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The recently developed liquid-based Papanicolaou (Pap) smear allows not only cytologic evaluation but also collection of DNA for
detection of HPV, the causative agent of cervical cancer. We tested these samples to detect somatic mutations present in rare
tumor cells that might accumulate in the cervix once shed from endometrial and ovarian cancers. A panel of commonly mutated
genes in endometrial and ovarian cancers was assembled and used to identify mutations in all 46 endometrial or cervical cancer
tissue samples. We were able also able to identify the same mutations in the DNA from liquid Pap smears in 100% of endometrial
cancers (24 of 24) and in 41% of ovarian cancers (9 of 22). We developed a sequence-based method to query mutations in 12
genes in a single liquid Pap smear without prior knowledge of the tumor's genotype.
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(57) Abstract: The recently developed liquid-based Papanicolaou (Pap) smear allows not only cytologic evaluation but also collec -
tion of DNA for detection of HPV, the causative agent of cervical cancer. We tested these samples to detect somatic mutations
present in rare tumor cells that might accumulate in the cervix once shed from endometrial and ovarian cancers. A panel of com-
monly mutated genes in endometrial and ovarian cancers was assembled and used to identify mutations in all 46 endometrial or cer-
vical cancer tissue samples. We were able also able to identify the same mutations in the DNA from liquid Pap smears in 100% of
endometrial cancers (24 ot 24) and in 41% of ovarian cancers (9 of 22). We developed a sequence-based method to query mutations
in 12 genes in a single liquid Pap smear without prior knowledge of the tumor's genotype.
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PAPANICOLAOU TEST FOR OVARIAN AND ENDOMETRIAL

CANCERS

TECHNICAL FIELD OF THE INVENTION

[02]

This invention is related to the area of cancer screening. In particular, it relates to

ovarian and endometrial cancers.

BACKGROUND OF THE INVENTION

[03]

[04]

[05]

Since the introduction of the Papanicolaou test, the incidence and mortality of cervical
cancer in screened populations has been reduced by more than 75% (1, 2). In contrast,
deaths from ovarian and endometrial cancers have not substantially decreased during that
same time period. As a result, more than 69,000 women in the U.S. will be diagnosed
with ovarian and endometrial cancer in 2012. Although endometrial cancer is more
common than ovarian cancer, the latter is more lethal. In the U.S., approximately 15,000
and 8,000 women are expected to die each year from ovarian and endometrial cancers,
respectively (Table 1). World-wide, over 200,000 deaths from these tumors are expected
this ycar alonc (3, 4).

In an effort to replicate the success of cervical cancer screening, several approaches for
the early detection of endometrial and ovarian cancers have been devised. For
endometrial cancers, cfforts have focused on cytology and transvaginal ultrasound
(TVS). Cytology can indeed indicate a neoplasm within the uterus in some cases, albeit
with low specificity (5). TVS is a noninvasive technique to measure the thickness of the
endometrium based on the fact that endometria harboring a cancer are thicker than
normal endometria (6). As with cytology, screening measurement of the endometrial
thickness using TVS lacks sufficient specificity because benign lesions, such as polyps,
can also result in a thickened cndometrium.  Accordingly, neither cytology nor TVS

fulfills the requircments for a screening test (5, 7).

Even greater efforts have been made to develop a screening test for ovatian cancer, using

serum CA-125 levels and TVS. CA-125 is a high molecular weight transmembrane
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[06]

[07]

glycoprotein expressed by coelomic- and Miillerian-derived epithelia that is elevated in a
subset of ovarian cancer patients with early stage disease (8). The specificity of CA-125
is limited by the fact that it is also elevated in a variety of benign conditions, such as
pelvic inflammatory disease, endometriosis and ovarian cysts (9). TVS can visualize the
ovary but can only detect large tumors and cannot definitively distinguish benign from
malignant tumors. Several clinical screening trials using serum CA-125 and TVS have
been conducted but none has shown a survival benefit. In fact, some have shown an
increase in morbidity compared to controls because false positive tests elicit further

evaluation by laparoscopy or exploratory laparotomy (10-12).

Accordingly, the U.S. Preventative Services Task Force, the American Cancer Society,
the American Congress of Obstetricians and Gynecologists, as well as the National
Comprehensive Cancer Network, do not recommend routine screening for endometrial or
ovarian cancers in the general population. In fact, these organizations warn that “the
potential harms outweigh the potential benefits” (13-16). An exception to this
recommendation has been made for patients with a hereditary predisposition to ovarian
cancer, such as those with germline mutations in a BRCA gene or those with Lynch
syndrome. It is recommended that BRCA mutation carriers be screened every 6 months
with TVS and serum CA-125, starting at a relatively early age. Screening guidelines for
women with Lynch syndrome include annual endometrial sampling and TVS beginning

between age 30 and 35 (15, 17).

The mortality associated with undetected gynecologic malignancies has made the
development of an effective screening tool a high priority. An important observation that
inspired the current study is that asymptomatic women occasionally present with
abnormal glandular cells (AGCs) detected in a cytology specimen as part of their routine
cervical cancer screening procedure. Although AGCs are associated with premalignant
or malignant disease in some cases (18-22), it is often difficult to distinguish the AGCs
arising from endocervical, endometrial or ovarian cancer from one another or from more
benign conditions. There is a continuing need in the art to detect these cancers at an

carlier stage than done currently.

SUMMARY OF THE INVENTION

[08]

According to one aspect of the invention a method is provided for detecting or

monitoring endometrial or ovarian cancer. A liquid Pap smear of a patient is tested for a

2
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[09]

[10]

[11]

[12]

[13]

genetic or epigenetic change in one or more genes, mRNAs, or proteins mutated in
endometrial or ovarian cancer. Detection of the change indicates the presence of such a

cancer in the patient.

According to another aspect of the invention a method is provided for screening for
endometrial and ovarian cancers. A liquid Pap smear is tested for one or more mutations
in a gene, mRNA, or protein sclected from the group consisting of CTNNBI, EGFR,
PI3KCA, PTEN, TP53, BRAF, KRAS, AKT1, NRAS, PPP2RIA, APC, FBXW7, ARIDIA,
CDKN2A, MLL2, RFF43, and FGFR2. Detection of the mutation indicates the presence

of such a cancer in the patient.

Another aspect of the invention is a kit for testing a panel of genes in Pap smear samples
for ovarian or endometrial cancers. The kit comprises at least 10 probes or at least 10
primer pairs. Each probe or primer comprises at least 15 nt of complementary sequence
to one of the panel of genes. At least 10 different genes are interrogated. The panel is
selected from the group consisting of CTNNBI, EGFR, PI3KCA, PTEN, TP53, BRAF,
KRAS, AKTI, NRAS, PPP2RIA, APC, FBXW7, ARIDIA, CDKN2A, MLL2, RFF43, and
FGFR2.

Still another aspect of the invention is a solid support comprising at least 10 attached
probes. Each probe comprises at least 15 nt of complementary sequence to one of a
panel of genes, wherein the panel is selected from the group consisting of CTNNBI,
EGFR, PI3KCA, PTEN, TP53, BRAF, KRAS, AKTI, NRAS, PPP2RIA, APC, FBXW7,
ARIDIA, CDKN2A4, MLL2, RFF43, and FGFR?2.

Another aspect of the invention is a solid support comprising at least 10 primers attached
thereto. Each primer comprises at least 15 nt of complementary sequence to one of a
panel of genes. The panel is selected from the group consisting of CTNNBI, EGFR,
PI3KCA, PTEN, TP53, BRAF, KRAS, AKTI, NRAS, PPP2RIA, APC, FBXW7, ARIDIA,
CDKN2A4, MLL2, RFF43, and FGFR2.

These and other embodiments which will be apparent to those of skill in the art upon
reading the specification provide the art with methods for assessing ovarian and
endometrial cancers in a screening environment using samples that are already routinely

collected.



BRIEF DESCRIPTION OF THE DRAWINGS

[14]  Fig. I. Schematic demonstrating the principle steps of the procedure described in this
study. Tumors cells shed from ovarian or endometrial cancers arc carried into the
endocervical canal. These cells can be captured by the brush used for performing a
routine Pap smear. The hrush contents are transforred into a liquid fixative, from which
DNA 1 isolated.  Using next-gencration sequencing, this DNA is queried for mutations

that indicate the presence of a malignancy in the female reproductive tract,

[15] Fig 2 Diagram of the assay used to simultancously detect smutations in 12 different
genes. A modification of the Safe-SeqS (Safe-Sequencing System) protocol, for
simultancous interrogation of multiple mutations in a single sample, is depicted. Tn the
standard Safe-ScqS procedure, only onc amplicon is asscssed, while the new system is

used 1o assess multiple amplicons from multiple genes at once.

[168] Fig 3. Mutant allcle fractions in Pap smear fluids. The fraction of mutant zllcles from
cach of 46 pap smear fluids is depicted. The stage of cach tumor is listed on the Y-axis,

The X-axis demonstrates the % mutant allele fraction as determined by Safe-SegS.

1171 Fig. 4. Heat map depicting the results of multiplex testing of 12 genes in Pap smear
fluids. Each block on the y-axis represents a 30-bp block of sequence from the indicated
gone, The 28 samples assessed (14 from women with cancer, 14 from nermal women
without cancer) are indicated on the x-axis. Mutations arc indicated as colored blocks,
with white indicating no mutation, yellow indicating a mutant fesction of 0.1% 10 1%,
orange indicate a mutant fraction of 1% to 10%, and red indicating a mutant fraction of

>10%.

[18]  Fig. 5 PRIOR ART. Essential elements of Safe-SeqS. In the first step, each fragment to
be analyzed is assigned a unique identification (UID) DNA sequence (green or blue bars).
In the second step, the uniquely tagged fragments are amplified, producing UID families,
each member of which has the same UID. A supermutant is defined as a UID family in

which >95% of family members have the same mutation.

CA 2889937 2018-03-29



[19] Fig. 6 PRIOR ART. Safe-SeqS with endogenous UIDs plus capture. The sequences of
the ends of each fragment produced by random shearing (variously colored bars) serve
as the unique identifiers (UIDs). These fragments are ligated to adapters (yellow and
orange bars) so they can subsequently be amplified by PCR. One uniquely identifiable
fragment is produced from each strand of the double-stranded template; only one strand
is shown. Fragments of interest are captured on a solid phase containing
oligonucleotides complementary to the sequences of interest. Following PCR
amplification to produce UID families with primers containing 5' “grafting” sequences

(black and red bars), sequencing is performed and supermutants are defined as in Fig. 5.

[20] Fig. 7 PRIOR ART. Safe-SeqS with exogenous UIDs. DNA (sheared or unsheared) is
amplified with a set of gene-specific primers. One of the primers has a random DNA
sequence (e.g., a set of 14 Ns) that forms the unique identifier (UID) (variously colored
bars), located 5' to its gene-specific sequence, and both have sequences that permit
universal amplification in the next step (yellow and orange bars). Two UID assignment
cycles produce two fragments — each with a different UID — from each double-stranded
template molecule, as shown. Subsequent PCR with universal primers, which also
contain “grafting” sequences (black and red bars), produces UID families that are directly

sequenced. Supermutants are defined as in the legend to Fig. 5.

[21] Fig. 8 PRIOR ART. Single-base substitutions identified by conventional (A) and Safe-
SeqS (B) analysis. The exogenous UID strategy depicted in Fig. 7 was used to produce
PCR fragments from the CTNNBI1 gene of three normal, unrelated individuals. Mutation
numbers represent one of 87 possible single-base substitutions (3 possible
substitutions/base x 29 bases analyzed). These fragments were sequenced on an Illumina
GA IIx instrument and analyzed in the conventional manner (A) or with Safe-SeqS (B).
Safe-SeqS results are displayed on the same scale as conventional analysis for direct
comparison; the inset is a magnified view. Note that most of the variants identified by
conventional analysis are likely to represent sequencing errors, as indicated by their high

frequency relative to Safe-SeqS and their consistency among unrelated samples.

