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Circular RNA circ-ADD3 inhibits hepatocellular
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Abstract: Emerging evidence suggests that circular RNA (circRNA) plays a fundamental role in tumorigenesis.
However, its contribution to hepatocellular carcinoma (HCC) malignancy remains largely unknown. Here, we per-
formed circRNA microarray expression profile in four paired HCC and normal tissues, and found that circ-ADD3,
a novel circRNA derived from linear ADD3 exon 4 to exon 12, was significantly downregulated in HCC, which was
further validated in 112 matched HCC and paracancerous tissues. High circ-ADD3 expression was negatively corre-
lated with vascular invasion, intrahepatic metastasis as well as distant metastasis. Moreover, it was identified as an
effective biomarker for diagnosis and prognosis of HCC. Functionally, exogenous expression of circ-ADD3 dramati-
cally weakened HCC cell invasion and metastasis both in vitro and in vivo. Mechanistically, circ-ADD3 was capable
of reinforcing the interaction between CDK1 and EZH2, resulting in increased EZH2 ubiquitination and subsequent
degradation via phosphorylation at Thr-345 and Thr-487 sites. The decreased EZH2 markedly increased the expres-
sion of a cohort of anti-metastatic genes, including circ-ADD3, by reducing H3K27me3 levels on their promoter
regions, which formed a regulatory circuit, thereby dampening HCC metastasis. Taken together, our findings unveil
the essential role of circ-ADD3 in inhibiting HCC metastasis through regulation of EZH2 stability.
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Introduction which will benefit HCC patients and improve
their survival time.

Liver cancer is the sixth most common malig-

nant tumor and the fourth leading cause of
cancer-related death in the world, with an an-
nual increase of 841,000 cases and 782,000
deaths [1]. Especially in China, known as the
“leader in liver cancer”, it covers more than
50% of new and dead liver cancer patients
worldwide [2]. Hepatocellular carcinoma (HCC)
is the main histological subtype of liver cancer,
accounting for 75%-85% of primary liver can-
cer. The prognosis of HCC is extremely dismal,
especially in metastatic patients, with a five-
year survival rate of less than 10% [3]. The-
refore, there is an urgent need to elucidate the
pathogenesis of HCC, especially metastasis,

As a new class of endogenous non-coding RNA,
circular RNA (circRNA) is becoming a research
hotspot in the field of RNA, attracting a lot of
attention [4]. Unlike the traditional linear RNA,
circRNA has a covalently closed ring structure
lacking 5’-caps and 3’-poly(A) tails, which makes
it scarcely unaffected by RNA exonuclease and
is thus very stable [5]. CircRNA was initially rec-
ognized to be the ‘noise’ of transcription with-
out important biological functions. Up to now,
high-throughput sequencing results have sho-
wn that there are thousands of conserved cir-
cRNAs in eukaryotes, and some of which are
even more abundant than their linear isoforms
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[6]. Accumulating evidence suggest that cir-
cRNA is aberrantly expressed in cancer and is
closely associated with cancer initiation, growth
and metastasis [7, 8]. Nevertheless, the re-
search on the mechanism of action of circRNA
is still in its infancy. Most studies have focused
on its role as an efficient molecular sponge for
microRNAs (miRNAs), such as CDR1as [9], circ-
HIPK3 [10, 11], circ-PDZD8 [12] and circ-ABC-
B10 [13]. Only a small proportion of studies
have demonstrated that circRNA is capable of
interacting with proteins. Fox example, Du et al
reported that circ-Foxo3 could form ternary
complexes with p21 and CDK2 to retard cell
cycle progression [14]. Circ-Pan3 was shown to
interact with KSRP to regulate the self-renewal
of intestinal stem cells [15]. Huang et al pro-
posed that circ-Nfix was able to enhance the
interaction between Ybx1l and Nedd4l via
directly binding to them, thus participating in
the cardiac regeneration after myocardial in-
farction [16]. These studies reveal that the
interaction between circRNA and protein is
another very important manner in which cir-
cRNA functions in addition to ‘miRNA sponges’.

In the present study, we screened and iden-
tified a novel circRNA, circ-ADD3 (originating
from linear ADD3 exon 4 to exon 12), which was
lowly expressed in HCC tissues, cells as well as
plasma. Further, we characterized the biologi-
cal function and protein interaction of circ-
ADD3 in HCC.

Materials and methods
Reagents and antibodies

Actinomycin D (Sigma-Aldrich, MO, USA) and
RNase R (Epicentre, WI, USA) were used to test
the stability of circ-ADD3. Cycloheximide (CHX)
and MG132 were purchased from Sigma-
Aldrich and Selleck (TX, USA) companies, re-
spectively. The primary antibodies used in this
study are as follows: anti-EZH2 (#5246, CST),
anti-CDK1 (#ab18, Abcam), anti-Ubiquitin (#3-
933, CST), anti-p-EZH2 (T345) (#61241, Active
Motif), anti-p-EZH2 (T487) (#MABS160, Mil-
lipore), anti-H3K27me3 (#61018, Active Motif),
anti-GAPDH (#2118, CST).

Specimen collection

A total of 112 paired HCC and adjacent normal
tissues were obtained from patients diagnosed
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with HCC at Henan Provincial People’s Hospital.
Among them, four pairs of HCC and paracancer-
ous samples were subjected to human circ-
RNA microarray screening (KangChen Bio-Tech,
Shanghai, China), and 25 paired specimens
were used to validate the top two upregulated
and downregulated circRNAs. In addition, we
also collected 19 healthy controls and 31 HCC
plasma samples to test the diagnostic utility of
circ-ADD3 for HCC. Each subject provided a
handwritten informed consent. This procedure
was approved by the Ethics Committee of
Henan Provincial People’s Hospital.

