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Parity associates with chromosomal damage in
uterine leiomyomas
Heli Kuisma 1,10, Simona Bramante1,10, Kristiina Rajamäki1, Lauri J. Sipilä1, Eevi Kaasinen 1,
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Sanna Heikkinen 5, Annukka Pasanen9, Oskari Heikinheimo2, Ralf Bützow 9, Niko Välimäki 1 &

Lauri A. Aaltonen 1✉

Mechanical forces in a constrained cellular environment were recently established as a

facilitator of chromosomal damage. Whether this could contribute to tumorigenesis is not

known. Uterine leiomyomas are common neoplasms that display relatively few chromosomal

aberrations. We hypothesized that if mechanical forces contribute to chromosomal damage,

signs of this could be seen in uterine leiomyomas from parous women. We examined the

karyotypes of 1946 tumors, and found a striking overrepresentation of chromosomal damage

associated with parity. We then subjected myometrial cells to physiological forces similar to

those encountered during pregnancy, and found this to cause DNA breaks and a DNA repair

response. While mechanical forces acting in constrained cellular environments may thus

contribute to neoplastic degeneration, and genesis of uterine leiomyoma, further studies are

needed to prove possible causality of the observed association. No evidence for progression

to malignancy was found.
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The notion that confined environment is a cause of chro-
mosomal damage has attracted significant attention in
recent years and rupture of the nuclear envelope (NE) as a

mechanism has been in a particular focus1,2. NE rupture has been
found to be a common phenomenon even under normal condi-
tions, and the frequency increases dramatically in confined
environments3. Known causes for NE rupture include increased
actomyosin contractility often promoted by the stiffness of the
extracellular matrix4,5, as well as migration through narrow pores
(reviewed in6). Damage can also be caused by nuclear deforma-
tion without NE rupture, for instance by mechanical shearing of
DNA or exclusion of DNA repair factors from the site of DNA
damage7,8. In addition, nuclear deformation caused by migration
and cell compression have been shown to cause DNA damage via
increased replication stress without NE rupture9. While chro-
mosomal damage is an important driver of tumorigenesis10,
whether mechanical forces could be a significant contributor to
human neoplasia has not yet been addressed.

During pregnancy uterine smooth muscle cells are subject to
constant stretching and subsequently, during labor, forceful epi-
sodic contractions generated by actin and myosin11,12. Uterine
leiomyomas (ULs) are extremely common benign smooth muscle
tumors. Lifetime prevalence approaches 70%13. ULs are a fre-
quent cause of abnormal bleeding and pain, and are the most
common cause of hysterectomy. Occurrence of multiple syn-
chronous tumors is typical14. Most ULs are driven by a mutation
in the MED12 gene15,16. The karyotype is typically relatively
stable as compared to the often highly complex karyotypes seen
in cancer, yet chromosomal aberrations due to DNA double-
strand breaks (DSBs) – in particular losses of chromosomal
regions – are commonly seen17–19. A particularly interesting
feature is the relatively frequent occurrence of complex chro-
mosomal rearrangements (CCRs) that resemble chromothripsis,
in otherwise benign ULs17. Chromothripsis is a single event
where one or few chromosomes become subject to tens to hun-
dreds of rearrangements. It is usually associated with TP53
mutant cancers20. Multiple mechanisms may lead to this phe-
nomenon, the formation of micronuclei and subsequent damage
to the chromosomes entrapped in them being a likely key cause21.
The CCRs observed in ULs involve a limited number of chro-
mosomes, encompass chained structural rearrangements, and
thus, appear to have formed in a single event as shown in17.
While these features characterize also chromothripsis, the dif-
ference is that most of the CCR events detected in UL are less
dramatic. One plausible explanation is that the chromothriptic
events that are powerful cancer drivers are not tolerated in UL
genesis, as the cellular checkpoints are still intact21 in the TP53
wild-type precursor cells17. Uterine leiomyosarcoma (ULMS) is a
rare malignant smooth muscle tumor displaying prevalent copy-
number changes and chromothripsis events22. While the malig-
nant potential of UL is extremely low, the possibility of trans-
formation of UL to ULMS has been proposed23.

In this work, we test the hypothesis that if mechanical forces
acting in a constrained cellular environment are a relevant source
of chromosomal damage, signs of this could be seen in myo-
metrial tumors from women who have undergone pregnancy and
delivery. We examine the association of parity to chromosomal
breakage in 1946 ULs derived from 628 patients, as well as to the
association to ULMS in a population-based setting.

Results
Patient and tumor characteristics. Parity was known for 628
patients, and 1935 tumors entered the analyses. In all, 31% of the
tumors were from nulliparous patients and 69% from parous
patients; 79% of the tumors were MED12 mutated (referred as

MED12 tumors); and 21% were wild type (WT) (referred as WT
tumors) for known MED12 driver mutations. A total of 595
patients contributing 1836 tumors had information on all back-
ground variables: age at hysterectomy, menopause status (pre,
post, and hormonal replacement therapy), hormonal contra-
ception use (never/ever), and smoking status (ever/never). Sum-
mary of patient characteristics is reported in Fig. 1a and
Supplementary Table 1, tumor characteristics in Fig. 1b, and
relationship between parity and the background variables in
Fig. 1c.

Chromosomal gains and losses in UL associate with parity. We
studied the relationship between parity and DNA damage by
utilizing single-nucleotide polymorphism (SNP)-array based
allelic imbalance (AI) data created in the Finland myoma study19.
An example of AI determination from SNP-array is presented in
Fig. 2a and examples of different levels of DNA damage in WGS
data Fig. 2b. The mean number of breakpoints, and the mean of
total length of loss regions, total length of gain regions, and total
combined length are reported in Fig. 2c and Supplementary
Table 2. The results are presented by parity (nulliparous and
parous) as well as by tumor subtype (MED12 mutant and WT).
We found an increase in the mean of breakpoint number as well
as total length of copy number alterations when tumors from
parous patients were compared to tumors from nulliparous
patients. For example, the total length of somatic losses was
higher in tumors from parous patients than in tumors from
nulliparous patients: the mean was 62% higher in MED12 tumors
and 47% higher in WT tumors.

