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Reviewer #1

(Remarks to the Author)

In the paper entitled "Cell-free DNA from germline TP53 mutation carriers reflect cancer-like fragmentation patterns”, Wong
et al. used shallow whole genome sequencing data from nearly 200 cases to build up a diagnostic tool for LFS patients. This
manuscript can be divided into 3 essential parts. In the first part, the authors showed us the difference in fragmentation
patterns in TP53 mutation carriers, including increased shorter fragment proportion, intra-nucleosome fragmentation, and
increased A/T frequency. The authors then discussed the genomic context, functional classes, cancer-associated copy
number alterations, and nucleosome positioning to study where the differences in fragmentation are from. In the last section,
they successfully build a model with multiple fragmentomic features. In general, they generated pretty rich data, and the logic
is convincing. However, some concerns need to be carefully addressed before accepting.

Q1: It's very rigorous to make sure other variables such as patient age, cancer history, time of sample collection, sample
collecting institutions, collection tubes, sequencing run, and cluster density would not affect the conclusion. | do notice that
patients might have different cancer types in your supplementary table 1. Would this affect the result?

Q2: In Figure 2A&B, we can also observe an obviously increased proportion of relatively long fragments (250-500 bp).
Fragments in this size range can be regarded as multi-nucleosomal related. Do you have any explanation for this increase?

Q3: In Figure 4B, what does HBC stand for? TP53-wildtype? this shall be denoted at least in the figure legend. Does the
tetranucleotide you noted as the X-axis stand for all 256 combinations of 4-mer end motifs? Does this figure suggest a
decreased motif frequency in TP53m-carriers versus wildtype comes along with the higher GC content in the 4-mer motif?

Q4:Inlines 117-115, we know genomic instability associated with telomere attrition has always been linked with LFS let'ss
call it A), and we know short fragments are associated with ctDNA let'ss call it B). It's still weird to try to combine those two
factors and see their connections. Is this a well-known phenomenon that deserves a test, and is the result of no relationship
between A&B meaningful?

Q5: In lines 127-145, similar to the last question, why would you group mutations in those categories? Take the splice site,
for instance. Some of those sites might contribute positively to generating shorter fragments, while some of those sites might
not, or even contribute negatively to generating shorter fragments. If so, this method of grouping would blur the real
difference. Maybe you can try different angles of grouping those mutations. | understand that the conclusion is that broad
TP53 mutation classes may not be useful for explaining the generation of short fragments, but due to the actual utility in
future clinical use, | do think you can figure out a "not that broad classes" and take that as real cancer biomarkers.

Q6: In line 176, how do you calculate sliding frequency? The genomic context? Detailed definitions shall be included.
Q7:Inline 177, why 167+-50bp and 167bp +-83bp in line 151? How do you pick the flanking size range?

Q8: In line 198, what do you mean by "disproportionate increase/ decrease"?

Reviewer #2

(Remarks to the Author)
In this paper, Wong et al. investigate cell-free DNA from patients with Li-Fraumeni syndrome. Circulating cell-free DNA in the



plasma of cancer patients contains cell-free tumour DNA (cfDNA) derived from tumour cells. Sequencing of cell-free DNA in
the blood of cancer patients (liquid biopsy) provides atiractive opportunities for early diagnosis. In this paper, Wong et al.
comprehensively investigated the cfDNA of 82 Li-Fraumeni and 30 healthy TP53-wild-type patients using shallow whole
genome sequencing. However, the paper is confusing, and lacks biological insights.

Major comments

1. Were the healthy and Li-Fraumeni patient plasma samples indeed collected in the exact same way? This will be important
to note for any changes seen. We need to be sure this is not due to collection biases and is really due to real differences.

2. The observations should be put into context. What are the other cfDNA studies? What have they found?

3. There is very little biological insight into the data. The authors make a throwaway statement “Other factors such as
germline genetics, epigenetic, or lifestyle may also contribute to the variability observed between patients” — but they do not
investigate this at all. The authors say “we observed a decrease in A/T motifs and an increase in G/C motifs in LFS-AC
samples, which may be due to differential expression and activity of nucleases in cancer cells (Supplemental Figure 9D)” —
the authors make such statements like these, but do not go on to explore anything further about what nucleases might be the
reason.

4. The “chromatin architecture” part is especially confusing. | cannot understand how genome-wide fragmentation profiles
can give insights into chromatin architecture. | do not understand even what chromatin architecture is being referred to here
—nucleosomes? Open chromatin? 3D genome organization? It would help if there are perhaps some citations of previous
work done in this aspect.

5. The authors say “our observations suggest that TP53m-carriers exhibit differences in cfDNA fragmentation that may be
driven by abnormal chromatin organization in specific tissues” but given they do not look at the original cancers that the
cfDNA came from, | do not see how this association or correlation can be made

6. Same comment for the nucleosome positioning — | am also very confused as to how this work was done. How did the
authors find their nucleosome positioning? The p53 ChIP-Seq in the database may not reflect the actual p53 binding sites in
the cancer or cfDNA in these specific patients. Also, nucleosome is not the same as p53 transcription factor binding sites.

7. Same comment for the section on “increased chromatin accessibility at developmental and cancer-associated loci” — | do
not understand how the authors “inferred the nucleosome positioning at the top 10,000 binding sites (meta peaks) for 335
transcription factors (TFs)” from their cf DNA WGS data. The authors say “we explored nucleosome positioning at cancer-
associated sites using ATAC-seq peaks from 23 TCGA cancer types” — these may not be relevant to the specific patient
samples examined, as ATAC-Seq is known to be different in different cell types and different people. To do this analysis, it
should be done in the same patient (i.e. matched cfDNA and patient cancer ATAC-Seq).

8. For the prediction of phenoconverters, this is very exciting results, but it would be best if an independent cohort could be
obtained and the predictor be applied to test, to check if there the original predictor was over-fitted or not. If the predictor is
good, then that means it will be able to predict with an independent cohort.

Minor comments

1. Define cfDNA in the abstract. Also, explain what is cell-free DNA more clearly in the introduction, with more citation of the
relevant literature.

