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Background: Diabetic nephropathy (DN) is one of the most prevalent
complications of diabetes mellitus (DM). However, there is still a lack of
effective methods for non-invasive diagnosis of DN in clinical practice. We
aimed to explore biomarkers from plasma cell-free DNA as a surrogate of
renal biopsy for the differentiation of DN patients from patients with DM.

Materials and methods: The plasma cell-free DNA (cfDNA) was sequenced from
53 healthy individuals, 53 patients with DM but without DN, and 71 patients with
both DM and DN. Multidimensional features of plasma DNA were analyzed to
dissect the cfDNA profile in the DM and DN patients and identify DN-specific
cfDNA features. Finally, a classification model was constructed by integrating all
informative cfDNA features to demonstrate the clinical utility in DN detection.

Results: In comparison with the DM patients, the DN individuals exhibited
significantly increased cfDNA concentration in plasma. The cfDNA from the
DN patients showed a distinct fragmentation pattern with an altered size profile
and preferred motifs that start with “CC" in the cfDNA ending sites, which were
associated with deoxyribonuclease 1 like 3 (DNASE1L3) expression in the kidney.
Moreover, patients with DM or DN were found to carry more alterations in
whole-genome cfDNA coverage when compared with healthy individuals. We
integrated DN-specific cfDNA features (cfDNA concentration, size, and motif)
into a classification model, which achieved an area under the receiver operating
characteristic curve (AUC) of 0.928 for the differentiation of DN patients from DM
patients.
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Conclusion: Our findings showed plasma cfDNA as a reliable non-invasive
biomarker for differentiating DN patients from DM patients. The utility of cfDNA
in clinical practice in large prospective cohorts is warranted.
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1 Introduction

Diabetic nephropathy (DN), a major complication of diabetes
and one of the leading causes of chronic kidney disease (CKD) and
end-stage renal disease (ESRD) (1-3), is characterized by
albuminuria and a reduced glomerular filtration rate (GFR),
accompanied by glomerular and tubulointerstitial histological
damage (4, 5). It has been reported that 20% to 50% of patients
suffering from diabetes may eventually develop DN 10-20 years
after the onset of diabetes (6).

Renal biopsy is the gold standard for the diagnosis of DN and is
also a reliable method for distinguishing patients with non-diabetic
renal disease (NDRD) from those with non-specific DN (7).
However, the invasiveness, the procedural cost, and the potential
risk for the development of complications during renal biopsy
hinder the wide use of this technique clinically. In current
practice, serum creatinine (8), estimated GFR (eGFR), and
microalbuminuria (MA) (9) are widely adopted to assess the
progression of DN. However, their specificity and sensitivity for
the precise diagnosis of DN are limited. Thus, the development of
novel non-invasive methods for the accurate detection of DN
is needed.

Circulating cell-free DNA (cfDNA) has been applied in non-
invasive prenatal testing (NIPT) and cancer detection. The
alteration of cfDNA fragment size (10), methylation patterns (11-
14), somatic mutations, and copy number variations (12, 15) were
pivotal characteristics of cfDNA for disease diagnosis or detection.
In recent years, cfDNA has also attracted much attention as a novel
non-invasive biomarker in kidney diseases (16). However, the lack
of comprehensive consideration of ¢fDNA features in previous
studies hampers the development of cfDNA-based diagnostic
biomarkers with high sensitivity and specificity.

We aimed to comprehensively investigate the properties of
plasma cfDNA related to DN and build a classification model by
integrating the identified cfDNA features to differentiate DN
patients from diabetes mellitus (DM) patients.

2 Materials and methods
2.1 Patients and samples

A total of 177 participants were recruited for this study,
including 71 DM patients with biopsy-proven DN, 53 patients
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with type 2 DM only, and 53 healthy subjects aged between 18 and
75 years from the Medical Laboratory Center, Endocrinology
Department, and Nephrology Department at Guangdong
Provincial People’s Hospital between August 2019 to August
2021. All the DM patients were diagnosed more than 8 years ago
and had a urine albumin/creatinine ratio (UACR) <30 mg/g or an
eGFR > 60 ml:min".1.73 m 2 eGFR was calculated by the CKD-
EPIcr (ml'min™"-1.73 m™2) formula (17). The DN patients were
further classified into five stages according to the eGFR values; more
specifically, the DN patients with eGFR >90, 60-90, 30-60, 15-30,
and <15 were assigned to stages 1, 2, 3, 4, and 5, respectively.
Patients with cancer, acute infection, immunosuppressant usage,
and pregnancy were excluded. The detailed clinical information of
all the subjects is presented in Table 1. The study was approved by
the ethics committee of Guangdong Provincial People’s Hospital
(Approval No. GDREC2019771H(R1)) and the Institute Review
Board of BGI (BGI-IRB 20111-T1). Informed consent forms were
signed by all participants.