The statistical associations are presented in Table 1 and the full
models in Supplementary Figs. 1–3. Briefly, the combined total
length of loss and gain regions was significantly associated with
parity (P < 0.001, rate ratio (RR)= 1.32, 95% CI: 1.15–1.52,
Bonferroni adjusted). The association remained significant within
the MED12 tumors (P= 0.007, RR= 1.39 95% CI: 1.05–1.84).

Forty tumors had at least one whole chromosome loss. Of these
tumors, only two (5%) were MED12 mutated. The most common
loss, observed in 19 tumors, was chr22, followed by chr13 and
chr14 in seven tumors. The WT tumors displayed a significant
positive association between whole chromosome losses and parity
(P= 0.002, odds ratio (OR)= 1.64, 95% CI: 1.13–2.36). See
Supplementary Fig. 4 for full model. Among nulliparous patients,
only one tumor displayed whole chromosome losses (Fig. 3b).

Identifying complex chromosomal rearrangements. CCR events
in 38 whole-genome sequenced (WGS) ULs were readily
available17. We studied the number of DSBs in WGS samples
with and without CCR as well as the respective SNP-array data,
and extrapolated the CCR criteria to all SNP-array samples. The
SNP-array based analysis identified 179 tumors (9.3% out of
1935) compatible with CCR. The mean number of breakpoints,
and the total length of copy-number losses and gains are reported
in Supplementary Table 2 for both CCR tumors and tumors
without CCR separated by parity and subtype. MED12 mutation-
positive tumors were underrepresented among the CCR tumors
(29.0% out of 179), in line with our previous study17.

SNP-array based predicted CCRs were validated in 43 tumors
by long-read WGS. Three tumors (7%) did not display
interconnected rearrangements, while 40 (93%) displayed at least
one CCR event (Supplementary Fig. 5 and Supplementary
Table 3). Three tumors with CCR and different patterns of
chromosomal damage are presented in Fig. 2b.

CCRs in UL associate with parity. Parity was significantly
associated with CCR events (Fig. 3a, P < 0.001, OR= 1.29, 95%
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CI: 1.09–1.52). The association remained significant within the
MED12 tumors (Fig. 3a, P= 0.006, OR= 1.47, 95% CI: 1.07–2.0).
The confounding variables—age, smoking status, menopausal
status and use of oral hormonal contraceptives—were not asso-
ciated with CCR. See Supplementary Figs. 6–8 for full model
description. Among the 179 tumors affected by CCR, the number
of breakpoints was larger in tumors from parous patients com-
pared to tumors from nulliparous patients: all 16 tumors with
more than 28 breakpoints were from parous patients (Fig. 3c).
The total length of AI for CCR tumors is presented in Fig. 3d, e.

The effect of tumor location on allelic imbalance. Information
on tumor location and size was available for 1451 tumors. From the
1142 MED12 tumors 76% were intramural, 15% subserous, and 9%
submucous. From the 309 WT tumors 87% were intramural, 6%
were subserous, and 7% were submucous (Fig. 1b). In MED12
tumors, shorter length of lost chromosomal regions was observed in
subserous tumors compared to intramural tumors (P= 0.001,
RR= 0.28, 95% CI 0.11–0.72, Supplementary Fig. 9 and Supple-
mentary Table 4). Tumor size was not associated with AI length.

Mechanical force induces DNA damage in myometrial cells.
Effects of mechanical stretching were studied using primary cell

cultures from patient-derived uterine leiomyoma and corre-
sponding normal myometrium. Static stretching with 26% elon-
gation was applied to the cells cultured on flexible membranes for
24–48 h with or without a recovery period (Fig. 4a). After
releasing the stretch, initial evaluation by light microscopy
showed the typical elongated morphology in non-stretched con-
trol cells, while the stretched cells appeared smaller and rounder.
After fixation and immunofluorescence stainings, the cells were
imaged by high-content confocal microscopy for in silico analysis.
Representative fields of view of the cells are shown in Fig. 4b. An
average of 483 nuclei were identified in the image analysis per
staining (median 282 nuclei; interquartile range of 183–571 nuclei
quantified per staining; Fig. 4c; details in Supplementary Fig. 10
and Supplementary Table 5).

To evaluate the level of DNA damage, γH2Ax positive nuclei
(>10 γH2Ax foci) indicating DNA DSBs were quantified in
stretched cells compared to non-stretched control cells. Myome-
trium and leiomyoma cells treated with ionizing irradiation (IR)
as a positive control displayed the expected increase in γH2Ax
positive nuclei (OR= 33.1 and OR= 11.9, respectively; both
P < 0.0001; Supplementary Fig. 11). Stretching resulted in a more
moderate yet highly significant increase in γH2Ax-positive nuclei
both in leiomyoma and myometrium cells (OR= 1.6 and
P < 0.0001; Fig. 4d and Supplementary Fig. 12). The response

