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Abstract

We report the detection of endometrial and ovarian cancers based on genetic analyses of DNA 

recovered from the fluids obtained during a routine Papanicolaou (Pap) test. The new test, called 

PapSEEK, incorporates assays for mutations in 18 genes as well as an assay for aneuploidy. In Pap 

brush samples from 382 endometrial cancer patients, 81% [95% confidence interval (CI), 77 to 

85%] were positive, including 78% of patients with early-stage disease. The sensitivity in 245 

ovarian cancer patients was 33% (95% CI, 27 to 39%), including 34% of patients with early-stage 

disease. In contrast, only 1.4% of 714 women without cancer had positive Pap brush samples 

(specificity, ~99%). Next, we showed that intrauterine sampling with a Tao brush increased the 

detection of malignancy over endocervical sampling with a Pap brush: 93% of 123 (95% CI, 87 to 

97%) patients with endometrial cancer and 45% of 51 (95% CI, 31 to 60%) patients with ovarian 

cancer were positive, whereas none of the samples from 125 women without cancer were positive 

(specificity, 100%). Finally, in 83 ovarian cancer patients in whom plasma was available, 

circulating tumor DNA was found in 43% of patients (95% CI, 33 to 55%). When plasma and Pap 

brush samples were both tested, the sensitivity for ovarian cancer increased to 63% (95% CI, 51 to 

73%). These results demonstrate the potential of mutation-based diagnostics to detect gynecologic 

cancers at a stage when they are more likely to be curable.

INTRODUCTION

The Papanicolaou (Pap) test has dramatically decreased the mortality of cervical cancer in 

the screened population. Unfortunately, the Pap test is generally unable to detect endometrial 

or ovarian cancers (1–4). In light of the success of the Pap test in detecting early-stage, 

curable cervical cancers, ovarian and endometrial cancers are currently the most lethal and 

most common gynecologic malignancies, respectively, in countries where Pap tests are 
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routinely performed (5). Together, endometrial and ovarian cancers account for about 25,000 

deaths each year and are the third leading cause of cancer-related mortality in women in the 

United States (5). Most of these deaths are caused by high-grade tumor subtypes, which tend 

to metastasize before the onset of symptoms (6, 7).

Endometrial cancer is the most common gynecologic malignancy, with 61,380 estimated 

new cases in 2017 in the United States (5). The incidence of endometrial cancer has been 

rising with higher prevalence of obesity and increased life expectancy (8). At the same time, 

relative survival has not improved over the past decades (5, 9). Much effort has been directed 

toward developing a screening test for this cancer type. The most common diagnostic test is 

transvaginal ultrasound (TVUS), which measures the thickness of the endometrium. The 

potential of TVUS as a screening test is undermined by its inability to reliably distinguish 

between benign and malignant lesions, subjecting women without cancer to unnecessary 

invasive procedures and their associated complications. Its high false-positive rate is 

demonstrated by the fact that as few as 1 in 50 women who tested positive by TVUS was 

proven to have endometrial cancer after undergoing additional diagnostic procedures (10).

Ovarian cancer is the second most common gynecologic malignancy in the United States 

and Europe. It is often diagnosed at a late stage, when the 5-year survival rate is less than 

30% (5). The high mortality has made the development of an effective screening test a high 

priority. Large randomized trials have assessed the use of CA-125 and TVUS as potential 

screening tests for ovarian cancer (11–14). However, screening with current diagnostic 

approaches is not recommended for the general population because it leads to “important 

harms, including major surgical interventions in women who do not have cancer” (15). Thus, 

the development of new diagnostic approaches is important.

Among ovarian cancers, high-grade serous carcinomas (HGSCs) account for 90% of all 

ovarian cancer deaths. Increasing evidence suggests that most HGSCs arise in the fallopian 

tube and subsequently implant on the ovarian surface (16–21). A recent prospective study of 

symptomatic women reported that most early-diagnosed HGSCs have extraovarian origins 

(22). This might explain the low sensitivity of TVUS for early disease, when no ovarian 

abnormalities are detectable. Multimodal screening with serum CA-125 improves 

sensitivity; however, with the way it is currently used, CA-125 lacks specificity and is 

elevated in a variety of common benign conditions (23).

Unlike markers associated with neoplasia, cancer driver gene mutations are causative agents. 

