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Abstract

Background As a critical component of exosomes, circular RNAs (circRNAs) have shown great value in cancer diagnosis.
This study aimed to identify circRNAs in exosomes for the diagnosis of PTC (papillary thyroid carcinoma).

Methods We selected hsa_circ_0082002 and hsa_circ_0003863 based on circRNA microarray. The levels of exosomal
hsa_circ_0082002 and hsa_circ_0003863 in the sera of healthy control (n=68), benign thyroid tumors (n=60), and PTC
without and with Hashimoto’s thyroiditis (n=164) were quantified by qPCR (quantitative polymerase chain reaction).
Receiver operating characteristic analyses were conducted to evaluate the diagnostic sensitivity and specificity. Bioinfor-
matics databases were used to predict the microRNAs and proteins binding with hsa_circ_0082002 and hsa_circ_0003863.
Results The levels of exosomal hsa_circ_0082002 and hsa_circ_0003863 were positively associated and statistically
increased in PTC compared to healthy and benign thyroid tumors. Intriguingly, higher levels of exosomal hsa_circ_0082002
and hsa_circ_0003863 were positively correlated with lymph node metastasis and vascular invasion in PTC. Further stability
tests show that exosomal hsa_circ_0082002 and hsa_circ_0003863 could exist stably in sera treated by several freeze—thaw
cycles at -20 °C and with a storage time shorter than 24 h at 4 °C. Furthermore, hsa_circ_0082002 and hsa_circ_0003863
were predicted to interact with microRNAs and proteins, suggesting that hsa_circ_0082002 and hsa_circ_0003863 might
contribute to the occurrence and progression of PTC through interacting with microRNAs and RNA binding proteins.
Conclusion Collectively, we identified two PTC-related circRNAs incorporated in exosomes and uncovered their potential
as tumor markers to diagnose PTC, in particular, more aggressive PTC.
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biopsy (FNAB) is the most widely used and accurate diag-
nostic method for thyroid cancer. However, the detection
rate of micro-tumor by FNAB is less than satisfactory [2].
And patients generally have low acceptance of the invasive
examination method, which limits the application of FNAB
in the early diagnosis of thyroid cancer [3]. The standard
non-invasive methods for the early diagnosis of thyroid can-
cer include thyroid globulin assay, positron emission tomog-
raphy (PET), and computed tomography (CT). However, the
sensitivity and specificity of serum thyroglobulin detection
remain to be discussed [4—6]. PET and CT have specific
radiation effects on the human body, and the examination
cost is high. Therefore, considering the above situation of
clinical diagnosis of thyroid cancer, we urgently need a
novel, non-invasive marker to improve the sensitivity and
specificity of early diagnosis of thyroid cancer.

Exosomes are extracellular vesicles with a lipid bilayer
structure ranging from 30 to 200 nm in diameter [7].
Exosomes mediate cell-to-cell communication by transport-
ing their bioactive contents, including microRNA (miRNA),
long non-coding RNA (IncRNA), circular RNA (circRNA),
messenger RNA (mRNA), DNA, and proteins to recipient
cells, thus affecting the physiological and pathological func-
tions of the recipient cells [7]. Through intercellular com-
munication, exosomes play a vital role in tumorigenesis and
development [7, 8]. In recent years, numerous studies have
demonstrated that exosomes are involved in multiple phases
of tumor occurrence and progression, like tumor growth,
cancer cell apoptosis, epithelial-mesenchymal transition,
angiogenesis, immunosuppression, and chemotherapy resist-
ance, by releasing their bioactive contents into recipient cells
[8,9].

As a critical cargo of exosomes, circRNA is highly
enriched and stably present in exosomes [10]. CircRNA,
a non-coding RNA distinguished by a stable closed-loop
structure, mainly regulates gene expression during transcrip-
tion and translation [11, 12]. It is involved in many patholog-
ical processes, such as Alzheimer’s disease, atherosclerosis,
and cancers [13]. Accumulated documents have shown that
circRNA plays a vital role in tumor growth, angiogenesis,
metastasis, drug resistance, etc., through different mecha-
nisms [14]. The most crucial function of circRNAs is acting
as miRNA sponges to adsorb miRNAs, thereby releasing the
inhibitory effect of miRNAs on their target genes [15]. Addi-
tionally, circRNA can interact with proteins to regulate gene
expression at transcriptional and translational levels and act
as translation templates [16]. Recent studies showed many
different circRNAs involved in the development of PTC and
their altered expression in tissues, blood, and exosomes as a
characteristic sign of specific clinicopathological parameters
of PTC [17].

Therefore, considering the vital role of circRNAs
in PTC and their abundance in exosomes, we aimed to
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explore PTC-related circRNAs within exosomes, which
could be served as potential diagnostic biomarkers of
PTC. We first performed circRNA microarray analysis to
profile circRNAs within serum exosomes of patients with
PTC. Then we selected upregulated hsa_circ_0082002
and hsa_circ_0003863 as the interest circRNAs for fur-
ther quantification in four subsets (healthy, benign thy-
roid tumors, PTC plus Hashimoto’s thyroiditis, and PTC).
We found that the levels of exosomal hsa_circ_0082002
and hsa_circ_0003863 were significantly elevated in PTC
compared to the subpopulations of healthy and benign thy-
roid tumors, showing higher sensitivity and specificity to
diagnose PTC. Intriguingly, the levels of exosomal hsa_
circ_0082002 and hsa_circ_0003863 were positively asso-
ciated, and both of them were related to more aggressive
features of PTC, like lymph node metastasis and vascular
invasion. The present study identified two exosomal cir-
cRNAs as potential biomarkers for PTC diagnosis and fur-
ther predicted the vital role of exosomal hsa_circ_0082002
and hsa_circ_0003863 in the development of PTC. And
the combination of exosomal hsa_circ_0082002 and hsa_
circ_0003863 might be a strategy to improve diagnostic
sensitivity and specificity for PTC.

