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Members of the RAS superfamily of small guanosine triphospha-
tases (GTPases) transition between GDP-bound, inactive and GTP-
bound, active states and thereby function as binary switches in the
regulation of various cellular activities. Whereas HRAS, NRAS, and
KRAS frequently acquire transforming missense mutations in hu-
man cancer, little is known of the oncogenic roles of other small
GTPases, including Ras-related C3 botulinum toxin substrate (RAC)
proteins. We show that the human sarcoma cell line HT1080 har-
bors both NRAS(Q61K) and RAC1(N92I) mutant proteins. Whereas
both of these mutants were able to transform fibroblasts, knock-
down experiments indicated that RAC1(N92I) may be the essential
growth driver for this cell line. Screening for RAC1, RACZ, or RAC3
mutations in cell lines and public databases identified several mis-
sense mutations for RAC1 and RAC2, with some of the mutant
proteins, including RAC1(P29S), RAC1(C157Y), RAC2(P29L), and
RAC2(P29Q), being found to be activated and transforming.
P29S, N92I, and C157Y mutants of RAC1 were shown to exist pref-
erentially in the GTP-bound state as a result of a rapid transition
from the GDP-bound state, rather than as a result of a reduced
intrinsic GTPase activity. Activating mutations of RAC GTPases
were thus found in a wide variety of human cancers at a low
frequency; however, given their marked transforming ability, the
mutant proteins are potential targets for the development of new
therapeutic agents.

oncogene | resequencing

he identification of transforming proteins and the develop-

ment of agents that target them have markedly influenced the
treatment and improved the prognosis of individuals with cancer.
Chronic myeloid leukemia (CML), for example, has been shown
to result from the growth-promoting activity of the fusion tyrosine
kinase breakpoint cluster region-Abelson murine leukemia viral
oncogene homolog 1 (BCR-ABL1), and treatment with a specific
ABLI1 inhibitor, imatinib mesylate, has increased the 5-y survival
rate of individuals with CML to almost 90% (1). Similarly, the
fusion of echinoderm microtubule associated protein like 4 gene
(EML4) to anaplastic lymphoma receptor tyrosine kinase (4LK)
is responsible for a subset of non-small-cell lung cancer cases (2),
and therapy targeted to EMLA-ALK kinase activity has greatly
improved the progression-free survival of affected individuals
compared with that achieved with conventional chemotherapies
(3). Therapies that target essential growth drivers in human
cancers are thus among the most effective treatments for these
intractable disorders.

V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog
(KRAS), v-Ha-ras Harvey rat sarcoma viral oncogene homolog
(HRAS), and neuroblastoma RAS viral (v-ras) oncogene ho-
molog (NRAS) are the founding members of the rat sarcoma
(RAS) superfamily of small guanosine triphosphatases (GTPases)

www.pnas.orglcgi/doi/10.1073/pnas. 1216141110

that is known to comprise >150 members in humans (4). Five
subgroups of these small GTPases have been identified and des-
ignated as the RAS; ras homolog family member (RHO); RABIA,
member RAS oncogene family (RAB); RAN, member RAS on-
cogene family (RAN); and ADP-ribosylation factor (ARF) fami-
lies. All small GTPases function as binary switches that transition
between GDP-bound, inactive and GTP-bound, active forms and
thereby contribute to intracellular signaling that underlies a wide
array of cellular activities, including cell proliferation, differenti-
ation, survival, motility, and transformation (5). Somatic point
mutations that activate KRAS, HRAS, or NRAS have been
identified in a variety of human tumors, with KRAS being the
most frequently activated oncoprotein in humans. Somatic acti-
vating mutations of KRAS are thus present in >90% of pancreatic
adenocarcinomas, for example (6). Surprisingly, however, muta-
tional activation of small GTPases other than KRAS, HRAS, and
NRAS has not been widely reported.

Ras-related C3 botulinum toxin substrate (RAC) 1, RAC2, and
RAC3 belong to the RHO family of small GTPases (7). RAC
proteins orchestrate actin polymerization, and their activation
induces the formation of membrane ruffles and lamellipodia (8),
which play essential roles in the maintenance of cell morphology
and in cell migration. Accumulating evidence also indicates that
RAC proteins function as key hubs of intracellular signaling that
underlies cell transformation. RAC1, for example, serves as an es-
sential downstream component of the signaling pathway by which
oncogenic RAS induces cell transformation, and artificial in-
troduction of an amino acid substitution (G12V) into RACI ren-
ders it oncogenic (9). Furthermore, suppression of RACI activity
induces apoptosis in glioma cells (10), and loss of R4CI or RAC2
results in a marked delay in the development of BCR-ABL1-driven
myeloproliferative disorder (11). Despite such important roles of
RAC proteins in cancer, somatic transforming mutations of these
proteins have not been identified in cancer specimens.

We have now discovered a mutant form of RAC1 with the amino
acid substitution N92I in a human sarcoma cell line, HT1080, and
have found that this mutation renders RAC1 constitutively active
and highly oncogenic. Even though HT1080 cells also harbor the
NRAS(Q61K) oncoprotein, RACI(N92I) is the essential growth
driver in this cell line, given that RNA interference (RNAI)-
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mediated knockdown of RACI(N92I) markedly suppressed cell  to-Lys substitution at amino acid position 61 (Q61K), was de-
growth. Further screening for R4C1, RAC2, and RAC3 mutations  scribed previously in this cell line (14) and is the most frequent
among cancer cell lines as well as public databases identified ad-  transforming mutation of NRAS (5). We also discovered a mis-
ditional transforming mutations of RAC1 and RAC2. Our data  sense mutation in another small GTPase, RAC1 (Fig. S1 and
thus reveal oncogenic amino acid substitutions for the RAC sub-  Table S1). An A-to-T transversion at position 516 of human
family of small GTPases in human cancer. RACI cDNA (GenBank accession no. NM_006908.4), resulting
in an Asn-to-Ile substitution at position 92 of the encoded pro-
tein, was thus identified in 11,525 (47.5%) of the 24,238 total
reads covering this position.