It has been shown that tumor DNA could be detected in the vaginal tract of women with 

ovarian cancer (24). Furthermore, a recent proof-of-principle study showed that endometrial 

and ovarian cancers shed cells that collect at the cervix, allowing detectable amount of tumor 

DNA to be found in the fluids obtained during routine Pap tests (25). These cells are 

sampled with a brush (a “Pap brush”) that is inserted into the endocervical canal. The brush 

is then dipped into preservative fluid. For the detection of cervical cancers, cells from the 

fluid are applied to a slide for cytologic examination (the classic Pap smear). In addition, 

DNA is often purified from the fluid to search for human papillomavirus sequences. Here, 

we used the DNA from this fluid in a polymerase chain reaction (PCR)–based, multiplex test 

to simultaneously assess genetic alterations that commonly occur in endometrial or ovarian 
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cancers. In addition, we explored two ways to increase sensitivity. First, we tested 

intrauterine sampling (with a “Tao brush”), a method that allows sample collection closer to 

the anatomical sites of the tumors. Second, in a recent study, we showed that testing for 

mutations in both saliva and plasma from the same individual increased the sensitivity of 

detecting head and neck tumors (26). On the basis of this precedent, we assessed whether 

testing for mutations in both the plasma and Pap test fluid would increase sensitivity for 

ovarian cancers.

RESULTS

Evaluation of somatic mutations in Pap brush samples from patients with endometrial or 
ovarian cancer

Overall, 1915 samples from 1658 individuals were included in this study, including 656 

patients with endometrial or ovarian cancers and 1002 healthy controls. The age, race, 

histopathologic diagnosis, stage, and other clinical information for the cancer patients are 

provided in table S1. The samples tested from these patients are listed in table S2.

The amount of DNA shed from neoplastic cells was expected to be a minor fraction of the 

total DNA in the Pap brush samples, with most DNA emanating from normal cells. We 

therefore used a sensitive, PCR-based error-reduction technology, called Safe-Sequencing 

System (Safe-SeqS), to identify mutations in these samples (27). In brief, primers were 

designed to amplify 139 regions, covering 9392 distinct nucleotide positions within the 18 

genes of interest (table S3). Three multiplex PCRs, each containing nonoverlapping 

amplicons, were then performed on each sample.

We applied this assay to Pap brush samples of 382 women with endometrial cancer, 245 

women with ovarian cancer, and 714 women without cancer. We found that 81% [95% 

confidence interval (CI), 76 to 84%] of the patients with endometrial cancers had detectable 

mutations, including 78% of patients with early-stage disease (stages I and II) and 89% of 

the patients with late-stage disease (stages III and IV; table S2). The most commonly 

mutated genes were PTEN (64%), TP53 (41%), PIK3CA (31%), PIK3R1 (29%), CTNNB1 
(21%), KRAS (18%), FGFR2 (11%), POLE (9%), APC (9%), FBXW7 (8%), RNF43 (7%), 

and PPP2R1A (5%), consistent with previous genome-wide studies of endometrial cancers 

(25, 28, 29). The median mutant allele fraction (MAF) was 4.0% [interquartile range (IQR), 

1.3 to 12%] (table S4).

Twenty-nine percent of 245 ovarian cancer patients harbored detectable mutations in their 

Pap brush samples (95% CI, 24 to 36%). These included 28% of patients with early-stage 

disease and 30% of patients with late-stage disease (table S2). The most commonly mutated 

gene was TP53 (74%), consistent with previous genome-wide studies of this tumor type (25, 

30). The median MAF was 0.54% (IQR, 0.22 to 2.6%) (table S4). We also applied this assay 

to 714 women without cancer and found that 1.3% had a detectable mutation, yielding a 

specificity of ~99% (Fig. 1).

Tumor tissue was available from 83 and 84% of endometrial and ovarian cancer patients 

who donated Pap brush samples, respectively. Using the same multiplex assay applied to the 

Wang et al. Page 4

Sci Transl Med. Author manuscript; available in PMC 2019 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Pap brush samples, a driver gene mutation could be identified in 98 and 82% of the 

endometrial and ovarian cancer tissues, respectively (table S5). Of the endometrial and 

ovarian cancer patients with a driver mutation identified in their primary tumor, 85 and 29%, 

respectively, had mutations in their Pap brush samples. Conversely, of the positive Pap brush 

samples from patients with endometrial or ovarian cancers, 93% contained at least one driver 

gene mutation that was identical to that observed in their primary tumor. The fraction of Pap 

brush samples with mutations that were also found in the primary tumors was higher in 

endometrial cancer patients (97%) than in ovarian cancer patients (73%).