2. In the introduction, it is important to state they also looked at 30 healthy TP53-wild-type controls.

Reviewer #3

(Remarks to the Author)

In this manuscript, Wong and colleagues aim to assess if mutations in the tumor suppressor TP53, which are prevalentin
cancer and when occurring in the germline cause the cancer-predisposing Li-Fraumeni Syndrome (LFS), is associated with
specific patterns of circulating cell-free DNA (cfDNA) fragmentation, with potential diagnostic/prognostic value. To this aim,
the authors got liquid biopsies from a cohort of cancer-free/past-cancer/active-cancer LFS patients and healthy wiTP53
individuals and performed cfDNA fragmentomics to detect nucleosome-free/degradation-prone and nucleosome-
protected/degradation-resistant DNA fragments.

Data analysis showed that TP53 missense/splice/LOF LFS mutations were associated, independent of cancer status, with
reduced cfDNA fragment size. Analyses of fragments' end and bp composition indicated increased cleavage of nucleosome-
associated sequences, resulting in fragments with specific sequence patterns. Interestingly, mapping LFS fragment profiles
with annotated TFBS identified a set of BS for developmental TFs whose accessibility correlated with cancer development.
Furthermore, fragment profiling could also detect, in active-cancer LFS, increased accessibility in chromatin regions that
were found more accessible also in advanced cancer from TCGA ATAC-seq datasets. The authors also developed ML
algorithms validating the diagnostic/prognostic value of cfDNA profiles in LFS.

These results led to the identification of cfDNA markers of cancer-free LFS, and also of possible nucleosome alterations,
associated with TP53 mutations, correlating with cancer development, with possible diagnostic/prognostic value in LFS and
potentially also in somatic cancers driven by TP53 mutations. However, | have some concerns that should be addressed to
improve the MS.

1) Data are very dense and not always clearly described. In some cases the use of different terms to describe the same
readout is confusing. Overall, the text should be revised to improve readability.

As one example, it should be briefly introduced what the parameters “midpoint coverage”, “central coverage”, "amplitude”
“variability” and “meta peaks” represent. The explanation that decreased “central coverage = increased
accessibility/binding”, “indicative of binding activity”, should be anticipated from line 309 to the section describing
nucleosome positioning analyses (lines 277-281).

Also, whenever possible, biologically meaningful terms should be used instead of technical parameters (e.g. replacing



“decreased central/midpoint coverage” with “increased accessibility”).

2) To support the relevance of the identification of TFBS whose accessibility correlates with cancer developmentin LFS, the
authors should assess whether the TFs targets are upregulated in mutant p53 cancers, by analyzing available LFS and
TCGA RNAseq datasets.

3) In Fig.1 the authors included a schematic of the whole study. To improve readability of results, graphical abstract(s) of
conclusions should also be included.

Minor concerns:
- In lines 288-298, please briefly describe the rationale for analyzing CTCF.

- In lines 281-284, the authors describe decreased midpoint coverage and increased amplitude at TSS of p53 targets but not
housekeeping genes (Figure 6B, Supplemental Figure 12B). However, in lines 288-290, they state that TP53m-carriers
displayed decreased central coverage at the TSS of housekeeping genes (Supplemental Figure 12A-B). Please clarify this
apparent contradictory conclusion.

- Lines 295-295: a steep drop-off of fragments <90bp in healthy TP53-wildtype at open-associated chromatin sites is
reported, but no statistically significant difference is highlighted in Fig.S12H. Please clarify. Also, it should be better
described how the authors reach the conclusion that, in TP53m-carriers, a decreased fraction of total reads suggests
increased degradation.

- Nucleosome positioning (midpoint and amplitude) was not found to be significantly different across different TP53 mutation
classes (Supplemental Figure 12C-F). Please clarify what groups were compared in statistical analyses. It seems that some
mutations behave differently (e.g. LOF impacts amplitude only in p53 TSS, Supplemental Figure 12E-F). Please discuss
these differences.

- Some Figure panels are not referenced in the text (e.g. 3C-D). Please check them all.

- In some Figure panels, some annotation is lacking/cropped (e.g. asterisks indicating statistically significant differences in
Fig. S12). Please review all figure panels.

- It would be helpful to indicate, in Fig.7A and S13A plots, the TFs described in lines 310-314.
Author Rebuttal letter:

REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author): expertise in DNA fragmentomics bioinformatics

In the paper entitled "Cell-free DNA from germline TP53 mutation carriers reflect cancer-like
fragmentation patterns”, Wong et al. used shallow whole genome sequencing data from nearly 200 cases
to build up a diagnostic tool for LFS patients. This manuscript can be divided into 3 essential parts. In the
first part, the authors showed us the difference in fragmentation patterns in TP53 mutation carriers,
including increased shorter fragment proportion, intra-nucleosome fragmentation, and increased A/T
frequency. The authors then discussed the genomic context, functional classes, cancer-associated copy
number alterations, and nucleosome positioning to study where the differences in fragmentation are from.
In the last section, they successfully build a model with multiple fragmentomic features. In general, they
generated pretty rich data, and the logic is convincing. However, some concerns need to be carefully
addressed before accepting.

We thank this Reviewer for their comments and feedback. We have performed additional analyses to
address this Revieweras concerns and to further validate our findings. Further analysis assessing the
contribution of technical variables have been performed and included as additional figure panels. We
hope that these analyses have addressed this Revieweras concerns.

Q1: It's very rigorous to make sure other variables such as patient age, cancer history, time of sample
collection, sample collecting institutions, collection tubes, sequencing run, and cluster density would not
affect the conclusion. | do notice that patients might have different cancer types in your supplementary
table 1. Would this affect the result?

a We appreciate this important point that has been brought up by this Reviewer. We have
investigated this in the context of fragment lengths and found there to be no influence of these

factors on the fragmentation, and have added the following to the manuscript:

a Page 4: &We have previously described an increased proportion of short (<150bp) cfDNA
fragments in TP53m-carriers which was independent of cancer status (ANOVA p-value <

0.001; Figure 2A/B), cancer history (Studentas t-test p-value = 0.085; Supplemental

Figure 2A-D) and patient age at the time of sample collection (Pearsonas R2 = 0.01;

Supplemental Figure 2E)(13). Technical variables were also accounted for, with no



differences detected between institutions (Studentas t-test = 0.637; SickKids = SK,

Princess Margaret = PM), collection tubes (SK = EDTA, PM = Streck; Supplemental

Figure 2F), sequencing run (ANOVA p-value = 0.0601; Supplemental Figure 2G), or

flow cell cluster density (Pearsonés R2 = 0.004 & 0.049; Supplemental Figure 2H).4

a4 We have additionally sequenced a subset of our samples using an alternate sequencing method
(Ultima Genomics) and found that this platform recapitulates the fragment frequency

distributions observed in lllumina. We have added these new data to the text as follows as well as
to the Supplemental material:

a Page 4: aUsing an alternate sequencing method (Ultima Genomics), in a subset of

samples (n = 58), we observed a similar distribution of fragment lengths in TP53-

wildtype (n = 18) and TP53m-carriers (cancer negative n = 26, cancer positive n = 14)

with the canonical peak at 167bp and 10bp periodicities (Supplemental Figure 2J-K).