To examine the transforming potential of RAC1(N92I), we
infected mouse 3T3 fibroblasts and MCF10A human mammary
epithelial cells (15) with a retrovirus encoding wild-type or N92I
mutant form of human RAC1 and then seeded the cells in soft
agar for evaluation of anchorage-independent growth. Neither

843 genes was 495x per nucleotide, and >70% of the captured 315 nor MCF10A cells expressing wild-type RACI grew in soft
regions for 568 genes were read at >10x coverage. agar (Fig. 14), indicating the lack of transforming potential of

Screening for nonsynonymous mutations in the data set with RACL. In contrast, the cells expressing RACI(N92I) readily
the use of our computational pipeline (13) revealed a total of five ~ grew in soft agar (Fig. 14), showing that this RAC1 mutant
missense mutations with a threshold of >30x coverage and confers the property of anchorage-independent growth on both
a >30% mutation ratio (Table S1). One of these mutations, a 3T3 and MCF10A cells. We also confirmed the transforming
heterozygous missense mutation of NRAS that results in a GIn-  potential of an artificial mutant of RACI, RAC1(G12V) (8),

Results

Discovery of the RAC1(N92I) Oncoprotein. To identify transforming
genes in the fibrosarcoma cell line HT1080 (12), we isolated
cDNAs for cancer-related genes (n = 906) from HT1080 cells
and subjected them to deep sequencing with the Genome Ana-
lyzer IIx (GAIIx) system. Quality filtering of the 92,025,739 reads
obtained yielded 45,325,377 unique reads that mapped to 843
(93.0%) of the 906 target genes. The mean read coverage for the
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Fig. 1. Transforming potential of RAC1 and RAC2 mutants. (4) 3T3 or MCF10A cells were infected with recombinant retroviruses encoding enhanced green
fluorescent protein (EGFP) as well as wild-type or mutant forms of RAC1 or RAC2 and were then assayed for anchorage-independent growth in vitro under
the presence of 10% (vol/vol) FBS. After 14 d (3T3) or 20 d (MCF10A) of culture, the cells were stained with crystal violet and examined by conventional
microscopy (Left: left image of each pair), and they were monitored for EGFP expression by fluorescence microscopy (Left: right image of each pair). (Scale
bars, 0.5 mm.) The numbers of cell colonies were also determined as means + SD from three independent experiments (Right). (B) 3T3 cells expressing wild-
type or mutant forms of RAC1 or RAC2 were injected s.c. into the shoulder of nude mice, and the size of the resulting tumors [(length x width)/2] was
determined at the indicated times thereafter. Tumor size for 3T3 expressing NRAS(Q61K) was similarly monitored. Data are means + SD for tumors at four
injection sites. (C) HEK293T cells were transfected with expression vectors for wild-type or mutant forms of RAC1 or RAC2 together with the SRE.L reporter
plasmid and pGL-TK. The activity of firefly luciferase in cell lysates was then measured and normalized by that of Renilla luciferase. Data are means + SD from
three independent experiments. (D) Lysates of 3T3 cells expressing wild-type or mutant forms of RAC1 or RAC2 were subjected to a pull-down assay with
PAK1-PBD. The precipitated proteins as well as the total cell lysates were then subjected to immunoblot analysis with antibodies to RAC1 or to RAC2. The
relative amounts of pulled-down RAC proteins compared with their corresponding expression levels in total cell lysate were normalized to that of wild-type
RAC1 (for the RAC1 mutants) or RAC2 (for the RAC2 mutants) and are shown at the bottom.
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which harbors an amino acid substitution corresponding to that
of the oncogenic G12V mutant form of RAS proteins.

Other Transforming Mutations of RAC1 and RAC2. We next searched
for other transforming mutations of RAC proteins. Human RACI,
RAC2 (GenBank accession no. NM_002872.3), and RAC3 (Gen-
Bank accession no. NM_005052.2) cDNAs were isolated from 40
cancer cell lines (Table S2), and their nucleotide sequences were
determined by Sanger sequencing, resulting in the discovery of
RACI1(P29S), RAC2(P29Q), and RAC2(P29L) in the breast can-
cer cell line MDA-MB-157, the CML cell line KCL-22, and the
breast cancer cell line HCC1143, respectively (Fig. S1 and Table
S3). Further searching for RACI, RAC2, and RAC3 mutations in
the COSMIC database of cancer genome mutations (Release
V59; http://cancer.sanger.ac.uk/cancergenome/projects/cosmic)
revealed various amino acid substitutions detected in human
tumors, namely RACI1(P29S), RAC1(C157Y), RAC1(P179L),
RAC2(I121M), RAC2(P29L), RAC2(D47Y), and RAC2(P106H)
(Table S3). Importantly, all of these RACI and RAC2 mutations
identified in clinical specimens were confirmed to be somatic,
given that the corresponding mutations were absent in the ge-
nome of paired normal cells.

To examine the transforming potential of these various RAC1
and RAC2 mutants, we expressed each protein in 3T3 and MCF10A
cells and evaluated anchorage-independent growth. Whereas the
wild-type form of RAC2 did not transform 3T3 or MCF10A cells,
growth in soft agar was apparent for 3T3 cells expressing RAC1
(P29S), RACI(C157Y), RAC2(P29L), or RAC2(P29Q), but not
for those expressing RAC1(P179L), RAC2(121M), RAC2(D47Y),
or RAC2(P106H) (Fig. 14). Of interest, colony number in the assay
varied substantially in a manner dependent on the type of amino
acid substitution as well as on cell type. RAC1(C157Y), for ex-
ample, yielded fewer colonies in soft agar compared with the
other transforming mutants. Furthermore, RAC1(P29S), which
was identified in a breast cancer cell line, generated a larger nu-
mber of colonies with MCF10A cells than with 3T3 cells. Con-
versely, RAC1(N92I), which was identified in a fibrosarcoma cell
line, yielded a larger number of colonies with 3T3 cells than with
MCFI10A cells. The oncogenic activity of RAC1(P29S), RAC1
(N92I), RAC1(C157Y), RAC2(P29L), and RAC2(P29Q) mutants
was further confirmed with a tumorigenicity assay in nude mice
(Fig. 1B), with the activity of RACI(N92I) being the most pro-
nounced with regard to the transformation of 3T3 cells in this assay.

The colony number in soft agar for 3T3 cells expressing NRAS
(Q61K) was fewer than that for the cells expressing oncogenic
RACI or RAC2 mutants (Fig. 14), whereas expression of these
small GTPases was readily confirmed in 3T3 (Fig. S2). Interestingly,

Mock

Wild-type

s.c. tumors from the same 3T3 cells expressing NRAS(Q61K)
grew more rapidly than tumors expressing the RACI/RAC2
mutants (Fig. 1B), indicating that the measured intensity of the
transforming potential of GTPases may vary in a dependent
manner on assay systems.

To examine whether such oncogenic potential is linked di-
rectly to the activation of RAC1 or RAC2, we investigated the
activity of the mutant proteins with the use of a luciferase re-
porter plasmid that selectively responds to intracellular signaling
evoked by RHO family GTPases (16). In concordance with the
data from the soft agar and tumorigenicity assays, only the trans-
forming mutants of RAC1 and RAC2 yielded a substantial level of
luciferase activity in transfected HEK293T cells (Fig. 1C).

Activated RAC1 or RAC2 would be expected to be loaded with
GTP. We therefore examined the GTP-binding status of the
RACI1 and RAC2 oncoproteins with the use of a pull-down assay
based on the p21-binding domain (PBD) of PAK1. All of the
transforming RAC1 and RAC2 mutants were found to exist
preferentially in the GTP-bound state (Fig. 1D), indicative of their
constitutive activation. Furthermore, these RAC1 and RAC2
mutants induced marked reorganization of the actin cytoskeleton
in 3T3 cells, resulting in the accumulation of polymerized actin in
ruffles at the plasma membrane (Fig. 2).