Evaluation of aneuploidy in Pap brush samples

In addition to somatic mutations, aneuploidy is found in the great majority of endometrial 

and ovarian cancers (28, 30, 31). To assess aneuploidy, we used a PCR-based method to 

amplify ~38,000 loci of long interspersed nucleotide elements (LINEs) with a single primer 

pair (32). LINEs have spread throughout the genome via retrotransposition and are found on 

all 39 nonacrocentric autosomal arms. After sequencing, the data are processed to identify 

gains or losses on single chromosome arms (see Materials and Methods).

Aneuploidy was detected in the Pap brush samples of 38% (95% CI, 33 to 43%) of the 382 

patients with endometrial cancer, including 34 and 51% of those with early- and late-stage 

disease, respectively (table S2). Aneuploidy was also detected in the Pap brush samples of 

11% (95% CI, 7 to 16%) of the 245 ovarian cancer patients, including 15 and 9.3% of those 

with early- and late-stage disease, respectively (table S2). In endometrial and ovarian 

cancers, the most commonly altered arms were 4p, 7q, 8q, and 9q, consistent with previous 

reports (28, 30). In contrast, when we applied the aneuploidy assay to the Pap brush samples 

of 714 women without cancer, only one woman was positive (specificity, ~100%; Fig. 1).

Even if a sample does not contain a genetic alteration in 1 of the 18 genes assessed, it might 

still be aneuploid and detectable by our test. This conjecture was supported by our 

identification of six patients (three with endometrial and three with ovarian cancers) who 

had no mutations in their Pap brush samples or primary tumors (when available) but whose 

Pap brush samples displayed aneuploidy. The combined test, incorporating the above-

described assays for mutations plus aneuploidy, was dubbed “PapSEEK.” PapSEEK scores a 

sample as positive if it harbors either a mutation or an abnormal chromosome arm number. 

Eighty-one percent (95% CI, 77 to 85%) of the Pap brush samples from women with 

endometrial cancers were PapSEEK-positive, including 78% of patients with early-stage 

disease and 92% of patients with late-stage disease (Figs. 2 and 3). Thirty-three percent 

(95% CI, 27 to 39%) of the Pap brush samples from women with ovarian cancers were 

PapSEEK-positive, including 34% of patients with early-stage disease and 33% of patients 

with late-stage disease (Figs. 2 and 3). Only 1.4% of the Pap brush samples from 714 

women without cancer were PapSEEK-positive, yielding a specificity of ~99% (table S6 and 

Fig. 1).

Evaluation of Tao brush samples from patients with ovarian or endometrial cancers

We wondered whether more direct, minimally invasive sampling of the intrauterine cavity 

(rather than the endocervical canal) could increase the sensitivity of this approach for 
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detecting gynecologic cancers. To explore this possibility, we collected intrauterine samples 

using a Tao brush, which is a flexible, narrow brush covered by a retractable outer sheath 

that allows direct sampling of the entire endometrial cavity without injury to the 

myometrium or contamination from the cervical canal (33). It has been approved by the 

Food and Drug Administration for endometrial sampling and can be used in an outpatient 

setting without the need for anesthesia. Importantly for a potential screening test, it is well 

tolerated by patients (33, 34).

We applied PapSEEK to Tao brush samples collected from 123 patients with endometrial 

cancers, 51 patients with ovarian cancers, and 125 women without cancer. Ninety-three 

percent (95% CI, 87 to 97%) of the Tao brush samples from endometrial cancer patients 

contained genetic alterations detected by PapSEEK, including 90 and 98% of patients with 

early- and late-stage disease, respectively (Fig. 3). The most commonly mutated genes in the 

Tao brush samples were PTEN (63%), TP53 (42%), PIK3CA (36%), PIK3R1 (20%), KRAS 
(17%), CTNNB1 (15%), FGFR2 (15%), RNF43 (11%), PPP2R1A (7%), POLE (7%), and 

FBXW7 (6%), similar to those observed in the Pap brush samples. The median MAF was 

24.7% (IQR, 10.4 to 35.4%), considerably higher than that observed in the Pap brush 

samples, in which the median MAF was 4.0% (IQR, 1.3 to 12%; table S4).

Genetic alterations detectable by PapSEEK were found in 45% (95% CI, 31 to 60%) of the 

Tao brush samples from 51 women with ovarian cancers, including 47 and 44% of patients 

with early- and late-stage cancers, respectively (Fig. 3). The most commonly mutated gene 

was TP53 (86%), consistent with that observed in the Pap brush samples. The median MAF 

was 0.88% (IQR, 0.35 to 3.8%), which was higher than that in the Pap brush samples 

(median, 0.54%; IQR, 0.22 to 2.6%; table S4).