Comparing the frequency of fragments in 5bp bins, we saw high correlation between

lllumina and Ultima sequencing suggesting good concordance between the two

sequencing technologies (R2 = 0.973 & 0.988; Supplemental Figure 2L) (18).4

a To further address this, we have included a comparison of our LFS patients to external healthy
control cohorts from published studies (143). Increased frequency of short fragments was
consistent when comparing to all other healthy cohorts.

a Page 4: aThis increase in short fragments also persisted when compared to external

cohorts of healthy controls (Supplemental Figure 21)(15417).4

a To similarly address this point, we have investigated the influence of each variable on the
probability outputs for our TP53-wildtype vs TP53m-carrier models and observed similar results
to our fragment length analysis:

a Page 11 & 12: aFurther analysis of the prediction scores generated by the integrated

model (LFS fragmentation score [LFS-FS]) showed no differences between TP53m-

carriers independent of cancer history or germline TP53 class (Supplemental Figure 15A-

B). Although, we did observe higher LFS-FS in pediatric compared to adult TP53m-

carriers (p < 0.001; Supplemental Figure 15C), LFS-FS were not correlated to age in both
TP53-wildtype (R2 = 0.06) and TP53m-carriers (R2 = 0.12; Supplemental Figure 15D).

To account for technical variation, we compared LFS-FS across different sequencing runs
(Supplemental Figure 15E) and did not observe correlation with cluster density (R2 =

0.006; Supplemental Figure 15E).a

a We did not perform this analysis for CFD and CFS scores as these scores are normalized against
a patient specific baseline. Longitudinal samples were sequenced across multiple sequencing runs
thus patient-specific normalization would account for technical differences across sequencing
runs.

Q2: In Figure 2A&B, we can also observe an obviously increased proportion of relatively long fragments
(250-500 bp). Fragments in this size range can be regarded as multi-nucleosomal related. Do you have
any explanation for this increase?

a In Figure 2A/B we do also observe an increase in di-nucleosome fragments. The release of di-
nucleosome fragments is currently less well understood compared to mono-nucleosome

fragments. Studies have shown that the mechanism is not merely a result of undigested mono-
nucleosome fragments and that it may be due to chromatin architecture as di-nucleosome

fragments are consistently released by normal cells into the circulation (4,5). We suspect that the
increase in di-nucleosome fragments may also be related to the differences in the underlying

biology of LFS. However, in this manuscript we focused on mono-nucleosome fragments as the
mechanism of their release is much better understood.

a To address this comment, we have also included additional figures to highlight that di-

nucleosome fragments are also increased in LFS individuals and added the following text to the
manusctript.

a Page 4: &We also observed an increase in longer fragments (250-500bp), representing di-
nucleosome fragments, in TP53m-carriers compared to TP53-wildtype (Supplemental

Figure 2I-M).a

Q3: In Figure 4B, what does HBC stand for? TP53-wildtype? this shall be denoted at least in the figure
legend. Does the tetranucleotide you noted as the X-axis stand for all 256 combinations of 4-mer end
motifs? Does this figure suggest a decreased motif frequency in TP53m-carriers versus wildtype comes
along with the higher GC content in the 4-mer motif?

a HBC stands for TP53-wildtype. This has been made consistent in all figures and figure legends.

a The x-axis denotes all 256 combinations of 4-mer end-motifs. This has also been clarified in the
figure and figure legends.

a We observed a decrease in the frequency of GC rich end-motifs in LFS individuals compared to
controls which is highlighted in the Results text:

a Page 7: aTP53m-carriers (cancer negative) were characterized by an increase in A/T rich

motifs and a decrease in G/C rich motifs relative to TP53-wildtype (Figure 4B).&

Q4:Inlines 117-115, we know genomic instability associated with telomere attrition has always been
linked with LFS let's call it A), and we know short fragments are associated with ctDNA let's call it B).
It's still weird to try to combine those two factors and see their connections. Is this a well-known



phenomenon that deserves a test, and is the result of no relationship between A&B meaningful?
a The rationale for this investigation is that increased genomic instability may result in increased
DNA strand breakage during the generation of cell-free DNA resulting in decreased overall
fragment size as observed in circulating tumor DNA (ctDNA). While the mechanism of shorter
ctDNA is currently not fully understood, we felt that it was important to report negative data as
both telomere dysregulation and shorter ctDNA have been previously linked to LFS and cancer.

Q5: In lines 127-145, similar to the last question, why would you group mutations in those categories?
Take the splice site, for instance. Some of those sites might contribute positively to generating shorter
fragments, while some of those sites might not, or even contribute negatively to generating shorter
fragments. If so, this method of grouping would blur the real difference. Maybe you can try different
angles of grouping those mutations. | understand that the conclusion is that broad TP53 mutation classes
may not be useful for explaining the generation of short fragments, but due to the actual utility in future
clinical use, I do think you can figure out a "not that broad classes" and take that as real cancer
biomarkers.

a The TP53 variants were clustered based on their functional outcomes. This analysis was

performed in collaboration with David Malkinas laboratory and revisions of a separate manuscript

is currently under review describing these observations. The data is also based on prior studies by
Kato et al and Giacomelli et al who also assessed the functional outcomes of different TP53

variants (6,7). Given a large enough cohort, variants would be assessed independently as different
variants within each mutation cluster are known to affect TP53 protein function to variable levels
(hypomorphic vs loss of function missense variants).

a Specifically, splice site variants were grouped separately due to the uncertainty of the exact
downstream effects of splice site variants on mRNA splicing and protein products of the TP53

gene. While a variant at a particular location may affect the cleavage of that locus by nucleases
during cfDNA generation, this phenomenon is not unique to splice site variants as all variants and
even SNPs in the genome would also affect this. The presence of a variant at a particular locus
would also not affect the size of cfDNA globally. Splicing variants are not expected to affect the
generation of cfDNA as splicing is a mechanism related to RNA synthesis. The downstream

protein product of each TP53 splice site variant may lead to different changes in chromatin
architecture based on the functional outcome of the splice variant. However, this has not been as
extensively studied compared to missense TP53 variants and thus influenced our decision to

group splice site variants together.

