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Abstract

Papanicolaou (Pap) smears have revolutionized the management of patients with cervical cancers
by permitting the detection of early, surgically curable tumors and their precursors. In recent
years, the traditional Pap smear has been replaced by a liquid-based method, which allows not
only cytologic evaluation but also collection of DNA for detection of human papillomavirus, the
causative agent of cervical cancer. We reasoned that this routinely collected DNA could be
exploited to detect somatic mutations present in rare tumor cells that accumulate in the cervix once
shed from endometrial or ovarian cancers. A panel of genes that are commonly mutated in
endometrial and ovarian cancers was assembled with new whole-exome sequencing data from 22
endometrial cancers and previously published data on other tumor types. We used this panel to
search for mutations in 24 endometrial and 22 ovarian cancers and identified mutations in all 46
samples. With a sensitive massively parallel sequencing method, we were able to identify the
same mutations in the DNA from liquid Pap smear specimens in 100% of endometrial cancers (24
of 24) and in 41% of ovarian cancers (9 of 22). Prompted by these findings, we developed a
sequence-based method to query mutations in 12 genes in a single liquid Pap smear specimen
without previous knowledge of the tumor’s genotype. When applied to 14 samples selected from
the positive cases described above, the expected tumor-specific mutations were identified. These
results demonstrate that DNA from most endometrial and a fraction of ovarian cancers can be
detected in a standard liquid-based Pap smear specimen obtained during routine pelvic
examination. Although improvements need to be made before applying this test in a routine
clinical manner, it represents a promising step toward a broadly applicable screening methodology
for the early detection of gynecologic malignancies.

INTRODUCTION

Since the introduction of the Papanicolaou (Pap) test, the incidence and mortality of cervical
cancer in screened populations have 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 United States were estimated
to be diagnosed with ovarian or endometrial cancer in 2012 (3). Although endometrial
cancer is more common than ovarian cancer, the latter is more lethal. In the United States,
about 15,000 and 8,000 women are expected to die each year from ovarian and endometrial
cancers, respectively (3). Worldwide, more than 200,000 deaths from these tumors are
expected this year alone (4, 5).

In an effort to replicate the success of cervical cancer screening, several approaches for the
early detection of endometrial and ovarian cancers have been proposed. For endometrial
cancers, efforts have focused on cytology and transvaginal ultrasound (TVS). Cytology can
indeed indicate a neoplasm within the uterus in some cases, albeit with low specificity (6).
TVS is used to measure the thickness of the endometrium, because it is known that
endometria harboring a cancer are thicker than normal endometria (7). As with cytology,
screening measurement of the endometrial thickness with TVS lacks sufficient specificity
because benign lesions, such as polyps, can also result in a thickened endometrium.
Accordingly, neither cytology nor TVS fulfills the requirements for a screening test (6, 8).

Even greater efforts have been made to develop a screening test for ovarian cancer,
including the assessment of serum CA-125 levels in conjunction with TVS. CA-125 is a
high–molecular weight transmembrane glycoprotein expressed by coelomic- and Müllerian-
derived epithelia that is elevated in a subset of ovarian cancer patients with early-stage
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disease and in some cases before clinical diagnosis (9, 10). 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 (11). Although TVS can visualize
the ovary, it can only detect large tumors and cannot definitively distinguish benign from
malignant tumors. Several clinical screening trials with serum CA-125 and TVS have been
conducted, but none have shown a survival benefit. Some have shown an increase in
morbidity compared to controls because false-positive tests elicit further evaluation by
laparoscopy or exploratory laparotomy (12–14).

Accordingly, the U.S. Preventative Services Task Force, the American Cancer Society, the
American Congress of Obstetricians and Gynecologists, and the National Comprehensive
Cancer Network do not recommend routine screening for endometrial or ovarian cancers in
the general population. These organizations warn that “the potential harms outweigh the
potential benefits” (15–18). 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 ages 30 and 35 years (17, 19).

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 pre-malignant or malignant
disease in some cases (20–24), it is often difficult to distinguish the AGCs arising from
endocervical, endometrial, or ovarian cancer from one another and from more benign
conditions.

We reasoned that more sophisticated molecular methods might be able to detect the presence
of cancer cells in endocervical specimens 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 purified from
routine liquid-based Pap smears (henceforth denoted as “Pap specimens”; Fig. 1). Unlike
cytologically abnormal cells, such oncogenic DNA mutations are specific clonal markers of
neoplasia that should be absent in non-neoplastic cells. The experiments described here were
carried out to test this hypothesis.

