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Summary
Plasma DNA fragmentomics is an emerging area in cell-free DNA diagnostics and research. Inmurinemodels, it has been shown that the

extracellular DNase, DNASE1L3, plays a role in the fragmentation of plasma DNA. In humans, DNASE1L3 deficiency causes familial

monogenic systemic lupus erythematosus with childhood onset and anti-dsDNA reactivity. In this study, we found that human patients

with DNASE1L3 disease-associated gene variations showed aberrations in size and a reduction of a ‘‘CC’’ end motif of plasma DNA.

Furthermore, we demonstrated that DNA from DNASE1L3-digested cell nuclei showed a median length of 153 bp with CC motif fre-

quencies resembling plasma DNA from healthy individuals. Adeno-associated virus-based transduction of Dnase1l3 into Dnase1l3-defi-

cient mice restored the end motif profiles to those seen in the plasma DNA of wild-type mice. Our findings demonstrate that DNASE1L3

is an important player in the fragmentation of plasma DNA, which appears to act in a cell-extrinsic manner to regulate plasma DNA size

and motif frequency.
Introduction

The analysis of circulating nucleic acids in plasma is an

emerging noninvasive diagnostic tool in many fields,

including in noninvasive prenatal testing and as a liquid

biopsy for cancer assessment.1–4 Studies on the fragmenta-

tion of plasma DNA,5–11 referred to as fragmentomics,12–14

have received much recent attention. Plasma DNA is

released upon cell death and exists in the circulation

mainly as short fragments.15,16 Analysis of plasma samples

from different healthy individuals reveals a characteristic

plasma DNA fragmentomic profile that is observed repro-

ducibly. For example, the size profile of plasma DNA typi-

cally shows a 166 bp major peak with 10 bp periodicities

occurring from approximately 143 bp and below.6,9 Circu-

lating fetal and tumor DNA molecules have been found to

have a shorter size distribution than that of the back-

ground DNA.5,6,9 Additionally, certain sequence motifs

are more frequently observed at the ends of plasma DNA

molecules than others.17,18 These observations prompted
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our group to investigate the relationship between nucle-

ases and plasma DNA fragmentomics.19

We have previously performed a series of studies using

mouse models in which the genes for different nucleases

have been knocked out.19–21 We demonstrated that

different nucleases have unique DNA sequence preferences

for cleavage, which result in characteristic end motif signa-

tures of plasma DNA. Through this combination of studies,

a stepwise model of plasma DNA fragmentation has been

proposed.21 Plasma DNA fragments appear to be generated

first intracellularly with DNA fragmentation factor subunit

beta (DFFB [MIM: 601883]), intracellular deoxyribonu-

clease1-like 3 (DNASE1L3 [MIM: 602244]), and other nu-

cleases. Subsequently, the fragmented DNA is released

into the plasma where DNASE1L3 and DNASE1 (MIM:

125505) continue to cleave it, resulting in the typical

cell-free DNA profile.

DNASE1L3, also known as DNase g, is a member of the

DNase family.22,23 It is primarily secreted by dendritic

cells and macrophages and is expressed predominantly
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Figure 1. Conceptual Diagram Showing the Design and Experimental Approaches of the Study
In part I, we aimed to study the fragmentomic characteristics of plasma DNA from human individuals with or without disease-associated
variations of DNASE1L3. Plasma DNA was isolated from the blood of subjects with DNASE1L3 disease-associated variants, their parents,
and control subjects for analysis and comparison. In part II, we aimed to study the fragmentation preference of DNASE1L3 and DNASE1
by in vitro digestion of DNA from a human cell line. DNA from cell nuclei and naked DNA, representing DNA with or without nucleo-
somal structural proteins, respectively, was subjected to enzymatic digestion by DNASE1L3 or DNASE1 prior to sequence analysis. In part
III, we used a mouse model to investigate whether the fragmentomic profile of DNA in plasma of Dnase1l3-deficient mice could be

(legend continued on next page)
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in the liver and lymphoid organs such as the spleen.24–26

Genetic deficiency of DNASE1L3 causes familial systemic

lupus erythematosus (SLE [MIM: 152700]) characterized

by childhood onset, anti-dsDNA antibody reactivity and

lupus nephritis.27–31 In some cases, SLE was preceded by

vascular inflammation, specifically hypocomplementemic

urticarial vasculitis syndrome (HUVS), which is character-

ized by the presence of recurrent urticarial skin lesions,

decreased plasma complement, and an array of symptoms

such as arthritis, uveitis, glomerulonephritis, and abdom-

inal pain.27,32 Similarly, the loss of DNASE1L3 in mice

causes an anti-dsDNA antibody response progressing to

SLE-like disease.26,33,34 In fact, DNASE1L3 and C1q

(MIM: 120575) are the only genes associated with anti-

body-mediated monogenic SLE. Most of the others are

associated with SLE-like interferonopathies such as Ai-

cardi-Goutieres syndrome (e.g., TREX1 [MIM: 606609],

DNASE2 [MIM: 126350], SAMHD1 [MIM: 606754],

ADAR1 [MIM: 146920]). DNases involved in such syn-

dromes (e.g., TREX1, DNASE2) are intracellular and their

absence causes accumulation of intracellular DNA that

activates cGAS/STING and interferon secretion. Thus,

DNASE1L3 shows a characteristic function and represents

a critical mechanism of immune tolerance to DNA, and

therefore is expected to play a major role in its regula-

tion.35

We have discovered that DNASE1L3 plays an impor-

tant role in plasma DNA fragmentation in a murine

model.20 Mice with homozygous inactivation of

Dnase1l3 exhibit a lengthened plasma DNA size profile

with increases in di-, tri-, and multi-nucleosomal plasma

DNA molecules.20 Ends of plasma DNA fragments in hu-

mans and mice show high frequencies of 4-mer motifs

usually starting with CC dinucleotides. Dnase1l3 defi-

ciency in mice is associated with statistically significant

reductions in the frequencies of these characteristic

plasma DNA end motifs. These observations suggest

that the enzyme DNASE1L3 may play an important

role in the process of plasma DNA fragmentation in

mice.

