
Article
Cell-free DNA fragmentom
ics and second malignant
neoplasm risk in patients with PTEN hamartoma
tumor syndrome
Graphical abstract
Highlights
d Patients with PHTS and multiple primary cancers have

distinct cfDNA profiles

d Those with multiple cancers have decreased numbers of

longer cfDNA fragments

d Patients with multiple cancers have increased genome-wide

cfDNA fragmentation

d Differentially abundant cfDNA end motifs among patients

with multiple cancers
Liu et al., 2024, Cell Reports Medicine 5, 101384
February 20, 2024 ª 2023 The Authors.
https://doi.org/10.1016/j.xcrm.2023.101384
Authors

Darren Liu, Lamis Yehia, AndrewDhawan,

Ying Ni, Charis Eng

Correspondence
engc@ccf.org

In brief

Liu et al. investigate cell-free DNA (cfDNA)

fragmentomic features as a marker for

cancer risk in patients with germline

PTEN variants. Patients with second

primary cancers exhibit a reduced

proportion of oligo-nucleosome cfDNA

fragments, greater genome-wide

fragmentation, and increased frequency

of G- and T-end motifs with concurrent

decrease in A-end motifs.
ll

mailto:engc@ccf.org
https://doi.org/10.1016/j.xcrm.2023.101384
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2023.101384&domain=pdf


OPEN ACCESS

ll
Article

Cell-free DNA fragmentomics and second malignant
neoplasm risk in patients
with PTEN hamartoma tumor syndrome
Darren Liu,1,2 Lamis Yehia,1 Andrew Dhawan,1,3,4 Ying Ni,2,5 and Charis Eng1,2,4,6,7,8,9,*
1Genomic Medicine Institute, Lerner Research Institute, Cleveland Clinic, Cleveland, OH 44195, USA
2Cleveland Clinic Lerner College of Medicine of Case Western Reserve University, Cleveland, OH 44195, USA
3Rose Ella Burkhardt Brain Tumor and Neuro-Oncology Center, Cleveland Clinic, Cleveland, OH 44195, USA
4Center for Personalized Genetic Healthcare, Medical Specialties Institute, Cleveland Clinic, Cleveland, OH 44195, USA
5Center for Immunotherapy and Precision Immuno-oncology, Cleveland Clinic, Cleveland, OH 44195, USA
6Taussig Cancer Institute, Cleveland Clinic, Cleveland, OH 44195, USA
7Department of Genetics and Genome Sciences, Case Western Reserve University School of Medicine, Cleveland, OH 44106, USA
8Germline High Risk Cancer Focus Group, Case Comprehensive Cancer Center, Case Western Reserve University, Cleveland, OH 44106,
USA
9Lead contact

*Correspondence: engc@ccf.org

https://doi.org/10.1016/j.xcrm.2023.101384
SUMMARY
Individuals with PTEN hamartoma tumor syndrome (PHTS) harbor pathogenic germline PTEN variants that
confer a significantly increased lifetime risk of various organ-specific cancers including second primary ma-
lignant neoplasms (SMNs). Currently, there are no reliable biomarkers that can predict individual-level cancer
risk. Despite the highly promising value of cell-free DNA (cfDNA) as a biomarker for underlying sporadic can-
cers, the utility of cfDNA in individuals with known cancer-associated germline variants and subclinical can-
cers remains poorly understood. We perform ultra-low-pass whole-genome sequencing (ULP-WGS) of
cfDNA from plasma samples from patients with PHTS and cancer as well as those without cancer. Analysis
of cfDNA reveals that patients with PHTS and SMNs have distinct cfDNA size distribution, aberrant genome-
wide fragmentation, and differential fragment end motif frequencies. Our work provides evidence that cfDNA
profiles may be used as a marker for SMN risk in patients with PHTS.
INTRODUCTION

The phosphatase and tensin homolog (PTEN) tumor suppressor

gene is one of the most frequently somatically mutated genes in

sporadic cancers.1,2 Patients with PTEN hamartoma tumor syn-

drome (PHTS), an autosomal dominant hereditary cancer syn-

drome caused by pathogenic germline PTEN variants, have

significantly elevated lifetime risks of organ-specific cancers,

including breast (91%), endometrial (48%), thyroid (33%), kid-

ney (30%), and colon cancer (17%), as well as melanoma

(5%).3 Furthermore, patients with PHTS have more than a

7-fold increased risk of developing second/subsequent primary

malignant neoplasms (SMNs), with at least 40% of affected indi-

viduals developing SMNs.3,4 The clinical presentation of PHTS is

highly heterogeneous, with individuals with identical germline

PTEN variants often exhibiting widely disparate phenotypes

such as multiple primary cancers versus no cancer. Despite ac-

curate estimates of cancer risk at the cohort level, there is

currently no reliable biomarker to accurately predict which indi-

viduals with PHTS will develop malignancies.

Circulating cell-free DNA (cfDNA) are extracellular DNA frag-

ments found in the blood and other bodily fluids.5 cfDNA is
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thought to be primarily released from cells undergoing

apoptosis, necrosis, and potentially active secretion. The modal

size of cfDNA in plasma is typically 166 bp, corresponding to the

length of nucleosome-protected DNA. A portion of cfDNA in the

plasma in patients with cancer originates from cancer cells,

termed circulating tumor DNA (ctDNA), which exhibits distinct

size and fragmentation patterns, often reflecting areas of open

chromatin regions (OCRs). Cancer is typified by aberrant gene

expression often linked to increased OCRs, which are more

accessible to nucleases. This results in the generation of smaller

and more variable DNA fragments, with the GC versus AT con-

tent reflecting signal from genomic features, including pro-

moters, transcription start sites, repetitive elements, and hetero-

chromatin.6–8 However, ctDNA levels vary between cancer types

and are found in lower concentrations in early-stage cancer,

limiting its utility for early cancer diagnosis.9,10

Recently, innovative approaches that comprehensively

analyze the spectrum of cfDNA fragmentation patterns, known

as fragmentomics, have demonstrated potential in detecting can-

cer with high sensitivity and specificity.11,12 The fragmentation

pattern of cfDNA depends on various factors, such as nucleo-

somal organization, chromatin structure, gene expression, and
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nuclease content, resulting in characteristic signatures based on