Quantitative reverse transcription PCR (qRT-
PCR)

Total RNA was extracted from HCC cells, tis-
sues and plasma using TakaRa MiniBEST Uni-
versal RNA Extraction Kit (Takara, Otsu, Japan)
as per manufacturer’s protocol, and was dis-
solved into 30 uL DEPC water. After that, a total
of 1 ug RNA was utilized for reverse transcrip-
tion, followed by amplification and quantifica-
tion using SYBR Green SuperMix Kit (Takara).
Gene expression levels were normalized to
GAPDH. The primer sequences used in this
study are shown below: Circ-ADD3 (hsa_circ_
0020007): (Forward) 5'-AAGATTCGGGAACAAA-
ATCG-3’, (Reverse) 5-AAGATTCGGGAACAAAAT-
CG-3’; hsa_circ_0027345: (Forward) 5-TCA-
CTGGTTTGGATGCATTG-3’, (Reverse) 5-AAGG-
TGGCTCATGGAACTTG-3’; hsa_circ_0021603:
(Forward) 5-TACCTCTGCAGGCAGGAACT-3’, (Re-
verse) 5-TCTCCTGGCAAACCTTGAGT-3’; hsa_
circ_0000416: (Forward) 5-ATGAAAGCCTGGC-
TCTGTGT-3’, (Reverse) 5-GTCCGATGATTCCTG-
CTGAT-3’; ADD3: (Forward) 5-GGTTGACCAG-
GGAAGTACCA-3’, (Reverse) 5'-GCTGTTGCAAGG-
GTATGGAT-3’; EZH2: (Forward) 5-AGGAGTTTG-
CTGCTGCTCTC-3/, (Reverse) 5-TTTCAGTCCCTG-
CTTCCCTA-3’; GAPDH: (Forward) 5-TCACCAG-
GGCTGCTTTTAAC-3’, (Reverse) 5-GACAAGCTT-
CCCGTTCTCAG-3..

Cell culture, transient and stable transfection

The human normal liver LO2 cells and six HCC
cells including SNU-423, HepG2, Hep3B, Huh?,
SMMC-7721 and MHCC-97L were all obtained
from ATCC and grown in RPMI 1640 or DMEM
medium with 10% FBS. Cells were tested for
mycoplasma before use. For transient trans-
fection, si-EZH2 (5-GCUGGAAUCAAAGGAUAC-
A-3’), si-CDK1 (5-CGGGAAAUUUCUCUAUUAA-

Am J Cancer Res 2019;9(8):1695-1707



Circular RNA circ-ADD3 in hepatocellular carcinoma

3’), si-circ-ADD3#1 (5-AGCCACCTTCTGTCTT-
GGCAT-3’), si-circ-ADD3#2 (5-GATAAGCCAC-
CTTCTGTCTTG-3’) (Gene-Pharma, Shanghai,
China) and EZH2, ADD3 pcDNA 3.0 expression
vector (Invitrogen, MA, USA) were respectively
transfected into Hep3B and SMMC-7721 cells
using Lipofectamine 2000 (Invitrogen) as per
the standard protocol. The transfection effi-
ciency was determined by gRT-PCR analysis
after 48 hours of transfection. For stable trans-
fection, circ-ADD3 PLCDH-ciR lentivirus expres-
sion vector was commercially purchased from
Geneseed company (Guangzhou, China) and
infected into Hep3B and SMMC-7721 cells, fol-
lowed by selection using 0.8 pug/mL puromy-
cin.

In vitro and in vivo metastasis assays

Transwell chambers coated without and with
matrigel were employed to evaluate the migra-
tory and invasive abilities of Hep3B and SMMC-
7721 cells, respectively. In brief, 3x10° cells
were plated on the upper surface of the cham-
ber, and the lower surface of the chamber was
immersed in DMEM medium with 10% FBS.
After 16 hours, the migrated and invaded cells
were fixed and stained. For the establishment
of lung metastasis model, 1x10° SMMC-7721
cells with and without circ-ADD3 overexpres-
sion were tail vein injected into nude mice,
respectively (n=10 per group). The IVIS Lumina
Il system was used to monitor lung metastasis
and lung tissues were collected after six wee-
ks of injection, followed by hematoxylin-eosin
(H&E) staining.

The animal study was conducted with approval
of the Animal Care Committee of Henan Pro-
vincial People’s Hospital.

Western blot and Co-immunoprecipitation (Co-
IP)

Total protein form Hep3B and SMMC-7721 ce-
lls was collected by lysis buffer, separated by
10% SDS-PAGE gel, and transferred onto the
PVDF membrane. Then, the membrane was
incubated with corresponding primary and sec-
ondary antibodies, followed by detection for the
signal using chemiluminescent reagent. For
Co-IP assay, the lysis was incubated with anti-
EZH2 or CDK1 primary antibody at 4°C over-
night with gentle rotation, followed by addition
with protein A/G agarose (#sc-2003, Santa
Cruz Biotechnology, CA, USA) for two hours at
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25°C. Then, the precipitated complex was sub-
jected to western blot analysis. In particular, for
detecting the ubiquitination level of EZH2, cells
were treated with 5 yM MG132 for six hours
before protein collection.

RNA pull-down assay and RNA immunoprecipi-
tation (RIP)

For RNA pull-down assay, DNA probe targeting
the junction site of circ-ADD3 was designed
(5’-AGCCACCTTCTGTCTTGGCAT-3’) and synthe-
sized by Sangon Biotech (Shanghai, China). The
efficacy and specificity of circ-ADD3 probe were
determined by qRT-PCR analysis. The lysates of
control or circ-ADD3-overexpressing Hep3B
and SMMC-7721 cells were incubated with con-
trol or circ-ADD3 probe at 4°C overnight with
gentle rotation, followed by addition with dyna-
beads magnetic beads (Invitrogen) for three
hours at room temperature and then 10 min-
utes at 60°C. Lastly, the precipitated complex
was subjected to western blot analysis using
anti-EZH2 or CDK1 primary antibody. For RIP
assay, the EZ-Magna RIP™ RNA-Binding Protein
Immunoprecipitation Kit (Millipore, MA, USA)
was used based on manufacturer’s instructi-
on.