RAC1 and RAC2 as Therapeutic Targets. Given that NRAS(Q61K) is
also known to transform 3T3 cells (17) (Fig. 14), our data show
that HT1080 cells harbor two independent oncogenic GTPases.
We therefore examined whether RAC1(N92I) or NRAS(Q61K) is
the principal growth driver in this sarcoma cell line. Among several
small interfering RNAs (siRNAs) designed to attenuate the ex-
pression of RACI1 or NRAS, we selected two independent siRNAs
that specifically target each mRNA (Fig. 34). Whereas trans-
fection of HT1080 cells with either NRAS siRNA resulted in
a moderate inhibition of cell proliferation under the presence of
10% (vol/vol) FBS, that with either RAC1 siRNA almost blocked
cell growth (Fig. 3B). Transfection with an NRAS siRNA in ad-
dition to either RAC1 siRNA did not result in an additional effect
on cell proliferation (Fig. 3B). Similar data were observed in
a culture with 1% (volivol) FBS (Fig. S34) or under FBS-free
conditions (Fig. S3B). To further examine the effects of silencing
RACI/NRAS, we quantitated cell cycle distribution of HT1080
transfected with siRNAs against either RAC1 or NRAS. As shown
in Fig. S44, DNA synthesis was equally suppressed by the
knockdown of RAC1 or NRAS. Interestingly, however, CASP3/
CASP7 activity (a surrogate marker for apoptosis) was markedly
induced only by RACI depletion (Fig. S4B). Therefore, RAC
proteins are likely to provide RAS-independent cell survival

G1zav

RAC1 P29S NO92|

C157Y

Wild-type

P29L

P29Q

- | N B N

Fig. 2. Actin reorganization induced by the RAC1/RAC2 mutants. 3T3 cells infected with retroviruses encoding enhanced green fluorescent protein (EGFP) as
well as wild-type or mutant forms of RAC1 or RAC2 were stained with Alexa Fluor 594-labeled phalloidin to visualize actin organization (Left image of each
pair). The same cells were also examined for EGFP fluorescence (Right image of each pair). (Scale bars, 20 pm.)
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Fig. 3. Oncogenic RAC proteins as therapeutic targets. (A) HT1080 cells were transfected with control, RAC1, or NRAS siRNAs; lysed; and subjected to im-
munoblot analysis with antibodies to RAC1, NRAS, or ACTB (loading control). (8) HT1080 cells were transfected with control, RAC1, or NRAS siRNAs, as in-
dicated, and cultured under the presence of 10% (volfvol) FBS. Cell number was counted at the indicated times after the onset of transfection. Data are means +
SD from three independent experiments. (C) HT1080 cells were infected with a retrovirus encoding green fluorescent protein (EGFP) as well as a control or RAC1
shRNA. They were also infected with a retrovirus encoding shRNA-resistant wild-type RAC1 or RAC1(N92I), as indicated. The number of EGFP-positive cells was
determined by flow cytometry after culture of the cells for the indicated times, and the size of the EGFP-positive fraction relative to that at 2 d was calculated.
Data are means + SD from three independent experiments. (D) MDA-MB-157 cells were infected with a retrovirus encoding EGFP as well as a control or RAC1
shRNA. They were also infected with a retrovirus encoding shRNA-resistant wild-type RAC1 or RAC1(P295), as indicated. The number of EGFP-positive cells was
determined by flow cytometry after culture of the cells for the indicated times, and the size of the EGFP-positive fraction relative to that at 3 d was calculated.
Data are means + SD from three independent experiments.

signals, which is supported by the fact that, even under FBS-free
conditions, RACI1 depletion has more antiproliferative effects in
HT1080 than NRAS depletion (Fig. S3B). These data show that
active RAC1 may be the essential growth driver in HT1080 cells
and is therefore a potential therapeutic target. Furthermore, our
data suggest that oncogenic RAS proteins may require additional
transforming hits to give rise to full-blown cancer.

We next infected HT1080 cells with a retrovirus expressing a
short hairpin RNA (shRNA) targeted to RAC1 mRNA. Expres-

of shRNA-resistant wild-type RACI failed to reverse the inhibitory
effect of the RAC1 shRNA on cell growth, indicating that growth
suppression by the shRNA was due to depletion of the N92I
mutant, not to that of the wild-type protein. We performed similar
experiments with the breast cancer cell line MDA-MB-157, which
harbors RAC1(P29S). Again, the RAC1 shRNA inhibited cell
growth, and this effect was reversed to a larger extent by restora-
tion of the expression of shRNA-resistant RAC1(P29S) than by
forced expression of the wild-type protein (Fig. 3D and Fig. S5).

sion of the RAC1 shRNA markedly suppressed cell growth,
whereas restoration of shRNA-resistant RACI(IN92I) expression
reversed this effect (Fig. 3C and Fig. S5), showing that the effect of
the RAC1 shRNA was not an off-target artifact. Forced expression

RAC1(P29S), RAC1(N921), and RAC1(C157Y) Are Rapid-Cycling Mutants.
Oncogenic mutations at G12, G13, or Q61 of RAS proteins found
in human tumors reduce the intrinsic GTPase activity of these
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Fig. 4. Biochemical properties of RAC1 mutants. (A) Bacterially expressed and purified proteins of the wild-type, P295S, N921, or C157Y mutant of RAC1 (5 pmol
each) were incubated with [**S]GTPyS in the presence of 0.8 mM Mg?*, and the amounts of [**5]GTPyS-bound proteins were determined at the indicated times.
(B) [*HIGDP dissociation from [*H]GDP-bound RAC1 proteins was initiated by the addition of unlabeled GTPyS in the presence of 0.8 mM Mg?*, and the amounts
of [*H]GDP-bound proteins were determined at the indicated times. (C) RAC1 proteins were preloaded with [y*?P] GTP, and then GTP hydrolysis reactions were
initiated by the addition of unlabeled GTP in the presence of 0.8 mM Mg?*. P; released from the proteins was isolated and measured at the indicated times. (D)
[**51GTPyS dissociation from [**S]GTPyS-bound RAC1 proteins was initiated by the addition of unlabeled GTPYS in the presence of 0.8 mM Mg?*, and the
amounts of [**S]GTPyS-bound proteins were determined at the indicated times. (E) Schematic representation of the structure of the GTP-binding pocket of
human RAC1 (ID 1mh1 in the Protein Data Bank; www.pdb.org) with a-helices and p-sheets shown in magenta and orange, respectively. The GTP analog
guanosine 5'-(,y-imido)-triphosphate (GppNp) and Mg** are depicted in red and green, respectively. D11, P29, N92, and C157 amino acid residues are in
orange, blue, yellow and purple, respectively. The positions of switch | and switch Il regions and the P-loop are also indicated.
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proteins and thereby maintain them in the GTP-bound state (18,
19). On the other hand, an artificial F28L substitution in HRAS
or the RHO family protein Cdc42Hs was shown to confer con-
stitutive activity by accelerating the transition from the GDP-
bound to the GTP-bound state without the involvement of an
exogenous guanine nucleotide exchange factor (GEF) (20, 21).