the tissue of origin. Machine-learning approaches leveraging

genome-wide cfDNA fragmentation patterns show promise in

identifying over 90%of patientswith invasive cancer.13,14 Studies

have shown that patients with various cancers have distinct

cfDNA fragment end motifs compared to healthy individuals

without cancer.15,16 Furthermore, by using cfDNA methylation

patterns, machine-learning approaches have been used to accu-

rately identify the tissue of origin for various sporadic cancerswith

high specificity.17 However, studies evaluating the utility of cfDNA

in individuals with hereditary forms of cancer, particularly in the

context of subclinical cancer, are lacking. This is particularly clin-

ically useful because inherited cancer syndromes confer the high-

est risk of cancers as a group and are at risk for SMNs, with

patients often undergoing rigorous surveillance regimens. Hence,

cfDNA profiles may be useful in detecting malignancies as early

as possible, especially in the premorbid phase, and/or help pre-

dict which individuals are predisposed to SMNs.

Studies have shown that PTEN not only regulates the PI3K/

AKT/mTOR signaling pathway but also plays a vital role in main-

taining genomic integrity and regulating DNA damage repair pro-

cesses within the nucleus.18–22 For example, the C-terminal

domain of PTEN interacts with histone H1 to promote chromatin

condensation.23 Thus, patients with PHTS predisposed to can-

cer may have aberrant chromatin architecture characterized by

increased OCRs. Furthermore, we have previously shown that

patients with PHTS and cancer have distinct germline copy-

number variations compared to patients with PHTS without can-

cer.24 Collectively, this suggests that DNA fragmentation pat-

terns could serve as a reliable biomarker for cancer risk in

patients with PHTS and could point to underlying molecular pro-

cesses that may explain why only certain individuals with PHTS

develop cancer.

Therefore, in this retrospective series of prospectively accrued

patients with PHTS, we investigated whether plasma cfDNA pro-

files can be leveraged as a predictive marker of cancer risk in pa-

tients with PHTS and cancer, including those with SMNs as well

as subclinical cancers, compared to those without cancer.

RESULTS

Patient characteristics and PTEN variant spectrum
A series of 99 adult patients with confirmed germline PTEN var-

iants were included in our study, with 49 having a cancer diag-

nosis and 50 without cancer. The median (interquartile range

[IQR]) age at plasma draw was 46 years (36–52), with 70 females

(71%) and 29 males (29%) (Table 1). The median age of first pri-

mary cancer diagnosis was 43 years (35–49). The median (IQR)

Cleveland Clinic (CC) score, a semiquantitative surrogate for

PHTS phenotypic burden, was 25 (15–34) with no difference be-

tween the two groups. The majority of the patients were self-re-

ported as White (70/99, 72%). Importantly, the PTEN variant

spectra were similar across individuals within the cancer and

no cancer groups (Table S1). Because breast and thyroid can-

cers are the most common PHTS component malignancies,

with thyroid cancer having the youngest age at onset, we

focused on patients with plasma samples archivedwithin 2 years

of a breast (n = 35) and/or thyroid (n = 15) cancer diagnosis.
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Forty (82%) patients had plasma drawn after their breast or

thyroid cancer diagnosis. The median time difference for pa-

tients who had plasma drawn after their cancer diagnosis was

9 months (6–20). In contrast, nine patients (9%) had plasma

drawn before their cancer diagnosis. The median time difference

for patients who had plasma drawn before their cancer diagnosis

was 2 months (1–3). Five patients had plasma drawn before the

diagnosis of their first primary malignancy, whereas four patients

had plasma drawn before the diagnosis of their SMNs. Many pa-

tients had a prior or subsequent cancer diagnosis in addition to

their breast and/or thyroid cancer. The most prevalent first pri-

mary malignant neoplasms (PMNs) were breast in 27 (55%), thy-

roid in 14 (29%), and endometrial in 6 (12%). Primary colon can-

cer and melanoma were observed once each. Overall, 26 (53%)

patients had second primary malignant neoplasms (SMNs), with

6 patients having R3 malignancies. The most prevalent SMNs

included breast in 15 (58%) followed by thyroid, endometrial,

and kidney cancer being observed twice (15%) each.

cfDNA fragmentomic features in patients with PHTS
The series of patients with PHTS were divided into subgroups

based on cancer status irrespective of plasma sample draw

time. This consisted of all of the patients with SMNs (SMN,

n = 26), PMNs (PMN, n = 23), and no cancer (n = 50). To investi-

gate cfDNA profiles in patients with PHTS and subclinical can-

cer, we further stratified these subgroups based on plasma

draw time. These subgroups consisted of the following: patients

with plasma samples drawn before SMN diagnosis (pre-SMN,

n = 4), patients with plasma samples drawn before PMN diag-

nosis (pre-PMN, n = 5), patients with plasma drawn after SMN

diagnosis (post-SMN, n = 22) and patients with plasma samples

drawn after PMN diagnosis (post-PMN, n = 18).

Overall, all of the groups had cfDNA fragments ranging from

approximately 50 to 1,000 bp in size. We focused our analysis

on fragments of 100–650 bp, which corresponds to mono-

(100–250 bp), di- (251-250 bp), and tri-nucleosome-derived

(451–650 bp) cfDNA fragments (Figures 1A–1I). To compare

cfDNA size distributions between groups, we performed a two-

sample Kolmogorov-Smirnov (KS) test. The test statistic (D) of

the KS test is defined as the largest absolute difference between

the cumulative frequency distributions between groups (Fig-

ure S1; Table S2). We also calculated the difference in fragment

size frequency (Figure S2) andcumulative frequencies (Figure S3)

to quantify the difference of proportions of fragment sizes be-

tween groups across all nucleosome fractions.

