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Jagged Ends on Multinucleosomal Cell-Free DNA Serve
as a Biomarker for Nuclease Activity and Systemic Lupus
Erythematosus
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BACKGROUND: Jagged ends of plasma DNA are a re-
cently recognized class of fragmentomic markers for
cell-free DNA, reflecting the activity of nucleases. A
number of recent studies have also highlighted the im-
portance of jagged ends in the context of pregnancy
and oncology. However, knowledge regarding the gener-
ation of jagged ends is incomplete.

METHODS:  Jaggedness of plasma DNA was analyzed based
on Jag-seq, which utilized the differential methylation sig-
nals introduced by the DNA end-repair process. We inves-
tigated the jagged ends in plasma DNA using mouse models
by deleting the deoxyribonuclease 1 (Dnasel), DNA fragmen-
tation factor subunit beta (Dffb), or deoxyribonuclease 1 like 3
(Dnasell3) gene.

RESULTS: Aberrations in the profile of plasma DNA
jagged ends correlated with the type of nuclease that
had been genetically deleted, depending on nucleosomal
structures. The deletion of Dnasel/3 led to a significant
reduction of jaggedness for those plasma DNA mole-
cules involving more than 1 nucleosome (e.g., size ranges
240-290 bp, 330-380 bp, and 420-470 bp). However,
less significant effects of Dnasel and Dffb deletions
were observed regarding different sizes of DNA frag-
ments. Interestingly, the aberration in plasma DNA
jagged ends related to multinucleosomes was observed
in human subjects with familial systemic lupus

erythematosus with Dmnasel[3 deficiency and human
subjects with sporadic systemic lupus erythematosus.

CONCLUSIONS:  Detailed understanding of the relation-
ship between nuclease and plasma DNA jaggedness has
opened up avenues for biomarker development.

There is an increasing interest in the roles of DNA nu-
cleases in cell-free DNA (cfDNA) fragmentation (1-6).
For instance, the deletion of deoxyribonuclease 1 like 3
(Dnasell3) leads to a striking reduction of plasma
DNA molecules terminated with cytosine nucleotide
(C-end) in mouse models (2, 4), thus establishing the
relationship between DNASE1L3 and cfDNA fragmenta-
tion. One study explored other nucleases such as deoxy-
ribonuclease 1 (DNASE1) and DNA fragmentation
factor subunit beta (DFFB) by studying mice deficient
in these nucleases (4). Other studies further demonstrated
that plasma DNA end motifs represent a biomarker for
patients with hepatocellular carcinoma (7, 8).

In addition to end motifs of cfDNA, one emerging
fragmentomic feature is the jagged ends of plasma DNA
(i.e., double-stranded plasma DNA molecules with pro-
truding single-stranded ends) (9). Growing evidence
suggests that the DNASE1 is one of the enzymes respon-
sible for jagged end generation (9). In this regard, the
jaggedness of urinary cfDNA has been shown to be
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Fig. 1. Study design. cfDNA molecules would bear jagged ends resulting from nuclease cutting. Mouse
models with Dnase 1, Dnase 113, or Dffb deletion were firstly used to explore the detailed relationship be-
tween jagged ends and nucleases based on jagged end length distribution. Human subjects carrying het-
erozygous or homozygous DNASE1L3 mutation were studied to validate the utility of jaggedness in
familial SLE. Receiver operating characteristic analysis was performed to assess the performance of jag-
gedness in discriminating patients with and without sporadic SLE.

higher than that of plasma DNA in humans due to the
high DNASEL! activity in urine (10). However, much
remains to be learned regarding the biology of the jag-
gedness of plasma DNA (e.g., the relationship between
jaggedness and nucleosome structures). An improved
understanding of plasma DNA jaggedness might spur
clinical applications for disease detection and
monitoring.

In this study, we investigated the jagged ends in plas-
ma DNA of mice with Dnasel, Dnasel(3, or Dffb deletion
in an effort to explore the detailed relationship between jag-
gedness and nucleases. We further investigated the plasma
DNA jaggedness in human subjects with familial systemic
lupus erythematosus (SLE) caused by DNASE1L3 defi-
ciency and others with sporadic SLE (Fig. 1).

