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circHLA-C Plays an Important Role in Lupus
Nephritis by Sponging miR-150
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Circular RNAs (circRNAs) participate in the pathogenesis of
various diseases by sponging microRNAs (miRs). However,
the roles of circRNAs remain unreported in glomerular dis-
eases. We previously reported that miR-150 positively corre-
lated with renal chronicity index in patients with lupus
nephritis (LN). We aimed to investigate renal circRNA
profiling and the interaction between circRNAs and miR-150
in LN patients. Six renal biopsies from untreated female
patients with LN class IV and five normal kidney tissues from
urology patients were used for circRNA sequencing. 171
circRNAs with 2-fold differential expression were identified
in LN compared with normal control. Ten selected circRNAs
were validated by real-time qPCR, and seven circRNAs showed
the same significant increases as the sequencing results.
circHLA-C positively correlated with proteinuria (R = 0.92,
p < 0.01), serum creatinine (R = 0.76, p = 0.08), renal activity
index (R = 0.88, p < 0.05), and crescentic glomeruli
(R = 0.93, p < 0.01). Renal circHLA-C increased 2.72-fold,
and miR-150 decreased 66% in LN compared with normal con-
trol (p < 0.05). Bio-informatic analysis predicted miR-150 was
regulated by circHLA-C and displayed one perfect match seed
between circHLA-C and miR-150. The renal miR-150 showed
a tendency of negative correlation with circHLA-C in LN pa-
tients. In conclusion, circHLA-C may play an important role
in the pathogenesis of lupus nephritis by sponging miR-150.
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INTRODUCTION
Despite improvements in renal outcomes in lupus nephritis (LN),
10% of LN patients still progress to end-stage renal disease
(ESRD).1 LN class IV particularly has the highest risk of ESRD,
with a 15-year risk of 44% during the 2000s, and is the most common
class of LN.2 The persistent occurrence of ESRD is considered to be
associated with the limited understanding of pathogenesis of LN
and the absence of effective therapeutic targets.

Circular RNAs (circRNAs) are a class of newly identified non-coding
RNAs and are produced from precursor mRNA backsplicing by cova-
lently closed, single-stranded RNA circles at the junction site of
3050-phosphodiester bond.3 circRNAshave been demonstrated to func-
tion asmicroRNAs (miRs) sponges, regulate transcription of genes, and
aremore stable than linear RNAs.3-5 In addition, circRNAs also partic-
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ipate in the translation of proteins.6,7 Previous studies have reported
that circRNAs possess cell-type-specific and tissue-type-specific
expression5,8,9 and are involved in pathogenesis of various human dis-
eases such as cardiovascular diseases,10-13 neural systemic diseases,14-17

osteoarthritis,18 diabetes mellitus,19 and particularly in human can-
cers,20-24 including urological cancers.25,26 The roles and mechanisms
of circRNAs in different types of human cancers have been largely
explored recently. circRNAs inhibit or promote tumor cell growth via
regulating the expression of miRs like sponges. In human kidney, the
suppression of circHIAT1 is involved in androgen receptor-enhanced
migration and invasion of renal clear cell carcinoma by deregulating
miR-195-5p/29a-3p/29c-3p expression.26 In addition, peripheral blood
hsa_circ_0124644 significantly elevates in coronary artery disease,27

and hsa_circRNA_103636 gradually decreases along with the effective
treatment in major depressive disorder.28 These findings suggest that
circRNAs play important roles in the pathogenesis of human diseases
andmight serve as novel diagnostic biomarkers and therapeutic targets.

However, circRNAs have not been reported in any glomerular or
tubulointerstitial diseases. We found previously that miR-150 signif-
icantly increased in repeated renal biopsies of LN patients with high
chronicity index (CI) and promoted renal fibrosis by regulating
fibrosis-associated genes.29 Many other miRs have also been demon-
strated to be involved in the pathogenesis of LN.30-31 So far, the
profiling of circRNAs and their roles in LN remain completely
unknown in either patients or animal models.

In this study, we aimed to identify circRNA profiling in renal biopsies
from LN patients and explore the roles of circRNAs in the pathogen-
esis of LN. We showed that circHLA-C remarkably increased while
miR-150 significantly decreased in the renal biopsies from new-onset
LN patients before the treatment of steroid and immunosuppressant.
A perfect match seed type of binding sequence was found between
circHLA-C and miR-150.
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Figure 1. The Profiling and Characteristics of circRNAs in Renal Biopsies

from Patients with Lupus Nephritis and Normal Kidney Tissues

(A) Clustered heatmap with each column representing a kidney tissue and each row

representing a circular RNA identified by circRNA sequencing. The red indicates

upregulated circRNAs, and the green indicates downregulated circRNAs. The

seven circRNAs were validated by real-time qPCR (arrows). (B) Volcano plots

showed differential expression of circRNAs between lupus nephritis (LN) and normal

control kidneys (NC). Vertical line expressed as 2-fold (log2 scaled) up or down

changes; the horizontal line represented a p value of 0.05 (�log10 scaled). Red

spots indicated the differentially expressed circRNAs with statistical significance.