Individuals with PHTS and SMNs display decreased
oligo-nucleosomal cfDNA fragments
Overall, we found that cfDNA size distribution between patients

with andwithout cancer was statistically significant (D = 0.21, p =

7.54E�11), with notable differences in the di- and trinucleosome

fractions (D = 0.19, p = 0.002 and D = 0.53, p < 2.2E�16, respec-

tively) (Figures 1A–1C; Table S2). These differences appeared to

be primarily driven by patients with SMNs (Figures 1D–1F;

Table S2). The SMN group had significantly different cfDNA

size distributions compared to the PMN group (D = 0.20, p =

8.64E�10) and those without cancer (D = 0.24, p = 9.56E�14),

specifically within the di- (D = 0.20, p = 0.001; D = 0.23,



Table 1. Baseline characteristics of patients with PHTS

Characteristic N Overall, n = 99a No cancer, n = 50a PMN, n = 23a SMN, n = 26a pb

Gender (%) 99 – – – – <0.001

Female – 70 (71) 26 (52) 19 (83) 25 (96) –

Male – 29 (29) 24 (48) 4 (17) 1 (4) –

Age, y – – – – – –

Study enrollment 99 45 (36–52) 41 (32–52) 46 (38–49) 50 (44–58) 0.005

First primary cancer diagnosis 49 43 (35–49) – 45 (38–47) 42 (34–50) 0.8

Race (%) 97 – – – – 0.7

White – 70 (72) 31 (62) 19 (86) 20 (80) –

Black – 2 (2) 1 (2) 1 (5) 0 (0) –

Asian – 2 (2) 2 (4) 0 (0) 0 (0) –

Unknown – 12 (12) 8 (16) 1 (4.5) 3 (12) –

Other – 11 (11) 7 (14) 2 (10) 2 (8) –

Baseline CC score 96 25 (15–34) 23 (15–33) 23 (13–35) 25 (16–35) 0.9

First cancer (%) 49 – – – – 0.014

Breast – 27 (55) – 13 (57) 14 (54) –

Thyroid – 14 (29) – 10 (43) 4 (15) –

Endometrial – 6 (12) – 0 (0) 6 (23) –

Kidney – 0 (0) – 0 (0) 0 (0) –

Colon – 1 (2) – 0 (0) 1 (4) –

Melanoma – 1 (2) – 0 (0) 1 (4) –

Second cancer (%) 26 – – – – <0.001

Breast – 15 (31) – – 15 (58) –

Thyroid – 2 (4) – – 2 (8) –

Endometrial – 2 (4) – – 2 (8) –

Kidney – 2 (4) – – 2 (8) –

Colon – 1 (2) – – 1 (4) –

Melanoma – 1 (2) – – 1 (4) –

Other – 3 (6) – – 3 (12) –

Plasma draw timing 49 7 (2–17) – 7 (1–15) 7 (3–23) 0.3

Postdiagnosis – 9 (6–20) – 8.5 (6–16) 8.5 (6–30) –

Prediagnosis – 2 (1–3) – 1 (1–2) 2.5 (2–3) –

IQR, interquartile range; PMN, individuals diagnosed with only a single primary malignant neoplasm; SMN, individuals diagnosed with second/subse-

quent primary malignant neoplasms.
an (%); median (IQR).
bPearson’s chi-squared test; Kruskal-Wallis rank-sum test; Fisher’s exact test.
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p = 8.01E�05) and trinucleosome fractions (D = 0.59,

p < 2.2E�16; D = 0.50, p < 2.2E�16). When stratifying by plasma

draw time, the pre-SMN group was significantly different

compared to all of the groups (pre-PMN, D = 0.25, p =

8.66E�15; post-PMN, D = 0.13, p = 9.66E�05; post-PMN, D =

0.27, p < 2.2E�16; no cancer, D = 0.28, p < 2.2E�16), with dif-

ferences between the pre-SMN and post-SMN groups driven

within the trinucleosome fraction (D = 0.34, p = 3.6E�10)

(Figures 1G–1I; Table S2).

The SMN group had approximately 5% fewer fragments

cumulatively within the di- and trinucleosome fractions

compared to those without cancer (Figures S2 and S3). Although

not statistically significant, the SMN group also had approxi-

mately 6% more fragments %175 bp within the mononucleo-

some fraction compared to those without cancer. Similarly,
those in the pre-SMN group also had approximately 5%

fewer fragments in the di- and trinucleosome fractions.

Notably, the pre-SMN group had approximately 8% more frag-

ments %175 bp within the mononucleosome fraction, albeit

not statistically significant.

We also compared whether major peaks for each nucleo-

some fraction were different between groups (Table S3).

Although none of the comparisons were statistically signifi-

cant, there were notable patterns. Patients with SMNs had

shorter major peaks of the di- (340 versus 360 bp, p =

0.067) and trinucleosome (540 versus 555 bp, p = 0.12) frac-

tions compared to patients without cancer. Interestingly, the

pre-SMN group had even shorter major peaks of the di-

(333 versus 360 bp, p = 0.053) and trinucleosome (532 versus

555 bp, p = 0.08) fractions relative to those without cancer. In
Cell Reports Medicine 5, 101384, February 20, 2024 3



Figure 1. Individuals with PHTS and SMNs display decreased oligo-nucleosomal cfDNA fragments

The line plot depicts the median fragment size frequency normalized by total fragment counts across the mono-, di-, and trinucleosome fractions grouped by (A–

C) cancer status, (D–F) SMN status, and (G–I) SMN status and plasma draw time (see also Table S2).
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contrast, no differences between major peaks were observed

when comparing the post-SMN and post-PMN group with

those without cancer.