RESULTS

There were four components to this study: (i) establishing the somatic mutations typically
present in endometrial and ovarian cancers, (ii) identifying at least one mutation in each
tumor from 46 patients with these cancers, (iii) determining whether the mutations identified
in these tumors could also be detected in Pap specimens from the same patients, and (iv)
developing a technology that could directly assess cells from Pap specimens for mutations
commonly found in endometrial or ovarian cancers.

Prevalence of somatically mutated genes in endometrial and ovarian cancers

There are six major histopathologic subtypes of epithelial ovarian cancers (Table 1). The
most prevalent subtype is high-grade serous (60% of total), followed by endometrioid
(15%), clear cell (10%), low-grade serous carcinoma (8%), mucinous (2%), and transitional
cell carcinoma (2%) (25–27). Most of these cases are found at an advanced stage, and the
combined 5-year survival (3, 28) for these malignancies is about 27% (Table 1). Genome-
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wide studies (29–31) have identified commonly mutated genes among the most prevalent
ovarian cancer subtypes (Table 2).

Such comprehensive studies have not yet been reported for the endometrioid and mucinous
subtypes, which collectively represent ~20% of ovarian cancer cases (Table 1). However,
commonly mutated genes in the endometrioid and mucinous subtypes have been reported
(32). In aggregate, the most commonly mutated gene in epithelial ovarian cancers was TP53,
which was mutated in 69% of these cancers (Table 2). Other highly mutated genes included
ARID1A, BRAF, CTNNB1, KRAS, PIK3CA, and PPP2R1A (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 nonneoplastic 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. Although the examination of 22 cancers cannot provide a
comprehensive genome landscape of a tumor type, it is adequate for diagnostic purposes as
these only require the identification of the most frequently mutated genes.

Among the 44 libraries, the average coverage of each base in the targeted region was 149.1,
with 88.4% of targeted bases represented by at least 10 reads. After applying stringent
criteria for the identification of somatic mutations (as described in Materials and Methods),
the sequencing data demarcated the tumors into two groups: 10 cancers (termed group N, for
non–highly mutated) harbored <100 somatic mutations per tumor (median, 32; range, 7 to
50), and 12 cancers (termed group H, for highly mutated) harbored >100 somatic mutations
per tumor (median, 674; range, 164 to 4629) (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 MSH2 or MSH6, whereas none of the group N
cancers contained mutations in mismatch repair genes (table S2). Mismatch repair
deficiency is common among endometrial cancers, and these tumors occur in 19 to 71% of
women with inherited mutations in mismatch repair genes (that is, patients with hereditary
nonpolyposis colorectal cancer) (33).

A complete list of the 12,795 somatic mutations identified in the 22 cancers is provided in
table S2. The most commonly mutated genes included the phosphatidylinositol 3-kinase
pathway genes PTEN and PIK3CA (34), the adenomatous polyposis coli pathway genes
APC and CTNNB1, the fibroblast growth factor receptor FGFR2, the adapter protein
FBXW7, and the chromatin-modifying genes ARID1A and MLL2 (Table 2). Genes in these
pathways were mutated in both group N and H tumors. Our results are consistent with
previous studies of endometrioid endometrial cancer that had evaluated small numbers of
genes, although mutations in FBXW7, MLL2, and APC had not been appreciated to occur as
frequently as we found them. It was also interesting that few TP53 mutations (5%) were
found in these endometrial cancers (Table 2 and table S2), a finding also consistent with
previous studies.

Papillary serous carcinomas of the endometrium account for 10 to 15% of endometrial
cancers, and a recent genome-wide sequencing study of this tumor subtype has been
published (35). The most common mutations in this subtype are listed in Table 2. The least
common subtype of endometrial cancers is clear cell carcinoma (36), which occurs in <5%
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of cases. Genes reported to be mutated in these cancers were garnered from the literature
(Table 2).

Identification of mutations in tumor tissues

We acquired tumors from 46 cancer patients for whom Pap specimens were available. These
included 24 patients with endometrial cancers and 22 with ovarian cancers; their clinical,
demographic, and histopathologic features are listed in table S3.

Somatic mutations in the 46 tumors were identified through whole-exome sequencing (table
S2) 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 with a custom solid-phase capture assay composed 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.

DNA sequencing libraries were generated from tumors and their matched nonneoplastic
tissues, and then captured with the assay described above. 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.

Identification of somatic mutations in Pap specimens

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 (for example, ThinPrep). Some of the liquid from the vial is used
to prepare a slide for cytological analysis or for purification of human papillomavirus (HPV)
DNA. In our study, an aliquot of the DNA purified from the liquid was assessed for the
presence of DNA from the cancers of the 46 patients. Preliminary studies showed that the
fixed cells or cell fragments in the liquid 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 specimens was 9.9 ± 14.8 μg (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 (37), in which DNA templates are amplified with modified gene-specific
primers, was designed for this purpose (Fig. 2).