(C) 171 circRNAs showed significant differential expression with over 2-fold change

(p < 0.05) in LN group compared with NC group. 142 circRNAs were significantly

upregulated (red), and 29 circRNAs were significantly downregulated (green).

39 novel circRNAs were identified (light red or green). (D) The distribution of the

differentially expressed circRNAs based on the length of nuclear acids. (E) The

distribution of differentially expressed circRNAs based on the location on human

chromosomes. (F) The counts of differentially expressed circRNAs based on their

categories of circle components.
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RESULTS
Clinical Characteristics of the Patients

Since the ratio of female to male of LN prevalence is 9:1,32 six females
and one male with biopsy-proven LN class IV (n = 7) were enrolled in
this study. With age and gender match, five females and one male
with renal tumor (n = 6) were used as control group of normal
246 Molecular Therapy: Nucleic Acids Vol. 10 March 2018
kidneys. In LN patients, urinary analysis showed proteinuria and
hematuria, and serology displayed decrease of complements, increase
of immunoglobulins and g-globulin, the increased score of systemic
lupus erythematous activity of diseases indices (SLEDAI, score is 18
to 26), and different severity of renal dysfunction (Table S1). All
LN patients presented as class IV pathological feature with typical
“full house” immunofluorescent staining. Normal control (NC)
subjects showed normal renal function, urinary analysis with negative
or trace proteinuria, and normal serum albumin levels except the
isolate renal tumor (Table S2). In addition, we further analyzed clin-
ical data in subgroups of six female LN patients. Based on the levels of
24-hr urinary total protein excretion (URTP) greater than 3.5 g/day
and serum albumin less than 30 g/L, three patients presented with
nephrotic syndrome and three patients displayed nephritic syndrome.
Based on the estimated glomerular filtration rate (eGFR) calculated by
the chronic kidney disease epidemiology collaboration (CKD-EPI)
equation, three patients had renal dysfunction and three
patients had normal renal function (47.29 ± 2.61 versus 123.74 ±

13.19 mL/min/1.73 m2, p < 0.05). Higher CI scores (3.33 ± 1.53 versus
0.33 ± 0.58, p < 0.05) and increased percentage of the crescentic
glomeruli were seen in renal dysfunction subgroup compared with
normal renal function group (Table S3).

Profiling and Characteristics of circRNAs in Renal Biopsies of

LN Patients

We first analyzed the profiling of circRNAs in kidney tissues of seven
LN patients and six normal kidney tissues by RNA deep sequencing.
Volcano plots and hierarchical clustering heatmap showed that the
circRNA expression levels were clearly distinguished and clustered
between LN renal biopsies and NC kidneys (Figure S1). Since females
are predominantly susceptible to lupus than males, we focused on
analyzing profiling of circRNAs in the kidneys from only female
LN patients and NC kidneys in order to remove the confounding
factor of gender. Total 18,505 circRNA transcripts were identified
in the human kidney tissues, including 11,411 upregulated circRNAs
and 7,094 downregulated circRNAs in LN compared with NC. Differ-
entially expressed circRNAs with statistical significance between the
two groups were displayed through fold change and p value (fold
change R2.0 and p < 0.05). 171 circRNAs were identified to signifi-
cantly express differentially between the LN group and NC group.
142 circRNAs were significantly upregulated, and 29 circRNAs
were remarkably downregulated more than 2-fold in kidney tissues
of LN group compared withNC group on cluster heatmap (Figure 1A)
and volcano plots (Figure 1B).

Among the 171 differentially expressed circRNAs, 39 circRNAs were
first time identified as novel circRNAs, 132 circRNAs were identified
previously and listed in the published circRNA database or articles
(Figure 1C). The majority of the 171 identified circRNAs had a length
with less than 2,000 nucleotides (nt) (Figure 1D). The circRNAs are
located on all of human chromosomes, including 22 autosomes and
the X chromosome. There was also some downregulated circRNAs
distributed on the mitochondria (Figure 1E). According to the
sequence structure of nt contained in circRNAs, circRNAs were
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divided into five categories, including exonic circRNAs composed
of the protein coding exons, intronic circRNAs derived from intron
lariats, intergenic circRNAs that consist of unannotated regions of
the gene, antisense circRNAs transcribed from antisense regions,
and sense overlapping circRNAs that originated from both exon
and other sequences. In the 171 identified circRNAs, 76.6%
(131/171) were exonic circRNAs, 16.4% (28/171) were sense over-
lapping circRNAs, and 7% (12/171) of circRNAs were other sources
(Figure 1F).

