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Abstract

KRAS is the most frequently mutated in ovarian endometriosis. However, it is unclear
whether the KRAS mutant allele's mRNA is expressed and plays a biological role in
ovarian endometriosis. Here, we performed mutation-specific RNA in situ hybrid-
ization to evaluate mutant allele expression of KRAS p.G12V, the most frequently
detected mutation in ovarian endometriosis in our previous study, in formalin-fixed
paraffin-embedded tissue (FFPE) samples of ovarian endometriosis, cancer cell lines,
and ovarian cancers. First, we verified that mutant or wild-type allele of KRAS were
expressed in all 5 cancer cell lines and 9 ovarian cancer cases corresponding to the
mutation status. Next, we applied this assay to 26 ovarian endometriosis cases, and
observed mutant allele expression of KRAS p.G12V in 10 cases. Mutant or wild-type
allele of KRAS were expressed in line with mutation status in 12 available endome-
triosis cases for which KRAS gene sequence was determined. Comparison of clinical
features between ovarian endometriosis with KRAS p.G12V mutant allele expression
and with KRAS wild-type showed that KRAS p.G12V mutant allele expression was
significantly associated with inflammation in ovarian endometriosis. Finally, we as-
sessed the spatial distribution of KRAS mutant allele expression in 5 endometriosis
cases by performing multiregional sampling. Intratumor heterogeneity of KRAS mu-
tant allele expression was observed in two endometriosis cases, whereas the spatial
distribution of KRAS p.G12V mutation signals were diffuse and homogenous in ovar-
ian cancer. In conclusion, evaluation of oncogene mutant expression will be useful for
clarifying the biological significance of oncogene mutations in benign tumors.
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1 | INTRODUCTION

Endometriosis affects 10%-15% of women of reproductive age and
causes various symptoms, such as chronic pelvic pain, dysmenorrhea
and infertility, leading to a reduction in quality of life.>> Another crit-
ical issue in the clinical management of women with endometriosis
is malignant transformation. For example, there is epidemiological
evidence that a personal history of endometriosis increases the
risk of ovarian cancer®”® and clinical evidence that ovarian clear cell
and endometrioid carcinomas are associated with endometriosis.®”?
Furthermore, endometriosis itself exhibits potential for invasion or
metastasis, including to the colon or Iung‘m’11 Therefore, endometri-
osis is considered a precancerous lesion.

Several studies, including by our group, have recently re-
ported that representative oncogenes of human cancers, such
as KRAS and PIK3CA, are frequently mutated in ovarian endo-

13 and iatrogenic

metriosis,!? deep infiltrating endometriosis,
endometriosis.'* Moreover, those oncogenes have also been
identified in normal endometrium.*?*>® |n our study, KRAS
was most frequently mutated in ovarian endometriosis, with
23/54 (42.6%) of endometriosis cases harboring somatic KRAS
mutations.'? In general, somatic mutations of oncogenes such
as KRAS may be important driver events in the process of endo-
metriosis arising from the normal uterine endometrium as well
as in the malignant transformation of endometriosis. Indeed,
all KRAS mutations detected to date in ovarian endometrio-
sis are located in so-called “hot spots”, suggesting that KRAS
hotspot mutations have biological significance in endometrio-
sis.’® However, it has been still uncertain whether the mutated
KRAS gene in endometriosis is expressed and affects the tumor
phenotype, especially malignant transformation, because it is
technically difficult to extract both DNA and RNA from a tiny
amount of frozen samples of endometriotic epithelium in ovar-
ian endometriosis. In addition, it is difficult to collect and store
endometriotic epithelium samples from ovarian endometriosis
in which the existence of endometriotic epithelial cells is ex-
tremely limited. Indeed, our previous report described that an
average of over 100 endometriosis frozen sections were needed
for laser microdissection for exome sequencing.*? Visualization
of oncogene mutations by using RNA-based in situ hybridiza-
tion is one solution to overcome this sampling issue because
this assay does not require DNA/RNA extraction. Thus, we fo-
cused on this RNA-based in situ hybridization assay to detect
mutant allele expression in FFPE tissue samples of ovarian en-
dometriosis. To clarify the biological significance of oncogene
mutations in endometriosis, we targeted the KRAS p.G12V
(c.G35T) mutation, which was the most frequent mutation in
endometriotic epithelium in our previous study.12 After we con-
firmed that detected KRAS p.G12V mutant allele expression
was consistent with the existence of KRAS p.G12V mutation at
the DNA level using ovarian cancer cell lines and ovarian can-
cer tissues, we applied it to ovarian endometriosis samples. The

results revealed mutant allele expression of KRAS p.G12V in
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ovarian endometriosis and clarified that some ovarian endome-
triosis specimens exhibit intratumor heterogeneity with regard

to oncogene mutations.

2 | MATERIALS AND METHODS
2.1 | Cancer cell lines

The human cancer cell lines used in this study are listed in Table S1.
For each cell line, a cell block was prepared with HistoGel™ and
used for subsequent analyses. The mutation status of each cell line
was determined by Sanger sequencing (Figure S1).