Material and Methods
HUMAN SAMPLE COLLECTION

We prospectively recruited 5 individuals from the
Istituto Giannina Gaslini (Italy) and the Hospital for
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Sick Children (Canada) with written informed consent.
This cohort involved 5 patients with DNASEIL3 muta-
tions, including 1 patient carrying a DNASEIL3 muta-
tion in a heterozygous state and 4 patients carrying
homozygous DNASE1L3 mutations. The study was ap-
proved by the Joint Chinese University of Hong
Kong-Hospital Authority New Territories East Cluster
Clinical Research Ethics Committee, the Ethics
Committee of the Istituto Giannina Gaslini, and the
Hospital for Sick Children Research Ethics Board.

MOUSE SAMPLE COLLECTION

Drnasel ™'~ mice (n=7), Dﬁ’b_/_ mice (n=06), and
their wild-type counterparts (Dnasel™*, n=7; Dfp*’
* n=6) on C57BL/6 genomic background were ob-
tained from the Knockout Mouse Project Repository
of the University of California at Davis. Dnasel/3™'~
mice

(n=5) and their wild-type counterparts (Dnasel/3+";
n=5) on C57BL/6 genomic background were

custom-ordered from the Jackson Laboratory. All mice
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were maintained in the Laboratory Animal Services
Centre of The Chinese University of Hong Kong.
These mice were acquired under a third-party distribu-
tion agreement and therefore were nontransferable. All
experimental procedures were approved by the Animal
Experimentation Ethics Committee of the Chinese
University of Hong Kong.

SAMPLE PROCESSING

Mice were anesthetized and exsanguinated by cardiac
puncture. Peripheral blood from human subjects was
collected by venipuncture. Blood samples were immedi-
ately collected into EDTA-containing tubes and centri-
fuged at 1600 g for 10 min at 4°C. The plasma portion
was further subjected to centrifugation at 16000 g for
10 min at 4°C to pellet the residual cells and platelets.
The resulting plasma was used for analysis (11). Plasma
DNA was extracted with the QIAamp Circulating
Nucleic Acid Kit (Qiagen) according to the manufac-
turer’s protocol.

SAMPLE PREPARATION FOR JAG-SEQ

The jagged index or jagged end length of cfDNA was de-
termined by DNA end-repair process to introduce dif-
ferent methylation signals between the original strand
and the newly synthesized strand, named Jag-seq (9).

JAGGED INDEX ANALYSIS

DNA libraries for jagged index analysis were prepared
with the KAPA HTP Library Preparation Kit (Roche)
according to the manufacturer’s protocol. The DNA li-
braries were then treated with bisulfite using an Epitect
Plus Bisulfite kit (Qiagen). The bisulfite-treated DNA
molecules were amplified using a KAPA HiFi HotStart
Uracil 4+ ReadyMix (Roche). PCR products were puri-
fied with a MinElute PCR purification kit (Qiagen).
The fragment size of a plasma DNA sample was assessed
by the Agilent 4200 tapestation system using the D1000
ScreenTape (Agilent). DNA sample quantity was measured
by a Qubit Fluorometer (ThermoFisher Scientific). The
ready-for-sequencing samples were then sequenced using
a paired-end mode (75 bp x 2) on an Illumina HiSeq
4000 or NextSeq 500.

The incorporated unmethylated cytosines during
the end-repair of jagged ends would decrease the methy-
lation levels in CpG sites close to the 3’ ends. The
jaggedness of cfDNA molecules was measured by calcu-
lating the jagged index (i.e., M;/—“Mz x 100%, where M1
is the methylation density of read1 and M2 is the methy-
lation density of read2) (9).

JAGGED END LENGTH ANALYSIS

DNA libraries for jagged end length analysis were
constructed using a modified KAPA HTP Library

Preparation Kit (Roche) (9). The modified protocol
made use of Exo T (New England Biolabs) for removing
3’ protruding ends and Klenow Fragment (exo-) (New
England Biolabs) for the end-repair process with
dATP (A), dGTP (G), dTTP (T), and methylated
dCTP. The end-repaired DNA molecules carried A tails,
facilitating the downstream sequencing adapter ligation.
Polynucleotide kinase (New England Biolabs) was fur-
ther used to phosphorylate the 5° end, and T4 ligase
(New England Biolabs) was used to ligate index se-
quences (TruSeq DNA Single Index; Illumina) to the
DNA library samples. A MinElute Reaction Cleanup
Kit (Qiagen) was used for cleanup during the library
preparation process. The DNA libraries were treated
similarly as murine samples for bisulfite conversion, li-
brary amplification, purification, and quantitation.