In addition, we also analyzed the profiling of circRNAs in six female
LN patients subgrouped into nephrotic and nephritic syndrome or
renal dysfunction and normal renal function. Cluster heatmap
showed that circRNAs expressed significantly differentially in the
kidneys between nephrotic and nephritic LN aswell as in the kidneys
between renal dysfunction and normal renal function (Figure S2).

The circRNA/miR Interaction Network

Based on the magnitude of fold changes and p value of the differ-
entially expressed circRNAs between six female LN patients and
five female NC subjects as well as the known functions of circRNAs
related to autoimmune, we ranked the top 20 upregulated and top
20 downregulated circRNAs listed for analyzing the interaction
network between circRNAs and miRs (Table 1).

The interaction between circRNAs and miRs were theoretically
predicted by conserved seed-matching sequence using TargetScan
and miRanda analysis. The analysis showed that all of 40 circRNAs
contained their respective miR response elements (MREs). The top
five miRs regulated by each of the 40 circRNAs were displayed as a
network generated by cytoscape software (Figure 2).

Predicted Functions and Pathways of Differentially Expressed

circRNAs in LN

The functions of differentially expressed circRNAs were predicted
through the host genes of circRNAs by analysis of Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG).
GO enrichment analysis predicted the functional roles of target
host genes based on three aspects, including biological processes,
cellular components, andmolecular functions. Since the downregu-
lated circRNAs were the minority of the differentially expressed
circRNAs and were most located on the mitochondria (Figure 1E),
we selected 142 significantly upregulated circRNAs as the focus of
this study from GO analysis. We found that the regulation of den-
dritic cell differentiation and the cytoplasmic mRNA processing
body assembly were significantly regulated by the 142 overex-
pressed circRNAs in LN kidneys (Figure 3A). MHC class protein
complex and peptide antigen were also significantly regulated by
these 142 circRNAs (Figures 3B and 3C). These four predicted
functional genes regulated by 142 upregulated circRNAs are well-
known genes associated with the pathogenesis of LN.32

The KEGG analysis can define the pathways related to the functions
of differentially expressed circRNAs’ host genes. 23 pathways
Molecular Therapy: Nucleic Acids Vol. 10 March 2018 247
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Figure 2. The Interaction Network between circRNAs and miRs

Amagnified network showed the top 20 upregulated circRNAs (red) and downregulated circRNAs (green) based on the ranking of fold change, statistical significance, and the

involvement of LN disease activity. The top five miRs regulated by each circRNA were expressed (yellow). Seven circRNAs were validated by real-time qPCR (arrows).

Molecular Therapy: Nucleic Acids
related to the functions of 142 upregulated circRNAs in LN were
found by the KEGG analysis (data not shown). Among these path-
ways, hypoxia inducible factor-1 (HIF-1) signaling pathway and
neurotrophin signaling pathway are both involved in regulating the
expression of NF-kB, which is a well-known important factor in
the pathogenesis of LN (Figures 4A and 4B).33

Validation of the Selected circRNAs

Since 142 out of 171 differentially expressed circRNAs were upregu-
lated in LN patients, we selected nine upregulated circRNAs (top
nine circRNAs in Table 1) and one downregulated circRNA
(NUP54) for the validation in the same kidney samples by real-
time qPCR based on the ranking order of multiple integrated factors
described above and the association with autoimmune diseases. We
found that seven out of ten circRNAs showed same change direc-
tions and statistical significance as the expression changes on the
circRNA sequencing (Figure 5A). These seven validated circRNAs
includes circHLA-C, circZNF609, circEKL4, circFAM188A,
circUBR5, circPDE4B, and circSP100 were significantly upregulated
in LN renal biopsies compared with NC kidneys (Figure 5B). The
various bio-features of the seven validated circRNAs, including
IDs in a different database (CircBase: http://circbase.org), were sum-
marized (Table S4; Figure 2).
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Correlation between circHLA-C and Clinical Disease Activities

We analyzed the correlation between the levels of seven validated
circRNAs and traditional clinical indices of disease activity.
circHLA-C positively correlated with total proteinuria excretion per
day (R = 0.920, p = 0.009) (Figure 6A), serum creatinine levels
(R = 0.756, p = 0.082) (Figure 6B), percentage of crescentic glomeruli
in total glomeruli (R = 0.929, p = 0.007) (Figure 6C), and renal active
index (AI) scores (R = 0.884, p = 0.020) (Figure 6D). In addition, renal
circZNF609, circFAM188A, circELK4, circPDE4B, and circUBR5
significantly correlated with one or two clinical parameters of LN dis-
ease activity (data not shown).