Materials and methods
Serum specimens enrolled in the present study

With the approval of the Ethics Review Board of the Ningbo
No.2 Hospital (YJ-NBEY-KY-2021-181-01), we collected
serum samples from 68 healthy people, 60 patients with
benign thyroid tumors, 44 patients with PTC plus Hashimo-
to’s thyroiditis, and 120 patients with PTC from the Ningbo
No.2 Hospital at the initial diagnosis before surgery between
October 2021 and September 2022. The clinical parameters
(age, gender, tumor stage, tumor size, distant metastasis,
vascular invasion, lymph node metastasis) of each subset
are shown in Table 1.

The isolation of serum exosomes

Exosomes were extracted directly from sera with the exo-
some isolation kit [18]. Briefly, 400 pL of serum without
cells and debris were incubated with 80 pL of Total Exo-
some Isolation Reagent for Serum (Life Technologies,
Austin, United States) at 4 °C for 30 min. After incubation,
serum exosomes were obtained by centrifugation at 10,000 g
for 10 min. The isolated exosomes were resuspended and
stored in PBS (Phosphate-Buffered Saline) for further iden-
tification and RNA extraction.
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Table 1 The serum samples and the corresponding clinical param- Table 1 (continued)
eters in the present study Sample types and clinical data Numbers n (%)
Sample types and clinical data Numbers n (%)
Age(year)

PTC 120 (100%) <60 49 (81.7%)
Age(year) >60 11 (18.3%)

<60 106 (88.3%) Gender

>60 14 (11.7%) Male 11 (18.3%)
Gender Female 49 (81.7%)
Male 46 (38.3%) Healthy 68 (100%)
Female 74 (61.7%) Age(year)

Tumor size(cm) <60 46 (67.6%)

<1 90 (75.0%) >60 22 (32.4%)

>1 30 (25.0%) Gender
TNM stage Male 38 (55.9%)

I 111 (92.5%) Female 30 (44.1%)

11 6 (5.0%)

111 1 (0.83%)

Unknown 2 (1.67%) The identification of serum exosomes

Distant metastasis

Mo 120 (100%) After serum exosome isolation, we carried out western blot

MI ) ) 0 0.0%) to check three exosome-specific markers (CD9, CD63, and

Vascular invasion CD81). Additionally, the size and morphology of isolated

;ZS 1(3)7(1(298?;) exosomes were tested by scanning electron microscope
) e (SU-70, HITACHI, Japan) and a potentiometric analyzer

Lymph node metastasis (Zetasizer, ZEN3700, Malvern, England), respectively.

NO 72 (60.0%)

N1 48 (40.0%)

PTC plus Hashimoto’s thyroiditis 44 (100%) Protein extraction and western blot

Age(year)

i:g 29(1(?1?;)5) Exosome proteins were lysed in RIPA buffer (50 mM Tris
ngder ’ pHS, 0.1% SDS, 150 mM NaCl, 1% NP40, 0.5% Na-deox-
Male 7(159%) y‘cholate) plus 1 mM PMSF (Phenylme}hylsulfpnyl Fluo-
Female 37 (8;1 1% ride) and phosphatase inhibitor (Beyotime, China). Then,
Tumor size(cm) ’ lysed exosgme proteins were firstly separa'ted by SDS-

<1 35 (19.5%) PAGE (S(?dlum Dodecyl Sulfate Polyacrylamide Qel Elec-

; : 9 20.5%) trophgresm) and then transferred.to PVDF (Polyvinylidene
TNM stage Fll.lO.I‘lde) merpbranes (Immobllor.l-P Membrafle, Merk
; 41 (93.2%) Millipore, United States) as. previously descr1be§[19].
I 3 6.8%) To .dete.ct the e.xosome—spemﬁc marker§, three primary
Distant metastasis antibodies spemﬁc.to the f:xosomal proteins (CD9, CD63,
MO 44 (100%) anq CDS81), 1nclud1ng anti-CD9 (AP1482d-ev, ABGENT,
M 0 0.0%) Un}ted States), ant1—CD63 (AP5333b-ev,. ABGENT,
Vaseular invasion United States) and ant}-C])'81 (bs-6934R, BlOS'S, China),
Yes 5 (11.4%) anq the secondary antibodies, peroxidase afﬁmpure goat
No 30 (88.6%) anti-mouse IgG (115-035-003E, Jackson, United States),
Unknown and afﬁr'lipure goat anti-rabbit IgG (111-035-003E, Jack-
Lymph node metastasis so'n, United States), were useq. Finally, the exosomal p.ro-
NO 28 (63.6%) tein bands were presented with thg super ECL detection
NI 16 (36.4%) re.agent (.36208ES.60, YEASEN, Ch¥na) and phptographed

) with the infrared imaging system (Li-COR, United States).
Benign 60 (100%)
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RNA isolation from exosomes

To extract total RNAs from exosomes, we resuspended
exosomes in PBS to get a 400 pL solution and added 1.2 mL
trizol (Invitrogen, Thermo Fisher Scientific, United States).
The mixture was incubated at 4 °C for 5 min, then mixed
with 240 uL chloroform (ChemMall, China), and continued
to incubate at 4 °C for another 5 min. After centrifugation
at 12,000 x g for 15 min at 4 °C, the supernatant was trans-
ferred to a new tube and mixed with 600 pL isopropanol
(ChemMall, China). The RNAs were precipitated by cen-
trifugation at 12,000 X g for 10 min at 4 °C and then purified
with 75% ethanol twice. At last, the purified RNAs were dis-
solved in 10 pL nuclease-free water and then quantified by
a NanoDrop spectrophotometer (NanoDrop™ One, Thermo
Fisher Scientific, United States).

