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associated with cleavage adjacent to transcription factor binding
sites (TFBS) (Vierstra et al., 2014). To ask whether in-vivo-derived
cfDNA fragments also result from two classes of sensitivity to
nuclease cleavage, we partitioned sequence reads (CH01) on
the basis of inferred fragment length and recalculated the WPS
using long fragments (120–180 bp; 120 bp window; the same as
the WPS described for nucleosome calling) or short fragments
(35–80 bp; 16 bp window) separately (Figures 2B and 2C). To
obtain a set of well-defined TFBSs enriched for actively bound

sites in our data, we intersected clustered FIMO predictions
(Grant et al., 2011;Maurano et al., 2012) with a unified set of chro-
matin immunoprecipitation sequencing (ChIP-seq) peaks from
Encyclopedia of DNA Elements (ENCODE) for each TF.
Consistent with observations by others (Fu et al., 2008; Peder-

sen et al., 2014; Teif et al., 2012), the long fraction WPS (L-WPS)
supports strong organization of nucleosomes near CTCF binding
sites (Figure 4A). However, we also observe a strong signal in the
short fraction WPS (S-WPS) coincident with the CTCF site itself
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Figure 2. Genome-wide Determination of Nucleosome Positions from cfDNA Fragmentation Patterns
(A) Schematic of inference of nucleosome positioning. A per-base WPS is calculated by subtracting the number of fragment endpoints within a 120 bp window

from the number of fragments completely spanning the window. High WPS values indicate increased protection of DNA from digestion; low values indicate that

DNA is unprotected. Peak calls identify contiguous regions of elevated WPS.

(B) Strongly positioned nucleosomes at a well-studied alpha-satellite array. Coverage, fragment endpoints, and WPS values from sample CH01 are shown for

long fragment (120 bpwindow; 120–180 bp fragments) or short fragment (16 bpwindow; 35–80 bp fragments) bins at a pericentromeric locus on chromosome 12.

Nucleosome calls from CH01 (middle, blue boxes) are regularly spaced across the locus. Nucleosome calls from two published callsets (Gaffney et al., 2012;

Pedersen et al., 2014) (middle, purple, and black boxes) are also displayed.

(C) Inferred nucleosome positioning around aDHS site. Coverage, fragment endpoints,WPS values, and nucleosome calls are shown as in (B). The hypersensitive

region (gray shading) is marked by reduced coverage in the long fragment bin. Nucleosome calls adjacent to the DHS site are spaced more widely than typical

adjacent pairs, consistent with accessibility of the intervening sequence to regulatory proteins including TFs. Coverage of short fragments, which may be

associated with such proteins, is increased at the DHS site, which overlaps with several annotated TFBSs (not shown).

(D) Distances between adjacent peaks by sample. Distances are measured between adjacent peak centers.

(E) Comparison of peak calls between samples. For each pair of samples, the distances between each peak call in the sample with fewer peaks and the nearest

peak call in the other sample are shown. Negative and positive numbers indicate the nearest peak is upstream or downstream, respectively.

(F) Distances between adjacent peaks, sample CH01. The dotted black line indicates the mode of the distribution (185 bp).

See also Figure S2.
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associated with cleavage adjacent to transcription factor binding
sites (TFBS) (Vierstra et al., 2014). To ask whether in-vivo-derived
cfDNA fragments also result from two classes of sensitivity to
nuclease cleavage, we partitioned sequence reads (CH01) on
the basis of inferred fragment length and recalculated the WPS
using long fragments (120–180 bp; 120 bp window; the same as
the WPS described for nucleosome calling) or short fragments
(35–80 bp; 16 bp window) separately (Figures 2B and 2C). To
obtain a set of well-defined TFBSs enriched for actively bound

sites in our data, we intersected clustered FIMO predictions
(Grant et al., 2011;Maurano et al., 2012) with a unified set of chro-
matin immunoprecipitation sequencing (ChIP-seq) peaks from
Encyclopedia of DNA Elements (ENCODE) for each TF.
Consistent with observations by others (Fu et al., 2008; Peder-

sen et al., 2014; Teif et al., 2012), the long fraction WPS (L-WPS)
supports strong organization of nucleosomes near CTCF binding
sites (Figure 4A). However, we also observe a strong signal in the
short fraction WPS (S-WPS) coincident with the CTCF site itself
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Figure 2. Genome-wide Determination of Nucleosome Positions from cfDNA Fragmentation Patterns
(A) Schematic of inference of nucleosome positioning. A per-base WPS is calculated by subtracting the number of fragment endpoints within a 120 bp window

from the number of fragments completely spanning the window. High WPS values indicate increased protection of DNA from digestion; low values indicate that

DNA is unprotected. Peak calls identify contiguous regions of elevated WPS.

(B) Strongly positioned nucleosomes at a well-studied alpha-satellite array. Coverage, fragment endpoints, and WPS values from sample CH01 are shown for

long fragment (120 bpwindow; 120–180 bp fragments) or short fragment (16 bpwindow; 35–80 bp fragments) bins at a pericentromeric locus on chromosome 12.

Nucleosome calls from CH01 (middle, blue boxes) are regularly spaced across the locus. Nucleosome calls from two published callsets (Gaffney et al., 2012;

Pedersen et al., 2014) (middle, purple, and black boxes) are also displayed.

(C) Inferred nucleosome positioning around aDHS site. Coverage, fragment endpoints,WPS values, and nucleosome calls are shown as in (B). The hypersensitive

region (gray shading) is marked by reduced coverage in the long fragment bin. Nucleosome calls adjacent to the DHS site are spaced more widely than typical

adjacent pairs, consistent with accessibility of the intervening sequence to regulatory proteins including TFs. Coverage of short fragments, which may be

associated with such proteins, is increased at the DHS site, which overlaps with several annotated TFBSs (not shown).

(D) Distances between adjacent peaks by sample. Distances are measured between adjacent peak centers.

(E) Comparison of peak calls between samples. For each pair of samples, the distances between each peak call in the sample with fewer peaks and the nearest

peak call in the other sample are shown. Negative and positive numbers indicate the nearest peak is upstream or downstream, respectively.

(F) Distances between adjacent peaks, sample CH01. The dotted black line indicates the mode of the distribution (185 bp).

See also Figure S2.
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