In brief, a limited number of polymerase chain reaction (PCR) cycles were performed with a
set of gene-specific primers. One of the primers contained 14 degenerate “N” bases (that is,
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” bases formed unique identifiers (UIDs) for each original template
molecule. Subsequent PCR products generated with universal primers were purified and
sequenced. 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” (37). Mutations not occurring in the original templates, such as those
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occurring during the amplification steps or through errors in base calling, should not give
rise to super-mutants. The Safe-SeqS approach used here is capable of detecting 1 mutant
template among 5000 to 1,000,000 wild-type templates, depending on the amplicon and the
position within the amplicon that is queried (37).

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 specimens from patients with endometrial
cancers, a mutation present in the tumor was identified in every case (100%). The median
fraction of mutant alleles was 3% and ranged from 0.01 to 80% (Fig. 3 and table S3).
Amplifications of DNA from nonneoplastic tissues were used as negative controls in these
experiments to define the detection limits of each queried mutation. In all cases, the fraction
of mutant alleles was significantly different from the background mutation levels in 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 endometrial cancer cases PAP 041 and PAP 083, two mutations found in the tumor DNA
were evaluated in the Pap specimens (table S3). In both cases, the mutations were identified
in DNA from the Pap specimen (table S3). Moreover, the ratios between the mutant allele
fractions of the two mutations in the Pap specimens were correlated with those of the
corresponding tumor samples. For example, in the Pap specimen of case PAP 083, the
mutant allele fractions for the CTNNB1 and PIK3CA mutations were 0.14 and 0.064%,
respectively—a ratio of 2.2. In the primary tumor from PAP 083, the corresponding ratio
was 2.0 (79.5 to 39.5%).

Similar analysis of Pap specimen DNA from ovarian cancer patients revealed detectable
mutations in 9 of the 22 patients (41%). The fraction of mutant alleles was smaller than in
endometrial cancers (median, 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 the 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 assessed in our cohort.

A genetic test for screening purposes

Our results demonstrate that mutant DNA molecules from most endometrial cancers and
some ovarian cancers can be found in routinely collected Pap specimens. 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 specimens. In a screening setting, the presence and genotype of tumors
would obviously not be known before evaluation. We therefore designed a prototype test
based on Safe-SeqS that could assess several genes and could be used in a screening setting
(Fig. 2).

This multiplexed approach included 50 primer pairs that amplified segments of 241 to 296
base pairs (bp) containing frequently mutated regions of DNA. The regions to be amplified
were chosen from the most commonly mutated genes in endometrial and ovarian cancers
(Table 2) and included exons from APC, AKT1, BRAF, CTNNB1, EGFR, FBXW7, KRAS,
NRAS, PIK3CA, PPP2R1A, PTEN, and TP53. In control experiments, 46 of the 50
amplicons were shown to provide information on a minimum of 2500 templates, as the
number of sequenced templates can be determined directly from Safe-SeqS data (Fig. 2).
Given the accuracy of Safe-SeqS, this number was adequate to comfortably detect mutations
existing in >0.1% of template molecules (37). The regions covered by these 46 amplicons
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(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 specimens from 14 patients with cancer—12 endometrial and 2
ovarian—as well as 14 Pap specimens collected from healthy controls. The two ovarian
cancers used were stages IA and IV. The endometrial cancers were stage I (n = 10), stage II
(n = 1), and stage IV (n = 1). 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 specimens 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, where only one Safe-SeqS primer pair per amplicon was used (tables S3 and S6).
No mutations were detected in the 14 Pap specimens from women without cancer (Fig. 4).

DISCUSSION

Georgios Papanicolaou published his seminal work, entitled Diagnosis of Uterine Cancer by
the Vaginal Smear, in 1943 (38). 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.

An important development from the last several years is the recognition that all human
cancers result from mutations in a limited set of genes and an even more limited set of
pathways through which these genes act (39). The whole-exome sequencing data we
present, combined with previous genome-wide studies, provide a compelling example of the
common genetic features of cancer (Table 2). Through the analysis of particular regions of
only 12 genes (table S5), we could detect at least one driver mutation in most of nine
different gynecologic cancers (Table 1). Although several of these 12 genes were tumor
suppressors, and therefore difficult to therapeutically target, knowledge of their mutational
patterns provides actionable opportunities for cancer diagnostics.

