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Mechanisms that clear mutationsdrive field
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Oncogenic mutations are abundant in the tissues of healthy individuals, but rarely
form tumours'™. Yet, the underlying protection mechanisms are largely unknown. To
resolve these mechanisms in mouse mammary tissue, we use lineage tracing to map
the fate of wild-type and Brcal”; Trp53™ cells, and find that both follow a similar
pattern of loss and spread within ducts. Clonal analysis reveals that ducts consist of
small repetitive units of self-renewing cells that give rise to short-lived descendants.
This offers afirst layer of protection as any descendants, including oncogenic mutant
cells, are constantly lost, thereby limiting the spread of mutations to asingle stem
cell-descendant unit. Local tissue remodelling during consecutive oestrous cycles
leads to the cooperative and stochastic loss and replacement of self-renewing cells.
This process provides a second layer of protection, leading to the elimination of most
mutant clones while enabling the minority that by chance survive to expand beyond
the stem cell-descendant unit. This leads to fields of mutant cells spanning large parts
of the epithelial network, predisposing it for transformation. Eventually, clone
expansion becomes restrained by the geometry of the ducts, providing a third layer of
protection. Together, these mechanisms act to eliminate most cells that acquire
somatic mutations at the expense of driving the accelerated expansion of a minority

of cells, which can colonize large areas, leading to field cancerization.

Theacquisition of genetic aberrations in oncogenes and tumour sup-
pressor genes is considered fundamental to tumorigenesis. Seventy
per cent of women with germline mutations in BRCAI or BRCA2, two
well-studied tumour suppressor genes, develop breast cancer by the
age of 80 (refs. 4,5). However, sequencing studies show that mutant
cells with alterations in key driver genes, such as P53, are abundant in
awide variety of tissuesin healthy individuals, including the breast! %
This high abundance of mutant cells could be associated with a high
frequency of independent mutagenic events, or could arise from a
minority of mutant cells that spread over large fields of tissue. With the
latter, such behaviour has the potential to create areas predisposed to
transformation, a process referred to as field cancerization, and may
playacrucialroleintheinitiation and recurrence of human breast can-
cer—the ‘sick lobe theory’”%. Yet, despite itsimportance, the underlying
cellular mechanisms that protect breast tissue from the accumulation
or spread of mutant cells remain largely unknown.

The mammary epitheliumis a branched network of tubes with an
outer layer of basal cellsand aninner layer of hormone receptor-positive
(HR") and -negative (HR") luminal cells. During the 4-7 days of the

oestrous cycle, the mouse variant of the menstrual cycle, hormones
actonHR"luminal cells, triggering the secretion of mitogenic paracrine
signalling factors® ™. These factorsinitiate coordinated rounds of prolif-
eration, alsoinbasaland luminal cells negative for HR, thereby driving
the growth of side branches, referred to as alveolar buds. In pregnancy,
these side branches progressinto lobuloalveolar structures, capable of
milk production and secretion'®>. However, outside pregnancy, these
sidebranchesregress through coordinated cell death at the end of the
cycle™B. Thus, throughout life, each oestrous cycle drives coordinated
rounds of localized proliferation and cell death®'*2,

Long-term maintenance under conditions of continuous remodel-
ling requires self-renewal activity, and is therefore thought to be driven
by adult stem cells?. On the basis of transplantation assays and line-
agetracing studies, the mouse mammary gland is known to consist of
self-renewing unipotent mammary stem cells (MaSCs), also termed
enduring progenitors?, and their short-lived descendants**?*?, In
line with the turnover of side branches, the self-renewing capacity of
MaSCsis found to fluctuate during the oestrous cycle®®2*°, However,
the size of MaSC-descendant units and their spatial distribution is as
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Fig.1|Brcal”;Trp53” lesionformation is accompanied by fields of
morphologically normal ducts carrying mutantcells. a, Schematic of the
Brcad™:Trp53""';R26R-Confettimouse model used in this study. Recombination
wasinduced by anintraductal injection method with TAT-Cre recombinant
protein, leading to sporadic deletion of the Brcal; Trp53alleles and at the
same time stochastic recombination of the Confetti construct resultingin
the expression of one of the four fluorophores. b, Timeline of lineage tracing
experiments performed inthe adult mammary gland. ¢,d, Brcal, Trp53 confetti
lesions witha transformed ductal morphology (c) and partially transformed
ductalmorphology and localinvasion (d). e, Transformed luminal (L, orange)
andbasal (B, red) clones as a percentage of the total number of luminal and
basal clones, respectively. Each dotindicates anindividual mouse; boxplots
mark the 25thand 75th percentile, the line indicates the median and the whiskers

present unknown. As a result, it is unclear whether field canceriza-
tion in breast tissue involves the expansion of mutant clones within
asingle unit or across several units. Moreover, it remains unknown
whether and how the normal cellular organization of the mammary
gland epithelium protects against the retention of mutant cells and
field cancerization. Yet, because theinitiation and recurrence of breast
cancer may depend on the spread of mutations over larger fields, such
protection mechanisms are crucial toresolve. Here, to gaininsight into
the cellular mechanisms that inhibit the mutant clone expansion, and
how they may be overcome by mutant cells to drive field cancerization,
we map the fate of cells that acquire mutations in the mouse mammary
epithelium.