CircRNA microarray

We isolated RNAs from the serum exosomes of 4 healthy
individuals and 4 patients with PTC. The circRNAs in
exosomes were profiled with Arraystar Human CircRNA
Array (Arraystar, Rockville, MD, USA) following the
Arraystar’s Super RNA Labeling protocol. Hierarchical
clustering was applied to present the circRNA expression
pattern between the healthy and PTC groups. Statistically
differentially expressed circRNAs between the healthy and
PTC groups were characterized by fold changes >2.0 and P
values < 0.05.

Reverse transcription and quantitative polymerase
chain reaction (qPCR)

Following the RNA extraction from exosomes, the reverse
transcription kit (ReverTra Ace qPCR RT Master Mix with
gDNA Remover, TOYOBO, Japan) was immediately used to
synthesize cDNAs as previously described [20]. For qPCR,
the divergent primers used to amplify hsa_circ_0082002
and hsa_circ_0003863 were designed by Primer 3 Plus
(http://www.primer3plus.com/cgi-bin/dev/primer3plus.
cgi), and synthesized by BGI (Beijing Genomics Institution,
China). The primer sequences of hsa_circ_0082002, hsa_
circ_0003863, and GAPDH were summarized in supplemen-
tary table 1. The fluorescent dye SYBR (Yeason, China) was
chosen to perform qPCR. The qPCR system was prepared
as previously described [19]. Subsequently, the qPCR was
run with the procedure of hot-start at 95 °C for 5 min, 40
cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s,
then 98 °C for 10 min, and finally hold at 4 °C on a Mas-
tercycler Gradient (Vaudaux-Eppendorf, Germany). Each
reaction was carried out in triplicate. Based on the previous
publications[19, 21, 22] and the constant expression levels
of GAPDH among different serum subsets, in the present
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study, we selected GAPDH as the internal reference gene to
normalize the qPCR data. The relative expression levels of
hsa_circ_0082002 and hsa_circ_0003863 were calculated
with the formula 2~ (mean Cq value of GAPDH—mean Cq
value of circRNA). The melting curve and agarose gel elec-
trophoresis were used to examine the specificity of qPCR
products.

Agarose gel electrophoresis

We performed agarose gel electrophoresis to detect the gPCR
product size of hsa_circ_0082002 and hsa_circ_0003863.
And the effect of RNase R digestion on the circular and
linear 0082002 and 0003863 amplification fragments was
also checked. According to the length of the PCR products,
10% agarose gel was prepared, and the electrophoresis was
carried out at 100 V for 40 min. Finally, the bands were visu-
alized in the gel imager (GelDoc XR™, Bio-Rad, Germany).

Sequencing

Sanger sequencing was carried out to verify the circular
structure of hsa_circ_0082002 and hsa_circ_0003863 after
the amplification by qPCR. We used the divergent primer
to detect the specific circRNA identifier BSJ in the qPCR
products.

Statistical analyses

SPSS 22.0 Software package (SPSS Inc. Chicago, United
States) and GraphPad Prism 8.0 (GraphPad Software, United
States) were used for the present study’s statistical analyses.
The Ct values of circRNAs between the healthy and PTC
subpopulations were compared by student t-test. The lev-
els of circRNAs between tumor sizes of <1 cm and> 1 cm,
Stage I and II-III, lymph node metastasis negative and posi-
tive, vascular invasion negative and positive, were compared
by Mann—Whitney U test. To achieve normal distribution,
the calculated relative levels of circRNAs were transformed
by Ln. The levels of circRNAs among the 4 cohorts of
healthy, benign thyroid tumors, PTC plus Hashimoto’s thy-
roiditis, and PTC were compared by ANOVA and Tukey’s
HSD test. Receiver operating characteristic (ROC) analyses
were carried out to estimate the diagnostic sensitivity and
specificity of circRNAs to distinguish healthy and benign,
healthy and PTC, benign thyroid tumors and PTC, stage I
and II-III, lymph node metastasis negative and positive, as
well as vascular invasion negative and positive. The areas
under the curves (AUC) of ROC were calculated. Pearson
correlation analysis was used to evaluate the correlation
of hsa_circ_0082002 and hsa_circ_0003863. The logistic
regression model was used to combine hsa_circ_0082002
and hsa_circ_0003863, and the probability of the
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combination was calculated. The Ct values of exosomal cir-
cRNAs in serum samples treated by freeze—thaw cycles and
different storage times were compared by student t-test. The
possible regulatory mechanisms of hsa_circ_0082002 and
hsa_circ_0003863 were predicted by Cancer-Specific Cir-
cRNA Database (CSCD, http://gb.whu.edu.cn/CSCD). The
interactions of hsa_circ_0082002 and hsa_circ_0003863
with miRNAs and proteins were downloaded from circbank
(http://www.circbank.cn/index.html) and were visualized by
the software Cytoscape_v3.9.1. A P value <0.05 was con-
sidered statistically significant; all P values are two-sided.

a Healthy PTC
CDB3 s o et === —55KD)
. —27KD
—25KD

Results

The isolation and the characterization of serum
exosomes

We chose an exosome isolation kit to isolate total exosomes
from serum. We first isolated exosomes from the sera of 2
healthy individuals and 2 patients with PTC who were ran-
domly chosen. After the isolation, the specific proteins on
exosomes, including CD63, CD81, and CD9, were checked
by western blot (Fig. 1a). In addition, the shapes of iso-
lated exosomes from the sera of healthy people (Fig. 1b)
and patients with PTC (Fig. 1c) were visualized under the
transmission electron microscopy. The typical round or oval
structure of exosomes with a diameter range of 40-200 nm
could be observed. Also, the serum exosomes isolated from
healthy persons (Fig. 1d) and patients with PTC (Fig. le)
show a size of 146 nm and 137 nm, respectively. The above