SMN status correlates with increased genome-wide
cfDNA fragmentation
We subsequently evaluated genome-wide cfDNA fragmentation

patterns using 5-Mb bins by SMN status. The median fragment
4 Cell Reports Medicine 5, 101384, February 20, 2024
ratios of the mono- (p = 0.06), di- (p = 0.07), and trinucleosome

(p= 0.11) were not significant in overall testing. However, on pair-

wise comparison, the SMN group had higher median fragment

ratios than those without cancer (0.21 versus 0.18, p = 0.03;

0.17 versus 0.14, p = 0.02; 0.38 versus 0.23, p = 0.03) across

the mono-, di-, and trinucleosome fractions, respectively

(Figures 2A–2C; Table S3). Upon differentiation based on plasma

draw time, we observe that the pre-SMN group had even higher



Figure 2. SMN status correlates with

increased genome-wide cfDNA fragmenta-

tion

The median fragment ratio (defined as the ratio

of short to long fragments) plotted in 5-Mb

genomic bins for patients with PHTS stratified by

SMN status within the (A) mononucleosome,

(B) dinucleosome, and (C) trinucleosome fractions

(see also Table S3).
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fragment ratios compared to those without cancer within the

di- (0.19 versus 0.14, p = 0.036) and trinucleosome (0.41 versus

0.23, p = 0.017) fractions (Figures 3A–3C; Table S3). Despite the

lack of statistical significance, themononucleosome fraction had

higher fragment ratios in the pre-SMN group compared to those

without cancer (0.23 versus 0.18, p = 0.16).

We also created three separate multivariable logistic regres-

sion models to assess the strength of correlation between

SMN status and the median cfDNA fragment ratio associated

with each nucleosome fraction while adjusting for age at plasma

draw and CC score (i.e., phenotypic burden) (Table 2). We

observed that a 0.1 increase in fragment ratio is significantly

associated with a 2.37 (95% confidence interval [CI], 1.09–

7.27; p = 0.025) and 3.03 (95% CI, 1.07–15.7; p = 0.029)-fold in-

crease in the odds of being diagnosed with SMN for the mono-

and dinucleosome fractions, respectively. Fragment ratios for

the trinucleosome fraction were no longer statistically significant

results after controlling for covariates.

To investigate the contribution of metadata (i.e., age and CC

score) on classification performance, we first constructed a

model containing only metadata. We performed leave-one-out

cross-validation, yielding an area under the receiver operating

characteristic curve (AUC) of 0.68, with age being the primary

driver for classification. We subsequently performed likelihood-

ratio tests comparing models with and without fragment ratios

that demonstrated that there was a modest but significant

improvement in classification performance using fragment ratios

derived from themono- (p = 0.018) and dinucleosome (p = 0.024)

fractions, with AUCs of 0.71 and 0.70, respectively (Figure S4).

Finally, we performed a genome-wide correlation analysis of

fragment ratios for each sample compared to the median frag-

ment ratio profile of PHTS patients without cancer. Individual

samples from the SMN, PMN, and no cancer group weakly

correlated to the median fragmentation profile of patients
Cell Repor
without cancer, with median correlation

coefficients ranging between 0.43 and

0.59 (Table S3). Notably, the SMN group

(0.54 versus 0.59, p = 0.004) and the

PMN group (0.57 versus 0.59, p = 0.044)

had significantly lower median correla-

tions compared to those without cancer

within the trinucleosome fraction.

Although no significant differences in

median correlation coefficients were

observed in any nucleosome fraction be-

tween the pre-SMN group to those

without cancer, both the post-SMN (0.55
versus 0.59, p = 0.007) and pre-PMN (0.51 versus 0.59, p =

0.011) groups displayed greater discordance, specifically within

the trinucleosome fraction, when compared to those without

cancer (Table S3). However, the statistically significant differ-

ence observed in the pre-PMN group may be an artifact of GC

correction because the difference was nonsignificant (p = 0.96)

when the comparison was made without GC correction.

Individuals with PHTS and SMNs display distinct end
motif profiles
Subsequently, to comprehensively characterize cfDNA fragment

end profiles, we calculated the frequencies for each the first 4-nt

sequence (4-mer end motif) at each 50 fragment end of cfDNA

molecules. Out of the possible 256 4-mer end motifs, we identi-

fied 35 end motifs that differed significantly, specifically when

comparing patientswith SMN to thosewithout cancer (Figure 4A;

Table S4). These findings remained statistically significant even

after correcting for multiple comparisons using the Benjamini-

Hochberg procedure. No differences in end motif frequencies

were observed between the PMN group and those without

cancer.

The top three most significantly increased 4-mer end motifs

include GAAG (0.54% versus 0.44%, p = 0.014), CAGG (0.78%

versus 0.66%, p = 0.012), and GGGA (0.50% versus 0.42%,

p = 0.013) (Table S4). In contrast, CATT (0.82% versus 1.0%,

p = 0.013), CTCT (0.69% versus 0.79%, p = 0.014), and ATCG

(0.040% versus 0.045%, p = 0.009) were the three most signifi-

cantly decreased 4-mer endmotifs. We observed similar patterns

when stratifying by SMN status and plasma draw time, although

only nine and four 4-mer end motifs differed significantly when

comparing the pre-SMN group and post-SMN to those without

cancer, respectively, likely due to the reduced sample size.

As part of an exploratory analysis, we performed pairwise

comparisons of all 4-mer end motifs irrespective of whether
ts Medicine 5, 101384, February 20, 2024 5



Figure 3. Individuals with PHTS and pre-

SMN display more pronounced genome-

wide cfDNA fragmentation

The median fragment ratio (defined as the ratio

of short to long fragments) plotted in 5-Mb

genomic bins for patients with PHTS stratified by

SMN status and plasma draw time within the

(A) mononucleosome, (B) dinucleosome, and

(C) trinucleosome fractions (see also Table S3).
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they reached overall significance. In this analysis, we observed

an interesting trend among patients with SMN compared to

those without cancer. Specifically, the most differentially

increased end motifs in patients with SMN were C-end motifs,

including CAAG (0.75% versus 0.59%, p = 0.013), CAGA

(0.79% versus 0.64%, p = 0.012), and CCAG (1.35% versus

1.09%, p = 0.01) (Table S5). Similarly, we observed even more

pronounced increases in C-end motifs in the pre-SMN group,

including CCAG (1.51% versus 1.09%, p = 0.01), CAAG

(0.78% versus 0.59%, p = 0.013), CAGA (0.83% versus 0.64%,

p = 0.012), CCCA (1.6% versus 1.29%, p = 0.013), and CAGG

(0.84% versus 0.66%, p = 0.018).

