Molecular Therapy
Oncolytics

Original Article

CircRHBDD1 augments metabolic rewiring
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Circular RNAs are a class of highly conserved RN As with stable
covalently closed circular structures. Metabolic reprogram-
ming of cancer cells reshapes the tumor microenvironment
and can suppress antitumor immunity. Here, we discovered a
novel circular RNA, termed circRHBDDI1, which augments
aerobic glycolysis and restricts anti-PD-1 therapy in hepatocel-
lular carcinoma (HCC). Mechanistic studies revealed that
circRHBDDI recruits the m°A reader YTHDF1 to PIK3RI
mRNA and accelerates the translation of PIK3R1 in an m°A-
dependent manner. EIF4A3-mediated exon back-splicing con-
tributes to the upregulation of circRHBDD1. Moreover,
circRHBDD1 is highly expressed in anti-PD-1 responder
HCC patients, and targeting circRHBDD1 improves anti-PD-
1 therapy in an immune-competent mouse model. Overall,
these findings illustrate the metabolic importance of the
circRHBDD1/YTHDF1/PIK3R1 axis in HCC and show that
suppression of circRHBDD1 may bolster the efficacy of anti-
PD-1 therapy for HCC treatment.

INTRODUCTION

Hepatocellular carcinoma (HCC) ranks sixth in terms of incidence
and is the third leading cause of cancer-related death worldwide."
Despite the progress made in HCC treatment, the 5-year survival
rate remains dismal. Immunotherapy with immune checkpoint in-
hibitors has revolutionized the therapeutic modalities for HCC.”
Anti-PD-1 treatment can overcome T cell anergy and activate the
antitumor immune response. Although durable responses have
been witnessed in a subset of patients, the overall response rate of
PD-1 blockade is relatively low.”

As hallmarks of cancer, evading immune destruction and the reprog-
ramming of energy metabolism are closely intertwined.* Cancer cells
tend to convert glucose to lactate through accelerated aerobic glycol-
ysis instead of completing oxidation through the tricarboxylic acid cy-
cle.’ This phenomenon, also known as the Warburg effect, satisfies
the increasing demands for the energy of cancer cells.” Metabolic re-

wiring occurring in cancer cells alters the tumor microenvironment
through nutrient competition and the accumulation of immunosup-
pressive metabolites, which can subvert immune cell function and
thwart the antitumor immunity.” Importantly, cancer cells outcom-
pete T cells for glucose, contributing to the restricted response to
anti-PD-1 therapy.® Accordingly, targeting tumor glycolysis might
be a promising strategy to overcome resistance to anti-PD-1 therapy
in HCC.

Circular RNAs (circRNAs) are a class of covalent closed RNA tran-
scripts generated from the back-splicing of pre-mRNA. CircRNAs
are abundant, stable, evolutionarily conserved, and present spatio-
temporally specific expression patterns. As indispensable regulators
in various physiological and pathological processes, circRNAs
function through diverse mechanisms, including interacting with
RNA-binding proteins, acting as microRNA sponges, regulating
gene transcription, and translating into peptides.” Accumulating evi-
dence has cast light on the association of circRNAs with metabolic
reprogramming of cancer cells.'””'” Recent studies also indicated
the involvement of circRNAs in antitumor immunity.'>'* Thus,
investigating the potential immunomodulatory effects of glycolysis-
associated circRNAs in HCC is worthwhile.

Here, we discovered a novel circRNA, termed circRHBDDI1, and
demonstrated that EIF4A3-induced upregulation of circRHBDDI1
facilitated reprogramming of glucose metabolism in HCC. In vivo
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experiments with patient-derived xenograft (PDX) mouse models
confirmed the tumor-promoting effects of circRHBDD1. Mechanisti-
cally, circRHBDDI recruited the m®A reader YTHDF1 to PIK3RI
mRNA and accelerated PIK3R1 translation via m°A modification, al-
lowing activation of the phosphatidylinositol 3-kinase (PI3K)/AKT
signaling pathway. Moreover, targeting circRHBDD1 in cancer cells
could enhance the response to anti-PD-1 therapy. This study reveals
a novel circRNA that augments HCC glycolysis and may support the
concept of combining glycolysis inhibitors with immunotherapy.