Chromatin immunoprecipitation (ChIP)

ChIP assay was carried out using ChIP-IT® Ex-
press Chromatin Immunoprecipitation Kits (Ac-
tive Motif) according to manufacturer’'s manual
with minor changes. Briefly, Hep3B and SMMC-
7721 cells with 70-80% confluency were treat-
ed with with 37% formaldehyde and glycine in
sequence. Then, the chromatin was sheared
via using 200 U/ml Enzymatic Shearing Cocktail
(Active Motif) at 37°C. 10 uL sheared chro-
matin was used as ‘input DNA". Immunoprecipi-
tation was performed at 4°C for four hours on
an end-to-end rotator using 100 uL total vol-
ume reaction system containing 25 pL protein
G magnetic beads, 10 uL ChIP buffer, 40 pL
sheared chromatin, 1 uL protease inhibitor
cocktail, 8 yL corresponding primary antibody,
and 16 pL dH, 0. Subsequently, the precipitated
complex was incubated with 2 uL proteinase K
at 37°C for 1 hour, followed by qPCR analysis
for DNA expression.

Statistical analysis

All statistical results were two-tailed. Data were
presented as mean + SD of at least three inde-
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Figure 1. Identification of circ-ADD3 in HCC. A. The heap map showing top ten upregulated and downregulated cir-
cRNAs in 4 paired HCC and adjacent normal tissues. B. gRT-PCR analysis for the expression of top two upregulated
and downregulated circRNAs in 25 paired HCC and adjacent normal tissues. C. The sketch showing the origination
of circ-ADD3 and its spliced full length. D. gRT-PCR analysis for the expression of circ-ADD3 and ADD3 mRNA in LO2
cells at the indicated time after treatment with Actinomycin D (2 mg/ml). E. gRT-PCR analysis for the expression of
circ-ADD3 and ADD3 mRNA in LO2 cells after treatment with 40U RNaseR. **P < 0.01, ***P < 0.001.

pendent experiments carried out in triplicate.
Student’s t or Chi-square test was utilized to
assess the difference between groups as
appropriate. The survival curves were plotted
by Kaplan-Meier method and determined by
Log-rank test. ROC curve was used to detect
the diagnostic utility of plasma circ-ADD3 for
HCC. The relationship between circ-ADD3 and
EZH2 expression in HCC tissues was measured
using Pearson Correlation Coefficient. Statis-
tically significant value was set to P < 0.05. *P
< 0.05, **P < 0.01, ***P < 0.001.

Results
Identification of circ-ADD3 in HCC

In an attempt to determine the dysregulated
circRNAs in HCC, we performed circRNA micro-
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array expression profile in four paired HCC and
normal tissues (Figure 1A). We then selected
the top two upregulated and downregulated cir-
cRNAs to verify in 25 paired HCC and paracan-
cerous tissues, the gRT-PCR results were con-
sistent with the microarray results (Figure 1B).
Due to hsa_circ_0020007 had the greatest
expression difference, we focused on it in the
subsequent study. The sequence alignment
results showed that hsa_circ_0020007 was
derived from exon 4 to exon 12 of linear ADD3
(spliced mature full length is 1274 bp), we thus
termed it as circ-ADD3 (Figure 1C). To test the
stability of circ-ADD3, we treated LO2 cells with
transcription inhibitor Actinomycin D, followed
by qRT-PCR analysis. The results showed that
circ-ADD3 had a half-life of more than 24 hours,
whereas its linear isoform ADD3 mRNA had a

Am J Cancer Res 2019;9(8):1695-1707



Circular RNA circ-ADD3 in hepatocellular carcinoma

A B
c *kk s
2 2.0 2 1.5+
$ n=112 3
2154 —L g
o @ 1,0+
© 0
(=] [a] *
Q 1.0 n=112 2 % *
2 )
= = 059 |%%x
5osl L G
0 95 e H** *%
2 2
ﬁo.o : : ﬁo.o AL
S v R,X AN s
Tissue 6‘\0 T ‘b@d Qg}’
NS
c D
100- = 100-
—_ n=56 E
R 80- S 804
© 3
2 60- o 60
| [} -
2 Log rank = Log rank n=56
= 404  p=0.0063 S 407 P=0.0084
= B
[
3 207~ Lowcirc-ADD3 @ 20— Lowcirc-ADD3
ol High circ-ADD3 g’ ol = High circ-ADD3
0 20 40 60 8 * 0 20 40 60 80
Time (months) Time (months)
£ *kk F
8 15+ _— 100+
@ n=19
@ =
¢ g ™
9 1,0 <
2 > 60+
a - n=31 2
‘f-,os T 40] P<0.001
3 ' & 20 AUC=0.8878
2z : 95%Cl: 0.8094~0.9662
% 0.0 T T e. T T T T 1
x Normal HccC 0 20 40 60 80 100
Plasma Specificity%

Figure 2. Circ-ADD3 is significantly decreased in HCC. A. gRT-PCR analysis
for circ-ADD3 expression in 112 paired HCC and adjacent normal tissues.
B. gRT-PCR analysis for circ-ADD3 expression in HCC cell lines. C, D. The
overall and progression-free survival curves of HCC patients with low and
high circ-ADD3 expression based on median circ-ADD3 value. E. qRT-PCR
analysis for plasma circ-ADD3 expression in 19 healthy controls and 31
HCC patients. F. ROC curve analysis for the diagnostic utility of plasma circ-
ADD3 for HCC. *P < 0.05, **P < 0.01, ***P < 0.001.

1E). Overall, these results sug-
gest that circ-ADD3 is a hig-
hly stable and dysregulated cir-
cRNA in HCC.