Healthy c PTC

Size Distribution by Intensity

Intensity (Percent)

0.1 1 10

100 1000 10000

e Size Distribution by Intensity

Intensity (Percent)

1000 10000

Oimn A mmal

Fig. 1 The identification of isolated serum exosomes. The specific
exosomal proteins (CD63, CD81, and CD9) were tested by western
blot (a). A scanning electron microscope checked the morphology

of serum exosomes from healthy donors (b) and patients with PTC
(c). The size of serum exosomes from healthy donors (d) and patients
with PTC (e) was 146 nm and 137 nm, respectively
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examination of specific exosomal markers, the shape, and
the size indicates the successful isolation of exosomes from
sera.

The selection of differentially up-regulated circRNAs
in the serum exosomes of patients with PTC

To select differentially expressed circRNAs in the serum
exosomes of patients with PTC, circRNA microarray
was performed with 4 serum samples of healthy control
and 4 serum samples of PTC (Fig. 2a). We found 3, 773
differentially expressed circRNAs, of which 1074 were
up-regulated, and 2, 699 were down-regulated in PTC
compared to healthy control (Fig. 2b). GO annotation and
KEGG pathway analyses were carried out to reveal the

a T 0588 |l0g2FC]| b Statistic of Differently Expressed circRNA
condition 5659
) Normal Type

Tumor . U
R o ———E condition d

2 . Down

|

n
8
8

1074

g
g

|
Differently Expressed circRNA number

T1 T3 T2 T4 N3 N2 N1 N4 &

T Normal(Total): KEGG 10p 20

hsa05322 Systemic lupus erythematosus.
hsa05320:Autoimmune thyroid disease L)
hsa05310Asthma
hsa05168 Herpes simplex infection
hsa05032 Morphine addiction
hsa04971:Gastric acid secretion L]
hsa04964 Proximal tubule bicarbonate reclamation
hsa04940:Type I diabetes mellitus .
hsa04919 Thyroid hormone signaling pattway | @
hsa04918:Thyroid hormone synthesis @
hsa04215 Apoptosis — multiple species
Cytokine-c receptor
hsa03410 Base excision repair .

hsa01523 Antifolate resistance .
hsa00770:Pantothenate and CoA biosynthesis

hsa00563:Glyc (GPI)-anchor
hsa00450:Selenocompound metabolism
hsa00350:Tyrosine metabolism
hsa00230 Purine metabolism L]
hsa00010.Glycolysis/Gluconeogenesis

Enrichment Score

Fig.2 The selection of PTC-related exosomal circRNAs. CircRNA
microarray was used to profile the expression patterns of exosomal
circRNAs in 4 serum samples from healthy donors and 4 patients
with PTC (a). Three thousand seven hundred and seventy-three sta-
tistically dysregulated circRNAs were found in the serum exosomes
of PTC (b). The GO annotation shows the top 30 enrichment of the
differentially expressed circRNAs (¢). KEGG pathway analyses iden-
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potential signaling pathways the differentially expressed
circRNAs might involve in. GO annotation shows the top
30 enrichment of the differentially expressed circRNAs in
biological processes, cellular components, and molecular
function (Fig. 2c). KEGG pathway analyses identified the
top 20 signaling pathways the differentially expressed cir-
cRNAs might involve in, of which “autoimmune thyroid
disease”, “thyroid hormone synthesis”, “purine metabo-
lism” and “gastric acid secretion” are the most significant
ones (Fig. 2d). Then, we selected 9 circRNAs through
the intersection of top 30 circRNAs with most significant
fold changes, and top 42 circRNAs with smallest P val-
ues (Fig. 2e). We quantified the 9 most significantly dys-
regulated circRNAs in the serum exosomes of 20 healthy
and 20 PTC samples by qPCR. Hsa_circ_0082002 and

Tumor- vs- Normal(Total): Top 30 GO Term Calagory

Il vogica prosess
I couiar_component

|||‘ B ol tuncion
7 “l‘ll IIII ‘lllll
a IIIII

= ST = =i

log10 p-value

hsa_circ_0082002 Up 1214
hsa_circ_0133954 Up 449
hsa_circ_0003863 Up 489
hsa_circ_0043110 Up 1088
hsa_circ_0045861 Up 1096
hsa_circ_0008103 Up 211
Fold change P value hsa_circ_0047744 Down 1074
Number
o & (top 30) (top 42) hsa_circ_0021553 Down 454
® & hsa_circ_0097011 Down 764
@«
[2]
<
p-value f E Healthy
o 40 P=0.04 . PTC
o2 S |P00T  peoot — P03
o 008 T 3 3 - ]
oo E .
™ 2
) 20
o
G 10
0
[0
=
©
>
8]

tified the top 20 signaling pathways in the differentially expressed cir-
cRNAs might involve in (d). The nine most significantly dysregulated
circRNAs were selected through the intersection of the top 30 circR-
NAs with the most significant fold changes and the top 42 circRNAs
with the smallest P values (e). The Ct values of the 9 selected circR-
NAs in the serum exosomes of 20 healthy and 20 PTC samples were
evaluated by qPCR (f)
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hsa_circ_0003863 were picked for further study based on
their lower Ct values in PTC (Fig. 2f).