2.2 | Clinical tissue samples

This study was performed in conformity with the Declaration of
Helsinki and approved by the institutional ethics review boards of
Niigata University, Niigata Chuo General Hospital, and the National
Institute of Genetics. All patients provided written informed consent
for the collection of samples and subsequent analyses.

We enrolled nine ovarian carcinoma cases in this study to inves-
tigate the accuracy of in situ hybridization for clinical cancer tissue
samples. For nine cases, we validated the KRAS mutation status of
FFPE samples by Sanger sequencing because we had already per-
formed target-gene sequencing of frozen tissues and detected KRAS
mutations in our previous study.19

We collected 26 ovarian endometriosis FFPE cases with uncer-
tain mutational status (Figure S2). Of them, six were retrospectively
selected from our biobank. Although KRAS p.G12V mutation was
detected in the frozen tissue samples of all six cases by exome or
target-gene sequencing in our previous study,*? the KRAS mutation
status of the FFPE samples used in this study was not determined
because the FFPE and frozen samples were obtained from different
endometriosis lesions of the same cases. As the other 20 cases were
prospectively collected, the KRAS mutation status in these FFPE
samples was unknown. Hematoxylin and eosin-stained sections of
all tissues used in this study were histologically reviewed by an ex-

perienced gynecologic pathologist (TM).

2.3 | RNA-based in situ hybridization assay

The BaseScope™ assay was performed according to the protocol
provided by the supplier (Advanced Cell Diagnostics, Newark, CA),
with some modifications. FFPE sections (5 um thick) were prepared
on slides. The sections were baked at 60°C for 1 hour before de-
paraffinizing in xylene (2 x 5 minutes) and ethanol (2 x 4 minutes)
and then dried by baking at 60°C for 30 minutes. Pretreat 1 (hydro-
gen peroxide) was applied for 10 minutes at RT, Pretreat 2 (target
retrieval) for 15 minutes at 100°C and Pretreat 3 (protease I, cell

block; protease plus, tissue sections) for 30 minutes at 40°C. Each



YACHIDA ET AL.

CERVWINRSVE Cancer SCience

probe was then applied for 2 hours at 40°C in a HybEZ oven be-
fore incubation with reagents AMP1 (30 minutes at 40°C), AMP2
(15 minutes at 40°C), AMP3 (15 minutes at 40°C), AMP4 (30 min-
utes at 40°C), AMP5 (30 minutes at 40°C), AMP6 (15 minutes at
40°C), AMP7 (60 minutes at RT) and AMPS8 (15 minutes at RT). The
slides were rinsed with wash buffer (2 x 2 minutes) between each
AMP incubation. Finally, the slides were incubated with Fast Red for
10 minutes at room temperature in the dark. The slides were coun-
terstained with Gill's hematoxylin before drying for 15 minutes at
60°C and mounting in VectaMount permanent mounting medium
(Vector labs).

The RNAscope® assay was also performed according to the pro-
tocol provided by the supplier (Advanced Cell Diagnostics).

2.4 | Validation of KRAS mutation by
Sanger sequencing

To validate the mutation status of cell blocks and ovarian carci-
noma FFPE samples, FFPE serial sections following the one used
for RNA-based in situ hybridization assay were prepared for
Sanger sequencing. DNA was extracted using a QlAamp DNA
FFPE Tissue Kit (QIAGEN Ltd.) according to the manufacturer's
instructions. Polymerase chain reaction (PCR) was conducted
using a KAPA Taq EXtra HotStart ReadyMix PCR Kit. PCR primers
were designed using Primer3 software (http://bioinfo.ut.ee/prime
r3-0.4.0/). The forward primer was AGCGTCGATGGAGGAGTTTG
and the reverse primer CGTCCACAAAATGATTCTGAATTAGC.
The PCR products were purified and sequenced by GENEWIZ
(Saitama).

2.5 | Laser microdissection and DNA extraction

Laser microdissection was performed to investigate KRAS mu-
tation status in ovarian endometriosis epithelium (Figure S3).
Ten-micrometer-thick serial FFPE sections that were used for
RNA-based in situ detection assays were cut with a microtome and
mounted on RNase-free foiled slides. The slides were deparaffi-
nized, rehydrated and stained with hematoxylin and eosin before
microdissection of mutant and wild-type regions of the endome-
triosis epithelium. DNA was extracted using the QiaAMP DNA
micro kit (QIAGEN Ltd.).

2.6 | Target-gene sequencing for endometriotic
epithelial cells

Target-gene sequencing of 76 genes in the endometriotic epi-
thelium was performed with the precapture pooling method de-
scribed in our previous studies.*??° We selected 12 endometriosis
samples to guarantee the quality of results. The average depth

was 109.7 reads, with coverage of at least 20 reads for 99.0%.

Considering the average depth of each sample, we discuss only
KRAS hotspot mutations (codons 12, 13, 61). We confirmed that
the number of total reads for KRAS hot spots was sufficient in all
12 endometriosis samples and that there were no alteration reads
on the base position of KRAS ¢.35G in endometriosis samples with
wild-type KRAS.