Circ-ADD3 is lowly expressed
in HCC tissues, cells and
plasma and may be an effec-
tive diagnostic and prognostic
biomarker

To further confirm above re-
sults, we collected a total of
112 pairs of HCC and adjacent
normal tissues to conduct qRT-
PCR for circ-ADD3 expression.
As expected, circ-ADD3 expres-
sion was dramatically reduced
in HCC tissues in comparison
to normal tissues (Figure 2A).
The similar results were also
observed in six HCC cell lines
(Figure 2B). We then assessed
the relationship between circ-
ADD3 expression and clinico-
pathologic features of HCC
patients. As shown in Table 1,
patients with metastatic char-
acteristics exhibited lower circ-
ADD3 expression than patients
without metastatic character-
istics. Moreover, low circ-AD-
D3 expression was positively
correlated with worse overall
and progression-free survival
(Figure 2C, 2D). Importantly,
the expression level of circ-
ADD3 was also significantly
decreased in plasma samples
from HCC patients compared
with those form healthy con-
trols (Figure 2E). We then fur-
ther evaluated the diagnostic
utility of plasma circ-ADD3 for
HCC, the area under ROC curve
(AUC) was 0.8878 (95% con-
fidence interval: 0.8094 to
0.9662) (Figure 2F), implying
that plasma circ-ADD3 level

half-life of less than 4 hours (Figure 1D). Si- can fairly distinguish HCC patients from healthy
milarly, the expression level of ADD3 mRNA controls. In all, these data indicate that circ-
rather than circ-ADD3 was substantially de- ADD3 may be an important circRNA that partici-
creased after treatment with RNase R (Figure pates in the malignant behaviors of HCC.

1699 Am J Cancer Res 2019;9(8):1695-1707



Circular RNA circ-ADD3 in hepatocellular carcinoma

Table 1. The correlation between circ-ADD3 expres-
sion and clinicopathologic features of HCC patients

(Table 1), we then tested whether circ-
ADD3 affected the metastatic abilities of
HCC cells. The results of transwell assays

showed that overexpression of circ-ADD3
significantly weakened the migratory and

(n=112)
circ-ADD3 expression
Features - P Value
Low (n=56) High (n=56)

Age 0.571
<50 26 29
> 50 30 27

Gender 0.483
Male 46 43
Female 10 13

AFP (ng/ml) 0.393
<400 17 13
> 400 39 43

HBV 0.249
Positive 36 30
Negative 20 26

Liver cirrhosis 0.393
Yes 39 43
No 17 13

Tumor diameter (cm) 0.088
<5 26 35
>5 30 21

Vascular invasion 0.023
Yes 33 21
No 23 35

Intrahepatic metastasis 0.018
Yes 20 9
No 36 47

Distant metastasis 0.007
Yes 13 3
No 43 53

Edmondson 0.200
-1 18 12
-1V 38 44

invasive capabilities of Hep3B and SMMC-
7721 cells (Figure 3B, 3C), and silencing of
circ-ADD3 displayed the opposite trend
(Supplementary Figure 1A-C). Besides, ex-
ogenous ADD3 expression could not block
the enhanced aggressive phenotype fol-
lowingcirc-ADD3 depletion (Supplementary
Figure 1C). Next, we established the lung
metastasis model via tail vein injection of
SMMC-7721 cells into nude mice to deter-
mine whether circ-ADD3 also functioned in
vivo. As expected, an average of approxi-
mately 25 lung metastasis nodules were
observed in control group, whereas only
an average of approximately 5 lung me-
tastatic nodules were observed in circ-
ADD3-overexpressing group (Figure 3D,
3E). Altogether, these in vitro and in vivo
results reveal that circ-ADD3 is a negative
regulator of HCC metastasis.

Circ-ADD3 reduces EZH2 protein expres-
sion via directly interaction with it

Given that histone methyltransferase EZ-
H2 is a key metastasis-related gene that
can physically bind to a large amount of
non-coding RNAs, [17] we then investi-
gated whether there was also an interac-
tion between circ-ADD3 and EZH2. First,
we predicted the interaction probability
between them using RPISeq online tool
(http://pridb.gdcb.iastate.edu/). The resul-

Circ-ADD3 inhibits HCC cell migration and inva-
sion in vitro as well as lung metastasis in vivo

To determine the biological function of circ-
ADD3 in HCC, we first established the stably
circ-ADD3-overexpressing Hep3B and SMMC-
7721 cells through PLCDH-cIR lentivirus vector.
As shown in Figure 3A, the expression of circ-
ADD3, but not ADD3 mRNA, was about 40-fold
upregulated in cells infected with circ-ADD3
lentivirus vector as compared with cells infect-
ed with control empty vector. Given that circ-
ADD3 was closely associated with metasta-
tic clinicopathologic features of HCC patients
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ts showed that circ-ADD3 and EZH2 we-

re likely to interact each other (RF classi-
fier =0.8, SVM classifier =0.96) (Figure 4A)
(Supplementary Figure 2). RNA pull-down assay
was carried out to verify this prediction, as
shown in Figure 4B, EZH2 was abundantly
enriched by circ-ADD3 probe, especially in circ-
ADD3-overexpressing Hep3B and SMMC-7721
cells. Likewise, RIP results showed that circ-
ADD3 was abundantly immunoprecipitated by
EZH2 antibody (Figure 4C), suggesting that
circ-ADD3 is able to bind to EZH2 in HCC cells.
In light of the interaction between them, we
then assessed whether circ-ADD3 altered
EZH2 expression levels. The results showed
that enforced expression of circ-ADD3 had no

Am J Cancer Res 2019;9(8):1695-1707
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Figure 3. Overexpression of circ-ADD3 evidently inhibits HCC invasion and metastasis. A. gRT-PCR analysis for the
expression of circ-ADD3 and ADD3 mRNA in Hep3B and SMMC-7721 cells after circ-ADD3 overexpression. B, C.
Transwell migration (without matrigel) and invasion (with matrigel) assays in Hep3B and SMMC-7721 cells after
circ-ADD3 overexpression. D. The IVIS Lumina Il system showing the lung metastasis in nude mice tail-vein injected
with control and circ-ADD3-overexpressing SMMC-7721 cells. E. The representative images of lung tissues and H&E
staining in the indicated two groups. “T” denotes metastatic tumor. **P < 0.01, ***P < 0.001.

effect on EZH2 mRNA expression (Figure 4D),
but dramatically reduced EZH2 protein expres-
sion both in Hep3B and SMMC-7721 cells
(Figure 4E). Next, we performed IHC staining
for EZH2 in 50 paired HCC and normal tissues,
the results displayed that EZH2 was notably
upregulated in HCC (Figure 4F), and important-
ly, there was a strong negative correlation be-
tween EZH2 and circ-ADD3 expression (Figure
4G). In addition, we found that the attenuated
migratory and invasive capacities of Hep3B
and SMMC-7721 cells caused by circ-ADD3
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overexpression were significantly rescued by
exogenous EZH2 expression (Figure 4H). Col-
lectively, these above findings demonstrate th-
at EZH2 is involved in the function of circ-ADD3
in HCC.