To determine how transforming mutations of RACI results in
constitutive activation of these proteins, we examined their af-
finity for GTP and GDP. Compared with wild-type RACI1, all of
RACI1(P29S), RAC1(N92I), and RAC1(C157Y) was found to
bind GTPyS (nonhydrolyzable GTP analog) rapidly in vitro, even
without the addition of a GEF protein (Fig. 44). Likewise, the
dissociation of GDP from the mutant forms of RAC1 was greatly
accelerated (Fig. 4B). On the other hand, the intrinsic GTPase
activity of these mutants was similar to (for P29S and N92I) or
slightly higher (for C157Y) than that of the wild-type protein
(Fig. 4C). These data thus indicated that, in contrast to trans-
forming RAS mutants associated with human cancer, RAC1
(P29S), RAC1(N92I), and RAC1(C157Y) are fast-cycling mutants,
for which the probability of being in the GTP-bound state is in-
creased as the result of an increased rate of GDP dissociation,
rather than as the result of a loss of GTPase activity.

Interestingly, dissociation of GTPyS was also accelerated only
for RAC1(C157Y), but not for the wild-type, P29S, or N92I form
of RAC1 (Fig. 4D). Thus, RAC1(C157Y) is a unique mutant in
that both association and dissociation for GTP are accelerated,
which may provide the molecular basis for its modest trans-
forming potential compared with that of RAC1(P29S) or RAC1
(N92I) (Fig. 1).

In the 3D structure of RAC1 (Fig. 4E), P29 is located in the
switch I region, whereas C157 is positioned adjacent to the gua-
nine ring of bound GTP. Substitution of these residues would thus
likely affect the affinity of the protein for GDP or GTP (Fig. S6),
a phenomenon that has been demonstrated recently for RAC1
(P29S) (22). In contrast, N92 is located distant from the binding
pocket for GDP/GTP, and so the structural mechanism by which
the N92I substitution renders RACI constitutively active remains
elusive (Fig. 4E and Fig. S6). Residue N92 is located close to D11
in the P-loop of RAC1, however (Fig. 4E and Fig. S7), and sub-
stitution with isoleucine at this position would abolish the in-
teraction between the amino group of N92 and the carboxyl group
of D11. It is thus possible that the N92I mutation affects the
binding of GDP/GTP through an effect on the P-loop.

Discussion
We have here demonstrated the transforming potential of mu-
tated RAC proteins. Our analysis of cell lines resulted in the
identification of transforming mutants of RAC1 and RAC2,
namely RAC1(N92I) and RAC2(P29Q), and we also revealed
the transforming potential of the RAC1(P29S), RACI1(C157Y),
and RAC2(P29L) mutants deposited the COSMIC database of
cancer genome mutations (Release V59; http://cancer.sanger.ac.
uk/cancergenome/projects/cosmic) (Table S3). In contrast, the
soft agar assay did not reveal a transforming potential of the
RACI1(P179L), RAC2(121M), RAC2(D47Y), or RAC2(P106H)
mutants found in the database, suggesting a possibility that they
are “passenger mutations.” It may also be possible, however, that
these mutants may still contribute to cancer development by
modifying tumor properties (such as metastasis ability), given that
they were somatically acquired and clonally selected in cancer.
An important finding of our study was that the oncogenic
effects of RAC1(N92I) may be more pronounced than those of
NRAS(Q61K), at least with regard to survival signals in HT1080
cells (Fig. 3B). It should be noted, however, that HT1080 ex-
presses RAC1 almost exclusively among the RAC family proteins,
whereas HRAS and KRAS are weakly expressed in addition to
NRAS (Fig. S8). It is thus possible that the effects of NRAS
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knockdown in Fig. 3B may be partly complemented by the re-
sidual HRAS/KRAS proteins.

Paterson et al. previously isolated NRAS-attenuated subclones
of HT1080 after treatment with an alkylating reagent (N-methyl-
N'-nitro-N-nitrosoguanidine) and a subsequent culture with 5-flu-
orodeoxyuridine and 1-B-p-arabinofuranosylcytosine (23). Such
subclones had a flat cell shape and a reduced ability for anchor-
age-independent growth. Likewise, we noted that transfection
with NRAS siRNAs renders HT1080 a flatter shape (Fig. S9). As
demonstrated in Fig. 3B and by Paterson et al. (23), however, such
NRAS-depleted HT'1080 was still viable and kept proliferation in
vitro, suggesting the presence of other oncogene(s) in addition to
NRAS(Q61K). Therefore, NRAS(Q61K) and RACI(N92I) are
likely to cooperate to fully transform this fibrosarcoma.

Regarding the coexistence of mutations within RAC family
proteins and RAS-RAF-MAPK proteins, two studies indepen-
dently reported recurrent P29S mutation of RAC1 in melanoma
during the preparation of this article (22, 24). Of note, BRAF
(V600E) was also detected in four of six and in two of seven of the
RAC mutation-positive melanomas, respectively. These observa-
tions, together with our findings with HT1080 cells, thus indicate
that activating mutations of RAC1 and those of the RAS-RAF-
signaling pathway are not mutually exclusive.

Members of the RAC subfamily of GTPases show a high level
of sequence identity in humans. The amino acid sequence of
RAC1 is thus 92% identical to that of RAC2 or RAC3. Fur-
thermore, all of the amino acid residues of RAC1 or RAC2 found
to be mutated in cancer (Table S3) are completely conserved
among RAC1, RAC2, and RAC3. Thus, transforming RAC3
mutants with similar nonsynonymous mutations may also exist in
human cancer, although such mutations were not detected in the
current screening. Of interest, none of the frequent mutation sites
in RAS family proteins (G12, G13, and Q61) were found to be
affected in RAC1 or RAC2, although an artificial G12V mutant
of RACI1 did manifest constitutive GTP loading and transforming
potential. Given that RAC proteins perform intracellular func-
tions (such as orchestration of the actin cytoskeleton) that are
distinct from those of RAS family members, RAC-driven acti-
vation of specific intracellular pathways may be advantageous for
cancer development in vivo.

