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Abstract

Mediator Complex Subunit 12 (MED12) is part of the transcriptional preinitiation
machinery. Mutations of its gene predominantly occur in two types of highly
frequent benign tumors, uterine leiomyomas and fibroadenomas of the breast,
where they apparently act as driver mutations. Nevertheless, their presence is
not restricted to benign tumors having been found at considerable frequencies
in uterine leiomyosarcomas, malignant phyllodes tumors, and chronic
lymphocytic leukemia also. Most of the mutations are located within exon 2 of
the gene but in rare cases the intron 1/exon 2 boundary or exon 1 are affected.
As to their type, predominantly single nucleotide exchanges with a hotspot in
one codon are found, but small deletions clustering around that hotspot also
are not uncommon. These latter deletions are leaving the open reading frame
intact. As to the types of mutations, so far no apparent differences between the
tumor entities affected have emerged. Interestingly, this pattern with small
deletions clustered around the hotspot of single nucleotide exchanges
resembles that seen as a result of targeted gene editing. In contrast to other
driver mutations the percentage of MED12-mutation positive tumors of
independent clonal origin increases with the number of tumors per patient
suggesting unknown etiological factors supporting site specific mutagenesis.
These factors may act by inducing simultaneous site-specific double strand
breaks the erroneous repair of which may lead to corresponding mutations. As
inducers of DNA damage and its repair such as foreign nucleic acids of the
microbiome displaying sequence homology to the putative target site might
play a role. Interestingly, a 16 base pair homology of the hotspot to a putative
terminator base-paired hairpin sequence of a Staphylococcus aureus tRNA
gene cluster has been noted which might form R-loop like structures with its
target sequence thus inducing said changes.
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(iZ757:3 Amendments from Version 1

First of all we would like to thank the three reviewers for
considering our hypotheses on the molecular background of
those uterine smooth muscle tumors and fibroepithelial tumors
of the breast carrying mutations of Mediator Complex Subunit 12
(MED12).

Compared to the first version we have addressed the criticisms
and nearly all comments and suggestions raised by the
reviewers. Also, an additional subheading entitled “Summary,
weaknesses of the hypothesis, and conclusions” offers a critical
synopsis mentioning open questions and weaknesses as e.g. the
different possible mechanisms of transfer of the bacterial RNA into
the putative target cell. Furthermore, Figure 2 and Figure 3 (old
numbers) have been condensed to one Figure (2, new number)
to avoid redundancies leading to a reduced number of figures.
On the other hand, by introducing subfigures to Figure 7 and
Figure 8 (new numbers each), additional information is provided
on the description of a transcript comprising the putative hairpin
sequence (Figure 7B) and its similarity among different species of
Staphylococcus (Figure 8B).

See referee reports

Introduction

Surprisingly, the most common mutation in human tumors
does not affect one of the famous suspects in the field (for
review see (Vogelstein er al., 2013)) but the much less well-
known gene encoding Mediator Complex Subunit 12 (MEDI12).
MED12 is part of the transcriptional preinitiation complex CDKS8
(Elmlund er al., 2006) and encoded by a gene that maps to the
X-chromosome at Xql13.1. One obvious reason why its muta-
tions so far have gained much less interest than those of other
genes frequently mutated in human tumors is that they affect,
to a large extent, benign tumors. Moreover, within malignant
tumors, they are virtually absent from most of the predominant
epithelial neoplasms like cancers of colon, breast, and lung
(Kandoth et al., 2013) whereas they have been found at consid-
erable frequencies in some non-epithelial malignant tumors
having a possible origin from benign precursor lesions.

As to the benign tumors, however, mutations of MEDI2 occur
as apparent driver mutations in a predominant subset of human
uterine leiomyomas (Mikinen er al., 2011; Markowski er al.,
2012; McGuire er al., 2012), constituting the by far most
frequent human symptomatic tumors of all. Likewise, these
mutations are also found in a large subset of fibroadenomas of
the breast (Lim et al, 2014; Piscuoglio et al., 2015; Yoshida
et al., 2015), another frequent benign tumor which occurs
predominantly in young and middle-aged women. Interestingly,
they are not restricted to benign tumors but also frequently seen
in their malignant counterparts, i.e. uterine leiomyosarcomas
(Kdmpjarvi et al., 2012; Markowski et al., 2013a; Pérot et al.,
2012) and malignant phyllodes tumors (Nagasawa er al., 2015;
Piscuoglio er al., 2015; Yoshida er al., 2015). Also, their presence
in malignant tumors suggests that, albeit as a very rare event,
certain additional mutations can trigger malignant transforma-
tion within formerly benign tumors harboring MED2 mutations.
Apart from solid tumors, MEDI2 mutations recently were also

F1000Research 2018, 7:359 Last updated: 09 JAN 2019

detected in a significant percentage of roughly 5-9% of chronic
lymphocytic leukemias (CLL) (Guicze er al., 2015; Kampjirvi
et al., 2015; Wu et al., 2017a). Furthermore, the same type of
MEDI2 mutation was found in two canine vaginal leiomyomas
(Markowski et al., 2013a).

A closer look at the MEDI2 mutations does not reveal
apparent differences between the type of mutations when com-
paring the different tumor entities. While for CLL only a few
cases have been reported so far, the mutations in uterine leio-
myomas and fibrodadenomas of the breast predominantly are
clustered in the 5” region of exon 2 of the gene with only a few
mutations affecting the intron 1l-exon 2 boundary or, more
rarely, exon 1 or the exon l-intron 1 boundary. Most of them
are single base exchanges clearly clustered at two nucleotides of
codon 44 where, albeit with different frequencies, guanins are
found to be replaced by either A, C, or T. Besides these single
base replacements, deletions and, more rarely, indels, usually
affecting exon 2 or the intron 1/exon 2 boundary are found
which always leave the reading frame intact indicating that
the mutations do not exert their tumor driving potential
simply by abrogating the function of MED12. MED12 maps to the
X-chromosome and, as revealed by cDNA sequencing, the
mutations are apparently restricted to the active X-chromosome
(Mikinen et al., 2011; Markowski et al., 2012; McGuire et al.,
2012).

We feel that for several reasons this highly frequent type of
mutation might point to an unusual mechanism of mutagenesis
underlying the development of the corresponding tumors. These
reasons will be discussed herein and a hypothesis based on
target-specific mutagenesis will be presented. Starting with
a short introduction of the main tumors affected by MEDI2
mutations we will then address the molecular pathogenesis of
uterine leiomyomas along with its clinical correlations followed
by an in depth analysis of the pattern of MEDI2 mutations.
Finally, we will present a hypothesis why these data indicate a
so far unknown etiological mechanism favoring these particular
highly frequent somatic alterations of the genome.

Introducing three tumor entities displaying MED12
mutations

Besides a few very rare tumors, three main tumor entities are
often affected by mutations of MEDI2. First, these three entities,
i.e. uterine leiomyomas (fibroids), fibroadenomas of the breast,
and chronic lymphocytic leukemias, will be introduced.

Uterine leiomyomas - the most frequent symptomatic
human tumors

Uterine leiomyomas (UL) are benign smooth muscle tumors
of myometrial origin with an apparently very low tendency to
undergo malignant transformation. Depending on the location,
the difference between submucosal, intramural, and subserosal
UL can be distinguished. Roughly 40-70% of women in their
reproductive age will develop UL with a well-documented
higher prevalence among women of African and African-
American origin. In this group, the UL develop on average at
younger ages (Laughlin er al., 2010). In general, epidemiological

Page 3 of 23



studies have a revealed a lower risk of fibroid development
associated with parity which may be related to tissue remodel-
ling during pregancy (Baird & Dunson, 2003). Leiomyomas
are often of large size and, as a matter of debate for more than
100 years, (Figure 1), multiple nodules occur at almost the same
frequency or even more frequently than single nodules.

Nevertheless, the majority of patients with UL are without
symptom. The remaining 20-30% of the patients suffer from
symptoms like in particular heavy menstrual bleeding, increased
menstrual periods, reduced fertility, and pelvic pressure and
pain. During menopause, UL cease growing and even shrink.
Nevertheless, despite their benign nature UL are the most
symptomatic human tumors of all and repeatedly have been
reported even in mummies with the oldest of them dating back
to the Middle Neolithic age (3,200-2,500 BC) (Fornaciari &
Giuffra, 2012). Surgery (hysterectomy or myomectomy) is a
common type of treatment, but a variety of other non-surgical
methodologies to treat UL are available (for review see:
(Williams, 2017)).

While the etiology of these frequent tumors remains unclear
(McWilliams & Chennathukuzhi, 2017), a bit more is known
about pathogenetic factors. As to basic principles of their
molecular pathogenesis, UL behave like the vast majority of
other benign and malignant tumors. This includes a monoclonal
origin which is triggered by so-called driver mutations. In the
case of multiple UL almost every single nodule has been found
to be of independent clonal origin (Mashal er al., 1994). Accord-
ingly, different nodules are usually characterized by differ-
ent driver mutations in these cases. The role of myometrial
stem cells as targets of driver mutations has been reviewed by
Commandeur et al. (Commandeur ef al., 2015).

Moreover, genetic subtypes, apparently belonging to different
groups of driver mutations, exist. While MEDI2 mutations,
as a group, constitute the most predominant genetic subtype
(Mikinen er al., 2011), another frequent subgroup of uterine
leiomyomas carries rearrangements of the gene encoding the
architectural transcription factor High Mobility AT-hook 2

[horzacteck del .
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(HMGA2), as a rule reflected by cytogenetically visible chro-
mosomal translocations (Schoenmakers er al., 1995). Of note,
the driver mutations of both subgroups occur in a mutually
exclusive manner (Markowski er al., 2012). Besides these sub-
groups, other, more rare but also independent genetic subgroups
of UL such as one characterized by either germline (hereditary
leiomyomatosis and renal cell cancer (HLRCC), OMIM 605839)
(Bayley er al., 2008) or somatic loss-of-function mutations of
Fumarate Dehydrogenase (FH) seem to exist (Kimpjirvi et al.,
2016).

Fibroadenomas of the breast - Frequent benign tumors in
adolescent and young women

Fibroadenomas of the breast are common benign tumors
histologically composed of both stromal and epithelial compo-
nents preferentially occurring in adolescent and young women.
Their general incidence may be in the range of 10% in the
corresponding age groups. Multiple tumors are not rare with
some 10-15% of the patients having more than one FA.