Circ-ADD3 destabilizes EZH2 via potentiating
CDK1-mediated EZH2 ubiquitination

It was shown that circ-ADD3 only altered the

expression of EZH2 protein, but not EZH2
MRNA, implying that circ-ADD3 regulates EZH2

Am J Cancer Res 2019;9(8):1695-1707
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Figure 4. Circ-ADD3 binds to EZH2 and reduces its expression. A. The interaction probability between circ-ADD3 and
EZH2 predicted by RPISeq online software based on RF and SVM classifiers (probabilities > 0.5 were considered
“positive”). B. RNA pull-down assay in control and circ-ADD3-overexpressing Hep3B and SMMC-7721 cells, followed
by western blot analysis for EZH2 expression. C. RNA immunocoprecipitation (RIP) assay in control and circ-ADD3-
overexpressing Hep3B and SMMC-7721 cells with EZH2 antibody, followed by qRT-PCR analysis for circ-ADD3 ex-
pression. D. gRT-PCR analysis for the expression of circ-ADD3 and EZH2 in control and circ-ADD3-overexpressing
Hep3B and SMMC-7721 cells. E. Western blot analysis for EZH2 expression in control and circ-ADD3-overexpressing
Hep3B and SMMC-7721 cells. F. The H-score values of EZH2 IHC staining in 50 pairs of normal and HCC tissues. G.
The correlation between circ-ADD3 and EZH2 expression in 50 HCC tissues. H. Transwell migration (without matri-
gel) and invasion (with matrigel) assays in circ-ADD3-overexpressing Hep3B and SMMC-7721 cells after exogenous
EZH2 expression. **P < 0.01, ***P < 0.001.

expression at the post-transcriptional level. tested whether circ-ADD3 could interact with
We then tested the stability of EZH2 protein by CDK1. By using RPISeq online tool, we found
using protein synthesis inhibitor cycloheximide that circ-ADD3 and CDK1 were likely to bind
(CHX). As shown in Figure 5A, ectopic expres- each other (RF classifier =0.85, SVM classifier
sion of circ-ADD3 significantly shortened the =0.96) (Figure 5C) (Supplementary Figure 3).
half-life of EZH2. Consistently, the ubiquitina- Subsequent RNA pull-down and RIP assays
tion level of EZH2 was remarkably increased both confirmed this prediction (Figure 5D, 5E).
after circ-ADD3 overexpression (Figure 5B), Importantly, Co-IP assay results showed that
suggesting circ-ADD3 affects EZH2 protein sta- more CDK1 was precipitated by EZH2 anti-
bility through ubiquitination. It has been pro- body in circ-ADD3-overexpressing Hep3B and
posed that CDK1, a cyclin-dependent kinase, is SMMC-7721 cells in comparison to control cells
an important regulator for EZH2 ubiquitination (Figure 5F), revealing that circ-ADD3 enhances
and subsequent proteasomal degradation via the interaction between CDK1 and EZH2.
phosphorylation at Thr-345 and Thr-487 sites Concordantly, the phosphorylation levels at Thr-
of EZH2 [18]. We thus inferred that CDK1 might 345 and Thr-487 sites of EZH2 were notably
be involved in circ-ADD3-mediated EZH2 ub- increased after circ-ADD3 overexpression, but
iquitination. To verify this hypothesis, we first these effects were effectively blocked by CDK1
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Figure 5. Circ-ADD3 potentiates CDK1-mediated EZH2 ubiquitination and degradation. A. Western blot analysis for
EZH2 expression in Hep3B cells at the indicated time after treatment with protein synthesis inhibitor CHX (100 ug/
ml). B. Co-IP assay in control and circ-ADD3-overexpressing Hep3B and SMMC-7721 cells using EZH2 antibody, fol-
lowed by western blot analysis for ubiquitin expression. C. The interaction probability between circ-ADD3 and CDK1
predicted by RPISeq online software. D. RNA pull-down assay in control and circ-ADD3-overexpressing Hep3B and
SMMC-7721 cells, followed by western blot analysis for CDK1 expression. E. RIP assay in control and circ-ADD3-
overexpressing Hep3B and SMMC-7721 cells with CDK1 antibody, followed by gRT-PCR analysis for circ-ADD3 ex-
pression. F. Co-IP assay in control and circ-ADD3-overexpressing Hep3B and SMMC-7721 cells using EZH2 antibody,
followed by western blot analysis for CDK1 and EZH2 expression. G. Western blot analysis for p-EZH2 (T345 and
T48T7) expression in circ-ADD3-overexpressing Hep3B cells after silencing of CDK1. **P < 0.01, ***P < 0.001.

knockdown (Figure 5G). Taken together, these lyzing H3K27me3 on their promoter regions
results suggest that CDK1 is required for circ- [19], we then wondered whether circ-ADD3 also
ADD3-mediated EZH2 ubiquitination and de- affected their expression levels. Six anti-meta-
gradation. static genes including CDX1, FOXC1, HOXA10,