2.7 | Immunohistochemical staining for p-ERK
protein expression

Immunohistochemical analysis of p-ERK protein expression was
performed using FFPE tissue sections. A monoclonal rabbit anti-
phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP®
antibody (#4370, Cell Signaling Technology) was used as the primary
antibody. The FFPE tissue sections (4 um), which were the serial sec-
tions used for RNA-based in situ detection assays, were cut with a
microtome. The sections were stained as previously described.?
Briefly, after deparaffinization, antigen retrieval was carried out
with Target Retrieval Solution (10 mM citrate buffer, pH 6.0; Dako)
in a microwave for 20 minutes at 98°C. Subsequently, the sections
were incubated with the primary antibody (1:700 dilution) over-
night and biotinylated secondary antibodies (Vector Laboratories)
for 1 hour, followed by incubation with ABC reagent (Dako) and
3,3'-diaminobenzidine (Sigma-Aldrich) for 3 minutes. The slides were
counterstained with hematoxylin.

2.8 | Mapping of KRAS mutant allele expression

For mutational mapping, slides on which we conducted RNA-based
in situ hybridization assays or immunohistochemistry were digitized
using a Pannoramic 250 scanner (3D Histech). We manually sepa-
rated the epithelium by color according to the in situ signals on each
section using Adobe Photoshop CS8, with the definition that the
clonal regions are sequential epithelial cells from the first positive
cell to the last positive cell.? For mapping, we defined green, yel-
low, and red regions as follow: contiguous endometriosis epithelium
is considered as one region. If epithelial cell with positive signal is
50 cells apart, the next contiguous region is considered a separate
region. The cut-off for proportion of wild-type signals or mutation
signals that are considered as positive is 2.0%. We defined the region
with only wild-type signals as blue, the region with a mixture of wild-
type signals as yellow and mutation signals and the region with only

mutation signals as red.

2.9 | Statistical analysis

We conducted all standard statistical tests with the R program
(http://www.r-project.org). We compared categorical variables be-
tween two groups by Fisher's exact test and continuous variables

between two groups by the Wilcoxon rank-sum test.
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2.10 | RNA sequencing

Total RNA was extracted from frozen samples using TRIzol
(Invitrogen).

Total RNA was used for the library preparation, which was
conducted using VAHTS Stranded mRNA-seq Library Prep Kit for
lllumina (lllumina) according to the manufacturer's protocol. The
samples were sequenced on lllumina NovaSeq with the 2 x 150 bp
module. The details of the procedure were the same as previously
described.?

3 | RESULTS

3.1 | RNA-based in situ hybridization assay in
human cell lines

We used an RNA-based in situ hybridization assay (BaseScopeTM)
to detect mutant or wild-type allele expression of KRAS in ovar-
ian endometriosis. To confirm mutant or wild-type allele expres-
sion of KRAS, we examined five human cancer cell lines (Table S1)
with KRAS mutation status determined by Sanger sequencing
(Figure S1). In particular, we selected two colorectal cancer cell
lines that were analyzed using this assay in a previous report.22 To
detect KRAS mutation status correctly, we utilized four probes: the

dapB probe

PPIB probe

50um

SKOV3
KRAS wild-type
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KRAS p.G12V probe, corresponding KRAS wild-type, and positive
and negative quality control probes (positive control, housekeep-
ing gene PPIB; negative control, bacterial mMRNA dapB). Because
the in situ hybridization signal was labeled in red within the cell
(Figure 1, Figure S4), we calculated the proportion of cells with
positive signals in five fields per slide for each probe. In the two
cell lines (SW620 and OVCARS5) harboring the KRAS p.G12V ho-
mozygous mutation, 37.2% and 30.2% of the total counted cells
displayed positive signals when applying the KRAS p.G12V muta-
tion probe but not the KRAS wild-type probe (Table S1). In one
cell line (SW626) carrying the KRAS p.G12V heterozygous muta-
tion, 22.3% and 72.6% of the total counted cells were positive for
both KRAS p.G12V mutation and wild-type probes, respectively.
Conversely, when using the KRAS p.G12V mutation probe in KRAS
wild-type cell lines (HT-29 and SKOV3), no cells showed positive
signals. These results demonstrate that mutant or wild-type allele
of KRAS were expressed according to the mutational status in can-

cer cell lines.