Q6: In line 176, how do you calculate sliding frequency? The genomic context? Detailed definitions shall
be included.

a Dinucleotide frequencies were calculated using the position assessed plus the 52 preceding
nucleotide. This was performed for every position across the span of the fragment including the
50bp flanking the fragment. We have clarified this in the Results and included additional
information in the Methods. This was performed similar to methods previously described by
Snyder et al (8).

a Results: - Page 6: awe calculated the frequency of A/T and G/C dinucleotides across
nucleosome spanning (167bp) cfDNA fragments (Figure 3B); 50bps flanking the

fragment were also included for normalization.a

a Methods - Page 21 - 224The frequency of each dinucleotide were calculated along the
region (position + 5a preceding nucleotide) and frequencies were normalized against the
expected frequency of each dinucleotide based upon their prevalence across the genome.a

Q7:Inline 177, why 167+-50bp and 167bp +-83bp in line 151? How do you pick the flanking size range?
a For our dinucleotide frequency analysis, we chose +/-50 bp flanking the nucleosome spanning
fragment to ensure enough base-pairs were available for normalization and comparison with the
nucleosome spanning region. This was also done by Snyder et al (8).

a For our nucleosome footprint analysis, 167+/-83 bp was not used. Instead, +/-83bp is used to
reference the number of nucleotides that flank the center of a nucleosome spanning read which is
167bp (83bp on either side of the central nucleotide). We have clarified in the manuscript now as
follows:

a Page 5 & 6: aln TP53-wildtype, using a previously defined genome-wide set of ~13

million peripheral blood cell-derived nucleosomes (10), we observed an M-shaped

distribution of fragment-ends, with peaks +/-83 bp from the center of the nucleosome,
corresponding to a nucleosome spanning cfDNA fragment (~167bp) (28).4

Q8: In line 198, what do you mean by "disproportionate increase/ decrease"?

a We have removed the words adisproportionate increase/decreasea and have instead quantified the
change which is reflected in the Results section:

a Page 7: aNext, we split end-motifs into those that occur at frequencies above and below

the expected random frequency (1/256 = 0.0039) in TP53-wildtype. Within TP53m-

carriers, we observed an increased frequency in 63.0% (63/100) and a decreased

frequency in 67.3% (105/156) of motifs that occur above and below the expected

frequency (Chi-squared p-value < 0.001) compared to TP53-wildtype (Supplemental



Figure 9A). This was further accompanied by an increase in 82.5% (33/40) of A/T rich
end-motifs (3+ A/T) that occur above (Chi-squared p-value = 0.009) and a decrease in
84.4% (49/58) of G/C rich end-motifs (3+ G/C) that occur below (Chi-squared p-value <
0.001) the expected frequency (Supplemental Figure 9B).a

Reviewer #2 (Remarks to the Author): expertise in epigenetics and chromatin accessibility

In this paper, Wong et al. investigate cell-free DNA from patients with Li-Fraumeni syndrome.
Circulating cell-free DNA in the plasma of cancer patients contains cell-free tumour DNA (cfDNA)
derived from tumour cells. Sequencing of cell-free DNA in the blood of cancer patients (liquid biopsy)
provides attractive opportunities for early diagnosis. In this paper, Wong et al. comprehensively
investigated the cfDNA of 82 Li-Fraumeni and 30 healthy TP53-wild-type patients using shallow whole
genome sequencing. However, the paper is confusing, and lacks biological insights.

We thank this Reviewer for their comments. They have brought up important points that should be

studied more extensively but are not within the scope of this study. Cell-free DNA fragmentomics is a
relatively new field of study and there remains many avenues of investigation into the mechanisms
involved in cfDNA release and how cell-type specific differences may influence this. Figure 1 was
included as a graphical abstract to introduce each of the fragmentomic concepts. Relevant literature has
been cited in each section should the reader require additional information to understand the underlying
concepts. We have made changes to the manuscript to increase the clarity and highlight previous literature
in the field that is pertinent to understanding our study.

Major comments

1. Were the healthy and Li-Fraumeni patient plasma samples indeed collected in the exact same way?
This will be important to note for any changes seen. We need to be sure this is not due to collection biases
and is really due to real differences.

a The healthy control subjects were collected in Streck tubes using the same protocol as all samples
collected at the Princess Margaret Cancer Center. We have investigated the effects of collection

tube and additional variables (see Reviewer #1 comments) and found that they were not

associated with the levels of short cfDNA fragmentation in our cohort. Our healthy controls were

also consistent with healthy controls from previously published studies (see Reviewer #1

comments).

2. The observations should be put into context. What are the other cfDNA studies? What have they
found?

a Studies investigating cell-free DNA in individuals with hereditary cancer syndromes are lacking
due to the relative rarity of these syndromes in comparison to sporadic cancer. Our group has
previously published on mutation and methylation analysis of cell-free DNA in LFS for early
detection (9). This is the first comprehensive study investigating differences in cell-free
fragmentation in individuals with hereditary cancer syndromes. However, it is well established

that other disease states such as cancer and auto-immune disease can alter cell-free DNA
fragmentation. These studies have been cited throughout the manuscript.