2.2 cfDNA extraction and
library preparation

The peripheral blood sample of each subject was collected in
EDTA tubes. Within 4 hours of blood collection, blood samples
were centrifuged at 1,600 x g for 10 min at 4°C. The supernatant
was isolated and recentrifuged for 10 min at 16,000 x g at 4°C. Then,
the plasma was separated and stored at —80°C for further
experiments. A MagPure Circulating DNA KF Kit (Magen,
Guangzhou, China) was used to extract cell-free DNA from 200
ul of plasma. Sequencing libraries were prepared and amplified
through 12 cycles of PCR using an MGIEasy Cell-free DNA Library
Prep kit (MGI) according to the manufacturer’s instructions.
cfDNA concentration was measured using a Qubit dsDNA HS
Assay Kit (Q32854, Invitrogen, Carlsbad, CA, USA) with a QubitTM
3 Fluorometer (Invitrogen) in plasma and amplified libraries
before sequencing.

2.3 DNA sequencing and data alignment
DNA libraries were sequenced with a paired-end format of 100

bp x 2 on the DNBSEQ platform (MGI, Shenzhen, China). At least
100 Gb of raw sequencing data was obtained for each sample.
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TABLE 1 Demographic and clinical characteristics of control, DM, and DN subjects in this study.

Variables Control® Post hoc
n =253

Age (year) 55.07 +7.67 58.67 + 8.55 43.11 + 8.59 <0.001 a,b>c

Gender (M/F) 54/17 28/25 24/29 0.001

BMI (kg/mz) 24.84 +2.72 24.27 + 3.46 23.26 + 3.39 0.04 a>c

Hypertension (%) 87% 25% 12% <0.001

Systolic blood pressure (mmHg) 149.03 + 20.53 134.6 + 18.20 127.15 + 16.28 <0.001 a>b,c

Diastolic blood pressure (mmHg) 81.89 + 10.15 77.50 + 9.06 77.56 + 11.62 0.04 a>c

Cardio-cerebrovascular disease (%) 39% 53% 0% <0.001

Diabetic retinopathy (%) 69% None None

DM duration (month) 104.75 + 90.69 173.90 + 72.30 None <0.001 b>a

Fasting glucose (mmol/L) 6.41 +3.71 7.62 +3.20 4.67 £ 0.46 <0.001 b>a>c

HbA1C (%) 6.74 + 1.64 824 +1.95 531 +0.42 <0.001 b>a>c

Serum creatinine (umol/L) 303.55 + 214.42 71.80 + 1591 73.85 + 15.74 <0.001 a>b,c

Uric acid (umol/L) 437.21 £ 115.62 381.99 + 94.31 377.53 + 127.76 0.009 a>b,c

Urine A/C ratio (mg/g) 3671.21 + 2839.19 15.40 + 18.81 7.96 + 3.33 <0.001 a>b,c

eGFR (ml/(min * 1.73 mz)) 33.69 + 26.96 92.32 +17.13 98.98 + 15.23 <0.001 b,c>a

HDL (mmol/L) 1.10 + 0.31 1.28 +0.32 1.43 + 042 <0.001 a>b>c

LDL (mmol/L) 3.58 + 1.62 350 +1.28 3.71 £ 1.10 0.78

TG (mmol/L) 2.11 +£1.43 1.74 + 1.14 2.00 £+ 3.07 0.70

Cholesterol (mmol/L) 5.54 + 2.36 554 + 1.72 597 + 1.64 0.46

WBC (10°/L) 7.77 £ 1.72 6.74 £ 1.25 6.53 + 1.41 <0.001

The p-value of the measurement data was calculated by one-way ANOVA with Bonferroni for multiple comparisons; if the homogeneity of variance was not satisfied, p-value was from Kruskal-
Wallis test alternatively. Type I error of 0.05 level. The categorical variables such as gender, hypertension, and cardio-cerebrovascular disease were compared by a chi-square test.
Urine A/C ratio, urine albumin-creatinine ratio; BMI, body mass index; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; LDL, low-density

lipoprotein; TG, triglycerides; WBC, white blood cell.