Given that we detected activation mutations of RAC1 or RAC2
in cell lines from sarcoma (HT1080), triple-negative breast cancer
(MDA-MB-157 and HCC1143), and the blast crisis stage of CML
(KCL-22), we performed deep sequencing of RACI, RAC2, and
RAC3 cDNAs with GAIIx for specimens of triple-negative breast
cancer (n = 66), of RACI and RAC2 cDNAs for specimens of
CML in blast crisis (n = 43), and of BCR-ABLI-positive acute
lymphoblastic leukemia (n = 31), as well as of RACI cDNAs for
specimens of sarcoma (n = 53). We failed, however, to detect any
nonsynonymous mutations among these RAC cDNAs.

Our results have shown that RAC proteins have the potential
to become oncogenic through amino acid substitution in a wide
array of cancers. Although such RAC mutations may occur at
a low frequency, the recent studies of Krauthammer et al. (22)
and Hodis et al. (24) suggest that they may be enriched in mel-
anoma (~5%). Importantly, given that HT1080 cells are highly
addicted to the increased activity of RACI(N92I), the targeting
of oncogenic RAC proteins or their downstream effectors with
small compounds or RNAi may prove to be an effective ap-
proach to the treatment of cancer harboring such oncoproteins.

Materials and Methods

The human fibrosarcoma cell line HT1080 was obtained from American Type
Culture Collection, and subjected to deep sequencing with GAllx. Recombinant
retrovirus expressing the wild-type or mutant forms of RAC1 or RAC2 was used
to infect mouse 373 fibroblasts to examine its transforming potential. Detailed
information for cDNA resequencing, transformation assays, biochemical
analysis of RAC proteins, and RNAI are detailed in 5/ Materials and Methods.
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Abstract We analyzed the expression of several
microRNAs (miRs) implicated in breast cancer (BC)
pathogenesis (miR-21, miR-10b, miR17-5p, mir-31, miR-
155, miR-200c, miR-18a, miR-205, and miR-27a) in 80
breast carcinomas obtained from patients with bilateral BC
(biBC) and 40 cases of unilateral BC (uBC). Unexpectedly,
three miRs (miR-21, miR-10b and miR-31) demonstrated
significantly higher level of expression in biBC vs. uBC
(P = 0.0001, 0.00004 and 0.0002, respectively). Increased
contents of miR-21, miR-10b and miR-31 were observed in
all categories of biBC tumors, i.e., in synchronous biBC as
well as in first and second tumors from metachronous biBC
cases. Synchronous biBC showed more similarity of miR
expression profiles within pairs that the metachronous
doublets (P = 0.004). This study suggests that bilateral
breast tumors have somewhat distinct pattern of molecular
events as compared to the unilateral disease.
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Introduction

Bilateral breast cancer (biBC) represents approximately 5%
of total breast cancer (BC) incidence. biBC patients develop
the same disease twice; therefore, they are particularly likely
to have high level of genetic or non-genetic predisposition to
BC [1]. Genotyping studies have revealed elevated incidence
of BC-predisposing germ-line mutations in biBC patients;
however, the inherited defects in BRCAI, BRCA2, CHEK?2,
and other known BC genes explain only a minority of biBC
cases [2]. Causes of double BC occurrence in the mutation-
negative BC patients remain largely unknown, and cannot be
explained by the excess of canonical BC risk factors [1, 3, 4].
biBC and unilateral BCs (uBC) demonstrate similar distri-
bution of clinical and morphological disease features. Syn-
chronous biBC pairs often show a noticeable concordance of
tumor histology, expression characteristics, and patterns of
somatic mutations, which can be attributed to nearly identical
natural histories of simultaneously arising neoplasms [5-8].
Metachronous biBCs share genetic background of the host;
however, some essential circumstances of tumor develop-
ment may differ between the first and second neoplasms. Age
interval may contribute to dissimilarity of metachronous
biBC, especially if the disease onsets are separated by
menopause [5, 7, 8]. There is also a survival bias, which
selects for metachronous contralateral BC only those patients
whose first cancer behaved favorably, and thus provided
sufficient time interval to develop the second disease [9]. In
addition, adjuvant treatment of hormone-sensitive BC by
tamoxifen or aromatase inhibitors prevents the progression
of the estrogen receptor (ER)-positive and/or progesterone
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receptor (PR)-positive preneoplastic clones in the remaining
breast, thus skewing the distribution of subsequent malig-
nancies toward the receptor-negative variants [10]. Further-
more, some data indicate that as many as 10% of contralateral
metachronous BC arise not because of naturally occurring
factors but because of adverse effects of therapy applied
against the first tumor. These iatrogenic carcinomas have
completely distinct patterns of molecular abnormalities [11].

biBC molecular characteristics have already been
described with respect to genomic abnormalities, p53
mutations, oncogene amplifications, and expression of the
subtype-specific markers [5, 6, 8, 9, 12]. The last decade
brought into attention a novel class of molecules with a
broad role in cancer development, i.e., microRNAs (miRs).
miRs orchestrate the activity of multiple genes by binding
to complementary sequences in the target mRNAs. Specific
interaction between miR and corresponding mRNA pre-
vents translation of the protein or leads to the degradation
of the coding transcript [13, 14]. Several miRs have been
implicated in different aspects of BC progression
(Table 1). In this article, we present the results of expres-
sion analysis of BC-associated miRs in bilateral and uni-
lateral breast carcinomas.

Materials and methods

This study included 80 tumors obtained from biBC patients
and 40 randomly selected unilateral BC. biBC collection

Table 1 MicroRNAs implicated in breast cancer development

included 27 tumor pairs (synchronous: 16; metachronous:
11) as well as 26 non-paired samples obtained from biBC
patients. Clinical characteristics of the studied tumors are
presented in Table 2.

Total RNA was isolated by a standard protocol [45].
Multiplex reverse transcription (RT) on miR templates was
performed as described by Chen et al. [46]. Stem-loop RT
primers are listed in Table 3. Each RT reaction was per-
formed in a total volume of 20 pl and contained 2 pl total
RNA, 0.5 nM each miR-specific primer, 1 unit RNAse
inhibitor, 50 units MMLV reverse transcriptase, 1x
MMLYV buffer, and 1 mM each dNTP. Pulsed RT reaction
was used to increase RT efficiency and diminish possible
non-specific interactions between primers for different
miRs. The reaction conditions were as follows: 38 cycles at
16°C for 20 s, 42°C for 20 s, 50°C for 1 s with a final step
of 85°C for 10 min. Negative controls included both
samples without RNA template and preparations of geno-
mic DNA.