Interaction between circHLA-C and miR-150

In this study, renal circHLA-C showed the highest fold change in LN
group compared with NC group (4.38 ± 2.00 versus 1.61 ± 0.71,
p < 0.05) (Figure 7A) among the seven validated circRNAs. In addi-
tion, circHLA-C significantly correlated with most clinical parame-
ters of the disease activity (Figure 6). Our previous study reported
that miR-150 significantly increased in repeated renal biopsies of
LN patients with high CI (CI R 4).29 So we selected circHLA-C to
investigate its interaction with miR-150. We found that renal
miR-150 significantly decreased in LN renal biopsies compared
with NC kidneys (0.46 ± 0.19 versus 1.34 ± 0.79, p < 0.05) (Figure 7A).

http://circbase.org


Figure 3. Predicted Functions of the Overexpressed circRNAs in Lupus

Nephritis

The top 10 predicted functions of the host gene regulated by 142 overexpressed

circRNAs in renal biopsies from patients with lupus nephritis (LN) were obtained with

gene oncology (GO) analysis. They were categorized based on (A) biological pro-

cesses, (B) cellular components, and (C) molecular functions. The fold enrichment

expressed that the regulated extent of the predicted functions by the overexpressed

circRNAs in LN patients compared with normal control (NC). The arrows indicate the

well-known functions involved in the pathogenesis of LN.

Figure 4. HIF-1 and Neurotrophin Signal Pathways Regulated by the

Overexpressed circRNAs in Lupus Nephritis

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis showed 23 signal

pathways relate to the 142 differentially upregulated circRNAs in patients with lupus

nephritis. (A) Hypoxia-inducible factor-1 (HIF-1) and (B) neurotrophin signal path-

ways were 2/23 pathways obtained from KEGG analysis. Both pathways were

associated with activation of NF-kB, which is an important factor in the patho-

genesis of lupus nephritis.
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Renal miR-150 showed a tendency of negative correlation with
circHLA-C (Figure 7B).

Then we further analyzed the binding sequence between circHLA-C
and miR-150 interaction by TargetScan and miRanda analysis. We
found circHLA-C had a perfect match sequence (7-mer-m8 seed
type) to bind miR-150 (Figure 7C).

DISCUSSION
We have identified 171 circRNAs with significantly differential
expression and validated seven circRNAs with significant upregula-
tion in kidneys in LN class IV patients compared with NC group.
circHLA-C positively correlated with LN disease activity. circHLA-C
significantly increased and miR-150 decreased in LN patients
compared with normal group. In addition, circHLA-C displayed a
tendency of negative correlation with miR-150. A perfect match
seed type of binding sequence was shown between circHLA-C and
miR-150.

In the last decade, over ten thousand different circRNAs were discov-
ered in various organisms in several human diseases.3 Recent studies
demonstrated the expression of circRNAs as a cell-type-specific and
tissue-specific manner.5,8,9 In terms of the expression of circRNAs
in the kidney, Wang et al.26 reported that circHIAT1 expression
was lower in patients with clear cell renal carcinomas than adjacent
normal tissues, and Cheng and Joe34 reported renal circRNA profiling
in rat model with hypertension. Beside this single renal cancer study,
the profiling of circRNAs in human kidney diseases remains unre-
ported. In this study, we identified 171 differentially expressed
circRNAs in renal biopsies of LN compared with NC kidney tissues
(Figure 1). Seven circRNAs with circHLA-C on the top were signifi-
cantly increased in kidneys of LN patients (Figure 5). To our knowl-
edge, this is the first time the renal circRNA expressions in human
glomerular diseases have been reported. circRNAs showed higher
expressions than their corresponding linear transcripts35 and could
carry disease information into biological fluids. These features suggest
that circRNAs may serve as potential disease biomarkers.36 The
Molecular Therapy: Nucleic Acids Vol. 10 March 2018 249
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Figure 5. Seven Overexpressed circRNAs in Lupus Nephritis Compared

with Normal Control

(A) Seven circRNAs showed same upregulation and statistical significance on real-

time qPCR validation as on circRNA sequencing. The upregulated magnitudes of

the seven circRNAs were expressed as a fold change of lupus nephritis (LN) to

normal control (NC). (B) The relative levels of the seven circRNAs by real-time qPCR

analysis in the kidneys from LN compared with NC. The levels of circRNAs fromRNA

sequencing were expressed as fold-change ratio of LN to NC (log2 transformed) for

each circRNA. The renal levels of circRNA from real-time qPCRwere expressed as a

ratio of average 2�DDCt of each circRNA form LN to NC. Data are expressed as

means ± SD (*p < 0.05).