Fig. 1 Patient characteristics and tumor location. a Patient characteristics (N= 628). The distribution of the number of tumors per patient, parity, the age
of the patients, and menopause status. Median is shown by blue vertical line. b Intramural, subserous, and submucous locations of uterine leiomyomas
(ULs) (N= 1451). The majority of the tumors are intramural, but MED12 mutated tumors are associated with subserous location. c On the top left, age at
hysterectomy stratified by parity. The y-axis is in years. Boxplots show the median and the first and third quartiles. Error bars extend up to 1.5 IQR above
the quartiles. The number of patients in each class is: parity 0= 196, 1= 108, 2= 213, 3= 71, 4= 28, 5= 9, 6= 1, 7= 1. On the bottom left, the number of
patients with a history of ever smoking (yes/no) stratified by parity. On the top right, the number of patients with combined oral contraceptives use (ever/
never) stratified by parity. On the bottom right, the number of pre-menopausal, post-menopausal patients and patients with hormonal replacement therapy
(HRT). Source data are provided.
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Fig. 2 Overview tumor characteristics. a Allelic imbalance (AI) segments in SNP-array data. From top-down, examples of chromosome 1 B-allele
frequencies (BAF), mirrored BAF (mBAF) and Log R Ratios (LRR). Bottom, a schematic figure of the interpretation of the segments: black horizontal lines
represent AI segments. Blue horizontal line represents LRR threshold −0.15. Blue dots represent the calculated breakpoints: I. When AI segment is at the
end of the chromosome, only one breakpoint is counted for. II. If the LRR difference between adjacent copy-number segments is <0.1, the segments are
considered contiguous and are counted as only two breakpoints. III. When the segment is not at the chromosome end and the LRR difference between both
adjacent segments is >0.1, two breakpoints are calculated. b Typical allelic imbalance patterns in ULs. Representative examples of complex chromosomal
rearrangement (CCR) patterns in different ULs. Only chromosomes affected by allelic imbalance changes are shown: Top: the majority of tumors with high
breakpoint count are from tumors wild type (WT) for known MED12 mutations. Translocations between chr12 (HMGA2) and chr14 (RAD51B) are common.
Middle: chromosomal rearrangements seen in MED12 tumors are typically more moderate. Bottom: whole-chromosome losses were predominantly
detected in parous patients’ WT tumors. Blue line: deletion, green line: insertion, purple line: inversion, red line: duplication, black line: translocation, blue
box: LOH/Loss, red box: Gain. c Average breakpoint number, total length of loss regions, total length of gain regions, and the combined length of loss and
gain regions are presented for tumors from parous and nulliparous patients. The results are presented for all 1935 tumors (purple) and separately for
MED12 (salmon) and WT (turquoise) tumors. 95% bootstrap confidence intervals are presented for the mean. In all comparisons, the mean length of tumor
genome AI regions is higher in parous than nulliparous patients. Source data are provided.

Table 1 Association between chromosomal damage and parity.

Responsea Tumorsb n tumors n patients P (adjustedc) Model Effect [95% CI]d

(adjustedc)

Total AI region length (bp) All 1836 595 1.02e-07 Poisson 1.32 [1.15–1.52]
Total AI region length (bp) MED12 1442 429 0.0088 Poisson 1.39 [1.05–1.84]
Total AI region length (bp) WT 394 306 1 Poisson 1.05 [0.9–1.22]
CCR status (yes/no) All 1836 595 0.000154 Binomial 1.29 [1.09–1.52]
CCR status (yes/no) MED12 1442 429 0.00572 Binomial 1.465 [1.07–2.0]
CCR status (yes/no) WT 394 306 1 Binomial 0.953 [0.754–1.2]
Whole chromosome loss (yes/
no)

WT 394 306 0.0015 Binomial 1.64 [1.13–2.36]

bp base pairs, AI allelic imbalance, CCR complex chromosomal rearrangements.
aParity is the predictor. Confounders: history of ever smoking (yes/no), age, menopause status (pre/hormonal replacement therapy/post), and combined oral contraceptive use (never/ever).
bAll: all tumors regardless of mutation status; MED12: only the MED12 mutation-positive tumors; WT: only the MED12 mutation-negative tumors.
cBonferroni adjusted two-sided P-values and 95% confidence intervals (adjusted alpha 0.05/11).
dFor binomial regression, odds ratio is reported and for Poisson regression rate ratio.
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was dependent on treatment time; significant DNA damage was
first detectable after 24 h of stretching in leiomyoma cells and
showed a biphasic pattern, while myometrium cells showed
significant DNA damage at the two later time points (Supple-
mentary Table 7). The increase in DNA damage coincided with
an increase in DNA repair (Fig. 4e). Non-homologous end
joining (NHEJ), quantified as nuclei double-positive for γH2Ax
(>10 foci) and 53BP1 (>5 foci), was the major DNA repair
mechanism induced by stretching in both myometrium (OR=
1.5) and leiomyoma (OR= 2.0; both P < 0.0001; Fig. 4e and
Supplementary Fig. 13) cells. Nuclei double-positive for RAD51
(>5 foci) and cyclinA2 (cell cycle S/G2), indicating homologous
recombination (HR), were rare in both the IR (Supplementary
Fig. 11) and stretching experiments (Supplementary Fig. 14,
Supplementary Fig. 15), with no statistically significant differ-
ences between the experimental conditions. Taken together,
mechanical stretching induced both DNA damage and NHEJ
repair (Supplementary Table 6).

Reduced cell density was observed after stretching in both
myometrium and UL cell cultures (P < 0.05; Fig. 4c). This was not
due to apoptosis (as measured by cleaved caspase-3 positivity)

that predominantly showed a decrease, perhaps owing to
additional space created by stretching (Supplementary Fig. 16).
While stretching had no overall effect on cell senescence
(p14ARF) (Supplementary Fig. 17), it reduced the number of
proliferative cells (nuclear Ki67 foci) (Supplementary Figs. 15 and
18). There was no consistent effect on numbers of cyclin A2
positive nuclei, that is, S phase cells (Supplementary Figs. 15 and
19). Notably, even after 48 h of stretching, a considerable
proportion (25–37%) of the surviving cells remained proliferative.
Data on CyclinA2, Ki67, cCasp3 and p14ARF are summarized in
Supplementary Table 8. Segmented nuclei imaging data revealed
increased roundness in nuclei with >10 versus <10 γH2Ax foci
after stretching (P < 0.0001; Supplementary Fig. 20); also nuclear
area showed a slight increase in γH2Ax positive stretched cells.

