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abstract

PURPOSE PTEN-associated clinical syndromes such as Cowden syndrome (CS) increase cancer risk and have
historically been diagnosed based upon phenotypic criteria. Because not all patients clinically diagnosed with
CS have PTEN pathogenic variants (PVs), and not all patients with PTEN PVs have been clinically diagnosed
with CS, the cancer risk conferred by PTEN PVs calculated from cohorts of patients with clinical diagnoses of
CS/CS-like phenotypes may be inaccurate.

METHODS We assessed a consecutive cohort of 727,091 individuals tested clinically for hereditary cancer risk,
with a multigene panel between September 2013 and February 2022. Multivariable logistic regression models
accounting for personal and family cancer history, age, sex, and ancestry were used to quantify disease risks
associated with PTEN PVs.

RESULTS PTEN PVs were detected in 0.027% (193/727,091) of the study population, and were associated
with a high risk of female breast cancer (odds ratio [OR], 7.88; 95% CI, 5.57 to 11.16; P = 2.3 × 10−31),
endometrial cancer (OR, 13.51; 95% CI, 8.77 to 20.83; P = 4.2 × 10−32), thyroid cancer (OR, 4.88; 95% CI,
2.64 to 9.01; P = 4.0 × 10−7), and colon polyposis (OR, 31.60; CI, 15.60 to 64.02; P = 9.0 × 10−22). We
observed modest evidence suggesting that PTEN PVs may be associated with ovarian cancer risk (OR, 3.77;
95% CI, 1.71 to 8.32; P = 9.9 × 10−4). Among patients with similar personal/family history and ancestry, every
5-year increase in age of diagnosis decreased the likelihood of detecting a PTEN PV by roughly 60%.

CONCLUSION We demonstrate that PTEN PVs are associated with significantly increased risk for a range of
cancers. Together with the observation that PTEN PV carriers had earlier disease onset relative to otherwise
comparable noncarriers, our results may guide screening protocols, inform risk-management strategies, and
warrant enhanced surveillance approaches that improve clinical outcomes for PTEN PV carriers, regardless of
their clinical presentation.
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BACKGROUND

The tumor-suppressor phosphatase PTEN antagonizes
the phosphatidylinositol 3-kinase/AKT signaling path-
way that regulates apoptosis, cell-cycle arrest, and
other cellular pathways.1-3 Heterozygous germline
pathogenic variants (PVs) in PTEN cause PTEN
hamartoma tumor syndrome (PHTS). Multiple clinically
diagnosed disorders, including Cowden syndrome (CS),
Bannayan-Riley-Ruvalcaba syndrome (BRRS), and
Proteus-like syndrome, have been associated with
germline PV in PTEN.4-9 Individuals clinically diagnosed
with CS may or may not have an underlying germline
PTEN PV.10-13 Indeed, PTEN PVs are only found in
approximately 30%-35% of individuals with a clinical
diagnosis of CS/CS-like and approximately 60% of in-
dividuals considered to have BRRS.14 By definition, all
PTEN PV carriers have a molecular diagnosis of PHTS,

whether or not they meet diagnostic criteria for CS,
BRRS, Proteus, or Proteus-like syndrome.

Patients molecularly diagnosed with PHTS have an el-
evated risk of benign and malignant tumors,11 yet
quantifying the cancer risk directly attributable to PTEN
PVs has been challenging. Early analyses of PTEN
cancer risk focused exclusively on patients with a clinical
diagnosis of CS, but such evaluation does not fully reflect
the cancer risk of a PTEN PV because many patients
clinically diagnosed with CS do not have PTEN PVs.4,9

Later analyses that assessed cancer risk in the subset of
patients with CS known to harborPTENPVs alsomay not
be accurate because not all patients with PTEN PVs are
diagnosed with CS.10,14

With the widespread utilization of gene-panel se-
quencing in patients who have known cancer status, it
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is now possible to analyze the cancer risk associated with
PTEN PVs irrespective of a patient’s clinical presentation.
Here, we assessed the cancer risk conferred by PTEN PVs
in . 700,000 patients, who met broad criteria for clinical
panel testing, by using a multivariable logistic regression
framework that isolates the impact of PTEN PVs after ac-
counting for clinical factors.

METHODS

Study Population Participants

We examined clinical and genetic records from a con-
secutive cohort of patients who underwent hereditary
cancer testing between September 2013 and February
2022. Patients were eligible for inclusion if they were age
18 years or older at the time of testing and negative for PVs
on cancer-associated genes other than PTEN. Patients
were excluded from analysis if they were submitted from
states that disallow use of genetic data after completion of
genetic testing, if they submitted an incomplete test request
form (TRF), or if they had multigene panel testing after
receiving negative test results from a limited gene panel.
Analyses were restricted to patients with full panel se-
quencing to ensure a homogenous study population. This
study was conducted according to a study protocol that was
approved by the Advarra Institutional Review Board
(Pro00036775) with a waiver of informed consent. Further
details are provided in Appendix 1.