Extensive spread of mutant cells precedes tumorigenesis

To map the fate of mutant clones, we studied confetti mice carrying
homozygous floxed alleles of the tumour suppressor genes Brcal
and Trp53 (Fig. 1a). At the beginning of adulthood (between 10 and
15 weeks)*, luminal and basal cells were recombined at a low induc-
tion frequency by intraductal TAT-Cre injection (Fig. 1a,b), with a bias
towards luminal cells (Extended Data Fig. 1a). By quantitative PCR
(qPCR) we confirmed that, in more than 87% of confetti-labelled cells,
the Brcal or Trp53gene wasrecombined (Extended DataFig.1b-d). By
contrast, most confetti-negative cells were wild-type (WT), although
afraction of these cells also harboured recombined Brcal or Trp53
genes (Extended Data Fig.1b-d), indicating that, in some cases, mutant
confetticlones neighbour an unlabelled mutant clone. By imaging the

Luminal Brca;Trp53 confetti lesion

b

Cre-mediated
recombination Whole-gland 3D analysis

! bbb

| | | | 5

I I I I I
10-15 14 64 120 225
weeks Time of lineage tracing (days)

15 I

18

L B L B L B L B
14days 64 days 120 days 225 days

Percentage of transformed clones
>

E Transformed (luminal) B Transformed (basal)
O Non-transformed

14 days 64 days 120 days 225 days

9 20 171

Total = 707 Total =444  Total = 431 Total = 163
mark the minimum and maximum values. f, Representative whole-mount
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extensive field cancerization within the existing ductal structure. c¢,d,f, Images
show 3D rendering of Z-stacks, with the confetti-labelled cellsin their respective
colours and the mammary ducts labelled with an antibody against SMA (white).
Representative examples of n = 6 mice. g, Chartsrepresenting the fraction of
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quantified Brcal”;TrpS3” confetticlonesisindicated below the charts and the
number of transformed clonesisindicated within the charts. See Supplementary

Information1forsample sizes and descriptive statistics for eand g. Scale bars,
100 pm.

whole mammary glands at cellular resolution, we observed outgrowth
of clones throughout the ductal tree, without preferential localiza-
tion (Extended Data Fig. 1e). No stromal recombination was detected
(Extended DataFig.1e). While multipotent clones have been reportedin
theadult mammary gland”?, especially under mutant conditions or fol-
lowing widespread damage® 5, we found only lineage-restricted clones
based on E-cadherin (ECAD) staining for luminal cells and a-smooth
muscle actin (SMA) staining for basal cells (Extended Data Fig. 2a-f).
However, a potential minority of the multipotent population may be
missed by the low induction frequency. Moreover, as Brcal; Trp53 con-
fetti clones are genomically unstable, we cannot exclude the possibility
that some of the luminal clones originate from basal cells that acquired
multipotency as aresult of accumulating genetic alterations.

As reported previously®, within 200-250 days of induction, mice
developed palpable mammary tumours (Extended Data Fig. 2g). At
the microscopic level, transformation was determined on the basis of
ductal deformation (Fig. 1c), aberrant branch formation (Fig. 1d) and
(local) invasion (Fig.1d and Extended Data Fig. 2h). Most transformed
cloneswere of luminal origin (Fig. 1e), in line with previous reports® %,
We also observed many large non-transformed Brcal, Trp53 confetti
clones (Fig. 1f,g and Extended Data Figs. 1e and 2e,f). Quantification
showed that only a minority of mutant clones transitioned to a trans-
formed phenotype at 225 days post-induction (Fig.1g). In contrast to
transformed Brcal,; Trp53 confetti clones, non-transformed clones
did not alter the ductal morphology, but extended over large areas
of normal-looking ducts, as previously suggested by the sick lobe
theory’,

Nature | Vol 633 | 5 September 2024 | 199



Article

Luminal Brea1;Trp53 confetti clones
T N,

225 days

Luminal WT confetti clones

GFP KRT14

L]