PapSEEK was applied to the Tao brush samples from 125 women without cancer. None 

(0%) of these women tested positive for mutations, yielding a specificity of 100% (table S6 

and Fig. 1).

Tao brush and Pap brush samples from the same women were available in 145 patients (103 

with endometrial and 42 with ovarian cancers). In endometrial cancers, PapSEEK was 

positive in 91% of the Tao brush samples and in 82% of the Pap brush samples (P = 0.02, 

mid-P McNemar test). Similarly, the fraction of ovarian cancer patients with a positive 

PapSEEK test was higher for Tao brush (45%) than for Pap brush [17%; P = 0.002, mid-P 
McNemar test (table S1)].

Tumor tissue was available from 90 and 88% of patients with endometrial and ovarian 

cancers who donated Tao brush samples, respectively. PapSEEK identified driver gene 

mutations in 97 and 80% of the endometrial and ovarian cancer tissues, respectively (table 

S5). Of the endometrial and ovarian cancer patients with a driver mutation identified in their 

primary tumor, 93 and 42%, respectively, had mutations detectable in their Tao brush 

samples. Conversely, of the positive Tao brush samples from patients with endometrial or 

ovarian cancers, 91% contained at least one driver gene mutation that was identical to that 

observed in their primary tumor. The fraction of Tao brush samples with mutations that were 
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also found in the primary tumors was higher in endometrial cancer patients (97%) than in 

ovarian cancer patients (53%).

Evaluation of ctDNA in patients with ovarian cancers

We hypothesized that ovarian cancers that were inaccessible by Pap or Tao brush sampling 

due to anatomical or other factors might be detectable by the presence of circulating tumor 

DNA (ctDNA) in plasma (35). We were able to test this hypothesis in 83 ovarian cancer 

patients who had donated both Pap brush and plasma samples. Because of the smaller size of 

degraded ctDNA, primers were designed to amplify short 67– to 81–base pair (bp) DNA 

fragments, covering 1933 distinct nucleotide positions within 16 genes of interest, as 

described previously (36). When this assay was applied to plasma samples from 192 healthy 

individuals, none (0%) tested positive, yielding a specificity of 100%.

We found that 43% (95% CI, 33 to 55%) of the plasma from the 83 patients with ovarian 

cancers had detectable ctDNA. The mutations detected are listed in table S7. As expected, 

the sensitivity for ctDNA in plasma was higher in patients with late-stage tumors than in 

patients with early-stage tumors (56 versus 35%; Fig. 4). For early-stage disease, the median 

MAF in the plasma was 0.85% (IQR, 0.40 to 3.4%), which was less than the median MAF 

(5.7%; IQR, 0.83 to 12%) in the Pap brush samples. At least one of the mutations identified 

in the plasma could be identified in 88% of the corresponding primary tumors.

In the Pap brush samples from this same cohort of 83 patients, 40% were positive by the 

PapSEEK test. The individuals scoring positive in their Pap brush and plasma samples only 

partially overlapped (Fig. 2). As a result, 63% (95% CI, 51 to 73%) of patients were positive 

with at least one of the two tests. Those who tested positive included 54% of patients with 

early-stage disease and 75% with late-stage disease, respectively (table S1 and Fig. 4).

DISCUSSION

Here, we designed and applied a multiplex PCR-based test (PapSEEK) to detect genetic 

alterations in Pap brush or Tao brush samples (Fig. 5). These samples are minimally 

invasively and conveniently obtained during routine office visits. Most endometrial cancers 

could be detected with PapSEEK: 93% with Tao Brush and 81% with Pap brush. A 

substantial fraction of ovarian cancers could also be detected with PapSEEK: 45% with Tao 

Brush and 33% with Pap brush. The specificity of PapSEEK was high, with only 0 and 1.4% 

of women without cancer testing positive with Tao and Pap brush samples, respectively. We 

also showed that assays for ctDNA in plasma could be used in conjunction with PapSEEK 

on Pap brush samples, increasing the sensitivity of detecting ovarian cancer to 63%. We have 

not yet tested whether combining ctDNA analysis with PapSEEK analysis of Tao brush 

would further increase sensitivity.