Adaptor sequences and low-quality bases were removed from the
raw reads by using fastp (v0.20.1) (18). The clean reads in FASTQ
format were then aligned to the human reference genome
(GRCh38/hg38) using minimap2 (v2-2.11) (19), and PCR
duplicates were filtered with biobambam?2 (v2-2.0.87) (20). Reads
aligning to multiple locations of the genome or with mismatches of
more than 3 were further filtered. Paired-end reads that aligned
with corrected strands and orientations with an insert size within
600 bp were retained for downstream analysis.

2.4 Motif analysis of plasma DNA

As previously defined (21), the ends motif in this study refers to
the first four nucleotides at the 5’ end of each strand of plasma DNA
molecules. The frequency of each type of 256 motifs was calculated
to assess the motif occurrence. The motif diversity score described
in the previous study (21) was adopted to measure the uniformity of
motif distribution. High motif diversity score (MDS) represented a
uniform distribution of ends motif in frequencies, whereas a low
MDS represented a skewed distribution. The motif ratio was
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calculated by the following formula:

> i1 Motif _up(i)

Motif i = ,
otif _ratio_ (n) > Motif _ down(i)

where Motif up(i) and Motif down(i) indicate the ith
significantly increased and decreased motifs in the DN patients
compared with the DN patients, respectively. The 4-mer motif
frequency and MDS were further calculated in DNA fragments
across different sizes.

2.5 Analysis of measured
genomic representations

The DNA fraction in each of the 1-Mb non-overlapping bins
across the whole genome in plasma samples was calculated, termed
as the measured genomic representation (MGR) of this bin. As
previously described (22), we adopted the z-score to quantify the
normalized deviations of MGR from the reference group consisting
of 10 randomly selected control samples in each bin. The MGR-
based scores were explored in all the DM and DN samples, as well as
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control samples except those used for building reference. Those bins
with a z-score <-3 or >3 were identified as bins with aberrant MGR.
The MGR z-scores across the whole genome were visualized by a
circos plot (23).

2.6 XGBoost-based prediction model for
DN diagnosis

A total of 124 samples (71 DN and 53 DM) were first split into a
training dataset and an independent testing dataset in an 8:2 ratio
by adopting the randomly stratified sampling method for
preserving the same proportions of DN and DM in the two
datasets. The training dataset (57 DN and 42 DM) was used for
training the XGBoost-based classification model (24), and its
hyperparameters were tuned through randomized search with
fivefold cross-validation. To mitigate the negative effect of the
imbalanced dataset, the class weight for each sample during the
training phase was additionally calculated. The classification
performance was then evaluated using the independent testing
dataset (14 DN and 11 DM) via 100 iterations of bootstrapping
(25) sampling with replacement. For the classification of early DN
patients, 15 DN patients were randomly selected at stages 1-3 and
20 DM samples as the testing set. The remaining samples were used
for training the classification model and its hyperparameters with
the same method mentioned above. The 100 iterations of
bootstrapping sampling with replacement were also applied to
assess the performance of early DN classification in the testing
dataset (15 early DN and 20 DM).

2.7 Statistical analysis

In the analysis of each cfDNA feature, observations deviating
from the mean #* 4*standard deviations were considered outliers
and removed in that feature analysis to eliminate potential bias. The
Mann-Whitney U-test (Wilcoxon rank sum tests) and Kruskal-
Wallis test were applied for the evaluation of differences in
continuous variables in different groups. The chi-square test or
Fisher’s exact test was employed for the comparison of categorical
variables. Spearman’s test was used to assess the correlation. For all
informative cfDNA features showing significant differences between
the DM and DN groups, multivariable logistic regression was
performed to examine the associations between cfDNA
characteristics and disease outcome with adjustment for age,
gender, and body mass index (BMI). All the receiver operating
characteristic (ROC) analyses in this study were also adjusted for
the same covariates. p-Values below 0.05 were considered
statistically significant. p-Values less than 0.05, 0.01, 0.001, and
and **x»x»’

respectively. R software (version 3.6.1) program was used for

0.0001 were represented by the symbols *, **, ***,

statistical analysis.
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3 Results
3.1 Patient characteristics

