. Authentication is carried out in house within the Francis Crick Institute.

For Mycoplasma screening we primarily use two different tests — Agar Culture (which involves culturing any mycoplasma that
may be present in the cell culture on specialised agar) and Fluorescent staining using the Hoescht Stain. A third detection
method, the PCR mycoplasma test (ATCC), is used on occasion when a rapid result is required.Mycoplasma test is carried out
in house routinely within the Francis Crick Institute. No mycoplasma contamination was detected.

No Commonly misidentified lines were used in this study.

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

For HAC assay, HT1080 cells containing EGFP-HAC were maintained in 6 ug/ml blasticidin S selection media. For siRNA
treatment, 100000 cells/well were seeded in 6 well plates before the day of the experiment. Cells were transfected with
each siRNAs using the Lulluby reagent. Cells were grown without blasticidin S selection for 14 days. Silencing efficiency was
monitored by Western blot analysis. On Day 14, cells were collected and analyzed by flow cytometry to determine the
proportion of cells that gained or lost EGFP fluorescence. All experiments were carried out in triplicate.

For ImageStream FISH experiments, transfected cells were processed for FISH in suspension as described in Worrall et al, Cell
Reports 2018. Briefly, following transfection, cells were harvested and fixed with freshly prepared 3:1 methanol-glacial acetic
acid. Cells were subsequently hybridized with chromosome 15 satellite enumeration probe (LPEO15G, Cytocell) performed in
a thermocycler under the following conditions: 65°C (2 hr pre annealing), 80°C (5 min), 37°C (16 hr), prior to analysis on an
ImageStream X Mk Il (Amnis).

For the DR-GFP assay, samples were prepared as detailed in Seluanov et al JoVE 2010. For ploidy determination experiments,
cells were trypsinized, washed in PBS and then fixed in 70% ethanol. Cells were then washed again, and treated with staining
buffer containing propidium iodide and 100 pug/ml RNAse A.

For MCM7 loading assay, PC9 cells or RPE1 cells were trypsinized and treated with CSK buffer (10 mM HEPES pH7.9, 100 mM
NaCl, 3 mM MgCl2, 1 mM EGTA, 300 mM sucrose, 1%BSA, 0.2% Triton X-100, 1 mM DTT) on ice for 5 minutes to remove
soluble proteins. Cells were washed with 1%BSA in PBS and fixed in 4% PFA (Thermo Fisher Scientific for 10 minutes). Cells
were then washed, pelleted and permeabilised in 70% EtOH for 15 minutes. MCM7 staining was performed using a mouse
anti-MCM7 antibody (Santa Cruz, sc-56324) followed by an Alexa 594 goat-anti-mouse antibody (A11007, Invitrogen). DNA
content was stained using 1 ug/ml DAPI supplemented with 100 ug/ml RNAse A. For the EdU incorporation assay and cyclin B
loading assays, the Click-iT Plus EAU Alexa Fluor 647 Flow Cytometry Assay kit (Thermo Fisher) was used for EdU
incorporation assays. Cells were incubated with 10 uM EdU for 30 minutes before being fixed and processed as per the
manufacturer’s instructions. Cyclin B1 antibody was obtained from Abcam (ab32053, Abcam). DNA content was stained in
staining buffer (1 ug/ml DAPI, 100 pug/ml RNAse A in PBS).

Cell doublets were excluded from all analyses.

Flow cytometry analyses were carried out on a BD Fortessa. All cell-sorting experiments were carried out on a BD Aria Fusion
or Aria Ill. Image Stream Mkl flow cytometer (Merck) is used for flow-FISH experiments.

FlowJ010.4.2 was used for flow analysis

Not applicable. Cell lines were used for flow analysis. Gating strategy described as below.
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Gating strategy All samples were first gated to exclude cellular debris using SSC-A/FSC-A and a diagonal gate using FSC-H/FSC-A was then
used to exclude doublets. Whenever applicable, a diagonal gate using nucleic acid stains (PE-H/PE-A) was further used to
refine doublet gating. Fluorescence minus one controls were used to set up EdU incorporation experiments, DNA ploidy
analysis, MCM7 loading assays and cyclin B loading experiments. For DR-GFP HR reporter assays, No-IScel control and
mCherry co-transfection control were used to refine the gating strategy.

Gating strategy examples will be included in the Supp. information in the revised manuscript.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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