Hereditary Cancer Testing

Genetic testing was performed in a Clinical Laboratory
Improvement Amendments– and College of American
Pathology–approved laboratory (Myriad Genetic Laborato-
ries Inc, Salt Lake City, UT). The hereditary cancer panel
was composed of 25-35 cancer-associated genes; the
initial multigene panel test included 25 genes (APC, ATM,
BARD1, BMPR1A, BRCA1, BRCA2, BRIP1, CDH1, CDK4,
CHEK2, MLH2, MSH2, MSH6, MUTYH, NBN, P14ARF,
P16, PALB2, PMS2, PTEN, RAD51C, RAD51D, SMAD4,

STK11, and TP53). Subsequent additions to the panel test
in 2016 and 2019 included GREM1, HOXB13, POLD1,
POLE, AXIN2, GALNT12, MSH3, NTHL1, RNF43, and
RPS20. This next-generation sequencing assay has been
detailed previously.15,16 Sequencing and large rearrange-
ment analysis was performed for all genes evaluated except
HOXB13, POLD1, and POLE, for which only sequencing is
performed, and EPCAM and GREM1, in which only large
rearrangement analysis is performed.

Variant classification was performed using the American
College of Molecular Genetics and Genomics and Associ-
ation for Molecular Pathology guidelines, as well as previ-
ously described statistical variant classification methods.17-20

Variants with a laboratory classification of deleterious or
suspected deleterious were considered pathogenic.

Statistical Methods

All analyses were conducted using R version 4.1 or
higher.21 CIs were calculated from Wald statistics. P values
were derived from Wald statistics and reported as two-
sided.

Association With Cancer Risk

We quantified disease risks associated with PTEN using a
previously described multivariable logistic regression
methodology.22 Disease risks were estimated as adjusted
odds ratios (ORs), with 95% CIs. These adjusted ORs
represent the relative risks associated with PTEN PVs after
accounting for other risk factors and may be interpreted as
the fold-increase in risk for a PTEN PV carrier compared
with a noncarrier who is identical with respect to age,
personal/family cancer history, and ancestry. The adjusted
ORs presented here should be consistent with the ORs that
would be obtained from a population-based study using
either multivariable regression or matched case-control
analysis to adjust for age, personal/family cancer history,
and ancestry.22-24 As PTEN PVs are associated with
childhood mortality,25 the ORs in this study—where only

CONTEXT
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Cancer risks associated with germline pathogenic variants (PVs) in PTEN have been established from patients ascertained for

Cowden or related syndromes, potentially resulting in inaccurate estimates of risk. This work describes cancer risks and
cancer types associated with PTEN PVs in a large hereditary cancer screening cohort using a previously established
methodology.
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PTEN PVs are associated with a high risk of female breast, endometrial, and thyroid cancers, as well as colon polyposis, and

may be associated with ovarian cancer risk. PTEN PV carriers have an earlier age of onset than otherwise comparable
individuals without PTEN PVs.
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These findings may help guide screening and risk-management strategies for individuals with PTEN PVs, regardless of clinical
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patients age ≥ 18 years were included—represent risks for
PTEN carriers who survive to adulthood.

A threshold of five or more disease-affected PTEN PV car-
riers was prespecified as the minimum data required to
investigate association with a specific disease using multi-
variable regression. We constructed a separate multivariable
logistic regression model for each disease that met the
minimum data threshold. Models testing association with
female-specific cancers were restricted to female patients.
For each disease, we coded disease status (affected or
unaffected) as the dependent variable. Independent vari-
ables included PTEN PV status, age, sex (where applicable),
ancestry, and personal and family histories associated with
hereditary breast and ovarian cancer (HBOC), Lynch syn-
drome, and adenomatous polyposis colon cancer syndrome.
Family history variables were coded as numeric counts of
diagnoses, weighted according to degree of relatedness: we
used a weight of 0.5 for each first-degree relative (FDR) and
0.25 for each second-degree relative (SDR). Further details
regarding coding of variables are provided in Appendix 1.

Association With Age of Diagnosis

We investigated whether PTEN PV carriers tended to be
diagnosed at earlier ages than noncarriers who were similar
with respect to personal/family history and ancestry. For
each phenotype that showed significant association with
PTEN, we constructed a multivariable logistic regression
model restricted to the subcohort of patients affected by
that specific disease. PTEN PV status was the dependent
variable in each disease model. Independent variables for
age at diagnosis, ancestry, sex (where applicable), and
personal/family history were coded as above for tests of
association with disease risk.