CA 2889937 2018-03-29



DETAILED BESCRIPTION OF THE INVENTION

[25] The inventors have developed a test for detecting different cancers using samples that are
alrcady routincly collected for diagnosing wterine cancer and HPV thuman papiloma
virus) infection, Using a panel of genes. a high level of detection of both endometrial

and ovarian cancers was achicved,

126] Certain genes have been idemtified as mutated in a high proportion of endometrial and
ovarian cancers. These include CTANNBI, EGFR, PIZKCA, PTEN, TP53, BRAF, KRAS,
AKTL, NRAS, PPP2RIA, APC, FBXW?, ARIDIA, COKNIA, MLL2, RFF43, and FGFR2,
The test can be performed on at least 3,4, 5, 6,7, K. 9, 10, 1], 12, 13, L4, 15, 16, 0r |7 of
these genes,  In addition, other genes can be added or substituted into the panel to

achieve a higher rate of detection.

[27]  Testing for a mutation may be done by analysis of nucleic acids, such as DNA or mRNA

or ¢DNA. The nucleie seid analytes are isolated from cells or cell frugments found in the

Sa

CA 2889937 2018-03-29
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[28]

[29]

[30]

[31]

liquid PAP smear sample. Suitable tests may include any hybridization or sequencing
based assay. Analysis may also be performed on protein encoded by the genes in the
panel. Any suitable test may be used including but not limited to mass spectrometry.
Other suitable assays may include immunological assays, such as, immunoblotting,
immunocytochemistry, immunoprecipitation, enzyme-linked immunosorbent assay
(ELISA), radioimmunoassay (RIA), immunoradiometric assays (IRMA) and
immunoenzymatic assays (IEMA), including sandwich assays using monoclonal or

polyclonal antibodies.

Genetic changes which can be detected are typically mutations such as deletions,
insertions, duplications, substitutions (missense or nonsense mutations), rearrangements,
etc. Such mutations can be detected inter alia by comparing to a wild type in another
(non-tumor) tissue or fluid of an individual or by comparing to reference sequences, for
example in databases. Mutations that are found in all tissues of an individual are germline
mutations, whereas those that occur only in a single tissue are somatic mutations.
Epigenetic changes can also be detected. These may be loss or gain of methylation at
specific locations in specific genes, as well as histone modifications, including

acetylation, ubiquitylation, phosphorylation and sumoylation.

Tests may be done in a multiplex format, in which a single reaction pot is used to detect
multiple analytes. Examples of such tests include amplifications using multiple primer
sets, amplifications using universal primers, array based hybridization or amplification,

emulsion based amplification.

While probes and primers may be designed to interrogate particular mutations or
particular portions of a gene, mRNA, or cDNA, these may not be separate entities. For
example, probes and primers may be linked together to form a concatamer, or they may

be linked to one or more solid supports, such as a bead or an array.

Kits for use in the disclosed methods may include a carrier for the various components.
The carrier can be a container or support, in the form of, e.g., bag, box, tube, rack, and is
optionally compartmentalized. The kit also includes various components useful in
detecting mutations, using the above-discussed detection techniques. For example, the
detection kit may include one or more oligonucleotides useful as primers for amplifying

all or a portion of the target nucleic acids. The detection kit may also include one or more
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[32]

[33]

[34]

[35]

[36]

oligonucleotide probes for hybridization to the target nucleic acids. Optionally the
oligonucleotides are affixed to a solid support, e.g., incorporated in a microarray included

in the kit or supplied separately.

Solid supports may contain one single primer or probe or antibody for detecting a single
gene, protein, mRNA, or portion of a gene. A solid support may contain multiple
primers, probes, or antibodies. They may be provided as a group which will interrogate
mutations at least 3, 4, 5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, or 17 of the genes of the
desired panel. The panel may be selected from or comprise CTNNBI, EGFR, PISKCA,
PTEN, TP53, BRAF, KRAS, AKTI, NRAS, PPP2RI1A, APC, FBXW7, ARIDI1A, CDKN2A,
MLL2, RFF43, and FGFR2.

Primer pairs may be used to synthesize amplicons of various sizes. Amplicons may be
for example from 50, 60, 75, 100, 125, 150, 200, 140, 180 bp in length. Amplicons may
run up to 200, 250, 300, 400, 500, 750, 1000 bp in length, as examples. The size of the
amplicon may be limited by the size and/or quality of the template retrieved from the
liquid PAP smear. Probes and primers for use in the invention may contain a wild-type

sequence or may contain a sequence of a particular mutant.

In one embodiment, the test can be performed using samples that are collected over time.
The test results can be compared for quantitative or qualitative changes. Such analysis

can be used after a potentially curative therapy, such as surgery.

Georgios Papanicolaou published his seminal work, entitled ‘“Diagnosis of Uterine
Cancer by the Vaginal Smear,” in 1943 (37). At that time, he suggested that
endocervical sampling could, in theory, be used to detect not only cervical cancers but
also other cancers arising in the female reproductive tract, including endometrial
carcinomas. The research reported here moves us much closer to that goal. In honor of
Papanicolaou’s pioneering contribution to the field of early cancer detection, we have

named the approach described herein as the “PapGene" test.

One of the most important developments over the last several years is the recognition that
all human cancers are the result of mutations in a limited set of genes and an even more
limited set of pathways through which these genes act (32). The whole-exome

sequencing data we present, combined with previous genome-wide studies, provide a
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[37]

[38]

striking example of the common genetic features of cancer (Fig. 6, Table 2). Through the
analysis of particular regions of only 12 genes (Fig. 11, table S5), we could detect at least
one driver mutation in the vast majority of nine different gynecologic cancers (Fig. 5,
Table 1). Though several of these 12 genes were tumor suppressors, and therefore
difficult to therapeutically target, knowledge of their mutational patterns provides

unprecedented opportunities for cancer diagnostics.

The most important finding in this paper is that significant amounts of cells or cell
fragments from endometrial and ovarian cancers are present in the cervix and can be
detected through molecular genetic approaches. Detection of malignant cells from
endometrial and ovarian carcinomas in cervical cytology specimens is relatively
uncommon. Microscopic examination cannot always distinguish them from one another,
from cervical carcinomas, or from more benign conditions. Our study showed that 100%
of endometrial cancers (n=24), even those of low grade, and 41% of ovarian cancers
(n=22), shed cells into the cervix that could be detected from specimens collected as part
of routine Pap smears. This finding, in conjunction with technical advances allowing the
reliable detection of mutations present in only a very small fraction of DNA templates,

provided the foundation for the PapGene test.

This study demonstrates the value of sensitive endocervical DNA testing but there are
many issucs that need to be addressed before optimal clinical use is achieved. The test,
even in its current format, appears to be promising for screening endometrial cancer, as
the data in Fig. 3 show that even the lowest stage endometrial cancers could be detected
through the analysis of DNA in Pap smear fluid through Safe-SeqS. However, only 41%
of ovarian cancers could be detected in Pap smears even when the mutations in their
tumors were known. In cight of the nine Pap smears from ovarian cancer patients that
contained detectable mutations, the mutant allele fractions were >0.1% and therefore
within the range currently detectable by PapGene testing (Fig. 9, table S3). Further
improvements in the technology could increase the technical sensitivity of the PapGene
test and allow it to detect more ovarian cancers. Other strategies to increase this
sensitivity involve physical maneuvers, such as massaging the adnexal region during the
pelvic examination or by performing the PapGene test at specified times during the
menstrual cycle. Development of an improved method of collection may also be able to
improve sensitivity. The current liquid specimen is designed for the detection of cervical

cancer and as such utilizes a brush that collects cells from the ectocervix and only

8
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[39]

[40]

[41]

minimally penetrates the endocervical canal. A small cannula that can be introduced into
the endometrial cavity similar to the pipelle endometrial biopsy instrument could
theoretically obtain a more enriched sample of cells coming from the endometrium,

fallopian tube and ovary (33).

The high sensitivity and the quantitative nature of the PapGene test also opens the
possibility of utilizing it to monitor the response to hormonal agents (e.g., progestins)
used to treat young women with low risk endometrial cancers. Some of these women
choose to preserve fertility, undergoing medical therapy rather than hysterectomy (34).
The detection of pre-symptomatic ovarian cancers, even if advanced, could also be of
benefit. Although not entirely analogous, it has been demonstrated that one of the most
important prognostic indicators for ovarian cancer is the amount of residual discase after
surgical debulking. Initially, debulking was considered optimal if the residual tumor was
less than 2 cm. Subsequently, the threshold was reduced to 1 cm and surgeons now
attempt to remove any visible tumor. With each improvement in surgical debulking,
survival has lengthened (35). A small volume of tumor is likely to be more sensitive to
cytotoxic chemotherapy than the large, bulky discase typical of symptomatic high-grade

serous carcinoma.

An essential aspect of the screening approach described here is that it should be relatively
inexpensive and ecasily incorporated into the pelvic examination. Evaluation of HPV
DNA is already part of routine Pap smear testing because HPV analysis increases the
test's sensitivity (36, 37). The DNA purification component of the PapGene test is
identical to that used for HPV, so this component is clearly feasible. The preparation of
DNA, multiplex amplification, and the retail cost of the sequencing component of the
PapGene test can also be performed at a cost comparable to a routine HPV test in the
U.S. today. Note that the increased sensitivity provided by the Safe-SeqS component of
the PapGene test (see Example 6) can be implemented on any massively parallel
sequencing instrument, not just those manufactured by Illumina. With the reduction in
the cost of massively parallel sequencing expected in the future, PapGene testing should

become even less expensive.

There are millions of Pap smear tests performed annually in the U.S.. Could PapGene
testing be performed on such a large number of specimens? We believe so, because the

entire DNA purification and amplification process can be automated, just as it is for HPV

9
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testing. Though it may now seem unrealistic to have millions of these sophisticated
sequence-based tests performed every year, it would undoubtedly have seemed
unrealistic to have widespread, conventional Pap smear testing performed when
Papanicolaou published his original paper (31). Even today, when many cervical
cytology specimens are screened using automated technologics, a significant percentage
require evaluation by a skilled cyotpathologist. In contrast, the analysis of PapGene
testing is done completely in silico and the read-out of the test is objective and

quantitative.

[42]  In sum, PapGene testing has the capacity to increasc the utility of conventional cytology
screening through the unambiguous detection of endometrial and ovarian carcinomas. In
addition to the analysis of much larger numbers of patients with and without various
types of endometrial, ovarian, and fallopian tube cancers, the next step in this linc of
research is to include genes altered in cervical cancer as well as HPV amplicons in the
multiplexed Safe-SeqS assay (Fig. 11, table S5). These additions will provide
information that could be valuable for the management of patients with the carly stages
of cervical neoplasia, as HPV positivity alone is not specific for the detection of cervical
cancer and its precursor lesions, particularly in young, sexually active women who

frequently harbor HPV infections in the absence of neoplasia.

[43] The above disclosure generally describes the present invention.
A more complete understanding can be
obtained by reference to the following specific examples which are provided herein for

purposcs of illustration only, and arc not intcnded to limit the scope of the invention.

EXAMPLE 1

[44] We reasoned that more sophisticated molecular methods might be able to detect the
presence of cancer cells in endocervical spccimens at higher sensitivities and specificities
than possible with conventional methods. In particular, we hypothesized that somatic
mutations characteristic of endometrial and ovarian cancers would be found in the DNA
purificd from routinc liquid-bascd Pap smears (henceforth denoted as "Pap smears"; Fig.
1). Unlike cytologically abnormal cells, such oncogenic DNA mutations are specific,
clonal markers of neoplasia that should be absent in non-neoplastic cells. However, we

did not know if such DNA would indeed be present in endocervical specimens, and we
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[45]

did not know if they would be present in a sufficient amount to detect them. The

experiments described here were carried out to test our hypothesis.