Their name fibroadenomas (FA) and their classification as
fibroepithelial tumors suggest a biphasic nature of these neo-
plasms. Nevertheless, as to their pathogenesis this classification
seems to be misleading at least in the majority of cases because
mutations are restricted to the stromal component of the tumors
(Mishima er al., 2015). Between 50% and 60% of the FA
harbor MEDI2 mutations (Lim et al., 2014; Mishima er al.,
2015; Pfarr er al., 2015) Histologically, the occurrence of MED12
mutations correlates highly significant with the so-called intra-
canalicular growth pattern (Mishima er al., 2015; Pfarr er al.,
2015). Interestingly, MEDI2 mutations have also been found
in considerable percentages of other breast tumors of presumed
stromal origin Phyllodes tumors and malignant Phyllodes
tumors. In these tumors, the types of MEDI2 mutations are not
obviously discernible from those observed in UL and FA.

Chronic lymphocytic leukemias - most frequent leukemia in
adults

In Western countries, chronic lymphocytic leukemia (CLL) is the
most common type of leukemia in adults. The American Cancer

W Grofrmann se.

Figure 1. Uterine leiomyomas in the scientific literature of the 19th century. lllustration of a uterus carrying multiple leiomyomas of various
sizes and location (4, left) and uterus with a large pedunculated subserous leiomyoma (right, 6). Copperplate engraving from Virchow’s
series of lectures entitled “Die krankhaften Geschwdlste” (“Morbid neoplasms”)(Hirschwald, Berlin, 1864/65).
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Society expects an estimated number of about 20,940 new cases
of CLL in the United States in 2018 with about 4,510 CLL-related
deaths. Overall, CLL accounts for about one-quarter of the new
cases of leukemia. The average person’s lifetime risk of getting
CLL is about one in 175 (0.57%). The average age at the time of
diagnosis is around 70 years, with men slightly more often affected
than women. Frequently, the disease is detected in patients not yet
showing any severe symptoms and in its early stages patients often
undergo a ‘watch and wait’ period prior to starting therapy.

As to its pathogenesis CLL is a monoclonal leukemia of B-cell
origin with a number of subsets that can be distinguished
based on their genetic characterization, apparently pointing to
different driver mutations. The genetic alterations also allow
the stratification of groups which may require different thera-
peutic approaches. As a valid predictive parameter, deletions
and mutations of the TP53 gene are associated with a worse
prognosis than other types of genetic changes and influence
therapeutic decisions. Recently, mutations of MEDI2 have been
added to the list of potential driver mutations in CLL. Across
the sub-types, they constitute a relatively rare genetic group
affecting roughly 5-9% of CLL patients (Guieze er al., 2015;
Kampjdrvi er al., 2015; Wu et al., 2017a). Kampjdrvi et al.
(Kédmpjiarvi et al., 2015) have presented evidence that MEDI2
mutations may represent a marker of worse prognosis.

A closer look at the molecular pathogenesis of
uterine leiomyomas

According to the high prevalence of uterine leiomyomas MEDI2
mutations are by far best investigated in this tumor type. Thus,
we have now characterized the subset UL affected and described
how they can be distinguished from other types of UL.

Leiomyomas with MED12 mutation constitute their own
genetic subtype which is also characterized by a distinct
clinical and histopathological appearance

There is ample evidence that HMGA2 rearrangements and
MEDI?2 mutations occur mutually exclusively in UL and thus
constitute independent driver mutations (Markowski er al.,
2012). Similarly, somatic MEDI2 mutations and biallelic
Fumarate Hydratase (FH) inactivation occur in mutually exclu-
sive manner in both HLRCC syndrome-associated and sporadic
uterine leiomyomas suggesting that the latter constitutes a
third small group with an independent molecular pathogenesis
(Kédmpjirvi er al., 2016). Accordingly, each of these genetic
alterations alone as a driver mutation seems to be sufficient to
induce the development of an UL without requiring any further
mutations.

As to rearrangements of HMGA2 and mutations of MEDI2,
the transcriptome of tumors of both groups clearly differs
with MEDI2 mutation—positive and HMGA2-overexpressing
samples clustering in distinct branches (Mehine er al.. 2013).
Accordingly, both mutations allow the two major genetic sub-
types of UL to be distinguished, and the question arises whether
or not the genetic subtypes are also reflected by a different
clinical behavior and histopathology.
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Tumors carrying HMGA2 rearrangements are usually solitary
and, on average, of larger size than those with MEDI2 muta-
tions, also usually presenting as single tumors (Markowski er al.,
2014a) whereas the latter are smaller and often co-occur with
other clonally independent nodules of the same genetic type
(Mikinen et al., 2011; Markowski et al., 2012; Markowski
et al., 2014a). Among the women affected by MEDI2-
mutation positive UL, more than two-thirds had more than one
nodule (Heinonen er al., 2017) (Figure 2A) of this type. Even
more impressive, in the same study 52 (8.7%) MEDI2-mutation
positive tumors made their appearance as the sole tumor with
this mutation, while 547 (91.3%) tumors were associated with
at least one other tumor of this genetic subgroup (Figure 2B).

To explain the high frequency of MEDI2 mutated tumors
among multiple leiomyomas, Heinonen ef al. speculated that
“the multiplicity of MEDI2-mutation-positive leiomyomas may
derive from genetic predisposition and/or environmental
factors rendering the myometrium susceptible to selection for
MEDI2 mutations” (Heinonen er al., 2017). However, as out-
lined later herein, the association of multiple tumors with MED2
mutations may be a key to the etiology of this type of UL.

Furthermore, MED12-mutated UL are also significantly associ-
ated with a subserous location compared to UL lacking this muta-
tion (Heinonen er al., 2017). As to histopathological features, a
recent study by Wu et al. revealed that approximately 90% of the
cells in HMGA2-rearranged UL were smooth muscle cells show-
ing an overexpression of the protein, while in MEDI2-mutated
UL a similar number of smooth muscle cells and other cells, i.e.
mostly tumor-associated fibroblasts, were detected. These latter
fibroblasts were lacking MED 2-mutations (Wu et al., 2017b) and
thus apparently can be classified as by-stander cells. This fits with
an earlier observation that in cell cultures of leiomyomas with
MEDI12-mutations a rapid disappearance of mutated cells was
seen that became replaced by wild-type cells, thus challenging the
results of a variety of in vitro experiments on the biology of UL
(Bloch et al., 2017; Markowski et al., 2014b).

Besides UL, the occurrence of MEDI2 mutations has been
well-documented in malignant uterine smooth muscle tumors
(leiomyosarcomas) and smooth muscle tumors of uncertain
malignant potential (STUMP), too (Holzmann er al., 2015;
Pérot et al., 2012). Hence, an origin of these tumors from
pre-existing UL has been suggested. In contrast, similar cases
with HMGA?2 rearrangements have not been reported yet.

The percentage of MED12-mutated tumors is positively
correlated with the total number of tumors per patient

To gain further insight into the biology of MEDI2-mutated
UL, Heinonen et al. have undertaken a systematic attempt to
check all feasible distinct tumors with a size of 1 cm or larger
in diameter from hysterectomy uteri for MEDI2 mutations
(Heinonen et al., 2017). In their study, 599 out of 763 leiomyo-
mas carried MEDI2 mutations (79%). Next, the data provided by
the study of Heinonen e al. (Heinonen er al., 2017) have been
used to analyze the number of MEDI2-mutation positive UL
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Figure 2. Solitary and multiple MED12-mutation-positive uterine leiomyomas. Abscissa: number of UL/patient, ordinate: number of
patients in the corresponding category. For this diagram data on MED12 alterations published by Heinonen et al. (Heinonen et al., 2017)
have been used. Overall, 52/176 women carried a single MED12-mutated UL compared to 124/176 with more than one such tumor (A) and
proportion of MED12-mutated UL appearing as single tumor (52/599) vs. those accompanied by at least one other MED12-mutated UL

(547/599) (B). Data according to Heinonen et al. (2017).

per patient. While it was shown before that in the majority of
patients having surgery MEDI2-mutated tumors do not make
their appearance as single nodules but instead are accompanied by
other yet clonally independent tumors of this same genetic type
(cf. Figure 2), we were also interested to see how the number
of tumors per patient is distributed in this genetically distinct
group of tumors. Obviously, a slow decrease of the number of
MED]I2-mutation positive tumors is noted (Figure 2A). Never-
theless, from these figures it is not possible to draw conclusions
on the overall frequency and distribution of MEDI2-positive
UL in the population because the results are biased by their
restriction to symptomatic patients who had undergone surgical
treatment. Nevertheless, they correspond more or less to the
tumor numbers in general as seen from numerous other studies
and thus the question arises if the MED2-positive tumors can be
distinguished from the remaining UL as suggested by previ-
ous estimations (cf. Figure 2). Thus, we have next investigated
if, in the case of multiple tumors, the percentage of MEDI2-
mutation positive UL remains constant independent of the total
number of tumors per patient. Surprisingly, it was noted that
with a growing number of tumors, the percentage of MEDI2-
mutated tumors clearly increased. Among solitary leiomyomas,
only less than 40% of the tumors carried MEDI2 mutations but
their frequency was approaching nearly 100% if twelve or more
tumors were present per patient (Figure 3). Thus, in contrast to
other mutations, those of MEDI2 seem to become more likely
with an increase of the number of tumors.

Along with previous data this distribution confirms that the
occurrence of multiple leiomyomas nearby can be exclusively

attributed to just one genetic mechanism, i.e. MEDI2 mutations.
For example, in a study by Markowski et al. only 26/179
(14.5%) of MED12-mutated UL were single tumors while the cor-
responding number for HMGA2-rearranged UL was 14/20 (70%).
In none of the latter cases, a HMGA2-rearranged UL was accom-
panied by another one with HMGA2 rearrangement (Markowski
et al., 2014a). This contradicts a statement by Mehine et al.
that a shared clonal origin as a common feature of leiomyomas
not carrying MEDI2 mutations offers one explanation for the
common occurrence of multiple concurrent lesions (Mehine
et al., 2015). Instead, a multitude of fibroids mainly appears to
be a problem almost exclusively restricted to MEDI2-mutation
positive tumors and we thus decided to analyze and compare
the different MEDI2 mutations in more detail.

A closer look at the patterns of MED12 mutations
seen in various benign and malignant tumors

MEDI2 mutations occur in uterine smooth muscle tumors,
fibroepithelial tumors of the breast and in chronic lymphocytic
leukemia. As a rule, only subsets display these genetic abnormali-
ties which range from the predominant alterations in UL to those
detected only in a small percentage of cases in CLL. So far, there
is no evidence that the tumors affected by MEDI2 mutations in
the three tumor entities described above differ with respect to
their types of mutations. It has been speculated that unknown
factors favor the occurrence of these particular mutations. To get
further ideas on factors favoring them, the patterns of mutations
have now been analyzed in more detail and compared between
the different tumor entities paying particular attention to the small
deletions occurring in exon 2 or at the intron 1-exon 2 boundary.
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Figure 3. Number of uterine leiomyomas per patient and percentage of MED12-mutation positive tumors. Increasing percentage
of MED12-mutation positive uterine leiomyomas (ordinate) with the number of tumors per patient (abscissa). Open rhombus indicates an
interpolated value because no patients with 11 UL were present. For this diagram data on MED12 alterations published by Heinonen ef al.