Association With Familial Cancer

We tested increased rates of family cancer history among
PTEN PV carriers compared with noncarriers with similar
clinical features. For this analysis, we constructed a single
multivariable logistic regression model on the basis of the
entire study cohort. The dependent variable was PTEN PV
status. Independent variables for age, ancestry, sex, and
personal/family cancer history were coded as above for tests
of association with cancer risk. ORs for association of PTEN
PV status with familial disease were reported per one-half
unit of the weighted relative count described above and
represent the fold-increase in likelihood of detecting a PTEN
PV because of one affected FDR or two affected SDRs. We
examined all diseases for which five or more PTEN PV
carriers reported at least one affected FDR or SDR.

RESULTS

We identified 727,091 patients who met study eligibility
criteria. Clinical characteristics are detailed in Table 1. The
study cohort was predominantly composed of female pa-
tients (699,209 [96.2%]) who were referred for genetic
testing because of suspected HBOC syndrome. Nearly one

third (226,120 [31.1%]) of patients reported a personal
history of cancer. Most patients (689,692 [94.6%]) re-
ported a FDR or SDR affected by a cancer associated with
HBOC, Lynch syndrome, or adenomatous polyposis colon
cancer syndrome.

Pathogenic PTEN variants were detected in 193 (0.027%)
study subjects. Eight additional patients carried PTEN PVs
but were excluded from the study cohort because they had
a concurrent PV in a second hereditary cancer gene
(Appendix Table A1). PTEN PV carriers were more fre-
quently affected by benign or malignant neoplasms than
noncarriers (69.4% v 31.1%) and tended to be younger
(median age, 41 v 46 years) at the time of multigene panel
testing (Table 1). Details regarding prevalence and types of
cancers affecting study subjects and their families are
tabulated by PTEN status in Appendix Table A2. Details
regarding the distribution of age at diagnosis are provided in
Appendix Table A3.

Association With Disease Risk

We had sufficient data to evaluate seven neoplastic phe-
notypes for association with PTEN: ductal invasive breast
cancer, ductal carcinoma in situ (DCIS), endometrial
cancer, thyroid cancer, colon polyposis (defined as ≥ 20
colon polyps), and nonpolyposis colorectal cancer (defined
as colon or rectal cancer with , 20 colon polyps). We
defined colon polyposis and nonpolyposis colorectal can-
cer as in previous work22 on the basis of different genetic
syndromes associated with colon polyposis versus hered-
itary nonpolyposis colon cancer. We further evaluated risk
associated with overall female breast cancer, defined as
any occurrence of ductal invasive breast cancer, lobular
invasive breast cancer, or DCIS.

PVs in PTEN were associated with a high risk of overall
female breast cancer (OR, 7.88; 95% CI, 5.57 to 11.16;
P = 2.3 × 10−31), ductal invasive breast cancer (OR, 7.55;
95% CI, 5.24 to 10.88; P = 1.7 × 10−27), DCIS (OR, 11.56;
95% CI, 6.52 to 20.50; P = 5.6 × 10−17), endometrial cancer
(OR, 13.51; 95% CI, 8.77 to 20.83; P = 4.2 × 10−32), thyroid
cancer (OR, 4.88; 95% CI:, 2.64 to 9.01; P = 4.0 × 10−7),
and colon polyposis (OR, 31.60; CI, 15.60 to 64.02;
P = 9.0 × 10−22). We observed modest evidence suggesting
association with risk of ovarian cancer (OR, 3.77; 95% CI,
1.71 to 8.32; P = 9.9 × 10−4). PTEN PVs were not associated
with risk of nonpolyposis colorectal cancer (OR, 1.31; 95%
CI, 0.48- to 3.59; P = .60). The results from multivariable
regression models testing association of PTEN with disease
risk are detailed in Table 2 and Appendix Table A4.

Association With Age of Diagnosis

For most PTEN-associated diseases, we found that PV
carriers were diagnosed at earlier ages than noncarriers with
similar clinical characteristics (Table 3 and Appendix Table
A5). Among patients with breast cancer who were equivalent
with respect to personal/family history and ancestry, every 5-
year increase in age of diagnosis decreased the likelihood of
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detecting a PTEN PV by a factor of roughly 62% (OR per
5 years, 0.62; 95% CI, 0.56 to 0.70; P = 1.5 × 10−17). Similar
associations between PTEN carrier status and age of diag-
nosis were observed for ductal invasive breast cancer, DCIS,
endometrial cancer, thyroid cancer, and ovarian cancer
(Table 3). Although PTEN PV carriers had substantially in-
creased risk of colon polyposis, they did not have earlier
onset than noncarriers (OR per 5 years, 1.01; 95% CI, 0.75
to 1.36; P = .96). Further details are provided in Table 3.