RESULTS

CircRHBDD1 is highly expressed in HCC and predicts
unfavorable survival

We compared the circRNA expression profiles between three paired
HCC tissues and adjacent liver tissues using circRNA sequencing. A
total of 7,747 distinct circRNA candidates with >2 unique back-
splicing junction reads were detected by both CIRI2 and CIR-
Cexplorer2 algorithms. Of these, 5,010 were annotated in circBase.
The DESeq2 package was further applied to identify the differentially
expressed circRNAs. As illustrated in Figures 1A and 1B, 44 and 65
circRNAs were upregulated and downregulated in HCC tissues,
respectively. Among them, the top five upregulated circRNAs were
validated by qRT-PCR in 20 matched HCC and peritumor tissues
that were randomly chosen from cohort 1 (Figure 1C). We found
that hsa_circ_0058497, which was derived from the RHBDDI gene
locus and hereafter referred to as circRHBDDI, exhibited the most
prominent upregulation, and was selected for further study. These
data from cohort 1 further confirmed the upregulation of
circRHBDD1 in the RNA-sequencing results (fold change = 11.57).
Consistent with the results from tissue samples, the expression level
of circRHBDD1 was significantly higher in HCC cell lines than in
the normal human liver cell line (Figure 1D).

Divergent PCR followed by Sanger sequencing analysis revealed that
circRHBDD1 was generated from exons 6-8 of the RHBDDI gene
through a back-splicing mechanism (Figure 1E). Agarose gel electro-
phoresis assays showed that divergent primers could amplify
circRHBDDI1 in ¢DNA, but no product was detected in genomic
DNA (gDNA) (Figures 1F and 1G). qRT-PCR using oligo(dT)
primers indicated that circRHBDDI possessed no poly(A) tail (Fig-
ure 1H). CircRHBDD1 resisted RNase R-mediated digestion (Fig-
ure 1I) and was more stable than its linear counterpart (Figures 1]

and 1K). Fluorescence in situ hybridization (FISH) and fractionation
experiments demonstrated that circRHBDD1 was mainly located in
the cytoplasm rather than the nucleus (Figures 1L-1N).

To further investigate the clinical value of circRHBDD1 in HCC, we
examined the expression of circRHBDD1 in cohort 1, consisting of 96
paired HCC and peritumor specimens. qRT-PCR confirmed that
circRHBDD1 was highly expressed in HCC tissues compared with
peritumor samples (Figure 2A). FISH analysis further verified the
overexpression of circRHBDD1 in HCC tissues (Figure 2B). The pa-
tients from cohort 1 were divided into high and low circRHBDD1
expression groups according to the median expression value. As
shown in Table S1, the circRHBDDI expression level was associated
with tumor number (p = 0.013), microvascular invasion (p = 0.002),
tumor size (p = 0.007), a-fetoprotein (p = 0.014), and tumor-node-
metastasis (TNM) stage (p = 0.001). Marked upregulation of
circRHBDD1 was witnessed in HCC patients with tumor size
>5 cm and in those at TNM stage III-IV (Figures 2C and 2D). To
determine the prognostic role of circRHBDDI in HCC patient sur-
vival, we performed univariate and multivariate survival analyses
on independent cohort 2 comprising 160 HCC patients (Figures
2E-2H and Table S2). Kaplan-Meier survival plots showed that
high circRHBDDI expression was correlated with poor overall sur-
vival and disease-free survival. Cox proportional hazards regression
analyses indicated that circRHBDDI] level was an independent prog-
nostic factor for overall survival (hazard ratio [HR] 1.549, 95% con-
fidence interval [CI] 1.046-2.293; p = 0.029) and disease-free survival
(HR 2.388, 95% CI 1.417-4.024; p = 0.001). Taken together, these re-
sults suggested that circRHBDD1 was upregulated in HCC tissues
and cell lines, and high circRHBDD1 expression predicted unfavor-
able survival outcomes.

CircRHBDD1 promotes HCC glycolysis in vitro and in vivo

To explore the functions of circRHBDD1 in HCC, we sought to char-
acterize the altered cellular phenotypes in HCC cells with
circRHBDD1 knockdown or overexpression. Two lentiviruses target-
ing the back-spliced sequence of circRHBDD1 were designed, and sh-
circRHBDD1#1 and sh-circRHBDD1#2 remarkably inhibited the
expression of circRHBDDI but not that of RHBDDI mRNA (Figures
3A and 3B). A significant reduction in cell proliferation in HCCLM3
and MHCC97H cells after circRHBDD1 knockdown was detected by
colony-formation assay (Figure 3C). Cell Counting Kit-8 (CCK-8)