GFP KRT14

c Luminal clones @ Transformed luminal clones d . ) )
© Basal clones ® Transformed basal clone Brca1,Trp.>53 confetti  WT confgm
Luminal Luminal
Fkkk === Basal — Basal
100,000 07
3 163
_ 10,0003 431
@
©
£ 1,0004
3
N
®
2 1004
5 1,080
3 wr 138
104 4 - .
1 - T T

T T
64 120 225 64

- T T T T 1
120 50 100 150 200 250

Brca1;Trp53 confetti clones
Time of lineage tracing (days)

Fig.2|Long-termunbiased lineage tracing in adult mammary gland under
mutantand homeostatic conditions. a,b, Representative confocal whole-
mountimages showing clonal expansion of luminal Brcal;Trp53 confetticlones
(a) and luminal WT confetti clones (b) in the adult mammary gland over alineage
tracing time period of 225 days. Persisting clones form cohesive clusters of
cellsspanning many ducts and branch points. Images show 3D rendering of
Z-stacks, with the confetti-labelled cellsin their respective colours and the
mammary ducts labelled with SMA or Keratin 14 (KRT14), both depicted in
white. ¢, Clone size quantification of luminal (cyan dots) and basal (blue dots)
Brcal Trp53 confetticlones (left) and WT confetticlonesrepresentedona
logarithmicscale.For each time point atleastn = 6 glands from three mice
were analysed. Morphologically transformed clones are indicated in orange

Next, weisolated both normal-looking and transformed Brcal,; Trp53
clones and performed low-coverage DNA sequencing. As anticipated
for genetically unstable Brcal; Trp53 clones, we identified a heteroge-
neous but substantial number of chromosomal aberrations in both
normal-looking and transformed clones (Supplementary Informa-
tion 3, copy number aberrations (CNA)). When examining the average
CNA of all clones, common patterns of chromosomal loss emerged
(Extended Data Fig. 3a). To assess whether these patterns were also
present in fully developed late-stage tumours, we compared our
sequencing datawith published CNA data from late-stage Brcal, Trp53
tumours*’. Many genomic regions that are lost in the late-stage tumours
were already lostin normal-looking and transformed clones (Extended
Data Fig. 3a,b). At the same time, late-stage tumours also featured
chromosomal gains, which were not yet present in our early clones
(Extended DataFig.3c). This suggests that the loss of genomic regions
isan early eventin Brcal; Trp53-driven tumorigenesis, occurring even
before transformation, whereas genomic amplifications represent
late-stage events in this tumour model. Moreover, these dataillustrate
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(luminal) and red (basal). The analysed numbers of clones for each time point
areindicated. Boxplots mark the 25th and 75th percentiles, the line indicates
the median and the whiskers mark the minimum and maximum values.
Significance was tested using a two-sided Mann-Whitney test, ****P<0.0001.
d, Average surviving basal and luminal clone fraction as afunction of time
normalized to the average number of confetti cells 14 days after recombination.
Eachdatapointshows the average of atleast n =3 mice per time point. Error bars
represent +s.e.m.Fromalongitudinal dataanalysis between the Brcal;,Trp53and
WT clonesthereis nosignificant difference between the groups (Supplementary
Information 2). See Supplementary Information 1for sample sizes, Pvalues and
statistics forcand d. Scale bars, 50 pm.

that we are studying the earliest phases of tumorigenesis, in which
clones have already accumulated large genomic alterations, yet still
present a normal phenotype.

Spread of mutant cells is intrinsic to ductal turnover

Tounderstand what drives clonal expansion, we compared the spread
of mutant confetti clones with WT confetti clones (that is, recombined
cells in R26R-Confetti mice). Sporadic recombination of WT cells was
induced throughout the ductal tree by either intraductal injection of
TAT-Cre recombinant protein or activation of CreERT2with alow dose
of tamoxifen (Extended Data Fig. 4a—e). Similar to the Brcal; Trp53
confetti clones, we found that WT clones also showed the capacity
to spread extensively, occupying substantial areas of the ductal net-
work (Fig. 2a,b and Extended Data Fig. 5a-d). Hereafter, we refer to
this process as ‘field clonalization’. To study their spread, we quanti-
fied the size 0of 2,250 WT confetti clones in 75 glands of 17 mice using
whole-gland three-dimensional (3D) imaging (Fig. 2b,c and Extended
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Fig.3|Clonesizes follow alog-normaldistribution. a, Cumulative distribution
of WT (left) and Brcal;Trp53 (right) luminal confetti clone sizes showing the
probability of finding a clone larger than the given size (log scale). To account
fortheimpact oflarge-scale mouse-to-mouse variability on clone size, the
curves areshown for arepresentative set of individual mice (distributions
areshown for all mice in Supplementary Information 4). n >3 mice per time
point.b, Rescaled cumulative distribution of the logarithm of WT (left) and
Brcal;Trp53(right) luminal confetti clone size, In n, showing the probability
offindinga clone with asize larger than (Inn-pu)/o, where p={In n) denotes