In this study, we provide evidence demonstrating

the role of DNASE1L3 in plasma DNA fragmentation

in humans. We studied the plasma DNA profile of

human subjects with disease-associated variations of

DNASE1L3 (Figure 1). We also investigated whether

we could simulate the plasma DNA fragmentation pro-

file using in vitro digestion of nuclei from a human cell

line by DNASE1L3 (Figure 1). Finally, we employed a

murine model to explore the potential normalization

of plasma DNA profiles through reconstitution of DNA-

SE1L3 in the circulation of Dnase1l3-deficient mice

(Figure 1).
corrected in vivo via DNASE1L3-expressing adeno-associated viral (AA
particles or PBS were used as negative controls. The DNA libraries were
the analyses of the size distribution and the 4-mer end motif freque
DNASE1 in digestion of cell nuclei (refer to Figure 7).
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Material and Methods

Human Subjects
We recruited 27 individuals from the Prince of Wales Hospital

(Hong Kong), the Istituto Giannina Gaslini (Italy), and the Hospi-

tal for Sick Children (SickKids) (Canada) with written informed

consent. In total, the cohort included 5 case subjects with

DNASE1L3 disease-associated variants, 3 parents of these subjects,

and 19 control subjects. Table S1 summarizes the demographics of

these subjects. The five case subjects had the following sequence

variations in DNASE1L3: three subjects (V1, H2, and H4) had ho-

mozygous frameshift c.290_291delCA (p.Thr97Ilefs*2) mutation,

one subject (V6) was heterozygous for c.290_291delCA (p.Thr97I-

lefs*2) and a deletion in exon 5, and one subject (A3) was found

homozygous for c.563G>C (p.Gln188Arg) for DNASE1L3. A1

and A2 were the parents of A3. H1 was the parent of H2 and H4

(Figure 4). Among the control subjects, eight were healthy individ-

uals, six were subjects with inactive SLE, two had juvenile idio-

pathic arthritis (JIA [MIM: 618795]), and three were subjects

with kidney transplantation (due to end-stage renal failure from

kidney dysplasia [MIM: 143400] and vesico-ureteral reflux

[MIM: 193000]). None of these control subjects carried either

c.290_291delCA (p.Thr97Ilefs*2) or c.563G>C (p.Gln188Arg).

JIA is the most common pediatric rheumatic disease and includes

all forms of arthritis that begin before adulthood and are of un-

known origin, which share some features, such as uveitis and pres-

ence of autoantibodies,36 with HUVS. Therefore, we enrolled pa-

tients with JIA as pediatric autoimmune disease control subjects.

As subjects with DNASE1L3 disease-associated variants could

develop kidney complications and require kidney transplantation,

pediatric subjects, who had received kidney transplantation for

non-immune related disorders, were also enrolled. One blood sam-

ple was collected from each individual, except one patient with

DNASE1L3 disease-associated variant who had provided four

blood samples for analysis. The study was approved by the Joint

Chinese University of Hong Kong-Hospital Authority New Terri-

tories East Cluster Clinical Research Ethics Committee, the ethics

committee of the Istituto Giannina Gaslini (approval BIOL 6/5/

04), and the SickKids Research Ethics Board.

Animals
Animal experiments were performed according to a protocol

approved by the Institutional Animal Care and Use Committees

ofNewYorkUniversity School ofMedicine. TheDnase1l3-deficient

mousemodel on C57BL/6 (B6) background (Dnase1l3LacZ/LacZ) was

described previously.26 The AAV8-based vector encoding human

DNASE1L3 open reading frame (ORF) (GenBank: NP_004935.1)

under a hepatocyte-specific plasminogen (PL1) promoter was

constructed and virus particles were produced and purified by

Welgen. Three Dnase1l3-deficient mice were each injected with

1 3 1011 virus genomes of AAV8-PL1-DNASE1L3 particles via

the tail vein. For controls, one Dnase1l3-deficient mouse was in-

jected with 1 3 1011 virus genomes of AAV particles encoding

green fluorescent protein (GFP) under the ubiquitous cytomega-

lovirus (CMV) promotor (UNC Vector core) and another one

was injected with sterile phosphate buffered saline (PBS) alone.
V) transfection. Dnase1l3-deficient mice injected with empty AAV
constructed and sequenced. The fragmentomic profiling involved

ncies of DNA fragments. The red cross denotes the inefficiency of
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After 4 weeks, the mice were euthanized and exsanguinated by

cardiac puncture.