Association With Familial Cancer

We had sufficient data to evaluate whether PTEN carriers
had stronger family histories than noncarriers with similar
clinical characteristics for 11 different hereditary diseases
(Table 4). For most hereditary diseases, we found that
patients with PVs in PTEN did not have stronger family
histories than noncarriers who were equivalent with respect
to sex, personal history, age, and ancestry (Table 4 and
Appendix Table A6). We observed marginal significance for
association between PTEN PV status and familial kidney
cancer: the likelihood of detecting a PTEN PV increased by
roughly 2.28-fold because of each FDR or 2 SDRs affected
by kidney cancer (OR, 2.28; 95% CI, 1.16 to 4.47;
P = .017). No other familial diseases were more common
among PTEN PV carriers than among noncarriers with
similar clinical features.

Sex-Specific Sensitivity Analyses

For diseases that affect both males and females, and for
which we had adequate data, we conducted sensitivity
analyses by retesting associations within subcohorts de-
fined by sex. We found no evidence of sex-specific dif-
ferences in disease risk (Appendix Table A4), age of
diagnosis (Appendix Table A5), or association with familial
cancer (Appendix Table A6).

DISCUSSION

Here, we quantified the risk conferred by PTEN PVs on a
range of cancers in a cohort containing. 700,000 patients
screened with a clinical-grade multigene sequencing
panel. To focus specifically on PTEN PV carriers, our
analysis differed from preceding studies in two key aspects:
first, patient inclusion in our cohort was independent of a
clinical diagnosis for CS or CS-like phenotype or the PTEN
risk calculator11; second, we used multivariable logistic
regression analysis to isolate the impact of PTEN PVs after
accounting for other clinical parameters. Our results sug-
gest that, irrespective of clinical diagnosis, PTEN PVs
significantly increase the risk for female breast cancer,
endometrial cancer, thyroid cancer, and colon polyposis.
After adjusting for other factors, we found that PTEN PVs
were associated with earlier disease onset. Additionally, our
observation of little to no association between PTEN PVs

TABLE 1. Patient Characteristics

Characteristic All, No. (%)
With PTEN PVs,

No. (%)
Without PTEN PVs,

No. (%)

Age at hereditary cancer testing, years

Median 46 41 46

% ≤ 50 458,678 (63.1) 147 (76.2) 458,531 (63.1)

Cancer history

Personal history of cancer 226,120 (31.1) 134 (69.4) 225,986 (31.1)

Family history of cancer 689,692 (94.6) 171 (88.6) 689,521 (94.6)

Sex

Male 27,882 (3.8) 18 (9.3) 27,864 (3.8)

Female 699,209 (96.2) 175 (90.7) 699,034 (96.2)

Ancestry

Ashkenazi Jewish 5,503 (0.8) 0 (0) 5,503 (0.8)

Asian 18,770 (2.6) 6 (3.1) 18,764 (2.6)

Black/African 77,969 (10.7) 23 (11.9) 77,946 (10.7)

Hispanic/Latino 71,598 (9.8) 31 (16.1) 71,567 (9.8)

Middle Eastern 4,469 (0.6) 2 (1.0) 4,467 (0.6)

Native American 5,380 (0.7) 2 (1.0) 5,378 (0.7)

Pacific Islander 893 (0.1) 0 (0.0) 893 (0.1)

White 474,118 (65.2) 115 (59.6) 474,003 (65.2)

Other 3,068 (0.4) 0 (0) 3,068 (0.4)

Multiple 65,323 (9.0) 14 (7.3) 65,309 (9.0)

Total 727,091 193 (0.03) 726,898 (99.97)

Abbreviation: PV, pathogenic variant.
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and familial cancer, despite being sufficiently powered to
see such associations, suggests that many PTEN PVs arise
de novo, consistent with previous reports.26 Together, we
expect these findings to better inform patients, their pro-
viders, and clinical-management guidelines about the
impact of PVs in PTEN identified via sequencing.

Our observation of significantly increased risk of endometrial
cancer associated with PTEN PVs (OR, 13.51; 95% CI, 8.77
to 20.83; P = 4.2 × 10−32) aligns with previous studies and
underscores the importance of consideration of endometrial
screening in PV carriers.27-29 In an analysis of individuals who
met one of several eligibility criteria for PHTS, the lifetime risk
of developing endometrial cancer was 28%, and relative risk
was observed to dramatically increase around age
25 years.28 In our study, the median age of diagnosis was
37 years (range, 33-48.5 years). Currently, the National
Comprehensive Cancer Network (NCCN) recommends in-
dividualized screening on the basis of personal and family
history, as well as consideration of beginning endometrial
screenings by age 35 years.12 The significance of our re-
gression results and the early age of onset observed herein
suggest endometrial screening for all women with a PV in
PTEN should be considered.