3.2 | RNA-based in situ hybridization in ovarian
cancer tissues

To detect mutant or wild-type allele expression in clinical sam-
ples, we applied this assay to nine ovarian cancer FFPE samples

KRAS wild-type probe | [KRAS p.G12V probe

SW626
KRAS p.G12V
heterozygous

OVCARS
KRAS p.G12V

homozygous

FIGURE 1 RNA-based in situ hybridization assay in ovarian cancer cell lines. Representative images of validation of the KRAS p.G12V
probe-set in ovarian cancer cell lines (a wild-type cell line, a heterozygous mutant cell line, and a homozygous mutant cell line) using a
negative control probe (dapB), a positive control probe (PPIB), the wild-type probe and the mutant probe are shown. The probe signal is

visualized as punctate red dots
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with KRAS mutation status already determined in a previous
study (Table $2).Y A positive signal for the KRAS wild-type
probe was observed in both the epithelial and stromal cells of
nine ovarian cancer samples, and the positivity rate was higher
in two samples without KRAS mutation. However, KRAS p.G12V
mutant allele expression was observed in epithelial cells but not
stromal cells among the nine ovarian cancer samples. In ovarian
cancer FFPE samples, mutant or wild-type allele of KRAS were
expressed in line with the mutation status. Six of seven samples
harboring KRAS p.G12V mutation displayed both wild-type and
mutant KRAS p.G12V signals in the cancer cell area, indicating
the presence of a heterozygous mutation. In contrast, one sam-
ple (OV9) displayed a predominance of KRAS p.G12V mutant
signals in cancer cells, potentially reflecting the KRAS homozy-
gous mutation or mutation with allelic imbalance (Figure 2).
Indeed, the positivity rate of cells for the KRAS p.G12V mutation
probe in this tissue was 34.6%, similar to the two cancer cell lines
with KRAS p.G12V homozygous mutation. In the other samples,
the rate of cell positivity for KRAS p.G12V mutation signals var-
ied from 4.0% to 20.7%. These findings indicate that the positiv-
ity rate of the KRAS p.G12V mutation probe might be affected
by not only the KRAS mutant allele frequency (MAF) at the
DNA level but also the quality of the analyzed samples or mu-
tant allele expression of KRAS gene at the RNA level. Most im-
portantly, the spatial distribution of KRAS p.G12V mutation
signals was diffuse and homogenous in ovarian cancer samples
(Figure S5).

To confirm that no cross-reactivity of the KRAS p.G12V probe
with other KRAS mutations occurred, we performed this assay for
one ovarian cancer sample harboring KRAS p.G12D (c.G35A) with
a high MAF (0.93) but not KRAS p.G12V. As shown in Figure S6, no

KRAS p.G12V mutation signal was observed in the KRAS p.G12D-
mutated ovarian cancer sample.

3.3 | Mutant allele expression of KRAS p.G12V in
retrospectively collected ovarian endometriosis cases

To visualize mutant allele expression of KRAS p.G12V, we selected
six retrospectively collected ovarian endometriosis cases (Figure S2).
Although we detected KRAS p.G12V mutation in frozen tissue sam-
ples obtained from the six cases in our previous study, we could not
use FFPE samples adjacent to the frozen tissue samples for the in situ
assay. Therefore, FFPE samples of different sites in the same cases
were prepared. In four of the six cases, we were able to visualize
mutant allele expression of KRAS p.G12V in ovarian endometriotic
epithelial cells (Figure 3), whereas only KRAS wild-type expression
in ovarian endometriosis was detected in the other two cases. FFPE
and frozen samples were obtained from different endometriosis le-
sions of the same case, and endometriotic epithelial cells with the
KRAS p.G12V mutation might not necessarily be expanded in the
entire ovarian endometriotic cyst or expression levels of the KRAS
p.G12V mutant allele were low. The proportion of positive cells in

ovarian endometriosis cases for each probe is shown in Table S3.

3.4 | Mutant allele expression of KRAS p.G12V in
prospectively collected ovarian endometriosis cases

Next, we assessed expression of KRAS p.G12V in 20 cases collected
prospectively. Six of the 20 cases (30.0%) showed KRAS p.G12V
expression in ovarian endometriotic epithelial cells (Figure 4,

KRAS wild-type KRAS p.G12V

ov1

Py Y

o
)

ovo d
KRAS p.G12V [:
MAF 0.70

FIGURE 2 RNA-based in situ hybridization assay in ovarian cancer cases with known mutational status. Representative images of the
validation of the KRAS p.G12V probe-set using FFPE samples of ovarian cancer (ovarian endometrioid carcinomas with KRAS wild-type or
KRAS p.G12V) using a negative control probe (dapB), a positive control probe (PPIB), the wild-type probe and the mutant probe are shown.

Probe binding is visualized as punctate red dots
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FIGURE 3 Visualized KRAS

p.G12V expression with RNA-based

in situ hybridization assay in ovarian
endometriosis epithelial cells. KRAS
p.G12V signals and KRAS wild-type signals
are detected in ovarian endometriosis
epithelial cells in the upper figure

and stromal cells in the lower figure,
respectively

KRAS p.G12V probe

Cancer Science muis s

KRAS G12V probe

UL I

KRAS p.G12V probe

FIGURE 4 Three patterns of KRAS p.G12V expression in ovarian endometriosis. Whole images of KRAS p.G12V and wild-type probe
signals in three ovarian endometriosis samples are displayed. The areas of endometriotic epithelial cells with only wild-type signals, both
wild-type and mutational signals, and predominant mutational signals are mapped in green, yellow, and red, respectively
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Table S3). After we performed microdissection of endometriotic
epithelial cells and target-gene sequencing for 12 available cases,
KRAS p.G12V was detected in all five cases with KRAS p.G12V sig-
nals. Of the seven cases without KRAS p.G12V signal, five showed
wild-type KRAS, and the other two harbored KRAS mutations other
than KRAS p.G12V. Importantly, mutation status based on target-
gene sequencing corresponded to that based on the in situ hybridi-
zation assay (Table 1).