To examine broader trends, we also calculated the frequency

of both 2-mer and 1-mer endmotifs. Overall, patients with SMNs

exhibited a decreased frequency of A-end motifs (24% versus

26%, p = 0.033), specifically in AC- and AT-end motifs, and

increased frequency of T-end motifs (20% versus 19%,

p = 0.008), notably TA- and TG-end motifs (Figures 4B and

4C). Although not statistically significant, we also observed an

increased frequency of G-end motifs (23% versus 22%,

p = 0.051), particularly GA- and GG-end motifs. Although similar

patterns were observed in the pre-SMN group, C-end motifs

(32% versus 32%, p = 0.053), specifically CA- and CC-end mo-

tifs appear uniquely increased in this subgroup, consistent with

our 4-mer end motif results (Figures 4D and 4E).

DISCUSSION

Overall, the results from our retrospective cohort study have

highlighted that patients with PHTS and SMNs have distinct

plasma cfDNA profiles (i.e., size distribution, fragmentation pro-

file, and fragment end profiles) compared to patients with PHTS

and PMNs, as well as those without cancer. Our findings provide

strong supporting evidence that cfDNA fragmentomic features
6 Cell Reports Medicine 5, 101384, February 20, 2024
can be leveraged as a potential marker

of individual SMN risk in PHTS and sug-

gest conducting a confirmatory prospec-

tive study to validate our findings.

Interestingly, all cfDNA fragmentomic

features (i.e., size distribution, fragmenta-

tion profile, and fragment end profiles)

were more pronounced in those with

plasma drawn before their cancer diag-

nosis. This is likely because patients with

plasma drawn before their cancer diag-

nosis likely had active cancer, whereas

patients with plasma drawn after their
cancer diagnosis may include those who had undergone cancer

treatment. The latter may suggest that these plasma samples,

following cancer treatment, contain low to no tumor content.

Although this raises concerns that differences in cfDNA profiles

may be confounded by different cancer treatment modalities

(i.e., surgery, radiation, and chemotherapy), close examination

of cancer subgroups stratified by plasma draw time suggests

that treatment effects are negligible. Notably, the pre-PMN

group (i.e., treatment-naive individuals) exhibited subtle differ-

ences in all cfDNA fragmentomic features compared to the

post-PMN (i.e., likely treated) and no cancer group. Moreover,

the post-PMN group were nearly identical to the no cancer

group. Taken together, this suggests that the treatment effects

on cfDNA profiles were minimal.

The differential distribution of specific cfDNA fragment sizes in

the SMN group compared to the no cancer group explains the

significantly higher genome-wide fragment ratios within the

mono- and dinucleosome fractions, even after controlling for

age at plasma draw and phenotypic burden. Consistent with

our findings, Sanchez et al. reported that healthy individuals

and patients with sporadic metastatic colon cancer had similar

mononucleosome-associated peaks, but significantly different

dinucleosome-associated peaks—approximately 30 bp shorter

in cancer patients.25 In addition, they found that patients with

sporadic colorectal cancer had an increased proportion of frag-

ments below 160 bp, and that the mutant allele frequency was

positively correlated with the proportion of shorter cfDNA frag-

ments. Other studies have also similarly found that the propor-

tion of ctDNA is positively correlated with the proportion of

shorter cfDNA fragments.7,26,27 These findings parallel our ob-

servations, even in our germline series, with the pre-SMN group

(i.e., those who likely have active cancer) having the highest

proportion of short fragments below 175 bp, which we suspect

contains enrichment of ctDNA. In addition, Mouliere et al. and



Table 2. Multivariable logistic regression: Elevated mono- and dinucleosome cfDNA fragments associated with SMN diagnosis

Variables

Model 1 Model 2 Model 3

OR 95% CI p OR 95% CI p OR 95% CI p

Age at draw 1.08 1.03–1.15 0.001 1.08 1.03–1.15 <0.001 1.08 1.03–1.14 <0.001

CC score 1.01 0.96–1.05 0.8 1.00 0.95–1.05 >0.9 1.0 0.95–1.04 0.8

Ratio1 2.37 1.09–7.27 0.025 – – – – – –

Ratio2 – – – 3.03 1.07–15.7 0.029 – – –

Ratio3 – – – – – – 1.40 0.96–2.10 0.078

CC, Cleveland Clinic; CI, confidence interval; OR, odds ratio; ratio1, mononucleosome-associated fragment ratios; ratio2, dinucleosome-associated

fragment ratios; ratio3, trinucleosome-associated fragment ratios.
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Ganesamoorthy et al. provide evidence that ctDNA is enriched

within the dinucleosome fraction in early- and late-stage tumors,

respectively.27,28 Ganesamoorthy et al. investigated plasma

samples with low tumor content and did not detect enrichment

in cfDNA fragments <150 bp, but reported significant enrichment

of tumor-derived fragments within the dinucleosome fraction.28

As expected, genome-wide correlation analysis demonstrated

that the fragmentation profiles of both cancer subgroups (i.e.,

SMN and PMN) correlated weakly with the median fragmenta-

tion profiles of the individuals without cancer. However, contrary

to our expectations based on prior work in sporadic cancers,

fragmentation profiles among individuals without cancer also

weakly correlated with one another, suggesting high intragroup

variability.13 We speculate that patients with PHTS, irrespective

of cancer status, have baseline genomic instability due to PTEN

dysfunction, which may result in more heterogeneous cfDNA

fragmentation profiles between individuals, thus limiting the reli-

ability of comparing genome-wide correlation analyses in this

patient population. Specifically, PTEN interacts with histone H1

via its C2 domain, thereby promoting chromatin condensation.23

Thus, patients with PHTS likely display irregular nucleosome

eviction and chromatin decondensation that is potentially more

pronounced in patients with SMN, which may be an important

early event in the development of SMNs. Increased chromatin

decondensation could lead to greater nuclease accessibility

and, consequently, increased cfDNA fragmentation. We recog-

nize the importance of validating these findings to better discern

potential technical effects from genuine biological differences.