the average of the logarithm of clone size and o2 =((In n - {In n))?) represents
thevariance. Pointsshow datafroma. Oncerescaled, data from different

time points collapse onto asingle curve that fits well with the scaling function
(1/2)erfc(x/2) (cyan dashedline), consistent with alog-normalsize dependence.
For details of statistical significance tests, see Supplementary Information 4.
¢, Variance of the logarithm clone size, 0 (¢ ), as afunction of the inferred oestrous
cycle number for luminal (black) and basal (blue) WT (left) and Brcal, Trp53
(right) confetti clones. Points show data from individual mice and lines (dashed)
showafittoalinear growth characteristic, as predicted by aminimal model

of clonal fate based on stochastic growth and regression (main textand
Supplementary Information 4).d, Average of the logarithm clone size, u(t),asa
function of theinferred oestrous cycle number for luminal (black) and basal
(blue) WT (left) and Brcal Trp53 (right) confetticlones. Points show data
collected fromindividual mice and lines (dashed) show afittoalinear growth
characteristic, as predicted by aminimal model. See Supplementary
Information1forsample sizes and statistics for a-d.

DataFig.5b,d-f). Despite differences intherelative labelling efficiency
between the luminal and basal lineage (Extended Data Figs. 1a and
4c,e), WT and mutant clones showed a similar size distribution, sug-
gesting acommon mechanism of expansion. Moreover, the sparsity
of labelling and the cohesive nature of clones provided confidence in

theintegrity of clonal assignments (Extended DataFig. 4c,e). Together,
these data suggest that, similar to Brcal,; Trp53 confetti-labelled cells,
WT clones can spread over large areas of the ductal network, leading
to field clonalization.

Ductal turnover in small MaSC-descendant units

Next, we questioned the factors that drive field clonalization. The mam-
mary epithelium contains a hierarchy of MaSCs* and their short-lived
descendants®?* It is therefore expected that confetti-labelled WT
descendants should be lost over time, whereas MaSC-derived clones
should spread to their descendants, potentially leading to field clon-
alization. To test this hypothesis, we quantified the size and position
of WT confetti clones over time. Because clones were found to change
transiently during the oestrous cycle as aresult of growth and regres-
sion of side branches®** (Extended Data Fig. 6a-c), quantifications
were made at the oestrus stage to avoid potential inconsistencies.
Consistent withaMaSC-descendant hierarchy, we found that the num-
ber of surviving WT confetti clones showed a steep decrease in the
first few months following induction (Fig. 2d). Between 10 and 20%
of stochastically recombined cells seemed to show long-term renewal
capacity, whereas 80-90% were relatively short-lived, consistent with
a small MaSC-descendant hierarchy of five to ten cells. With ductal
homeostasis supported by repeated small MaSC-descendant units,
we reasoned that MaSCs must be distributed widely throughout the
ductal network. To test this, we reconstructed the topology of the
ductal network (Extended Data Fig. 7a) and identified foreach WT clone
itsrelative position within the tree based oniits ‘branch level’, defined
asthe number of branch points that separate the clone from the main
duct close to the nipple (Extended Data Fig. 7b). This analysis indeed
showed that WT clones were scattered uniformly throughout the ductal
network, even after 550 days of tracing (Extended Data Fig. 7c,d).

Altogether, our data showed that the behaviour of WT clones is in
line with a model in which the homeostatic renewal of the mammary
epitheliumis organized in repetitive MaSC-descendant units that are
distributed evenly throughout the ductal network. This tissue hierarchy
supportsamodelinwhich field clonalizationis preceded by the loss of
most mutations that areacquired inshort-lived descendants, followed
by the spread of mutations from the randomly distributed MaSCs to
their adjacent short-lived progenies.