Parity is not associated with uterine leiomyosarcoma risk. The
population-based analysis of 399 ULMS patients and 1657 mat-
ched controls did not show a statistically significant association
(OR= 1.03; 95% CI 0.96–1.11; P= 0.38) between parity
and ULMS.
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Fig. 3 Overview of complex chromosomal rearrangements (CCRs). a Summary of CCR statuses for all 1935 tumors (purple), stratified by patient’s parity.
Similarly, CCR statuses among MED12 mutated tumors (salmon) and among WT tumors (turquoise). b Association between whole chromosome loss and
parity. c, Breakpoint number in tumors with CCR, stratified by nulliparous (n= 45 tumors) and parous patients (n= 134 tumors). Orange dots depict
MED12 mutated tumors, turquoise WT tumors. Of note, all ULs with a high breakpoint number are from parous patients’ WT tumors. The mean number of
breakpoints in CCR–nulliparous tumors is 13.0 (95% CI: 10.93–15.79) and in CCR–parous tumors 18.17 (14.74–22.14). d, An average breakpoint number,
total length of loss regions, total length of gain regions and the combined length of loss and gain regions are presented for MED12 tumors with CCR
(n= 52) from parous (n= 36) and nulliparous patients (n= 16). 95% bootstrap confidence intervals are presented for the mean. e An average breakpoint
number, total length of loss regions, total length of gain regions and the combined length of loss and gain regions are presented for WT CCR tumors
(n= 127) from parous (n= 98) and nulliparous patients (n= 29). 95% bootstrap confidence intervals are presented for the mean. Source data are
provided.
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Discussion
Confined cellular environment is a recently proposed source of
chromosomal damage2,7,24. It has also been shown that many
cells are viable after mechanical stress7 and thus, the damage-
induced chromosomal aberrations can be passed onto daughter
cells. We hypothesized that traces of this phenomenon might be
detected in uterine leiomyomas from parous women, as myo-
metrial cells are exposed to mechanical forces during pregnancy
and parturition and chromosomal aberrations have the potential
to drive neoplastic growth. Our data shows that chromosomal
breakage in UL is strongly associated with parity. We studied

both the total length of genome altered by copy-number changes,
a commonly used surrogate for genomic instability25,26, and the
occurrence of complex chromosomal rearrangements resembling
chromothripsis. Both of these DNA damage types displayed a
positive association. Considering that the mechanisms that cause
structural and numerical chromosome instability may be
different27, we analyzed the occurrence of whole chromosome
losses and found also these to be significantly associated with
parity. Because chromosomal instability is an established feature
of many cancers including ULMS, we examined the association of
parity to occurrence of this malignancy, with negative results.
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While our population-based ULMS patient series is extensive
considering the rarity of the condition22,23, its power was limited
to large effects (OR ≥ 1.5), and even more extensive material is
required to comprehensively resolve the question. The possible
increased risk of ULMS associated with parity is likely to be small,
if at all present.

We examined experimentally, utilizing static stretching of
primary myometrial and leiomyoma cells, whether forces similar
to those observed during pregnancy have the potential to cause
DNA damage. The stretched cells displayed a significant increase
in DNA damage, and concomitant induction of DNA repair by
NHEJ was detected. This result is compatible with previous
observations of cyclic mechanical tension triggering an increase in
γH2Ax foci in the inner core of the vertebral disc28. Moreover,
cyclic stretching was previously shown to enhance (though not
induce) nuclear rupture and DNA damage caused by lamin A
knockdown in cardiomyocytes4. In our experiments, stretching
resulted in reduced cell density in the absence of apoptosis; one
contributing factor may be the impaired cell proliferation
observed after stretching. Nevertheless, a proliferating sub-
population of cells persisted after the challenge, and there was no
induction of cell senescence in these short-term experiments.

Of the main pathways repairing double-strand breaks29, NHEJ
was the major repair mechanism induced by stretching, while
HR-mediated repair was uncommon both after irradiation and
stretching. Because NHEJ does not use a complementary tem-
plate, the fusion of two broken ends of DNA duplexes, with no or
limited homology, may result in deletion or insertion of base pairs
and other rearrangements30,31. Thus, occasional transmission of
genetic alterations to daughter cells after stretching-induced DNA
damage seems conceivable, although the short-lived primary cell
cultures precluded long-term follow-up. This could be involved in
increasing the risk of developing ULs after mechanical stretching.
Further studies are needed to clarify what mechanisms contribute
to the low rate of HR in human myometrium and ULs.

The irradiated positive control cells cultured on glass showed a
more robust induction of γH2Ax foci compared to the stretched
cells on flexible membranes. Compatible with these observations,
increasing stiffness of cell culture matrix favors DNA damage and
nuclear rupture in nuclear lamin A knockdown cells4,5. In this
model, cell spreading on a stiff matrix causes local sites of high
nuclear curvature, promoting rupture and decreasing nuclear
circularity in live imaging5. In our experimental setup where the
cells were fixed after the release of stretching, the stretched cells
positive for DNA damage showed an increased roundness. While
these observations may be related to nuclear deformation
occurring during stretching or recovery, the detailed mechanisms
remain to be elucidated in future studies. Interestingly, nuclear
deformation, even in the absence of nuclear envelope rupture, can
cause DNA damage through replication stress in the context of

cell compression or migration through tight spaces9. Taken
together, cell nuclei are sensitive to several types of mechanical
stresses and the responses elicited depend on the cell type, culture
matrix, and the type, strength and duration of such stress.