Identifying the circular structure of hsa_
circ_0082002 and hsa_circ_0003863

To verify the circular structure of hsa_circ_0082002 and
hsa_circ_0003863, we used RNase R to digest the linear
RNAs in exosomes. We synthesized the convergent primers
of 0082002 and 0003863 to amplify the corresponding linear
RNAs of hsa_circ_0082002 and hsa_circ_0003863, respec-
tively. As shown in Fig. 3a, with the digestion of RNase
R, the divergent primers could amplify hsa_circ_0082002
and hsa_circ_0003863 fragments, indicating that the circu-
lar structure of hsa_circ_0082002 and hsa_circ_0003863
is stable to the digestion of RNase R. Still, the convergent
primers failed to amplify the linear RNAs. Also, the gPCR
products of hsa_circ_0082002 and hsa_circ_0003863
were sequenced. The sequencing results showed the right

a RNase R- RNase R+ RNase R- RNase R+
bp Marker b p4 4> P« >« >«
500
250
100
=4
<) circ_0082002 circ_0003863 ﬂé
p<« 0082002 < 0003863
exon1 exon2 exon3
b .—\/—-— chr7: 116339124-116340338
| Junction site
circ_0082002R circ_0082002H
exon2
circ_0082002 &
<

exon2 exon3 exon4 exon5exon6 exon7?

chr15: 55516086-55527154

Junction site 0

junction sites, confirming the successful amplification of
hsa_circ_0082002 and hsa_circ_0003863 (Fig. 3b). Addi-
tionally, the amplification plots and the melt curve plots of
hsa_circ_0082002 (Fig. 3c) and hsa_circ_0003863 (Fig. 3d)
show their specific amplification by qPCR. The results sug-
gest that we successfully amplified hsa_circ_0082002 and
hsa_circ_0003863 in serum exosomes.

The serum levels of exosomal hsa_circ_0082002
and hsa_circ_0003863 in different cohorts

To evaluate the diagnostic potential of exosomal hsa_
circ_0082002 and hsa_circ_0003863 for PTC, we quantified
their levels by qPCR in the sample populations of healthy,
benign thyroid tumors, PTC plus Hashimoto’s thyroiditis
and PTC. We analyzed and compared their levels in dif-
ferent cohorts. Surprisingly, we found a similar expression
pattern of exosomal hsa_circ_0082002 to hsa_circ_0003863
(Fig. 4a, e). Specifically, the serum levels of exosomal

¢ circ_0082002
— Melt Curve Plot
Amplification Plot
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28000.0
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A
0.1 8000.0 | \
N
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T Vs \ 7 -22000.0
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2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Cycle 650 700 750 80.0 850 90.0 950
Temperature(°C)
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circ_0003863R circ_0003863F|

circ_0003863

Fig.3 The confirmation of the circular structure of hsa_circ_0082002
and hsa_circ_0003863. The effect of RNase R on the hsa_
circ_0082002, hsa_circ_0003863, and their corresponding linear

650 700 750 80.0 850 90.0 95.0
Temperature(°C)

RNAs (a). The sequencing of qPCR products of hsa_circ_0082002
and hsa_circ_0003863 (b). The plots show the amplification and melt
curves of hsa_circ_0082002 (c) and hsa_circ_0003863 (d)
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Fig.4 The levels of exosomal hsa_circ_0082002 and hsa_ tumors (n=60), PTC plus Hashimoto’s thyroiditis (n=44), and PTC

circ_0003863 in different sample cohorts. The box plots show the
levels of exosomal hsa_circ_0082002 in the subpopulations of
healthy (n=68), benign thyroid tumors (n=60), PTC plus Hashimo-
to’s thyroiditis (n=44), and PTC (n=120) (a). ROC analyses were
used to estimate the diagnostic sensitivity and specificity of exoso-
mal hsa_circ_0082002 to discriminate healthy and benign thyroid
tumors (b), healthy and all PTC samples (c), and benign and malig-
nant thyroid tumors (d). The box plots show the levels of exosomal
hsa_circ_0003863 in the subsets of healthy (n=68), benign thyroid

hsa_circ_0082002 and hsa_circ_0003863 increased gradu-
ally from healthy, benign thyroid tumors, PTC plus Hashi-
moto’s thyroiditis samples to PTC. They showed no differ-
ence between PTC with and without Hashimoto’s thyroiditis
(Fig. 4a, e). ROC analyses were conducted to estimate the
diagnostic power of exosomal hsa_circ_0082002 and hsa_
circ_0003863 to discriminate different subsets. It was found
that exosomal hsa_circ_0082002 had AUC values of 0.740
(Fig. 4b), 0.992 (Fig. 4c), and 0.848 (Fig. 4d) to differenti-
ate healthy and benign thyroid tumors, healthy and all PTC
(PTC with and without Hashimoto’s thyroiditis in the present
study), and benign thyroid tumors and all PTC, respectively.
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(n=120) (e). ROC analyses were used to estimate the diagnostic sen-
sitivity and specificity of exosomal hsa_circ_0003863 to differentiate
healthy and benign thyroid tumors (f), healthy and all PTC samples
(g), and benign and malignant thyroid tumors (h). The box plots show
the levels of exosomal hsa_circ_0082002 (i) and hsa_circ_0003863
(k) in the subpopulations of healthy (n=68) and PTC with TINOMO
(n=100). ROC analyses were used to estimate the diagnostic sensi-
tivity and specificity of exosomal hsa_circ_0082002 (j) and hsa_
circ_0003863 (1) to differentiate healthy and PTC with TINOMO