We have also demonstrated that cfDNA fragment end motif

profiling is a potential approach for identifying patients with

PHTS and SMNs.We show that 35 4-mer endmotifs were signif-

icantly associated with SMNs, even after multiple comparison

correction. Patients with SMNs displayed a decreased fre-

quency of A-end motif and increased G- and T-end motifs. Cas-

pase-dependent activation of DNA nucleases is a hallmark of

apoptosis. Aberrant nuclease activity may also contribute to

distinct aberrant fragment end profiles in patients with PHTS

and SMNs. PTEN plays an important role in regulating the

apoptotic threshold, and is a known substrate of caspase-3 via

the C-terminal tail.29 Studies have found that a subset of PTEN

variants in patients with PHTS displays diminished caspase-3

cleavage.30 Furthermore, PTEN expression has been shown to

be correlated with caspase-3 expression.31 PTEN-mediated

apoptosis is orchestrated by its lipid phosphatase activity and

results in caspase activation.32 The apoptotic nuclease DNA
fragmentation factor B plays a key role in DNA fragmentation

of chromatin into oligo-nucleosomes with a preference for

generating A-end motifs over T-motifs.8 This increased fre-

quency of A-end motifs, concurrent decrease in T-end motifs,

and decreased proportion of oligo-nucleosome cfDNA frag-

ments may suggest that patients with PHTS and SMNs may

have impaired PTEN-mediated apoptosis resulting in aberrant

nuclease activity.

Interestingly, 4-mer C-end motifs—particularly those starting

with CA, CC, and CG—were the most increased end motifs in

patients with SMN, and even more so in the pre-SMN group,

despite the lack of significance in overall testing. In contrast to

our observations, sporadic cancers typically demonstrate a

decrease in C-end motif frequencies, accompanied by concur-

rent increase in A-end motifs. Prior studies observed that pa-

tients with hepatocellular carcinoma had consistent decreases

in 4-mer CC-end motifs likely due to the downregulation of

DNASE1L3,15 a nuclease responsible for producing CC-endmo-

tifs and digesting oligonucleosomes.8,33 Similarly, another study

investigating 2-mer end motif profiles of sporadic renal cell car-

cinoma and colorectal cancer observed consistent decreases in

CC-, CA-, and CT-end motifs while concurrently noting in-

creases in AA- and AC-end motifs.16

Prior studies have shown that normal plasma cfDNA fragment

end profiles are characterized by an over- and underrepresenta-

tion of C- and A-end motif fragments, respectively, correspond-

ing with the distribution of nucleosome-occupied and open-

chromatin regions.6,8,34 The observation that C- and A-end motif

frequencies are in the opposite direction in patients with PHTS

with SMNs compared to sporadic cancers may hint at differ-

ences in underlying pathophysiology. The underrepresentation

of C-endmotifs in sporadic cancers appears to be driven primar-

ily by aberrations in nuclease expression. In contrast, we postu-

late that the enrichment of C-end motifs in patients with PHTS

and SMNs reflect increased chromatin decondensation, likely

originating from cancer-derived cfDNA (i.e., ctDNA). The

increased frequency of C-motifs may be a distinct marker of

active SMN in patients with PHTS. However, studies with larger

sample sizes are required to validate this finding.

The presence of disparate phenotypes, such as multiple pri-

mary cancers versus no cancer, among individuals with identical

germline PTEN variants suggests additional phenotypic modi-

fiers in PHTS. An interesting observation, in the context that

treatment effects are likely minimal on cfDNA profiles, is that

both the post-SMN (i.e., those with likely treated cancer) and
Cell Reports Medicine 5, 101384, February 20, 2024 7



Figure 4. Individuals with PHTS and SMNs display distinct end motif profiles

(A) Heatmap displaying Z score transformed of the significantly differentially abundant 4-mer motif frequencies. The color gradient reflects the number of SDs

from the mean frequency. Darker shades indicate lower relative abundance, whereas lighter shades suggest higher relative abundance. (B and C) Boxplot of the

2-mer and 1-mer motif frequencies stratified by SMN status. (D and E) Boxplot of 2-mer and 1-mer end motif frequencies stratified by SMN status and plasma

draw time. Motif frequencies are relative to the total number of end motifs across all of the nucleosome fractions. The center line in each boxplot represents the

median. Each box extends from the 25th to the 75th percentile (IQR) (see also Table S4).
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the pre-SMN group (i.e., those with likely active cancer) shared

similar but less pronounced differences in cfDNA fragmentomic

features relative to those without cancer. These observations

may suggest that patients with PHTS and SMNs have distinct

baseline genetic or molecular differences. Individuals predis-

posed to SMNsmay harbor PTEN variants that exhibit more pro-

nounced PTEN nuclear dysfunction. Patients with Cowden syn-

drome with the K289E allele of PTEN demonstrating altered

PTEN ubiquitination leading to nuclear exclusion of PTEN have

been described.35 It is also possible that those at risk of SMNs

possess genetic modifiers that further impair PTEN function.

Indeed, our group has previously shown that patients with

PHTS harboring germline variants in genes encoding for the sub-

units of the mitochondrial complex II (SDHx) have an increased
8 Cell Reports Medicine 5, 101384, February 20, 2024
risk of breast and thyroid cancer that surpasses the risk medi-

ated by PTEN variants alone.36,37 Further investigation is war-

ranted to better understand modifier genes related to SMN risk.

Typical for rare diseases such as PHTS, one limitation of this

study is the relatively small sample size for each phenotype

group, despite our series being the largest globally to our knowl-

edge. This limits our ability to perform in-depth analyses such as

examining whether cancer-type specific cfDNA fragmentomic

features exist in individuals with PHTS and SMNs. It is note-

worthy that the pre-SMN group, despite having a small sample

size (n = 4), exhibited the most pronounced differences in cfDNA

fragmentomic features. This finding suggests a large effect size,

underscoring the significance of the observed differences.