Figure 1. CircRHBDD1 is highly expressed in HCC

(A) Cluster heatmap showing the differentially expressed circRNAs in paired human HCC tissues and peritumor tissues (n = 3). (B) Volcano plot showing circRNAs that
changed significantly between HCC tissues and matched peritumor tissues. (C) Expression levels of the five most upregulated circRNAs were validated by gRT-PCR in 20
matched HCC and peritumor tissues from cohort 1. (D) Expression levels of circRHBDD1 in seven human HCC cell lines along with the normal human liver cell line QSG-7701.
(E) Structure and back-splicing site of circRHBDD1. (F) CircRHBDD1 and GAPDH were amplified from cDNA or gDNA from HCCLMS3 cells with divergent and convergent
primers, respectively. (G) CircRHBDD1 and GAPDH were amplified from cDNA or gDNA from HepG2 cells with divergent and convergent primers, respectively. (H) gRT-PCR
assays for circRHBDD1 and RHBDD1 mRNA using the template cDNA reverse transcribed by random primers and oligo(dT) primers in HCCLM3 and HepG2 cells. () gRT-
PCR analysis for the expression of circRHBDD1 and RHBDD17 mRNA in HCCLM3 and HepG2 cells treated with RNase R. (J) gRT-PCR assays for the expression of
circRHBDD1 and RHBDD1 mRNA in HCCLMB cells treated with the transcription inhibitor actinomycin D at the indicated time points. (K) gRT-PCR assays for the expression
of circRHBDD1 and RHBDD7 mRNA in HepG2 cells treated with the transcription inhibitor actinomycin D at the indicated time points. (L) FISH detection of circRHBDD1 in
HCCLMS3 cells. (M) Abundance of circRHBDD1 from separated nuclear and cytoplasmic fractions was determined by qRT-PCR in HCCLMS3 cells. (N) Abundance of
circRHBDD1 from separated nuclear and cytoplasmic fractions was determined by gRT-PCR in HepG2 cells. *p < 0.05; **p < 0.01; ***p < 0.001; ns, no significance.
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Figure 2. CircRHBDD1 predicts unfavorable patient
survival in HCC

(A) Expression levels of circRHBDD1 in 96 paired HCC
and peritumor tissues from cohort 1 were determined by
gRT-PCR (p < 0.001). (B) FISH detection of circRHBDD1
in ten matched HCC and peritumor tissues from cohort 1.
(C) Expression levels of circRHBDD1 were compared
between patients with tumor size <5 cm and those with
tumor size >5 cm. (D) CircRHBDD1 expression levels
were detected between the TNM stage |-l group and the
TNM stage llI-IV group. (E) Kaplan-Meier analysis of the
correlation between circRHBDD1 expression levels and
overall survival (p < 0.001). (F) Multivariate analyses of
the independent predictive factors for overall survival.
Hazard ratios (HR) and the corresponding 95%
confidence intervals (Cl) are shown. (G) Kaplan-Meier
analysis of the association of circRHBDD1 expression
levels with disease-free survival (p < 0.001). (H)
Multivariate analyses of the independent predictive
factors for disease-free survival. HRs with the
corresponding 95% Cls are shown. ***p < 0.001.

an indicator of mitochondrial respiration, was
increased in circRHBDD1-silenced cells (Fig-
ures 4F and S2D). CircRHBDD1 knockdown
led to decreased levels of G6P, lactate, and
ATP (Figures 4G and S2E). Consistently, glycol-
ysis was enhanced upon circRHBDD1 overex-
pression in HepG2 and Huh7 cells (Figures
S3A-S3E). In 22 HCC patients from cohort 1
who received preoperative ['*F]fluorodeoxyglu-

assays showed that silencing circRHBDDI remarkably suppressed
HCC cell viability (Figures 3D and 3E). 5-Ethynyl-2’-deoxyuridine
(EdU) imaging analysis confirmed the inhibitory effects of
circRHBDD1 knockdown on HCC cells (Figure 3F). In contrast, over-
expression of circRHBDDI] significantly enhanced the proliferative
capabilities of HepG2 and Huh?7 cells (Figures STA-S1E).