(2017) have been used.

In most cases single nucleotide exchanges are found with a
clear predominance of those affecting nucleotides 130 and 131
belonging to codon 44. Less frequently other codons are mutated.
Besides single nucleotide exchanges, deletions of small segments
of the gene with varying sizes as well as indels affecting exon 2
or the intronl-exon 2 boundary are seen in some cases. As a rule,
however, the transcript though affected by the deletions remains
in frame. As to these latter genomic alterations accounting for
roughly 15% of MEDI2 mutations, we have analyzed the posi-
tions of the deleted bases from a variety of papers analyzing
UL, fibroepithelial tumors, and CLL. Adding the number of
deleted bases per each position reveals an almost symmetric
distribution that is clustered around the hotspot of single nucle-
otide exchanges (Figure 4). Accordingly, e.g. in the Heinonen
et al. series, deletions encompassing nucleotides 129-134 or
part of them are clearly more frequent than those outside this
fragment. This clustering becomes evident when analyzing
uterine smooth muscle tumors and fibroepithelial tumors of
the breast alone, whereas in case of CLL only a few cases have
been reported in the literature so far. In a previous study by our
group, the beginning of the MEDI2 deletions observed in uterine
smooth muscle tumors was mostly located within exon 2 but in
rare cases also upstream of the splice site within intron 1. Their
size mainly ranged between 3 and 36 bp with a clear predomi-
nance of 15 and 18 bp (Markowski er al., 2013b). Of note, an
analysis of the data provided by Heinonen et al. for UL revealed
that as very rare exceptions even larger deletions as well as those
residing in exon 1 can occur.

As to size and position of these deletions, there is also no obvi-
ous difference between UL, fibroepithelial tumors of the breast,
and CLL (Figure 4). Overall, this pattern of small deletions
of various sizes clustered around the hotspot of single nucle-
otide exchanges in general could be explained by bias caused by
a higher proliferative activity of UL characterized by deletions
encompassing the central hotspot area which accordingly

20 40 60 80

P
cen g
I
Xq13
q
X

Figure 4. Patterns of MED12 deletions in uterine leiomyomas,
fibroepithelial breast tumors, and chronic lymphocytic leukemia.
Left to right: Ideogram of the X-chromosome (commons.wikimedia.
org), exon-intron structure of MED712 (NCBI map viewer), and
plot depicting frequency of deletions at each position around the
preferred site of single nucleotide exchanges (red solid arrows)
seen in uterine smooth muscle tumors (blue), fibroepithelial tumors
of the breast (green), and chronic lymphocytic leukemia (yellow).
Deletions are plotted across all deleted base positions. Minor
preferred sites of single nucleotid exchanges within exon 2 are
indicated by dashed red arrows. For this diagram data on MED12
deletions from the following articles have been used: (Guieze et al.,
2015; Kampjarvi etal., 2015; Lim et al., 2014; Markowski et al., 2013b;
Mishima et al., 2015; Nagasawa et al., 2015; Ng et al., 2015; Pfarr
etal., 2015; Yoshida et al., 2015) only those deletions beginning and
ending in the displayed region have been considered.
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would be of larger size and more likely to become symptomatic.
Nevertheless, according to our evaluation of the Heinonen series
Heinonen et al. (2017), the average size of UL with deletions
encompassing any of the nucleotides 129-134 (average: 3.32)
does not significantly differ from those having deletions outside
this region (average: 3.35). Thus, such an obvious explana-
tion seems less likely to explain the distribution which, however,
resembles the results of genome editing based on targeted
double-stranded breaks as for example those resulting from the
usage of the CRISPR/Cas9 system (e.g. cf. Paquet ez al., 2016).

If these mutations indeed arise by certain types of repair of
site-specific DNA changes, one might expect that many other
mutations occur in the target region of MEDI2. Of these, only the
“active ones”, i.e. those leaving the open reading frame intact and
driving tumorigenesis, will lead to a clonal proliferation of their
target cell giving rise to an UL whereas cells with other muta-
tions of the hotspot region will remain quiescent or even become
apoptotic (Figure 5). Therefore, future studies aimed at the
detection of these ‘“non-driving” mutations in single cells,
especially from patients suffering from a multitude of UL, may
be a reasonable attempt. However, from the pattern of nucleotide
exchanges and deletions, a commonly affected sequence can be
depicted that may be related to the etiology of UL.

Hypothesis and opinion

MEDI?2 mutations constitute highly frequent driver mutations in
uterine leiomyomas and fibroadenomas, i.e. two tumor entities
that occur almost exclusively in middle-aged and young women,
respectively. In uterine leiomyomas, they even represent the
by far most frequent genetic subtype with a clearly preferen-
tial occurrence in the case of multiple tumors. This is in sharp

@\

complete site-specific alteration
repair inducing repair
erroneous

repair

quiescent . .
. L. quiescent quiescent
driver activity
monoclonal

proliferation leads to
growth of leiomyoma

Figure 5. MED12 mutations in uterine smooth muscle tissue.
Model illustrating the occurrence and selection of MED 12 mutations
during the course of leiomyoma development. The scheme suggests
that of a larger number of MED12-mutations only those associated
with a gain of function act as driver mutations giving rise to UL.
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contrast to the other main genetic subtype of UL characterized
by rearrangements of HMGA2 usually making its appearance in
solitary nodules not accompanied by other tumors of the same
genetic subtype.

It seems difficult to explain these findings just by independ-
ent random mutations followed by their selection. Nevertheless,
additional factors favoring this multitude of tumors with inde-
pendent clonal origin carrying the same type of mutation have
remained enigmatic. After myomectomy, such factors may also
account for the risk of recurrences that clearly increases with
the number of UL that had been removed (Doridot er al., 2001;
Fauconnier er al., 2000). Heinonen et al. (2017) have specu-
lated that either genetic predisposition or environmental factors
rendering the myometrium susceptible to selection for MEDI2
mutations may contribute to the multiplicity of MED2-mutation
positive tumors. To describe the development of multiple tumors,
those two explanations are well-compatible with a model of
clonally unrelated nodules that occur successively and are
endowed with a different growth rate as depicted in Figure 6A.
Another alternative explaining the multiplicity of UL is the
occurrence of clonally related nodules with marked genetic
evolution as shown by Mehine et al. (Mehine er al., 2015) for
UL lacking MEDI2 mutations and depicted here as Figure 6B.
Nevertheless, a variety of studies indicate that most tumors with
MEDI2 mutations are not clonally related and the multiplicity
of these lesions thus needs other explanations. In addition to
these models, the potential roles of infectious agents warrant
consideration. The infection may lead to a synchronous initiation
of multiple clonally independent lesions endowed with a different
growth potential (Figure 6C).

As possible factors certain types of bacteria, e.g. those involved
in reproductive tract infections (RTIs), have long been suggested
to be a cause of UL (e.g. (Witherspoon & Butler, 1934)). In the
United States both reportable RTIs (i.e. chlamydia and gonor-
rhea) and fibroids disproportionately burden African American
women which lead to the conclusion that the growth of fibroids
might be triggered by inflammatory infections associated with
the RTIs. Nevertheless, when exploring the relationship between
self-reported RTIs and fibroid size, number, and total volume
Moore et al. did not find strong associations (Moore er al.,
2015). In a recent contribution by the same group women sero-
positive for genital Chlamydia trachomatis were even found
to be less likely to have fibroids (Moore er al., 2018). In line with
these findings, in the study by Heinonen er al. neither a history
of pelvic inflammatory disease (PID) nor of Chlamydia infection
was found to be significantly associated with the MED12-type UL
while PID turned out to be significantly associated with the
occurrence of MEDI2-wild type UL (p 0.0024) (Heinonen er al.,
2017).

Akin to bacteria, viruses have also been suggested to be involved
in the development of UL (Bullerdiek, 1999). For example,
EBV is known as a factor associated with the development of
extra uterine smooth muscle tumors in HIV and post-transplant
patients (see e.g. (Miettinen, 2014; Purgina er al., 2011; Ramdial
et al., 2011)). However, so far no association between EBV and
uterine leiomyomas has been demonstrated. As to another virus
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Figure 6. Different models of time and clonality of uterine leiomyoma development. Three alternative models explaining the development
of multiple uterine leiomyomas are depicted: (A) corresponds to a prima facie model of myomagenesis with multiple independently developing
nodules having a different growth rate. (B) lllustrates the development of multiple clonally related tumors from one common predecessor as
described by Mehine et al. (Mehine et al., 2015) for MED12-mutation negative UL. (C) offers an alternative explanation for the growth of
multiple clonally unrelated nodules with simultaneous initiation but a different growth rate. Open circles indicate single mutated cells of origin

affected by driver mutation.

of the Herpes group, a recent study failed to reveal a signifi-
cant association between HSV-2 seropositivity and the presence
of fibroids (Moore er al., 2016) and in general no convincing
evidence for involvement of viruses in the pathogenesis of UL
has been presented.

While infectious diseases as etiological agents of UL repeatedly
have been assumed as such the question arises as to how they
could act by site-specific targeting the hotspot region of muta-
tions residing within exon 2 of MEDI2 and which infectious
agents are possible candidates. We will herein present the opinion
that the interaction between the human DNA and foreign nucleic
acids derived from the infection plays a causal role. As an
unorthodox hypothesis stimulating further discussions, we would
like to advance the hypothesis that the MEDI2 mutations result
from cleavage of R-loop structures. By definition, R-loops are
derived from double stranded DNA where one strand forms a
stable DNA-RNA hybrid helix whereas the former associated
DNA strand remains single-stranded. R-loops with an “exposed”
stretch of single-stranded DNA can give rise to instability and
DNA double-strand breaks (Aguilera & Gomez-Gonzalez, 2017;

Freudenreich, 2018; Su & Freudenreich, 2017). While the
hybrid helix is usually composed of DNA with endogenous
RNAs it seems possible that such helices can be formed with
foreign RNA as well. To this end, it has been hypothesized that
circulating exogenous RNA sequences after their uptake may
influence the function of cells through miRNA-like mecha-
nisms (Wang er al., 2012) suggesting direct influences of these
sequences of the microbiome on its host’s cells.