The most important finding in this paper is that diagnostically useful 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. In our study, 100% of endometrial cancers (n =
24) and 41% of ovarian cancers (n = 22) shed cells into the cervix that could be detected in
materials collected as part of routine Pap specimens. In both types of cancer, tumors of low
grade were detected (Fig. 3). These findings, in conjunction with technical advances
allowing the reliable detection of mutations present in only a very small fraction of DNA
templates, are the foundations of the PapGene test.

This study provides proof of principle for endocervical DNA testing for gynecologic
cancers, but there are important limitations that must be addressed before this approach can
be used in the clinic. The test, even in its current format, appears to be promising as a
screening tool for endometrial cancer because the data in Fig. 3 show that even the lowest
stage endometrial cancers could be detected through the analysis of DNA in Pap specimens.
However, only 41% of ovarian cancers could be detected in Pap specimens, even when the
mutations in their tumors were known. In eight of the nine Pap specimens from ovarian
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cancer patients that contained detectable mutations, the mutant allele fractions were >0.1%
and therefore within the range currently detectable by PapGene testing (table S3). Further
improvements in the technology could increase the technical sensitivity of the PapGene test
and allow it to detect more ovarian cancers. One improvement would involve an increase in
the number of potential gene targets assessed by the PapGene test. Development of an
improved collection method may also be important to improve sensitivity. The current
method of liquid specimen collection is designed for the detection of cervical cancer and, as
such, uses a brush that collects cells from the ectocervix and only minimally penetrates the
endocervical canal. A small cannula introduced into the endometrial cavity, similar to the
Pipelle endometrial biopsy instrument, could theoretically be used to obtain a more highly
enriched sample of cells coming from the endometrium, fallopian tube, and ovary (40).
Specificity must also be further addressed in the future, and a greater number of healthy
controls need to be evaluated, although it is encouraging that none evaluated so far had
detectable mutations. This result is consistent with the idea that mutation-based screening
should be exquisitely specific because mutations should not be found in normal cells. As
noted in the Introduction, specificity is a major limitation of current screening tests in
general and for ovarian cancer in particular.

The quantitative nature of the PapGene test also opens the possibility of using it to monitor
the response to hormonal agents (for example, progestins) when treating young women with
low-risk endometrial cancers. Some of these women choose to preserve fertility, undergoing
medical therapy rather than hysterectomy (41), and PapGene testing could be performed at
regular intervals to monitor them for local cancer recurrence or progression.

Even if tumors were identified at an advanced stage, detection of presymptomatic ovarian
cancers could be of benefit. One of the most important prognostic indicators for ovarian
cancer is the amount of residual disease 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 now, surgeons attempt to remove any visible tumor. With each
improvement in surgical debulking, survival has lengthened (42). The earlier these
advanced-stage ovarian cancers are diagnosed, the lower the overall tumor burden and the
higher the chance of optimal debulking. Furthermore, it is possible that a small volume of
tumor is likely to be more sensitive to cytotoxic chemotherapy than the large, bulky disease
typical of symptomatic high-grade serous carcinoma.

An essential aspect of any screening approach is that it should be relatively inexpensive and
easily incorporated into standard medical practice. Evaluation of HPV DNA is already part
of routine Pap specimen testing because HPV analysis increases the test’s sensitivity (43,
44). The DNA purification component of the PapGene test is identical to that used for HPV,
so this component is feasible. The preparation of DNA, multiplex amplification, and
sequencing constituting the PapGene test can be performed at a cost comparable to a routine
HPV test in the United States today. Note that the increased sensitivity provided by the Safe-
SeqS component of the PapGene test can be implemented on any massively parallel
sequencing instrument, not just those used in this study. 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 United States. 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 testing. Although 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
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Papanicolaou published his original paper in 1943 (38). Even today, when many cervical
cytology specimens are screened with automated technologies, at least 2 to 8% of samples
require evaluation by a skilled cytopathologist (45). In contrast, the analysis of PapGene
testing is done completely in silico, and the readout of the test is objective and quantitative.

In sum, these data highlight the high specificity of mutation-based diagnostics paired with
the sensitivity of interrogating local-regional bodily secretions for tumor-derived DNA.
PapGene testing has the capacity to increase the use of conventional cytology screening
through the unambiguous detection of DNA from endometrial and ovarian carcinomas, and
lays the foundation for a new generation of screening tests.

MATERIALS AND METHODS

Patient samples

All samples for this study were obtained according to 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 were collected for each case. All histopathology was centrally re-reviewed by
board-certified pathologists. Staging was based on 2009 FIGO criteria (46). Purified DNA
from tumor and normal tissues as well as liquid-based Pap smears were quantified in all
cases with quantitative PCR using the primers and conditions previously described (47).
Unless otherwise indicated, all patient-related values are reported as means ± 1 SD.
Additional details are provided in the Supplementary Materials and Methods.