We recruited 53 healthy individuals with neither DM nor DN,
53 patients with DM but without DN, and 71 patients with both
DM and DN in this study (see Materials and Methods). The
demographic and clinical characteristics of all the subjects are
presented in Table 1. The median age (55.07 vs. 58.67 years, p =
0.053) and BMI (24.84 vs. 24.27 kg/m?, p = 0.64) were comparable
between the DN and DM groups. However, the DN cohort had a
significantly higher proportion of male patients than the DM group
(76.06% vs. 52.83%, p-value = 0.012). Compared with the DN and
DM patients, the control subjects showed a younger age (median,
43.11 years), lower BMI (median, 23.26 kg/mz), and lower
proportion of male patients (median, 45.28%). The majority of
the DN patients had hypertension (87%), while this proportion was
lower in the DM (25%) and control (12%) groups. As all the DN
patients in this study were confirmed by renal biopsy, which was
routinely guided by clinical indicators, the serum creatinine, uric
acid, urine A/C ratio, and eGFR in the DN patients were
significantly different from those in the DM patients.

3.2 Cell-free nuclear DNA and
mitochondrial DNA level in plasma
of DN patients

Whole-genome sequencing of circulating ¢fDNA was
performed on plasma samples of all the subjects (Figure 1A). A
median of 941.28 million (range, 418.56-1,597.68 million) uniquely
mapped paired-end reads was obtained from each sample.

As shown in Figure 1B, the ¢fDNA concentration increased
significantly in plasma samples of the DN patients (median, 0.07
ng/ul; range, 0.03-0.25 ng/ul) compared with the DM patients
(median, 0.05 ng/ul; range, 0.027-0.11 ng/ul) (p-value < 0.001).
Although the number of mitochondrial DNA reads per million
sequencing reads in the DM patients (median, 18.90, range, 8.98-
50.97) was significantly higher than that in the healthy individuals
(median, 12.04; range, 2.97-48.40) (p-value < 0.001) and the DN
patients (median, 12.57; range, 2.86-79.00) (p-value = 0.006;
Figure 1C), after correcting age, gender, and BMI, the association
between mtDNA abundance and DN/DM outcomes became
insignificant (Supplementary Table 1).

3.3 Size profiles of plasma DNA in
DN patients

The size distributions of plasma DNA from the control, DM,

and DN patients are shown in Figure 1D. A predominant peak at
166 bp was observed in all groups of plasma samples, which is
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FIGURE 1

Plasma DNA collection and analysis of basic cfDNA features. (A) Sample collection and analysis. (B) The concentration of cfDNA in plasma. (C) The
abundance of mtDNA reads among all sequencing reads. (D) Size profiles of plasma DNA from control, DM, and DN subjects on a logarithmic scale.
The median size profiles for control, DM, and DN subjects are shown as black, blue, and red lines, respectively. The shadow flanking the median line
indicates the range of standard deviation. The blue, yellow, and purple regions separated by vertical dash lines represent the regions of small size
(<150 bp), medium size (160-170 bp), and large size (>250 bp). (E) ROC curves on the use of cfDNA fraction in different size intervals for
discriminating the DN patients from the DM patients. cfDNA, cell-free DNA; DM, diabetes mellitus; DN, diabetic nephropathy; ROC, receiver

operating characteristic. **p <= 0.01 ; ***p <= 0.001 ; ****p <= 0.0001

reminiscent of the DNA length wrapping the intact nucleosome
(26). In comparison with the healthy individuals and DM patients,
the DN patients exhibited a reduction of long DNA. To have an in-
depth quantification of the difference between the DN and DM
groups, we separated the DNA molecules into three size groups,
specifically, those shorter than 150 bp (i.e., short DNA), those
between 160 bp and 170 bp (i.e., medium-sized DNA), and those
longer than 250 bp (ie., long DNA). There was no significant
difference between the DN and DM patients for the fraction of short
DNA (p-value = 0.16) (Supplementary Figure 1A). In contrast, the
DN patients (median, 38.50%; range, 32.16%-47.96%) showed a
significantly higher proportion of medium-sized DNA than the
healthy individuals (median, 36.17%; range, 31.52%-43.35%) (p-
value < 0.001) and DM patients (median, 37.18%; range, 28.18%-
46.29%) (p-value = 0.003; Supplementary Figure 1B, Supplementary
Table 1). Furthermore, a dramatic reduction of long DNA was
observed in the DN patients (median, 4.01%; range, 1.49%-8.21%)
compared with the DM patients (median, 5.24%; range, 0.84%-
10.44%) (p-value < 0.001) Supplementary Figure 1C,
Supplementary Table 1). The area under the ROC curve (AUC)
was 0.74 for the DN identification based on the proportion of long
DNA, which was higher than the use of short DNA (AUC, 0.56) and
medium-sized DNA (AUGC, 0.69) (Figure 1E).
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3.4 Diversity of ends motif in plasma DNA
of DN patients