Sample Processing and DNA Extraction
The blood samples in EDTA-containing collection tubes were first

centrifuged at 1,6003 g for 10 min at 4�C and the plasma portion

was further subjected to centrifugation at 16,0003 g for 10 min at

4�C to pellet the residual cells and platelets.37 The resulting plasma

was harvested. Circulating cell-free DNA was extracted from

plasma using the DSP Blood Mini Kit (QIAGEN) as previously

described.2

In Vitro Nuclease Digestion of Nuclei DNA and Naked

DNA
Nuclei and genomic DNA isolated from Jurkat cells (human T

lymphocyte cell line) were digested by either DNASE1 or

DNASE1L3.26,38 Jurkat cell genomic DNA was purchased from

ThermoFisher and nuclei were isolated as described.26 Recombi-

nant human DNASE1 was purchased commercially (Abcam) and

the DNASE1L3 was produced in-house. An 8-aa FLAG epitope

was introduced into a predicted internal loop of the human full-

length DNASE1L3, and the resulting protein was confirmed to

retain full activity including its specific ability to digest chromatin.

The resulting FLAG-DNASE1L3 ORF was stably expressed from a

lentiviral vector in 293T cells, purified using anti-FLAG M2 beads

(Sigma-Aldrich), eluted with FLAG peptide, and quantified by so-

dium dodecylsulfate polyacrylamide gel electrophoresis (SDS-

PAGE) with bovine serum albumin (BSA) as a standard. DNases

(25 mg/mL) were incubated with 2 3 105 nuclei or 200 ng of

genomic DNA in Hanks’ Balanced Salt Solution (Thermo Fisher)

at 37�C for 1 h in the presence of 2 mM MnCl2/CaCl2. After incu-

bation, the digested samples were purified individually using

Wizard Plus Minipreps DNA Purification System (Promega).

DNA Library Preparation and Electrophoresis
Circulating DNA libraries were constructed by using the KAPAHTP

Library Preparation Kit (Roche) and purified using a MinElute Re-

action Cleanup Kit (QIAGEN) according to the manufacturer’s in-

structions. Adaptor-ligated libraries were analyzed on an Agilent

4200 TapeStation (Agilent Technologies) using the High Sensi-

tivity D1000 ScreenTape System (Agilent Technologies) for quality

control and gel-based size determination. Before sequencing, the

libraries were quantified by quantitative polymerase chain reac-

tion (qPCR) using a KAPA Library Quantification Kit (Roche) on

a LightCycler 96 instrument (Roche).

Illumina DNA Sequencing
The DNA libraries were sequenced for 75 bp for each end in a

paired-end format on a NextSeq 500 instrument (Illumina). Real-

time image analysis and base calling were performed using the

NextSeq Control Software v.2.1.0 and Real Time Analysis (RTA)

Software v.2.4.11 (Illumina). After base calling, adaptor sequences

and low-quality bases (i.e., quality score < 5) on the 30 ends of the
reads were removed. The sequencing depth was 60M 5 18M

unique reads per case.

For the analysis of sequencing data, the sequenced reads were

aligned to the non-repeat-masked reference genomes (NCBI build

37/hg19 for human and NCBI build 37/UCSCmm9 for mouse) us-

ing the Short Oligonucleotide Alignment Program 2 as previously

described.2,39 Only paired-end reads which were aligned to the

same chromosome in a correct orientation with an insert size
The American
less than 600 bp were used for downstream analysis. For paired-

end reads sharing the same start and end aligned genomic coordi-

nates, only one would be kept for further analysis while the rest

were deemed to be PCR duplicates and were discarded.

Single-Molecule, Real-Time Sequencing
Sequencing templates were constructed using SMRTbell Template

Prep Kit 1.0-SPv3 (Pacific Biosciences). The amplicon template

preparation and sequencing protocol was used, with minor mod-

ifications: DNA was purified with 1.83 AMPure PB beads, and li-

brary size was estimated using TapeStation instrument (Agilent).

Sequencing primer annealing and polymerase binding conditions

were calculated with SMRT Link v.5.1.0 software (Pacific Biosci-

ences). Briefly, sequencing primer v.3 was annealed to sequencing

template, then the polymerase was bound to templates using

Sequel Binding and Internal Control Kit 2.1 (Pacific Biosciences).

Sequencing was performed on a Sequel SMRT Cell 1M v.2 for

each template. Sequencing movie was collected on the Sequel sys-

tem for 10 h with Sequel sequencing kit 2.1 (Pacific Biosciences).

Size Analysis of Circulating DNA
Following paired-end sequencing, both end sequences of each

DNA molecule were aligned to the human reference genome

(NCBI build 37/hg19) or mouse reference genome (NCBI build

37/UCSC mm9). The genome coordinates of the aligned ends

were then used to deduce the sizes of the sequenced DNA

molecules.