CDH1, DAB2IP and LATS2 were selected for
Circ-ADD3 elevates a cohort of metastasis verification according to previous literatures. As
suppressors via reduction of EZH2-mediated expected, exogenous expression of circ-ADD3
H3K27me3 levels pervasively upregulated these genes, whereas

these upregulation effects were significantly
Given that EZH2 is a well-known metastasis abrogated by EZH2 overexpression (Figure 6A).
driver that can epigenetically inhibit a large nu- Consistently, ChIP assay results showed that
mber of metastasis suppressors through cata- the occupations of EZH2 as well as H3K27me3
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Figure 6. Circ-ADD3 elevates a set of anti-metastatic genes via interaction with EZH2. A. gRT-PCR analysis for the
expression of the indicated six anti-metastatic genes in circ-ADD3-overexpressing Hep3B and SMMC-7721 cells
after exogenous EZH2 expression. B, C. ChIP assay in circ-ADD3-overexpressing Hep3B and SMMC-7721 cells us-
ing EZH2 or H3K27me3 antibody, followed by gPCR analysis for the enriched promoter fractions of the indicated six
anti-metastatic genes. D. ChIP assay in Hep3B and SMMC-7721 cells using EZH2 or H3K27me3 antibody, followed
by qPCR analysis for the enriched promoter fractions of circ-ADD3. E. gRT-PCR analysis for circ-ADD3 expression in
Hep3B and SMMC-7721 cells after EZH2 knockdown or overexpression. F. The diagrammatic sketch showing the
anti-metastatic role of circ-ADD3 in HCC through modulation of EZH2 stability via CDK1. *P < 0.05, **P < 0.01,
***%P < (0.001.

on the promoter regions of above anti-meta- Discussion

static genes were dramatically decreased after

circ-ADD3 overexpression (Figure 6B, 6C). EZH2, a histone methyltransferase belonging
Intriguingly, we also found that a great quantity to core subunits of polycomb repressive com-
of EZH2 and H3K27me3 were enriched on circ- plex 2 (PRC2), is a well-known oncoprotein that
ADD3 promoter (Figure 6D), and overexpres- participates in cancer malignant behaviors,
sion of EZH2 decreased, while silencing of especially metastasis [20]. Numerous studies
EZH2 increased the expression of circ-ADD3 have shown that non-coding RNAs, such as
both in Hep3B and SMMC-7721 cells (Figure mMiRNAs and long non-coding RNAs (IncRNAs),
6E). Overall, these data indicate that circ-ADD3 can physically bind to EZH2 to affect tumori-
epigenetically promotes the expression of sev- genesis and aggressiveness [17]. However,
eral anti-metastatic genes through EZH2 in whether circRNA, as a new and highly con-
HCC. cerned non-coding RNA, is also able to directly
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interact with EZH2 is unknown. In the current
study, we identified a EZH2-bound circRNA,
circ-ADD3, which was significantly downregu-
lated in HCC. Stepwise investigations revealed
that circ-ADD3 could facilitate the binding of
CDK1 and EZH2 by directly interacting with
them, leading to increased EZH2 phosphoryla-
tion at threonines 345 and 487 and subse-
quent ubiquitination and degradation, ultima-
tely restraining HCC metastasis (Figure 6F).
Therefore, our study provides the first evidence
that circRNA is capable of binding to EZH2,
which advances the understanding of the regu-
lation of EZH2 protein stability.

Emerging evidence shows that circRNA is abun-
dant in eukaryotes and abnormally expressed
in human cancers [21]. Here, by performing cir-
cRNA microarray expression profile in paired
HCC and normal tissues, we found a large num-
ber of dysregulated circRNAs in HCC, suggest-
ing circRNA may be an important previously
ignored regulator for cancer development and
progression. We then mainly focused on circ-
ADD3 (a circRNA derived from linear ADD3 exon
4 to exon 12) due to the greatest expression
difference. The sequence alignment results
showed that there are 87% similarity between
hsa-circ-ADD3 and homologous mus-circ-ADD3
(Supplementary Figure 4), indicating that circ-
ADD3 is a highly conserved circRNA. Recent
studies suggest that circRNA can be used as an
efficacious biomarker for cancer due to its high
stability [22, 23]. For instance, circ-UVRAG [24],
circ-ANKS1B [25] and circBACH2 [26] were
reported to be diagnostic or prognostic bio-
marker for gastric cancer, breast cancer and
papillary thyroid carcinoma, respectively. Like-
wise, we also identified that circ-ADD3 had high
stability and was a promising diagnostic and
prognostic biomarker for HCC. Further study is
warranted to explore whether circ-ADD3 can
also be detected in other body fluids, such as in
sweat, urine, and even in exosomes, which will
provide an early noninvasive diagnostic app-
roach for HCC patients. In addition, whether
there is also a dysregulation of circ-ADD3 in
other cancers may be worth of in-depth inves-
tigation.

Multiple lines of evidence demonstrates that
circRNA participates in tumorigenesis mainly
through the following mechanisms: acting as
‘miRNA sponges’, binding to protein, regulati-
on of mRNA stability, transcriptional regulation
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and translation of protein [27]. Of them, the
mechanism of ‘miRNA sponges’ has been ex-
tensively studied [28]. However, little is known
about the role of circRNA in interacting with pro-
tein. In this study, we found that circ-ADD3
could directly bind to EZH2 and inhibit its pro-
tein expression, but not mRNA expression.
EZH2 is well recognized as a epigenetic metas-
tasis driver that can catalyze H3K27me3 to
transcriptionally silence its target metastasis
suppressors [29]. In line with this notion, ex-
ogenous circ-ADD3 expression substantially
decreased the occupations of EZH2 and H3-
K27me3 on the promoter regions of some anti-
metastatic genes, suggesting EZH2 is impor-
tant for the metastasis-inhibiting activity of
circ-ADD3 in HCC. Of note, we also found that
EZH2 was able to epigenetically regulate circ-
ADD3 expression, thus a feedback loop is for-
med between them. Previous studies reported
that EZH2 could be phosphorylated at Thr-345
and Thr-487 sites by CDK1, resulting in inc-
reased EZH2 ubiquitination and subsequent
proteasomal degradation [18, 30]. Herein, we
found that circ-ADD3 potentiated the interac-
tion between CDK1 and EZH2 via physically
binding to them, implying that circ-ADD3 may
be a scaffold for CDK1-mediated EZH2 ubiquiti-
nation. It is worthwhile to decipher which struc-
tures or sequences of circ-ADD3 are necessary
for the formation of this ternary complex.