MDS (21) calculated from normalized Shannon entropy was
adopted to compare the distribution pattern of 256 4-mer motifs in
the ending site of plasma DNA in the DN and DM patients (see
Materials and Methods). The median MDS of plasma DNA ends in
the DN patients and controls was 0.9434 and 0.9463, respectively,
which was significantly lower than in the DM patients (median,
0.9472; p-value <0.001 and 0.02; Supplementary Figure 2A). The
same decrease in MDS of the DN patients was observed across
different plasma DNA sizes (top panel of Figure 2A). All three
groups exhibited similar fluctuations of MDS in DNA size from 50
bp to 400 bp, with highly periodic peaks in small size regions (e.g.,
size less than ~150 bp). We found that the difference in MDS values
between the DM and DN samples was higher and showed
periodicity below 156 bp, while the difference values above 156 bp
kept dropping and eventually flattened (bottom panel of Figure 2A).
Hence, we compared the motif signatures of plasma DNA in short
(i.e, <156 bp) and large sizes (i.e, >156 bp) between the DN
patients and other groups. As presented in Figure 2B, principal
component analysis (PCA) based on the frequencies of all 256 types
of ends motifs of short plasma DNA showed a clear separation
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FIGURE 2

Motif analysis for control, DM, and DN subjects. (A) MDS distribution pattern. Top panel: distributions of MDS in plasma DNA across different sizes.
The median MDS profiles for control, DM, and DN subjects are shown as black, blue, and red lines, respectively. Bottom panel: distribution of the
MDS difference between DN and DM samples across different sizes. The red line indicates the median of differences between the MDS of each DN
sample and the average MDS in the DM group. The shadow flanking of the MDS line indicates its standard deviation. The dashed line marks the size
of 156 bp. (B) PCA on the frequencies of all 256 motifs of short cfDNA (<156 bp) between DM and DN patients. (C) Box plot of motif diversity score
in plasma DNA with short length among different groups. (D) Correlation between eGFR and MDS of short plasma DNA in DM and DN samples. (E)
MDS of short plasma DNA in DN samples across different stages determined by eGFR. DM, diabetes mellitus; DN, diabetic nephropathy; MDS, motif
diversity score; PCA, principal component analysis; eGFR, estimated glomerular filtration rate. **p <= 0.01 ; ****p <= 0.0001

between the DN and DM patients, while the PCA was not able to
separate these two groups based on plasma DNA without size
selection (Supplementary Figure 2B). Moreover, we found that the
MDS of plasma DNA with a small size showed the most significant
difference (p-value = 3e—7) between the DN and DM patients
compared with that of all DNA (p-value = 2e-6) and long DNA (p-
value = 3e-5) (Figure 2C, Supplementary Figures 2A, C). Moreover,
with the use of short DNA, we achieved a higher AUC of 0.77 in
discriminating the DN and DM patients compared with the use of
long DNA (AUC = 0.72) and all DNA (AUC = 0.75)
(Supplementary Figure 2D). These results indicated that the
selection of short DNA is indeed conducive to the differentiation
of DM and DN patients based on motif features.

To further test whether this end motif diversity could reflect the
clinical status of the DM and DN patients, we explored the
correlation between MDS of short plasma DNA and eGFR. As
shown in Figure 2D, the MDS value appeared to be positively
correlated with eGFR in the DM and DN patients (Spearman’s r =
0.51; p-value < 0.001). Meanwhile, the MDS of plasma DNA
progressively decreased as the stage of DN determined by eGFR
increased (Kruskal-Wallis p-value < 0.001; Figure 2E). These
findings greatly proved the clinical values of ends motif diversity
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of plasma DNA in non-invasively detecting and monitoring
DN patients.