Motif Analysis of Circulating DNA
To study whether the disease-associated variations of DNASE1L3

would alter the cleavage pattern of circulating DNA, the first

4-nucleotide sequence (i.e., a 4-mer motif) on each 50 fragment

end of plasma DNA molecules was determined. The frequency of

each of the 256 possible motifs (i.e., 4 3 43 4 3 4) was calculated

and normalized by the total number of ends. For each motif, the

difference in the frequencies between subjects with DNASE1L3

disease-associated variants and healthy control subjects was tested

by Wilcoxon rank-sum test and its p value was adjusted by the

Holm-Bonferroni procedure because of multiple comparisons.40

Statistical Analysis
Analysis was performed using custom-built programs written in

Perl and R languages. Statistical difference was calculated using

the Wilcoxon rank-sum test unless otherwise specified. A p value

of less than 0.05 was considered as statistically significant and

all probabilities were two-tailed.
Results

Size Profiling of Plasma DNA

Paired-end sequencing, which allows for plasma DNA size

determination at a single-nucleotide resolution, was

performed for plasma DNA libraries from subjects with

DNASE1L3 disease-associated variants, their parents, and

control subjects. The control group consisted of both

healthy subjects and subjects with inactive SLE, juvenile

idiopathic arthritis, and kidney transplantation. Figure 2

shows the overall size distribution of plasma DNA mole-

cules. Figure 2A shows the size distribution profiles plotted
Journal of Human Genetics 107, 882–894, November 5, 2020 885



Figure 2. Size Distributions of Plasma
DNA Molecules of Case Subjects, Their
Parents, and Control Subjects
Subjects with DNASE1L3 disease-associated
variants (red, n ¼ 8), their parents (blue, n
¼ 3), and control subjects (green, n ¼ 19).
The size distribution is plotted in the range
(A) from 0 to 600 bp on a logarithmic scale
and (B) from 0 to 400 bp on a linear scale.
Each line represents one case. As one sub-
ject provided four blood collections, a total
of eight plasma samples from the affected
group were analyzed.

Figure 3. Fragmentation Index of DNA in Plasma of Control
Subjects and Case Subjects with DNASE1L3 Disease-Associated
Variants
The fragmentation index was calculated by dividing the
sequenced read count of the DNA molecules at 166 bp by that of
the DNA molecules at 250 bp and plotted on a logarithmic scale.
Each circle represents one case. As one subject provided four blood
collections, a total of eight plasma samples from the affected group
were analyzed. Multiple samples obtained from the same subject
were indicated by green solid circles. One of the subjects (A3)
with the missense mutation c.563G>C (p.Gln188Arg) was indi-
cated by a yellow solid circle. The middle line and error bars indi-
cate median 5 interquartile range.
on a logarithmic scale to allow for better visualization of

these changes in the frequencies of long DNA fragments.

The plasma DNA size profile of the control subjects

demonstrated the expected modal size at approximately

166 bp,6,9 which reflected the nucleosomal nature of

plasma DNA. The parents, who carried one normal

DNASE1L3 gene and one variant one, did not show any

notable difference in the overall size distribution of plasma

DNA when compared to the control subjects. In contrast,

subjects carrying two DNASE1L3 disease-associated vari-

ants exhibited an aberrant size profile with an increase in

the frequencies of plasma DNA molecules below 50 bp

and those above 250 bp (Figure 2A). Figure S1 demon-

strates that disease-associated variations of DNASE1L3

result in a near doubling in the frequency of plasma DNA

molecules above 250 bp when compared to that of the

control subjects (p < 0.0001, Wilcoxon rank-sum test).

These observations were thus reminiscent of the plasma

DNA profile of Dnase1l3-deficient mice.20 Compared to

control subjects, affected individuals with DNASE1L3 dis-

ease-associated variants had an increase in the frequency

of plasma DNAmolecules at 250 bp or above but a reduced

frequency of plasma DNA molecules at 166 bp (Figure 2A).

We calculated a fragmentation ratio by dividing the

sequenced read count of the DNA molecules at 166 bp by

that of the DNA molecules at 250 bp. Figure 3 shows that

the fragmentation indices of DNASE1L3-deficient subjects

were significantly decreased by 96% (p< 0.0001,Wilcoxon

rank-sum test) compared to control subjects.

Frequency Distribution of Plasma DNA End Motifs

In our previous work with a murine model of Dnase1l3

gene knockout,20 we found that Dnase1l3 deletion was

associated with changes in plasma DNA molecules charac-

terized by a series of 4-mer end motifs (all starting with

CC). To see whether such observations could be extrapo-

lated to humans, we ranked the 4-mer end motifs of

plasma DNA from healthy human subjects (i.e., excluding

the inactive SLE, JIA, and kidney transplantation control

subjects) in descending order of frequency (Data S1, tab

‘‘Controls’’). The frequencies of the top 25 end motifs of

each of the control subjects and case subjects with dis-
886 The American Journal of Human Genetics 107, 882–894, Novem
ease-associated variants are illustrated in the heatmap in

Figure 4. Subjects with disease-associated variants had a

distinct heatmap pattern when compared to healthy con-

trol subjects, subjects with other clinical conditions, and

their parents. On the other hand, the heatmap patterns

within the control subjects and the parents were similar.