Next, we performed RNA-sequencing analysis on circRHBDDI-
silenced HCCLM3 cells and the corresponding control cells (Fig-
ure 4A). Pathway enrichment analysis indicated a potential role of
circRHBDDI1 in glucose metabolic reprogramming (Figure 4B). As
a critical step limiting intracellular glucose availability, glucose trans-
membrane transport is mainly mediated by glucose transporter 1
(GLUT1) in cancer cells. Hexokinase 2 (HK2) subsequently converts
intracellular glucose to glucose-6-phosphate (G6P) and facilitates aer-
obic glycolysis.'*'® CircRHBDD1 knockdown was associated with the
decreased mRNA and protein levels of GLUT1 and HK2 in HCCLM3
and MHCC97H cells (Figures 4C, 4D, S2A, and S2B). Knockdown of
circRHBDD1 significantly reduced the glycolysis rate and glycolysis
capacity, as indicated by the extracellular acidification rate (ECAR)
data (Figures 4E and S2C). The oxygen consumption rate (OCR),
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cose PET/CT imaging, we found that the

maximum standardized uptake value (SUV,.,)
was considerably higher in patients from the circRHBDD1™¢" group
than in those from the circRHBDD1'" group (Figures 4H and 4I).

We utilized PDX mouse models to investigate the effects of
circRHBDD1 on HCC growth using ten fresh HCC tissues from
patients undergoing hepatectomy (Figure 5A). CircRHBDD1 expres-
sion levels were detected in the engrafted tumors using qRT-PCR. Xe-
nografts derived from patient #5 had the highest expression level of
circRHBDD1 while the engrafted tumors originating from patient
#2 exhibited the lowest circRHBDDI1 level (Figure 5B). The engrafted
tumors from patients #5 and #2 were histopathologically analyzed
(Figure 5C). We injected the circRHBDD1 plasmid and cholesterol-
conjugated circRHBDD1 small interfering RNA (siRNA) into tumor
tissues for 3 weeks. The xenograft tumor volume and weight were
markedly reduced in the si-cirtcRHBDD1-treated groups. Conversely,
the xenografts injected with the circRHBDD1 plasmid were larger
and heavier (Figures 5D-5F). qRT-PCR and FISH assays were used
to confirm the consistent knockdown or overexpression of
circRHBDDI1 in engrafted HCC tumors (Figures 5G and 5H). As
indicated in Figure 5I, we found decreased expression levels of
GLUT1 and Ki-67 in circRHBDD1-silenced xenografts, but elevated
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levels were observed in xenografts treated with circRHBDD1 plasmid
based on the immunohistochemistry (IHC) results.

CircRHBDD1 activates PISBK/AKT signaling by augmenting
PIK3R1 translation

In the aforementioned pathway enrichment results (Figure 4B), PI3K/
AKT signaling was found to be among the top canonical pathways.
We wondered whether circRHBDDI1 could affect the PI3K/AKT
pathway. Western blotting analysis verified that circRHBDD1 knock-
down suppressed the activation of PI3K/AKT signaling (Figure 6A).
Previous studies by our group and others revealed that PIK3R1, a reg-
ulatory subunit of PI3K, is an important upstream molecule of PI3K/
AKT signaling during HCC progression.'”"'? As shown in Figure 6B,
PIK3R1 protein levels were decreased after circRHBDD1 was

silenced. THC analysis of PDX confirmed that circRHBDD1 knock-
down was associated with decreased PIK3R1 and p-AKT levels, while
PIK3R1 and p-AKT levels were elevated in circRHBDDI1-overex-
pressing xenografted tumors (Figure 6C). Intriguingly, the level of
PIK3R1 mRNA was not significantly altered in circRHBDD1-silenced
cells compared with controls (Figure 6D). There was no apparent dif-
ference in the degradation rate of PIK3R1 protein after circRHBDD1
knockdown (Figures 6E and 6F). Moreover, the proteasome inhibitor
MG132 and autophagy inhibitor chloroquine (CQ) could not reverse
the downregulation of PIK3RI1 protein induced by circRHBDDI1
knockdown (Figure 6G), suggesting that circRHBDD1 knockdown-
induced PIK3R1 protein downregulation did not occur through the
proteasome and lysosomal protein degradation pathways. Based on
these results, we hypothesized that circRHBDDI1 augmented
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(A) Heatmap showing the differentially expressed genes upon circRHBDD1 knockdown in HCCLMS3 cells (n = 3). (B) Pathway enrichment analysis showing the top canonical
pathways after circRHBDD1 knockdown. (C) Levels of GLUTT and HK2 mRNA in HCCLMS cells with circRHBDD1 knockdown. (D) Levels of GLUT1 and HK2 proteins in
circRHBDD1-silenced HCCLM3 cells. (E) ECAR data showed that silencing circRHBDD1 significantly reduced the rate of glycolysis and the glycolysis capacity in HCCLM3 cells. (F)
OCR results showed that circRHBDD1-silenced HCCLMS cells displayed increased basal respiration and maximum respiration. (G) Cellular GEP level, lactate production, and
cellular ATP level were detected in HCCLMS3 cells with circRHBDD1 knockdown. (H) FISH was used to determine the expression of circRHBDD1, and representative '8F-FDG PET/
CTimaging of HCC patients from cohort 1 with high or low circRHBDD1 expression is shown. () Analysis of SUVmax in the circRHBDD™" and circRHBDD' groups (n = 22). *p <
0.05; *p < 0.01; **p < 0.001.