3.5 | Comparison of clinical features between
ovarian endometriosis with KRAS p.G12V mutant
allele expression and KRAS wild-type

To clarify the significance of KRAS p.G12V mutant allele expres-
sion in ovarian endometriosis, we compared the clinical features of
ovarian endometriosis cases with KRAS p.G12V mutation expres-
sion to those with KRAS wild-type (Table 2). We defined ten cases
with KRAS p.G12V mutation expression as KRAS p.G12V group
and five cases which showed both only KRAS wild-type allele ex-
pression and KRAS wild-type status by target-gene sequencing as
KRAS wild-type group. Interestingly, preoperative findings repre-
senting inflammation tends to be high in KRAS p.G12V group, es-
pecially CRP level was significantly higher in KRAS p.G12V group
than KRAS wild-type group (P =.024). Moreover, rASRM (The re-
vised American Society for Reproductive Medicine) score which
is a classification of the endometriosis stage scored according to
the size and extent region and the degree of adhesion?* tended
to be higher in KRAS p.G12V group than KRAS wild-type group
(P =.053).

3.6 | Spatial assessment of mutant allele
expression of KRAS p.G12V in ovarian
endometriosis cases

With regard to the spatial assessment of mutant allele expression
in the abovementioned ovarian endometriosis cases, eight of 10
cases with KRAS p.G12V mutant allele expression (four and six cases
retrospectively and prospectively collected, respectively) displayed
a homogenous distribution of KRAS p.G12V signals across continu-
ously arranged epithelial cells (Figure 4). When we applied this assay
to five cases for which multisampling for spatially separated epithelial
cells was conducted, different expression patterns of KRAS p.G12V
mutant allele on the same slide was observed for two (Figure 5,
Figure S7). These two cases showed three types of areas: only wild-
type signals (green), both wild-type and mutational signals (yellow)
or predominance of mutational signals (red). We then performed im-
munohistochemical analysis of phosphorylated ERK (p-ERK), which
is one of the biomarkers of the activated RAS pathway, using serial
sections from in situ hybridization assay slides. On the same slide, the
staining intensity for p-ERK was strong in the red region, moderate in

the yellow region, and low in the green region (Figure S8).

TABLE 1 Validation of expected mutational status from RNA-based in situ hybridization analysis with target-gene sequencing

Target-gene sequencing

RNA-based in situ hybridization analysis

Mutation depth alt/

ref (total read)

Mutation Status of KRAS

(MAF)

Expected mutational
status of KRAS

KRAS p.G12V

KRAS wild-type

dapB PPIB

Case

23/107
48/117

KRAS p.G12V (0.20)
KRAS p.G12V (0.29)
KRAS p.G12V (0.42)
KRAS p.G12V (0.49)
KRAS p.G12V (0.34)

wild-type

KRAS p.G12V

30/736 (4.1)

29.1)

42/58
61/64
53/101

KRAS p.G12V
KRAS p.G12V

40/822 (4.9)
79/878 (9.0)

25.1)
10.4)
1.5)

KRAS p.G12V

76/491 (15.5)
242/1163 (20.8)

KRAS p.G12V
no KRAS p.G12V

0/669 (0.0)

45.4
23.2

23/104 (127)

KRAS p.G12A (0.18)

no KRAS p.G12V

0/407 (0.0)

27.2
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wild-type

no KRAS p.G12V

0/577 (0.0)

42.9

143/492
237/945

98.0)

101/973

94.8)
98.1)

8/520
618/1358

100.0)

164/708

100.0)
100.0)
100.0)
97.6)

124/456

491/501
495/522
206/210

0.1
0.1

610/610

197/619
127/393
267/741
154/364

100.0)
100.0)
96.1)

265/618

100.0)

ENDO_7
ENDO_8

1/981
1/999

ENDO_9

ENDO_10

0/504
0/1210
0/690

ENDO_12

ENDO_15

ENDO_20

0/440

ENDO_21

1/470
0/329
0/695
0/325

ENDO_22

ENDO_24

ENDO_25

ENDO_26

Positive cells / total counted cells (%).
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TABLE 2 Comparison of clinical features between ovarian
endometriosis with KRAS p.G12V mutant allele expression and
KRAS wild-type