It was particularly notable that the sensitivity for detecting early-stage ovarian cancers was 

as high as that for late-stage disease (47 versus 44% for Tao; 34 versus 33% for Pap). There 

are two possible explanations for this unexpected but enticing finding. First, it has been 

shown that some ovarian cancers originate in the fallopian tubes, which could facilitate their 

early detection with PapSEEK when tumor cells are shed into the uterine cavity. Second, in 
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late-stage tumors, the fallopian tubes are often matted and obliterated by the disease and, 

thus, less likely to serve as a conduit for tumor cells to pass into the uterus or endocervical 

canal. In this setting, the addition of ctDNA analysis in plasma to Pap or Tao brush sampling 

may be particularly beneficial.

An important subset of our samples was composed of high-grade, early-stage cancers. 

Currently available diagnostic modalities have low sensitivities for these lesions (37–39). 

Although the high-grade subtypes comprise only about 10% of incident endometrial cancers, 

they account for more than 40% of deaths from the disease (7). Because these high-grade 

cancers often arise from a background of atrophic endometrium and can metastasize before 

visible abnormalities on imaging, TVUS has a limited role in screening and early diagnosis. 

Thus, it was encouraging that PapSEEK detected 85% (n = 34) and 89% (n = 9) of high-

grade endometrial cancers confined to the endometrium in the Pap and Tao brush samples, 

respectively. In the case of ovarian cancers, our cohort included only a small number of 

early-stage, high-grade cases, consistent with the unfortunate fact that these cancers are 

often diagnosed only at advanced stages. Nevertheless, our finding that 36% (n = 11) were 

positive with combined Pap and plasma sample testing and that 80% (n = 5) were positive in 

Tao brush samples is notable.

Although promising, our study has several limitations that are important to acknowledge. 

First, it was retrospective rather than prospective. The samples we examined were derived 

from patients with known cancers, even though a substantial fraction was from patients with 

early-stage lesions. In a screening setting, the cancers would hopefully be at an earlier stage, 

and the sensitivities for detection would be expected to be closer to the sensitivity for early-

stage cancers observed in our study. Furthermore, it is conceivable that the combined testing 

of PapSEEK in conjunction with conventional methods, such as CA-125 testing or TVUS, 

would provide an additional increase in sensitivity. A considerable proportion of patients in 

our retrospective cohort were initially diagnosed using these conventional methods and, 

therefore, preselected for having abnormal results based on these tests. This precluded an 

accurate assessment of combined testing of PapSEEK with conventional detection methods 

in our study. A prospective, unbiased cohort would be more appropriate for such an 

assessment. In addition, in a prospective study, the age ranges of the controls and cases 

would be better matched than in our retrospective study, and would include patients with 

benign as well as malignant tumors.

Second, some of the ovarian cancer patients who had mutations detectable in their Pap brush 

or Tao brush samples did not have the identical mutations in their primary tumors. This was 

not an issue with endometrial cancers, wherein at least one mutation in the brush samples 

was nearly always (97%) found in the corresponding primary tumors. However, it was an 

issue for the ovarian cancer patients, particularly with the Tao brush. At least one mutation 

identifiable in the Pap brush could be identified in 73% of the corresponding primary 

ovarian tumors, whereas the same was true for only 53% of the Tao brush samples.

One possible explanation for the discordance between the mutations in brush samples and 

ovarian cancers from the same patients is that the assay detects mutations that do not exist in 

vivo, representing technical artifacts. We do not believe that this is likely, given that the 
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specificity of our assays was 100 and 99% in Tao brush and Pap brush samples, respectively. 

Another possible explanation is tumor heterogeneity (40). Only a small portion of the 

primary tumors that we analyzed was sampled and sequenced; the additional mutations 

found in the Pap or Tao brush samples could represent mutations from other parts of the 

tumor. It is also possible that some mutations were from small synchronous endometrial 

cancers or premalignant endometrial lesions that were unnoted by the pathologist. A 

nontrivial proportion of women with ovarian cancer have synchronous endometrial cancer 

(41–43), with risk factors including Lynch syndrome, polycystic ovarian syndrome, 

perimenopause, obesity, nulliparity, and unopposed estrogen replacement therapy (41, 44).