3. There is very little biological insight into the data. The authors make a throwaway statement 40ther
factors such as germline genetics, epigenetic, or lifestyle may also contribute to the variability observed
between patientséa & but they do not investigate this at all. The authors say awe observed a decrease in A/T
motifs and an increase in G/C motifs in LFS-AC samples, which may be due to differential expression
and activity of nucleases in cancer cells (Supplemental Figure 9D)a a the authors make such statements
like these, but do not go on to explore anything further about what nucleases might be the reason.

a Fragmentomics is a new and developing field. Thus, there are still many questions that require
further investigation that are not fully within the scope of this study. We agree that this analysis

has raised several new exciting avenues for biological investigation, several of which we are

pursuing in the context of LFS model organisms as well as larger cohorts within and outside of

LFS. To encourage others to build upon these leads, we constrained the scope of this work on
reporting the most salient features to differentiate LFS patients from non-LFS controls, with

potential diagnostic implications.

a ltis known that the epigenetic landscape of the cell-of-origin influences the genomic origins and
lengths of cfDNA fragments that are released into circulation (8,10412). However, there have not

been studies investigating how variation in the epigenetic landscape within cell populations and
individuals affects the release of cfDNA and the global cfDNA landscape. Our study shows that
germline events can influence the cfDNA landscape.

a Germline genetics have been shown to affect the cfDNA landscape (13,14). In our study, we also
show that variants in TP53 affect the cfDNA landscape. However, these studies are within a
monogenic context, and it is currently unknown how variants in other genes and/or the

combinatorial effects of germline variation may also affect the cfDNA landscape. This is an

important question to ask as liquid biopsy increases in prevalence within clinical spaces.

However, these analyses are not within the scope of this study.

a Studies have also shown that lifestyle events such as obesity and exercise can also affect the
amounts of cfDNA in circulation and the cell-type make-up of the cfDNA landscape



(15,16)(17,18). Given this information, we postulate that some degree of the differences observed
within our LFS cohort may be attributed to these lifestyle differences that may be present.
However, this information is not included within our clinical abstraction and thus cannot be tested
rigorously. It is also not within the scope of this study.

a These observations are supported by the fact that within healthy individuals, there is slight
variation in the cfDNA landscape between individuals and even, temporally within the same
individual. One of the strengths of cfDNA analysis is that it provides a snap shot of the cellular
physiology within an individual in real time as the half-life of cfDNA within circulation is

predicted to be only 1-2 hours (19).

a We have added additional text to clarify:

a Page 5: 40ther factors such as germline genetics, epigenetic, or lifestyle may also

contribute to the variability observed between patients, similar to in TP53-wildtype

individuals (27).a

a Page 7: alastly, comparing LFS-H to LFS-AC (fold change over healthy non-LFS

controls), we observed a decrease in A/T motifs and an increase in G/C motifs in LFS-

AC samples, which may be due to the differential expression and activity of nucleases
previously described in cancer cells (Supplemental Figure 9D)(30).a4

4. The achromatin architecturea part is especially confusing. | cannot understand how genome-wide
fragmentation profiles can give insights into chromatin architecture. | do not understand even what
chromatin architecture is being referred to here & nucleosomes? Open chromatin? 3D genome
organization? It would help if there are perhaps some citations of previous work done in this aspect.
a We have provided Figure 1 as a graphical schematic on the concepts of fragmentomics and how
cfDNA fragmentation can be used to infer the epigenetic landscape (open vs closed chromatin,
nucleosome bound vs naked DNA, transcription factor binding activity). These concepts have

been well established by studies that have been cited throughout the text.

a We have used the term &chromatin architectureé to denote the 3-dimensional chromatin
conformation within a cell that influences the release of cfDNA into circulation. These signatures
are often tightly tied to the epigenetic signatures associated with regulating cell-identity. We have
provided additional text to clarify this in the Results:

a Page 8: &Chromatin is 3-dimensionally arranged in relation to the genome as a

mechanism of regulating gene expression and cell identity. This 3-dimensional chromatin
architecture influences the representation of cfDNA fragments (size and location) in

circulation due to the differential accessibility of nucleases throughout the genome (10).4

5. The authors say dour observations suggest that TP53m-carriers exhibit differences in cfDNA
fragmentation that may be driven by abnormal chromatin organization in specific tissuesa but given they
do not look at the original cancers that the cfDNA came from, | do not see how this association or
correlation can be made.

a These observations are independent of cancer formation. It is known that individuals with LFS
exhibit baseline differences in transcriptional and DNA methylation signatures compared to non-
LFS individuals (20,21). These studies have only studied specific cell-types, however, it is
presumed that these differences may be ubiquitous, though cell-type specific, throughout the body
as LFS individuals harbor constitutional TP53 variants. Further studies should be considered to
investigate systemic and cell-type specific differences in LFS vs TP53-wildtype individuals.
However, those studies are out of scope for this study.

6. Same comment for the nucleosome positioning & | am also very confused as to how this work was
done. How did the authors find their nucleosome positioning? The p53 ChlIP-Seq in the database may not
reflect the actual p53 binding sites in the cancer or cfDNA in these specific patients. Also, nucleosome is
not the same as p53 transcription factor binding sites.

a These concepts are highlighted in Figure 1 as well as the relevant literature that has been cited.
Nucleosome-bound DNA is protected from degradation which results in increased read

representation in regions of consistent nucleosome occupation. This is especially pronounced
surrounding transcription factor binding sites (22424). Nucleosome positioning was not used
interchangeably with TFBS as those are distinctly different concepts. However, they are linked in

the context of cfDNA read representation and in silico prediction of transcription factor binding

activity. We have clarified this in the text:

a Page 9: aUsing Giriffin, we inferred the nucleosome positioning surrounding p53 binding

sites using p53 CHIP-seq data from the Gene Transcription Regulation Database (GTRD)

(34)(35).a

a While true that the p53 binding sites may not fully represent all of the binding sites in the cancer

or cfDNA in the patients in our study, it is not within the scope of this study or budget to have
performed CHIP-seq on tumor and buffy coat samples from patients in our study. Instead, we

used the GTRD, who have curated published CHIP-seq datasets from multiple tissue/cell line

sources to create a list of meta-peaks for p53 which is reflective of general p53 binding (25427).

7. Same comment for the section on aincreased chromatin accessibility at developmental and cancer-
associated locia & | do not understand how the authors ainferred the nucleosome positioning at the top
10,000 binding sites (meta peaks) for 335 transcription factors (TFs)a from their - DNA WGS data. The



authors say awe explored nucleosome positioning at cancer-associated sites using ATAC-seq peaks from
23 TCGA cancer typesa & these may not be relevant to the specific patient samples examined, as ATAC-
Seq is known to be different in different cell types and different people. To do this analysis, it should be
done in the same patient (i.e. matched cfDNA and patient cancer ATAC-Seq).

a See comments above regarding p53 and nucleosome positioning.