For exosomal hsa_circ_0003863, the AUC values of 0.682
(Fig. 4f), 0.856 (Fig. 4g), and 0.712 (Fig. 4h) were obtained
to distinguish healthy and benign thyroid tumors, healthy
and all PTC, and benign thyroid tumors and all PTC, respec-
tively. To further evaluate the diagnostic value of exosomal
hsa_circ_0082002 and hsa_circ_0003863, we performed sta-
tistical analyses with the healthy samples (n=68) and PTC
samples with TINOMO (n=100). We found that the levels
of exosomal hsa_circ_0082002 (4i) and hsa_circ_0003863
(4 k) were statistically elevated in the PTC samples with
T1NOMO compared to those in healthy control, with the
AUC values of 0.987 (4j) and 0.814 (4 1), respectively, to
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discriminate PTC with TINOMO and healthy, indicating their
promising value as a screening tool for patients with PTC.
Altogether, the serum levels of exosomal hsa_circ_0082002
and hsa_circ_0003863 were significantly up-regulated in the
patients with PTC, showing apparent diagnostic abilities to
discriminate different subpopulations, remarkably benign
and malignant thyroid tumors.

The correlation of exosomal hsa_circ_0082002
and hsa_circ_0003863 with clinical pathological
parameters of PTC

Since exosomal hsa_circ_0082002 and hsa_circ_0003863
were remarkably up-regulated in PTC, we were inspired
to investigate their association with clinical factors of
PTC, including age, gender, tumor size, tumor stage,
lymph node metastasis, and vascular invasion. Regarding
age and gender, no correlation could be found for exoso-
mal hsa_circ_0082002 and hsa_circ_0003863 (data not
shown). However, regarding the pathological factors, as
shown in Table 2, the clinically-used tumor marker calci-
tonin showed no relationship with tumor size, tumor stage,
lymph node metastasis, and vascular invasion. Exosomal
hsa_circ_0082002 and hsa_circ_0003863 were associated
with tumor stage, lymph node metastasis, and vascular
invasion but not tumor size (Table 2). In detail, the serum
levels of exosomal hsa_circ_0082002 were up-regulated
in PTC with higher tumor stages II-III (Fig. 5a), positive
lymph node metastasis (Fig. 5c), and positive vascular inva-
sion (Fig. 5e), having AUC values of 0.747 (Fig. 5b), 0.736
(Fig. 5d), and 0.686 (Fig. 5f) to discriminate subsets of lower
and higher tumor stages, positive and negative lymph node
metastases, and positive and negative vascular invasion,
respectively. For exosomal hsa_circ_0003863, no correla-
tion could be found with tumor stages (Table 2). Still, it is
up-regulated in subgroups of positive lymph node metastasis
(Fig. 5g) and positive vascular invasion (Fig. 5i), showing
AUC values of 0.732 (Fig. Sh) and 0.685 (Fig. 5j) to distin-
guish the subgroups of positive and negative lymph node
metastases, and positive and negative vascular invasion,
respectively. Therefore, considering the similar relation-
ship of exosomal hsa_circ_0082002 and hsa_circ_0003863
with the status of lymph node metastasis and vascular
invasion, we performed the correlation analyses of the

two exosomal circRNAs and found a positive correlation
of them in PTC samples (Fig. 5k). Subsequently, we com-
bined exosomal hsa_circ_0082002 and hsa_circ_0003863
to estimate the diagnostic power. As shown in Fig. 51, com-
pared to single exosomal hsa_circ_0082002 (AUC=0.736)
and hsa_circ_0003863 (AUC =0.732), the combination
of them (AUC =0.802) showed more excellent diagnos-
tic value to differentiate positive and negative lymph node
metastases. Similarly, the AUC values of single exosomal
hsa_circ_0082002, hsa_circ_0003863, the combination of
them were 0.686, 0.685, 0.726, respectively, to discriminate
positive and negative vascular invasion (Fig. Sm). Collec-
tively, higher serum levels of exosomal hsa_circ_0082002
and hsa_circ_0003863 are correlated with more aggressive
characteristics of PTC, and the combination of exosomal
hsa_circ_0082002 and hsa_circ_0003863 shows better abili-
ties to diagnose lymph node metastasis and vascular invasion
of PTC.

The stability of exosomal hsa_circ_0082002
and hsa_circ_0003863 in different circumstances

As a tumor marker, it should be stable for clinical detection.
Therefore, we further examined the stability of exosomal
hsa_circ_0082002 and hsa_circ_0003863 in different cir-
cumstances, including the freeze—thaw cycles at -20 °C and
the storage time at 4 °C and room temperature. For exoso-
mal hsa_circ_0082002, 12 serum samples from healthy indi-
viduals were randomly selected and divided into 3 groups
(4 samples/group). The 3 groups were used to study the
effect of the freeze—thaw cycles at -20 °C, the storage time
at 4 °C, and room temperature on the levels of exosomal
hsa_circ_0082002. We found that the freeze—thaw cycles
at -20 °C (Fig. 6a) and the storage time at 4 °C (Fig. 6b) of
4 serum samples had no apparent influence on the Ct val-
ues of exosomal hsa_circ_0082002, but the storage time at
room temperature might have an effect on the Ct values of
exosomal hsa_circ_0082002 (Fig. 6¢). For exosomal hsa_
circ_0003863, another 12 serum samples from healthy indi-
viduals were randomly selected. Similar evaluation methods
were applied to exosomal hsa_circ_0082002. We found that
the freeze—thaw cycles at -20 °C (Fig. 6d) and the storage
time at 4 °C (Fig. 6e) of 4 serum samples had no significant
influence on the Ct values of exosomal hsa_circ_0003863,