It remains to be determined how the MaSC populations labelled
by our unbiased lineage tracing approach relate to the populations
identified through promoter-specific tracing strategies, including
those based on Bcl11b, Tspan8 or ProcR expression®***2 For example,
long-lived, quiescent stem cells have been identified inlabel-retaining
assays, and might have aspecialized function under perturbed condi-
tions, such as pregnancy or repair®>*,

Clonal spread follows a simple statistical rule

In an MaSC-descendant unit of five to ten cells, a WT clone originat-
ing from an MaSC could never exceed around ten cells. However, we
observed clones that become hundreds of times larger (Fig. 2c). In
other hierarchically organized epithelial tissues, clones can continu-
ally expand through a ‘neutral’ process of stochastic stem cell loss
and replacement®. In homeostasis, such behaviour finds a signature
in the statistical scaling behaviour of clone sizes*. However, when
analysing the distribution of WT clones, we could not find evidence
for such statistical scaling behaviour in individual animals across
different time points (Extended Data Fig. 8a,b and Supplementary
Information 4).

We therefore questioned whether other statistical features of the
clone size distribution could provide insight into the underlying
dynamics. On the basis of the huge variability of WT clone sizes
(Figs. 2c and 3a and Extended Data Fig. 8c), we questioned whether
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the distribution of the logarithm of clone size, In n, might show evi-
dence of scaling. Notably, defining C(w, t)as the probability of finding
aclone with a size larger than w =1In n, we found that, when plotted
asafunctionof (w-u(t))/o(t) where u(t) = {Inn) denotes the average
of the logarithm of clone size and 6(t) = {(In n - {In n))?) represents
itsvariance, the clone size data collapsed onto a single scaling curve
(Fig. 3b, Extended Data Fig. 8d and Supplementary Information 4);
thatis, C(w, t) = C((w - u(t))/o(t)), where the scaling function C(x) is
time independent (Supplementary Information 4). Further, inspec-
tion of the distribution showed that the scaling function fits well with
alog-normal size dependence, with C(x) = (1/2)erfc(x/-/2), where erfc
denotes the complementary error function. These findings provide
evidence of a statistical scaling behaviour of WT clone sizes distinct
from thatencountered in systems supported by local stochastic stem
cellloss and replacement*, pointing to a different pattern of home-
ostatic turnover. Yet, the emergence of asimple and conserved pattern
of WT clone size expansion, dependent only on the average and
variance, u(t) and 0(t), suggested that the variability of WT clone
sizes derived from cells conforming to a common statistical rule
(Fig. 3c,d and Extended Data Fig. 8e,f).

Oestrous cycle drives loss and replacement of MaSCs

Log-normal clonal distributions typically emerge from statistical pro-
cesses in which the fate of proximate cells—amplification or loss—is
positively correlated®. This could arise artefactually as the result of
clone fragmentation or merger events*. However, the contiguity of
WT clonal patches and sparsity of clonal labelling ruled against this
possibility (Extended DataFig. 4c,e). We therefore considered whether
previous observations of cyclic expansion of the pool of MaSCs”* and
regionally localized bouts of proliferation and cell death following the
turnover of side branches during the oestrous cycle (Extended Data
Fig. 6a—c)*"** could locally correlate MaSC fate. To test this, we used
an 5-ethynyl-2’-deoxyuridine (EdU) incorporation assay throughout
atleast one oestrous cycle. Even though EdU labelling showed hetero-
geneity along the ductal network (Fig. 4a), Ripley’s L function-based
cluster analysis of the position of EAU" cells provided evidence for a
local correlation in proliferative activity (Fig. 4b and Extended Data
Fig. 9a). This clustered proliferation decreased when we halted the
oestrous cycle by ovariectomy (Fig. 4b).

Tofind further evidence for local tissue remodelling during the oes-
trous cycle, we visualized ductal remodelling by repeated rounds of
intravital microscopy**%. Indeed, over the course of asingle cycle, we
observed both the local formation and loss of side branches (Fig. 4c).
Imaged over the course of 3 months (more than 12 cycles) using a
repeated skin-flap method (Fig. 4d), the spatial organization of main
ducts remained largely unaltered (depicted in blue, Fig. 4e-h). By
contrast, the number of side branches increased over time, as well as
their size and morphology, suggesting a small bias towards ‘bursts’
of localized growth over loss (as depicted in magenta, Fig. 4e,fi,j).
Together, these findings are in line with previous studies®®?' and sup-
portthe presence of regional bursts of proliferation linked to oestrous
cycle-mediated turnover of side branches.