There were four components to this study: I. Determination of the somatic mutations
typically present in endometrial and ovarian cancers; II. Identification of at least one
mutation in the tumors of 46 patients with these cancers; I1I. Determination of whether
the mutations identified in these tumors could also be detected in Pap smears from the
same patients; and IV. Development of a technology that could directly assess cells from

Pap smears for mutations commonly found in endometrial or ovarian cancers.

EXAMPLE 2

[46]

[47]

[48]

Prevalence of somatically mutated genes in endometrial and ovarian cancers.

There are five major histopathologic subtypes of ovarian cancers. The most prevalent
subtype is high grade serous (60% of total), followed by endometrioid (15%), clear cell
(10%), and low-grade serous carcinoma (8%) (Table 1). Genome-wide studies have
identified the most commonly mutated genes among the most prevalent ovarian cancer

subtypes (Table 2) (23-25).

Such comprehensive studies have not yet been reported for the endometrioid and
mucinous subtypes, collectively representing ~20% of ovarian cancer cases (Table 1).
However, commonly mutated genes in the endometrioid and mucinous subtypes have
been reported (26). In aggregate, the most commonly mutated gene in epithelial ovarian
cancers was 7P53, which was mutated in 69% of these cancers (Table 2). Other highly
mutated genes included ARIDIA, BRAF, CTNNBI, KRAS, PIK3CA, and PPP2RIA
(Table 2).

Among endometrial cancers, the endometrioid subtype is by far the most common,
representing 85% of the total (Table 1). Because cancers of this subtype are so frequent
and have not been analyzed at a genome-wide level, we evaluated them through whole-
exome sequencing. The DNA purified from 22 sporadic endometrioid carcinomas, as
well as from matched non-neoplastic tissues, was used to generate 44 libraries suitable
for massively parallel sequencing.  The clinical aspects of the patients and
histopathologic features of the tumors are listed in table S1. Though the examination of

22 cancers cannot provide a comprehensive genome landscape of a tumor type, it is
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[S0]

[51]

[52]

adequate for diagnostic purposes - as these only require the identification of the most

frequently mutated genes.

Among the 44 libraries, the average coverage of cach base in the targeted region was
149.1 with 88.4% of targeted bases represented by at least ten reads. Using stringent
criteria for the identification of somatic mutations (as described in Materials and
Methods), the sequencing data clearly demarcated the tumors into two groups: ten
cancers (termed the N Group, for non-highly mutated) harbored <100 somatic mutations
per tumor (median 32, range 7 to 50), while 12 cancers (termed the H Group, for Aighly
mutated) harbored >100 somatic mutations per tumor (median 674, range 164 to 4,629)

(Fig. 7, table S1).

The high number of mutations in the Group H tumors was consistent with a deficiency in
DNA repair. Eight of the 12 Group H tumors had microsatellite instability (MSI-H, table
S1), supporting this conjecture. Moreover, six of the Group H tumors contained somatic
mutations in the mismatch repair genes MSH?2 or MSH6, while none of the Group N
cancers contained mutations in mismatch repair genes. Mismatch repair deficiency is
known to be common among endometrial cancers and these tumors occur in 19-71% of
women with inherited mutations of mismatch repair genes (i.e., patients with the

Hereditary Nonpolyposis Colorectal Cancer) (27).

12,795 somatic mutations were identified in the 22 cancers. The most commonly
mutated genes included the PIK3 pathway genes PTEN and PIK3CA (28), the APC
pathway genes APC and CTNNBI, the fibroblast growth factor receptor FGFR2, the
adapter protein FBXW7, and the chromatin-modifying genes ARIDIA and MLL?2 (Table
2). Genes in these pathways were mutated in both Group N and H tumors. Our results
are consistent with prior studies of endometrioid endometrial cancer that had evaluated
small numbers of genes, though mutations in FBXW7, MLL2 and APC had not been
appreciated to occur as frequently as we found them. It was also interesting that
fewTP53 mutations (5%) were found in these endometrial cancers (Table 2), a finding

also consistent with prior studies.

Papillary serous carcinomas of the endometrium account for 10-15% of endometrial
cancers, and a recent genome-wide sequencing study of this tumor subtype has been

published (29). The most common mutations in this subtype are listed in Table 2. The
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least common subtype of endometrial cancers is clear cell carcinomas, which occur in
<5%. Genes reported to be mutated in these cancers were garnered from the literature

(Table 2).

EXAMPLE 3

[53]

[54]

[55]

Identification of mutations in tumor tissues

We acquired tumors from 46 cancer patients in whom Pap smears were available. These
included 24 patients with endometrial cancers and 22 with ovarian cancers; clinical and

histopathologic features are listed in table S3.

Somatic mutations in the 46 tumors were identified through whole-exome sequencing as
described above or through targeted sequencing of genes frequently mutated in the most
common subtypes of ovarian or endometrial cancer (Table 2). Enrichment for these
genes was achieved using a custom solid phase capture assay comprised of
oligonucleotides (“‘capture probes”) complementary to a panel of gene regions of interest.
For the oncogenes, we only targeted their commonly mutated exons, whereas we targeted

the entire coding regions of the tumor suppressor genes.

Illumina DNA sequencing libraries were generated from tumors and their matched non-
neoplastic tissues, then captured with the assay described above.  Following
amplification by PCR, four to eight captured DNA libraries were sequenced per lane on
an Illumina GA IIx instrument. In each of the 46 cases, we identified at least one somatic

mutation (table S3) that was confirmed by an independent assay, as described below.

EXAMPLE 4

[56]

Identification of soratic mutations in Pap smears

In the liquid-based Pap smear technique in routine use today, the clinician inserts a small
brush into the endocervical canal during a pelvic exam and rotates the brush so that it
dislodges and adheres to loosely attached cells or cell fragments. The brush is then placed
in a vial of fixative solution (e.g., ThinPrep). Some of the liquid from the vial is used to
prepare a slide for cytological analysis or for purification of HPV DNA. In our study, an
aliquot of the DNA purified from the liquid was used to assess for the presence of DNA

from the cancers of the 46 patients described above. Preliminary studies showed that the
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fixed cells or cell fragments in the liquid, pelleted by centrifugation at 1,000 g for five
minutes, contained >95% of the total DNA in the vial. We therefore purified DNA from
the cell pellets when the amount of available liquid was greater than 3 mL (as occurs with
some liquid-based Pap smear kits) and, for convenience, purified DNA from both the
liquid and cells when smaller amounts of liquid were in the kit. In all cases, the purified
DNA was of relatively high molecular weight (95% >5 kb). The average amount of
DNA recovered from the 46 Pap smears was 49.3 + 74.4 ng/ml (table S3).

We anticipated that, if present at all, the amount of DNA derived from neoplastic cells in
the Pap smear fluid would be relatively small compared to the DNA derived from normal
cells brushed from the endocervical canal. This necessitated the use of an analytic
technique that could reliably identify a rare population of mutant alleles among a great
excess of wild-type alleles. A modification of one of the Safe-SeqS (Safe-Sequencing

System) procedures described in (30) was designed for this purpose (Fig. 2).

In brief, a limited number of PCR cycles was performed with a set of gene-specific
primers. One of the primers contained 14 degenerate N bases (equal probability of being
an A, C, G, or T) located 5' to its gene-specific sequence, and both primers contained
sequences that permitted universal amplification in the next step. The 14 N's formed
unique identifiers (UID) for each original template molecule. Subsequent PCR products
generated with universal primers were purified and sequenced on an Illumina MiSeq
instrument. If a mutation preexisted in a template molecule, that mutation should be
present in every daughter molecule containing that UID, and such mutations are called
“supermutants” (30). Mutations not occurring in the original templates, such as those
occurring during the amplification steps or through errors in base calling, should not give
rise to supermutants. The Safe-SeqS approach used here is capable of detecting 1 mutant
template among 5,000 to 1,000,000 wild-type templates, depending on the amplicon and
the position within the amplicon that is queried (30).

We designed Safe-SeqS primers (table S4) to detect at least one mutation from each of
the 46 patients described in table S3. In the 24 Pap smears from patients with
endometrial cancers, the mutation present in the tumor was identified in every case
(100%). The median fraction of mutant alleles was 2.7%, and ranged from 0.01% to 78%
(Fig. 3 and table S3). Amplifications of DNA from non-neoplastic tissues were used as

negative controls in these experiments to define the detection limits of each queried
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mutation. In all cases, the fraction of mutant alleles was significantly different from the
background mutation levels determined from the negative controls (P<0.001, binomial
test). There was no obvious correlation between the fraction of mutant alleles and the

histopathologic subtype or the stage of the cancer (Fig. 3 and table S3).

In two endometrial cancer cases, two mutations found in the tumor DNA were evaluated
in the Pap smears (table S3). In both cases, the mutations were identified in DNA from
the Pap smear (table S3). Moreover, the ratios between the mutant allele fractions of the
two mutations in the Pap smears were correlated with those of the corresponding tumor
samples. For example, in the Pap smear of case PAP 083 the mutant allele fractions for
the CTNNBI and PIK3CA mutations were 0.143% and 0.064%, respectively - a ratio of
2.2 (=0.14% to 0.064%). In the primary tumor from PAP 083, the corresponding ratio
was 2.0 (79.5% to 39.5%).

Similar analysis of Pap smear DNA from ovarian cancer patients revealed detectable
mutations in nine of the 22 patients (41%). The fraction of mutant alleles was smaller
than in endometrial cancers (median of 0.49%, range 0.021% to 5.9%, see Fig. 3 and
table S3). All but one of the cases with detectable mutations were epithelial tumors; the
exception was a dysgerminoma, a malignant germ cell tumor of the ovary (table S3). As
with endometrial cancers, there was no statistically significant correlation between the
fraction of mutant alleles and histopathologic criteria. However, most ovarian cancers
are detected only at an advanced stage, and this was reflected in the patients available in

our cohort.

EXAMPLE 5

[62]

A genetic test for screening purposes

The results described above document that mutant DNA molecules from most
endometrial cancers and some ovarian cancers can be found in routinely collected Pap
smears. However, in all 46 cases depicted in Fig. 3, a specific mutation was known to
occur in the tumor, and an assay was subsequently designed to determine whether that
mutation was also present in the corresponding Pap smears. In a screening setting, there
obviously would be no known tumor prior to the test. We therefore designed a prototype

test based on Safe-SeqS that could be used in a screening setting (Fig. 2).
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This multiplexed approach included 50 primer pairs that amplified segments of 241 to
296 bp containing frequently mutated regions of DNA. The regions to be amplified were
chosen from the results described in Section I and included exons from APC, AKTI,
BRAF, CTNNBI1, EGFR, FBXW7, KRAS, PIK3CA, PPP2RIA, PTEN, and TP53. In
control experiments, 46 of the 50 amplicons were shown to provide information on a
minimum of 2,500 templates; the number of templates sequenced can be determined
directly from SafeSeqS-based sequencing (Fig. 2). Given the accuracy of SafeSeqS, this
number was adequate to comfortably detect mutations existing in >0.1% of template
molecules (30). The regions covered by these 46 amplicons (table S5), encompassing
10,257 bp, were predicted to be able to detect at least one mutation in >90% of either

endometrial or ovarian cancers.