While complete understanding of the association between
parity and chromosomal damage in UL needs more work as
uterine myometrium is under multiple different powerful cues,
direct force acting upon myometrial nuclei during gestation and
labor appears as one conceivable candidate factor contributing to
our findings in primary tumors. Confined environment is known
to predispose cells to DNA damage through multiple different
mechanisms (reviewed in Shah et al.3): Damage from increased
actinomyosin contractility – a known key contributor of nuclear
envelope rupture6 – that is most prominent at labor, and defor-
mation of nuclei and subsequent damage at nuclear envelope
through stretching during gestation, are both plausible possibi-
lities. Mechanical shearing of DNA can take place even without
damage to the nuclear envelope3. Nuclear deformation and NE
rupture are common under extreme conditions, and chromatin
protrusion through the nuclear lamina exposes DNA to the
cytoplasm, resulting in DNA damage. NE rupture also exposes
DNA to cytoplasmic nucleases. A particularly interesting form of
damage resembling formation of micronuclei is that after NE
rupture chromatin can become fragmented and separated from
the nucleus6. This could predispose to the CCR changes observed
in ULs17. The chromosomal fragments following NE rupture may
also be distributed unequally during mitosis. Indeed, a defective
nuclear envelope has been proposed as a main cause of aneu-
ploidy in ovarian cancer32. In addition, mechanical forces work in
concert with other cues present in the myometrium; during
hypoxia for example33.

While our results firmly associate parity to chromosomal
damage in UL, further studies are needed to examine whether
mechanical forces play a causative role in this association. While
mechanical force has recently been established as a factor capable
of causing DNA damage3, it has to our knowledge not been
implicated in genesis of common tumors. Its potential con-
tribution to neoplastic degeneration in myometrium as well as
other tissues is an intriguing new avenue of research, towards a
more complete understanding of tumorigenesis.

Methods
Study subjects. The study was conducted in accordance with the Declaration of
Helsinki and approved by the Finnish National Supervisory Authority for Welfare
and Health, National Institute for Health and Welfare (THL/151/5.05.00/2017,
THL/723/5.05.00/2018), and the Ethics Committee of the Hospital District of
Helsinki and Uusimaa (HUS/2509/2016).

Prospectively collected hysterectomy samples were utilized in the study;
altogether 2131 uterine leiomyomas (ULs) and 690 corresponding normal
myometrium tissue samples (the typical patient thus contributing on average 3
tumors to the study). See below details on the numbers of samples that passed data

Fig. 4 Exposing uterine leiomyoma and myometrium cells to mechanical stretch induces DNA damage and non-homologous end joining (NHEJ)-
mediated repair. a Schematic overview of the experiment. HR homologous recombination. b Representative fields of view of cells under each experiment
condition (stretched and non-stretched control at the 24 h stretch+24 h recovery time point). Inset shows individual nuclei at higher magnification. c
Number of nuclei quantified in the in silico image analysis. On top, average numbers of nuclei per experiment condition. On bottom, average numbers of
nuclei per one imaging field (bar plot is mean of means; dots are mean values per experiment). Unadjusted, two-sided Mann–Whitney U test P-values
shown between control (n= 15) and stretched (n= 20). Blue: 24 h stretch without recovery; orange: 24 h with 6 h recovery; green: 24 h with 24 h
recovery; red: 48 h without recovery. Time points 24+ 24 h and 48 h share the same control (hatched red bar). d DNA damage (γH2Ax positive nuclei)
and, e NHEJ repair (γH2Ax+ 53BP1 positive nuclei) quantified in stretched and non-stretched control cells. d, e Data are presented as a proportion (%) of
positive nuclei (top bar plots) and as a fold-change of nuclei-positivity (bottom bar plots) between stretched and non-stretched control cells; error bars
show a bootstrapping 95% confidence interval of each fold-change value. Odds ratio (OR) and fold-change (FC) values >1 suggest that stretching induces
DNA damage/repair. Unadjusted, two-sided P-values from either logistic regression (top) or Fisher’s exact test (bottom) are denoted by: ***P < 0.0001,
**P < 0.001, *P < 0.05, not significant (NS) P≥ 0.05. Sample sizes (n) are shown for each significance test. See Supplementary Tables 6–7 for multiple-test
adjusted P-values. Source data are provided as a Source Data file.
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quality control. Five of the six sample series (M, My, My1000, My5000, and
My6000) have been described in more detail in our previous studies34–36. An
anonymous sample series (‘M’-samples, n= 209) was collected according to
Finnish laws and regulations after authorization from the director of the health-
care unit, between the years 2001 and 2002. For the five subsequent sample series, a
written informed consent was obtained from all patients before they entered
the study.

In the “My8000” sample series uterine leiomyoma (n= 91) and corresponding
normal myometrium tissue samples were collected as fresh frozen samples from
patients (n= 30) with ultrasound-diagnosed uterine leiomyomas and who
underwent hysterectomy in the Central Finland Central Hospital between
September 2014 and December 2015. All the specimens underwent routine
diagnostic pathological scrutiny, and the histopathological diagnoses were retrieved
from pathology reports. The smallest lesion collected had a diameter of 4 mm. One
patient’s tissue samples were excluded from the study as no myomatous tissue was
found in the pathologist’s evaluation. A written informed consent was obtained
from all patients before they entered the study.