8. For the prediction of phenoconverters, this is very exciting results, but it would be best if an
independent cohort could be obtained and the predictor be applied to test, to check if there the original
predictor was over-fitted or not. If the predictor is good, then that means it will be able to predict with an
independent cohort.

a Li-Fraumeni syndrome is a rare syndrome. Our cohort represents the largest cohort of patients

with comprehensive cfDNA profiling to date in the literature. This cohort has also exhausted the
patient cohort present at both of our institutions (adult and pediatric). In order to accrue a

validation cohort, this would require additional years of sample collection and collaboration with
additional institutions. This study is also a proof-of principle study that will require additional

follow-up studies, both in larger cohorts (we have started a prospective study to acquire more
samples) and in model organisms (led by Dr. Malkinas lab).

a To reduce this limitation, we split our cohort into a held-out test and cross-validation cohorts and
performed iterative downsampling and 10-fold cross-validation to train our model. This is stated

in our Results, Methods, and in Supplemental Figure 15C.

Minor comments

1. Define cfDNA in the abstract. Also, explain what is cell-free DNA more clearly in the introduction,
with more citation of the relevant literature.

a We have included additional text in the abstract to clarify what cell-free DNA is:

a Page 2: 40ur group has previously shown that LFS patients harbor shorter cell-free DNA,
fragments of DNA released by cells into bodily fluids, fragmentation; independent of

cancer status.a

a We have included additional text in the Introduction to clarify what cell-free DNA is:

a Page 3: aCell-free DNA (cfDNA) are short fragments of DNA released, mainly by

apoptotic cells, into bodily fluids (7).4

a Due to wording limits, fragmentomic concepts are introduced in the Results section as required to
understand each analysis and concept. Relevant citations are also all included throughout the text
which highlight studies associated with each concept. This decision was made to reduce
redundancy in repeating concepts in both the Introduction and Results section and also to
maintain the citation list within the guidelines of Nature Communications.

2. In the introduction, it is important to state they also looked at 30 healthy TP53-wild-type controls.
a We have now added in the Introduction:

a Page 3: &We comprehensively characterize the cfDNA fragmentomic landscape of a

cohort of 169 blood samples collected from 82 TP53m-carriers and 30 TP53-wildtype

individuals (Figure 1A/B).4

Reviewer #3 (Remarks to the Author): expertin TP53 genomics

In this manuscript, Wong and colleagues aim to assess if mutations in the tumor suppressor TP53, which
are prevalent in cancer and when occurring in the germline cause the cancer-predisposing Li-Fraumeni
Syndrome (LFS), is associated with specific patterns of circulating cell-free DNA (cfDNA)

fragmentation, with potential diagnostic/prognostic value. To this aim, the authors got liquid biopsies
from a cohort of cancer-free/past-cancer/active-cancer LFS patients and healthy wtTP53 individuals and
performed cfDNA fragmentomics to detect nucleosome-free/degradation-prone and nucleosome-
protected/degradation-resistant DNA fragments.

Data analysis showed that TP53 missense/splice/LOF LFS mutations were associated, independent of
cancer status, with reduced cfDNA fragment size. Analyses of fragments' end and bp composition
indicated increased cleavage of nucleosome-associated sequences, resulting in fragments with specific
sequence patterns. Interestingly, mapping LFS fragment profiles with annotated TFBS identified a set of
BS for developmental TFs whose accessibility correlated with cancer development. Furthermore,
fragment profiling could also detect, in active-cancer LFS, increased accessibility in chromatin regions
that were found more accessible also in advanced cancer from TCGA ATAC-seq datasets. The authors
also developed ML algorithms validating the diagnostic/prognostic value of cfDNA profiles in LFS.
These results led to the identification of cfDNA markers of cancer-free LFS, and also of possible
nucleosome alterations, associated with TP53 mutations, correlating with cancer development, with
possible diagnostic/prognostic value in LFS and potentially also in somatic cancers driven by TP53
mutations. However, | have some concerns that should be addressed to improve the MS.

We thank this Reviewer for their review and comments. We have performed additional analyses to

address this Revieweras comments and to further validate our findings. Further analyses assessing the
impact of TP53 mutation on gene expression have been performed using data from the TCGA as well as
in-house data. These analyses have been included as additional supplemental figure panels. We have also
included Figure 9 as a graphical conclusion figure to improve readability. We hope that these analyses



and additions have addressed this Revieweras concerns.

1) Data are very dense and not always clearly described. In some cases the use of different terms to
describe the same readout is confusing. Overall, the text should be revised to improve readability.

As one example, it should be briefly introduced what the parameters &midpoint coveraged, acentral
coveraged, aamplituded, avariabilityd, and ameta peaksa represent. The explanation that decreased
acentral coverage = increased accessibility/bindinga, aindicative of binding activitya, should be
anticipated from line 309 to the section describing nucleosome positioning analyses (lines 277-281).
Also, whenever possible, biologically meaningful terms should be used instead of technical parameters
(e.g. replacing adecreased central/midpoint coveragea with dincreased accessibilitya).

a We have carefully reviewed the Results section and have made changes in the text to clarify this
and to increase the ease of reading and understanding. These changes have been most extensive in
the nucleosome placement sections of the manuscript.

a A sentence has been added earlier in the Results section introducing and linking the parameters of
the nucleosome positioning analysis to biologically meaningful terms:

a Page 9: aThe coverage at the p53 binding site (midpoint coverage) is indicative of

binding activity (decreased central coverage = increased accessibility/binding), the

amplitude is indicative of the robustness of the nucleosome placement surrounding the

binding site within a sample, and the variability (standard deviation) is indicative of the

robustness of nucleosome positioning throughout the cohort (36).a4

2) To support the relevance of the identification of TFBS whose accessibility correlates with cancer
development in LFS, the authors should assess whether the TFs targets are upregulated in mutant p53
cancers, by analyzing available LFS and TCGA RNAseq datasets.

a Similar observations have previously been made in iPSC derived osteoblasts from LFS and non-
LFS individuals (20). We have performed additional analyses looking at TF and developmental
gene sets in TP53-inactive vs TP53-intact tumors across all of the TCGA cancer types (28) and in
LFS and non-LFS-derived osteosarcomas and glioblastomas (29). While we did not consistently
observe the same TFs, this difference is likely due to the tissue and cellular origin dependent
context of transcriptional regulation. Our cfDNA dataset is derived primarily from normal
lymphocytes and other white blood cell lineages whereas the TCGA and tumor datasets are non-
blood derived and are primarily from malignant cell populations. Despite this, we did observe an
enrichment of developmental TF gene sets in TP53-inactive and LFS-derived tumors.

a Page 10: TFs with increased chromatin accessibility, in TP53m-carriers, were associated

with embryonic organ development (GATA3, GATA4, GATA6, PRDM1, ASCL2,

TCF7, and NKX3.1) which is consistent with previous observations in LFS-derived

osteoblasts compared to TP53-wildtype (11). To further validate these observations, we

compared the transcriptional profiles of TP53-inactive and TP53-intact cancers across 26

cohorts in The Cancer Genome Atlas (TCGA)(44) and in LFS-derived and sporadic
osteosarcomas and glioblastoma (45). In both contexts, we observed an enrichmentin
developmental and transcription factor gene sets in TP53 inactive and LFS-derived

tumors compared to TP53 wildtype and non-LFS derived tumors (Supplemental Figure

13B/C).