The incorporated methylated cytosine during the
end-repair of jagged ends would increase the methyla-
tion levels in CH sites close to the 3’ ends. With the in-
corporation of methylated cytosines, we could calculate
the exact length of the jagged end when the jagged end
started at the second cytosine in a CC dinucleotide con-
text (9). After bisulfite treatment, the first C from the
original double-strand fragment would be converted to
T. Since the second C was the first nucleotide incorpo-
rated into the new strand at the jagged end, the methy-
lated cytosine incorporated would remain unchanged
following bisulfite treatment. The conversion pattern
of CC to TC would be used to mark the starting pos-
ition of a jagged end, enabling the determination of
the exact length of the jagged end.

SEQUENCING ALIGNMENT

Low-quality bases close to the 3’ end in a sequencing dir-
ection were removed, and the sequencing adapters, if
present in sequencing reads, were trimmed. The prepro-
cessed reads in FASTQ format were then aligned to the
mouse reference genome or human reference genome
using methylation-aware aligners (12, 13), respectively.
Only paired-end reads with readl and read2 both
aligned to the same chromosome in the correct orienta-
tion were used for downstream analyses. The spanning
size between the readl and read2 for each paired-end
read was required to be <600 bp. All but one duplicated
paired-end reads with identical start and end coordinates
were removed.

PUBLICLY AVAILABLE BISULFITE SEQUENCING DATA SETS FOR
JAGGED END ANALYSIS

Bisulfite sequencing data of plasma DNA of Dnasel ™'~
and Dnasel/3™'~ mice were obtained from a published
study (9). Bisulfite sequencing data of patients with ac-
tive (n=13) and inactive SLE (n=11), as well as
healthy controls (n=10), were obtained from the
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same cohort study previously published, for which the
samples were recruited from Prince of Wales Hospital,
Hong Kong (14).

Results

NUCLEOSOMAL STRUCTURES DEFINED BY CFDNA SIZE
DISTRIBUTION

Previous studies revealed that periodic frequencies in
ofDNA size distribution were reminiscent of distances
between the nucleosome ladders observed in gel electro-
phoresis of DNA resolved from micrococcal nuclease di-
gested chromatin (15). From the ¢fDNA size profile,
plasma DNA molecules with sizes of 170 bp, 359 bp,
and 550 bp were associated with mono-, di-, and trinu-
cleosomes containing linker DNA at termini of the
cfDNA molecules (Fig. 2). A nucleosome generally con-
sists of a histone octamer wrapped with DNA

molecules, an H1 linker histone associated linker
DNA, and Hl1-free linker DNA (Fig. 2, B). For in-
stance, hypothetically, a 170-bp DNA molecule might
consist of 146-bp nucleosome core, approximately
20-bp H1-bound linker DNA, and 4-bp H1-free linker
DNA (Fig. 2, C, i) (16, 17). A 359-bp DNA supposedly
corresponded to two nucleosome cores (146 x 2=
292 bp), two Hl-bound linker DNA segments (ap-
proximately 20 x 2=40 bp), 4-bp free linker DNA,
and one H1-free linker DNA segment between two nu-
cleosomes (approximately 23 bp) (Fig. 2, C, ii). In add-
ition, 268-bp and 461-bp molecules would represent di-
and trinucleosomes lacking the linker DNA at the ter-
mini (Fig. 2, C, iii and iv). For example, a 268-bp
DNA molecule might derive from a 359-bp fragment
with the H1-bound linker DNA segment trimmed off,
followed by an extended trimming of 67 bp toward
DNA molecules originally bound with the nucleosome
core (Fig. 2, C, iii). A 461-bp fragment might originate
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Fig. 2. Nucleosome structures defined by cfDNA size distribution. (A), Pooled size profile of wild-type
mice with frequencies in logarithmic scale (y-axis). According to the peaks and troughs present in the
size profile, we defined fragments with the size from 150 to 200 bp and 330 to 380 bp as cfDNA tailed
with linker DNA (L1 and L2, shaded in orange), fragments with size from 240 to 290 bp and 420 to
470 bp as cfDNA lacking linker DNA tails (i.e., ending on nucleosomal core regions, C1 and C2, shaded
in blue). (B), Model of nucleosome structures. A nucleosome consists of a nucleosome core that is com-
posed of a histone octamer core, a histone H1, core-bound DNA molecules, H1-bound DNA molecules,
and H1-free linker DNA. (C), i and ii, fragments tailed with linker DNA; iii and iv, fragments lacking linker
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from a 550-bp fragment with the HI-bound linker
DNA trimmed off, followed by the further trimming
of 65-bp nucleosome core-related DNA molecules
(Fig. 2, C, iv). According to the peaks and troughs pre-
sent in the size profile, we defined fragments sized from
150 to 200 bp and 330 to 380 bp as cfDNA tailed with
linker DNA (L1 and L2) and fragments sized from 240
to 290 bp and 420 to 470 bp as cfDNA lacking linker
DNA tails (i.e., ending on nucleosomal core regions,
Cl1 and C2) (Fig. 2, A). We further explored the rela-
tionship between the jagged end length of plasma
DNA and the nucleosomal structures across mouse
models in the following sections, by knocking out differ-
ent nucleases.