We then selected the end motifs that showed a significant

reduction in patients with disease-associated variants from

this ranked order (Data S1, tab ‘‘DNASE1L3 Def’’). The top

25 end motifs, which were found by such a procedure,

were all within the top 28 motifs observed in the healthy

control subjects (Data S1) and are listed in Table 1. The
ber 5, 2020



Figure 4. End Motif Aberrations of
Plasma DNA in Subjects with DNASE1L3
Disease-Associated Variants
Heatmap of the frequency of the top 25
ranked 4-mer end motifs in plasma DNA
among the different groups. Samples V1
to V4 were taken on four separate
occasions, from one patient who was ho-
mozygous for the c.290_291delCA
(p.Thr97Ilefs*2) frameshift mutation. Sam-
ples A3, H2, and H4 were taken from sub-
jects who were also homozygous for the
c.290_291delCA (p.Thr97Ilefs*2) frame-
shift mutation. Sample A3 was taken from
a subject who was homozygous for
c.563G>C (p.Gln188Arg), and V5 was
taken from a subject who was heterozygous
for c.290_291delCA (p.Thr97Ilefs*2) and a
deletion in exon 5 of DNASE1L3. Sample
H1 was taken from a parent who was het-
erozygous for c.563G>C (p.Gln188Arg),
while samples H2 and H4 were taken

from parents who were heterozygous for c.290_291delCA (p.Thr97Ilefs*2) of DNASE1L3. SLE, systemic lupus erythematosus; JIA, juve-
nile idiopathic arthritis; transplant, subjects with a history of kidney transplantation; parent, healthy parents of subjects withDNASE1L3
disease-associated variants.
top six selected motifs (CCCA, CCAG, CCTG, CCAA,

CCCT, and CCAT) all started with CC and thus were

considered together in subsequent analyses. These six

selected motifs were all within the top 7 motifs observed

in healthy control subjects, and together accounted for

10.64% (range 9.76%–11.69%) of plasma DNA end motifs.

Figure 5 shows the frequency of the combined percentages

of the six selected motifs in the plasma of control subjects

compared to subjects with disease-associated variants. We

observed that disease-associated variations of DNASE1L3

were associated with a significant reduction in the fre-

quencies of these motifs. Frequencies for each of the top

six motifs (Figure S2) were consistent with the combined

percentages shown in Figure 5. Thus, the disease-associ-

ated variations of DNASE1L3 were associated with a reduc-

tion in the frequencies of the most common DNA end mo-

tifs in human plasma.

In Vitro Digestion of DNA by DNASE1 and DNASE1L3

The analyses of the size distribution and end motifs of

plasma DNA have suggested that the cleavage of DNA by

DNASE1L3 may be inter-nucleosomal and may exhibit

increased likelihood to be adjacent to cytosine dinucleo-

tides (CC).20 To directly test this notion, we digested

both cell nuclei and naked DNA by DNASE1 and

DNASE1L3 and analyzed the results by DNA sequencing

(Pacific Biosciences).

Table 2 shows the size metrics of the DNA molecules

with and without enzymatic digestion. Digestion of cell

nuclei by DNASE1L3 drastically reduced the median

length of DNA fragments from 1,950 bp (no digestion) to

153 bp (after digestion), whereas DNASE1 had a much

lower impact (median length after digestion: 1,640 bp).

Digestion of naked DNA by DNASE1L3 and DNASE1

reduced the size of DNA fragments with median values

changing from 1,871 bp to 179 bp and 217 bp, respec-
The American
tively. These data demonstrated that DNASE1L3 cleaved

both DNA in cell nuclei and naked DNA, while DNASE1

was able to digest only naked DNA, as reported previ-

ously.41

Interestingly, DNA from cell nuclei digested by

DNASE1L3 exhibited a size profile similar to plasma cell-

free DNA with a major peak at 153 bp followed by a series

of smaller 10-bp periodic peaks (Figure 6). In contrast, this

pattern was not observed after digesting naked DNA with

either DNASE1L3 or DNASE1. These results suggest that

these two nucleases may have different substrate prefer-

ences and that DNA-bound proteins, e.g., histones, might

be a factor influencing the fragmentation patterns of

plasma DNA.

We next analyzed the DNA end motifs by ranking the

256 end motifs in descending order according to their fre-

quencies in DNASE1L3- or DNASE1-digested cell nuclei

and naked DNA (Data S2). In Figures 7A and 7B, the

ranking of each of the 256 DNA end motifs created by

DNASE1L3 was plotted against those created by digestion

with DNASE1 for nuclei and naked DNA substrates, respec-

tively. The pink area in Figures 7A and 7B highlights mo-

tifs that were ranked within the top 10 for DNASE1L3

but ranked 11 or lower for DNASE1. Conversely, the yel-

low area in Figures 7A and 7B highlights motifs that

were ranked within the top 10 for DNASE1 but ranked

11 or lower for DNASE1L3. Among the nine motifs in

the pink area of Figure 7A (digestion of cell nuclei), six

of these were also found in the pink area of Figure 7B

(digestion of naked DNA). Five out of six of these started

with CC. Among the five motifs starting with CC, four

of them (i.e., CCTG, CCAG, CCCA, and CCAA) were pre-

viously found to be significantly reduced in the plasma

of Dnase1l3-deficient mice but not Dnase1-deficient

mice, implicating these motifs as specific targets for

DNASE1L3.20
Journal of Human Genetics 107, 882–894, November 5, 2020 887



Table 1. Top 25Motifs with the Highest Frequencies in Healthy Control Subjects and Their Ranks, Frequencies in Plasma of Healthy Control
Subjects and Case Subjects, as well as the Fold Change in Frequencies between Healthy Control Subjects and Case Subjects

Motif
Rank in Healthy
Control Subjects

Rank in Case
Subjects

Motif Frequency of Healthy
Control Subjects (a) (%)