To examine a possible connection between parity and ULMS, we systematically
harvested the Finnish Cancer Registry37 database for cases diagnosed with ICD-O-
3 topography code 54.2 or 54.9, and morphology code 8890/3. This resulted in a
population-based series of 615 ULMS patients for which we retrieved the number
of offspring from Population Information System (PIS). With Population Register
Centers (PRC)’s approval (VRK/5049/2018-3), we requested child count
information for five matched controls per ULMS patient from PRC. Eligible
controls had to be women and alive at the time of diagnosis of the ULMS patient.
Controls were matched by municipality at birth and birth date, with a time window
of 6 months before or after the index ULMS patient’s birth. Of the 615 ULMS
patients, 8 were excluded from the analysis due to birth place being abroad or
unknown, preventing matching, and 75 were excluded due to lack of any suitable
controls. Due to previous linking of nulliparity as a major risk factor in breast,
ovarian, and uterine cancers, the analysis set was further restricted to parous
patients with at least one parous control, leaving 399 cases and 1657 controls. Mean
age at diagnosis for parous patients was 57.8 years, with first and third quartiles at
48 years and 67 years, respectively. Our analysis provided a statistical power of 0.8
for an effect size 1.5.

Determination of MED12 driver mutation status. DNA was extracted from all
the consecutively collected normal and tumor specimens by standard methods.
MED12 exon 1 and 2 - covering all UL-related mutations thus far reported - were
screened for mutations by Sanger sequencing of all 2131 tumors using 5′ to 3′
primers CCTCCGGAACGTTTCATAGAT (forward) and TTCGGGACTTTTGCT
CTCAC (reverse), and GCCCTTTCACCTTGTTCCTT (forward) and TGTCCCT
ATAAGTCTTCCCAACC (reverse), for exon 1 and exon 2, respectively.

Identifying somatic copy-number aberrations. All tumor and normal pairs were
genotyped with Infinium HumanCore-24 (Illumina) SNP-arrays. B-allele fre-
quencies (BAF) and log-R ratios (LRR) were extracted with Illumina GenomeS-
tudio software (version 2011.1; Genotyping module v1.9). After GC wave
adjustment of the data with PennCNV (v1.0.4)38, allelic imbalance (AI) regions
were calculated for all tumors using BAF segmentation (v1.2.0)39 with minimum
threshold 0.54 for mirrored BAF (mBAF) and minimum 2% rate of heterozygotes
per segment.

Clonally related tumors were identified as follows. Each patient’s tumors were
stratified by their somatic MED12 nucleotide change – including a separate strata
for MED12 mutation-negative tumors, if applicable – and each of these strata were
then scanned for any matching AI segments. The segments were matched within a
250-Kbp tolerance for both the segment start and end position. Any resulting
tumor-pairs with identical MED12 mutation status and at least one matching AI
segment were denoted as clonally related. For patients with clonally related tumors,
one tumor was chosen at random and the rest were discarded from statistical
analyses.

Analysis of chromosomal gains and losses through single-nucleotide poly-
morphism array data. The 2,131 tumors and the respective normal samples were
genotyped with Infinium HumanCore-24 (Illumina) SNP-arrays for 309,994
polymorphic loci throughout the whole genome. A total of 11 tumors were dis-
carded from the analysis due to their common clonal origin. Regions displaying
allelic imbalance (AI) were identified through genome-wide segmentation of Log R
Ratio (LRR) and mirrored B-allele frequency (mBAF) values. Regions of LRR ≤
−0.15 and mBAF≥0.56 denoted regions of allelic loss, and LRR ≥ 0.07 and
mBAF≥0.56 denoted gain. The loss and gain regions were used to calculate the total
length of AI and to estimate the number of somatic DNA DSBs (or breakpoints).
See AI regions in Supplementary Table 1.

Long-read WGS data processing. Long-read libraries were prepared following the
Genomic DNA by Ligation (SQK-LSK109) protocol as per manufacturer’s
instructions (Oxford Nanopore Technologies). Sequencing and basecalling was
performed on PromethION platform using MinKnow-Live-Basecalling (version
3.4.6). The basecalled reads were aligned with minimap2 (v2.16; preset: map-ont)

against the GRCh38 reference genome (GCA_000001405.15, excluding alt contigs).
Data quality was inspected with NanoStat (v1.1.2) and NanoPlot (v1.20.0). Each
aligned long-read library was then processed with Sniffles (v1.0.11; min_support: 2,
min_length: 10, num_reads_report: 2, min_seq_size: 1000) to identify an initial set
of structural variants (SV). The initial SV calls from all tumors and all normals
were merged together with SURVIVOR (v1.0.6; max. 50 bp distance between
breakpoints) to filter out SVs found in any normal tissue sample (i.e. germline SVs).
The remaining SVs constitute somatic events that are likely present only in the
tumors. Finally, the somatic SVs were filtered to a minimum 5x alternative allele
coverage, minimum 40 bp length deletions and insertions and maximum 9 bp
standard deviation for both breakpoint positions (that is, “precise” SVs in Sniffles
v1.0.11).

Determination of tumor DSB number and CCR status. CCR events in 38 whole-
genome sequenced (WGS) ULSs – defined as interconnected rearrangements that
involve at least three DSBs – were readily available17. By assessing the number of
DSBs in WGS tumors with and without CCR, and examining the respective SNP-
array data, the following criteria for CCR were extrapolated to SNP-array samples
(see Supplementary Table 9 for comparison between WGS and SNP-array sam-
ples): a single chromosome must have at least four breakpoints or all the chro-
mosomes must have at least six breakpoints. To focus on clonal aberrations, AI
regions with mBAF ≥ 0.56, LRR ≤−0.15 and minimum length of 100,000 bp were
considered. Two adjacent regions were considered separate if their difference in
LRR was at least 0.1. Whole chromosome losses were discarded. See Fig. 1 A for
visualization of these criteria.

To further examine the accuracy (i.e. positive predictive value) of the above
criteria, 43 tumors with a putative CCR based on SNP-array analysis, and the
paired normal tissue samples, were whole-genome sequenced by long-read DNA
sequencing (Oxford Nanopore) to identify somatic DSBs, which were then
evaluated for CCR.