KRAS p.G12V  KRAS wild-type  P-
Characteristics (10) (5) value
Age at operation(SD)*  43.1 (7.0) 44.8 (4.3) .533
Parity® 4/10 (40.0%) 1/5 (20.0%) .600
Null para 6/10 (60.0%) 4/5 (80.0%)
Multi para 4/10 (40.0%) 1/5 (20.0%)
Preoperative 1/10 (10.0%) 2/5 (40.0%) .537
treatment®
DNG 1/10 (10.0%) 1/5 (20.0%)
GnRHa 0/10 (0.0%) 1/5 (20.0%)
Pre-operation CA125 119.6 + 69.0 56.0 + 67.0 .240
(U/mL)?
Tumor size (mm)? 61.8 +20.1 60.2 + 30.0 972
Laterality® 231
Unilateral 6/10 (60.0%) 5/5 (100.0%)
Bilateral 4/10 (40.0%) 0/5 (0.0%)
rASRM score® 78.5+41.3 33.6 +8.9 .053
rASRM stage® 119
I 3/10 (30.0%) 4/5 (80.0%)
v 7/10 (70.0%) 1/5 (20.0%)
Preoperative
laboratory findings
WBC? 9596 + 6160 5978 + 2259 .254
CRP? 2.70 +5.25 0.03 +0.04 .024
Neutrophil to 4.5+3.2 1.8+04 .099
lymphocyte ratio?
Fever® 4/10 (40.0%)  0/5 (0%) .231

#Wilcoxon exact rank test.
PFisher exact test.

4 | DISCUSSION

We demonstrated that KRAS mutant allele's mRNA is expressed
in ovarian endometriosis harboring the KRAS p. G12V mutation
by using an RNA-based in situ hybridization assay. In particu-
lar, spatial heterogeneity of the KRAS mutation was observed
in some ovarian endometriosis cases with the KRAS p.G12V
mutation.

The classical approach for detect mutant allele expression
is polymerase chain reaction (PCR) of cDNA synthesized from
RNA.2>2¢ Recently, RNA sequencing has been used as a more
powerful method to detect mutant allele expression. Nonetheless,
as these methods require dissociation of the tissue of interest to
obtain sufficient quantity and quality of RNA, crucial information
about the spatial distribution of mutant allele expression in the tis-
sue is lost. In contrast, the RNA-based in situ hybridization assay is
an effective tool to scrutinize the distribution of mutant allele ex-

pression in a tissue without dissociating the tissue to extract RNA.
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At present, there are two major technologies used for in situ hybrid-
ization.?2?’ In the first technology, target transcripts are converted
into cONA molecules and then detected using padlock probes and
target primed rolling-circle amplification (RCA).?” To date, several
studies have applied this in situ padlock probe technology to detect
mutations in cancer tissues.?®?’ However, this method is strongly
dependent on RNA quality because conversion from RNA to cDNA
is included in the first step. The key concept of the second technol-
ogy (BaseScope™) is that hybridization of “1ZZ’ probes to adjacent
regions of RNA target is required to form a signal-generating “tree”
and subsequent signal amplification, allowing detection of short
RNA sequences and discrimination between single-nucleotide al-
terations.?? By using this technology, Baker et al. succeeded in both
identifying mutant allele expression and mapping the spatial and
morphological context of mutant subclones in colon cancer tissue
samples.?? Importantly, this method does not involve conversion
of RNA to cDNA and has a high potential of clinical application.
Previously, there are two studies that show the potential of this in
situ technology for clinical applications in oncology field. The one
demonstrated the prognostic value of POLE mutation identified by
this assay in uterine cancer,’® and the other study showed the assay
as a tool for discovery of biomarker of EGFR inhibitor in lung can-
cer.®! Moreover, this method could be applied as a biomarker for
KRAS inhibitor which has been recently clinically applied to cancers
with KRAS p.G12C.%223 Therefore, RNA-based in situ mutation de-
tection assay can be used for a detection of biomarker and a predic-
tion of prognosis in clinical practice.

Additionally, Baker et al reported that mutant allele expression
can be detected in stored FFPE samples (average time since fix-
ation of tissue blocks, 6.4 years; range 0-20 years).22 Regardless,
optimization of experimental conditions for each type of tissue
is required for this in situ hybridization method. To ensure signal
intensity and preservation of morphology, we investigated the
conditions for RNA quality-preserving sections, temperature and
time of antigen retrieval and protease strength. Accordingly, we
first confirmed that detected KRAS p.G12V mutant allele expres-
sion was consistent with the existence of KRAS p.G12V mutation
at the DNA level using ovarian cancer cell lines and ovarian cancer
tissues.