JAGGED END LENGTHS OF CFDNA IN NUCLEASE DELETION
MOUSE MODELS

Dnasel™ mouse model. The median number of
mapped paired-end reads was 30.0 million [interquartile

range (IQR): 19.6-46.3 million]. We investigated the
jaggedness of DNA fragments across a size range from
50 to 600 bp for mice with homozygous Dnasel dele-
tion (Dnasel ' 7) on the basis of DNA end- -repair pro-
cess using methylated cytosines. For both homozygous
Dnasel deletion (Dnasel™'™) mice (n=7) and their
wild-type counterparts (n =7), jagged end length distri-
bution showed major peaks at 261 bp and 458 bp
(Fig. 3, A) An overall decrease of jagged end length in
Dnasel™'™ mice (median: 25.2 nucleotides (nt); range:
23.2-28.5 nt) was observed when compared with wild-
type mice (median: 27.0 nt; range: 25.0-28.0 nt).
According to the nucleosome structures m detail (see on-
line Supplementary Fig. 1, A), Dnasel ™'~ mice showed
shorter jagged end lengths in L1, C1, L2, and C2. These
results supported that DNASE1 would introduce jagged
ends in both nucleosome core and linker DNA.
Db~ mouse model. The median number of
mapped paired-end reads was 73.3 million (IQR:
60.3-101.0 million). We analyzed the jaggedness of
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Fig. 3. Jagged end lengths of plasma DNA in mouse models with different nucleases deficiency.
(A), Upper panel: Fragment size profile (in logarithmic scale) between mice with Dnase1 deletion (red,
n =7) and wild-type counterparts (blue, n=7), with annotations regarding L1 and L2 (shaded in orange),
C1, and C2 (shaded in blue). Lower panel: Jagged end lengths across fragment sizes between mice with
Dnase1 deletion (red, n =7) and wild-type counterparts (blue, n=7). (B), Upper panel: Fragment size pro-
file (in logarithmic scale) between mice with Dffb deletion (red, n = 6) and wild-type counterparts (blue, n
= 6). Lower panel: Jagged end lengths across fragment size between mice with Dffb deletion (red, n=6)
and wild-type counterparts (blue, n = 6). (C), Upper panel: Fragment size profile (in logarithmic scale) be-
tween mice with Dnase1l3 deletion (red, n=>5) and wild-type counterparts (blue, n=5). Lower panel:
Jagged end lengths across fragment sizes between mice with Dnase 113 deletion (red, n = 5) and wild-type
counterparts (blue, n=6). KO and WT represent the nuclease-deficient group and the corresponding
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cfDNA across a size range from 50 to 600 bp for mice
with homozygous Dffb deletion (Dﬂb_/_). The jagged
end length profile of homozygous Dff6 deletion
(Dﬁ‘b_/_) mice (n = 6) displayed a slight increase of jag-
gedness only in fragments tailed with linker DNA
(Fig. 3, B) when com})ared with their wild-type counter-
parts (n=06). Dfft""" mice showed longer jagged end
length in L1 and L2 while showing no significant differ-
ence in C1 and C2 (Supplementary Fig. 1B). These re-
sults supported that DFFB exhibited a preference in
producing relatively shorter and/or blunt ends in frag-
ments tailed with linker DNA.