To search for possible sequence homologies we have depicted a
target region 5'TGTAAAACAAGGTTTCAATAAC3” covering
10 nucleotides upstream and downstream each of the two c. 130
and c. 131 (GG), respectively (cf. Figure 5). Of the resulting list
with at least 15 identical nucleotides, a variety of human patho-
gens have been identified as e.g. Bacteroides fragilis (nt 2-20),
Klebsiella pneumoniae (nt 2-20), Escherichia coli (nt 3-20),
Vibrio vulnificus (nt 6-22), Staphylococcus aureus (nt 6-22, and
nt 1-16, respectively), Staphylococcus argenteus (nt 6-22), and
Clostridium botulinum (nt 3-19). When searching for abundantly
expressed sequences an interesting candidate emerged. A 16-base
pair sequence identical to the sense strand of the sequence of a
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Staphylococcus aureus 27-tRNA gene cluster immediately 3’ to
an rRNA operon (Green & Vold, 1993) was noted (Figure 7A).
A transcript containing this sequence has been described (Tan
et al., 2015, GeneBank accession GBKB01001045, Figure 7B).
The homology covers a palindromic sequence which may act as
a terminator of transcription (Green & Vold, 1993) and may also
lead to the formation of a hairpin structure stabilizing the
RNA molecule (Figure 8A). Of note, very similar palindromic
sequences have been found at the same position of the genomes
of other species of Staphylococcus (Figure 8B). Nevertheless,
whereas the palindromic arms have high similarity the central part,
the three AAA have undergone transversion to TTT. Are these
molecules likely to exist as circulating RNAs? Staphylococcus
aureus belongs to the phylum of Firmicutes in general consti-
tuting the third most abundant sequence population in human
plasma with a significant number of the reads mapping to various
bacterial ribosomal RNAs and tRNAs (Wang er al., 2012). More
specifically, evidence has been presented that RNA species from
Staphylococcus are commonly present in blood (Leung & Wu,
2015). Of note, Firmicutes are not rarely found to be part of the
microbiota of the female genital tract with Staphylococcus sp.
e.g. being the most abundant genus recovered from the fallopian
tubes (Pelzer er al., 2018). This presence is not necessarily

1,974,420
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supposed to result from an ascending infection since e.g. hema-
togenous spread as well has been documented to be the reason for
bacterial colonization in other mammals and may contribute to
the genital tract microbiota (for review see Baker er a/. (2018). In
general, Staphylococcus species have been identified not only as
part of the uterine microbiota (Chen er al, 2017; for review see
Baker et al., 2018) but also of pancreatic and breast (healthy as
well as benign and malignant disease) microbiota (Thomas
et al., 2018; Urbaniak er al,, 2016). Accordingly, the mere pres-
ence of Staphylococcus can be supposed not to be associated
with bacteremia in most women. Interestingly, in HeLa cells
Staphylococcus epidermidis isolated from breast cancer patients
was found to be able to induce DNA double-stranded breaks
(Urbaniak et al., 2016).

Summary, weaknesses of the hypothesis, and
conclusions

We have addressed here the genetically distinct group of UL
showing mutations of MEDI2. These mutations apparently act
as the drivers in the majority of UL particularly occurring in
women having multiple nodules and make UL in general the
most frequent symptomatic human tumors at all. Nevertheless, in
almost all cases these nodules appear to be of independent
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origin rather than clonally related. As other types of UL, those
carrying MEDI2 mutations undergo regression after menopause
thus restricting symptomatic UL almost exclusively to women
in their reproductive ages. This may point to so far unknown
hormonally-regulated factors interacting with the mutated
MEDI2. Hormone-dependent growth also characterizes fibroad-
enomas of the breast, one of the two other tumors frequently
displaying the same type of MEDI2 mutations, while this is
not the case for CLL. However, the unique pattern of MEDI2
mutations as well as their high prevalence among frequent human
tumors prompted us to speculate about factors that might support

the occurrence of this type of genetic alterations in a non-random
fashion. What can be noted is a hotspot region within exon 2 of
the gene which is affected by most single nucleotid exchanges,
deletions, as well as indels.

Deduced from the types and patterns of MEDI2 mutations in
human tumors we have presented evidence supporting the
idea that the driver mutations of MEDI2 do not result from
selection of random mutational events but rather can be explained
by targeted DNA-strand breaks and their repair, respectively.
Then, as the second part of our hypothesis, we have advanced
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the idea that the interaction of nucleic acid sequences of the
human microbiome with the common hotspot of MEDI2 muta-
tions may constitute the initial event. This involvement of infec-
tious agents would also explain the frequent multiplicity of the
corresponding lesions at least in UL. Affected by these drivers,
the mutated cells may give rise to clonally independent tumors
or, even much more frequently, the mutations may not exert a
tumor-driving potential as e.g. in case of frame-shift deletions
occurring in no more than single cells thus remaining undetected.
In case of “‘active mutations”, additional factors such as the site
of origin, angiogenetic support, and the type of MEDI2 muta-
tion, may endow the resulting monoclonal lesions with a different
growth potential.

To stimulate further discussion a possible interaction of a sequence
of Staphylococcus aureus with this hotspot has been considered
in more detail as depicted in Figure 7 and Figure 8. As to
the initial stage of tumor development, the clearance of R-loops
resulting from a hybrid helix between a human target cell and
bacterial RNA may simultaneously give rise to multiple mutated
cells.

This hypothesis, though able to explain main biological char-
acteristics of UL and fibroadenomas of the breast, has some
weaknesses and leads to further questions. One point relates to
the transmission of the pathogenetic bacteria. Do they act after
sexual transmission and ascending infection, respectively? Since
parity is well-documented leading to a decreased leiomyoma
burden, the argument for reproductive tract infections is not
supported. Similarly, parity is also associated with increased
risk of postpartum iatrogenic infections. On the other hand,

References

F1000Research 2018, 7:359 Last updated: 09 JAN 2019

the presence of the bacteria and their nucleic acids has not nec-
essarily to be associated with sexual i.e. ascending transmis-
sion and clinically manifest pelvic infections. Interestingly,
Staphylococcus forms part of the normal microbiota of some
organs and its circulating nucleic acids may thus derive from
bacteria/infections of other sites of the body. As to the transfer
of such nucleic acids into the host cell, the internalization of
naked bacterial RNA or, alternatively, transfer via bacterial extra-
cellular vesicles or target cells that first internalize the bacteria
have to be considered. Of note, Staphylococcus is a facultative
intracellular pathogen (Sendi & Proctor, 2009) with various
types of host cells having the ability to internalize the bacteria
(Rollin er al., 2017). Furthermore, it remains to be investigated
which mechanisms can lead to an unfolding of short hairpin
transcripts and their hybridization to genomic DNA.

In summary, we feel that the exceptional epidemiology of tumors
affected by MED 2 mutations as well as the patterns of their muta-
tions warrant unusual explanations helping to decipher the etiol-
ogy and molecular pathogenesis of some of these highly frequent
human tumors.

Data availability
All data underlying the results are available as part of the article and
no additional source data are required.

Grant information
The author(s) declared that no grants were involved in supporting
this work.

Aguilera A, Gémez-Gonzalez B: DNA-RNA hybrids: the risks of DNA breakage
during transcription. Nat Struct Mol Biol. 2017; 24(5): 439-443.
PubMed Abstract | Publisher Full Text

Baird DD, Dunson DB: Why is parity protective for uterine fibroids?
Epidemiology. 2003 [cited 2018 Oct 30]; 14(2): 247-50.

PubMed Abstract | Publisher Full Text

Baker JM, Chase DM, Herbst-Kralovetz MM: Uterine Microbiota: Residents,
Tourists, or Invaders? Front Immunol. 2018 [cited 2018 Oct 30]; 9: 208.
PubMed Abstract | Publisher Full Text | Free Full Text

Bayley JP, Launonen V, Tomlinson IP: The FH mutation database: an online
database of fumarate hydratase mutations involved in the MCUL (HLRCC)
tumor syndrome and congenital fumarase deficiency. BMC Med Genet. 2008; 9:
20.

PubMed Abstract | Publisher Full Text | Free Full Text

Bloch J, Holzmann C, Koczan D, et al.: Factors affecting the loss of MED12-
mutated leiomyoma cells during in vitro growth. Oncotarget. 2017; 8(21):
34762-34772.

PubMed Abstract | Publisher Full Text | Free Full Text

Bullerdiek J: Leiomyoma--do viruses play the main role? Genes Chromosomes
Cancer. 1999 [cited 2015 Mar 17]; 26(2): 181.

PubMed Abstract | Publisher Full Text

Chen C, Song X, Wei W, et al.: The microbiota continuum along the female
reproductive tract and its relation to uterine-related diseases. Nat Commun.
2017 [cited 2018 Oct 30]; 8(1): 875.

PubMed Abstract | Publisher Full Text | Free Full Text

Commandeur AE, Styer AK, Teixeira JM: Epidemiological and genetic clues
for molecular mechanisms involved in uterine leiomyoma development and

growth. Hum Reprod Update. 2015 [cited 2018 Oct 30]; 21(5): 593-615.
PubMed Abstract | Publisher Full Text | Free Full Text

Doridot V, Dubuisson JB, Chapron C, et al.: Recurrence of leiomyomata after
laparoscopic myomectomy. J Am Assoc Gynecol Laparosc. 2001; 8(4): 495-500.
PubMed Abstract | Publisher Full Text

Elmlund H, Baraznenok V, Lindahl M, et al.: The cyclin-dependent kinase 8
module sterically blocks Mediator interactions with RNA polymerase Il. Proc
Natl Acad Sci U S A. 2006; 103(43): 15788-15793.

PubMed Abstract | Publisher Full Text | Free Full Text

Fauconnier A, Chapron C, Babaki-Fard K, et al.: Recurrence of leiomyomata after
myomectomy. Hum Reprod Update. 2000; 6(6): 595-602.
PubMed Abstract | Publisher Full Text

Fornaciari G, Giuffra V: Soft tissue tumors in palaeopathology: a review.
Pathobiology. 2012; 79(5): 257-267.
PubMed Abstract | Publisher Full Text

Freudenreich CH: R-loops: targets for nuclease cleavage and repeat instability.
Curr Genet. 2018; 1-6.
PubMed Abstract | Publisher Full Text | Free Full Text

Green CJ, Vold BS: Staphylococcus aureus has clustered tRNA genes.
J Bacteriol. 1993; 175(16): 5091-5096.
PubMed Abstract | Publisher Full Text | Free Full Text

Guiéze R, Robbe P, Clifford R, et al.: Presence of multiple recurrent mutations
confers poor trial outcome of relapsed/refractory CLL. Blood. 2015; 126(18):
2110-2117.