The filtered SVs were evaluated for complex chromosomal rearrangements
(CCR) as follows. Genome-wide visualizations were produced as circos plots.40 A
systematic, manual inspection was carried out with the BasePlayer41 software
(October 2019 version) by visualizing split-read alignments at the observed double-
strand breaks (DSB) and identifying interconnected rearrangements similar to17.
Any rearrangements that involved at least three interconnected DSBs17 were
classified as a CCR.

Cell cultures for stretching experiments. Patient-matched uterine leiomyoma
and myometrium samples were collected at hysterectomy, to initiate primary cell
cultures. The freshly operated uterine leiomyoma and myometrium samples were
washed several times with Hanks’ Balanced Salt Solution (HBSS) to remove excess
blood, dissected into 1 mm3 pieces with sterile scalpels, and digested overnight at
37 °C with agitation in DMEM containing 2 mg/ml type II collagenase (Life
Technologies Inc.), 35 mg/mL amphotericin B (Thermo Fisher Scientific), 1 mg/mL
DNase I (Roche, Mannheim, Germany), and 2% (PSG) penicillin/streptomycin/
glutamine solution (Thermo Fisher Scientific)42. After digestion, cells were filtered
through a 50-μm filter (CellTrics) and centrifuged at 146×g for 10 min. The cells
were then incubated in 2.5 mL of ammonium chloride/potassium (ACK) lysis
buffer (Thermo Fisher Scientific) for ~1min, washed once with HBSS and resus-
pended in an appropriate volume of DMEM/F12 containing 10% fetal bovine
serum and 1x antibiotic-antimycotic (Thermo Fisher Scientific). Isolated cells were
assessed for viability by the Trypan Blue exclusion method (Life Technologies Inc.)
and counted using the Countess Automated Cell Counter (Life Technologies Inc.).
Cells were plated into 25 cm2 culture flasks (Corning Inc., Lowell, MA, USA) in
DMEM/F12 medium supplemented with 10% fetal bovine serum, antibiotics (100
units/ml penicillin, 100 μg/ml streptomycin), and antimycotic (2 μg/ml ampho-
tericin B), and incubated at 37 °C in a humidified 5% CO2 atmosphere. The initial
stage of cell growth was termed passage 0 (P0). When 90% confluent, the cells were
subcultured into larger flasks and termed passage 1 (P1). Of note, the primary
tumor here was an intramural MED12 mutation-positive tumor (c.131 G > A,
p.G44D), and the cells derived from the tumor kept the same mutation.

Stretching and immunofluorescence. Low passage (passage 2–6) leiomyoma and
myometrium cells were plated at a density of 75,000 cells/well in flexible-bottomed
six-well culture plates (BioFlex® Culture Plates, Dunn Labortechnik GmbH) coated
with collagen type I in 3 ml of complete serum-containing growth medium. After
24 h, the medium was replaced with serum-free medium and cells were serum-
starved for 12 h prior to stretching to synchronize cell cycle. The cells were then
returned to complete serum-containing medium for 3 h before starting the
stretching and maintained in this medium until experiment termination. Static
mechanical stretch with 26% elongation was applied for 24–48 h using Flexcell FX-
5000 Tension System (Flexcell® International Corp., PA), followed by cell fixation
immediately or after a recovery period. Control cells (referred to as “non-stretched
cells”) were plated on the same flexible-bottomed culture plates, but were not
stretched. In parallel experiments serving as a positive control for DNA damage,
leiomyoma and myometrium cells from the same cultures were plated on glass
coverslips in regular six-well culture plates and received a 5 Gy dose of ionizing
irradiation, followed by a 6 h recovery period. Similar to the stretching
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experiments, the cells were serum-starved overnight and then returned to complete
serum-containing medium before irradiation.

After the treatments, the cells were washed with PBS, pH 7.4 and fixed with 2%
paraformaldehyde for 10 min at 4 °C. After fixation, the silicone rubber membranes
were cut into multiple pieces for multiple staining, and transferred into a 24-well
plate. Cells were permeabilized with 0.2% Triton X-100 for 20 min, blocked, and
incubated overnight at 4 °C with primary antibodies listed in Supplementary
Table 10. Cells were then incubated with fluorescently labelled secondary
antibodies (goat anti-mouse Alexa 488, Invitrogen A11029, diluted 1:1000; goat
anti-rabbit Alexa 647, Invitrogen A21245, diluted 1:1000), counterstained with
2 μg/mL of Hoechst and mounted on glass slides with ProLong Gold Antifade
Mountant (Invitrogen). Indirect immunofluorescence against γH2Ax was
performed on two sets of membranes: as a double staining together with Ki67, and
as a double staining with 53BP1. RAD51 was stained together with CyclinA2.
cCasp3 and p14ARF were stained together with 488-Phalloidin. Images were
acquired with an Opera Phenix high-content confocal microscope equipped with a
5x pre-scan air objective (NA 0.16) and a ×40 re-scan air objective (NA 0.6,
working distance 3.28 mm, depth of focus 3.3 μm, Zeiss) and four excitation lasers
(405 nm with emission band-pass filter 435/480; ex 488, em 500/550; ex 561, em
570/630; ex 647, em 650/760). Selected objects were imaged with 10 predetermined
Z focus planes with laser-based autofocusing. The images were captured with two
Andor Zyla sCMOS cameras (16 bit, field of view 650 × 650 μm2, effective xy
resolution 0.66 μm). Image analysis was performed with Harmony 4.9 software at
FIMM High Content Imaging and Analysis Unit. Harmony software parameters
utilized in the image analysis are enumerated in Supplementary Data 3.