Dnasell3™"~ mouse model. The median number of
mapped paired-end reads was 30.3 million IQR: 22.8—
40.9 million). We compared the jagged end length distri-
butions between homozygous Dnasel/3 deletion
(Dnase1/37"~) mice (n=5) and their wild-type counter-
parts (n =5) across a fragment size range of 50 to 600 bp.
We observed significant differences in jaggedness between
Drnasell3~'~ and wild-type mice at different fragment
size ranges (Fig. 3, C). In contrast, the relatively small al-
terations were caused by the knocking out of Dnasel or
Dffb. An increase of jaggedness was observed in fragments
shorter than approximately 150 bp, while a more notice-
able decrease of jaggedness was related to those fragments
longer than approximately 200 bp. Those short fragments
with a size below approximately 150 bp gave rise to a me-
dian 3.4% increase in jaggedness for Dnasel/3~'~ mice,
which was consistent with a previous report (9). For those
long plasma DNA molecules >200 bp, a median 19.7%
decrease in jagged end length was observed in Drnasell3~"~
mice (P-value <0.01, Mann-Whitney U test).
Intriguingly, compared with wild-type mice, the deletion
of Dnasel3 resulted in a significant reduction of jagged
end length for those plasma DNA molecules involving
multinucleosomes, Drase1/3~'~ mice displayed a decrease
in L1, C1, L2, and C2 (Supplementary Fig. 1, C). These
results supported that DNASE1L3 might have distinct
effects on fDNA jagged ends in association with
nucleosomal  structures. For example, DNASEI1L3
exhibited a preference in introducing more jaggedness to
multinucleosome-sized ~ molecules  rather  than
mononucleosome-sized molecules, and jaggedness would
be more prominent when the DNA degradation involved
the nucleosomal core regions.

Taken  together, DNASEl, DFFB, and
DNASEIL3 exhibited different properties in cfDNA
fragmentation, characterized with different profiles of
jagged ends. DNASE]1 tended to generate jagged ends
for a wide size spectrum of plasma DNA molecules,
seemingly regardless of core and linker DNA. DFFB
tended to generate relatively shorter and/or blunt jagged
ends in linker DNA. DNASE1L3 preferentially intro-
duced jagged ends on molecules related to
multinucleosomes.

922 Clinical Chemistry 68:7 (2022)

JAGGEDNESS OF CFDNA IN HUMAN SUBJECTS

WITH DNASE1L3 MUTATIONS

It has been reported that DNASE1L3-deficient mice de-
velop autoantibodies to DNA and chromatin, followed
by clinical features of SLE (18-20). In view of this, we
studied whether the aberrations in jaggedness of plasma
DNA present in Drasel/3™'~ mice could be mirrored in
human patients with DNASE1L3 mutations. To maxi-
mize jaggedness signals from multinucleosomes, we ana-
lyzed the jaggedness of fragments larger than 200 bp in 5
human subjects with DNASEIL3 mutations and 10
healthy human subjects (14), using the bisulfite sequen-
cing results (i.e., DNA end-repaired with unmethylated
cytosines, followed by bisulfite sequencing), with a me-
dian of 128.8 million paired-end reads (IQR: 61.1—
145.5 million). Subject H1 carried the heterozygous
DNASEIL3 mutation (i.e., one copy of the
DNASEIL3 gene being still functional). Subjects H2,
H4, V11, and V12 carried homozygous DNASEIL3
mutations (i.e., both copies of the DNASEIL3 gene
do not produce functional DNASE1L3 enzymes).

The extent of jagged index values in DNA mole-
cules with sizes larger than 200 bp (median jagged index
value: 21.7; range: 19.6-24.9) declined significantly in
patients with homozygous DNASEIL3 mutations
(Fig. 4) compared with healthy controls (median jagged
index value: 42.8; range: 37.5-45.6; P-value < 0.01)
and the subject with heterozygous DNASEIL3 variants
(jagged index value: 38.1). The observation in the hu-
man subject with DNASE1L3 deficiency agreed with
the observation from Dnasel/3™'~ mice in which the
Dnasel[3 deletion led to a sharp decline of jaggedness
in molecules with multinucleosomal sizes. Jagged index
values appeared to be comparable between the subject
with heterozygous DNASEIL3 variants (jagged index
value: 38.1) and healthy human controls (Fig. 4).