KRAS is one of the most frequently mutated oncogenes in

human cancers 343

and activates several Ras effector pathways,
such as the Raf/MEK/ERK (MAPK) kinase cascade and PI3K/AKT-
mediated cascades, and promotes cell proliferation, differentia-
tion, and survival.>® Mutant KRAS is constitutively in the active
GTP-bound state, resulting in persistent activation of downstream
signaling pathways.®*® Despite numerous studies examining
the presence of KRAS mutations at the DNA level, few have in-
vestigated mutant allele expression of KRAS,%> even though RNA
sequencing is widely used. In human cancer cell lines submitted to
Cancer Cell Line Encyclopedia,® the ratio of KRAS mutant allele
reads to total reads in RNA sequence data showed a significant
positive correlation with KRAS mutation allele frequency at the
DNA level (r = 0.91; P <.001; Figure S9). Interestingly, the KRAS
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FIGURE 5

mutant allele is dominantly expressed relative to the wild-type
allele in clinical samples of lung cancer with KRAS mutations.*®
Although we detected KRAS mutant signals in all ovarian cancer
cell lines and ovarian cancers carrying KRAS mutations, it does not
seem appropriate to compare expression levels between mutant
and wild-type alleles based on the proportion of positive cells, be-
cause there might be differences in sensitivity between mutant
and wild-type probes in the assay. Furthermore, as well as Baker
et al. reported,?? cell lines had higher percentage of positive rate of
mutant and wild-type signals than clinical samples, which showed
only 1-2 dots per cell. In order to validate mRNA expression of

KRAS wild-type or p.G12V in clinical samples, we performed RNA

Intratumor heterogeneity of KRAS p.G12V mRNA expression and the topographical map in ENDO_1. Intratumor

heterogeneity of KRAS p.G12V mRNA expression was detected in ENDO_1. The areas of endometriotic epithelial cells with only wild-type
signals, both wild-type and mutational signals, and predominant mutational signals are mapped in green, yellow, and red, respectively. The
topographical map contains the mutant subclone (red), mixture mutant and wild-type subclone (yellow), and wild-type subclone (green) at
the mRNA level

sequencing to investigate the allele expression in three ovar-
ian cancer cell lines and five ovarian cancer samples with KRAS
p.G12V signal. As shown in Figure S10, KRAS mutant allele expres-
sion of cell lines and ovarian cancer samples were confirmed by
Integrative Genome Viewer (IGV). However, we could not perform
RNA sequencing for clinical endometriosis samples because of low
quality and quantity of RNA extracted from dissected endometri-
otic epithelium. Therefore, we conducted RNAscope® in situ assay
to assess KRAS mRNA expression in endometriotic epithelium
samples. Compared to BaseScope™, RNAscope® assay has higher
sensitivity for the target because the sequence length of probe

for RNAscope® is longer than that for BaseScope™. As shown in
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Figure S11, we could validate that the endometriosis epithelium
had KRAS mRNA positive signals, which means KRAS wild-type or
p.G12V actually expressed in endometriosis epithelium. Further
improvements are required to achieve quantitative assessments of
the expression levels of mutant and wild-type alleles within the
framework of BaseScopeTM.

Next, we discuss the biological significance of KRAS mutant
allele expression in ovarian endometriosis. KRAS mutations have
been identified in the early stages of tumors, including in can-
cers of the colon, lung, and pancreas, in which the multistage
carcinogenesis theory is elucidated.**"** Mutationally activated
KRAS signaling leads to differentiation and proliferation via MAPK
signaling in the mouse colon epithelium.*>*¢ In addition, recent
studies, including ours, have demonstrated at the DNA level that
KRAS is frequently mutated in the endometriotic epithelium,*?4
but it remains unclear whether the KRAS mutant allele is ex-
pressed and downstream effector proteins are activated in benign
tissues. For example, our recent study clarified that ARID1A pro-
tein expression is retained in ovarian endometriosis with ARID1A
loss-of-function mutations.*’” Overall, mutant allele expression
is important for assessing the biological significance of cancer-
associated gene mutations. Because the KRAS mutant allele is
expressed in ovarian endometriosis with the KRAS p.G12V muta-
tion, it is inferred that by activating Ras effector pathways, KRAS
mutation confers a survival advantage to endometriotic epithelial
cells. Moreover, in a study of the endometrium of transgenic mice
with conditional knock-in of KRAS p.G12V/+, Cheng et al. reported
that KRAS activation promotes the formation of endometriosis
and prolongs the survival of endometriotic lesions.*® Therefore,
we conducted immunohistochemical analysis for p-ERK, which is
a representative marker of activated MAPK signaling, in ovarian
endometriosis tissue to assess the association between KRAS mu-
tation status and MAPK signaling. Because p-ERK expression is
affected by not only KRAS but also other factors, such as vari-
ous cytokines and oxidase stress,*’ we did not compare p-ERK
expression among ovarian endometriosis cases. We then focused
on one ovarian endometriosis case showing intratumor hetero-
geneity of KRAS p.G12V mutant allele expression and compared
p-ERK expression among three types of areas with distinct mu-
tant allele expression patterns in the same slide (Figure S8). The
intensity of p-ERK expression varied among these three areas
according to the KRAS p.G12V mutant allele expression pattern,
suggesting that KRAS activation has an impact on the phenotype
of ovarian endometriosis. In addition, comparison of clinical fea-
tures between ovarian endometriosis with KRAS p.G12V mutant
allele expression and KRAS wild-type suggests that KRAS p.G12V
mutant allele expression may be associated with inflammation
and progression of the lesion in ovarian endometriosis. Kun
et al. demonstrated differences in the impact of KRAS p.G12V and
KRAS p.G12D on follicle development using Cre recombination
mouse expressing either the KRAS G12V/+ or KRAS G12D/+ mu-
tation.®® In this study, KRAS p.G12D mice had abnormal follicle