Table 2 The comparison of

Clinical data factors <lcmvs.>1cm Stage I vs. II-1I1 NO vs. N1 Vascular
the levels of serum exosomal . .
: mvasion
circ_0082002, circ_0003863, I+
and calcitonin with clinical
parameters by Mann-Whitney circ_0082002 P=0.823 P=0.009 P <0.001 P=0.010
U test circ_0003863 P=0.152 P=0.076 P <0.001 P=0.010
Calcitonin P=0.367 P=0.771 P=0.772 P=0.224
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Fig.5 The correlation of exosomal hsa_circ_0082002 and hsa_
circ_0003863 with clinical pathological parameters of PTC. The plots
show the levels of exosomal hsa_circ_0082002 in different subgroups
of stage I (n=152) and stage II-III (n=10) (a), NO (n=100) and N1
(n=64) (c), negative vascular invasion (n=146) and positive vascular
invasion (n=18) (e) of PTC. ROC analyses were used to evaluate the
diagnostic power of exosomal hsa_circ_0082002 to distinguish stage
I and stage II-III (b), negative and positive lymph node metastases
(d), and negative and positive vascular invasion (f). The plots show
the levels of exosomal hsa_circ_0003863 in different subgroups of

but the longer storage time at room temperature increased
the Ct values of exosomal hsa_circ_0003863 in one sample
(Fig. 6f). Taken together, these results indicate that exosomal
hsa_circ_0082002 and hsa_circ_0003863 are stable with
several freeze—thaw cycles at -20 °C, and with the storage
time no longer than 24 h at 4 °C.

The potential functional mechanisms of hsa_
circ_0082002 and hsa_circ_0003863

Considering the up-regulation of exosomal hsa_

circ_0082002 and hsa_circ_0003863 and their correlation
with lymph node metastasis and vascular invasion in PTC,
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1 - Specificity 1 - Specificity

NO (n=100) and N1 (n=64) (g), negative vascular invasion (n=146)
and positive vascular invasion (n=18) (i) of PTC. ROC analyses were
used to evaluate the diagnostic power of exosomal hsa_circ_0003863
to distinguish NO and N1 (h) and negative and positive vascular inva-
sion (j). The correlation of exosomal hsa_circ_0082002 and hsa_
circ_0003863 in PTC (n=164) (k). ROC analyses were performed
to examine the diagnostic value of the combination of exosomal hsa_
circ_0082002 and hsa_circ_0003863 to discriminate NO and N1 (1)
and negative and positive vascular invasion (m)

we were interested in exploring their potential role in PTC
and underlying mechanisms. We first predicted the possi-
ble function of hsa_circ_0082002 and hsa_circ_0003863
through the CSCD database (http://gb.whu.edu.cn/
CSCD/). As shown in Fig. 7a, b, the structure diagrams of
hsa_circ_0082002 and hsa_circ_0003863 uncovered the
microRNA response elements (MREs), the sites of RNA
binding proteins, and the open reading frame, suggesting
that they might bind with miRNAs, RNA binding proteins,
and even encode proteins in physiological and pathologi-
cal conditions. Furthermore, the bioinformatic database
circbank (http://www.circbank.cn/searchCirc.html) was
used to predict potential interacting miRNAs and proteins
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Fig.6 The stability of exosomal hsa_circ_0082002 and hsa_
circ_0003863 in different circumstances. The Ct values of exosomal
hsa_circ_0082002 in 4 samples treated with different freeze—thaw
cycles at -20 °C (a) and different storage times at 4 °C (b) and room

of hsa_circ_0082002 and hsa_circ_0003863. We found 98
miRNAs and 42 miRNAs interacting with hsa_circ_0082002
and hsa_circ_0003863, respectively, of which miR-6757-3p,
miR-146a-3p, miR-149-5p, miR-216b-5p, and miR-5580-5p
could bind with both of hsa_circ_0082002 and hsa_
circ_0003863 (Fig. 7c). There were 11 proteins and 7 pro-
teins binding with hsa_circ_0082002 and hsa_circ_0003863,
respectively, and U2AF65, HuR, AGO2, PTB, elF4AIll,
and UPF1 might bind with both of hsa_circ_0082002 and
hsa_circ_0003863 (Fig. 7d). Besides, we performed bioin-
formatic analyses of the exosomal hsa_circ_0082002 and
hsa_circ_0003863 data derived from exoRBase2.0 (Home-
exoRBase2.0) and found that the levels of plasma exosomal
hsa_circ_0082002 (Supplementary Fig. 1a) were lower in a
majority of cancers than those in healthy control. Whereas,
the levels of plasma exosomal hsa_circ_0003863 (Supple-
mentary Fig. 1b) were higher in a majority of cancers than
those in healthy control. Furthermore, we carried out GO
annotation analyses with the data from circNET (CircNet
(cuhk.edu.cn) and revealed that hsa_circ_0082002 were
mainly involved in nuclear division and mitotic nuclear
division (Supplementary Fig. 2a), and people’s character-
istics of Byzanthine arch palate, and congenital epican-
thus (Supplementary Fig. 2b). About hsa_circ_0003863,
it is mainly involved in catabolic process (Supplementary
Fig. 2¢), and fibrosarcoma, and meningioma (Supplementary

Hours

Hours

temperature (c). The Ct values of exosomal hsa_circ_0003863 in 4
samples treated with different freeze—thaw cycles at -20 °C (d) and
different storage times at 4 °C (e) and room temperature (f)

Fig. 2d). These results indicate that hsa_circ_0082002 and
hsa_circ_0003863, in particular hsa_circ_0003863 might
play vital roles in cancers. Since one circRNA plays its role
mainly through interacting with miRNAs and proteins, or
even coding functional peptides or proteins, these findings
provide clues for further elucidating the contribution of
hsa_circ_0082002 and hsa_circ_0003863 to PTC and their
possible mechanisms.