THE JAGGEDNESS OF CFDNA IN HUMAN SUBJECTS

WITH SLE

We investigated whether such aberrations of jaggedness
could serve as a biomarker for more common auto-
immune diseases. To explore the potential clinical appli-
cation, we used the jaggedness of molecules >200 bp in
size, maximizing the jaggedness signals from multinu-
cleosomes. We analyzed the bisulfite sequencing results
of plasma DNA from a cohort of patients with sporadic
SLE comprising 11 patients with inactive SLE, 13 pa-
tients with active SLE, and 10 healthy human subjects
from a previous study (14). The end-repair step prior
to the bisulfite conversion in this study was based on un-
methylated cytosines. The SLE activity of the patients
was based on the assessment of the Systemic Lupus
Erythematosus Disease Activity Index (SLEDAI) (21).
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Fig. 4. The jaggedness of cfDNA in healthy human control subjects and patients with SLE. Boxplot shows
jagged index values of plasma DNA over 200 bp among healthy human subjects (n = 10), patients with
DNASE1L3 mutation. Blue and red dots represent the subject carrying the heterozygous DNASE1L3 mu-
tation (n =1) and subjects carrying the homozygous DNASE1L3 mutation (n =4) from the familial SLE
group, respectively; black dots represent patients with inactive SLE (n=11) or patients with active SLE

The jaggedness differed among the healthy human
controls and patients with active and inactive SLE
(Fig. 4). There was a median of 23.0% decrease in jag-
gedness for patients with active SLE (median jagged in-
dex value: 33.0; range: 30.9-36.4) relative to healthy
human controls (median jagged index value: 42.8;
range: 37.5-45.6; P-value <0.01, Mann-Whitney U
test). For those patients with inactive SLE (median
jagged index value: 36.9; range: 33.3—40.5), the me-
dian jaggedness was 14.0% lower than healthy human
controls (P-value <0.01, Mann-Whitney U test)
(Fig. 4), but 11.7% higher than those with active
SLE. These data supported that the change of jagged-
ness would correlate with SLE activity. We performed
a ROC curve analysis to assess the discriminative power
of jagged ends in differentiating patients with active
SLE from patients without active SLE. The area under
the ROC curve (AUC) was 0.96 between subjects
with active SLE and those subjects without active
SLE (i.e., patients with inactive SLE and healthy hu-
man subjects) (Fig. 5). In addition, the AUC was
0.94 between patients with inactive SLE and healthy
human subjects (Fig. 5). More important, the jagged-
ness of plasma DNA enabled the classification between
patients with active SLE and inactive SLE (AUC: 0.92)
(Fig. 5), supporting the feasibility of using jagged ends
to monitor changes in SLE disease activity. The jagged-
ness of plasma DNA in patients with SLE correlated

with the SLEDAI (Fig. 6) (Pearson’s r: —0.69;
P-value <0.01). The data further supported the con-
clusion that the jaggedness aberrations could be reflect-
ive of flares of SLE.

Discussion

In this study, we investigated the relationship between
plasma DNA jaggedness and 3 nucleases (i.c.,
DNASEIL, DFFB, and DNASE1L3) reported to be in-
volved in ¢fDNA fragmentation (3, 4, 18, 22). Our
data demonstrates that DNASE1, DFFB, and
DNASEI1L3 might have different roles in determining
the profiles of jagged ends. DNASE1L3 had a distinct
role in generating jagged ends and preferentially intro-
duced jagged ends on molecules related to multinucleo-
somes. In contrast, DNASE] might generate jagged
ends across plasma DNA molecules in a wide size range,
seemingly exhibiting less significant preference relative
to the nucleosome structures. DFFB would preferential-
ly generate relatively shorter and/or blunt jagged ends in
linker DNA.

One previous study focused on the jaggedness for
those molecules within a size range of 130 to 160 bp
that would be derived from the degradation of
mononucleosome-sized fragments. An increased jagged-
ness was observed in the plasma of Dnasel 37" mice
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Fig. 5. The discriminative power of jaggedness
in differentiating between patients with and
without active SLE. The red ROC curve demon-
strates the differentiation between patients
with active SLE vs healthy human subjects and
patients with inactive SLE based on the param-
eter of plasma DNA jagged end index. The
blue ROC curve demonstrates the differenti-
ation between patients with inactive SLE vs
healthy subjects. The green ROC curve demon-
strates the differentiation between patients
with active SLE versus patients with inactive SLE.