Motif Frequency of Case
Subjects (b) (%) Fold Change (a/b) p Value

CCCA 1 1 2.29 0.85 2.69 <0.0001

CCAG 2 3 1.91 0.79 2.43 <0.0001

CCTG 3 7 1.89 0.94 2.01 <0.0001

CCAA 4 2 1.64 0.67 2.45 <0.0001

CCCT 5 20 1.51 0.92 1.64 <0.0001

CCTT 6 83 1.48 1.31 1.13 0.4487

CCAT 7 15 1.41 0.82 1.72 <0.0001

CAAA 8 48 1.41 1.08 1.30 0.0003

CCTC 9 52 1.23 0.97 1.27 0.0003

CCAC 10 10 1.12 0.6 1.85 <0.0001

TGAA 11 39 1.04 0.73 1.42 <0.0001

TAAA 12 75 1.03 0.88 1.16 0.0127

CCTA 13 8 1.02 0.52 1.97 <0.0001

CCCC 14 9 1.01 0.53 1.90 <0.0001

TGAG 15 35 0.99 0.67 1.48 <0.0001

TGTT 16 18 0.98 0.58 1.69 <0.0001

CAAG 17 41 0.97 0.7 1.40 0.0002

CTTT 18 165 0.96 1.33 0.73 0.0001

AAAA 19 120 0.95 0.98 0.96 0.8205

TGTG 20 12 0.91 0.5 1.82 <0.0001

CATT 21 167 0.89 1.23 0.72 <0.0001

CACA 22 45 0.85 0.65 1.31 0.0002

CAGA 23 57 0.84 0.68 1.23 0.0002

TATT 24 61 0.83 0.69 1.21 0.001

CAGG 25 91 0.81 0.75 1.08 0.0888
Conversely, among the ten motifs in the yellow area of

Figure 7A (incubation of cell nuclei), only two were found

in the yellow area of Figure 7B (digestion of naked DNA).

Among the tenmotifs in the yellow area of Figure 7B (diges-

tion of naked DNA), nine of them started with T. DNA end

motifs startingwith aTwere previously shown tobe a signa-

ture of DNASE1 digestion in plasma.21 Previous work has

indicated that DNASE1 is more efficient at digesting naked

DNA compared to nucleosomal DNA.42 We hypothesized

that the motifs in the yellow area in Figure 7Awere located

there because of their statistical frequencies within the hu-

man genome rather than due to the cutting effects medi-

ated by DNASE1. We thus plotted the ranking of motif fre-

quencies of cell nuclei incubated with DNASE1 versus the

ranking of in silico determined motif frequencies across

the human genome (Figure S3A).We observed a strong cor-

relation between the rankings of the observed and in silico

calculated frequencies (r ¼ 0.94, p < 0.0001, Spearman’s

correlation). The green area of Figure S3A denotes motifs
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that were highly ranked in nuclei DNA after exposure to

DNASE1 and the in silico determined frequencies in the hu-

man genome. Notably, all seven motifs in the green area

were found in the yellow area of Figure 7B.

In comparison, we also plotted the ranking of motif fre-

quencies of cell nuclei digested by DNASE1L3 versus the

ranking of the in silico determined motif frequencies

(Figure S3B). Importantly, the correlation was not as strong

(r ¼ 0.631, p < 0.0001, Spearman’s correlation) as the cor-

relation in DNASE1-exposed nuclei DNA; in particular, un-

like in Figure S3A, there were no motifs in the top right-

hand quadrant of Figure S3B. Altogether, these data sug-

gest that DNASE1L3 directly imparts the end motif speci-

ficity on its nuclear DNA substrate.

Adeno-Associated Virus (AAV)-Mediated Reconstitution

of DNASE1L3 in Dnase1l3-Deficient Mice

Our previous mouse pregnancy model demonstrated that

the contribution of DNASE1L3 to the fragmentation of
ber 5, 2020



Figure 5. Combined Percentages of the Six Selected Motifs in
Plasma DNA of Control Subjects and Case Subjects with
DNASE1L3 Disease-Associated Variants
The selected motifs CCCA, CCAG, CCTG, CCAA, CCCT, and
CCAT were the top six 4-mer motifs ranked with the highest fre-
quencies in healthy control subjects which showed a statistically
significant reduction in case subjects withDNASE1L3 disease-asso-
ciated variants. Each circle represents one case. As one subject pro-
vided blood samples on four different occasions, a total of eight
plasma samples from the patient group were analyzed. Multiple
samples obtained from the same subject were indicated by green
solid circles. One of the subjects (A3) with the missense mutation
c.563G>C (p.Gln188Arg) was indicated by a yellow solid circle.
The middle line and error bars indicate median 5 interquartile
range.

Figure 6. Size Distributions of Nuclei DNA and Naked DNA after
Digestion by Nucleases In Vitro
The size distributions are in the range from 0 to 400 bp plotted on
a linear scale.
plasma DNA could occur at a systemic level in the

circulation and within the placenta.20 To test whether

DNASE1L3 may regulate plasma fragmentation in a cell-

extrinsic manner, we ectopically expressed DNASE1L3 in

Dnase1l3-deficient mice using AAV8 vector-based delivery.