760 Molecular Therapy: Oncolytics Vol. 24 March 2022



www.moleculartherapy.org

A HCC patient HCC tumor Passage 1 Passage 2 Passage 3
o tissue
= NOD/SCID BALB/c BALB/c
7 N\, surgery implant . implant . implant gy gy
b )y . 4 . A . e .
()
B D _
5., g
7 c
82 2 B
s@ 6 = z
S 9 3=
2 £ 4 8 5|8
2'c o o @
2% 2 z
4 0 e
#1 #2 #3 #4 #5 #6 #7 #8 #9#10 2
Patient
Patient #5 Patient #2
Patient#2 E 4
—— si-NC —— control
— 1500 —~ 2500 )
"’E —— si-circRHBDD1#1 “‘E —=— circRHBDD1
£ £ 2000
© 1000 P
£ £ 1500 -
3 S
35 o 3
> 500 $ 1000
] o
£ £ 500
P, =
0 7 14 2 28 35 S0 7 14 20 28 35
Days Days
F — Patient #2 G Patient #5 Patient #2
15 ate 25 e 15, '™ si-NC 20, '™ control
= — £ B si-circRHBDD1#1 c == circRHBDD1
(=2} (=) (=] o
2 — 220 55 s
< 1.0 k= 2a = 281 S
2 215 5@ 5@
3 E H % ] % 10
S 05 510 S 5o S 5
£ £os % 55 8
fi=d (=i E o E (<]
0.0 0.0 ; 0
¢ A N N
o 00"% 00““0 @\"600
‘\»6\(9@ o
9
H circRHBDD1 DAPI Merge I
(&] [&]
z =
L -
7)) [72]
0 )
3+ H
- - -~ -~
g | ® g |2
s | a s | a
©
6.“ o o [a]
o0 m
T e
3 S
2 b=
3] 9
.‘7, 'a
o )
2 =
=
c c
8 3
° o
N 3*
* h
-
= c
0 Al
23 £13
c | O c [
o | m o g
= 2
o o
[$] —
5 o S

(legend on next page)

Molecular Therapy: Oncolytics Vol. 24 March 2022 761


http://www.moleculartherapy.org

PIK3RI1 protein expression, possibly via translational control. There-
fore, we collected mono-/polysome fractions from cytoplasmic ex-
tracts of sh-circRHBDD1#1 and sh-NC HCCLM3 cells by sucrose
gradient centrifugation. As indicated in Figure 6H, circRHBDDI1
knockdown significantly suppressed the proportion of PIK3RI
mRNA in the polysome fraction, whereas the presence of PIK3RI
mRNA in non-translating ribosome fractions was increased.

We performed rescue experiments by overexpressing PIK3R1 in
circRHBDD1-silenced HCCLM3 cells. The overexpression efficiency
was confirmed by western blotting and qRT-PCR (Figures S4A and
$4B). CCK-8 and EdU assays demonstrated that PIK3R1 upregula-
tion rescued the inhibited cell proliferation in sh-circRHBDDI1#1
HCCLMS3 cells (Figures S4C and $4D). The glycolysis rate, glycolysis
capacity, basal respiration, and maximum respiration were restored
after PIK3R1 overexpression in circRHBDDI-silenced HCCLM3
cells (Figures S5A and S5B). In circRHBDD1-silenced cells, upregula-
tion of PIK3RI abolished the reduction in the levels of glycolysis me-
tabolites (Figure S5C). The expression levels of p-AKT, GLUT1, and
HK2 were restored after PIK3R1 upregulation in circRHBDDI-
silenced cells (Figure S5D).

To confirm that circRHBDDI1 affected HCC progression through
PI3K/AKT signaling, we performed rescue experiments in
circRHBDD1-overexpressing HepG2 cells using the PI3K/AKT
pathway inhibitor LY294002 (Figure S6A). Treatment with
LY294002 rescued the enhanced cell proliferation in circRHBDD1-
overexpressing HepG2 cells (Figures S6B and S6C). LY294002
restored the glycolysis rate, glycolysis capacity, basal respiration,
maximum respiration, G6P, lactate, and ATP levels in
circRHBDD1-overexpressing cells (Figures S6D-S6F). These results
revealed that circRHBDD1 promoted HCC proliferation and glycol-
ysis via PI3K/AKT signaling.