Modelling local MaSC fate reproduces clonal spread

Totest quantitatively whether the observed bouts of local proliferation
lead to the observed variation in sizes and temporal growth charac-
teristics of WT clones, we derived a minimal model of MaSC fate in
which individual MaSCs become active with some probability on side
branch turnover during each oestrous cycle, after which they collec-
tively expand or become altogether lost, with arelative probability that
ensureslong-term homeostasis (Extended Data Fig. 9b and Supplemen-
tary Information 4). As well as recapitulating the observed log-normal
size dependence of WT clones, this minimal model predicted the

202 | Nature | Vol 633 | 5 September 2024

dynamics of clone growth, including the emergence of a linear-like
increase in the variance and average of the logarithm of clone size as
afunction of time (Fig. 3¢,d), as well as the average clone size and the
decay in the fraction of single-cell clones (Extended Data Fig. 8e,f).
Notethat, here, toaccount for large-scale mouse-to-mouse variationin
the clonal dynamics, we used the coscaling of the average and variance
of the logarithm of clone size to regress out a timescale, measured in
terms of an effective oestrous cycle number, benchmarked against
measurements obtained from previous studies (see Supplementary
Information 4 for further details and fit parameters).

Froma quantitative fit to the clone size data, we estimated that each
MaSC supports just a few short-lived descendants on average, con-
sistent with the pattern of clonal loss observed soon after induction
(Fig.2d). Fromafitto the average growth characteristics, we estimated
that each MaSC becomes active, contributing to the formation of a
side branch, roughly once per ten oestrous cycles. Indeed, prolifera-
tion and apoptosis vary spatially during the oestrous cycle®*** and
the same cells are not in a proliferative state each cycle™*., Owing
to MaSC turnover, the model predicted that over a single cycle, 50%
of ‘activated clones’ are lost while the surviving clones expand pro-
portionately (that s, field clonalization), a result consistent with the
observed formation and loss of side branches (Fig. 4c¢). With such a
localized and cooperative pattern of turnover, itis plausible that MaSC
fate would be highly correlated spatially (schematicin Extended Data
Fig.6a). Although neighbouring MaSCs labelled with different confetti
colours were extremely rare owing to the sparse labelling, when such
events did occur we found that their expansion was highly correlated,
even when clones belonged to independent HR" and HR™ sublineages
(Extended Data Fig. 9c¢).

Spread of mutant and WT clones follows similar rules

Having traced the origin of WT clone expansion and field clonaliza-
tion during the oestrous cycle, we turned to consider the dynamics
of mutant confetti clones, quantifying 1,745 Brcal; Trp53 clones in
64 glands from 19 mice at time points from 14 to 225 days after label-
ling (Fig. 2c and Extended Data Fig. 5e,f). To focus on non-transformed
or early transformed lesions, we excluded the palpable lesions
(if present) from our analyses. This analysis showed that the spread
of Brcal; Trp53 confetti clones mirrored that of WT clones, showing
the same conserved pattern of expansion with a log-normal size
dependence signature (Fig. 3a,b, Extended Data Fig. 8c,d and Sup-
plementary Information 4), and a corresponding linear-like increase
inthe average and variance of the logarithm of clone size (Fig. 3c,d and
Supplementary Information 4). Moreover, the total number of surviv-
ing Brcal,; Trp53 confetti clones showed a similarly steep decrease in
the first few months following induction (Fig. 2d). A fit to the linear
growth characteristics showed that luminal Brcal,; Trp53 confetti clones
experience anet spreading advantage over WT confetti clones, with a
marginalincrease in the degree of amplification during the oestrous
cycle, suggesting aresistance to loss during regression (Supplemen-
tary Information4), aresult that we could confirminvitro (Extended
Data Fig. 9d).

Wetheninvestigated whether the spreading advantage of Brcal; Trp53
confetti clones had a regional dependence, distinguishing between
cloneslocalized inthe static mainducts and those in the more dynamic
side branches. Focusing on the 225-day time point, for WT confetti
clones, we found no regional dependence (Extended Data Fig. 9e).
By contrast, although clone numbers were small, the distribution of
Brcal; Trp53 confetti clones in side branches showed a bias towards
larger clone sizes characterized by amuch narrower size distribution
when compared to the main ducts (Extended Data Fig. 9e), which coin-
cided with higher chance of transformation (Extended Data Fig. 9f).
As Brcal; Trp53 cells seem to be more resistant to loss (Extended Data
Fig. 9d), mutant side branches generated during the oestrous cycle



a . € — Loss — Formation

Ovariectomy

Example 1

b Experimental data

— Cycling — Ovariectomy

Example 2

Example 3

Distance (um)

6 months of age
LF LA IR A

3 months of age

i Side branch complexity i Mouse 1
207 P =0.0059 2 67 © Mouse 2
5 oMouse 3
@ g
Q N g -
S s it
g St
o
5 107 B E 27 oo
o = M
N s R
54 o~ 041 0% ©
3 € D et
3 o
0-+— < 2
3 6

d — Main ducts — Side branches
3 months of age
/"; Repeated
3 " skin flap
o
o
L
X
[
<
o
;C‘f Intravital imaging
5
£ \
© /7
Nipple
N
g Interductal segment length h Side branch length
3,000 P =0.6483 2,5007 P =0.1097
2,000
‘€ 2,000 =
g £ 1,500-
< =]
jo)) [
< < 1,000
S 1,000 3
500+ % é
— =
o—TT— 0- v
3 6 3 6
Age (months) Age (months)
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therepeated skin-flap procedure to visualize the mammary tree using intravital
microscopy. e, Top panels show in vivo overviews of the fourth mammary gland
of aR26-mTmG mouse at 3 (left) and 6 months of age (right) during oestrus.

may be more durable than those formed by WT cells, enabling clones
to spread more readily.