Figure 6. The Correlation between Renal circHLA-C and Clinical

Parameters in Lupus Nephritis

(A) circHLA-C positively correlated with total proteinuria excretion per day. (B)

A tendency of positive correlation between circHLA-C and serum creatinine.

circHLA-C positively correlated with the severity of active kidney tissue damage,

including (C) percentage of crescentic glomeruli and (D) score of renal activity index

(AI score).
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differentially expressed circRNAs from this study may provide a data-
base of circRNAs to study a novel class of biomarkers for LN.

circRNAs have been demonstrated to function as miR sponges or
potent competitive endogenous RNA (ceRNA) molecules.37,38 An
interaction network between hundreds of circRNAs and miRs was
predicted in the present study (Figure 2). This network provided
plenty of valuable information to study circRNAs and their targeted
miRs. The majority of the identified circRNAs from our study
contained miR response elements, and this suggests that these
circRNAs might be involved in pathogenesis of LN by regulating
the expression of miRs. In addition, GO enrichment analysis re-
vealed that the upregulated circRNAs were involved in the multiple
250 Molecular Therapy: Nucleic Acids Vol. 10 March 2018
biological functions such as regulation of dendritic cell (DC)
differentiation, cytoplasmic mRNA processing body assembly,
MHC protein complex, and peptide antigen binding (Figure 3).
Cehlar et al.39 reported that the increase of Toll-like receptor 7 in
DCs is central to the development of LN. Glomerular accumulation
of DCs and introduction of DC differentiation were seen at inflam-
matory sites in kidney tissues of active LN.40,41 Raj et al.42 reported
that DC gene expression of HLA-D region and antigen-presentation
pathways were upregulated in lupus patients. These data suggest
that the roles of the overexpressed circRNAs in LN development
might be mediated through regulating the above biological func-
tions. On the other hand, KEGG analysis revealed two pathways
that related to activation of NF-kB signaling (Figure 4). NF-kB
can promote the progression of LN by increasing inflammatory
response.33 This can explain the possible mechanisms of the
increased circRNAs in LN class IV.

We also found six out of seven validated circRNAs correlated with
different parameters of LN disease activity. circHLA-C was signifi-
cantly positively correlated with 24-hr urinary protein excretion,
percentage of crescentic glomeruli in total glomeruli, and renal
activity index. In addition, circHLA-C also showed a tendency of
positive correlation with serum creatinine. The significant correlation
between circHLA-C and LN disease activities was easily shown in
such small numbers of LN patients, we believe that circHLA-C or
other circRNAs most likely correlate with more disease activities in
larger numbers of LN patients. These data suggest that circHLA-C
might be involved in the development of LN and might promote
the progress of LN.



Figure 7. The Interaction between Renal circHLA-C and miR-150 in Lupus

Nephritis

(A) The relative expression levels of renal circHLA-C and miR-150 between normal

control (NC) and lupus nephritis (LN) by real-time qPCR. Data are expressed as

means ± SD. (B) A tendency of negative correlation between renal miR-150 and

renal circHLA-C. (C) The interaction between circHLA-C and miR-150 was pre-

dicted by TargetScan and miRanda. The “2D Structure” column shows the binding

sequence of circHLA-C andmiR-150 as a perfect match seed type (7-mer-m8). The

“Local AU” column displays 30 nucleotides in the upstream and downstream of the

seed sequence. The “Position” column indicates the probable position of miR-150

response element on the linear presentation of circHLA-C. (D) Schematic cartoon of

circHLA-C in pathogenesis of LN by sponging miR-150 and other miRs. The his-

tology image was from the renal biopsy report from patient #4 listed in Table S1

(arrow indicated a cellular crescent).
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We previously reported that miR-150 significantly increased in
repeated renal biopsies of 14 LN patients with high CI (CI R 4,
n = 14) compared with the LN patients with low CI (CI < 4,
n = 11). The renal miR-150 positively correlated with renal CI in
the inside of LN patients.29 In the present study, we found that
miR-150 expression decreased in LN renal biopsies compared with
NC kidneys (Figure 7A). Only one out of six patients had high CI
score (CI = 5) (Table S1), and all patients were new onset of LN
and did not receive any treatment of steroid and/or immunosuppres-
sants in current study. Based on our two studies, we speculate that
renal miR-150 expression might be different along with the changes
of LN disease activities and the status of the treatment. We also found
a tendency of negative correlation and one perfect match seed
between circHLA-C and miR-150 (Figures 7B and 7C). This suggests
that the upregulated circHLA-C might sponge miR-150 in the new
onset of LN class IV to promote active kidney damage, including
the formation of crescents in the glomeruli and excretion of protein-
uria. circHLA-C, a novel circRNA, has not been reported in circRNA
database so far. We first-time identified circHLA-C and found it
might play an important role in the pathogenesis of LN by sponging
miR-150. Of course, the other miRs displayed on the downstream top
5 target miRs of circHLA-Cmight also participate in the pathogenesis
of LN (Figure 7D).