Although tumor heterogeneity or multiple synchronous tumors are feasible explanations that 

are often used to explain discordances in liquid biopsy studies, we are skeptical that this is 

the major cause. We believe that clonal expansions of nonmalignant cells may be more 

important. Clonal proliferations that are not considered neoplastic have been described in the 

bone marrow, skin, and other tissues (45–48). Of particular interest are the clonal 

proliferations of endometrial cells that cause endometriosis, a potentially debilitating 

condition that affects millions of women. It has recently been shown that these lesions, 

which can occur throughout the pelvis and are derived from the endometrium, are clonal 

proliferations that can be driven by the same mutations that we detect in endometrial cancers 

(49). The possibility that these mutations might reflect benign or noncancerous endometrial 

lesions is also consistent with the recent report of cancer-associated mutations found in 

uterine lavages of women without cancer (50). Finally, it is possible that the hormonal and 

physiologic changes contributing to or resulting from ovarian cancers stimulate or select for 

such clonal proliferations in the endometrial lining. On the one hand, this explanation is 

worrisome, because it argues against the exquisite specificity that is the conceptual basis for 

all liquid biopsies. On the other hand, it could actually enhance the sensitivity of detection of 

ovarian cancers, without diminishing specificity, if large clonal proliferations are almost 

exclusively found in women with gynecologic malignancies. Only clonal proliferations that 

account for >0.03% of the total cells in the endometrial lining are detectable by our assay.

Our study lays the foundation for evaluating PapSEEK in a large prospective study. The 

most natural cohort for such a study would include patients who are at high risk for 

gynecologic cancers because of hereditary factors, obesity, or symptoms such as 

postmenopausal or dysfunctional uterine bleeding. The cost of a PapSEEK test would be 

more than the cost of a Pap test but comparable to colonoscopy, mammography, and 

computed tomography imaging. There are many issues to be investigated in such large-scale 

trials. For example, is Tao brush sampling superior to Pap brush sampling, both with respect 

to sensitivity and patient compliance? Is it feasible to combine plasma ctDNA analysis with 

PapSEEK? Although plasma ctDNA analysis can improve sensitivity in combination with 

PapSEEK, positive ctDNA results can come from a variety of cancer types, thus raising 

issues about the appropriate follow-up. Would combining serial serum CA-125 

measurements (14) or other protein markers (51) with PapSEEK, or PapSEEK with ctDNA 

analysis, offer advantages over either alone? Will repeat testing increase the sensitivity of 

PapSEEK, as it does for CA-125 (14), and what is the appropriate time interval for such 

repeats? Finally, what is the best way to manage patients with a positive PapSEEK test? 

Should such women undergo hysteroscopy as well as TVUS, or other imaging procedures? 
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Moreover, if negative, how often should they be retested, either with PapSEEK or with 

imaging modalities? Although the answers to all these questions must await future trials, 

PapSEEK adds another dimension to screening for gynecologic cancers.

MATERIALS AND METHODS

Study design

This was a retrospective study with samples collected from 1658 individuals, including 656 

patients with endometrial or ovarian cancers and 1002 healthy controls. Data analysis was 

performed in a blinded fashion, and all patient samples were de-identified.

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), McGill 

University (Montreal, Quebec, Canada), Sahlgrenska University Hospital (Gothenburg, 

Sweden), BioreclamationIVT (Chestertown, MD), Memorial Sloan Kettering Cancer Center 

(New York City, NY), and Danish Scientific Ethical Committee (Copenhagen, Denmark). 

Demographic, clinical, and pathologic staging data were collected for each patient with 

cancer and are listed in table S1. The average age of 714 women without cancer who 

underwent Pap brush analysis was 34 (range, 17 to 67 years). The average age of 125 

women without cancer who underwent Tao brush analysis was 29 (range, 18 to 74 years). 

All histopathology was rereviewed by board-certified pathologists. DNA was extracted from 

tumors, Pap brush, and plasma samples as previously described (27, 52). The patients 

evaluated in this study were completely different than those evaluated in (36). For 

intrauterine sampling, Tao Brush IUMC Endometrial Sampler (Cook Medical Inc.) was 

gently inserted to the level of the uterine fundus. The outer sheath was then pulled back, and 

the brush was rotated 360° clockwise and counterclockwise. Then, the outer sheath was 

pushed in again, and the device was removed. The sample was placed into thin-prep buffer, 

from which DNA was purified using DNA purification kits (Qiagen) according to the 

manufacturer’s instructions. Purified DNA from all samples was quantified as previously 

described (53).

Healthy controls included patients with normal cytology findings on Pap smears and no 

history of gynecologic tumors. Ovarian cancer patients with history of tubal ligation were 

excluded from the study.