The γH2Ax, 53BP1, RAD51, and Ki67 stainings were quantified as the number of
foci per nucleus, cleaved caspase-3 using combined nuclear and perinuclear intensity,
and the remaining markers using nuclear intensity alone. Nuclei with >10 γH2Ax foci
were counted as positive for DNA damage. Nuclei with both >5 53BP1 foci and >10
γH2Ax foci were counted as positive for NHEJ repair. CyclinA2-positivity was
assessed based on nuclear intensity; Supplementary Data 4 gives both the quantified
intensity values and resulting CyclinA2-positivity estimates. All CyclinA2-positive
nuclei with >5 RAD51 foci were counted as positive for HR repair, and the rest of the
CyclinA2-positive nuclei as negative for HR repair. Nuclei with >0 Ki67 foci were
counted as positive for proliferation. cCasp3-positivity was thresholded at the 3rd
quartile of combined nuclear and perinuclear cCasp3 intensity, calculated from non-
stretched myometrium and myoma control cells separately. p14ARF-positivity was
assessed based on nuclear intensity (Supplementary Data 4). All reported percentages
(“% of positive nuclei”) were calculated with respect to total numbers of nuclei, except
for RAD51-positivity, which was calculated among CyclinA2-positive nuclei.
Computational estimates of nuclear area (μm²) and roundness of the nuclei
(Harmony software; range 0–1, where values close to 1 are more round) were
quantified for all nuclei identified in the image analysis.

Statistics and reproducibility. Parity information was available for 1946 SNP-
array tumors from 628 patients. 11 tumors were clonally related and removed from
the analysis. The average for breakpoint number, total length of loss regions and
total length of gain regions are reported for tumors. Because of the non-normality
of the distributions, 95% percentile confidence interval of the mean was calculated
by bootstrapping using 1000 bootstrap replicates with R package boot (v.1.3–20)43.
The association between allelic imbalance and parity was assessed by fitting a
generalized estimating equations (GEE) model using the geeglm function from the
R package geepack (v.1.2-1)44. The GEE method was chosen because multiple
tumors from the same patient can be dependent on each other. Exchangeable
correlation structure was assumed and a robust sandwich estimator for variance is
implemented in the model. In two separate analyses, CCR status and whole
chromosome events were modeled assuming binomial random component and
logit link function. The total length of AI regions was modeled using Poisson
random component and log link function.

In addition to full data, MED12 mutated and wild-type (WT) tumors were also
considered separately because the subgroups differ in their biological properties15.
Confidence intervals (CI) and P-values were Bonferroni corrected (adjusted alpha 0.05/
11). Confounding variables for age, use of oral contraceptives, menopause status, and
smoking status were included. In addition, tumor location (intramural, submucous,
subserous) and the size of the tumors were studied in relation to total length of AI.

The effects of mechanical stretching were studied in a single multi time point
experiment performed in parallel for primary myometrium and leiomyoma cells in
duplicate culture wells per experimental condition. Effects of mechanical stretching
on these two cell types were assessed with two complementary approaches: first, all
time points combined and, second, each time point separately. For the combined
analysis, difference in marker-positivity between stretched cells and non-stretched
control cells was assessed with logistic regression, adjusted for categorical
covariates on the three time points (24 h, 30 h and 48 h) and, for γH2Ax, the two
sets of double staining (Ki67 and 53BP1). Goodness-of-fit and residual diagnostics
were inspected with the DHARMa package (v0.4.1). Effect size estimates from
logistic regression are reported as odds-ratios (OR) of marker-positivity in
stretched compared to control cells, together with a 95% CI and significance level
(P). Multiple-test adjusted P-values were calculated over DNA damage/repair tests
(Holm’s method; Supplementary Table 6). For the time-point specific analysis,
Fisher’s exact test P-values were computed to assess differences in marker-

positivity at each time point. For visualization, we show proportions (scale
0–100%) of marker-positive nuclei and their fold-change between stretched and
control cells at each time-point. Fold-change estimates include a pseudocount of
+1, and the respective 95% CI of fold-changes were calculated by bootstrapping
(10,000 samples). Multiple-test adjusted P-values were calculated over DNA
damage/repair tests (Holm’s method; Supplementary Table 7).

The possible enrichment of ULMS in multiparous women was investigated by
applying conditional logistic regression to the population-based registry data. We
modeled a dose-response relationship between disease outcome and number of
children in those cases and controls who had given birth at least once, by having
the number of children as the predictor and disease status as the response in
conditional logistic regression, stratifying by each matched case-control set.
Regression analysis was done in R, using the clogit function provided in R package
survival (version 2.38).

The power of our registry analysis was calculated with the epiR package. We
used Statistics Finland’s (SF) data describing number of deliveries by mother’s birth
year to estimate the birth count distribution in our data. Because SF data groups
together all birth counts of four or above, we used this as our definition of exposure
to a large number of births in the power analysis. As most of the parous patients in
our data were born before 1940, in which group higher numbers of deliveries were
common, we estimated exposure prevalence to be 15% in the parous background
population. With 399 cases and 2,056 controls, an odds ratio of ~1.50 for
leiomyosarcoma in the exposed group would reach a power of 0.8 in the analysis.
The power calculations were done with R package epiR (version 1.0–4).

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

Data availability
The data that support this study are available from the corresponding author upon
reasonable request. The somatic allelic imbalance segment data generated in this study
are provided in Supplementary Data 1. The tumor- and patient-specific variables used in
this study are provided in Supplementary Data 2. The Harmony software parameters
used in this study are provided in Supplementary Data 3. The quantified imaging data
generated in this study are provided in Supplementary Data 4. The GRCh38 reference
genome data used in this study are available in the GenBank database under accession
code GCA_000001405.15. Source data are provided with this paper.
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