Collectively, our findings indicate that circ-AD-
D3 functions as a novel metastasis suppressor
in HCC through destabilizing EZH2 via CDK1,
restoration of circ-ADD3 may be a potential
therapeutic approach for patients with meta-
static HCC.
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Supplementary Figure 1. Knockdown of circ-ADD3 promotes HCC cell migration. A. The sequences of two siRNAs
targeting the junction site of circ-ADD3. B. qRT-PCR analysis of circ-ADD3 expression in Huh7 and MHCC-97L cells
transfected with the indicated siRNAs. C. Transwell migration assay in Huh7 and MHCC-97L cells transfected with
the indicated siRNAs and ADD3 expression vector. **P < 0.01.
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Protein:

MGQTGKKSEKGPVCWRKRVKSEYMRLROLKRFRRADEVKSMFSSNRQKILERTEILNQEW
KQRRIQPVHILTSVSSLRGTRECSVTSDLDFPTQVIPLKTLNAVASVPIMYSWSPLQGANF
MVEDETVLHNIPYMGDEVLDQDGTFIEELIKNYDGKVHGDRECGFINDEIFVELVNALGQ
YNDDDDDDDGDDPEEREEKQKDLEDHRDDKESRPPRKFPSDKIFEAISSMFPDKGTAEEL
KEKYKELTEQQLPGALPPECTPNIDGPNAKSVQREQSLHSFHTLFCRRCFKYDCFLHRKC EZH2
NYSFHATPNTYKRKNTETALDNKPCGPQCYQHLEGAKEFAAALTAERIKTPPKRPGGRRR i
GRLPNNSSRPSTPTINVLESKDTDSDREAGTETGGENNDKEEEEKKDETSSSSEANSRCQ protem
TPIKMKPNIEPPENVEWSGAEASMFRVLIGTYYDNFCAIARLIGTKTCRQVYEFRVKESS
IIAPAPAEDVDTPPRKKKRKHRLWAAHCRKIQLKKDGSSNHVYNYQPCDHPRQPCDSSCP
CVIAQNFCEKFCQCSSECQNRFPGCRCKAQCNTKQCPCYLAVRECDPDLCLTCGAADHWD
SKNVSCKNCSIQRGSKKHLLLAPSDVAGWGIFIKDPVQKNEFISEYCGEIISQDEADRRG
KVYDKYMCSFLFNLNNDFVYWDATRKGNKIRFANHSYNPNCYAKVMMYNGDHRIGIFAKRA
IQTGEELFFDYRYSQADALKYVGIEREMEIP

RNA:
GUCUUGGCAUGGUCACACCUAUCAAUGACCUUCCUGGUGCAGAUACAUCCUCAUAUGUGA
AGGGAGAAAAACUUACUCGCUGUAAACUUGCCAGCCUGUACAGACUUGUAGACUUGUUUG
GAUGGGCACACCUGGCAAAUACCUAUAUCUCAGUAAGAAUAAGUAAGGAGCAAGACCACA
UUAUAAUAAUUCCCAGAGGCCUAUCUUUUUCUGAAGCUACAGCCUCCAAUUUGGUGAAAG
UCAAUAUAAUAGGAGAAGUGGUUGACCAGGGAAGUACCAAUUUGAAAAUUGACCAUACAG
GAUUCAGUCCCCAUGCUGCAAUCUAUUCAACACGUCCUGAUGUUAAGUGUGUGAUACACA
UCCAUACCCUUGCAACAGCAGCUGUAUCCUCCAUGAAAUGUGGGAUCCUUCCAAUUUCUC
AAGAGUCUCUUCUUCUGGGAGAUGUUGCCUAUUAUGACUACCAAGGGUCACUUGAAGAAC
AGGAGGAGAGAAUUCAACUGCAGAAGGUUCUGGGACCAAGUUGUAAGGUGCUGGUACUCA
GGAAUCAUGGUGUGGUUGCACUUGGAGAAACAUUAGAGGAGGCUUUUCAUUAUAUUUUVA - .~ \ 1y
AUGUGCAACUAGCCUGUGAGAUUCAGGUGCAGGCCCUAGCAGGUGCAGGUGGAGUAGACA ©Ire- 2
AUCUCCAUGUACUGGACUUUCAGAAGUAUAAAGCUUUCACUUACACUGUAGCAGCGUCUG
GUGGAGGAGGUGUGAAUAUGGGUUCCCAUCAAAAAUGGAAGGUUGGCGAAAUUGAGUUUG
AAGGGCUUAUGAGGACUCUGGACAACUUGGGGUAUAGAACAGGCUAUGCUUACAGGCAUC
CUCUCAUUCGAGAGAAGCCUAGGCACAAGAGUGAUGUGGAAAUCCCAGCAACUGUGACUG
CUUUUUCCUUUGAAGACGAUACAGUGCCACUCUCUCCUCUCAAAUACAUGGCACAGAGGC
AACAGCGUGAAAAAACAAGAUGGCUGAACUCACCAAAUACUUACAUGAAAGUGAAUGUGC
CUGAGGAGUCUCGGAACGGAGAAACCAGUCCCCGAACCAAAAUCACGUGGAUGAAAGCAG
AAGACUCAUCUAAAGUUAGUGGUGGAACACCUAUCAAAAUUGAAGAUCCAAAUCAGUUUG
UUCCUUUAAACACAAACCCGAAUGAGGUACUAGAAAAGAGAAAUAAGAUUCGGGAACAAA
AUCGAUAUGACUUGAAAACAGCAGGACCACAAUCUCAGUUGCUUGCUGGAAUUGUUGUGG
AUAAGCCACCUUCU