Furthermore, we did not adjust for multiple comparisons due to
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the exploratory nature of the analysis and limited sample size.

However, it is worth highlighting that our cfDNA fragment size

distribution and 4-mer end motif analysis results were particu-

larly robust and would remain significant after correction with

the Benjamini-Hochberg procedure.

Ultra-low-pass whole-genome sequencing also limits our abil-

ity to gain a deeper understanding of the biological mechanisms

that contribute to SMN risk. We attempted to characterized

cfDNA fragmentation hotspots—namely OCRs and gene regula-

tory elements—using a computation method known as CRAG.38

However, despite pooling samples from both the cancer and no

cancer group to increase coverage, we could only identify hot-

spots after merging samples into a singular dataset for each

group, precluding us from conducting meaningful statistical

comparisons. Finally, another limitation is the absence of an in-

dependent series to ascertain our findings. Given the rarity of

PHTS, suitable external datasets and independent samples do

not exist. We acknowledge the need for validation through a pro-

spectively collected, independent series of patients with PHTS,

paired with controls who have PHTS but no cancer, and are

rigorously matched for other features such as age, gender, and

clinical characteristics.

Our findings suggest potential cfDNA fragmentomic features

associated with SMN risk in patients with PHTS, which require

further validation to determine their clinical utility for risk stratifi-

cation in this patient population. Patients with PHTS and SMNs

are characterized by the enrichment of shorter cfDNA fragments

between 100 and 175 bp, decreased proportion of cfDNA frag-

ments in the di- and trinucleosome fractions, and increased

genome-wide fragmentation (i.e., ratio of short to long frag-

ments) in both the mono- and dinucleosome fractions. Further-

more, fragment end profiles are characterized by the concurrent

decrease in A-end motifs and increase in G- and T-end motifs in

patients with PHTS and SMNs. Increased frequency of C-end

motifs appears to be unique to patients who had plasma drawn

before their SMN diagnosis, a potential marker for active cancer.

Analysis of cfDNA profiles in patients with PHTS and PMN or

those with a strong family history of SMN may be beneficial.

The presence of the aforementioned cfDNA fragmentomic fea-

tures in a patient with PHTS would suggest the need for closer

cancer surveillance for SMNs. This may facilitate earlier cancer

detection and intervention leading to better clinical outcomes

as well as prevent unnecessary high-risk cancer surveillance

and prophylactic surgeries in this vulnerable population.

Limitations of the study
Key limitations to this study primarily relate to factors that

constrain our statistical power. A significant challenge in study-

ing rare diseases such as PHTS is the relatively small sample

size, which limited our ability to identify cancer-type specific

cfDNA fragmentomic features. In addition, the variability in the

timing of plasma samples collection relative to cancer diagnosis

may have led to the inclusion of samples from patients who have

undergone cancer treatment (i.e., plasma containing little to no

ctDNA contributing to the total cfDNA pool), further limiting our

statistical power. Moreover, the observed differences in cfDNA

profiles may also be confounded by the effects of cancer treat-

ment, such as surgery, radiation, or chemotherapy. The use of ul-
tralow coverage whole-genome sequencing also precluded us

from performing more detailed analyses, such as characterizing

OCRs and gene regulatory elements, which may have offered

additional functional insights underlying SMN risk. Finally, due

to the rarity of PHTS, the absence of external independent

datasets for validation emphasizes the preliminary nature of

our findings.
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disorder and/or penile freckling, or presence of a known pathogenic germline PTEN variant. All neoplasia diagnoses are documented

by pathology (first choice), other objective (e.g., imaging) reports, clinical note or death certificate. For each consented patient, we

reviewmedical records, including pedigrees, clinical genetic testing reports, and clinical notes associated with genetics evaluations,

and/or genetic-counseling visits. After undergoing germline PTEN variation and deletion analysis, 611 patients were found to have

germline PTEN variants. Accrued patient biospecimens including peripheral blood and plasma are stored and managed at the

Genomic Medicine Biorepository (GMB) at the Cleveland Clinic (Cleveland, OH, USA) using standard protocols.

To identify potential participants, we searched the GMB for patients with confirmed germline PTEN variants with archived plasma

samples that were drawnwithin approximately two years of a breast (N = 35) and/or thyroid (N = 15) cancer diagnosis. We focused on

breast and thyroid cancers as they are of the most common component malignancies in PHTS, with thyroid cancer having the youn-

gest age at onset.3 In total, 100 sampleswere identified including 50 PHTS patientswithout cancer and 50 PHTSpatients with cancer.

One sample from the cancer group was excluded due to insufficient cfDNA for sequencing. De-identified patient demographic (e.g.,

age, gender, race, etc.) and clinical data are found in Table S2. Summarized characteristicswere summarized in Table 1 in the Results

section.’’

METHOD DETAILS

Sample collection and DNA isolation
Following receipt by the Genomic Medicine Biorepository, plasma samples were inventoried and immediately stored at �80�C until

DNA extraction. cfDNA was isolated from all plasma samples using the Circulating Nucleic Acids Kit (Cat #55114, Qiagen, Hilden,

Germany). A volume of 1 mL of plasma was used for cfDNA extraction. Plasma samples were sent to the Broad Institute for cfDNA

extraction, library preparation and ultra-low pass whole genome sequencing (ULP-WGS).

Sequencing library preparation
Next-generation sequencing libraries from cfDNA were prepared using 5–50 ng of DNA using the NEBNext DNA Library Prep Kit for

Illumina (Cat #E7370L, New England Biolabs, Ipswich, MA, USA). The quality and concentration of cfDNA and generated genomic

libraries were examined using the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

Whole genome sequencing data processing
Whole genome libraries were sequenced using 100-bp paired-end runs on Illumina NovaSeq 6000 at 0.1-0.3X coverage per genome.