Real-time PCR amplification was carried out on the Bio-
Rad iCycler iQTM Real-Time PCR Detection System. All
reactions were carried out in duplicate in a total volume of
10 pl. Each reaction contained 1 pl RT product, 0.35 unit
Taqg DNA polymerase, 1x PCR buffer (pH = 8.3),
3.0 mM MgCl,, 200 pM each dNTP, 200 nM forward
primer, 20 nM universal reverse primer, and 400 nM spe-
cific TagMan probe (Table 2). After initial activation of
Taq polymerase at 95°C for 10 min, the reactions were run
for 45 cycles at 95°C for 15 s and 62°C for 60 s.

miR Target cancer-related genes Relevance to breast cancer References
Oncogenes
miR-21 PDCD4, PTEN, TPM1, maspin, Regulates apoptosis, cell proliferation, invasion and metastasis; [13-19]
bel2, TIMP3, ANP32A, overexpressed in BC; associated with aggressive course of the
SMARCA4, MARCKS disease
miR-10b HOXDI0, Tiaml Promotes metastasis; upregulated in metastatic BC [20, 21]
miR-155 RHOA, FOX03a, SOCSI, Overexpressed in BC, especially in hormone receptor-negative [14, 22-27]
SMADS, SHIPI tumors; involved in epithelial-mesenchymal transition
miR-27a FOXO01, ZBTBI0, Mytl, Spry2,  Regulates estrogen signaling, cell cycle [28-32]
prohibitin
Tumor suppressors
miR-31 FZD3, ITGAS5, M-RIP, MMP16, Down-regulates metastasis-related genes [14, 33]
RDX, RHOA, SATB2
miR-200c BMI1, ZEB1, ZEB2, TUBB3, Down-regulated in BC stem cells; prevents epithelial- [34-36]
FAPI mesenchymal transition; shows tumor suppressing properties in
various experimental conditions; regulates apoptosis; higher
expression level in well- vs. poorly-differentiated tumor cells
miR-18a ERalpha Regulates estrogen signaling; higher expression in ER-negative [37-39]
tumors
miR-205 HER3, ZEB1, ZEB2, VEGF-A Down-regulated in BC; inhibits epithelial-mesenchymal transition [40-42]
Dual role (7): evidence for both oncogenic and tumor suppressor activity
miR-17-5p (miR-91)  AIBI, CCNDI, E2F, HBP1 Regulates cell proliferation, invasion and migration [14, 43, 44]
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Table 2 Clinical characteristics of bilateral and unilateral tumors included in the study

Clinical characteristics biBC uBC
Paired biBC samples Non-paired biBC samples Total =40
Synchronous Metachronous Synchronous  First tumor  Second tumor e
(16 patients) (11 patients) (n=14) (n==6) (n=6)
Left Right First tumor  Second tumor
(n = 16) (n = 16) (n=11) (n=11)
Mean age at diagnosis 57.3 53.1 63.1 56.9 60.2 59.8 57.8 56.8
Age range 38-74 3717 49-80 40-71 33-85 38-73 33-85 36-76
T status
T=1 8 (50%) 5(31%) 4 (36%) 7 (64%) 6 (43%) 2 (33%) 4 (67%) 36 (45%) 14 (35%)
T>1 8 (50%) 11 (69%) 7 (64%) 4 (36%) 8 (57%) 4 (67%) 2 (33%) 44 (55%) 26 (65%)
Concordance of T status within biBC pairs 11 (69%) 4 (36%) - - - - -
N status
N=0 10 (67%) 10 (63%) 4 (36%) 9 (90%) 6 (46%) 5 (83%) 6 (100%) 50 (63%) 14 (35%)
N=>1 5 (33%) 6 (38%) 7 (64%) 1 (10%) 7 (54%) 1 (17%) 0 (0%) 27 (34%) 26 (65%)
No data 1 - - 1 1 - - 3 -
Concordance of N status within biBC pairs 11 (69%) 2 (18%) - - - - -
Menopausal status at the time of diagnosis
Premenopausal 6 (38%) 4 (36%) 0 (0%) 4 (29%) 2 (33%) 1 (17%) 23 (30%) 13 (33%)
Postmenopausal 10 (63%) 7 (64%) 11 (100%) 10 (71%) 4 (67%) 5 (83%) 54 (70%) 27 (68%)
Family history
Positive 1 (11%) 3 (30%) 4 (50%) - 1 (17%) 13 (30%) 4 (10%)
Negative 8 (89%) 7 (70%) 4 (50%) 4 (100%) 5 (83%) 43 (70%) 36 (90%)
No data 7 1 6 2 - 24 -
Tumor histology
Ductal 14 (88%) 14 (88%) 10 (91%) 11 (100%) 14 (100%) 6 (100%) 5 (83%) 74 (93%) 36 (90%)
Lobular 1 (6%) 2 (13%) 1 (9%) - - - 1 (17%) 5 (6%) 1 3%)
Mucinous 1 (6%) - - - - - - 1 (1%) 3 (8%)
ER status
Positive 13 (81%) 12 (75%) 7 (64%) 6 (55%) 10 (71%) 3 (50%) 5 (83%) 56 (70%) 20 (69%)
Negative 3 (19%) 4 (25%) 4 (36%) 5 (45%) 4 (29%) 3 (50%) 1 (17%) 24 (30%) 9 (31%)
No data - - — - - - - - 11
Concordance of ER status within biBC pairs 15 (94%) 8 (73%) - - - - -
PR status
Positive 12 (75%) 11 (69%) 7 (64%) 5 (45%) 10 (71%) 3 (50%) 5 (83%) 53 (66%) 16 (55%)
Negative 4 (25%) 5(31%) 4 (36%) 6 (55%) 4 (29%) 3 (50%) 1(17%) 27 (34%) 13 (45%)
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(n = 40)

uBC

Total

Non-paired biBC samples

Paired biBC samples

biBC

Clinical characteristics

Table 2 continued
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(n = 80)

Second tumor
(n=6)

First tumor

(n

Synchronous
(n = 14)

Metachronous

Synchronous
(16 patients)

= 6)

(11 patients)

Second tumor

(n=11)

First tumor
(n=11)

Right

Left

(n = 16)

(n = 16)

11

No data

5 (45%)

13 (81%)

Concordance of PR status within biBC pairs

HER2 status

5 (22%)

8 (10%)

72 (90%)

1 (17%)
5 (83%)

1 (17%)
5 (83%)

1 (7%)
13 (93%)

1 (6%) 1 (9%) 0 (0%)

15 (94%)

3 (19%)
13 (81%)

Positive

18 (78%)

17

11 (100%)

10 (91%)

Negative

No data

10 (91%)

14 (88%)

Concordance of HER2 status within biBC pairs

Standard curves consisting of three tenfold dilutions of
cDNA template were constructed for each analyzed miR.
miR expression was scored as the ratio between relative
quantity of target miR and relative quantity of miR-nor-
malizer (miR-103). Uniform levels of expression of miR-
103 in normal and cancerous tissues have been shown
previously [47] and confirmed in the current study using the
GeNorm algorithm [http://medgen.ugent.be/ ~ jvdesomp/
genorm/].

Statistical comparisons were made using SPSS 10
software package.