AAV8 was used as a transduction vector because of its high

affinity for hepatocytes, and hepatocyte-specific expres-

sion was further reinforced by the PL1 promoter.43

Dnase1l3-deficient mice injected with PBS or with GFP-en-
Table 2. Table Summarizing the Size of DNA with or without
Enzyme Digestion

Enzyme Digestion
Median DNA Size
(Interquartile Range), bp

Longest DNA
Size, bp

Cell Nuclei DNA

No digestion 1,950 (954–3,313) 24,100

DNASE1L3 digestion 153 (127–185) 11,378

DNASE1 digestion 1,640 (796–2,532) 20,010

Naked DNA

No digestion 1,871 (996–2,977) 19,429

DNASE1L3 digestion 179 (111–308) 4,463

DNASE1 digestion 217 (141–379) 20,416

The American
coding AAV particles served as controls. If DNASE1L3 was

expressed in Dnase1l3-deficient mice after the AAV8-

Dnase1l3 transfection, then one would expect that a

reversal of the phenotype associated with Dnase1l3 dele-

tion would occur. To investigate this, we analyzed the

size profile and the six selected end motifs of plasma DNA.

Figure S4A demonstrates that Dnase1l3 transduction in

Dnase1l3-deficient mice partially restored the major peak

at 166 bp in two out of three animals, while the controls

without Dnase1l3 transduction retained a relatively more

aberrant size profile of plasma DNA. Although one of the

transduced Dnase1l3-deficient mice overlapped with the

Dnase1l3-deficient mouse injected with PBS, an overall

trend of size normalization was observed. When compared

to controls, the median fragmentation index of transduced

Dnase1l3-deficient mice was doubled (Figure S4B).

Figure 8 is a heatmap showing the frequencies of the top

25 end motifs of each mouse used in the AAV transfection

experiment. Publicly available motif data generated from 9

wild-type and 13 Dnase1l3-deficient mice (European

Genome-Phenome Archive: EGAS00001003174) were

used as references. The overall motif frequency pattern of

Dnase1l3-deficient mice injected with either PBS or empty

AAV particles was similar to that of the reference Dnase1l3-

deficient mice shown in the first two columns. In contrast,

mice with Dnase1l3 transduction showed a motif fre-

quency pattern that was more comparable to that of

wild-type mice, in comparison with the reference

Dnase1l3-deficient mice and those injected with PBS or

empty AAV particles.

Figure 9 shows the frequency of the combined percent-

ages of the top six motifs in the plasma DNA of these

mice. After Dnase1l3 transduction, the combined percent-

age inDnase1l3-deficient mice was increased and compara-

ble to that of the reference wild-type mice. However,
Journal of Human Genetics 107, 882–894, November 5, 2020 889



Figure 7. Relationships between the Motif Rankings of In Vitro Digested DNA Substrates
Correlations between (A) the motif rankings of cell nuclei after digestion with DNASE1L3 and that of cell nuclei incubated with DNASE1
and (B) the motif rankings of naked DNA digestion by DNASE1L3 and that of naked DNA digestion by DNASE1. Each circle represents a
4-mer motif. Motifs preferentially created by the DNASE1L3 digestion of cell nuclei (A) or naked DNA (B) were indicated by open red
circles. Motifs preferentially created by the DNASE1 digestion of cell nuclei (A) or naked DNA (B) were indicated by open blue circles.
Two commonmotifs preferentially created by DNASE1 digestion of both cell nuclei and naked DNAwere indicated by solid blue circles.
Dnase1l3-deficient mice injected with PBS or empty AAV

particles did not show any increase in the combined per-

centage of the top six motifs. Frequencies for each of the

top six motifs (Figures S5A–S5F) were consistent with the

combined percentages shown in Figure 9. In addition to

supporting the contribution of DNASE1L3 to the fragmen-

tation of plasma DNA at the systemic level, these data sug-

gest that Dnase1l3 transduction via AAV8 transfection

could restore the DNA size andmotif frequencies of plasma

DNA in Dnase1l3-deficient mice to the wild-type state.
Discussion

In this study, we found that human subjects with disease-

associated variants showed a number of aberrations in the

fragmentation of plasma DNA. We observed an increase in

the proportion of longer DNA molecules (above 250 bp)

but fewer DNA molecules at 166 bp. Hence, we used

DNA fragment frequencies in these two length regions to

develop a fragmentation index that could quantify such

changes and even be used to identify patients with dis-

ease-associated variants (Figure 3).

In addition to the increased frequency of long DNAmol-

ecules, there was also an increase in the amount of short

plasma DNA molecules below 120 bp. We have previously

reported an increase in the amount of short plasma DNA

molecules in patients with SLE.44 In fact, homozygous mu-

tations of DNASE1L3 causes familial SLE characterized by

childhood onset and anti-dsDNA antibody reactivity.27–31

The increase of short DNA fragments was associated with

the presence of anti-dsDNA antibodies. One plausible
890 The American Journal of Human Genetics 107, 882–894, Novem
explanation could be that DNASE1L3 deficiency may