The present study focused on the most common single class IV of LN
in six female patients. Although this minimalized the confounder
factors due to the complexity of LN classification, it might also miss
some circRNA signatures existing in other types of LN. Since the
difficulty to obtain more renal biopsies from LN patients, the valida-
tion cohort is small. The overexpression of circHLA-C in human
renal cells and the inhibition of circHLA-C in LN model animals in
future will help on understanding the roles and mechanisms of
circRNAs in the pathogenesis of LN and estimate the therapeutic
values of circRNAs in LN. The examination of circHLA-C in blood
or urine samples from large cohort LN patients may define its clinical
values as a novel biomarker.

Our data, for the first time, provided a renal circRNA profiling and an
interaction network between circRNAs and miRs in LN. The signifi-
cant correlation between the overexpressed circHLA-C and LN dis-
ease activities indicates that circHLA-C plays an important role in
the pathogenesis of LN. The downregulation of renal miR-150 and
perfect miR-150 response element on circHLA-C suggest that
circHLA-C might participate in the development of LN by sponging
miR-150. Further study needs investigation of circHLA-C in larger
cohorts of LN patients and mechanisms of circHLA-C in LN
in vitro and in vivo experiments.

MATERIALS AND METHODS
Human Kidney Tissue Samples

Seven LN patients with renal biopsy proven as class IV, including six
females and one male, were prospectively enrolled in this study
between January and October 2016 from Department of Nephrology
at the First Hospital of China Medical University. Six patients with
renal tumor as NC group, including five females and one male,
were from the Urology Department at the same hospital.We excluded
individuals with eGFR lower than 30 mL/min/1.73 m2, age younger
than 18 or older than 60, pregnancy, hepatitis virus infection, hyper-
tension, or diabetes in all human subjects. We also excluded any
tumor patients from LN group.

A human subject research protocol was approved in advance by the
Institutional Review Boards of the First Hospital of China Medical
University. All subjects provided written informed consent prior to
research participation.

All renal biopsy tissues from LN patients were obtained before the
treatment with steroid and/or immunosuppressant. Kidney tissues
as NC were obtained from renal tumor patients at least 5 cm from
the edge of renal tumor. The NC tissues were additionally stained
with periodic acid-Schiff and were confirmed to be normal
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histological morphology under microscopy by a nephrology
pathologist. All kidney tissues were stored in �80�C until RNA
extraction.

circRNA Profiling Analysis

Total RNA was extracted from the frozen kidney tissues with using
TRIzol reagent (Life Technologies, Carlsbad, CA, USA). The concen-
tration of each RNA sample was determined by NanoDrop ND-1000
analysis (Agilent, Wilmington, DE, USA). All RNA samples used in
this study passed the quality control based on a qualified ratio of
OD260 to OD280 (1.8�2.1).

RNA library preparation and circRNA sequencing were performed by
CloudSeq Biotech (Shanghai, China). For each sample, 5 mg of total
RNA was incubated for 15 min at 37�C with 3 U/mg of RNase R
(Epicenter, Madison, WI, USA) to enrich circRNAs. The Rnase-R
treated RNA was then rRNA depleted using the Ribo-Zero Magnetic
Gold Kit (Epicenter, Madison, WI, USA). The rRNA-depleted RNA
was used to construct the RNA libraries with TruSeq Stranded Total
RNA Library Prep Kit (Illumina, San Diego, CA, USA) according to
the manufacturer’s instructions. The library quality was evaluated
with BioAnalyzer 2100 system (Agilent Technologies, Richardson,
TX, USA). The RNA libraries were denatured as single-stranded
DNA molecules. The cDNAs were captured on Illumina Flow Cells
(Illumina, San Diego, CA, USA), amplified in situ as clusters and
finally sequenced with 150-bp paired reads on HiSeq 4000 sequencing
system (Illumina, San Diego, CA, USA).

To generate the profiling of differentially expressed circRNAs
between LN kidneys and NC kidneys, the hierarchical clustering anal-
ysis was performed based on the expression levels of all identified
circRNAs and the significant difference between LN and control kid-
neys by Cluster and TreeView software. The predicted functions of
the differentially expressed circRNAs between LN and NC were
obtained by GO and KEGG analysis. The interaction seed between
circHLA-C andmiR-150 were predicted by TargetScan andmiRanda,
and the network of circRNAs and their downstream miRs was gener-
ated by cytoscape software (v2.8.0).