Our results in female breast cancer support current guidelines.
We identified a significant female breast cancer OR of 7.88
(95% CI, 5.57 to 11.16; P = 2.3 × 10−31), which is consistent
with previous reports in HBOC cohorts22,30 and consistent in
direction with PTEN-associated disease cohorts albeit smaller
in size likely because of overestimation of risk on the basis of
methodology in these individuals.27,28 Additionally, the me-
dian age of onset of 40 years (range, 35-45 years) is con-
sistent with previous reports.22,30 Multiple studies have
confirmed that CS-affected individuals are more likely to
have malignant breast neoplasm if they also harbor a PTEN
PV compared with those without PTEN PVs.4 Furthermore,
the previously reported average age of breast cancer di-
agnosis in individuals with a PTEN PV is 36-46 years.30

Collectively, the results from our group and others support

the current NCCN recommendations to start a screening
regimen with clinical examinations at or before age
25 years, to conduct breast imaging at or before age
35 years, and to discuss prophylactic mastectomy with
individuals harboring a germline PV in PTEN.

In our study, males were more highly represented in the
PTEN PV cohort (9.3%; 18/193) than in the full testing
cohort (3.8%; 27,931/727,962), yet too few had cancer
diagnoses to fully assess PV-associated cancer risk. Notably,
it was previously shown that males comprised 32.4%-44.6%
of patients who met CS relaxed criteria (pathognomonic
criteria, or at least two criteria, eithermajor orminor) and had
an underlying pathogenic PTEN variant.11 Although male
breast cancer in an individual with a germline PTEN PV has
previously been reported,31 there was no evidence for in-
creased risk in a study ofmore than 3,000 probands with CS,
andmale breast cancer was not significantly associated with
PTEN in that cohort.11 Despite a significantly elevated life-
time risk of thyroid cancer, men with germline PTEN PVs
continue to be difficult to ascertain because of a lower
lifetime incidence of sentinel cancers typically associated
with PHTS that would lead to molecular assessment (eg,
breast cancer). When compared with females with germline
PTEN PVs, males have propensity for developing cancers in
sites not traditionally related to CS.32

We observed a significant thyroid cancer risk associated
withPTEN PVs, consistent with previous findings in patients
with CS, among whom 11% had epithelial cell thyroid
carcinoma as their sentinel cancer.33 In our study, the
median age of diagnosis was 35 years (range, 18.5-39
years). However, studies have revealed earlier onset of
thyroid cancer,32,34 with one specifically finding increased
risk in pediatric patients.34 A prospective study of patients
with CS (or Cowden-like syndrome) and a PTEN, SDH, or
KLLN PV found that 16.7% presented with thyroid cancer
before age 18 years.34 Although the NCCN currently rec-
ommends screening starting at age 7 years, it is important

TABLE 3. Association of PTEN Pathogenic Variant Status With Age of
Disease Onset

Characteristics
ORa per 5 Years

(95%CI) P

Overall female breast cancerb 0.62 (0.56 to 0.70) 1.5 × 10−17

Ductal invasive breast cancer 0.63 (0.56 to 0.71) 8.8 × 10−14

DCIS 0.55 (0.43 to 0.71) 6.4 × 10−6

Endometrial cancer 0.76 (0.66 to 0.89) 4.0 × 10−4

Thyroid cancer 0.61 (0.45 to 0.82) 1.2 × 10−3

Colon polyposis 1.01 (0.75 to 1.36) .960

Nonpolyposis colorectal cancer 0.62 (0.41 to 0.94) .026

Ovarian cancer 0.62 (0.42 to 0.92) .017

Abbreviations: DCIS, ductal carcinoma in situ; OR, odds ratio.
aORs are adjusted for personal/family cancer history, and ancestry.
bAny diagnosis of ductal invasive breast cancer, lobular invasive

breast cancer, or DCIS.

TABLE 2. Association of PTEN Pathogenic Variant Status With Disease Risk
Characteristics ORa (95% CI) P

Overall female breast cancerb 7.88 (5.57 to 11.16) 2.3 × 10−31

Ductal invasive breast cancer 7.55 (5.24 to 10.88) 1.7 × 10−27

DCIS 11.56 (6.52 to 20.50) 5.6 × 10−17

Endometrial cancer 13.51 (8.77 to 20.83) 4.2 × 10−32

Thyroid cancer 4.88 (2.64 to 9.01) 4.0 × 10−7

Colon polyposis 31.60 (15.60 to 64.02) 9.0 × 10−22

Nonpolyposis colorectal cancer 1.31 (0.48 to 3.59) .60

Ovarian cancer 3.77 (1.71 to 8.32) 9.9 × 10−4

Abbreviations: DCIS, ductal carcinoma in situ; OR, odds ratio.
aORs are adjusted for age, personal/family cancer history, and ancestry.
bAny diagnosis of ductal invasive breast cancer, lobular invasive breast cancer,

or DCIS.
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that individuals continue to follow these screening recom-
mendations, as later ages of onset were observed in the
cohort presented here than have been previously reported. It
should be noted that the gene panel used in the current study
does not include several well-characterized genes associated
with a hereditary predisposition to medullary thyroid cancer,
such as RET or CDKN1B. This might have led some patients
with a personal or family history of undefined thyroid cancer

to use a different diagnostic laboratory offering and could
potentially result in an under-representation of patients with a
personal and/or family history of thyroid cancer in our cohort.