Results

The results of the miRs expression measurements are
presented in Table 4 and Fig. 1. Strikingly, three miR
species, i.e., miR-21, miR-10b, and miR-31, demonstrated
higher level of expression in biBC as compared to uBC
(Mann—Whitney P = 0.0001, 0.00004, and 0.0002,
respectively). Increased contents of miR-21, miR-10b, and
miR-31 were observed in all categories of biBC tumors,
i.e., in synchronous biBC as well as in first and second
tumors from metachronous biBC pairs (Fig. 1). miR-155
and miR-18a showed significantly higher expression in
estrogen ER-negative vs. ER-positive tumors (Table 4).
miR-18a expression also demonstrated significant associ-
ation with younger patients’ age; however, this relationship
was purely attributed to the increased proportion of ER-
negative tumors in women <50 years old (data not shown).

We also attempted to evaluate the level of similarity of
miR expression status within tumor pairs (Fig. 2). We
considered the ratio between miR expression scores within
each pair as the measure of the level of concordance. All
the tested miRs showed higher similarity of expression
status in synchronous vs. metachronous biBC, that is sta-
tistically different from random distribution (binominal test
P value = 0.004). However, none of the individual miRs
achieved the threshold for statistical significance (Fig. 2).

Discussion

This is the first study describing microRNA expression in
bilateral breast carcinomas. Unexpectedly, two oncogenic
miRs (miR-21, miR-10b) and one antioncogenic miR
(miR-31) showed higher expression levels in tumors
obtained from biBC patients as compared to unilateral
neoplasms. Despite the relatively small sample size, this
observation appears to have sufficient level of reliability.
First, P values are indeed convincing, especially given the
fact that they remained well below the significance thresh-
old even after the adjustment for multiple comparisons
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Table 3 Primers and probes for

reverse transcription and real- el
time PCR RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCAACA

Forward GCCGCTAGCTTATCAGACT
Probe CGCACTGGATACGACTCAACAT

miR-10b
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCACAAAT
Forward GCCGCTACCCTGTAGAAC
Probe CGCACTGGATACGACCACAAAT

miR-17-5p
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTACCT
Forward GCCGCCAAAGTGCTTACAG
Probe CGCACTGGATACGACCTACCT

miR-31
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCTATGC
Forward GCCGCAGGCAAGATGCTG
Probe TCGCACTGGATACGACAGCTATGC

miR-155
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACCCCTAT
Forward GCCGCTTAATGCTAATCGTG
Probe TCGCACTGGATACGACACCCCTA

miR-200c
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCCATCAT
Forward GCCGCTAATACTGCCGGGT
Probe TCGCACTGGATACGACTCCATCA

miR-18a
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTATCTGC
Forward GCCGCTAAGGTGCATCTAGT
Probe TCGCACTGGATACGACCTATCTGC

miR-205
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGACTC
Forward GCCGCTCCTTCATTCCAC
Probe TCGCACTGGATACGACCAGACT

miR-27a
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCGGAACT
Forward GCCGCTTCACAGTGGCTA
Probe CGCACTGGATACGACGCGGAAC

miR-103
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCATAGCC
Forward CCGCAGCAGCATTGTACAG
Probe CGCACTGGATACGACTCATAGC
Universal GTGCAGGGTCCGAGGTAT

reverse primer

(Table 4). Second, the observed trend was consistent in all
the categories of biBC tumors (Fig. 2). Furthermore, the
present study has confirmed a known bioclinical association,
i.e., an increased expression of miR-155 and miR-18a in
ER-negative breast carcinomas [26, 37, 38]; this implies that
our sample set and methods of RNA analysis are comparable
with the previously published studies.

The reasons of the differences in microRNA expression
pattern between biBC and uBC are difficult to explain. It is

anticipated, that double occurrence of BC is characteristic
for those women, who have particularly elevated genetic or
non-genetic predisposition to breast cancer. Perhaps,
development of BC in these highly predisposed subjects
involves somewhat distinct repertoire of molecular events.
Unfortunately, only a few prior investigations reported a
direct comparison of somatic events in bilateral vs. uni-
lateral breast carcinomas [9, 11, 12]. Sequencing of TP53
gene detected similar frequency of mutations in biBC and
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Table 4 Median miR expression values in distinct BC subgroups

biBC/uBC Age ER Family history
biBC (n = 80) uBC (n = 40) <50 (n = 38) >50 (n = 82) Negative (n = 76) Positive (n = 33) No (n = 79) Yes (n = 17)

miR-21 1.01 0.56 0.79 0.80 0.91 0.84 0.77 0.92
(0.10-25.93) (0.16-2.56) (0.22-4.81) (0.10-25.93) (0.22-4.99) (0.10-25.93) (0.16-25.93) (0.17-3.62)

P 0.0001* 0.55 0.42 0.97

miR-10b 0.98 0.34 0.96 0.61 0.52 0.92 0.61 0.81
(0.01-18.52) (0.02-2.70) (0.02-5.26) (0.01-18.52) (0.01-4.37) (0.03-18.52) (0.02-18.52) (0.03-7.75)

f 0.00004* 0.33 0.02 0.56

miR-17-5p 0.76 1.22 0.97 0.68 0.95 0.72 0.93 0.50
(0.17-12.35) (0.09-14.24) (0.13-6.61) (0.09-14.24) (0.13-6.33) (0.17-12.35) (0.09-14.24) (0.13-2.00)

P 0.05 0.09 0.19 0.002

miR-31 0.94 0.40 1.11 0.63 1.16 0.65 0.67 1.21
(0.005-18.52) (0.02-5.06) (0.01-11.67) (0.02-16.05) (0.02-14.80) (0.01-16.05) (0.02-16.05) (0.005-14.80)

f o 0.0002* 0.03 0.04 0.40

miR-155 0.65 0.85 0.86 0.67 1.24 0.63 0.83 0.63
(0.43-6.82) (0.07-4.78) (0.04-6.82) (0.05-4.78) (0.38-6.82) (0.04-3.91) (0.04-6.82) (0.07-3.84)

P 0.04 0.02 0.00002* 0.31

miR-200c 0.51 0.74 0.75 0.55 0.70 0.54 0.64 0.53
(0.12-6.38) (0.16-4.73) (0.14-2.92) (0.12-6.38) (0.33-2.92) (0.12-6.38) (0.15-6.38) (0.12-1.62)

P 0.02 0.01 0.10 0.21

miR-18a 0.45 0.32 0.50 0.35 0.96 0.36 0.39 0.44
(0.04-8.10) (0.08-2.33) (0.05-8.06) (0.04-3.94) (0.08-8.06) (0.04-3.94) (0.05-8.06) (0.04-2.07)

P 0.01 0.0006* 0.000003* 0.86

miR-205 0.38 0.40 0.55 0.33 0.38 0.38 0.38 0.46
(0.005-18.52) (0.002-4.26) (0.005-4.80) (0.002-18.52) (0.005-1.20) (0.003-18.52) (0.002-18.52) (0.03-4.80)