(9). In this study, we observed more pronounced
changes in an opposite direction occurring at those
DNA molecules with multinucleosome sizes in mice
with Dnasel[3 deletion. In contrast to the less significant
effects of Dnasel and Dffb deletions, the deletion of
Dnasell3 would lead to a significant reduction of jagged-
ness for those plasma DNA molecules involving multinu-
cleosomes (e.g., size ranges: 240-290 bp, 330-380 bp, and
420-470 bp). Such size ranges were previously given less
attention by investigators in the field, partly because of
the much lower abundance in terms of molecule numbers
within multinucleosome-sized ranges (16.5% for wild-type
mice, 2.9% for healthy human subjects) than that of frag-
ments with size range related to mononucleosome (83.5%
for wild-type mice, 97.1% for healthy human subjects).
Enhanced effects of DNASE1L3 found in fragments in-
volving multinucleosome sizes might be in part be due to
the nature of DNASEI1L3 that was highly effective in di-
gesting chromatins (23-25).

Another previous study covered the jaggedness dis-
tribution corresponding to nucleosomal structure (10).
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| Inactive SLE
40.0 @ Active SLE

w

N

&)l
1

Jagged index
&
i

32.51

0 5 10 15
SLEDAI

Fig. 6. Correlation between the Systemic Lupus
Erythematosus Disease Activity Index (SLEDAI)
and jagged index in patients with inactive SLE
or active SLE. Orange dots indicate patients
with inactive SLE; red dots indicate patients
with active SLE.

The authors speculated that jaggedness might be rela-
tively enriched in linker DNA when aligning plasma
DNA fragments to the nucleosome arrays obtained
from micrococcal nuclease-sequencing data (26) using
all plasma DNA molecules without in silico size frac-
tionation. The jaggedness signal would predominantly
reflect the characteristics of molecules with 166 bp,
which are most abundant in plasma. Our work further
investigated the jaggedness distribution within frag-
ments of different sizes and demonstrated that the en-
zymatic digestion towards nucleosomal cores would
introduce more jaggedness when focusing on another
subset of plasma DNA molecules with 261 bp (i.e., di-
nucleosome peak [359 bp] with the removal of linker
DNA [20 bp] plus extra removal of DNA in the nucleo-
somal core [78 bp]) than the molecules with 166 bp
(i.e., mononucleosome peak [166 bp] containing linker
DNA). It would be of value to study the jagged ends in
nuclei digested by different nucleases.
DNASE1L3-deficient mice have been reported to
develop an SLE-like disease (18, 27). The jaggedness
aberrations observed in multinucleosome-sized frag-
ments in Dnasel/3™'~ mice could be phenotypically
mirrored in the plasma DNA of human subjects with
DNASEIL3 deficiency, demonstrating DNASE1L3 to
be an important enzyme involving the generation of
jagged ends in those plasma DNA molecules > 200 bp.
Interestingly, such jaggedness not only attained a
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significant difference between wild-type and Drnase1/3™'~
mice but might also enable the differentiation between pa-
tients with and without sporadic SLE (AUC: 0.96). The
use of mouse models and the size-selected subset of plasma
DNA molecules may provide a strategy for future biomark-
er development regarding autoimmune or other diseases.

The jaggedness aberrations in patients with sporadic
SLE might be due to multifaceted intracellular and extra-
cellular factors. A recent study suggested that the
DNASELIL3 activity was impaired by the presence of
autoantibody in patients with SLE having renal involve-
ment (28). In that study, the DNASEIL3 activity was
measured according to the digestion rate of double-
stranded nuclei DNA derived from Jurkat T cells by
the diluted human plasma (i.e., extracellular level), assum-
ing that DNASEL1L3 acted on nuclei DNA far more ef-
ficient than DNASEL1 (28). In addition to the impaired
extracellular DNASE1L3 activity, the DNASE1L3 ex-
pression level in whole blood cells was significantly down-
regulated in patients with SLE compared with subjects
without SLE (29), which might potentially downregulate
the intracellular DNASE1L3 activity.

Taken together, plasma DNA jagged ends represent
an emerging member of fragmentomic markers, provid-
ing possibilities for the detection and/or monitoring of
autoimmune diseases. A detailed understanding between
plasma DNA fragmentations and nuclease activities
could spur the development of novel diagnostic tools.

Data Availability

Raw sequencing data of humans were submitted to
European Genome-Phenome Archive (EGA), hteps://
www.ebi.ac.uk/ega/, with the accession number of
EGAS00001005562. Raw sequencing data of mice
were submitted to European Genome-Phenome
Archive (EGA), https://www.ebi.ac.uk/ega/, with the ac-
cession number of EGAS00001005563. The program-
ming codes for the bioinformatics pipeline for
detecting the jagged ends were publicly available as de-
scribed in our previous study (9).
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