Real-Time qPCR of circRNAs and miR-150

Real-time qPCR with SYBER green analysis was used to validate the
expression of the selected circRNAs from circRNA sequencing. Total
RNAs (0.8 mg) were used for first-strand cDNA synthesis with dNTP
Mix (HyTestLtd, Turku, Finland), SuperScript III Reverse Tran-
scriptase (Thermo Fisher Scientific, Chino, CA, USA), and RNase
Inhibitor (Enzymatics, Green Bay, WI, USA). The first strand
cDNA (2 mL) was used for PCR by the ViiA 7 Real-Time PCR
System analysis (Applied Biosystems, Foster City, CA, USA). The
relative expression levels of circRNAs were expressed as 2�DDCt of
each circRNA measurement. Gapdh was used as an endogenous
control gene for circRNAs. The relative expression level of the
miR-150 was analyzed by the same real-time qPCR method used
in validation of the circRNAs. U6 was used as an endogenous con-
trol gene for miR-150.
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Statistical Analysis

Statistical software SPSS 17.0 (SPSS, Chicago, IL, USA) was used for
statistical analysis. Quantitative data were expressed as mean ± SD.
Differences between two groups were analyzed for statistical signifi-
cance by t test. Correlation between two variations was analyzed by
Pearson’s linear correlation analysis. A p value < 0.05 was accepted
as statistically significant.
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Supplemental Table 1. The Clinical Characteristics of Patients with Lupus Nephritis

Urine Serum Renal biopsy 

Pt. Age Gender eGFR SLEDAI URTP WBC RBC Alb IgG IgA C3 C4 γ-Glo Fib IgM IgA IgG C1q C3 C4 AI CI CRG / TG

(yr) (M/F) (mL/min/1.73m
2
) (score) (g/day) (counts/μL) (g/L) (score) (%)

1 52 F 44.9 22 10.6 5.1 5.9 24.3 7.3 1.3 0.5 0.1 16.7 0 1 3 2 3 3 0 13 5 37.5

2 26 F 138.4 26 0.7 79 321.3 20.1 28.3 6.3 0.3 0.2 42.9 0 2 3 2 3 3 3 10 0 27.3

3 35 F 50.1 22 2.7 271.7 354.1 21.5 12.4 1.7 0.4 0.0 24.5 2 3 3 3 3 3 2 10 3 0.0

4 40 F 46.9 18 15.3 530.7 468.1 21 9.3 3.3 0.4 0.2 13.9 2 2 3 3 3 3 2 13 2 46.2

5 40 F 120.1 20 0.2 35.4 2.9 19.5 19.9 2.1 0.1 0.0 37.2 1 1 3 2 1 3 0 7 0 0.0

6 49 F 112.8 21 3.5 190.1 93.7 24.4 12.6 1.8 0.2 0.0 15.4 2 2 3 2 3 3 0 4 1 0.0

7 39 M 125.2 25 10.9 267.9 105.5 23.2 5.5 0.9 0.4 0.1 12.6 1 1 3 3 3 3 2 13 0 27.8

Pt, patient; M/F, male/Female; eGFR, estimated glomerular filtration rate based on CKD-EPI formula; SLEDAI, systemic lupus 

erythematosus disease activity index; URTP, urinary total proteinuria per day; WBC, urinary white blood cells; RBC, urinary 

red blood cells ; Alb, albumin; IgG, immunoglobulin G; IgA, immunoglobulin A; C3, complement 3; C4, complement 4; γ-Glo, 

serum γ-globulin; Fib, fibrinogen; C1q, complement 1q; AI, activity index; CI, chronicity index; CRG/TG, crescentic

glomeruli/total glomeruli.      



Supplemental Table 2. The Characteristics of Normal Control Subjects with Renal Tumor

Urine analysis Serum

Patients Age Gender eGFR Protein Gravity WBC RBC Albumin

(yr) (mL/min/1.73m
2
) (counts/μL) (g/L)

1 32 Female 106.4 trace 1.024 5.1 5.9 43.6

2 50 Female 162.0 - 1.016 79.0 321.3 37.0

3 47 Female 86.2 trace 1.029 530.7 468.1 40.9

4 53 Female 119.7 - 1.016 271.7 354.1 42.3

5 53 Female 122.5 1+ 1.010 35.4 2.9 41.7

6 60 Male 125.1 - 1.019 267.9 105.5 38.4



Supplemental Table 3. The Characteristics of LN Patient Subgroups  

Age are expressed as median(range), the other indices are  expressed as mean ±
SD. # p＜0.05, nephrotic syndrome vs nephritic syndrome; *p＜0.05, renal 

dysfunction  vs normal renal dysfunction.