CircRHBDD1 interacts with YTHDF1 and accelerates the
translation of PIK3R1 in an m®A-dependent manner

To delineate how circRHBDD1 facilitated the translation of PIK3R1
mRNA, we performed an AGO2-RNA immunoprecipitation (RIP)
assay, whose results suggested that circRHBDDI might not function
as a microRNA sponge (Figure 6I). Coding-Potential Assessment
Tool (CPAT) bioinformatics prediction results indicated that
circRHBDD1 could not encode peptides (Figure 6]). RNA pull-
down assays combined with mass spectrometry suggested YTHDF1
as a potential circRHBDD1-interacting protein (Figure 6K), and west-
ern blotting confirmed that circRHBDD1 could pull down YTHDF1

Molecular Therapy: Oncolytics

(Figure 6L). RIP assays further confirmed the interaction between
YTHDFI and circRHBDD1 (Figure 6M). FISH results showed that
circRHBDD1 colocalized with YTHDF1 in HCCLM3 cells (Fig-
ure 6N). Bioinformatics analysis indicated that YTHDF1 was upregu-
lated in HCC tissues compared with peritumoral tissues (Figure 60)
and was associated with unfavorable overall survival in HCC (Fig-
ure 6P), consistent with previous studies.”*?!

Given that YTHDFI1 has been well established as an m°®A-binding
protein that facilitates translation of m°A-modified mRNA,*>** we
postulated that YTHDF1 could enhance PIK3RI translation via
m°A modification. The results from the REPIC database suggested
the presence of two m®A peaks in PIK3R1.>* RMVar and RMBase
v2.0 databases also confirmed the presence of RRACH m°A sequence
motifs in PIK3RI1.”>*° Consistently, crosslinking immunoprecipita-
tion (CLIP) and RIP data from the msAZTarget database identified
PIK3RI mRNA as a potential target of YTHDF1 (GEO: GSE78030
and GSE63591).” Ectopic expression of YTHDF1 led to a remarkable
increase in the protein expression and m®A level of PIK3R1 (Figures
7A-7C) while opposite results were observed in YTHDFI-silenced
cells (Figures S7A-S7C). YTHDFI overexpression did not affect the
mRNA level of PIK3RI (Figure 7D) but significantly elevated the
presence of PIK3RI mRNA in the polysome fraction (Figure 7E).

To elucidate whether YTHDF1-mediated PIK3R1 upregulation was
dependent on m°A modification, we generated a FLAG-tagged
mutant YTHDF1 construct (YTHDF1-Mut) with two point muta-
tions (K395A and Y397A) to abrogate its m®A-binding ability (Fig-
ure 7F), as previously reported.”*** After YTHDF1 wild-type
(YTHDF1-WT) and YTHDF1-Mut recombination plasmids were
successfully transfected into HepG2 and Huh?7 cells, we found that
the elevated protein expression of PIK3R1 in YTHDF1-WT cells
was abolished in YTHDF1-Mut transfected HCC cells (Figure 7G).
However, the PIK3RI mRNA levels were comparable between
YTHDFI-WT and YTHDF1-Mut (Figure 7H). Ectopic expression
of YTHDF1-Mut dramatically hindered the interaction between
PIK3RI mRNA and YTHDF1 according to the RIP results (Figure 71).
Based on a liver cell dataset from the Gene Expression Omnibus data-
base (GEO: GSE122744), two m°A peaks among PIK3RI mRNA were
observed, with Peakl in the 5 UTR and Peak2 in the 3’ UTR of
PIK3R1 (Figure 7J). We performed methylated RIP (meRIP)-qPCR
and confirmed these two m°A peaks among PIK3RI mRNA in
HCCLM3 cells (Figure 7K). Furthermore, overexpression of
YTHDF1-WT led to increased PIK3R1 expression in PIK3R1-WT
and PIK3R1-Peakl MUT, while no response was observed in