This test was applied to Pap smears of 14 cases - twelve endometrial and two ovarian - as
well as 14 Pap smears collected from normal women. The 14 cancer cases were
arbitrarily chosen from those which had mutant allele fractions >0.1% (table S3) and
therefore above the detection limit of the multiplexed assay. In all 14 Pap smears from
women with cancer, the mutation expected to be present (table S3) was identified (Fig. 4
and table S6). The fraction of mutant alleles in the multiplexed test was similar to that
observed in the original analysis of the same samples using only one Safe-SeqS primer
pair per amplicon (table S3 and table S6). Importantly, no mutations were detected in the

14 Pap smears from women without cancer (Fig. 4; see Materials and Methods).

EXAMPLE 6

[65]

Materials and Methods

Patient Samples

All samples for this study were obtained using protocols approved by the Institutional
Review Boards of The Johns Hopkins Medical Institutions (Baltimore, MD), Memorial
Sloan Kettering Cancer Center (New York, NY), University of Sao Paulo (Sao Paulo,
Brazil), and ILSbio, LLC (Chestertown, MD). Demographic, clinical and pathologic
staging data was collected for each case. All histopathology was centrally re-reviewed

by board-certified pathologists. Staging was based on 2009 FIGO criteria (38).
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[70]

[71]

Fresh-frozen tissue specimens of surgically resected neoplasms of the ovary and
endometrium were analyzed by frozen section to assess neoplastic cellularity by a board-
certified pathologist. Serial frozen sections were used to guide the trimming of Optimal
Cutting Temperature (OCT) compound embedded frozen tissue blocks to enrich the

fraction of neoplastic cells for DNA extraction.

Formalin-fixed paraffin embedded (FFPE) tissue samples were assessed by a board-
certified pathologist (Propath LLC, Dallas, TX) for tumor cellularity and to demarcate
arca of high tumor cellularity. Tumor tissue from serial 10 micron sections on slides
from the original tumor block were macrodissected with a razorblade to enrich the

fraction of neoplastic cells for DNA extraction.

The source of normal DNA was matched whole blood or non-neoplastic normal adjacent

tissue.

Liquid-based Pap smears were collected using cervical brushes and transport medium
from Digene HC2 DNA Collection Device (Qiagen) or ThinPrep 2000 System (Hologic)

and stored using the manufacturer’s recommendations.

Unless otherwise indicated, all patient-related values are reported as mean + 1 standard

deviation.

DNA Extraction

DNA was purified from tumor and normal tissue as well as liquid-based Pap Smears
using an AllPrep kit (Qiagen) according to the manufacturer’s instructions. DNA was
purified from tumor tissue by adding 3 mL RLTM buffer (Qiagen) and then binding to an
AllPrep DNA column (Qiagen) following the manufacturer's protocol. DNA was
purified from Pap smear liquids by adding five volumes of RLTM buffer when the
amount of liquid was less than 3 mL. When the amount of liquid was >3 mL, the cells
and cell fragments were pelleted at 1,000 x g for five minutes and the pellets were
dissolved in 3 mL RLTM buffer. DNA was quantified in all cases with qPCR,

employing the primers and conditions previously described (39).

Microsatellite instability testing
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Microsatellite instability was detected using the MSI Analysis System (Promega),
containing five mononucleotide repeats (BAT-25, BAT-26, NR-21, NR-24 and MONO-
27) and two pentanucleotide repeat loci, per the manufacturer’s instructions. Following
amplification, the fluorescent PCR products were sized on an Applied Biosystems 3130
capillary clectrophoresis instrument (Invitrogen). Tumor samples were designated as
follows: MSI-high if two or more mononucleotides varied in length compared to the
germline DNA; MSI-low if only one locus varied; and microsatellite stable (MSS) if
there was no variation compared to the germline. Pentanucleotide loci confirmed identity

in all cases.

Preparation of Illumina DNA libraries and capture for exomic sequencing

Preparation of Illumina genomic DNA libraries for exomic and targeted DNA captures
was performed according to the manufacturer’s recommendations. Briefly, 1-3 ng of
genomic DNA was used for library preparation using the TruSeqDNA Sample
Preparation Kit (Illumina). The DNA was acoustically sheared (Covaris) to a target size
of ~200 bp. The fragments were subsequently end-repaired to convert overhangs into
blunt ends. A single “A” nucleotide was then added to the 3° ends of blunt fragments to
prevent them from later self-ligation; a corresponding “T” on the 3’ end of adaptor
molecules provided the complementary overhang. Following ligation to adaptors, the
library was amplified with 8-14 cycles of PCR to ensure yields of 0.5 and 4 pg for

exomic and targeted gene captures, respectively.

Exomic capture was performed with the SureSelect Human Exome Kit V 4.0 (Agilent)
according to the manufacturer’s protocol, with the addition of TruSeq index-specific
blocks in the hybridization mixture
(AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-XXXXXX-
ATCTCGTATGCCGTCTTCTGCTTGT (SEQ ID NO: 1), where the six base pair
“XXXXXX” denotes one of 12 sample-specific indexes).

Targeted gene enrichment

Targeted gene enrichment was performed by modifications of previously described
methods (40, 41). In brief, targeted regions of selected oncogenes and tumor suppressor
genes were synthesized as oligonucleotide probes by Agilent Technologies. Probes of 36
bases were designed to capture both the plus and the minus strand of the DNA and had a

33-base overlap. The oligonucleotides were cleaved from the chip by incubating with 3
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mL of 35% ammonium hydroxide at room temperate for five hours. The solution was
transferred to two 2-ml tubes, dried under vacuum, and redissolved in 400 ulL of
ribonuclease (RNase)— and deoxyribonuclease (DNase)-free water. Five microliters of
the solution was used for PCR amplification with primers complementary to the 12-base
sequence common to all probes: 5'-TGATCCCGCGACGA*C-3' (SEQ ID NO: 2) and 5'-
GACCGCGACTCCAG*C-3' (SEQ ID NO: 3), with * indicating a phosphorothioate
bond. The PCR products were purified with a MinElute Purification Column (Qiagen),
end-repaired with End-IT DNA End-Repair Kit (Epicentre), and then purified with a
MinElute Purification Column (Qiagen). The PCR products were ligated to form

concatamers as described (40).

The major difference between the protocol described in (40, 41) and the one used in the
present study involved the amplification of the ligated PCR products and the solid phase
capture method. The modifications were as follows: 50 ng of ligated PCR product was
amplified using the REPLI-g Midi Kit (Qiagen) with the addition of 2.5 nmol Biotin-
dUTP (Roche) in a 27.5 uL reaction. The reaction was incubated at 300C for 16 hours,
the polymerase was inactivated at 650C for 3 mins. The amplified probes were purified
with QiaQuick PCR Purification Columns (Qiagen). For capture, 4-5 pg of library DNA
was incubated with 1 pg of the prepared probes in a hybridization mixture as previously
described(40).  The biotinylated probes and captured library sequences were
subsequently purified using 500 pg Dynabeads® MyOne Streptavidin (Invitrogen). After
washing as per the manufacturer’s recommendations, the captured sequences were eluted
with 0.1 M NaOH and then neutralized with 1M Tris-HCI (pH 7.5). Neutralized DNA
was desalted and concentrated using a QIAquick MinElute Column (Qiagen) in 20 uL.
The clute was amplified in a 100 uL. Phusion Hot Start II (Thermo Scientific) reaction
containing 1X Phusion HF buffer, 0.25 mM dNTPs, 0.5 uM each forward and reverse
TruSeq primers, and 2 U polymerase with the following cycling conditions: 98°C for 30
s; 14 cycles of 98°C for 10s, 60°C for 30 s, 72°C for 30 s; and 72°C for 5 min. The
amplified pool containing enriched target sequences was purified using an Agencourt

AMPure XP system (Beckman) and quantified using a 2100 Bioanalyzer (Agilent).

Next-generation sequencing and somatic mutation identification

After capture of targeted sequences, paired-end sequencing using an Illumina GA 1Ix

Genome Analyzer provided 2 x 75 base reads from each fragment. The sequence tags
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that passed filtering were aligned to the human genome reference sequence (hgl8) and
subsequent variant-calling analysis was performed using the ELANDv2 algorithm in the
CASAVA 1.6 software (Illumina). Known polymorphisms recorded in dbSNP were
removed from the analysis. Identification of high confidence mutations was performed

as described previously (24).

Assessment of low-frequency mutations

Primer Design. We attempted to design primer pairs to detect mutations in the 46
cancers described in the text. Primers were designed as described (30), using
Primer3.(42) Sixty percent of the primers amplified the expected fragments; in the other
40%, a second or third set of primers had to be designed to reduce primer dimers or non-

specific amplification.

Sequencing Library Preparation. Templates were amplified as described previously (30),
with modifications that will be described in full elsewhere. In brief, each strand of each
template molecule was encoded with a 14 base unique identifier (UID) — comprised of
degenerate N bases (equal probability of being an A, C, G, or T) - using two to four
cycles of amplicon-specific PCR (UID assignment PCR cycles, see Fig. 2). While both
forward and reverse gene-specific primers contained universal tag sequences at their 5'
ends - providing the primer binding sites for the second-round amplification - only the
forward primer contained the UID, positioned between the 5' universal tag and the 3’
gene-specific sequences (four N’s were included in the reverse primer to facilitate
sequencing done on paired-end libraries) (table S4). The UID assignment PCR cycles
included Phusion Hot Start I (Thermo Scientific) in a 50 pL reaction containing 1X
Phusion HF buffer, 0.25 mM dNTPs, 0.5 uM each of forward (containing 14 N’s) and
reverse primers, and 2 U of polymerase. Carryover of residual UID-containing primers
to the second-round amplification, which can complicate template quantification (30),
was minimized through exonuclease digestion at 370C to degrade unincorporated primers
and subsequent purification with AMPure XP beads (Beckman) and elution in 10 uLL TE
(10 mM Tris-HCI, 1 mM EDTA, pH 8.0).

The eluted templates were amplified in a second-round PCR using primers containing the
grafting sequences necessary for hybridization to the Illumina GA IIx flow cell at their 5°
ends (Fig. 2) and two terminal 3’ phosphorothioates to protect them from residual

exonuclease activity(30). The reverse amplification primer additionally contained an
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index sequence between the 5 ’grafting and 3” universal tag sequences to enable the PCR
products from multiple individuals to be simultancously analyzed in the same flow cell
compartment of the sequencer(30). The second-round amplification reactions contained
IX Phusion HF buffer, 0.25 mM dNTPs, 0.5 uM each of forward and reverse primers,
and 2 U of polymerase in a total of 50 uL. After an initial heat activation step at 980 C
for 2 minutcs, twenty-three cycles of PCR were performed using the following cycling
conditions: 980C for 10 s, 650C for 15 s, and 720C for 15 s. The multiplexcd assay was
performed in similar fashion utilizing six independent amplifications per sample with the
primers described in table S5. The PCR products were purified using AMPure XP beads
and uscd dircetly for scquencing on cither the Tllumina MiScq or GA TIx instruments,

with equivalent results.

Data Analysis. High quality sequence reads were analyzed as previously described.(30)
Bricfly, rcads in which cach of thc 14 bases comprising the UID (rcpresenting onc
original template strand; see Fig. 2) had a quality score >15 were grouped by their UID.
Only the UIDs supported by more than one read were retained for further analysis. The
template-specific portion of the reads that contained the sequence of an expected
amplification primer was matched to a reference sequence set using a custom script
(available from the authors upon request). Artifactual mutations — introduced during the
sample preparation and/or sequencing steps — were eliminated by requiring that >50% of
reads sharing the same UID contained the identical mutation (a “supermutant;” see Fig.
2). For the 46 assays querying a single amplicon, we required that the fraction of mutant
allcles was significantly diffcrent from the background mutation levels determined from
a negative control (P<0.001, binomial test). As mutations are not known a priori in a
screening environment, we used a more agnostic metric to detect mutations in the
multiplexed assay. A threshold supermutant frequency was defined for each sample as
equaling the mean frequency of all supermutants plus six standard deviations of the
mean. Only supermutants exceeding this threshold were designated as mutations and

reported in Fig. 4 and table S6.
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DESCRIPTION OF TABLES

Table 1. Epidemiology of Ovarian and Endometrial Tumors. The estimated numbers of new cases

and deaths in the U.S. from the major subtypes of ovarian and endometrial cancers are listed.