3) In Fig.1 the authors included a schematic of the whole study. To improve readability of results,
graphical abstract(s) of conclusions should also be included.

a We have now included Figure 9 which outlines the conclusions of the study.

Minor concerns:

- In lines 288-298, please briefly describe the rationale for analyzing CTCF.

a CTCF binding sites are known to be evolutionarily conserved and to be stable even between
different cell types (30). This information has been added to the manuscript including a citation:
a Page 9: &While nucleosome placement and positioning were consistent at evolutionarily
conserved CCCTC-binding factor (CTCF) sites (39) and the TSS of 3,804 previously

reported housekeeping genes (37),a

- In lines 281-284, the authors describe decreased midpoint coverage and increased amplitude at TSS of
p53 targets but not housekeeping genes (Figure 6B, Supplemental Figure 12B). However, in lines 288-
290, they state that TP53m-carriers displayed decreased central coverage at the TSS of housekeeping
genes (Supplemental Figure 12A-B). Please clarify this apparent contradictory conclusion.

a We have modified this sentence as it was only partially correct. While we did not see increased
amplitude or variability, we did observe increased accessibility at CTCF and housekeeping genes

in TP53m-carriers. This has been clarified in the Results text:

a Page 9: 4Similar observations were also found at the transcription start site (TSS) of p53

target genes (n = 384; ANOVA p-values: midpoint = 0.284, amplitude <0.001; variability

= 1.79x; Figure 6B, Supplemental Figure 12B)a

a Page 9: &While nucleosome placement and positioning were consistent at evolutionarily

conserved CCCTC-binding factor (CTCF) sites and the TSS of 3,804 previously reported



housekeeping genes (37), we did observe increased accessibility at these sites in TP53m-
carriers (Supplemental Figure 12A-B).a

- Lines 295-295: a steep drop-off of fragments <90bp in healthy TP53-wildtype at open-associated
chromatin sites is reported, but no statistically significant difference is highlighted in Fig.S12H. Please
clarify. Also, it should be better described how the authors reach the conclusion that, in TP53m-carriers, a
decreased fraction of total reads suggests increased degradation.

a Figure S12H does not show a statistically significant difference as the p-value = 0.071. We have
removed the statement suggesting statistical significance and have increased the clarity of this
section.

a Page 10: 4At open-associated chromatin sites, we observed a steep drop-off of fragments

less than 90bp in TP53-wildtype which was not observed in TP53m-carriers

(Supplemental Figure 12H). TP53m-carriers also showed a decreased fraction of total

reads spanning both open and closed chromatin sites (Supplemental Figure 12l). Read

coverage of cfDNA within a genomic region is dependent on the activity and

accessibility of nucleases at that specific site (41). Thus, the combination of decreased

coverage and a higher prevalence of shorter cfDNA fragments suggests that the increased
accessibility observed in TP53m-carriers may be due to increased fragmentation and

degradation.a

- Nucleosome positioning (midpoint and amplitude) was not found to be significantly different across
different TP53 mutation classes (Supplemental Figure 12C-F). Please clarify what groups were compared
in statistical analyses. It seems that some mutations behave differently (e.g. LOF impacts amplitude only
in p53 TSS, Supplemental Figure 12E-F). Please discuss these differences.

a The significance values were calculated comparing to TP53-wildtype samples. Multiple pair-wise
comparisons using the Kruskal-Wallis test within our LFS cohort shows not statistical difference
between the mutation clusters. We have included these p-values in the manuscript:

a Page 9: ANucleosome profiles were not significantly different across different TP53

mutation classes (Kruskal-Wallis p-values: p53 binding sites midpoint = 0.576, amplitude

= 0.578; TP53 target genes midpoint = 0.435, amplitude = 0.547; Supplemental Figure

12C-F).

- Some Figure panels are not referenced in the text (e.g. 3C-D). Please check them all.

a4 We have reviewed the manuscript and now ensured all figure panels are referenced in the text.
- In some Figure panels, some annotation is lacking/cropped (e.g. asterisks indicating statistically
significant differences in Fig. S12). Please review all figure panels.

a We have gone through the figure panels and made adjustments as necessary.

- It would be helpful to indicate, in Fig.7A and S13A plots, the TFs described in lines 310-314.

a Figures 7A and S13A have been revised to call out the specific transcription factors mentioned in
the text.
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Version 1:
Reviewer comments:
Reviewer #1

(Remarks to the Author)
Regarding the revised version of the manuscript, most of my comments were addressed. However, | have a few more
comments.

- Definition shall be more accurate. For instance, in lines 116-117, the cell-free DNA molecules shall not be defined as "short
fragments". Many latest studies have proved the utility of long cfDNA as clinical biomarkers.

- Some logic is not convincing enough. For example, in lines 126-128, the author hypothesized that germline events can
affect cfDNA fragmentation based on previous research discussing the different fragmentation patterns in cases with
DNASE1L3 mutation. However, DNASE1L3 is a nuclease that has a direct effect on the fragmentation process. The
resulting altered fragmentation profile from TP53 mutation is not comparable to DNASE1L3. In a word, the premise the
author listed can not effectively support his hypothesis.

-In lines 156-159, the author described a serial cohort consisting of 122 samples from 36 mutation carriers. However, only 16
carriers are mentioned. How about the other 20 carriers?

-Inlines 245-247, | don't see a decreased fragment-end frequency at the peaks in Figure 1A.