Although our patient cohort was large and diverse in many
respects (eg, ethnicity, cancer type, etc), it was also not a
random cross-section of the population. For instance, most
patients were tested because they met criteria for HBOC
syndrome or Lynch syndrome. To isolate the impact of PTEN
PV status, we used amultivariable logistic regression analysis
that accounts for clinical factors. To ensure the statistical
validity of these analyses, we only performed calculations for
a given cancer if at least five patients were diagnosed with
that cancer and carried PTEN PVs. Inaccuracies on the TRF
could also influence our results: we typically cannot access
health records that permit confirmation of the content re-
ported on the TRF. A further limitation of the TRF is that it
does not ascertain polyp histology, limiting the ability to
characterize polyposis disease.

Our present work and previous research from ours and other
groups elucidate a clear role for PTEN PVs in increasing
cancer risk. Less clear is the precise way particular PTEN
genotypes affect a patient’s phenotype, and this is an im-
portant topic for future work. Thorough examination of risk
modifiers (eg, family history of specific cancers), tumor
histologic subtypes, and particular DNA variants (eg, single-
nucleotide polymorphisms, indels, and copy-number
variants)35 will likely provide key insights into the highly
variable clinical manifestation of PTEN-associated disorders.
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APPENDIX 1. SUPPLEMENTAL MATERIAL

Study Population

Patients were eligible for inclusion if they were age 18 years or older
at the time of hereditary cancer testing and negative for pathogenic
variants (PVs) in cancer-associated genes other than PTEN. Patients
were excluded from analysis if they had variants of uncertain sig-
nificance or low-penetrance variants in any cancer-associated
genes, if test results indicated mosaicism in PTEN, if they submit-
ted an incomplete test request form, if they had multigene panel
testing after receiving negative test results from a limited gene panel,
or if they submitted from states that disallow use of genetic data after
completion of genetic testing (Alaska, Colorado, Florida, New York,
New Hampshire, Oregon, Oklahoma, South Dakota, and Minnesota).

Coding of Variables in Logistic Regression Analysis

PTEN PV carrier status was coded as a binary variable. Patients with a
PTEN variant classified as deleterious or suspected deleterious were
coded as PV-positive. Patients were coded as PV-negative if only
benign polymorphisms or no variants were detected.

Age was coded in years as a continuous variable. For each model, age at
the time of genetic testing was used for patients unaffected by the cancer
used as the outcome variable. Age at diagnosis of cancer was used for
patients affected by the cancer used as the outcome variable.

Ancestries were coded as quantitative variables representing fractions of
reported ancestries. For example, a patient who listed only Ashkenazi

ancestry was coded with an Ashkenazi value of 1.0, and zero for all other
ancestries. A patient who reported Asian and African ancestries was coded
with Asian and African values of 0.5, and zero for all other ancestries. The
ancestry White was used in place of ancestries listed as Central/Eastern
Europe, Western/Northern Europe, and White/non-Hispanic. Ancestry
variables includedAshkenazi Jewish, Asian,Black/African,Hispanic/Latino,
Middle Eastern, Native American, White, and other.

Personal cancer variables were coded as binary (ever or never af-
fected). Separate variables were coded for male breast cancer, ductal
carcinoma in situ (DCIS), ductal invasive breast cancer, lobular in-
vasive breast cancer, endometrial cancer, pancreatic cancer, gastric
cancer, nonpolyposis colorectal cancer (defined as colon cancer or
rectal cancer with, 20 colon polyps), colon polyposis (defined as≥ 20
colon polyps), kidney cancer, melanoma, ovarian cancer, prostate
cancer, and thyroid cancer. Patients with DCIS in addition to ductal
invasive breast cancer were recoded to only be considered as having
ductal invasive breast cancer. A personal history of overall female
breast cancer was defined as an occurrence of ductal invasive breast
cancer, DCIS, and/or lobular invasive breast cancer.

Familial cancers were coded as numeric counts of diagnoses,
weighted according to degree of relatedness. We used a weight of 0.5
for each first-degree relative and 0.25 for each second-degree relative.
All models included family history variables for each cancer type listed
above.

TABLE A1. Genes With Concurrent Mutations in Patients With
Germline PTEN Pathogenic Variants
Gene No.