Figure 5. CircRHBDD1 facilitates HCC tumor growth in vivo

(A) Graphic illustration of the establishment of HCC PDX mouse models. (B) Expression levels of circRHBDD 1 were detected in the xenografts isolated from mice of PDX using
gRT-PCR. The engrafted tumors derived from patient #5 had the highest expression level of circRHBDD1, whereas the xenografts originating from patient #2 exhibited the
lowest circRHBDD1 level. (C) The engrafted tumors from patient #5 and patient #2 were histopathologically analyzed. (D) Photographs of the engrafted tumors from PDX mice
treated with circRHBDD1 plasmid or cholesterol-conjugated circRHBDD1 siRNA. (E) Tumor volume was measured in the engrafted tumors. (F) Tumor weight was recorded in
the engrafted tumors. (G) Expression levels of circRHBDD1 were detected in the engrafted tumors by gRT-PCR. (H) FISH images showing the expression levels of
circRHBDD1 in the engrafted tumors. (I) Expression levels of GLUT1 and Ki-67 in the tumor tissues of PDX were analyzed using immunohistochemistry. *p < 0.05; **p < 0.01;

=*p < 0.001.
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Figure 6. CircRHBDD1 activates PI3BK/AKT signaling by augmenting YTHDF1-mediated translation of PIK3R1

(A) Western blotting analysis showing the expression levels of p-PI3K, PI3K, p-AKT, and AKT in circRHBDD1-silenced HCCLM3 and MHCC97H cells. (B) Expression levels of
PIK3R1 in circRHBDD1-silenced HCCLM3 and MHCC97H cells were determined by western blotting. (C) Expression levels of PIK3R1 and p-AKT in the tumor tissues of PDX
were analyzed using immunohistochemistry. (D) PIKSRT mRNA levels were detected by gRT-PCR in circRHBDD 1-silenced HCCLM3 and MHCC97H cells. (E) The effects of
circRHBDD1 knockdown on the degradation rate of PIK3R1 protein in HCCLMS cells pretreated with cycloheximide (CHX) were analyzed by western blotting. (F) Quantitative
analysis of (E). (G) The effects of MG132 and chloroquine (CQ) on circRHBDD1 knockdown-induced PIK3R1 downregulation were determined by western blotting. (H) The
amount of PIK3R1 mRNA in various polysome fractions was analyzed by gRT-PCR. (I) An AGO2-RIP assay was performed to detect the levels of circRHBDD1 in the AGO2 IP
pellet. (J) Results from the CPAT database indicating the absence of coding potential for circRHBDD1. (K) Mass spectrometry analysis was conducted to determine the
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PIK3R1-Peak2 MUT and PIK3R1-Peakl&2 MUT (Figure 7L), sug-
gesting that the m®A peak in the PIK3R1 3’ UTR was responsible
for the modulation of YTHDFI. In addition, RIP assays using a
YTHDF1 antibody revealed that circRHBDDI overexpression
increased the interaction between YTHDF1 and PIK3R1 mRNA (Fig-
ure S8A). Consistent with this result, the interaction between
YTHDF1 and PIK3R1 mRNA was notably blunted by circRHBDD1
knockdown (Figure S8B). Collectively, the above data demonstrated
that circRHBDDI1 could function as a scaffold to strengthen the inter-
action between YTHDF1 and PIK3R1 mRNA and augment the trans-
lation of PIK3RI mRNA in an m®A-dependent manner.

Moreover, we performed rescue experiments by knocking down
YTHDF]I in circRHBDD1-overexpressing HepG2 cells. Western blot-
ting results showed that YTHDF1 knockdown restored the elevated
levels of PIK3R1 and p-AKT expression in circRHBDDI1-overex-
pressing cells (Figure S9A). The expression of circRHBDD1 was
not significantly affected after YTHDF1 knockdown (Figure S9B).
No significant effect on PIK3RI mRNA expression was observed in
circRHBDD1-overexpressing HepG2 cells after YTHDF1 knockdown
(Figure S9C). In addition, YTHDF1 knockdown in circRHBDD1-
overexpressing HCC cells restored the increased capabilities of prolif-
eration and glycolysis (Figures S9D-S9H).

To further validate the effects of the circRHBDD1/YTHDF1/PIK3R1
axis, we performed in vivo rescue experiments. As shown in Figures
S10A-S10C, PIK3R1 overexpression in HCCLM3 sh-circRHBDD1#1
cells significantly reversed the inhibitory effects of circRHBDD1
knockdown on tumor volume and weight. In addition, the enhanced
xenograft growth in the HepG2 circRHBDD1 overexpression group
was counteracted by YTHDF1 knockdown (Figures S11A-S11C).