Aneuploidy detection and analysis

For each sample, a single primer pair was used to amplify ~38,000 loci of LINEs throughout 

the genome (32). One of the primers included a unique identifier sequence (UID) as a 

molecular barcode to reduce error rates associated with PCR and sequencing. Massively 

parallel sequencing was performed on Illumina instruments. The sequencing data were then 

processed to identify single chromosomal arm gains or losses, as well as allelic imbalance 

on 39 chromosome arms, using the Within-Sample AneupLoidy DetectiOn (WALDO) 

software (54). WALDO incorporates a support vector machine (SVM) to discriminate 

between aneuploid and euploid samples. The SVM was trained using 3150 synthetic 
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aneuploid samples with low neoplastic content and 677 euploid peripheral white blood cell 

samples. A sample was scored as positive (aneuploid) if the SVM discriminant score 

exceeded a given threshold or if gains of chromosome arms 7q and 8q were observed. These 

chromosome arms are frequently gained in both endometrial and ovarian cancers (28, 30).

Somatic mutation detection and analysis

DNA from Pap brush samples, Tao brush samples, or primary tumors was amplified in three 

multiplex PCRs with 139 primer pairs that were designed to amplify 110- to 142-bp 

segments. These segments contain regions of interest from the following 18 genes: AKT1, 
APC, BRAF, CDKN2A, CTNNB1, EGFR, FBXW7, FGFR2, KRAS, MAPK1, NRAS, 
PIK3CA, PIK3R1, POLE, PPP2R1A, PTEN, RNF43, and TP53. For each sample, three 

multiplex reactions, each containing nonoverlapping amplicons, were performed, as 

previously described (55). Each sample was assessed in two duplicate wells. DNA from 

plasma was amplified in two multiplex PCRs consisting of 61 primer pairs that were 

designed to amplify 67- to 81-bp segments. Each sample was assessed in six duplicate wells. 

These segments contained regions of interest from the following genes: AKT1, APC, BRAF, 
CDKN2A, CTNNB1, EGFR, FBXW7, FGFR2, GNAS, HRAS, KRAS, NRAS, PIK3CA, 
PPP2R1A, PTEN, and TP53 (36).

Safe-SeqS, an error-reduction technology for detection of low-frequency mutations (27), was 

used for all sequencing analyses. One primer in each pair included a UID, consisting of 14 

degenerate bases with an equal chance of being an A, C, T, or G. High-quality sequence 

reads were selected on the basis of quality scores, which were generated by the sequencing 

instrument to indicate the probability that a base was called in error. Redundant reads arising 

from optical duplication were eliminated by requiring reads with the same UID and sample 

index to be at least 5000 pixels apart when located on the same tile. Reads from a common 

template molecule were then grouped on the basis of the UIDs that were incorporated as 

molecular barcodes. Artefactual mutations introduced during the sample preparation or 

sequencing steps were reduced by requiring a mutation to be present in >90% of reads in 

each UID family (to be scored as a “supermutant”) (27).

Statistical analysis of sequencing data

All Pap brush and Tao brush samples were analyzed using a MAF-based approach. 

Mutations that met one of the two following criteria were considered: (i) present in the 

COSMIC (Catalogue of Somatic Mutations in Cancer) database (56) or (ii) predicted to be 

inactivating in tumor suppressor genes (nonsense mutations, out-of-frame insertions or 

deletions, and canonical splice site mutations). Synonymous mutations [except those at exon 

ends (57)] and intronic mutations (except for those at splice sites) were excluded. Finally, 

mutations that could not be uniquely mapped to hg39 were excluded from the analysis. The 

MAF of each mutation in the sample of interest was first normalized on the basis of how the 

distribution of MAFs of the same mutation in the control group compared to the distribution 

of MAFs of all mutations in the control group. After this mutation-specific normalization, a 

P value was obtained by comparing the normalized MAF of each mutation in each well with 

a reference distribution of normalized MAFs built from normal controls where all mutations 

were included. The Stouffer’s Z score was then calculated from the P values of two 
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independent wells, weighted by their number of UIDs. Stouffer’s method was used because 

the sample aliquot in each well was assessed independently of the other wells. For this 

assessment, 10 ng of DNA was aliquoted into each of two wells, which were then amplified 

independently, sequenced independently (through the use of well barcodes), and analyzed 

independently. The assumption (null hypothesis) on which the P value was calculated for 

each well was the following: We assumed that the wells did not contain driver mutations and 

that any background mutations identified were actually PCR or sequencing artifacts, which 

followed the reference distribution built from the normal controls. The null hypothesis was 

therefore that the background mutations in the two wells came from the same reference 

distribution, but the two wells were independent (independent and identically distributed 

random variables).