3.5 Diagnostic value of ends motifs
associated with DN

As the diversity of cfDNA ends motifs exhibited distinct
patterns in the DN and DM patients, we wondered whether
particular motifs could be directly used as diagnostic biomarkers
in DN identification. We, therefore, compared each type of ends
motifs of plasma short DNA in terms of frequency between the DN
and DM patients. CCAC was identified as the most increased motif
in the DN patients, showing a relative increase of 4.55% in the
median motif frequency (Figure 3A). In contrast, TTAT was
identified as the most decreased motif in the DN patients, with a
relative reduction of 10.71% (Figure 3B). Other motifs among the
top 5 increased motifs in the DN patients included CCCC, CCCT,
CCTG, and CCCA. The top 5 decreased motifs also included
TTCA, TTAA, TTCT, and TAGA (Supplementary Figure 3 and
Supplementary Table 1). Figure 3C shows the ratio between CCAC
and TTAT in the DN and DM patients. The AUC values ranged
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from 0.80 to 0.85 for these top motifs (Figure 3D and
Supplementary Table 2). Among them, the TTAT motif achieved
the best performance with an AUC of 0.85. The motif ratios (see
Materials and Methods) (AUC range, 0.85-0.86) showed a robust
and enhanced performance on DN determination compared with
using single motifs (AUC range, 0.80-0.85). Among them, the top 1
motif ratio (ratio between CCAC and TTAT motif) exhibited the
highest AUC value of 0.86 (0.80-0.92) (Figure 3D). We also
observed a strong negative correlation between the motif_ratio_1
and eGEFR value in the DM and DN patients (Spearman’s r = —0.63,
p-value < 0.001; Figure 3E). Moreover, the motif_ratio_1 was found
to increase across the DN stages (Kruskal-Wallis test p < 0.001;
Figure 3F), further consolidating the clinical values of cfDNA ends
motif in the diagnosis of DN in patients suffering from DM.

3.6 Measured genomic representations of
plasma DNA in DN patients

To assess the cfDNA distribution patterns in healthy individuals
and patients with DM or DN, we surveyed the measured genomic
representation of cfDNA across the whole genome (see Materials
and Methods) as previously described (22). Figure 4A shows the
MGR patterns of one representative case from the healthy
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individuals, DM, and DN groups. The density of bins with
aberrant MGR was progressively increased from the control
group to the DN group (Figure 4A, the innermost to the
outermost ring of the circos plot). Percentages of bins with
aberrant MGR were significantly higher in the DM (median,
1.85%; range, 0.62%-9.30%) (p-value < 0.0001) and DN groups
(median, 2.07%; range, 0.51%-7.85%) (p-value < 0.0001) than the
control group (median, 0.78%; range, 0.40%-2.16%; Figure 4B).
Based on these aberrant MGRs of plasma DNA, the AUC for the
identification of the DM and DN patients from controls reached
0.83 and 0.85, respectively. However, the abnormal MGRs were not
able to differentiate DN from the DM patients (AUC = 0.58)
(Figure 4C). These findings revealed the drastic alterations in
plasma DNA distribution in patients with DM and DN diseases.

3.7 Classification model for DN and DM
based on the integration of cfDNA features

Since particular ¢fDNA characteristics displayed diagnostic
values in DN identification, we attempted to establish an XGBoost-
based classification model (see Materials and Methods) to enhance
the DN diagnosis by using all informative cfDNA features, including
the proportion of medium-sized (160-170 bp) and long (>250 bp)
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cfDNA, frequencies of top 5 increased and decreased motifs of short
DNA (<156 bp) in the DN group, top 1 to top 5 motif ratios, and
MDS of short cfDNA. As a result, we obtained an AUC value of 0.928
+ 0.049 in the differentiation of DN samples from DM patients
(Figure 5A), with a sensitivity of 0.821 + 0.120, a specificity of 0.859 +
0.094, a negative predictive value of 0.865 + 0.081, and a positive
predictive value of 0.829 + 0.100 (Figure 5B). With the optimal
threshold determined by Youden’s J statistic, we detected 12 out of 14
DN samples while misclassifying two out of 11 DM samples
(Figure 5C). Moreover, we also evaluated the performance of these
cfDNA features in the identification of DN at early stages (stages 1-3)
determined by eGFR and achieved an AUC of 0.884 + 0.054
(Figure 5D), which demonstrated the feasibility of cfDNA
biomarkers in the early detection of DN patients.

4 Discussion

In this study, we investigated the comprehensive characteristics
of plasma DNA in DM patients complicated with or without DN in
a single-base resolution and genome-wide manner. We observed
aberrant concentration, size profile, ends motif pattern, and genome
distribution of plasma cfDNA in the DN patients. The cfDNA
biomarkers we developed in this research achieved a high AUC of
0.928 in the identification of DN patients and presented great
potential to be a promising non-invasive surrogate of renal biopsy
with high sensitivity and specificity.