P 0.57 0.005 0.22 0.29

miR-27a 1.10 1.21 1.29 1.02 1.00 1.14 1.21 1.11
(0.16-13.58) (0.07-26.97) (0.35-4.35) (0.07-26.97) (0.35-26.97) (0.07-13.58) (0.07-27.00) (0.30-3.88)

P 0.65 0.10 0.64 0.87

<01
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Table 4 continued

BRCAL1 HER2 N status
Wild-type Mutated Negative Positive N=0 N>0
(n = 82) n="7 (n = 94) (n = 14) (n = 64) (n=53)
miR-21 0.72 1.21 0.84 0.78 0.74 0.83
(0.16-25.93) (0.27-1.92) (0.10-25.93) (0.30-2.56) (0.10-25.92) (0.16-8.92)
P 0.27 0.93 0.73
miR-10b 0.79 0.73 0.79 0.44 0.80 0.52
(0.02-18.52) (0.16-4.00) (0.01-18.52) (0.18-4.37) (0.01-18.52) (0.03-7.75)
P 0.75 0.60 0.22
miR-17- 0.77 0.95 0.78 0.67 0.71 0.78
5p (0.09-14.24) (0.29-1.65) (0.13-12.35) (0.36-4.04) (0.09-12.34) (0.13-14.24)
P 0.93 0.56 0.21
miR-31 0.69 1.89 0.68 0.92 0.63 0.69
(0.01-16.05) (0.22-5.35) (0.01-16.05) (0.09-7.93) (0.02-16.05) (0.005-14.80)
P 0.07 0.74 0.35
miR-155 0.80 0.76 0.71 0.84 0.71 0.80
(0.04-6.82) (0.32-2.74) (0.04-6.82) (0.38-4.78) (0.05-5.00) (0.04-6.82)
P 0.81 0.07 0.35
miR-200c 0.65 0.47 0.55 0.74 0.55 0.60
(0.12-6.38) (0.39-0.84) (0.12-6.38) (0.33-1.90) (0.15-6.38) (0.12-2.92)
P 0.25 0.24 0.64
miR-18a 0.37 0.50 0.41 0.55 0.40 0.39
(0.04-8.06) (0.10-4.21) (0.04-8.06) (0.08-1.57) (0.04-8.06) (0.05-2.75)
P 0.20 0.41 0.91
miR-205 0.41 0.24 0.38 0.43 0.34 0.42
(0.002-18.52) (0.07-2.50) (0.005-18.52) (0.003-1.77) (0.002-18.52) (0.003—4.80)
P 0.31 0.78 0.18
miR-27a 1.23 0.71 1.11 1.09 1.00 1.33
(0.07-13.58) (0.26-1.63) (0.07-13.58) (0.59-26.97) (0.16-13.58) (0.07-27.00)
P 0.14 0.69 0.03

Minimal and maximal expression values are given in parentheses. Comparisons were performed using Mann—-Whitney U test. P values, which remained below 0.01 after Holm’s adjustment for
multiple comparisons [48], are designated by asterisks. BRCALI status assessment was done in all patients irrespectively of their age or family history; it included testing for three founder
mutations (5382insC, 4153delA, and 185delAG), which constitute over 90% BRCA1 defects in Russia [49, 50]
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Fig. 1 MicroRNA expressions in biBC and uBC. § tumors from
synchronous biBC; MJ and M2 First and second tumors from
metachronous biBC. Central bars indicate median expression values,
boxes correspond to the first and third quartiles of the variations,
lower and upper bars show the non-outlier range. Outliers are the

uBC; however, tumors from synchronous biBC pairs ten-
ded to contain multiple nucleotide alterations within this
gene, that was interpreted as potential indicator of geno-
toxic stress or failed genome defense [12]. A subset of
contralateral neoplasms from metachronous biBC, but not
other categories of breast tumors, were shown to have the
so-called microsatellite instability phenotype (MSI-H); this
observation was linked to the mutagenic effect of the
adjuvant therapy applied for the treatment of the first
malignancy [11]. Furthermore, first tumors from the

@ Springer

samples located in more than 1.5 interquartile range (IQR) outside the
corresponding box. Circles and asterisks designate minor (1.5-3 IQR)
and major (>3 IQR) outliers, respectively. Significant P values are
given below the plots

metachronous biBC pairs demonstrated lower frequency of
oncogene amplifications than second cancers from the
same patients, synchronous biBC or unilateral BC; this
difference was explained by the adverse prognostic role of
oncogene extra copies, i.e., by reduced chances of ampli-
fication-positive BC patients to survive until the develop-
ment of new malignancy [9]. While TP53 mutations, MSI-
H status, and gene amplifications showed non-random
distribution only within specific categories of biBC tumors,
elevated levels of miR-21, miR-10b, and miR-31
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Fig. 2 Concordance of microRNA status in synchronous vs. metach-
ronous biBC. Ratio between higher and lower expression score within
a given biBC pair was considered as the measure of the similarity of
miR status. Columns represent the inverse median value of this ratio,
s0 higher columns correspond to higher level of concordance. All the

expressions were documented across all biBC subsets
(Fig. 1). This observation suggests that the expression-
modulating event is relatively stable over time, therefore it
is more likely to be genetic than environmental. For
example, BRCA-related breast cancers are well known to
have specific molecular portraits [51]; however, BRCA1
mutation status did not influence miR expression in the
present study (Table 4). It is possible that the other, yet
unknown genetic features of the host contribute to the
distinct patterns of miR-21, miR-10b, and miR-31
expression in biBC.

This investigation has demonstrated higher similarity of
tumor characteristics in synchronous vs. metachronous
biBC doublets both for essential clinical features and for
microRNA expression profiles (Table 2, Fig. 2). This trend
is consistent with the previous studies involving paired
biBC samples [5-8]. One of the explanations of phenotypic
concordance of the tumors within biBC pairs includes
possible metastatic nature of a subset of contralateral BC.
However, virtually all available evidence suggest that a
misdiagnosis between true double primary and BC metas-
tasis to the opposite breast is exceptionally rare [1, 5, 9].
Given that synchronous biBC arise in nearly identical cir-
cumstances, i.e., age of the patient, hormonal or metabolic
milieu, and history of exposure to various hazards, it is
logical to expect that these tumor pairs are likely to share
central events of tumor pathogenesis, including changes in
the microRNA expression levels.

In conclusion, this study has shown distinct patterns of
microRNA expression in bilateral vs. unilateral breast
carcinomas and revealed a trend toward concordance of
miR profiles within synchronous biBC pairs.

miR-155 miR-200c

—
miR-18a miR-205 miR-27a

studied miRs showed more similarity of expression status in
synchronous vs. metachronous biBC (P = 0.004 by the binominal
test). However, none of the individual miRs achieved significant
Mann-Whitney P value
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