PubMed Abstract | Publisher Full Text

Heinonen HR, Pasanen A, Heikinheimo O, et al.: Multiple clinical characteristics

Page 12 of 23


http://www.ncbi.nlm.nih.gov/pubmed/28471430
http://dx.doi.org/10.1038/nsmb.3395
http://www.ncbi.nlm.nih.gov/pubmed/12606893
http://dx.doi.org/10.1097/01.EDE.0000054360.61254.27
http://www.ncbi.nlm.nih.gov/pubmed/29552006
http://dx.doi.org/10.3389/fimmu.2018.00208
http://www.ncbi.nlm.nih.gov/pmc/articles/5840171
http://www.ncbi.nlm.nih.gov/pubmed/18366737
http://dx.doi.org/10.1186/1471-2350-9-20
http://www.ncbi.nlm.nih.gov/pmc/articles/2322961
http://www.ncbi.nlm.nih.gov/pubmed/28410233
http://dx.doi.org/10.18632/oncotarget.16711
http://www.ncbi.nlm.nih.gov/pmc/articles/5471009
http://www.ncbi.nlm.nih.gov/pubmed/10469458
http://dx.doi.org/10.1002/(SICI)1098-2264(199910)26:2<181::AID-GCC12>3.0.CO;2-2
http://www.ncbi.nlm.nih.gov/pubmed/29042534
http://dx.doi.org/10.1038/s41467-017-00901-0
http://www.ncbi.nlm.nih.gov/pmc/articles/5645390
http://www.ncbi.nlm.nih.gov/pubmed/26141720
http://dx.doi.org/10.1093/humupd/dmv030
http://www.ncbi.nlm.nih.gov/pmc/articles/4533663
http://www.ncbi.nlm.nih.gov/pubmed/11677326
http://dx.doi.org/10.1016/S1074-3804(05)60610-X
http://www.ncbi.nlm.nih.gov/pubmed/17043218
http://dx.doi.org/10.1073/pnas.0607483103
http://www.ncbi.nlm.nih.gov/pmc/articles/1635081
http://www.ncbi.nlm.nih.gov/pubmed/11129693
http://dx.doi.org/10.1093/humupd/6.6.595
http://www.ncbi.nlm.nih.gov/pubmed/22722565
http://dx.doi.org/10.1159/000337292
http://www.ncbi.nlm.nih.gov/pubmed/29327083
http://dx.doi.org/10.1007/s00294-018-0806-z
http://www.ncbi.nlm.nih.gov/pmc/articles/6039234
http://www.ncbi.nlm.nih.gov/pubmed/8349549
http://dx.doi.org/10.1128/jb.175.16.5091-5096.1993
http://www.ncbi.nlm.nih.gov/pmc/articles/204975
http://www.ncbi.nlm.nih.gov/pubmed/26316624
http://dx.doi.org/10.1182/blood-2015-05-647578

separate MED12-mutation-positive and -negative uterine leiomyomas. Sci Rep.
2017;7(1): 1015.

PubMed Abstract | Publisher Full Text | Free Full Text

Holzmann C, Markowski DN, von Leffern |, et al.: Patterns of Chromosomal
Abnormalities that Can Improve Diagnosis of Uterine Smooth Muscle Tumors.
Anticancer Res. 2015; 35(12): 6445-6456.

PubMed Abstract

Kéampjéarvi K, Méakinen N, Kilpivaara O, et al.: Somatic MED12 mutations in uterine
leiomyosarcoma and colorectal cancer. Br J Cancer. 2012; 107(10): 1761-1765.
PubMed Abstract | Publisher Full Text | Free Full Text

Kampjarvi K, Jarvinen TM, Heikkinen T, et al.: Somatic MED12 mutations are
associated with poor prognosis markers in chronic lymphocytic leukemia.
Oncotarget. 2015; 6(3): 1884—1888.

PubMed Abstract | Publisher Full Text | Free Full Text

Kampjarvi K, Mékinen N, Mehine M, et al.: MED12 mutations and FH inactivation
are mutually exclusive in uterine leiomyomas. Br J Cancer. 2016; 114(12):
1405-1411.

PubMed Abstract | Publisher Full Text | Free Full Text

Kandoth C, McLellan MD, Vandin F, et al.: Mutational landscape and significance
across 12 major cancer types. Nature. 2013; 502(7471): 333-339.
PubMed Abstract | Publisher Full Text | Free Full Text

Laughlin SK, Schroeder JC, Baird DD: New directions in the epidemiology of
uterine fibroids. Semin Reprod Med. 2010; 28(3): 204-217.
PubMed Abstract | Publisher Full Text | Free Full Text

Leung RK, Wu YK: Circulating microbial RNA and health. Sci Rep. 2015; 5: 16814.
PubMed Abstract | Publisher Full Text | Free Full Text

Lim WK, Ong CK, Tan J, et al.: Exome sequencing identifies highly recurrent
MED12 somatic mutations in breast fibroadenoma. Nat Genet. 2014; 46(8):
877-880.

PubMed Abstract | Publisher Full Text

Mékinen N, Mehine M, Tolvanen J, et al.. MED12, the liator complex subunit
12 gene, is mutated at high frequency in uterine leiomyomas. Science. 2011;
334(6053): 252-255.

PubMed Abstract | Publisher Full Text

Markowski DN, Bartnitzke S, Loning T, et al.: MED12 mutations in uterine
fibroids--their relationship to cytogenetic subgroups. /nt J Cancer. 2012; 131(7):
1528-1536.

PubMed Abstract | Publisher Full Text

Markowski DN, Huhle S, Nimzyk R, et al.: MED12 mutations occurring in benign
and malignant mammalian smooth muscle tumors. Genes Chromosomes
Cancer. 2013a; 52(3): 297-304.

PubMed Abstract | Publisher Full Text

Markowski DN, Nimzyk R, Belge G, et al.: Molecular topography of the MED12-
deleted region in smooth muscle tumors: a possible link between non-B DNA
structures and hypermutability. Mo/ Cytogenet. 2013b; 6(1): 23.

PubMed Abstract | Publisher Full Text | Free Full Text

Markowski DN, Helmke BM, Bartnitzke S, et al.: Uterine fibroids: do we deal with
more than one disease? Int J Gyn Path. in press. 2014a; 33(6): 568-572.
PubMed Abstract | Publisher Full Text

Markowski DN, Tadayyon M, Bartnitzke S, et al.: Cell cultures in uterine
leiomyomas: rapid disappearance of cells carrying MED12 mutations. Genes
Chromosomes Cancer. 2014b; 53(4): 317-323.

PubMed Abstract | Publisher Full Text

Mashal RD, Fejzo ML, Friedman AJ, et al.: Analysis of androgen receptor
DNA reveals the independent clonal origins of uterine leiomyomata and
the secondary nature of cytogenetic aberrations in the development of
leiomyomata. Genes Chromosomes Cancer. 1994; 11(1): 1-6.

PubMed Abstract | Publisher Full Text

McGuire MM, Yatsenko A, Hoffner L, et al.: Whole exome sequencing in a
random sample of North American women with leiomyomas identifies MED12
mutations in majority of uterine leiomyomas. PLoS One. 2012; 7(3): e33251.
PubMed Abstract | Publisher Full Text | Free Full Text

McWilliams MM, Chennathukuzhi VM: Recent Advances in Uterine Fibroid
Etiology. Semin Reprod Med. 2017; 35(2): 181-189.

PubMed Abstract | Publisher Full Text | Free Full Text

Mehine M, Kaasinen E, Makinen N, et al.: Characterization of uterine leiomyomas
by whole-genome sequencing. N Engl J Med. 2013; 369(1): 43-53.
PubMed Abstract | Publisher Full Text

Mehine M, Heinonen HR, Sarvilinna N, et al.: Clonally related uterine leiomyomas
are common and display branched tumor evolution. Hum Mol Genet. 2015;
24(15): 4407-4416.

PubMed Abstract | Publisher Full Text

Miettinen M: Smooth muscle tumors of soft tissue and non-uterine viscera:
biology and prognosis. Mod Pathol. 2014; 27(Suppl 1): S17-29.

PubMed Abstract | Publisher Full Text

Mishima C, Kagara N, Tanei T, et al.: Mutational analysis of MED12 in
fibroadenomas and phyllodes tumors of the breast by means of targeted
next-generation sequencing. Breast Cancer Res Treat. 2015; 152(2): 305-312.
PubMed Abstract | Publisher Full Text

Moore KR, Cole SR, Dittmer DP, et al.: Self-Reported Reproductive Tract
Infections and Ultrasound Diagnosed Uterine Fibroids in African-American

F1000Research 2018, 7:359 Last updated: 09 JAN 2019

Women. J Womens Health (Larchmt). 2015; 24(6): 489-495.

PubMed Abstract | Publisher Full Text | Free Full Text

Moore KR, Smith JS, Cole SR, et al.: Herpes Simplex Virus Type 2 Seroprevalence
and Ultrasound-Diagnosed Uterine Fibroids in a Large Population of Young
African-American Women. Am J Epidemiol. 2016; 183(11): 961-968.

PubMed Abstract | Publisher Full Text | Free Full Text

Moore KR, Smith JS, Cole SR, et al.: Chlamydia trachomatis Seroprevalence
and Ultrasound-Diagnosed Uterine Fibroids in a Large Population of Young
African-American Women. Am J Epidemiol. 2018; 187(2): 278-286.

PubMed Abstract | Publisher Full Text | Free Full Text

Nagasawa S, Maeda |, Fukuda T, et al.: MED12 exon 2 mutations in phyllodes
tumors of the breast. Cancer Med. 2015; 4(7): 1117-1121.

PubMed Abstract | Publisher Full Text | Free Full Text

Ng CC, Tan J, Ong CK, et al.: MED12 is frequently mutated in breast phyllodes
tumours: a study of 112 cases. J Clin Pathol. 2015; 68(9): 685-691.

PubMed Abstract | Publisher Full Text

Paquet D, Kwart D, Chen A, et al.: Efficient introduction of specific homozygous
and heterozygous mutations using CRISPR/Cas9. Nature. 2016; 533(7601):
125-129.

PubMed Abstract | Publisher Full Text

Pelzer ES, Willner D, Buttini M, et al.: The fallopian tube microbiome:
implications for reproductive health. www.oncotarget.com Oncotarget Clin Res
Pap, Oncotarget. 2018 [cited 2018 Oct 30]; 9(30): 21541-51.

PubMed Abstract | Publisher Full Text | Free Full Text

Pérot G, Croce S, Ribeiro A, et al.: MED12 alterations in both human benign and
malignant uterine soft tissue tumors. PLoS One. 2012; 7(6): e40015.

PubMed Abstract | Publisher Full Text | Free Full Text

Pfarr N, Kriegsmann M, Sinn P, et al.: Distribution of MED12 mutations in
fibroadenomas and phyllodes tumors of the breast--implications for tumor biology
and pathological diagnosis. Genes Chromosomes Cancer. 2015; 54(7): 444-52.
PubMed Abstract | Publisher Full Text

Piscuoglio S, Murray M, Fusco N, et al.: MED12 somatic mutations in
fibroadenomas and phyllodes tumours of the breast. Histopathology. 2015;
67(5): 719-729.