Reviewer #2

(Remarks to the Author)
My concerns have mostly been addressed, with two exceptions:

Point 4 response — “This 3-dimensional chromatin architecture influences the representation of cfDNA fragments (size and
location) in circulation due to the differential accessibility of nucleases throughout the genome (10).” => | examined reference
(10) cited in the main text which is Jay Shendure’s work in Cell, 2016. In this paper, Shendure and colleagues show that
nucleosome positioning and certain transcription factor binding sites (such as CTCF) can be inferred from cell-free DNA.
One sentence in the abstract says “The cfDNA nucleosome occupancies correlate well with the nuclear architecture, gene
structure and expression observed in cells, suggesting that they could indicate the cell-type of origin.” However, | believe the
“nuclear architecture” they are referring to is the nucleosome positioning and transcription factor binding sites. Nowhere in
the article do they do infer any conclusion that may be related to Hi-C, HiChIP, ChlA-PET, or any of the other 3D chromatin
architecture datasets. As such, this sentence should be revised for clarity.

Point 5 response — Given the authors have acknowledged such a study is out of scope, then, | think the sentence “our
observations suggest that TP53m-carriers exhibit differences in cfDNA fragmentation that may be driven by abnormal
chromatin organization in specific tissues” should be removed.

Reviewer #3

(Remarks to the Author)

the authors addressed all the concerns.

here is only a minor point regarding the cfDNA dataset. authors should clarify its origin early in the manuscript, and it should
be explained how the origin (normal lymphocytes and other white blood cell lineages..) of cfDNA was established.

Author Rebuttal letter:

We thank the Reviewers for their thorough review of our revised manuscript. See
below for a point-by-point response:



Reviewer #1 (Remarks to the Author):

Regarding the revised version of the manuscript, most of my comments were addressed.
However, | have a few more comments.

- Definition shall be more accurate. For instance, in lines 116-117, the cell-free DNA molecules
shall not be defined as "short fragments". Many latest studies have proved the utility of long
cfDNA as clinical biomarkers.

i- We define the meaning of ashort fragmentsa as cfDNA fragments >150bp in length at the

first mention within the text. We also explicitly state we are only investigating the role of

short cfDNA fragments in this study. Long cfDNA fragments have been proven to have

utility but is not within the scope of this study.

i- To improve accuracy, we have changed mention of ashort fragmentsé to ashort cfDNA
fragmentsa throughout the text.

- Some logic is not convincing enough. For example, in lines 126-128, the author hypothesized
that germline events can affect cfDNA fragmentation based on previous research discussing the
different fragmentation patterns in cases with DNASE1L3 mutation. However, DNASE1L3 is a
nuclease that has a direct effect on the fragmentation process. The resulting altered fragmentation
profile from TP53 mutation is not comparable to DNASE1L3. In a word, the premise the author
listed can not effectively support his hypothesis.

i- We have removed this premise from the introduction and instead have emphasized that

LFS patients have been found to have differential methylation and gene expression
independent of cancer status and the role of the chromatin landscape on the generation of
cfDNA.

-In lines 156-159, the author described a serial cohort consisting of 122 samples from 36
mutation carriers. However, only 16 carriers are mentioned. How about the other 20 carriers?

i- The remaining carriers were cancer negative at all timepoints. This has been added to the
text.

-Inlines 245-247, | don't see a decreased fragment-end frequency at the peaks in Figure 1A.

i- Figure 3A, bottom panels show the absolute difference in frequency which clearly show a
dramatic drop in the frequency at +/-83bp from the nucleosome peak (0bp). This is also

shown in the middle panels which display a Z score compared to the cohort of healthy
TP53-wildtype controls.

Reviewer #2 (Remarks to the Author):
My concerns have mostly been addressed, with two exceptions:

Point 4 response & &This 3-dimensional chromatin architecture influences the representation of
cfDNA fragments (size and location) in circulation due to the differential accessibility of
nucleases throughout the genome (10).4 => | examined reference (10) cited in the main text
which is Jay Shendureés work in Cell, 2016. In this paper, Shendure and colleagues show that
nucleosome positioning and certain transcription factor binding sites (such as CTCF) can be
inferred from cell-free DNA. One sentence in the abstract says 4The cfDNA nucleosome
occupancies correlate well with the nuclear architecture, gene structure and expression observed
in cells, suggesting that they could indicate the cell-type of origin.& However, | believe the
anuclear architecturea they are referring to is the nucleosome positioning and transcription factor
binding sites. Nowhere in the article do they do infer any conclusion that may be related to Hi-C,
HiChIP, ChIA-PET, or any of the other 3D chromatin architecture datasets. As such, this
sentence should be revised for clarity.

i- We have included an additional reference (1) which compared cfDNA fragmentation

profiles from Hi-C data derived from lymphoblastoid cell lines.

Point 5 response a Given the authors have acknowledged such a study is out of scope, then, |
think the sentence aour observations suggest that TP53m-carriers exhibit differences in cfDNA
fragmentation that may be driven by abnormal chromatin organization in specific tissuesé should
be removed.

i- We have altered this sentence to instead focus on the known epigenetic and

transcriptomic differences observed in LFS individuals and how that may be driving the
differences in cfDNA fragmentation observed in our study:

o 8As cfDNA fragmentation is known to be driven by the chromatin architecture of

the cell-of-origin, our observations suggest that TP53m-carriers exhibit

differences in cfDNA fragmentation that may be driven by epigenetic and

transcriptomic differences compared to TP53-wildtype individuals (11, 12).4

Reviewer #2 (Remarks on code availability):

I am not a bioinformatician by training (my lab has bioinformaticians but | myself do not feel



confident to review code).

Reviewer #3 (Remarks to the Author):

the authors addressed all the concerns.

here is only a minor point regarding the cfDNA dataset. authors should clarify its origin early in
the manuscript, and it should be explained how the origin (normal lymphocytes and other white
blood cell lineages..) of cfDNA was established.

i- We have added an additional statement in the Introduction:

o &Cell-free DNA (cfDNA) are fragments of DNA released, mainly by apoptotic

cells, into bodily fluids such as lymphocytes into the blood plasma (2).4

0 &We comprehensively characterize the cfDNA fragmentomic landscape of a

cohort of 169 blood plasma samples collected from 82 TP53m-carriers and 30

TP53-wildtype individuals (Figure 1A/B).a
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