Clonal spread is restrained by the ductal geometry

Within the framework of the minimal (non-spatial) model of clone
growth, surviving WT and Brcal; Trp53 clones are predicted to expand
in size indefinitely at an exponential rate. Yet, such behaviour must
become untenable in a tissue context. Therefore, to investigate how
thetissue geometry mightinfluence clone expansion, we developed a

Age (months)

Bottom panels show outlines of the ductal tree with the main ducts inblue and
sidebranchesinred. Representative of four animals. f, Top panels showin vivo
confocalimages of the ductal area (red box inb) at 3 (left) and 6 months of

age (right). Bottom panels show outlines with the main ductsin blue and side
branchesinred.g-j, Quantification of segmentlength of ducts (g), tertiary
branchlength (h) and tertiary branch complexity (i) at 3and 6 months of age.
j, Difference (A) inthe number of tertiary branches between 6 and 3 months
ofage.Dataderived fromi. Coloursindicate different mice, lines connect
measurements of the same structures. Significance tested using a paired t-test,
two-sided. See Supplementary Information 1for more sample sizes, Pvalues
and statistics. Scalebars, 100 pm (a), 500 um (c,e,f).

spatial model, representing the ductal epithelium as a one-dimensional
‘lattice-like’ ribbon of cells. By modelling the observed localized and
cooperative loss and replacement of MaSCs during the turnover of
side branches each oestrous cycle (Extended Data Figs. 6a and 9b),
we could reproduce quantitatively the log-normal size distribution
(Extended Data Fig. 9g and Supplementary Information 4). However,
atlongtimes, the lattice model predicted that the expansion of clones
should become suppressed at the length scale of the remodelled
regions, and the clone size distribution cross over from log-normal to
anarrower Gaussian-like dependence, consistent with the dynamics
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expected for neutral cell competition between neighbouring cells
in one dimension (Extended Data Fig. 9h). Consistently, applied to
the experimental data, departures from the log-normal depend-
ence could be observed for both WT and Brcal,; Trp53 confetti clones
when clone sizes spanned hundreds of cells or more (Extended Data
Fig. 9i,j). Together, these results indicate that the one-dimensional
ductal organization provides ageometrical constraint that ultimately
limits the range expansion of clones, limiting field clonalization
and cancerization.
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indicated. g, Surviving clone fractionin ovariectomized mice as function of
time normalized to the average number of confetti’ cells at 14 days. Error bars
represent mean +s.e.m. h, Non-transformed luminal or basal clones (grey) and
transformed luminal clones (orange) in the ovariectomized Brcal; Trp53 confetti
mouse model. i, Transformed luminal (L, orange) and basal (B, red) clones as
percentages of the total number of luminal or basal clones, respectively, in

the cycling and ovariectomized conditions. Each dotindicates anindividual
mouse.a,d,h, Clone numbers areindicated. a,d,i, Boxplots mark 25thand
75thpercentile, the lineindicates median and the whiskers mark minimum and
maximum values. Significance was tested using a two-sided Mann-Whitney
test,****P<0.0001.See Supplementary Information1for more samplesizes,
Pvalues and statistics. Scale bars, 100 pm.

Pregnancy does notincrease spread of mutant clones

Next, we questioned how the fate of mutant clones is perturbed during
pregnancy, which is associated with massive tissue remodelling. Fol-
lowinginduction of Brcal,; Trp53 mutant clones in 8-12-week-old mice,
at day 64 post-induction, mice went through a round of pregnancy,
lactationandinvolution (Extended Data Fig.10a). Parous Brcal, Trp53
mice were analysed at 120 days post-induction and compared to their
nulliparous counterparts. Although pregnancy-driven reshaping of