BRCA2 2

ATM 2

BRIP1 1

TP53 1

HOXB13 1

MYH 1

Total 8
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TABLE A2. Prevalence of Personal and Familial Disease by PTEN PV Status

Characteristics
All

No. (%)
With PTEN PVs

No. (%)

Without
PTEN PVs
No. (%)

Personal history of disease

Overall female breast
cancera

154,063 (21.2) 92 (47.7) 153,971 (21.2)

Ductal invasive breast
cancer

124,179 (17.1) 75 (38.9) 124,104 (17.1)

DCIS 22,035 (3.0) 17 (8.8) 22,018 (3.0)

Lobular invasive breast
cancer

9,968 (1.4) 2 (1.0) 9,966 (1.4)

Male breast cancer 1,362 (0.2) 1 (0.5) 1,361 (0.2)

Endometrial cancer 12,547 (1.7) 27 (14.0) 12,520 (1.7)

Thyroid cancer 4,751 (0.7) 12 (6.2) 4,739 (0.7)

Colon polyposis 2,137 (0.3) 15 (7.8) 2,122 (0.3)

Nonpolyposis colorectal
cancer

16,026 (2.2) 5 (2.6) 16,021 (2.2)

Kidney cancer 1,418 (0.2) 3 (1.6) 1,415 (0.2)

Melanoma 8,106 (1.1) 4 (2.1) 8,102 (1.1)

Gastric cancer 791 (0.1) 0 (0) 791 (0.1)

Prostate cancer 5,226 (0.7) 0 (0) 5,226 (0.7)

Pancreatic cancer 3,318 (0.5) 0 (0) 3,318 (0.5)

Ovarian cancer 17,281 (2.4) 7 (3.6) 17,274 (2.4)

Family history of diseaseb

Ductal invasive breast
cancer

483,594 (66.5) 104 (53.9) 483,490 (66.5)

DCIS 2,595 (0.4) 2 (1.0) 2,593 (0.4)

Lobular invasive breast
cancer

565 (0.1) 0 (0.0) 565 (0.1)

Male breast cancer 11,675 (1.6) 3 (1.6) 11,672 (1.6)

Endometrial cancer 63,729 (8.8) 20 (10.4) 63,709 (8.8)

Thyroid cancer 17,904 (2.5) 9 (4.7) 17,895 (2.5)

Colon polyposis 18,158 (2.5) 7 (3.6) 18,151 (2.5)

Nonpolyposis colorectal
cancer

173,737 (23.9) 39 (20.2) 173,698 (23.9)

Kidney cancer 22,853 (3.1) 10 (5.2) 22,843 (3.1)

Melanoma cancer 45,739 (6.3) 9 (4.7) 45,730 (6.3)

Gastric cancer 43,706 (6.0) 8 (4.1) 43,698 (6.0)

Prostate cancer 107,202 (14.7) 30 (15.5) 107,172 (14.7)

Pancreatic cancer 78,605 (10.8) 12 (6.2) 78,593 (10.8)

Ovarian cancer 196,954 (27.1) 28 (14.5) 196,926 (27.1)

NOTE. Entries provided in bold reached significance and are provided in more detail in Table 2.
Abbreviations: DCIS, ductal carcinoma in situ; PV, pathogenic variant.
aAny diagnosis of ductal invasive breast cancer, lobular invasive breast cancer, or DCIS.
bAny first-degree or second-degree relative.
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TABLE A3. Distribution of Age at Diagnosis by PTEN PV Status

Characteristics
All

Median (IQR)

With
PTEN PVs

Median (IQR)

Without
PTEN PVs

Median (IQR)

Overall female breast cancera 49 (43-58) 40.0 (35.00-45.00) 49 (43-58)

Ductal invasive breast cancer 49 (43-57) 40.0 (35.00-45.50) 49 (43-57)

DCIS 49 (43-57) 40.0 (34.75-43.25) 49 (43-57)

Lobular invasive breast
cancer

53 (46-61) 43.0 (38.50-47.50) 53 (46-61)

Male breast cancer 62 (54-70) — 62 (54-70)

Endometrial cancer 51 (40-60) 37.0 (33.00-48.50) 51 (40-60)

Thyroid cancer 40 (32-49) 35.0 (18.50-39.00) 40 (32-49)

Colon polyposis 50 (41-59) 52.5 (42.50-55.00) 50 (41-59)

Nonpolyposis colorectal
cancer

49 (42-58) 45.0 (33.00-49.00) 49 (42-58)

Kidney cancer 52 (43-60) 54.0 (44.50-58.00) 52 (43-60)

Melanoma 43 (33-52) 33.5 (30.00-38.00) 43 (33-52)

Gastric cancer 49 (39-60) — 49 (39-60)

Prostate cancer 60 (55-66) — 60 (55-66)

Pancreatic cancer 61 (54-68) — 61 (54-68)

Ovarian cancer 54 (43-63) 31.5 (16.50-45.75) 54 (43-63)

Abbreviations: DCIS, ductal carcinoma in situ; IQR, interquartile range; PV, pathogenic variant.
aAny diagnosis of ductal invasive breast cancer, lobular invasive breast cancer, or DCIS.