A sample was scored as positive when any of its mutations had a value above the 

corresponding thresholds for any of the following three criteria: (i) the difference between its 

MAF and the corresponding maximum MAF observed for that mutation in the controls, (ii) 

the ratio of its Stouffer’s Z score to the average of the highest six nonzero Stouffer’s Z 

scores for the same mutation in the controls, or (iii) its Stouffer’s Z score alone when the 

mutation was not seen in the controls. The thresholds were determined to ensure a desired 

overall specificity.

Sensitivity and specificity were obtained from a 10-fold crossvalidation. In each of the 10 

rounds, Pap brush samples from 90% of the 714 women without cancer served as controls in 

the training set, with the remaining 10% of the Pap brush samples from women without 

cancer scored to obtain specificity. The controls in each round were randomly selected to 

ensure that each of the 714 normal Pap brush samples is scored exactly once after 10 rounds 

of cross-validation to obtain an overall specificity. All other samples were scored once in 

each of the 10 rounds for a total of 10 times and were considered to be positive overall if 

they scored positive more than half of the time (five or more rounds). The mutations in the 

Pap and Tao brush samples that scored positive are listed in table S4.

For plasma samples, sensitivity and specificity were also obtained from a 10-fold cross-

validation. In each of the 10 rounds, plasma samples from 90% of the 192 healthy 

individuals served as controls in the training set, with the remaining 10% scored to obtain 

specificity, as for the Pap and Tao brush samples described above. The controls in the 

training set in each round were randomly selected in a way to ensure that each of the 192 

normal plasma samples was scored exactly once in 10 rounds of cross-validation to obtain 

an overall specificity. In addition, the analysis of the plasma samples was performed using 

an empirical Bayes approach. In each round of cross-validation, a β distribution was fitted 

on the basis of the MAFs in the normal controls (90% of the 192 plasma samples from 

healthy individuals used in the particular round) using maximum likelihood estimation 

(MLE). Next, the MAFs of all mutations in the controls, as well as the samples to be scored, 

were adjusted as follows

Adjusted MAF = Number of supermutants+ α
Number of UIDs+ α + β
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where α and β are parameters obtained from MLE.

A P value was then calculated for each mutation in each independent well by comparison to 

the distribution of adjusted MAFs among the controls. An overall P value for every mutation 

was obtained as the product of the P values from all six independent wells. A sample was 

considered to be positive if it was positive in five or more rounds of the 10-fold cross-

validation. The mutations in the samples that scored positive are listed in table S7.

Confidence intervals for sensitivities and specificities were calculated assuming binomial 

distributions, with the actual sensitivities and specificities set as the corresponding success 

probabilities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Detection of aneuploidy and somatic mutations (PapSEEK) in Pap or Tao brush samples 
from healthy controls and patients with endometrial or ovarian cancers.
Data shown as means ± 95% confidence intervals.
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Fig. 2. Venn diagrams showing increased detection with combined testing for somatic mutations 
and aneuploidy, as well as combined testing of Pap brush and plasma samples.
For both endometrial and ovarian cancers, combined testing for somatic mutations and 

aneuploidy increased sensitivity in the Pap and Tao brush samples. For ovarian cancer, 

combined testing of Pap brush and plasma samples also increased sensitivity compared to 

testing either sample type alone.
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Fig. 3. Detection of endometrial or ovarian cancers In Pap or Tao brush samples with PapSEEK 
by stage.
Data shown as means ± 95% confidence intervals.
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Fig. 4. Detection of ovarian cancer in Pap and plasma samples.
Data shown as means ± 95% confidence intervals.
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Fig. 5. PapSEEK test for the detection of tumor DNA in the Pap brush, Tao brush, and plasma 
samples of patients with endometrial or ovarian cancers.
Tumor cells shed from ovarian or endometrial cancers are carried into the uterine cavity, 

where they can be collected by the Tao brush. The tumor cells that pass down into the 

endocervical canal can be captured by the Pap brush used in the routine Pap test. These 

brushes are dipped into a liquid fixative, from which DNA is isolated and sequenced. The 

sequences are analyzed for somatic mutations and aneuploidy. In addition, tumor DNA shed 

into the bloodstream can be detected by circulating tumor DNA (ctDNA) analysis. Detection 

of endometrial and ovarian cancers with PapSEEK in the Pap brush, Tao brush, and plasma 

samples is shown as means ± 95% confidence intervals.
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