Table 2. Genetic Characteristics of Ovarian and Endometrial Cancers. The frequencies of the

commonly mutated genes in ovarian and endometrial cancers are listed.

Table Sl. Endometrial Cancers (Endometrioid Subtype) Studied by Whole-exome Sequencing.

The summary characteristics of the 22 cancers used for exome sequencing are listed.

Table S3. Mutations Assessed in Pap Smears. Clinical characteristics of the 46 tumor samples are
listed, along with the mutation identified in each case and the fraction of mutant alleles identified

in the Pap smears.

Table S4. Primers Used to Assess Individual Mutations in Pap Smears. The sequences of the
forward and reverse primers used to test each mutation via Safe-SeqS are listed in pairs (SEQ ID

NO: 4-99, respectively).

Table S5. Primers Used to Simultaneously Assess 12 Genes in Pap Smears. The sequences of the
forward and reverse primers for each tested region are listed in pairs (SEQ ID NO: 100-191,

respectively).

Table S6. Mutations Identified in Pap Smears through Simultaneous Assessment of 12 Genes. The
fraction of mutant alleles identified in the Pap smears using this approach is listed, along with the

precise mutations identified.
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Table 2 - Genetic Characteristics of Ovarian and Endometrial Cancers

Common Mutations

Tissue Type Subtype Reference No.

(Frequency)

Ovarian

Epithelial

High-grade Serous

Endometrioid

Clear Cell

Low-grade Serous

Mucinous

TP53 (96%)
TP53 (68%)
ARID1A (30%)
CTNNB1 (26%)
PTEN (17%)
PIK3CA (15%)
KRAS (10%)
PPP2R1A (11%)
CDKN2A (12%)
BRAF (8%)
ARID1A (57%)
PIK3CA (40%)
PPP2R1A (7.1%)
KRAS (4.7%)
BRAF (38%)
KRAS (19%)
TP53 (56%)
KRAS (40%)
PPP2R1A (33%)
CDKN2A (16%)
PTEN (11%)

23
26
26
26
26
26
26
26
26
26
24

.24
24
24
25
25
26
26
26
26
26

Tissue

Type

Subtype

Common Mutations
(Frequency)

Reference No.

Endometrial

Type I: Endometriod

Type lI: Non-Endometrioid

Endometrioid

Papillary serous

Clear Cell

PTEN (64%)
PIK3CA (59%)
ARID1A (55%)
CTNNB1 (32%)
MLL2 (32%)
FBXW? (27%)
RNF43 (27%)
APC (23%)

Current study
Current study
Current study
Current study
Current study
Current study
Current study
Current study

FGFR2 (18%) Current study
KRAS (9%) Current study
PIK3R1 (9%) Current study

EGFR (14%)
AKT1 (5%)
NRAS (5%)
TP53 (5%)

TP53 (81.6%)
PIK3CA (24%)
FBXWY (19.7%)

PPP2R1A (18.4%)

TP53 (45%)
PPP2R1A (33%)
PIK3CA (29%)
PTEN (13%)
PIK3R1 (9%)
KRAS (5%)

Current study
Current study
Current study
Current study

29

29

29

29

26

26

26

26

26

26
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APPENDIX

DETECTION AND QUANTIFICATION OF RARE MUTATIONS
WITH MASSIVELY PARALLEL SEQUENCING
(PRIOR ART)

Kinde I, Wu J, Papadopoulos N, Kinzler KW, Vogelstein B (2011) Detection and quantification
of rare mutations with massively parallel sequencing. Proc Natl Acad Sci USA 108:9530-9535.

[82] The identification of mutations that are present in a small fraction of DNA templates is
essential for progress in several areas of biomedical research. Although massively parallel
sequencing instruments are in principle well suited to this task, the error rates in such
instruments are generally too high to allow confident identification of rare variants. We
here describe an approach that can substantially increase the sensitivity of massively
parallel sequencing instruments for this purpose. The keys to this approach, called the Safe-
Sequencing System (“Safe-SeqS”), are (i) assignment of a unique identifier (UID) to each
template molecule, (ii) amplification of each uniquely tagged template molecule to create
UID families, and (iii) redundant sequencing of the amplification products. PCR fragments
with the same UID are considered mutant (“supermutants”) only if >95% of them contain
the identical mutation. We illustrate the utility of this approach for determining the fidelity
of a polymerase, the accuracy of oligonucleotides synthesized in vitro, and the prevalence

of mutations in the nuclear and mitochondrial genomes of normal cells.

[83]  Genetic mutations underlie many aspects of life and death — through evolution and disease,
respectively. Accordingly, their measuremeht is critical to several fields of research. Luria
and Delbriick’s classic fluctuation analysis is a prototypic example of the insights into
biological processes that can be gained simply by counting the number of mutations in
carefully controlled experiments (Al). Counting de novo mutations in humans, not present
in their parents, has similarly led to new insights into the rate at which our species can
evolve (A2, A3). Similarly, counting genetic or epigenetic changes in tumors can inform
fundamental issues in cancer biology (A4). Mutations lie at the core of current problems in
managing patients with viral diseases such as AIDS and hepatitis by virtue of the drug
resistance they can cause (A5, A6). Detection of such mutations, particularly at a stage

before their becoming dominant in the population, will likely be essential to optimize

34

CA 2889937 2018-03-29



APPENDIX

therapy. Detection of donor DNA in the blood of organ transplant patients is an important
indicator of graft rejection and detection of fetal DNA in maternal plasma can be used for
prenatal diagnosis in a noninvasive fashion (A7, A8). In neoplastic diseases, which are all
driven by somatic mutations, the applications of rare mutant detection are manifold; they
can be used to help identify residual disease at surgical margins or in lymph nodes, to
follow the course of therapy when assessed in plasma, and to identify patients with early,
surgically curable disease when evaluated in stool, sputum, plasma, and other bodily

fluids (A9, A0, Al1).

[84] These examples highlight the importance of identifying rare mutations for both basic and
clinical research. Accordingly, innovative ways to assess them have been devised over the
years. The first methods involved biologic assays based on prototrophy, resistance to viral
infection or drugs, or biochemical assays (Al, A12, A13, Al4, AlS, Al6, A17, A18).
Molecular cloning and sequencing provided a new dimension to the field, as they allowed
the type of mutation, rather than simply its presence, to be identified (A 19, A20, A21, A22,
A23, A24). Some of the most powerful of these newer methods are based on digital PCR,
in which individual molecules are assessed one by one (A25). Digital PCR is conceptually
identical to the analysis of individual clones of bacteria, cells, or virus, but is performed
entirely in vitro with defined, inanimate reagents. Several implementations of digital PCR
have been described, including the analysis of molecules arrayed in multiwell plates, in
polonies, in microfluidic devices, and in water-in-oil emulsions (A25, A26, A27, A28, A29,
A30). In each of these technologies, mutant templates are identified through their binding

to oligonucleotides specific for the potentially mutant base.

[85] Massively parallel sequencing represents a particularly powerful form of digital PCR in
that hundreds of millions of template molecules can be analyzed one by one. It has the
advantage over conventional digital PCR methods in that multiple bases can be queried
sequentially and easily in an automated fashion. However, massively parallel sequencing
cannot generally be used to detect rare variants because of the high error rate associated
with the sequencing process. For example, with the commonly used Illumina sequencing
instruments, this error rate varies from ~1% (A31, A32) to ~0.05% (A33, A34), depending
on factors such as the read length (A35), use of improved base-calling algorithms (A36,
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A37, A38), and the type of variants detected (A39). Some of these errors presumably result
from mutations introduced during template preparation, during the preamplification steps
required for library preparation, and during further solid-phase amplification on the
instrument itself. Other errors are due to base misincorporation during sequencing and
basecalling errors. Advances in base calling can enhance confidence (e.g., refs. A36-A39),
but instrument-based errors are still limiting, particularly in clinical samples wherein the
mutation prevalence can be <0.01% (A1l). In the work described herein, we show how
templates can be prepared and the sequencing data obtained from them more reliably
interpreted, so that relatively rare mutations can be identified with commercially available

instruments.

RESULTS

Overview

[86]

Our approach, called the Safe-Sequencing System (“Safe-SeqS™), involves two basic steps
(Fig. 5). The first is the assignment of a unique identifier (UID) to each DNA template
molecule to be analyzed. The second is the amplification of each uniquely tagged template,
so that many daughter molecules with the identical sequence are generated (defined as a
UID family). If a mutation preexisted in the template molecule used for amplification, that
mutation should be present in every daughter molecule containing that UID (barring any
subsequent replication or sequencing errors). A UID family in which at least 95% of family
members have the identical mutation is called a “supermutant”. Mutations not occurring in
the original templates, such as those occurring during the amplification steps or through

errors in base calling, should not give rise to supermutants.

Endogenous UIDs

[87]

UIDs, sometimes called barcodes or indexes, can be assigned to nucleic acid fragments
using a variety of methods. These methods include the introduction of exogenous
sequences through PCR (A40, A41) or ligation (A42, A43). Even more simply, randomly
sheared genomic DNA inherently contains UIDs consisting of the sequences of the two
ends of each sheared fragment (Fig. 6). Paired-end sequencing of these fragments yields

UID families that can be analyzed as described above. To use such endogenous UIDs in
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Safe-SeqS, we used two separate approaches: one designed to evaluate many genes

simultaneously and the other designed to evaluate a single gene fragment in depth (Fig. 6).

[88] For the evaluation of multiple genes, we ligated standard Illumina sequencing adapters to
the ends of sheared DNA fragments to produce a standard sequencing library and then
captured genes of interest on a solid phase (A44). In this experiment, a library made from
the DNA of ~15,000 normal cells was used, and 2,594 bp from six genes were targeted for
capture. After excluding known single-nucleotide polymorphisms, 25,563 apparent
mutations, corresponding to 2.4 x 10~ mutations/bp, were also identified (Table Al). On
the basis of previous analyses of mutation rates in human cells, at least 90% of these
apparent mutations were likely to represent mutations introduced during template and
library preparation or base-calling errors. Note that the error rate determined here (2.4 x
107 mutations/bp) is considerably lower than usually reported in experiments using the

Illumina instrument because we used very stringent criteria for base calling.

[891  With Safe-SeqS analysis of the same data, we determined that 69,505 original template
molecules were assessed in this experiment (i.e., 69,505 UID families, with an average of
40 members per family, were identified) (Table Al). All of the polymorphic variants
identified by conventional analysis were also identified by Safe-SeqS. However, only eight
supermutants were observed among these families, corresponding to 3.5 x 107°
mutations/bp. Thus, Safe-SeqS decreased the presumptive sequencing errors by at least 70-

fold.

[90] A strategy using endogenous UIDs was also used to reduce false-positive mutations upon
deep sequencing of a single region of interest. In this case, a library prepared as described
above from ~1,750 normal cells was used as template for inverse PCR using primers
complementary to a gene of interest, so the PCR products could be directly used for
sequencing. With conventional analysis, an average of 2.3 x 10~ mutations/bp were
observed, similar to that observed in the capture experiment (Table Al). Given that only
1,057 independent molecules from normal cells were assessed in this experiment, as

determined through Safe-SeqS analysis, all mutations observed with conventional analysis
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likely represented false positives (Table A1). With Safe-SeqS analysis of the same data, no

supermutants were identified at any position.