Processing of raw data, including demultiplexing and masking of dual-index adaptor sequences, was performed using Illumina

CASAVA (Consensus Assessment of Sequence and Variation) software. Trimmed reads were aligned to human reference genome

version hg19. Read pairs with MAPQ score <30, PCR duplicates, secondary alignments, and unmapped reads were removed prior

to further downstream analysis using SAMtools (v.1.16.1).39 Filtered bam files were sorted using SAMtools followed by summarizing

paired-end reads as fragments with the fragment start, end, strand alignment, insert size, and insert GC content as BEDPE files using

BEDTools (v.2.29.0), specifically the ‘bedtools bamtobed’ command.40 Reads overlappingwith the ENCODEblacklist regions44 were

excluded using the ‘bedtools subtract’ command.

To account for GC-related coverage bias, we performed a fragment-level GC adjustment for each sample by applying a locally

weighted scatterplot smoothing (LOESS) regression analysis with a default span setting of 0.75.45 To account for potential differ-

ences in GC effects on coverage by fragment length, LOESS regression was performed separately for each nucleosome fraction.

For each sample, we counted the total number of fragments binned by GC content from 0 to 1. We filtered out the bottom 5th and

95th percentile of fragments due to increased variance of the LOESS regression model at the tails of the GC content distribution.

A scalar correction factor for each GC stratum was calculated from the ratio of corrected to uncorrected counts to obtain GC-

adjusted fragment counts.

cfDNA Fragment size distribution analysis
Fragment size frequencies were obtained by normalizing the total number of fragments for each sample by the total fragment counts

across all themono-, di-, and tri-nucleosome fractions (100–650 bp). Longer fragment sizes, especially those >600 bp, tend to exhibit

lower R2 read quality and characteristics sequencing errors when using Illumina paired-end sequencing.46 In our dataset, fragments

>650 bp, representing larger oligo-nucleosomes, accounted for less than 1–4% of all fragments. Taken together, we chose to

exclude fragments >650 bp to minimize potential biases arising from technical challenges and to focus on fragments that are likely

more clinically relevant based on their prevalence. We then calculated the median frequency for each fragment size in each group.

Fragment size distribution was visualized using R package ggplot2.41

Genome-wide fragmentation pattern analysis
To investigate fragment size and coverage in a position-dependent manner, fragments were assigned to 5-Mb adjacent, non-over-

lapping bins using the ‘bedtools intersect’ tool. Bins with an average GC content <0.3 and an average mappability <0.9 were

excluded, leaving 473 bins spanning approximately 2.4 GB of the genome as previously described.13,14 Fragment sizes correspond-

ing with mono- (100–250 bp), di- (251–450 bp), and tri-nucleosomes (451–650 bp) were included for downstream analysis. For each
Cell Reports Medicine 5, 101384, February 20, 2024 e2
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5-Mb bin, we calculated the ratios of the number of short (mono, 100–150 bp; di, 251–300; tri, 451–500 bp) and long (mono, 151–

250 bp; di, 301–450 bp; tri, 501–650 bp) fragments across each nucleosome fraction to obtain genome-wide fragmentation profiles

for each sample. Genome-wide fragmentation profiles were visualized using the R package ggplot2. We also performed genome-

wide correlation analysis of fragment ratios as described previously.13 Briefly, we calculated the Spearman correlation coefficients

for each genomic bin by comparing each individual sample to the median fragment ratio profiles of patients with PHTS without

cancer.

Multivariable logistic regression was performed to investigate the association between median cfDNA fragment ratios and second

primary malignant neoplasm (SMN) diagnosis while controlling for relevant covariates. Age at plasma draw and the Cleveland Clinic

(CC) score, a semi-quantitative measure of phenotypic burden,47 were chosen as covariates that could influence cfDNA fragmenta-

tion profiles. Due to limited sample size, and that only one patient with SMNwasmale, we did not include gender as a covariate in our

models. Leave-one-out cross-validation (LOOCV) was utilized to assess model performance. Individual samples were sequentially

used the validation set, while the remaining samples formed the training set. The procedure was repeated until each sample had been

used as a validation set once. The predicted probabilities from each iteration were compiled and use to calculate and visualize the

area under the receiver operating characteristics (AUROC) curve using the R package pROC42 and ggplot2 respectively.

Fragment end motif analysis
From the BEDPE files summarizing paired-end reads, we generated two distinct BED files containing the first four nucleotides (i.e.,

4-mer end motif) from the 50 end of each paired-end read. Nucleotide sequences were extracted using the ‘bedtools getfasta’ func-

tion. For each individual sample, the two BED files corresponding to each read were then concatenated into a single BED file. Sub-

sequently, we then calculated the frequency of 4-mer endmotif frequencies across all nucleosome fractions. To calculate 2-mer end

motif frequencies, we repeated this procedure, generating BED files containing only the first two nucleotides. The 1-mer end motifs

were then subsequently derived from these 2-mer endmotif frequencies. To visualize differentially abundant endmotifs, a heatmap of

Z score transformed 4-mer end motif frequencies was generated using the R package pheatmap.43 Additionally, boxplots of the

2-mer and 1-mer end motifs was visualized using the R package ggplot2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis and data visualization was performed using R (v.4.2.3). We utilized the two-sample Kolmogorov-Smirnov (KS) test

to compare if the cumulative frequency distributions between groups were sampled from different distributions. Additionally, the dif-

ference in fragment size frequency (DF) and cumulative frequency distributions (DCF) relative to patients without cancer were calcu-

lated and visualized. The Kruskal-Wallis test andWilcoxon Rank-Sum test were used to comparemedians of continuous variables for

multiple groups and pairwise comparisons, respectively. As an exploratory analysis, we performed post-hoc pairwise comparisons

between subgroups using theWilcoxon rank-sum test if the Kruskal-Wallis test did not yield statistical significance. This was done to

identify any potentially clinically relevant differences between subgroups. A p value less than 0.05was considered as the threshold for

statistical significance. Benjamini-Hochberg procedure was used to calculate adjusted p-values to correct for multiple hypothesis

testing.
e3 Cell Reports Medicine 5, 101384, February 20, 2024
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