the ductal network leads to massive expansion and involution of local-
ized areas™, this did not lead to significant changes in clone sizes in
the parous versus nulliparous mice (Extended Data Fig.10b). Further
inspection of mutant clone sizes in parous and nulliparous mice
revealed a striking shift in the clone size distribution, with the former
having a relatively low number of large clones, potentially the result
of skipping several oestrous cycles (Extended Data Fig. 10b). In con-
trast to the nulliparous mice, no transformed clones were observed at
120 days post-inductionin the mammary glands of parous Brcal; Trp53
mice (Extended Data Fig.10b-d), consistent with the conclusion that
clonal expansions make ducts more susceptible to transformation. It
also echoes the results of previous studies demonstrating the protec-
tive role of early parity in breast cancer®. In line with this reasoning,
in nulliparous glands mutant clones localized at the dynamic side
branches showed a bias towards large sizes and have a proportion-
ately higher propensity to transform (Extended Data Fig. 9e¢,f). Such
behaviour mirrors that found in humans, in which transformation is
also thought to occur predominantly in side branches—the terminal
ductal lobular units®*2,

Abolishing mutant spread reduces transformation

To further test the relation between clone size and transformation
susceptibility, we blocked experimentally the expansion of Brcal,; Trp53
confetticlones by performing an ovariectomy. If rapid amplification of
clonesizesis associated with oestrous cycle-driven side branch turno-
ver, we reasoned that, inits absence, the susceptibility for transforma-
tionshould belargely abolished®. Indeed, at later time points (120 and
225 days), when large-scale expansion of clones becomes evident in
non-ovariectomized glands, no extensive spread of WT and mutant
clones was observedin ovariectomized glands (Fig. 5a-fand Extended
DataFigs. 11and 12a-d). By contrast, the surviving clone fraction still
decreased (Fig. 5g), consistent with the turnover of cells within the
MaSC-descendant units; although for Brcal, Trp53 clones there was a
slower loss rate as compared to non-ovariectomized mice (P < 0.05,
Supplementary Information 2). Notably, there was a trend towards
afaster loss of WT over Brcal,; Trp53 confetti clones, consistent with
asurvival advantage of the former over WT neighbours (Fig. 5g and
Supplementary Information 2). The limited spread of the Brcal; Trp53
confetti clones was accompanied by a near complete loss of suscepti-
bility for transformation (Fig. 5h,i).

Discussion

The abundance of mutant cells in human breast tissue from healthy
individuals, and its potential relevance for the initiation and recur-
rence of breast cancer, have long been recognized'”®. Here, by tracing
the dynamics of WT and Brcal; Trp53 confetti clones in mouse tissue,
we have addressed the cellular basis of field cancerization and the
sick lobe theory. In contrast to prevailing models of the mouse mam-
mary gland®*>5*% and human breast tissue**”, our results indicate
that MaSCs are distributed uniformly along the ductal tree, afinding
resonant with a previous study of human breast tissue**. Following the
induction of WT or mutant clones, only those clones that are ‘rooted’in
the MaSC compartment survive over the short term, with their spread
limited to their descendant units. Inthe absence of the oestrous cycle,
the spread of mutant clones beyond these units remains limited, even
over the long term. However, during stages of the oestrous cycle,
ovarian hormones act on HR" luminal cells, triggering remodelling
of side branches leading to localized proliferation and apoptosis of
HR*, HR™ luminal and basal cells*'>?°3°, These bouts of growth and
regression drive thelocaland coordinated expansionand loss of MaSCs
(regardless of their HR expression), leading to the elimination of most
mutant clones, including those bearing oncogenic driver mutations,
whereas those that by chance survive expand exponentially (Extended

DataFig.12e). Therefore, any clone, regardless of its size, HR status
or proliferation capacity, can by chance either increase or decrease
in size at any given oestrous cycle. This explains why the spread of
clones negative for the HR (for example, basal or Brcal,; Trp53 con-
fetti clones) still depends on the oestrous cycle. This process of field
clonalization enables entire ductal subtrees to become predisposed
to the development of aberrant ductal lesions and transformation, a
behaviour resonant with the abundance of signature genomic aber-
rations observed in both large transformed and non-transformed
Brcal; Trp53 confetti clones. Moreover, consistent with these findings,
clinical observations show that the risk of tumorigenesis increases with
the number of menstrual cycles, the human variant of the oestrous
cycle. In particular, the risk of breast cancer correlates with the age
of entry into menopause, with increasing age indicating an enhanced
number of cycles®® . Yet, it is essential to emphasize that the depend-
ence of clonal expansion on the oestrous cycle is different at later
stages of tumour development. At the stage when Brcal,; Trp53 tumours
grow invasively, clonal expansion is no longer affected by the tissue
remodelling that accompanies the oestrous cycle or limited by the
one-dimensional architecture of the ductal network, and thus tumour
growth is unaffected by ovariectomy®.
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