Table Al. Safe-SeqS with endogenous UIDs

Capture Inverse PCR
Conventional analysis
High-quality base pairs 106,958,863 1,041,346,645
Mean high-quality base pairs 38,620x 2,0885,600x
read depth
Mutations identified 25,563 234,352
Mutations/bp 24E-04 2.3E-04
Safe-SeqS analysis
High-quality base pairs 106,958,863 1,041,346,645
Mean high-quality base pairs 38,620x 2,085,600x
read depth
UID families 69,505 1,057
Average no. of members/UID family 40 21,688
Median no. of members/UID family 19 4
Supermutants identified 8 0
Supermutants/bp 3.5E-06 0.0
Exogenous UIDs
[91]  Although the results described above show that Safe-SeqS can increase the reliability of
massively parallel sequencing, the number of different molecules that can be examined
using endogenous UIDs is limited. For fragments sheared to an average size of 150 bp
(range 125-175), 36-base paired-end sequencing can evaluate a maximum of ~7,200
different molecules containing a specific mutation (2 reads x 2 orientations x 36 bases/read
x 50-base variation on either end of the fragment). In practice, the actual number of UIDs
is smaller because the shearing process is not entirely random.
[92] To make more efficient use of the original templates, we developed a Safe-SeqS strategy

that used a minimum number of enzymatic steps. This strategy also permitted the use of
degraded or damaged DNA, such as found in clinical specimens or after bisulfite treatment
for the examination of cytosine methylation (A45). As depicted in Fig. 7, this strategy

employs two sets of PCR primers. The first set is synthesized with standard
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phosphoramidite precursors and contained sequences complementary to the gene of
interest on the 3’ end and different tails at the 5’ ends of both the forward and reverse
primers. The different tails allowed universal amplification in the next step. Finally, there
was a stretch of 12-14 random nucleotides between the tail and the sequence-specific
nucleotides in the forward primer (A40). The random nucleotides form the UIDs. An
equivalent way to assign UIDs to fragments, not used in this study, would employ
10,000 forward primers and 10,000 reverse primers synthesized on a microarray. Each of
these 20,000 primers would have gene-specific primers at their 3' ends and one of
10,000 specific, predetermined, nonoverlapping UID sequences at their 5' ends, allowing
for 10° [i.e., (10%?] possible UID combinations. In either case, two cycles of PCR are
performed with the primers and a high-fidelity polymerase, producing a uniquely tagged,
double-stranded DNA fragment from each of the two strands of each original template
molecule (Fig. 7). The residual, unused UID assignment primers are removed by digestion
with a single strand-specific exonuclease, without further purification, and two new primers
are added. The new primers, complementary to the tails introduced in the UID assignment
cycles, contain grafting sequences at their 5' ends, permitting solid-phase amplification on
the Illumina instrument, and phosphorothioate residues at their 3’ ends to make them
resistant to any remaining exonuclease. Following 25 additional cycles of PCR, the
products are >10aded on the Illumina instrument. As shown below, this strategy allowed us
to evaluate the majority of input fragments and was used for several illustrative

experiments.

Analysis of DNA Polymerase Fidelity

(93]

Measurement of the error rates of DNA polymerases is essential for their characterization
and dictates the situations in which these enzymes can be used. We chose to measure the
error rate of Phusion polymerase, as this polymerase has one of the lowest reported error
frequencies of any commercially available enzyme and therefore poses a particular
challenge for an in vitro-based approach. We first amplified a single human DNA template
molecule, comprising a segment of an arbitrarily chosen human gene, through 19 rounds
of PCR. The PCR products from these amplifications, in their entirety, were used as

templates for Safe-SeqS as described in Fig. 7. In seven independent experiments of this
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type, the number of UID families identified by sequencing was 624,678 + 421,274, which

is consistent with an amplification efficiency of 92 + 9.6% per round of PCR.

[94]  The error rate of Phusion polymerase, estimated through cloning of PCR products encoding
B-galactosidase in plasmid vectors and transformation into bacteria, is reported by the
manufacturer to be 4.4 x 107" errors/bp/PCR cycle. Even with very high-stringency base
calling, conventional analysis of the Illumina sequencing data revealed an apparent error
rate of 9.1 x 107 errors/bp/PCR cycle, more than an order of magnitude higher than the
reported Phusion polymerase error rate (Table A2, polymerase fidelity). In contrast, Safe-
SeqS of the same data revealed an error rate of 4.5 x 1077 errors/bp/PCR cycle, nearly
identical to that measured for Phusion polymerase in biological assays (Table A2,
polymerase fidelity). The vast majority (>99%) of these errors were single-base
substitutions, consistent with previous data on the mutation spectra created by other

prokaryotic DNA polymerases (A15, A46, A47).

[95] Safe-SeqS also allowed a determination of the total number of distinct mutational events
and an estimation of PCR cycle in which the mutation occurred. There were 19 cycles of
PCR performed in wells containing a single template molecule in these experiments. If a
polymerase error occurred in cycle 19, there would be only one supermutant produced
(from the strand containing the mutation). If the error occurred in cycle 18, there should be
two supermutants (derived from the mutant strands produced in cycle 19), etc.
Accordingly, the cycle in which the error occurred is related to the number of supermutants
containing that error. The data from seven independent experiments demonstrate a
relatively consistent number of observed total polymerase errors (2.2 + 1.1 x 107° distinct
mutations/bp), in reasonable agreement with the number expected from simulations (1.5 +
0.21 x 107 distinct mutations/bp). The data also show a highly variable timing of
occurrence of polymerase errors among experiments, as predicted from classic fluctuation
analysis (A1). This kind of information is difficult to derive using conventional analysis of
the same next-generation sequencing data, in part because of the prohibitively high

apparent mutation rate noted above.
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Table A2. Safe-SeqS with exogenous UIDs

Mean SD
Polymerase fidelity
Conventional analysis of seven replicates
High-quality base pairs 996,855,791 64,030,757
Total mutations identified 198,638 22,515
Mutations/bp 2.0E-04 1.7E-05
Calculated Phusion error rate 9.1E-06 7.7E-07
(errors/bp/cycle)
Safe-SeqS analysis of seven replicates
High-quality base pairs 996,855,791 64,030,757
UID familics 624 421,274
Members/UID family 107 122
Total supermutants identified 197 143
Supermutants/bp 9.9E-06 2.3E-06
Calculated Phusion error rate 4.5E-07 1.0E-07
(errors/bp/cycle)
CTNNBI mutations in DNA from normal human cells
Conventional analysis of three individuals
High-quality base pairs 559,334,774 66,600,749
Total mutations identified 118,488 11,357
Mutations/bp 2.1E-04 1.6E-05
Safe-SeqS analysis of three individuals
High-quality base pairs 559,334,774 66,600,749
UID families 374,553 263,105
Members/UID family 68 38
Total supermutants identified 99 78
Supermutants/bp 9.0E-06 3.1E-06
Mitochondrial mutations in DNA from normal human cells
Conventional analysis of seven individuals
High-quality base pairs 147,673,456 54,308,546
Total mutations identified 30,599 12,970
Mutations/bp 2.1E-04 9.4E-05
Safe-SeqS analysis of seven individuals
High-quality base pairs 147,673,456 54,308,546
UID families 515,600 89,985
Members/UID family 15 6
Total supermutants identified 135 61
Supermutants/bp 1.4E-05 6.8E-06
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Analysis of Oligonucleotide Composition

[96]

[97]

[98]

A small number of mistakes during the synthesis of oligonucleotides from phosphoramidite
precursors are tolerable for most applications, such as routine PCR or cloning. However,
for synthetic biology, wherein many oligonucleotides must be joined together, such
mistakes present a major obstacle to success. Clever strategies for making the gene
construction process more efficient have been devised (A48, A49), but all such strategies
would benefit from more accurate synthesis of the oligonucleotides themselves.
Determining the number of errors in synthesized oligonucleotides is difficult because the
fraction of oligonucleotides containing errors can be lower than the sensitivity of

conventional next-generation sequencing analyses.

To determine whether Safe-SeqS could be used for this determination, we used standard
phosphoramidite chemistry to synthesize an oligonucleotide containing 31 bases that were
designed to be identical to that analyzed in the polymerase fidelity experiment described
above. In the synthetic oligonucleotide, the 31 bases were surrounded by sequences
complementary to primers that could be used for the UID assignment steps of Safe-SeqS
(Fig. 7). By performing Safe-SeqS on ~300,000 oligonucleotide templates, we found that
there were 8.9 & 0.28 x 10™ supermutants/bp and that these errors occurred throughout the
sequence of the oligonucleotides. The oligonucleotides contained a large number of
insertion and deletion errors, representing 8.2 + 0.63% and 25 + 1.5% of the total
supermutants, respectively. Importantly, both the position and the nature of the errors were
highly reproducible among seven independent replicates of this experiment performed on
the same batch of oligonucleotides. This nature and distribution of errors had little in
common with that of the errors produced by Phusion polymerase, which were distributed
in the expected stochastic pattern among replicate experiments. The number of errors in
the oligonucleotides synthesized with phosphoramidites was ~60 times higher than that in
the equivalent products synthesized by Phusion polymerase. These data, in toto, indicate
that the vast majority of errors in the former were generated during their synthesis rather

than during the Safe-SeqS procedure.

Does Safe-SeqS preserve the ratio of mutant:normal sequences in the original templates?

To address this question, we synthesized two 31-base oligonucleotides of identical
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sequence with the exception of nucleotide 15 (50:50 C/G instead of T) and mixed them at
nominal mutant/normal fractions of 3.3% and 0.33%. Through Safe-SeqS analysis of the
oligonucleotide mixtures, we found that the ratios were 2.8% and 0.27%, respectively. We
conclude that the UID assignment and amplification procedures used in Safe-SeqS do not
greatly alter the proportion of variant sequences and thereby provide a reliable estimate of
that proportion when unknown. This conclusion is also supported by the reproducibility of

variant fractions when analyzed in independent Safe-SeqS experiments.

Analysis of DNA Sequences from Normal Human Cells

[99]

[100]

The exogenous UID strategy (Fig. 7) was then used to determine the prevalence of rare
mutations in a small region of the CTNNBI gene isolated from ~100,000 normal human
cells from three unrelated individuals. Through comparison with the number of UID
families obtained in the Safe-SeqS experiments (Table A2, CTNNBI mutations in DNA
from normal human cells), we calculated that the majority (78 + 9.8%) of the input
fragments were converted into UID families. There was an average of 68 members/UID
family, easily fulfilling the required redundancy for Safe-SeqS. Conventional analysis of
the Illumina sequencing data revealed an average of 118,488 + 11,357 mutations among
the ~560 Mb of sequence analyzed per sample, corresponding to an apparent mutation
prevalence of 2.1 = 0.16 x 107 mutations/bp (Table A2, CTNNBI mutations in DNA from
normal human cells). Only an average of 99 + 78 supermutants were observed in the Safe-
SeqS analysis. The vast majority (>99%) of supermutants were single-base substitutions
and the calculated mutation rate was 9.0 = 3.1 x 107 mutations/bp. Safe-Seq$S thereby

reduced the apparent frequency of mutations in genomic DNA by at least 24-fold (Fig. 8).

We applied the identical strategy to a short segment of mitochondrial DNA isolated from
~1,000 cells from each of seven unrelated individuals. Conventional analysis of the
[llumina sequencing libraries produced with the Safe-SeqS procedure (Fig. 7) revealed an
average of 30,599 + 12,970 mutations among the ~150 Mb of sequence analyzed per
sample, corresponding to an apparent mutation prevalence of 2.1 + 0.94 x 1074
mutations/bp (Table A2, mitochondrial mutations in DNA from normal human cells). Only
135 + 61 supermutants were observed in the Safe- SeqS analysis. As with the CTNNBI

gene, the vast majority of mutations were single-base substitutions, although occasional
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single-base deletions were also observed. The calculated mutation rate in the analyzed
segment of mtDNA was 1.4 + 0.68 x 107 mutations/bp (Table A2, mitochondrial
mutations in DNA from normal human cells). Thus, Safe-SeqS thereby reduced the

apparent frequency of mutations in mitochondrial DNA by at least 15-fold.