PubMed Abstract | Publisher Full Text | Free Full Text

Purgina B, Rao UN, Miettinen M, et al.: AIDS-Related EBV-Associated Smooth
Muscle Tumors: A Review of 64 Published Cases. Patholog Res Int. 2011; 2011:
561548.

PubMed Abstract | Publisher Full Text | Free Full Text

Ramdial PK, Sing Y, Deonarain J, et al.: Extra-uterine myoid tumours in patients
with acquired immunodeficiency syndrome: A clinicopathological reappraisal.
Histopathology. 2011; 59(6): 1122—1134.
PubMed Abstract | Publisher Full Text

Rollin G, Tan X, Tros F, et al.: Intracellular Survival of Staphylococcus aureus in
Endothelial Cells: A Matter of Growth or Persistence. Front Microbiol. 2017 [cited
2018 Oct 30]; 8: 1354.

PubMed Abstract | Publisher Full Text | Free Full Text

Schoenmakers EF, Wanschura S, Mols R, et al.: Recurrent rearrangements in the
high mobility group protein gene, HMGI-C, in benign mesenchymal tumours.
Nat Genet. 1995; 10(4): 436—444.

PubMed Abstract | Publisher Full Text

Sendi P, Proctor RA: Staphylococcus aureus as an intracellular pathogen: the
role of small colony variants. Trends Microbiol. 2009 [cited 2018 Oct 30]; 17(2):
54-8.

PubMed Abstract | Publisher Full Text

Su XA, Freudenreich CH: Cytosine deamination and base excision repair
cause R-loop-induced CAG repeat fragility and instability in Saccharomyces
cerevisiae. Proc Natl Acad Sci U S A. 2017; 114(40): E8392-E8401.

PubMed Abstract | Publisher Full Text | Free Full Text

Tan X, Qin N, Wu C, et al.: Transcriptome analysis of the biofilm formed by
methicillin-susceptible Staphylococcus aureus. Sci Rep. 2015 [cited 2018 Oct
30]; 5(1): 11997.

PubMed Abstract | Publisher Full Text | Free Full Text

Thomas RM, Gharaibeh RZ, Gauthier J, et al.: Intestinal microbiota enhances
pancreatic carcinogenesis in preclinical models. Carcinogenesis. 2018 [cited
2018 Oct 30]; 39(8): 1068-78.

PubMed Abstract | Publisher Full Text | Free Full Text

Urbaniak C, Gloor GB, Brackstone M, et al.: The Microbiota of Breast Tissue

and Its Association with Breast Cancer. Goodrich-Blair H, editor. App/ Environ
Microbiol. 2016 [cited 2018 Oct 30]; 82(16): 5039-48.

PubMed Abstract | Publisher Full Text | Free Full Text

Vogelstein B, Papadopoulos N, Velculescu VE, et al.: Cancer genome landscapes.
Science. 2013; 339(6127): 1546-1558.

PubMed Abstract | Publisher Full Text | Free Full Text

Wang K, Li H, Yuan Y, et al.: The complex exogenous RNA spectra in human
plasma: an interface with human gut biota? PLoS One. 2012; 7(12): e51009.
PubMed Abstract | Publisher Full Text | Free Full Text

Williams ARW: Uterine fibroids — what’s new? [version 1; referees: 3 approved].
F1000Res. 2017; 6(F1000 Faculty Rev): 2109.

PubMed Abstract | Publisher Full Text | Free Full Text

Witherspoon JT, Butler VW: The etiology of uterine fibroids with special

Page 13 of 23


http://www.ncbi.nlm.nih.gov/pubmed/28432313
http://dx.doi.org/10.1038/s41598-017-01199-0
http://www.ncbi.nlm.nih.gov/pmc/articles/5430741
http://www.ncbi.nlm.nih.gov/pubmed/26637855
http://www.ncbi.nlm.nih.gov/pubmed/23132392
http://dx.doi.org/10.1038/bjc.2012.428
http://www.ncbi.nlm.nih.gov/pmc/articles/3493861
http://www.ncbi.nlm.nih.gov/pubmed/25595892
http://dx.doi.org/10.18632/oncotarget.2753
http://www.ncbi.nlm.nih.gov/pmc/articles/4359339
http://www.ncbi.nlm.nih.gov/pubmed/27187686
http://dx.doi.org/10.1038/bjc.2016.130
http://www.ncbi.nlm.nih.gov/pmc/articles/4984459
http://www.ncbi.nlm.nih.gov/pubmed/24132290
http://dx.doi.org/10.1038/nature12634
http://www.ncbi.nlm.nih.gov/pmc/articles/3927368
http://www.ncbi.nlm.nih.gov/pubmed/20414843
http://dx.doi.org/10.1055/s-0030-1251477
http://www.ncbi.nlm.nih.gov/pmc/articles/5330647
http://www.ncbi.nlm.nih.gov/pubmed/26576508
http://dx.doi.org/10.1038/srep16814
http://www.ncbi.nlm.nih.gov/pmc/articles/4649493
http://www.ncbi.nlm.nih.gov/pubmed/25038752
http://dx.doi.org/10.1038/ng.3037
http://www.ncbi.nlm.nih.gov/pubmed/21868628
http://dx.doi.org/10.1126/science.1208930
http://www.ncbi.nlm.nih.gov/pubmed/22223266
http://dx.doi.org/10.1002/ijc.27424
http://www.ncbi.nlm.nih.gov/pubmed/23225304
http://dx.doi.org/10.1002/gcc.22029
http://www.ncbi.nlm.nih.gov/pubmed/23738817
http://dx.doi.org/10.1186/1755-8166-6-23
http://www.ncbi.nlm.nih.gov/pmc/articles/3712005
http://www.ncbi.nlm.nih.gov/pubmed/25272295
http://dx.doi.org/10.1097/PGP.0000000000000096
http://www.ncbi.nlm.nih.gov/pubmed/24446130
http://dx.doi.org/10.1002/gcc.22142
http://www.ncbi.nlm.nih.gov/pubmed/7529041
http://dx.doi.org/10.1002/gcc.2870110102
http://www.ncbi.nlm.nih.gov/pubmed/22428002
http://dx.doi.org/10.1371/journal.pone.0033251
http://www.ncbi.nlm.nih.gov/pmc/articles/3299761
http://www.ncbi.nlm.nih.gov/pubmed/28278535
http://dx.doi.org/10.1055/s-0037-1599090
http://www.ncbi.nlm.nih.gov/pmc/articles/5490981
http://www.ncbi.nlm.nih.gov/pubmed/23738515
http://dx.doi.org/10.1056/NEJMoa1302736
http://www.ncbi.nlm.nih.gov/pubmed/25964426
http://dx.doi.org/10.1093/hmg/ddv177
http://www.ncbi.nlm.nih.gov/pubmed/24384850
http://dx.doi.org/10.1038/modpathol.2013.178
http://www.ncbi.nlm.nih.gov/pubmed/26093648
http://dx.doi.org/10.1007/s10549-015-3469-1
http://www.ncbi.nlm.nih.gov/pubmed/25901468
http://dx.doi.org/10.1089/jwh.2014.5051
http://www.ncbi.nlm.nih.gov/pmc/articles/4490779
http://www.ncbi.nlm.nih.gov/pubmed/27188945
http://dx.doi.org/10.1093/aje/kwv313
http://www.ncbi.nlm.nih.gov/pmc/articles/4887579
http://www.ncbi.nlm.nih.gov/pubmed/28637238
http://dx.doi.org/10.1093/aje/kwx231
http://www.ncbi.nlm.nih.gov/pmc/articles/5860578
http://www.ncbi.nlm.nih.gov/pubmed/25865354
http://dx.doi.org/10.1002/cam4.462
http://www.ncbi.nlm.nih.gov/pmc/articles/4529349
http://www.ncbi.nlm.nih.gov/pubmed/26018969
http://dx.doi.org/10.1136/jclinpath-2015-202896
http://www.ncbi.nlm.nih.gov/pubmed/27120160
http://dx.doi.org/10.1038/nature17664
http://www.oncotarget.com/
http://www.ncbi.nlm.nih.gov/pubmed/29765558
http://dx.doi.org/10.18632/oncotarget.25059
http://www.ncbi.nlm.nih.gov/pmc/articles/5940370
http://www.ncbi.nlm.nih.gov/pubmed/22768200
http://dx.doi.org/10.1371/journal.pone.0040015
http://www.ncbi.nlm.nih.gov/pmc/articles/3386951
http://www.ncbi.nlm.nih.gov/pubmed/25931199
http://dx.doi.org/10.1002/gcc.22256
http://www.ncbi.nlm.nih.gov/pubmed/25855048
http://dx.doi.org/10.1111/his.12712
http://www.ncbi.nlm.nih.gov/pmc/articles/4996373
http://www.ncbi.nlm.nih.gov/pubmed/21437186
http://dx.doi.org/10.4061/2011/561548
http://www.ncbi.nlm.nih.gov/pmc/articles/3062098
http://www.ncbi.nlm.nih.gov/pubmed/22175892
http://dx.doi.org/10.1111/j.1365-2559.2011.04049.x
http://www.ncbi.nlm.nih.gov/pubmed/28769913
http://dx.doi.org/10.3389/fmicb.2017.01354
http://www.ncbi.nlm.nih.gov/pmc/articles/5515828
http://www.ncbi.nlm.nih.gov/pubmed/7670494
http://dx.doi.org/10.1038/ng0895-436
http://www.ncbi.nlm.nih.gov/pubmed/19162480
http://dx.doi.org/10.1016/j.tim.2008.11.004
http://www.ncbi.nlm.nih.gov/pubmed/28923949
http://dx.doi.org/10.1073/pnas.1711283114
http://www.ncbi.nlm.nih.gov/pmc/articles/5635916
http://www.ncbi.nlm.nih.gov/pubmed/26149474
http://dx.doi.org/10.1038/srep11997
http://www.ncbi.nlm.nih.gov/pmc/articles/4493712
http://www.ncbi.nlm.nih.gov/pubmed/29846515
http://dx.doi.org/10.1093/carcin/bgy073
http://www.ncbi.nlm.nih.gov/pmc/articles/6067127
http://www.ncbi.nlm.nih.gov/pubmed/27342554
http://dx.doi.org/10.1128/AEM.01235-16
http://www.ncbi.nlm.nih.gov/pmc/articles/4968547
http://www.ncbi.nlm.nih.gov/pubmed/23539594
http://dx.doi.org/10.1126/science.1235122
http://www.ncbi.nlm.nih.gov/pmc/articles/3749880
http://www.ncbi.nlm.nih.gov/pubmed/23251414
http://dx.doi.org/10.1371/journal.pone.0051009
http://www.ncbi.nlm.nih.gov/pmc/articles/3519536
http://www.ncbi.nlm.nih.gov/pubmed/29259779
http://dx.doi.org/10.12688/f1000research.12172.1
http://www.ncbi.nlm.nih.gov/pmc/articles/5721931

reference to the frequency of their occurrence in the Negro: an hypothesis.
Surg Gynecol Obstet. 1934; 58: 57-61.