Interaction probabilities
Prediction using RF classifier 0.8
Prediction using SVM classifier 0.96

Supplementary Figure 2. The interaction probability between circ-ADD3 and EZH2 was predicted by RPISeq online
software based on RF and SVM classifiers (probabilities > 0.5 were considered “positive”).
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Protein:

MEDYTKIEKIGEGTYGWYKGRHKTTGOVWAMKKIRLESEEEGVPSTAIREISLLKELRH
PNIVSLQDVLMQDSRLYLIFEFLSMDLKKYLDSIPPGQYMDSSLVKSYLYQILQGIVFCH  CDK1p
SRRVLHRDLKPQNLLIDDKGTIKLADFGLARAFGIPIRVYTHEVWTLWYRSPEVLLGSAR )
YSTPVDIWSIGTIFAELATKKPLFHGDSEIDQLFRIFRALGTPNNEVWPEVESLQDYKNT ~ rotemn
FPKWKPGSLASHVKNLDENGLDLLSKMLIYDPAKRISGKMALNHPYFNDLDNQIKKM

RNA:
GUCUUGGCAUGGUCACACCUAUCAAUGACCUUCCUGGUGCAGAUACAUCCUCAUAUGUGA
AGGGAGAAAAACUUACUCGCUGUAAACUUGCCAGCCUGUACAGACUUGUAGACUUGUUUG
GAUGGGCACACCUGGCAAAUACCUAUAUCUCAGUAAGAAUAAGUAAGGAGCAAGACCACA
UUAUAAUAAUUCCCAGAGGCCUAUCUUUUUCUGAAGCUACAGCCUCCAAUUUGGUGAAAG
UCAAUAUAAUAGGAGAAGUGGUUGACCAGGGAAGUACCAAUUUGAAAAUUGACCAUACAG
GAUUCAGUCCCCAUGCUGCAAUCUAUUCAACACGUCCUGAUGUUAAGUGUGUGAUACACA
UCCAUACCCUUGCAACAGCAGCUGUAUCCUCCAUGAAAUGUGGGAUCCUUCCAAUUUCUC
AAGAGUCUCUUCUUCUGGGAGAUGUUGCCUAUUAUGACUACCAAGGGUCACUUGAAGAAC
AGGAGGAGAGAAUUCAACUGCAGAAGGUUCUGGGACCAAGUUGUAAGGUGCUGGUACUCA
GGAAUCAUGGUGUGGUUGCACUUGGAGAAACAUUAGAGGAGGCUUUUCAUUAUAUUUUUA
AUGUGCAACUAGCCUGUGAGAUUCAGGUGCAGGCCCUAGCAGGUGCAGGUGGAGUAGACA  cire-ADD3
AUCUCCAUGUACUGGACUUUCAGAAGUAUAAAGCUUUCACUUACACUGUAGCAGCGUCUG
GUGGAGGAGGUGUGAAUAUGGGUUCCCAUCAAAAAUGGAAGGUUGGCGAAAUUGAGUUUG
AAGGGCUUAUGAGGACUCUGGACAACUUGGGGUAUAGAACAGGCUAUGCUUACAGGCAUC
CUCUCAUUCGAGAGAAGCCUAGGCACAAGAGUGAUGUGGAAAUCCCAGCAACUGUGACUG
CUUUUUCCUUUGAAGACGAUACAGUGCCACUCUCUCCUCUCAAAUACAUGGCACAGAGGC
AACAGCGUGAAAAAACAAGAUGGCUGAACUCACCAAAUACUUACAUGAAAGUGAAUGUGC
CUGAGGAGUCUCGGAACGGAGAAACCAGUCCCCGAACCAAAAUCACGUGGAUGAAAGCAG
AAGACUCAUCUAAAGUUAGUGGUGGAACACCUAUCAAAAUUGAAGAUCCAAAUCAGUUUG
UUCCUUUAAACACAAACCCGAAUGAGGUACUAGAAAAGAGAAAUAAGAUUCGGGAACAAA
AUCGAUAUGACUUGAAAACAGCAGGACCACAAUCUCAGUUGCUUGCUGGAAUUGUUGUGG
AUAAGCCACCUUCU

Interaction probabilities
Prediction using RF classifier 0.85
Prediction using SVM classifier 0.96

Supplementary Figure 3. The interaction probability between circ-ADD3 and CDK1 was predicted by RPISeq online
software based on RF and SVM classifiers (probabilities > 0.5 were considered “positive”).

Uncropped blots

Figure 4B
Figure 4E
Hep3 SMMC-7721
100 100 100
EZH2 EZH2 EZH2
75 75 75

Figure 5A (vector)

Figure 4E

— 100 48
GAPDH 75 EZH2 35 GAPDH
25

Figure 5A (circ-ADD3)

100 i
- EZH2 45
2

48

35
25

GAPDH



Circular RNA circ-ADD3 in hepatocellular carcinoma

Figure 5B (Hep3B) Figure 5B (SMMC-7721)
— 48
— 35
180: —5
180
75 GAPDH
75
Ubiquitin Ubiquitin
Figure 5D Figure 5D (IP:EZH2)
SMMC-7721 Hep3B Hep3B
@ 48
CDK1 CDK1 o
% 28 35 CDK1 75 EZH2
25
Figure SD (luput) Figure 5D (IP:EZH2)
Hep3B Hep3B Hep3B SMMC-7721
48 48
CDK1 35 GAPDH 35 CDK1
Figure 5D (luput) Figure 5D (IP:EZH2)
SMMC-7721 SMMC-7721 SMMC-7721 SMMC-T721
100: 100
CDK1 715 EZH2 GAPDH 5 EZH2
Figure 5G
p-EZH2(T474) GAPDH

p-EZH2(T345) GAPDH

i 48—
76— _—

Supplementary Figure 4. The amino acid sequence alignment between hsa-circ-ADD3 and homologous mus-circ-
ADD3. The data showed 87% similarity between them.