Discussion

Recently, exosomes have emerged as a new frontier of can-
cer liquid biopsy. Their dysregulated contents, including
miRNAs, IncRNAs, circRNAs, DNAs, and proteins, are
frequently reported as promising tumor markers for can-
cer detection, prognosis prediction, and monitoring treat-
ment response[23]. The present study aimed to identify
PTC-related circRNAs in exosomes to diagnose PTC. We
selected hsa_circ_0082002 and hsa_circ_0003863 based
on circRNA microarray and preliminary testing in healthy
and PTC serum samples (Fig. 2). We further quantified the
levels of exosomal hsa_circ_0082002 and hsa_circ_0003863
in the serum samples of healthy, benign thyroid tumors and
PTC without and with Hashimoto’s thyroiditis by qPCR.
It was found that the levels of exosomal hsa_circ_0082002
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Fig.7 The potential functional mechanisms of hsa_circ_0082002 and
hsa_circ_0003863 in PTC. The structure diagrams show the possible
function of hsa_circ_0082002 (a) and hsa_circ_0003863 (b) by the

and hsa_circ_0003863 were increased in PTC samples
compared to the samples of healthy and benign thyroid
tumors, showing diagnostic abilities to distinguish PTC from
healthy and benign thyroid tumors (Fig. 4). Intriguingly, in
PTC samples, the levels of exosomal hsa_circ_0082002
and hsa_circ_0003863 are positively associated. Moreo-
ver, higher levels of exosomal hsa_circ_0082002 and
hsa_circ_0003863 were positively correlated with the char-
acteristics of lymph node metastasis and vascular invasion
in PTC (Fig. 5), indicating their involvement in PTC pro-
gression. Further stability tests show that exosomal hsa_
circ_0082002 and hsa_circ_0003863 could exist stably in
sera treated by several freeze—thaw cycles at -20 °C and with
a storage time shorter than 24 h at 4 °C (Fig. 6), indicat-
ing the feasibility to quantify exosomal hsa_circ_0082002
and hsa_circ_0003863 in the clinic. Based on the poten-
tial of exosomal hsa_circ_0082002 and hsa_circ_0003863
in diagnosing PTC, particularly more malignant PTC, we
further study the possible function of hsa_circ_0082002
and hsa_circ_0003863 in PTC. We utilized bioinformatic
software to predict the functional mechanism of hsa_
circ_0082002 and hsa_circ_0003863. It was found that both
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CSCD database. The potential interacting miRNAs (c¢) and proteins
(d) of hsa_circ_0082002 and hsa_circ_0003863 were predicted with
the bioinformatic database circbank

hsa_circ_0082002 and hsa_circ_0003863 could interact with
miRNAs and proteins. However, hsa_circ_0082002 but not
hsa_circ_0003863 has an open reading frame (Fig. 7), indi-
cating its potential to encode proteins. These results suggest
that hsa_circ_0082002 and hsa_circ_0003863 might con-
tribute to the occurrence and progression of PTC through
interacting with miRNAs and RNA binding proteins. Of
course, deeper investigations designed with in vitro and
in vivo studies should be performed to further understand
their functional mechanism in PTC. Hsa_circ_0082002 is
1,214 nt in length, deriving from the proto-oncogene MET.
Recently, it has been identified as an oncogenic circRNA in
renal cell carcinoma (RCC) and hepatocellular carcinoma
(HCC). In RCC, hsa_circ_0082002 was found to promote
tumor proliferation by enhancing the mRNA decay of
CDKN2 and competitively absorbing miR-1197 to upregu-
late SMAD3 mRNA[24]. In HCC, hsa_circ_0082002 drives
an epithelial-to-mesenchymal transition and improves the
immunosuppressive tumor microenvironment via the Snail/
DPP4/CXCL10 axis[25]. Besides, hsa_circ_0082002 was
reported to be involved in the angiogenesis of neovascular
diseases[26], tamoxifen resistance of breast cancer cells[27],
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and tumor cell growth of non-small cell lung cancer[28]
and colorectal cancer[29]. However, regarding its role in
PTC, particularly its levels in exosomes, no related publica-
tions can be found until now. About hsa_circ_0003863, it is
489 nt in length, and its host gene is RAB27A (a GTPase
required for sEV secretion). There are no publications about
the function of hsa_circ_0003863 in physiological and
pathological conditions. Therefore, it is the first time for
us to uncover the dysregulated levels of hsa_circ_0082002
and hsa_circ_0003863 in serum exosomes of PTC and
their diagnostic potential as tumor markers for PTC. Larger
patient cohorts with more comprehensive follow-up data
should be collected to further verify the diagnostic sensi-
tivity and specificity of exosomal hsa_circ_0082002 and
hsa_circ_0003863 before their clinical usage as tumor
markers for PTC. In the present study, only the sera from
patients with benign thyroid tumors or PTC at initial diag-
nosis were obtained, therefore it is impossible to examine
the level changes of exosomal hsa_circ_0082002, and hsa_
circ_0003863 before and after surgery, before and after sys-
temic therapy to study their kinetics. These problems should
be figured out in a future study to further determine the diag-
nostic and prognostic value of exosomal hsa_circ_0082002,
and hsa_circ_0003863. Besides, more studies should be car-
ried out to explore the role and the underlying functional
mechanisms of hsa_circ_0082002 and hsa_circ_0003863
in PTC.

Collectively, we identified two PTC-related circRNAs
(hsa_circ_0082002 and hsa_circ_0003863) incorporated in
exosomes and uncovered their potential as tumor markers to
diagnose PTC, in particular, more aggressive PTC.
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