The distribution pattern of the ends motifs in the DN and DM
patients was observed to be distinct, showing a lower diversity in DN
patients. The most preferred ends motif in DN patients started with
“CC”. Chanetal. (27) and Jiang et al. (21) have demonstrated that the
occurrence of motifs starting with “CC” in plasma DNA ends is
closely associated with the activity of the nuclease of DNASEIL3.
Therefore, we speculated that in DN patients, kidney damage due to
DN progression might lead to a more intense process of cell death
potentially from the diabetic kidney, which resulted in the increase of
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kidney-released cell-free DNA that carries the kidney-specific
digestion signals in the plasma of DN patients. To validate this
hypothesis, we analyzed the RNA-seq data of paired blood cells (the
predominant origin of cfDNA in plasma) and kidney tissues from 18
individuals from the Genotype-Tissue Expression (GTEx) database
(28). Indeed, the expression level measured by FPKM (fragments per
kilobase of exon per million mapped fragments) of DNASEIL3 gene
in kidney tissue was found to be 40-fold higher than that in the blood
cell (median, 15.42 vs. 0.38) (p-value < 0.001) (Supplementary
Figure 4). Hence, the altered cfDNA end motifs in DN patients
may be majorly attributed to the cellular nuclease activity exhibited in
plasma. This finding provides insights into the mechanisms related to
the generation of ¢fDNA in the plasma of DN patients.

Moreover, the motif diversity and informative motifs exhibited
strong correlations with the level of eGFR (Spearman’s r = 0.51 and
—0.63, respectively), which enabled us to differentiate the DM
patients with DN from those without DN. Notably, we found the
short DNA (<150 bp) carried stronger DN signatures in the ends
motif, which further improved the diagnostic performance of cfDNA
in DN determination. This finding indicated that the cfDNA with
different lengths might be generated from different digestion
patterns, whereas the short ¢fDNA may carry more abundant DN
signals and were more likely to be released by the kidney tissue.

Another noteworthy finding is that both the DM and DN
patients showed altered cfDNA distribution patterns in the genome
compared with the healthy individuals. In a previous study, Chan
et al. (22) proved that the aberrations in plasma DNA distribution
were partly attributed to DNA binding by immunoglobulin G (IgG)
class antibodies. Meanwhile, the concentration of immunoglobulin G
(IgG) in blood has been reported to be elevated in patients with type 1
diabetes (29). Whether the unevenness of plasma DNA across the
human genome is related to the increased concentration of IgG
antibodies in the blood of patients with the onset and progression of
diabetes is worth exploring in-depth in the future.

Clinically, microalbuminuria and albuminuria are the most
common markers used to monitor kidney function and predict the
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occurrence of diabetic kidney disease. However, their sensitivity and
specificity are limited. Therefore, renal biopsy is still essential for DN
diagnosis and assessment in the clinic setting, but its invasiveness limits
the use to effectively monitor the DN progression by multiple sampling.
The cfDNA biomarkers we developed in this research achieved high
AUCs of 0.93 and 0.88 in the differentiation of DN patients and those
at an early stage from DM patients, which presented great potential to
be a promising non-invasive surrogate to solve this predicament with
high sensitivity and specificity.

A major limitation of our study was, first, the small sample size
of 71 DM patients and 53 DN patients. Thus, a larger cohort
collected from multiple centers is required to validate the results
further and strengthen the classification model. Second, our study
lacked follow-up samples, which limits the exploration of our
cfDNA markers in the detection of DN prior to clinical diagnosis
in DM patients. It would be of great value if multi-point sampling
could be included in future studies to further extend the clinical
applications of these cfDNA biomarkers identified from this study.

Frontiers in Endocrinology

In summary, we demonstrated the clinical values of cfDNA as a
promising non-invasive biomarker for the detection of DN from
DM patients through its comprehensive characteristics.
Furthermore, the cfDNA profile in plasma provided important
insights into the mechanisms underlying the generation and
release of cfDNA from DN patients. Thus, the use of plasma cell-
free DNA may enable us to detect the onset of DN from the DM
cohort in a fast and low-cost manner, which may have great benefits
to the early detection and intervention of DN, thereby effectively
preventing or delaying the DN progression to the ESRD.
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