MSI testing

Tumor samples were designated as follows: MSI-high if two or more mononucleotide
repeats varied in length compared to the germline DNA; MSI-low if only one locus varied;
and microsatellite stable if there was no variation compared to the germ line.
Pentanucleotide loci confirmed identity in all cases. Additional details are provided in the
Supplementary Materials and Methods.

Preparation and sequencing of captured Illumina DNA libraries

Preparation of Illumina genomic DNA libraries and selection for exomic DNA were
performed according to the manufacturer’s recommendations. Exomic capture was
performed with the SureSelect Human Exome Kit V 4.0 (Agilent), whereas the custom
solid-phase capture assay was performed by modification of previously described methods
(48, 49). Paired-end sequencing with an Illumina GA IIx Genome Analyzer provided 2 × 75
base reads from each fragment. Known polymorphisms recorded in dbSNP Build 130 (50)
in the sequence tags that passed filtering were removed from the analysis. Identification of
high-confidence mutations was performed as described previously (30). Additional details
are provided in the Supplementary Materials and Methods.

Assessment of low-frequency mutations

Primers were designed as described previously (37) with Primer3 (51). Templates were
prepared for sequencing as described previously (37), with modifications that facilitated the
amplification of multiple gene regions in a single well of a 96-well PCR plate. With the
primers described in table S4, 66 ng of templates was amplified in two rounds of PCR (Fig.
2) for the single amplicon assays. The multiplexed assays were performed in similar fashion
with six independent amplifications—each containing 66 ng of DNA (that is, ~400 ng total)
—per sample with the primers described in table S5. High-quality sequence reads were
analyzed as previously described (37), employing quality scores that reflected the
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probability that an individual base call was made in error (52). The template-specific portion
of the reads was matched to a reference sequence set by a custom script (available from the
authors upon request). Additional details are provided in the Supplementary Materials and
Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic demonstrating the principal steps of the procedure described in this study. Tumor
cells shed from ovarian or endometrial cancers are carried into the endocervical canal. These
cells can be captured by the brush used for performing a routine Pap smear. The brush
contents are transferred into a liquid fixative, from which DNA is isolated. By means of
massively parallel sequencing, this DNA is queried for mutations that indicate the presence
of a malignancy in the female reproductive tract.
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Fig. 2.
Diagram of the modified Safe-SeqS assay used, which allowed for the simultaneous
detection of mutations in 12 different genes. Top left: DNA templates from three exons of
different genes (yellow, purple, and brown rectangles) to be queried for mutations. Note that
only one of the templates contains a mutation (star) that exists before any sample
preparatory steps or sequencing. Top right: Safe-SeqS primer pairs contain binding sites for
universal primers (“UPS,” blue), a unique identifier (“UID,” red), and gene-specific
sequences (colors match the targeted exon). Next, the templates and primers are combined
into a single PCR compartment and a UID is attached to each targeted template, along with
UPS binding sites, after a low number of PCR cycles (“UID assignment”). The Safe-SeqS
primers are removed, and subsequent PCR is performed with primers containing UPS sites,
as well as the sequences required for attachment to the sequencing instrument (“GP,” black)
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to prepare the templates for massively parallel sequencing. When mutations preexist in
template DNA before sample preparation, all of the sequenced daughter molecules sharing
the same UID will contain the same mutation (a “supermutant”). In contrast, artifactual
mutations caused by sample preparation or sequencing are unlikely to be observed in most
other daughter molecules sharing the same UID (“Artifact”). Note that only one of two DNA
strands is depicted for clarity.
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Fig. 3.
Percent mutant alleles in liquid Pap smear specimens. The fraction of mutant alleles from
each of 46 Pap specimens is depicted. The stage of each tumor is listed on the y axis. The x
axis demonstrates the percent mutant allele fraction as determined by traditional Safe-SeqS.
Mutant allele frequencies are higher than 10% in some cases but are depicted at 10% in this
figure for clarity. Precise mutation frequencies are reported in table S3 for all samples.
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Fig. 4.
Heat map depicting the results of multiplex testing of 12 genes in Pap specimens. The
PapGene test interrogates 46 gene regions, with each block on the y axis representing one
region analyzed for the indicated gene. The 28 samples assessed (14 from control women
without cancer and 14 from women with cancer) are indicated on the x axis. Mutations are
indicated as colored blocks, with white indicating no mutation, yellow indicating a mutant
fraction of 0.1 to 1%, orange indicating a mutant fraction of 1 to 10%, and red indicating a
mutant fraction of >10%.
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