DISCUSSION

[101] The results described above demonstrate that the Safe-SeqS approach can substantially
improve the accuracy of massively parallel sequencing (Tables Al and A2). It can be
implemented through either endogenous or exogenously introduced UIDs and can be
applied to virtually any sample preparation workflow or sequencing platform. As
demonstrated here, the approach can easily be used to identify rare mutants in a population
of DNA templates, to measure polymerase error rates, and to judge the reliability of
oligonucleotide syntheses. One of the advantages of the strategy is that it yields the number
of templates analyzed as well as the fraction of templates containing variant bases.
Previously described in vitro methods for the detection of small numbers of template
molecules (e.g., refs. A29 and A50) allow the fraction of mutant templates to be determined

but cannot determine the number of mutant and normal templates in the original sample.

[102] Tt is of interest to compare Safe-SeqS to other approaches for reducing errors in next-
generation sequencing. As mentioned in the Introduction, sophisticated algorithms to
increase the accuracy of base calling have been developed (e.g., refs. A36, A37, A38, A39).
These improved base calling algorithms can certainly reduce false-positive calls, but their
effectiveness is still limited by artifactual mutations occurring during the PCR steps
required for library preparation as well as by any residual base-calling errors. For example,
the algorithm used in the current study used very stringent criteria for base calling and was
applied to short read lengths, but was still unable to reduce the error rate to less than an
average of 2.0 x 107 errors/bp. This error frequency is at least as low as those reported
with other algorithms. To improve sensitivity further, these base-calling improvements can
be used together with Safe-SeqS. Travers et al. describe another powerful strategy for
reducing errors (A51). With this technology, both strands of each template molecule are
sequenced redundantly after a number of preparative enzymatic steps. However, this

approach can be performed only on a specific instrument. Moreover, for many clinical
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applications, there are relatively few template molecules in the initial sample and
evaluation of nearly all of them is required to obtain the requisite sensitivity. The approach
described here with exogenously introduced UIDs (Fig. 7) fulfills this requirement by
coupling the UID assignment step with a subsequent amplification in which few molecules
are lost. Our endogenous UID approaches (Fig. 6) and the one described by Travers et al.
are not ideally suited for this purpose because of the inevitable losses of template molecules

during the ligation and other preparative steps.

[103] How do we know that the mutations identified by conventional analyses in the current study
represent artifacts rather than true mutations in the original templates? Strong evidence
supporting this is provided by the observation that the mutation prevalence in all but one
experiment was similar: 2.0 x 107 - 2.4 x 10~ mutations/bp (Tables Al and A2). The
exception was the experiment with oligonucleotides synthesized from phosphoramidites,
in which the error of the synthetic process was apparently higher than the error rate of
conventional Illumina analysis when used with stringent base-calling criteria. In contrast,
the mutation prevalence of Safe-SeqS varied much more, from 0.0 to 1.4 x 107°
mutations/bp, depending on the template and experiment. Moreover, the mutation
prevalence measured by Safe-SeqS in the most controlled experiment, in which polymerase
fidelity was measured (Table A2, polymerase fidelity), was almost identical to that
predicted from previous experiments in which polymerase fidelity was measured by
biological assays. Our measurements of mutation prevalence in the DNA from normal cells
are consistent with some previous experimental data. However, estimates of these
prevalences vary widely and may depend on cell type and sequence analyzed. We therefore
cannot be certain that the relatively low number of mutations revealed by Safe-SeqS
represented errors occurring during the sequencing process rather than true mutations

present in the original DNA templates.

[104] Like all techniques, Safe-SeqS has limitations. For example, we have demonstrated that
the exogenous UIDs strategy can be used to analyze a single amplicon in depth. This
technology may not be applicable to situations wherein multiple amplicons must be
analyzed from a sample containing a limited number of templates. Multiplexing in the UID

assignment cycles (Fig. 7) may provide a solution to this challenge. A second limitation is
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that the efficiency of amplification in the UID assignment cycles is critical for the success
of the method. Clinical samples can contain inhibitors that reduce the efficiency of this
step. This problem can presumably be overcome by performing more than two cycles in
the UID assignment PCR step (Fig. 7), although this would complicate the determination
of the number of templates analyzed. The specificity of Safe-SeqS is currently limited by
the fidelity of the polymerase used in the UID assignment PCR step, i.e., 8.8 x 1077
mutations/bp in its current implementation with two cycles. Increasing the number of
cycles in the UID assignment PCR step to five would decrease the overall specificity to ~2
x 107 mutations/bp. However, this specificity can be increased by requiring more than one
supermutant for mutation identification — the probability of introducing the same artifactual
mutation twice or three times would be exceedingly low [(2 x 1072 or (2 x 107%)},
respectively]. In sum, there are several simple ways to vary the Safe-SeqS procedure and

analysis to realize the needs of specific experiments.

[105] Luria and Delbriick, in their classic paper in 1943, wrote that their “prediction cannot be
verified directly, because what we observe, when we count the number of resistant bacteria
in a culture, is not the number of mutations which have occurred but the number of resistant
bacteria which have arisen by multiplication of those which mutated, the amount of
multiplication depending on how far back the mutation occurred” (ref. Al, p. 495). The
Safe-SeqS procedure described here can verify such predictions because the number as
well as the time of occurrence of each mutation can be estimated from the data, as noted in
the experiments on polymerase fidelity. In addition to templates generated by polymerases
in vitro, the same approach can be applied to DNA from bacteria, viruses, and mammalian
cells. We therefore expect that this strategy will provide definitive answers to a variety of

important biomedical questions.

MATERIALS AND METHODS
Endogenous UIDs

[106] To expose endogenous UIDs, DNA was fragmented to an average size of ~200 bp by
acoustic shearing (Covaris) and then end-repaired, A-tailed, and ligated to Y-shaped

adapters according to standard Illumina protocols. DNA was captured (A44) with a filter
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containing 2,594 nt corresponding to six cancer genes. For the inverse PCR experiments,
we ligated custom adapters (IDT) instead of standard Y-shaped Illumina adapters to
sheared cellular DNA. Inverse PCR was performed using KRAS forward and reverse
primers that both contained grafting sequences for hybridization to the Illumina GA IIx

flow cell.

Exogenous UIDs

[107] Each strand of each template molecule was encoded with a 12- or 14-base UID using two
cycles of amplicon-specific PCR, as described in the text and Fig. 7. The amplicon-specific
primers both contained universal tag sequences at their 5' ends for a later amplification
step. The UIDs constituted 12 or 14 random nucleotide sequences appended to the 5' end
of the forward amplicon-specific primers. Following two cycles of PCR for UID
assignment, the products were digested with a single-strand DNA-specific nuclease.
Primers complementary to the introduced universal tags and containing 3'-terminal

phosphorothioates were added and 25 additional cycles of PCR were performed.

Sequencing

[108] Sequencing of all of the libraries described above was performed using an Illumina GA IIx
instrument as specified by the manufacturer. High-quality reads were grouped into UID
families on the basis of their endogenous or exogenous UIDs. Only UID families with two

or more members were considered.
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What is claimed is:

1. A method for detecting endometrial, fallopian tubal, or ovarian neoplasia or cancer,
comprising:

testing a liquid Pap specimen collected from a human subject for a genetic or epigenetic
change in one or more nucleic acids mutated in endometrial, fallopian tubal, or ovarian neoplasia
or cancer;, wherein the one or more nucleic acids are selected from the group consisting of:
CTNNBI , EGFR, PIK3CA, PTEN, TP53, BRAF, KRAS, AKT1, NRAS, PPP2RI1A, APC,
FBXW7, ARID1A, CDKN2A, MLL2, RNF43, and FGFR2; and wherein the step of testing is
performed by increasing the sensitivity of massively parallel sequencing instruments with an
error reduction technique that allows for the detection of rare mutant alleles in a range of 1
mutant template among up to 1,000,000 wild-type templates, wherein the error reduction
technique comprises:

assignment of a unique identifier (UID) to each nucleic acid,

amplification of each uniquely tagged nucleic acid to create UID families; and

redundant sequencing of the amplified nucleic acid.

2. The method of claim 1 wherein the change is a substitution mutation.

3. The method of claim 1 wherein the change is a rearrangement.

4. The method of claim 1 wherein the change is a deletion.

5. The method of claim 1 wherein the change is a loss or gain of methylation.

6. The method of claim 1 wherein the change is determined with respect to the bulk of the

nucleic acids present in the liquid Pap specimen.
7. A method for detecting endometrial, fallopian tubal, or ovarian neoplasia or cancer,

comprising:
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testing a liquid Pap specimen collected from the gynecologic tract of a human subject for
one or more mutations in one or more nucleic acids selected from the group consisting of
CTNNBI1 , EGFR, PIK3CA, PTEN, TP53, BRAF, KRAS, AKT1, NRAS, PPP2R1A, APC,
FBXW7, ARID1A, CDKN2A, MLL2, RNF43, and FGFR2; wherein the step of testing is
performed by increasing the sensitivity of massively parallel sequencing instruments with an
error reduction technique that allows for the detection of rare mutant alleles in a range of 1
mutant template among up to 1,000,000 wild-type templates, wherein the error reduction
technique comprises:

assignment of a unique identifier (UID) to each nucleic acid;

amplification of each uniquely tagged nucleic acid to create UID families; and

redundant sequencing of the amplified nucleic acid.

8. The method of claim 7 wherein the step of testing is performed on at least 3 of said nucleic

acids.

9. The method of claim 7 wherein the step of testing is performed on at least 5 of said nucleic

acids.

10. The method of claim 7 wherein the step of testing is performed on at least 7 of said nucleic

acids.

11. The method of claim 7 wherein the step of testing is performed on at least 9 of said nucleic

acids.

12. The method of claim 7 wherein the step of testing is performed on at least 11 of said nucleic

acids.

13. The method of claim 7 wherein the step of testing is performed on at least 12 of said nucleic

acids.

14. The method of claim 7 wherein the step of testing is performed in a multiplex assay.
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15. The method of claim 7 wherein the step of testing is repeated over time.

16. The method of claim 7 wherein the liquid Pap specimen is collected after surgical debulking

of an ovarian tumor.

17. A kit for testing a panel of genes in Pap specimens for ovarian, fallopian tubal, or
endometrial neoplasms or cancers, the kit comprising at least 3 probes or at least 3 primer pairs,
wherein each probe or each primer of the primer pair in the kit comprises at least 15 nt of
complementary sequence to one of a panel of genes, wherein the panel is complementary to at
least 3 different genes, wherein the panel is selected from the group consisting of CTNNBI ,
EGFR, PIK3CA, PTEN, TP53, BRAF, KRAS, AKT 1, NRAS, PPP2R1A, APC, FBXW7,
ARID1A, CDKN2A, MLL2, RNF43, and FGFR2, wherein the probes are biotinylated or

attached to beads, and wherein at least one member of each primer pair is attached to a bead.

18. The kit of claim 17 which comprises probes and wherein the probes are attached to a solid

support.

19. The kit of claim 17 which comprises primer pairs, wherein the primer pairs prime synthesis

of a nucleic acid of between 240 and 300 bp.

20. The kit of claim 17 which comprises primer pairs, wherein the primer pairs prime synthesis

of a nucleic acid of between 200 and 325 bp.

21. The kit of claim 17 which comprises primer pairs, wherein the primer pairs prime synthesis

of a nucleic acid of between 60 and 1000 bp.

22. The kit of claim 21 wherein at least one primer from each primer pair is attached to a solid

support.
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23. The kit of claim 17 wherein the probe or primer comprises at least 20 nt of complementary

sequence to one of the panel of genes.