Wu B, Stabicki M, Sellner L, et al.: MED12 mutations and NOTCH signalling in
chronic lymphocytic leukaemia. Br J Haematol. 2017a; 179(3): 421-429.
PubMed Abstract | Publisher Full Text

Wu X, Serna VA, Thomas J, et al.: Subtype-Specific Tumor-Associated

F1000Research 2018, 7:359 Last updated: 09 JAN 2019

Fibroblasts Contribute to the Pathogenesis of Uterine Leiomyoma. Cancer Res.
2017b; 77(24): 6891-6901.

PubMed Abstract | Publisher Full Text | Free Full Text

Yoshida M, Sekine S, Ogawa R, et al.: Frequent MED12 mutations in phyllodes
tumours of the breast. Br J Cancer. 2015; 112(10): 1703—-1708.

PubMed Abstract | Publisher Full Text | Free Full Text

Page 14 of 23


http://www.ncbi.nlm.nih.gov/pubmed/28771672
http://dx.doi.org/10.1111/bjh.14869
http://www.ncbi.nlm.nih.gov/pubmed/29055020
http://dx.doi.org/10.1158/0008-5472.CAN-17-1744
http://www.ncbi.nlm.nih.gov/pmc/articles/6015476
http://www.ncbi.nlm.nih.gov/pubmed/25839987
http://dx.doi.org/10.1038/bjc.2015.116
http://www.ncbi.nlm.nih.gov/pmc/articles/4430713

FIOOOResearch F1000Research 2018, 7:359 Last updated: 09 JAN 2019

Open Peer Review

Current Referee Status: ¢ Vv ¢

Referee Report 09 January 2019

https://doi.org/10.5256/f1000research.18776.r41940

v

Eric Glasgow
Department of Oncology, Georgetown University, Washington, DC, USA

The authors have addressed the major issues concerning the clarity and logic of the argument. The new
section, Summary, weaknesses of the hypothesis, and conclusions, is an excellent addition. Most of the
grammatical and stylistic corrections have been made, however, since new text has been added there are
still a lot of English language problems throughout the paper. A copy editor for English language would be
very helpful for the revision?

Competing Interests: No competing interests were disclosed.

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.
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https://doi.org/10.5256/f1000research.18776.r41939

v

Takeshi Kurita
Departmentof Cancer Biology and Genetics, Comprehensive Cancer Center, Ohio State University,
Columbus, OH, USA

The revised manuscript should be indexed with minor edits to correct errors. Although the hypothesis that
a bacterial transcript causes human neoplasms through a mutagenesis of MED12 lacks experimental and
observational evidence, it is not a major weakness for an opinion paper. The provocative discovery of a
homologous sequence between Staphylococcus genome and human MED12 gene merits further
discussion.

In my opinion however, the high incidence of MED12 mutation can be explained by random mutations and
subsequent selection. As | have already explained in the critique for the original version, the incidence of
tumorigenic MED12 mutations is expected to be high: diverse MED12 mutations appear to be
tumorigenic, and monoallelic mutations are dominant, as MED12 is a X-linked gene. The symmetric
distribution of the beginning and ending bases of deletions around the mutation hotspot in MED12 exon 2
(Figure 4) demonstrates that hotspots for missense mutation are also hotspots for deletion mutations.
Thus, the distribution pattern is explained by a critical role of the hotspot amino acids in the tumorigenic
activity of mutant MED12. Additionally, there is no known mechanism through which a naked nucleic acid
of microorganism origin is internalized and hybridized with genomic DNA in human cells. Therefore, the
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sequence homology seems to be the only supporting data for the provocative hypothesis. To establish the
feasibility of the hypothetical model, the presence of Staphylococcus hairpin RNAs must be demonstrated
in human tissues. On the other hand, the absence of Staphylococcus infection or Staphylococcus hairpin
RNAs in tumor tissues does not reject the hypothesis because pathogenic MED 12 mutations should
occur years earlier than tumor presentation.

The approach by which the authors identified the homologous sequence to the mutation hotspot of
human MED12 in bacterial genomes does not determine the frequency of homology between such
bacterial transcripts and human genes. Nevertheless, if free RNAs of microorganisms can trigger
mutagenesis in human cells, there should be genomic loci other than MED12 exon 2 that would also be
targeted by microbial RNAs through the same mechanism. Thus, a systematic screening of bacterial
genomes for homologous sequences to human genomic loci, in which somatic mutations are frequently
detected, may provide evidence for the hypothetical model.

Errors
There is an extra “a”: “In general, epidemiological studies have "a" revealed a lower risk of fibroid
development associated with parity which may be related to tissue remodeling during pregnancy.”

A period is missing between sentences “Between 50% and 60% of the FA harbor MED 12 mutations (Lim
etal., 2014; Mishima et al., 2015; Pfarr et al., 2015)”and “Histologically, the ....".

Competing Interests: No competing interests were disclosed.
Referee Expertise: Biology of Uterine Lieomyoma

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.

Referee Report 31 July 2018

https://doi.org/10.5256/f1000research.15482.r36051

?

Jose M. Teixeira
Department of Obstetrics, Gynecology and Reproductive Biology, College of Human Medicine, Michigan
State University, Grand Rapids, MI, USA

The opinion article by Bullerdiek and Rommel provides an interesting hypothesis that is partly supported
by the unusual role of MED12 in the origin of uterine leiomyoma. MED12 is mutated in these benign
tumors at a hotspot location at the 5’ end of exon 2. How these mutations arise in the myometrium and
how the mutant MED12 drives leiomyoma development are not known.

| agree with many of the previous reviewers’ comments and will limit my comments to a few items so as
not to be too repetitious. For example, | agree that there is no evidence that the MED12 mutations
constitute a gain-of-function in the protein. Indeed, if MED12 mutation alone is sufficient for
tumorigenesis, it would have been observed in a variety of other tumor types. In fact, no mechanisms for
tumorigenesis unique to leiomyomas have been reported. Thus, how MED12 mutation leads to
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leiomyoma development is not known at this point. This should be changed in the text.

| also agree that the argument for foreign RNA from bacterial infection causing MED12 mutation, although
quite novel and certainly interesting, is weak. In addition to the reasons already discussed, ascending
infections, such as the reproductive tract infections described by the authors, are likely to rarely involve
the myometrium. In the case of S. aureus, it is even more unlikely because myometrial infection with that
organism is likely associated with bacteremia, which is even more rare and cannot account for the
prevalence of MED12 mutant fibroids in women. Also, although leiomyomas are normally found in
reproductive age women, that doesn’t necessarily mean that sexually active women are more prone to the
disease because of possible sexually transmission of pathogenic bacteria. Since parity is associated with
a lower leiomyoma burden, the argument for reproductive tract infections being the culprit is not
supported. Parity is also associated with increased risk of postpartum iatrogenic infection, but again
parity is associated with decreased risk for leiomyomas. These caveats should be included in the text.

There is something special about the very common MED12 mutations in that hotspot and high prevalence
of uterine leiomyomas (and the not-so-common fibroadenomas) in reproductive age women. It is possible
that a hormonally-regulated factor expressed only in myometrium (and breast stroma) could be interacting
with wt MED12 on the site where the hotspot mutations alter the protein structure, and mutation disrupts
that interaction. How those MED12 mutations occur and why the tumors/fibroadenomas develop only in
those tissues is a mystery that needs to be resolved in order to develop therapies targeting the
mechanisms involved.

Is the topic of the opinion article discussed accurately in the context of the current literature?
Partly

Are all factual statements correct and adequately supported by citations?
Partly

Are arguments sufficiently supported by evidence from the published literature?
Partly

Are the conclusions drawn balanced and justified on the basis of the presented arguments?
No

Competing Interests: No competing interests were disclosed.

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard, however | have significant reservations, as outlined
above.

Referee Report 19 June 2018
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?  Eric Glasgow
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This opinion article by Bullerdiek et al. reviews the types and etiologies of tumors associated with MED12,
and put forward a hypothesis regarding the mechanism of MED 12 mutation. MED12-associated tumors
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are understudied considering their high frequency, probably because they are most commonly associated
with benign tumors. However, a better understanding of the etiology of these tumors would likely
contribute substantially to our knowledge of the genetic mechanisms of tumorigenesis. The authors
discuss the main types of tumors caused by MED 12 mutations: uterine leiomyomas (ULs), fibroadenomas
of the breast, and chronic lymphocytic leukemias. They point out that the characteristics of ULs
associated with MED12 mutations differ markedly from those of ULs with other genetic causes. Within the
same patient, multiple tumors with MED12 mutations of independent clonal origin are common. Bullerdiek
et al. illustrate the presence of a mutational hotspot within the MED12 sequence with homology to tRNAs
of multiple human pathogens. These qualities are suggestive of a genome editing mechanism warranting
further investigation.

Important changes:

-The gene name! The gene name is mediator complex subunit 12 (MED12), not Mediator Subcomplex 12
as stated in the article.

-In the Abstract it is stated “(MED12)...presumed classification as gain-of-function mutations...”, and in
the Introduction “...deletions and, more rarely, indels, usually affecting exon 2 or the intron 1/exon 2
boundary are found which always leave the reading frame intact indicating gain-of-function mutations”.
The term gain-of-function should be removed. The function of MED12 is unknown and there is no
evidence suggesting that these mutations are gain-of-function.

Major issues:

-In Figure 2B, it is unclear how many patients in total were analyzed for tumor counts or whether the
multiple MED12-mutation positive UL were concentrated in a small number of patients or spread evenly
across patients analyzed.

-Additionally, the labels appear to be switched in the key of Figure 2.

-A major problem is that the authors claim that the occurrence of multiple ULs can be exclusively
attributed to MED 12 mutation. However, although the authors provide ample quantitative evidence of
multiple ULs resulting from MED 12 mutation within the same patient, the authors show no data regarding
the occurrence of multiple ULs with other genetic mechanisms (i.e. HMGAZ2 arrangements). In order to
make the claim that multiple UL is a feature unique to MED12-mutated tumors, the authors should provide
data on non-MED12-mutated multiple UL for the sake of comparison. If the number of non-MED12
-mutated multiple UL is zero, this should be made clear within the text of the article.