Index

Nephrotic

syndrome

(n=3) 

Nephritic syndrome 

(n=3) 

Renal

dysfunction

(n=3)

Normal renal 

function 

(n=3) 

Age (yr) 49(40,52) 35(26,40) 40(35,52) 40(26,49) 

eGFR(mL/(min*1.73m2) 68.19±38.61 102.85±46.61 47.29±2.61 123.74±13.19* 

SLEDAI(score) 20.33±2.08 22.67±3.04 20.67±2.30 22.33±3.22

Urine
URTP(g/day) 9.08±5.94 1.18±1.35 9.54±6.36 1.45±1.8

WBC   (/μL) 241.97±266.30 128.70±125.60 369.17±262.49 101.50±79.67

RBC    (/μL) 189.23±245.18 226.10±193.76 276.03±240.50 139.30±163.83

Serum Alb    (g/L) 23.23±1.93 20.37±1.03 22.27±1.78 21.33±2.67

IgG (g/L) 9.72±2.70 20.20±7.95 9.65±2.59 20.27±7.86 

IgA (g/L) 2.09±1.04 3.33±2.53 2.07±1.05 3.36±2.51

C3  (g/L) 0.37±0.12 0.27±0.15 0.42±0.04 0.22±0.12

C4  (g/L) 0.08±0.06 0.07±0.08 0.08±0.06 0.07±0.08

γ-Glo (g/L) 15.33±1.40 34.87±9.41# 18.37±5.48 31.83±14.50

Renal biopsy Fib (score) 1.33±1.15 1.00±1.00 1.33±1.15 1.00±1.00

IgM (score) 1.67±0.58 2.00±1.00 2.00±1.00 1.67±0.58

IgA (score) 3.00±0.00 3.00±0.00 3.00±0.00 3.00±0.00 

IgG (score) 2.33±0.58 2.33±0.0.58 2.67±0.58 2.00±0.00

C1q(score) 3.00±0.00 2.33±1.15 3.00 ±0.00 2.33±1.15

C3  (score) 3.00±0.00 3.00±0.00 3.00±0.00 3.00±0.00 

C4  (score) 0.67±1.15 1.67±1.53 1.33±1.15 1.00±1.73

AI   (score) 10.00±5.20 9.00±1.73 12.00±1.73 7.00±3.00 

CI (score) 2.67±2.08 1.00±1.73 3.33±1.53 0.33±0.58 * 

CRG/TG(%) 27.88±14.16 9.09±9.09 27.89±14.16 9.09±9.09



Supplemental Table 4. The Biological Features of the Seven circRNAs Validated by Real-Time qPCR 

CircRNA ID GeneName Cloud-seq ID CircBase ID Relative levels P value Category Length 

chr6:31239010-31324103- HLA-C hsa-circ007500 novel 2.715 0.017 sense overlapping 85094

chr15:64791492-64792365+ ZNF609 hsa-circ008643 hsa_circ_0000615 3.168 0.029 sense overlapping 874

chr1:205585606-205593019- ELK4 hsa-circ003675 hsa_circ_0000175 3.318 0.018 exonic 1373

chr10:15858834-15889942- FAM188A hsa-circ009814 hsa_circ_0000219 2.928 0.043 exonic 788

chr8:103372299-103373854- UBR5 hsa-circ008068 hsa_circ_0001819 2.062 0.027 exonic 324

chr1:66378928-66384518+ PDE4B hsa-circ001684 hsa_circ_0008433 2.415 0.049 exonic 351

chr2:231307652-231314970+ SP100
hsa-circ001351 hsa_circ_0003922

2.850 0.048
exonic

713
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Supplemental Figure 1. Profiling of circRNAs in Renal Biopsies from Seven Patients with Lupus 

Nephritis Including One Male

(A) Volcano plots showed differential expression of circRNAs between lupus nephritis (LN) and normal 

control kidney (NC) including one male individual. Vertical green line expressed as two folds (log2 fold 

change) up-regulated or down-regulated circRNAs; the horizontal green line represented a p-value of 0.05 (− 

log10 scaled). Red spots indicated the differentially expressed circRNAs with statistical significance. (B) 

Clustered heatmap with each column represented a kidney tissue and each each row represented a circular 

RNA identified by RNA sequencing. The red indicated upregulated circRNAs and the green inicated 

downregulated circRNAs. 
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Supplemental Figure 2. Profiling of circRNAs in Kidney Biopsies from Subgroups of Six Female 

Patients with Lupus Nephritis 

(A) circRNAs with differential expression between clinical nephritic and nephrotic syndrome. (B) circRNAs

with differential expression between renal dysfunction (RF) and normal renal function (non-RF). In the 

clustered heatmap, each column represented a kidney tissue and each row represented a circRNA.  

circFAM188 A and circPDE4B were also identified from whole lupus nephritis compared with normal controls.
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