24 A solid support comprising at least 3 probes attached thereto, wherein each probe on the solid
support comprises at least 15 nt of complementary sequence to one of a panel of genes, wherein
the panel is selected from the group consisting of CTNNB 1, EGFR, PIK3CA, PTEN, TP53,
BRAF, KRAS, AKT1 , NRAS, PPP2R1A, APC, FBXW7, ARID 1A, CDKN2A, MLL2, RNF43,
and FGFR2, wherein the panel is complementary to at least 3 different genes.

25. The method of claim 1 wherein the liquid Pap specimen is collected from the cervix.

26. The method of claim 7 wherein the liquid Pap specimen is collected from the cervix.

27. The method of claim 7 wherein the step of testing is performed by increasing the sensitivity
of massively parallel sequencing instruments with an error reduction technique that allows for
the detection of rare mutant alleles in a range of 1 mutant template among 5,000 to 1,000,000

wild-type templates.

28. The method of claim 1 wherein the step of testing is performed by increasing the sensitivity
of massively parallel sequencing instruments with an error reduction technique that allows for

the detection of 1 mutant template among 5,000 to 1,000,000 wild-type templates.

29. The method of claim 1 wherein the nucleic acid is selected from the group consisting of:

AKT1, NRAS, APC, MLL2, RNF43, and FGFR2.

30. The method of claim 7 wherein the nucleic acid is selected from the group consisting of:

AKT1, NRAS, APC, MLL2, RNF43, and FGFR2.

31. The kit of claim 17 wherein the panel is selected from the group consisting of: AKT1,
NRAS, APC, MLL2, RNF43, and FGFR2.
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32. The solid support of claim 24 wherein the panel is selected from the group consisting of:
AKT1, NRAS, APC, MLL2, RNF43, and FGFR2.

33. The method of claim 1, wherein the liquid Pap specimen comprises cells or cell fragments

from endometrial or ovarian cancer.

34. The method of claim 1, wherein the ovarian cancer is chosen from a high-grade serous,

endometrioid, clear cell, low-grade serous, or mucinous ovarian tumor.

35. The method of claim 1, wherein the endometrial cancer is a Type I endometrioid or a Type II

non-endometrioid cancer.

36. The method of claim 7, wherein the liquid Pap specimen comprises cells or cell fragments

from endometrial or ovarian cancer.

37. The method of claim 7, wherein the ovarian cancer is chosen from a high-grade serous,

endometrioid, clear cell, low-grade serous, or mucinous ovarian tumor.

38. The method of claim 7, wherein the endometrial cancer is a Type I endometrioid or a Type II

non-endometrioid cancer.

39. A method for detecting endometrial, fallopian tubal, or ovarian neoplasia or cancer,
comprising:

testing an endocervical or an endometrial sample comprising cells or fragments from the
endometrium, fallopian tube and ovary for a genetic or epigenetic change in one or more nucleic
acids mutated in endometrial, fallopian tubal, or ovarian neoplasia or cancer; wherein the one or
more nucleic acids are selected from the group consisting of: CTNNB1 | EGFR, PIK3CA,
PTEN, TP53, BRAF, KRAS, AKT1 , NRAS, PPP2R1A, APC, FBXW7, ARID1A, CDKN2A,
MLL2, RNF43, and FGFR2; and wherein the step of testing is performed by increasing the

sensitivity of massively parallel sequencing instruments with an error reduction technique that
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allows for the detection of rare mutant alleles in a range of 1 mutant template among up to
1,000,000 wild-type templates, wherein the error reduction technique comprises:
assignment of a unique identifier (UID) to each nucleic acid;
amplification of each uniquely tagged nucleic acid to create UID families; and

redundant sequencing of the amplified nucleic acid.

40. The method of claim 39, wherein the change is a substitution mutation; a rearrangement; a

deletion; or a loss or gain of methylation.

41. A method for detecting endometrial, fallopian tubal, or ovarian neoplasia or cancer,
comprising:

testing an endocervical or an endometrial sample comprising cells or fragments from the
endometrium, fallopian tube and ovary for one or more mutations in one or more nucleic acids
selected from the group consisting of CTNNB1 , EGFR, PIK3CA, PTEN, TP53, BRAF, KRAS,
AKT1 , NRAS, PPP2R1A, APC, FBXW7, ARIDIA, CDKN2A, MLL2, RNF43, and FGFR2;
wherein the step of testing is performed by increasing the sensitivity of massively parallel
sequencing instruments with an error reduction technique that allows for the detection of rare
mutant alleles in a range of 1 mutant template among up to 1,000,000 wild-type templates,
wherein the error reduction technique comprises:

assignment of a unique identifier (UID) to each nucleic acid,

amplification of each uniquely tagged nucleic acid to create UID families; and

redundant sequencing of the amplified nucleic acid.

42. The method of claim 41, wherein the step of testing is performed on at least 3, at least 5, at

least 7, at least 9, at least 11, or at least 12 of said nucleic acids.

43. The method of claim 41, wherein the step of testing is performed in a multiplex assay.

44. The method of claim 41, wherein the step of testing is repeated over time.
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45. A kit for testing a panel of genes in Pap specimens for ovarian, fallopian tubal, or
endometrial neoplasms or cancers, the kit comprising at least 3 probes or at least 3 primer pairs,
wherein each probe or each primer of the primer pair in the kit comprises at least 15 nt of
complementary sequence to one of a panel of genes, wherein the panel is complementary to at
least 3 different genes, wherein the panel is selected from the group consisting of CTNNBI ,
EGFR, PIK3CA, PTEN, TP53, BRAF, KRAS, AKT 1, NRAS, PPP2R1A, APC, FBXW7,
ARID1A, CDKN2A, MLL2, RNF43, and FGFR2.

46. The kit of claim 45, wherein the probes are biotinylated or attached to a solid support.

47. The kit of claim 46, wherein the solid support is a bead or an array.

48. The kit of claim 45, wherein at least one member of each primer pair is attached to a solid

support.

49. The kit of claim 48, wherein the solid support is a bead or an array.

50. The kit of claim 45, wherein each primer comprises a 5’ universal tag for universal

amplification.

51. The kit of claim 50, wherein one primer of each primer pair comprises a unique identifier

interposed between the 5” universal tag and the at least 15 nt of complementary sequence.

52. The kit of claim 51, wherein the unique identifier comprises 14 degenerate N bases.

58

Date Regue/Date Received 2020-06-24



CA 2889937 2018-03-29

endocervical canal

ion
ing

»

-

Next-generat
Sequenc

Fig. 1



2/8

Exons of targeted genes Safe-SeqS primer pairs

UID assignment
using a low number
of PCR cycles

PCR with
universal
primers

2
2% ise
2

Supermutant Wild-type

Next-generation sequencing

Fig. 2

CA 2889937 2018-03-29



3/8

€ *o1

ajdwes Jeaws ded pinbyj ul soj8jje ueINW %

700001

%0001

%00T°0

%1000

LLdvd

sgavd V1
vi

$00avd gl

€9dvd;: Qi

5004V St

m%%&.. o
toodve

L1704V N

0%dvd B

sedval bl

T9dvd U—:
cedvd: D
o
seava. Ol

A
3..&(&" >~

%000°01

%000'T

%001°0

%0100

%1000

S04V

pEdvd

T00dvd

TE0dvd

yI0dvd

9Z0dVd

Vi
vi
vi
vi
vi
Vi
vi
vi
vi
i
Vi
vi
8t
8l
g1
ai
gt
at
gt
gl
vi
Vi
Dl
gAl

siown| UeLIBAQ

sfeis ooI4

siowin] jelyawiopuly

3%e1s 0D

CA 2889937 2018-03-29



ca

Pap Smears from Healthy Women

4/8

Pap Smears from Women with Cancer

2889937 2018-03-29

FEXW Y

KEAS

Trmas

PI3CA




5/8

WT Mutant

UID Assignment

%

Amplification

Redundant
Sequencing

PRIOR ART
Fig. 5

CA 2889937 2018-03-29



6/8

Shearl

Ligate Adaptersl _—

AR s e

Solid Phase Capture

Library Amplification l"'

1L
1

!

Redundant Sequencing

PRIOR ART
Fig. 6

CA 2889937 2018-03-29



7/8

*'; e
e

UID Assignment Cycle #1l T

*
R e

UID Assignment Cycle #2
e e

Library Amplification T e —

Redundant Sequencing

PRIOR ART
Fig. 7

CA 2889937 2018-03-29



8/8

<

e etes
5 5 3 —
T T T R—
£gEeEL ——

= o —

1.1
.57
0

daooo'ol +od Aousnbei

85

Mutation number 57

29

dqooo‘o) Jed Aousnbai

- N M D
2z 2z .2 ®
T T v
£ £ L
B E
LD
R 8
L P
- w
s i
1 5
- O
£
- 3
I o
c
L2
=
— 5}
ol
=
e
4 ON
,,,,,,, e
N
-
s 0 o
- 0
o
¥ -
hay O
—

PRIOR ART

Fig. 8

CA 2889937 2018-03-29



Endometrial Tumors

Qvarian Tumors

FGO Stage FiG brage

ve W leaens

e W) ron

HA k JltC papy

A I e

' e eans

1B R R PAEE THE maser

. e

" . i Jpaers

o HE foasge

[:] 3 HIC

L) Ho

a rate WE oppory

W werrt I3

L peva HHE pasons

N A U forpos

in e |

A B raes

n 1A Parst
: s 18 hapans

wapo30

Ia m RAPO2E 1A

L} ' WPOLE " b

15 3 PAFOZA 1A jpae3s |
0.001% 0.010% 0.100% 1.000% 10.000% 0.001% 0.010% 0.200% 1.000% 10.000%

% mutant alleles in liquid Pap smear sample




	Page 1 - COVER_PAGE
	Page 2 - ABSTRACT
	Page 3 - ABSTRACT
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - DESCRIPTION
	Page 24 - DESCRIPTION
	Page 25 - DESCRIPTION
	Page 26 - DESCRIPTION
	Page 27 - DESCRIPTION
	Page 28 - DESCRIPTION
	Page 29 - DESCRIPTION
	Page 30 - DESCRIPTION
	Page 31 - DESCRIPTION
	Page 32 - DESCRIPTION
	Page 33 - DESCRIPTION
	Page 34 - DESCRIPTION
	Page 35 - DESCRIPTION
	Page 36 - DESCRIPTION
	Page 37 - DESCRIPTION
	Page 38 - DESCRIPTION
	Page 39 - DESCRIPTION
	Page 40 - DESCRIPTION
	Page 41 - DESCRIPTION
	Page 42 - DESCRIPTION
	Page 43 - DESCRIPTION
	Page 44 - DESCRIPTION
	Page 45 - DESCRIPTION
	Page 46 - DESCRIPTION
	Page 47 - DESCRIPTION
	Page 48 - DESCRIPTION
	Page 49 - DESCRIPTION
	Page 50 - DESCRIPTION
	Page 51 - DESCRIPTION
	Page 52 - DESCRIPTION
	Page 53 - DESCRIPTION
	Page 54 - DESCRIPTION
	Page 55 - DESCRIPTION
	Page 56 - CLAIMS
	Page 57 - CLAIMS
	Page 58 - CLAIMS
	Page 59 - CLAIMS
	Page 60 - CLAIMS
	Page 61 - CLAIMS
	Page 62 - CLAIMS
	Page 63 - DRAWINGS
	Page 64 - DRAWINGS
	Page 65 - DRAWINGS
	Page 66 - DRAWINGS
	Page 67 - DRAWINGS
	Page 68 - DRAWINGS
	Page 69 - DRAWINGS
	Page 70 - DRAWINGS
	Page 71 - REPRESENTATIVE_DRAWING