-In reference to Figure 5, it is unclear whether the CLL mutations (yellow) cluster around the mutational
hotspot as do the UL and fibroadenoma mutations, although the text of the article claims that the CLL
mutations also cluster around the hotspot.

-The authors point out that the evidence for a connection between infection and UL is dubious thus far, yet
they go on to propose a mechanism for the role of infection in UL pathogenesis. To make a convincing
argument, the authors must clarify why they still consider a pathogenic mechanism worth considering.
-The authors should provide more detail about the pathogens with tRNA sequences matching the
mutational hotspot. What is known about the involvement of these pathogens in pelvic infections? Does
the prevalence of pelvic infections involving these pathogens approximately match the prevalence of UL?
Is there any existing evidence for association between these pathogens and UL?
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Minor issues:

-Second paragraph of the introduction: “As in the benign tumors, however, mutations of that gene occur
as apparent driver mutations in a predominant subset of uterine leiomyomas (Makinen et al., 2011;
Markowski et al., 2012; McGuire et al., 2012), constituting the by far most frequent human symptomatic
tumors of all.” Do the authors mean “As in the malignant tumors...” Also, “that gene” is vague. Replace
with MED12.

-Second paragraph introduction: “Furthermore, the same type of MED12 mutations was found in two
canine vaginal leiomyomas (Markowski et al., 2013a)” can be changed to “Furthermore, the same type of
MED12 mutation was found in two canine vaginal leiomyomas (Markowski et al., 2013a)”

-Third paragraph introduction: “Predominantly, the mutations are clustered in the 5 "region of exon 2 of the
gene with only a few mutations affecting the intron 1-exon 2 boundary or, much rarer, exon 1 or the exon
1-intron 1 boundary” can be changed to: “Predominantly, the mutations are clustered in the 5 "region of
exon 2 of the gene with only a few mutations affecting the intron 1-exon 2 boundary or, more rarely, exon
1 or the exon 1-intron 1 boundary”

-The heading “Introducing three tumor entities displaying a unique type of MED12 mutations” should be
changed to “Introducing three tumor entities displaying MED 12 mutations”

-Under subheading: Uterine Leiomyomas — the most frequent symptomatic human tumors, “Depending on
their location it can be distinguished between submucosal, intramural, and subserosal UL” can be
changed to “Depending on the location, the difference between submucosal, intramural, and subserosal
UL can be distinguished”

-The subheading “Fibroadenomas of the breast - Frequent benign tumors of adolescent and young
women” can be changed to “Fibroadenomas of the breast - Frequent benign tumors in adolescent and
young women” and the subheading “Chronic lymphocytic leukemias - most frequent leukemia of the
adults” can be changed to “Chronic lymphocytic leukemias - most frequent leukemia in adults”

-Under the heading “A closer look at the molecular pathogenesis of uterine leiomyomas,” the sentence,
“According to the high prevalence of uterine leiomyomas MED12 mutations are by far best investigated in
this tumor type” can be changed to “MED 12 mutations are by far best investigated uterine leiomyoma
tumor type.”

-Second paragraph under the subheading: “Leiomyomas with MED12 mutation constitute their own
genetic subtype which is also characterized by a distinct clinical and histopathological appearance,” the
sentence “Accordingly, both mutations allow the two major genetic subtypes of UL to be distinguished,
and the question arises whether or not the genetic subtypes are also reflected by a different clinical
behavior and histopathology” can be changed to “Accordingly, these mutations allow the two major
genetic subtypes of UL to be distinguished, and the question arises whether or not the genetic subtypes
are also have different clinical behaviors and histopathologies”

-The second paragraph under the subheading: “The percentage of MED12-mutated tumors is positively
correlated with the total number of tumors per patient,” the sentence “Along with previous data this
distribution confirms that, as for its pathogenesis, the occurrence of multiple leiomyomas near exclusively
can be attributed to just one genetic mechanism, i.e. MED12 mutations” can be changed to: “Along with
previous data this distribution confirms that the occurrence of multiple leiomyomas nearby can be
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exclusively attributed to just one genetic mechanism, i.e. MED12 mutations.”

-At the end of the first paragraph under the heading: “A closer look at the patterns of MED 12 mutations
seen in various benign and malignant tumors” the word respectively is unnecessary.

-Under “Hypothesis and Opinion” the sentence “Nevertheless, additional factors favoring this multitude of
tumors carrying the same type of mutations despite their independent clonal origin have remained
enigmatic” should be changed to “Nevertheless, additional factors favoring this multitude of tumors with
independent clonal origin carrying the same type of mutation have remained enigmatic.”

-Also, “In addition to these both models possibly accounting for other genetic subtypes, as a third
alternative factors as in particular infectious agents warrant consideration” should be changed to “In
addition to these models, the potential roles of infectious agents warrant consideration”

-Also, “As to another virus of the Herpes group, a recent study failed to reveal a significant association
between HSV-2 seropositivity and the presence of fibroids (Moore et al., 2016) and in general not
convincing evidence for viruses involved in the pathogenesis of UL has been presented” should be
changed to “As to another virus of the Herpes group, a recent study failed to reveal a significant
association between HSV-2 seropositivity and the presence of fibroids (Moore et al., 2016) and in general
no convincing evidence for involvement of viruses in the pathogenesis of UL has been presented”

To summarize, the authors build a fairly convincing argument for the need to more closely study the
mechanism of MED12 mutation in tumorogenesis. However, as detailed above, there are multiple areas in
which additional evidence and clarification is needed to support the authors’ claims. Additionally,
correction of several grammatical errors and awkward phrasing throughout the manuscript would greatly
improve readability.

Is the topic of the opinion article discussed accurately in the context of the current literature?
Partly

Are all factual statements correct and adequately supported by citations?
Partly

Are arguments sufficiently supported by evidence from the published literature?
Partly

Are the conclusions drawn balanced and justified on the basis of the presented arguments?
Partly

Competing Interests: No competing interests were disclosed.

| have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard, however | have significant reservations, as outlined
above.
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Takeshi Kurita

Departmentof Cancer Biology and Genetics, Comprehensive Cancer Center, Ohio State University,
Columbus, OH, USA

This Opinion Article proposes a provocative idea that transcripts of Staphylococcus aureus contribute to
an exceptionally high incidence of MED12 exon 2 mutations among human tumors.

After providing an excellent summation of the current literature on demographics and characteristics of
MED12 mutations in human neoplasms, the authors propose an intriguing concept: the involvement of
mutagenic nucleic acids of bacterial origin in human tumors, based on the discovery of a Staphylococcus
genome sequence of which the transcript may form an R-loop with human MED12 gene on the mutation
hotspot. This novel concept merits further discussion among researchers of diverse biomedical fields.

There are several issues that | recommend the authors to address.

I. The importance of the idea would increase if the following issues are resolved.
® The methods of database search for homologous sequences and the statistical significance of the
finding should be described. In other words, it is unclear how frequently such homologous
sequences to the human genome appear in the genome of pathogenic microorganisms, and what
proportion of such homologous sequences can form an R-loop with human genome if they are
transcribed.
®  The palindromic sequence is located at 30 bp from the 3’ end of tRNA-Leu on the reverse strand in
Staphylococcus aureus genome. Since it is not a typical template for transcription, inclusion of
references that suggest transcriptional activity in such genomic regions of bacteria would help
further discussion by increasing the feasibility of the proposed model.
® |t would also be helpful to include a discussion on the possible mechanisms through which naked
transcripts of low-copy number in the circulation could possibly reach the target locus in the
genome of myometrial cells. For instance, internalization of shRNA for RNAi is achieved by viral
transduction or chemical/physical transfection of shRNA expression vectors.
® The authors may speculate the mechanisms that unfold the minimum free energy structure of short
hairpin transcripts and facilitate the hybridization to the genomic DNA. For example, shRNA is
processed into siRNA, and then siRNA forms a complex with cellular proteins to elicit RNAI effect.
Il. There are issues in data presentation
® Regarding the title of Figure 2: “Single and multiple MED12-mutation positive uterine leiomyomas”,
the adjectives “single and multiple” could modify “MED12-mutation”. Adding a hyphen (MED12
-mutation-positive) and using of “solitary” instead of “single” would improve the readability.
Error: The labels for single and multiple UL groups in Figure 2 are switched.
® The graphs in Figures 2, 3 and 4 are the same data in different presentation format. The Figures 3
and 4 seem to be redundant.
[ll. There are other factors that also likely contribute to the high prevalence of patients with multiple
MED12 mutant ULs.

1. A single hit on the active MED12 allele is sufficient for the pathogenesis of ULs. Human cancer
cells usually carry multiple putative driver mutations even at the earliest stage. In contrast, most
MED12 mutant ULs do not carry additional mutations, suggesting a MED12 mutation is sufficient to
drive UL pathogenesis. Since the MED12 is on X-chromosome, a single hit on the active allele of
MED12 has dominant effect. Hence, the development of UL through MED12 mutations should
occur at a significantly higher rate compared to the neoplasms that require multiple genetic lesions
for pathogenesis.

2. Diversity of pathogenic MED 12 mutations increases the prevalence of MED12-mutant ULs.

Generally, driver missense mutations of human neoplasms are very specific. For instance, nearly
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all adult-type granulosa cell tumors carry FOXL2 ¢.402C>G (C134W) missense mutation. While
single base replacements in the hotspot triplet bases can also result in conversion of C134 to F, S,
Y, R and G, only C134W is pathogenic. In contrast, a variety of MED12 mutations, = 10 missense
and > 30 indel mutations, are associated with ULs. For instance, missense mutations that convert
MED12 G44to D, S, V, R, C and A are all pathogenic. Hence, even if the mutation rate per
nucleotide is equal throughout the human genome, the incidence of pathogenic MED12 mutations
should be many times higher than other pathogenic mutations.

3. UL is a hormone dependent tumor. Another key factor that this Opinion Article does not address is
the systemic hormonal environment. The pathogenesis of UL depends on estrogen and
progesterone. Since ULs are counted only when they grow to a grossly recognizable size, patients
with endocrine profiles favorable to the growth of ULs should have a higher number of tumors even
if the incidence of pathogenic mutations in myometrial cells is equal among all women.

Discussion of these factors is not essential, as the model proposed in this article would work
independently. Nevertheless, these additions would help balance the discussion.

Is the topic of the opinion article discussed accurately in the context of the current literature?
Yes

Are all factual statements correct and adequately supported by citations?
Yes

Are arguments sufficiently supported by evidence from the published literature?
Partly

Are the conclusions drawn balanced and justified on the basis of the presented arguments?
Partly

Competing Interests: No competing interests were disclosed.
Referee Expertise: Biology of Uterine Lieomyoma

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
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