TABLE A4. Association of PTEN Pathogenic Variant Status With
Disease Risk Within Each Sexa

Characteristics Sex ORb (95% CI) P

Colon polyposis Both 31.60 (15.60 to 64.02) 9.0 × 10−22

Colon polyposis Female 43.95 (19.89 to 97.13) 8.6 × 10−21

Colon polyposis Male 15.54 (4.68 to 51.58) 7.3 × 10−6

Thyroid cancer Both 4.88 (2.64 to 9.01) 4.0 × 10−7

Thyroid cancer Female 4.92 (2.60 to 9.29) 9.2 × 10−7

Abbreviation: OR, odds ratio.
aResults shown are for cancers with at least five events in those with

PTEN pathogenic variants.
bORs are adjusted for age, personal/family cancer history, and

ancestry.
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TABLE A5. Association of PTEN Pathogenic Variant Status With Age of
Disease Onset Within Each Sexa

Characteristics Sex
ORb per 5 Years

(95%CI) P

Colon polyposis Both 1.01 (0.75 to 1.36) .96

Colon polyposis Female 0.96 (0.60 to 1.53) .86

Colon polyposis Male 1.21 (0.70 to 2.10) .49

Thyroid cancer Both 0.61 (0.45 to 0.82) 1.2 × 10−3

Thyroid cancer Female 0.66 (0.48 to 0.89) 7.5 × 10−3

Abbreviation: OR, odds ratio.
aResults shown are for cancers with at least five events in those with

PTEN pathogenic variants.
bORs are adjusted for personal/family cancer history, and ancestry.
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TABLE A6. Association of PTEN Pathogenic Variant Status With Familial Cancer
Within Each Sex
Characteristics Sex ORa (95% CI) P

Ductal invasive breast cancer Both 1.07 (0.87 to 1.31) .500

Ductal invasive breast cancer Female 1.08 (0.87 to 1.33) .490

Ductal invasive breast cancer Male 1.12 (0.52 to 2.43) .770

Endometrial cancer Both 1.28 (0.81 to 2.02) .290

Endometrial cancer Female 1.19 (0.73 to 1.94) .490

Endometrial cancer Male 2.50 (0.65 to 9.59) .180

Thyroid cancer Both 1.39 (0.70 to 2.73) .350

Thyroid cancer Female 1.38 (0.67 to 2.83) .380

Thyroid cancer Male 1.63 (0.31 to 8.65) .570

Colon polyposis Both 1.26 (0.77 to 2.04) .360

Colon polyposis Female 1.31 (0.75 to 2.28) .340

Colon polyposis Male 1.16 (0.41 to 3.29) .780

Nonpolyposis colorectal
cancer

Both 0.75 (0.51 to 1.12) .160

Nonpolyposis colorectal
cancer

Female 0.83 (0.54 to 1.27) .400

Nonpolyposis colorectal
cancer

Male 0.43 (0.13 to 1.42) .170

Kidney cancer Both 2.28 (1.16 to 4.47) .017

Kidney cancer Female 2.47 (1.24 to 4.92) .010

Kidney cancer Male 1.01 (0.05 to 19.35) 1.000

Melanoma Both 0.64 (0.30 to 1.36) .250

Melanoma Female 0.51 (0.20 to 1.28) .150

Melanoma Male 1.39 (0.36 to 5.37) .630

Gastric cancer Both 0.53 (0.17 to 1.54) .240

Gastric cancer Female 0.61 (0.21 to 1.77) .360

Gastric cancer Male — —

Prostate cancer Both 1.11 (0.75 to 1.66) .610

Prostate cancer Female 0.98 (0.62 to 1.56) .930

Prostate cancer Male 1.67 (0.81 to 3.43) .160

Pancreatic cancer Both 0.66 (0.30 to 1.42) .290

Pancreatic cancer Female 0.71 (0.31 to 1.63) .410

Pancreatic cancer Male 0.32 (0.03 to 3.16) .330

Ovarian cancer Both 0.66 (0.39 to 1.11) .120

Ovarian cancer Female 0.71 (0.42 to 1.21) .200

Ovarian cancer Male 0.15 (0.01 to 3.95) .260

Abbreviation: OR, odds ratio.
aIncreased odds of detecting a PTEN pathogenic variant because of one

first-degree or two second-degree relatives. ORs are adjusted for age, personal
cancer history, and ancestry.
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