lead to the accumulation of the undigested circulating

DNA, which could further trigger autoimmunity including

production of the anti-dsDNA antibodies. Hence, the auto-

antibodies may bind with the short DNA molecules and

result in the increased frequency of both longer and

shorter DNA in plasma of the patients withDNASE1L3mu-

tations.26,33

Our previous study using Dnase1l3-deficient mice found

that plasma DNA motifs beginning with CC appeared at

relatively high levels in the plasma of wild-type mice but

showed significant reductions in Dnase1l3�/� mice.20

Similar to Dnase1l3-deficient mice, the plasma DNA of hu-

man subjects with disease-associated variants exhibited a

reduction of the CC end motifs (Figures 4 and S2). These

results suggested that plasma DNA end motif profiling

may have potential to serve as a tool for detecting diseases

associated with nuclease deficiency. Indeed, we have

recently demonstrated the use of plasma DNA end motif

profiling in oncology, in which multiple cancer tissues

have been shown to exhibit a reduction in DNASE1L3

expression.18

In our previous study on nonpregnant SLE case sub-

jects,44 we found that the presence of high anti-dsDNA

antibody levels in the active SLE subjects might contribute

to the retention of the short DNAmolecules in plasma due

to a binding effect from IgG. As DNASE1L3 deficiency rep-

resents a subset of monogenic SLE and is associated with

the presence of autoantibodies, we expect that pregnant

SLE subjects with the DNASE1L3 mutation might exhibit

a similar antibody-related increase in short DNAmolecules

in plasma.
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Figure 8. Heatmap Showing the Effect of DNASE1L3 Reconstitution on the 4-mer Motifs of Plasma DNA in Dnase1l3-Deficient Mice
The top 25 4-mer motifs with the highest frequencies in the wild-type mice were compared. Publicly available data of 9 wild-type and 13
Dnase1l3-deficient mice were used as references.20
Interestingly, the parents of the affected individuals,

who carried only one copy of a mutant DNASE1L3, were

clinically healthy and did not show an intermediate frag-

mentomic profile between the control subjects and the
Figure 9. Combined Percentages of the Six Selected Motifs in
Plasma DNA of Mice with or without DNASE1L3 Reconstitution
The selected motifs CCCA, CCTG, CCAG, CCAA, CCAT, and
CCTC were the top six 4-mer motifs ranked with the highest fre-
quencies in wild-type mice and showed a statistically significant
reduction in Dnase1l3-deficient mice. Publicly available data
from 9 wild-type and 13 Dnase1l3-deficient mice were used as ref-
erences.20 The bar and errors indicate median 5 interquartile
range.

The American
case subjects. These observations suggested that a single

copy of DNASE1L3 might produce sufficient enzyme to

maintain fragmentomic normality in the plasma DNA

profile.

In ongoing projects, we have found that plasma from

subjects with disease-associated variants was less effective

in the digestion of native chromatin compared to healthy

control subjects (J. Hartl, L.S., and B.R., unpublished data).

Additionally, we found that total levels of cfDNA were not

significantly changed in patients with disease-associated

variants.

Both DNA from cell nuclei and naked DNA showed an

increase in the frequencies of the CC endmotifs after enzy-

matic digestion by DNASE1L3 but not by DNASE1. These

findings suggested that DNASE1L3 has a strong preference

for cutting DNA sequences adjacent to the CC dinucleo-

tides regardless of the presence of nucleosomal structural

proteins. DNASE1 digestion of naked DNA revealed a pre-

ponderance of high-ranking motifs starting with T. In mu-

rine models, such T end motifs have been associated with

DNASE1.15 In contrast, incubation of cell nuclei with

DNASE1 revealed a largely different set of high-ranking

end motifs (Figure 7A), which were found to rank highly

because of their statistical prevalence in the human

genome (Figure S3A). Together, these results underscore

the value of searching for nuclease-specific signatures in

plasma DNA. A proportion of such signatures might be
Journal of Human Genetics 107, 882–894, November 5, 2020 891



useful as biomarkers in the emerging field of plasma DNA

fragmentomics.

By studying the fragmentomic change in plasma DNA of

Dnase1l3-deficient mice where DNASE1L3 has been recon-

stituted in the circulation, one could further obtain in-

sights into the site of action of DNASE1L3. AAV8 has a

broad tropism in murine non-hematopoietic tissues with

a distinctively strong expression in the liver,45 specifically

in hepatocytes,46 and this was further reinforced with a

hepatocyte-specific promoter. Conversely, DNASE1L3 is

primarily expressed in hematopoietic cells including den-

dritic cells and macrophages, which represent a major

source of the enzyme in circulation.26 If the transduced

cells produce the DNASE1L3 enzyme and DNASE1L3 was

able to fragment the DNA in the circulation, then one

would observe a normalization of the six highest ranked

motifs in plasma DNA molecules. This was indeed

observed from the data shown in Figures 8, S4, and S5.

Because the majority of plasma DNA was derived from he-

matopoietic cells and DNASE1L3 in this setting was

mainly derived from the liver, these data suggest that

ectopically expressed DNASE1L3 was able to regulate

plasma DNA fragmentation in a cell-extrinsic manner

and that the liver could play a role in plasma DNA

fragmentation, at least in this experimental system. These

results suggest that further studies on the replenishment

of DNASE1L3 may help to explore new therapeutic

approaches for treating individuals with insufficient

DNASE1L3 and that plasma DNA fragmentomic profile

might be a potential biomarker for monitoring the thera-

peutic efficacy if such an approach is developed. Due to

the small number of mice in this preliminary study,

further investigation with increasing sample size would

be necessary to support this conclusion.

In summary, we have demonstrated that homozygous

disease-associated variations of DNASE1L3 in humans are

associated with aberrations in plasma DNA fragmentation.

Hence, we conclude that DNASE1L3 is an important

component of the mechanism for maintaining plasma

DNA homeostasis in humans. Our findings suggest that a

better understanding of the relationship between nuclease

biology and the generation of plasma DNA might offer a

new dimension of research in circulating nucleic acids

and might be useful for developing fragmentomic bio-

markers in plasma DNA diagnostics.
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