structures and developed low-grade serous ovarian carcinomas,
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on the other hand KRAS p.G12V mice had normal follicle struc-
tures. Remarkably, they found that in KRAS p.G12V mouse the
gene networks associated with inflammation, such as IL-1 and IL-
6, was upregulated using RNA-seq analysis. Furthermore, several
previous literatures showed that KRAS p.G12V or p.G12D in pan-
creatic cancer cell®>>? or KRAS p.G12D in myeloid leukemia cell®®
induces inflammation. The relationship between inflammation and
oncogenic KRAS have been reported in mouse model®® or human
carcinoma cells,”>>? but not in normal human epithelial cells until
now. Therefore, we explored the association between KRAS mu-
tation and inflammation related pathways by gene set enrichment
analysis (GSEA).>* From GEO (Gene Expression Omnibus), we
obtained RNA expression data from two studies in which human
mammary epithelial cells®® and human pancreatic ductal epithelial
cells®® were transfected with the KRAS p.G12V and KRAS p.G12D
mutations. When we compared gene expression profiles between
the mutant and control groups by using GSEA, the mutant group
was characterized by several inflammation-related pathways
(Figure S12). Additionally, there are several reports that inflam-
mation induced by oncogenic KRAS could be the initiation of car-
cinogenesis.’”> Exploring the relationship between inflammation
and KRAS mutations in endometriosis may lead to clarifying mo-
lecular mechanisms of malignant transformation in endometriosis.
Indeed, our previous report18 has clarified that RAS oncogenic
mutation is an early event in clonal lineage from normal endome-
trium to endometriosis-related ovarian cancer via endometriosis.
Detection of RAS oncogenic mutations such as KRAS p.G12V in
endometriotic epithelium or uterine endometrial epithelium may
be a predictive marker for recurrence or malignant transformation
of endometriosis. However, mutation profiling of endometriosis
or uterine endometrium is extremely difficult’® because the vol-
ume of target cells is very low in surgically resected endometrio-
sis or uterine endometrium tissues. Therefore, this RNA-based in
situ assay could easily detect cancer-associated gene mutations
including KRAS p.G12V and might provide important information
about recurrence and malignant transformation of endometriosis
in clinical practice.

Recently it has been shown that downstream expression and
phenotypes of RAS differ depending on the KRAS mutated amino
acids in mouse colon and pancreas.’® Therefore, spatial analysis
of genomic and transcriptomic data with consideration of mutant
amino acids is necessary to clarify the biological function of cancer-
associated gene mutations in endometriosis.

Another important issue is the association between KRAS mu-
tation and malignant transformation of ovarian endometriosis.
Although we observed expression of the KRAS p.G12V mutant
allele in ovarian endometriosis, these samples were histologically
non-malignant tumors. In line with our findings, mouse models
of endometriosis with conditional knock-in KRAS mutations have
showed that KRAS mutation alone is insufficient for the develop-
ment of ovarian carcinoma in mice.*® In particular, Dinulescu et al.
reported that the combination of KRAS activation and conditional

deletion of PTEN is needed for malignant transformation of ovarian
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endometriosis in a mouse model.* These findings are similar to
the adenoma-carcinoma sequence in the intestine.’**? Indeed, we
recently identified using whole-exome sequencing a clonal lineage
from the normal uterine endometrium to ovarian endometriosis,
atypical endometriosis, and clear cell carcinoma in one ovarian
cancer patient.18 In that case, NRAS p.Q61H was detected in all
samples but ARID1A p.E1683fs or LOH at ATM were detected
only in atypical endometriosis and clear cell carcinoma samples.
In addition, another NRAS mutation (p.G12D) was detected in the
normal uterine endometrium and ovarian endometriosis but not in
atypical endometriosis and clear cell carcinoma. Most likely, RAS
activation alone is not sufficient for the malignant transformation
of human ovarian endometriosis. Moreover, we identified a het-
erogenous spatial distribution of KRAS allele expression in some
cases of endometriosis, whereas the spatial distribution of KRAS
allele expression was diffuse and homogenous in ovarian cancer.
This finding suggests that RAS activation has already expanded in
ovarian endometriotic cyst during precancer stage, probably by
clonal expansion of the origin cells harboring KRAS mutation or
dominant cell growth and expansion of KRAS mutated endome-
triotic cells.!?

In conclusion, we visualized expression of the KRAS p.G12V
mutant allele in ovarian endometriotic epithelial cells through the
RNA-based in situ hybridization technique. In addition, a portion of
ovarian endometriosis showed intratumor heterogeneity with re-
gard to KRAS p.G12V mutant allele expression associated with Raf/
MEK/ERK signaling activation. Spatial evaluation of oncogene mu-
tant allele expression will be useful for clarifying differences in the
biological significance of oncogenes between benign and malignant

tumors.
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