EIF4A3 promotes the expression of circRHBDD1

RNA-binding proteins can bind to the flanking intron sequences of
circRNAs and mediate circRNA biogenesis.”’ To investigate the up-
stream regulator of circRHBDD1 in HCC, we searched the CircInter-
actome database’’ and found three EIF4A3 binding sites flanking
circRHBDDI, referred to as sites a, b, and ¢ (Figure 8A). The Cancer
Genome Atlas (TCGA) data showed that EIF4A3 was upregulated in
HCC and that high EIF4A3 expression was associated with poor over-
all survival (Figures 8B and 8C). Previous studies showed that
EIF4A3, as a key component of the exon junction complex, promotes
the expression of several circRNAs.”*** The circRHBDDI level was
positively correlated with the expression level of EIF4A3 (Figure 8D).
To elucidate the effect of EIF4A3 on circRHBDDI expression, we
knocked down EIF4A3 expression using two siRNAs in both
HCCLM3 and MHCC97H cells (Figures 8E and 8F). The
circRHBDD1 level was significantly decreased after EIF4A3 knock-
down (Figure 8G). Similarly, overexpression of EIF4A3 led to an in-
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crease in circRHBDD1 expression levels in HepG2 and Huh7 cells
(Figures 8H-8J). In contrast, the mRNA levels of EIF4A3 were not
altered in circRHBDD1-silenced cells (Figure S12). As shown in Fig-
ure 8K, EIF4A3 could bind to the flanking sequences through two up-
stream putative binding sites (sites a and b) but not the downstream
site (site ¢). Mutants of both sites a and b abolished the reduction in
circRHBDD1 expression levels in EIF4A3-silenced cells (Figure 8L).
These results demonstrated that EIF4A3 might induce the biogenesis
of circRHBDD1 by binding to sites a and b.

CircRHBDD1 restricts anti-PD-1 therapy in HCC

Targeting cancer metabolism, and thus the associated reprogram-
ming of the tumor microenvironment, can unleash antitumor im-
mune responses. Inhibitors of cancer glycolysis can induce synergistic
responses with immunotherapy.”> Given that circRHBDD1 could
augment HCC glycolysis, we next evaluated whether circRHBDD] in-
hibition could enhance the efficacy of anti-PD-1 therapy in HCC. We
analyzed 18 HCC patients with recurrence or distant metastasis
receiving anti-PD-1 therapy. Detailed information on the patients is
presented in Table S3. After four cycles of anti-PD-1 treatment, the
efficacy was assessed using CT or MRI. There were five patients
with partial response and 13 patients with progressive disease, as
defined by RECIST1.1. Patients were classified into the responder
group (partial response) or the non-responder group (progressive dis-
ease) (Figure 9A).***” The expression level of circRHBDDI in the
non-responder group was much higher than that in the responder
group (Figure 9B). Bioinformatics analysis showed that YTHDF1
was positively associated with immune cell infiltration and the expres-
sion levels of several immune-associated genes in liver cancer (Figures
9C and 9D). To further delineate the effects of circRHBDDI1 on the
efficacy of anti-PD-1 therapy, we established a xenograft model by
subcutaneous implantation of circRHBDD1-silenced Hepal-6 cells
or control cells and subjected it to anti-PD-1 or immunoglobulin G
(IgG) treatment (Figures 9E and S13). Treatment of immunocompe-
tent mice harboring circRHBDDI-silenced tumors with anti-PD-1
significantly hindered tumor growth and improved overall survival
(Figures 9F-9H). Immunofluorescence staining of CD8" cells in tu-
mor tissues showed similar results (Figure 9I).

DISCUSSION

Benefiting from the rapid development and application of high-
throughput sequencing technology, emerging studies have identified
abnormal expression patterns of circRNAs in human cancers. We
used circRNA sequencing and identified a novel circRNA derived
from exons 6-8 of the RHBDDI gene that was highly expressed in
HCC. Glucose metabolism is frequently hijacked by tumor cells to
maintain viability, and circRNAs play an important role in this glyco-
Iytic switch.*® It is tempting to uncover novel circRNAs that partici-
pate in HCC glycolysis. Utilizing loss- and gain-of-function assays, we

YTHDF1 in HCCLM3 cells. (M) The interaction between YTHDF1 and circRHBDD1 was verified by RIP assays. (N) FISH for circRHBDD1 and immunofluorescence for
YTHDF1 in HCCLM3 cells. The profiles of colocalization are also provided. (O) TCGA data suggested that the expression level of YTHDF1 was upregulated in HCC tissues
compared with peritumoral tissues (p < 0.05). (P) YTHDF1 was associated with unfavorable overall survival in HCC patients based on the TCGA data (hazard ratio = 1.8).

***p < 0.001; ns, no significance.
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Figure 7. YTHDF1 regulates PIK3R1 translation in an m®A-dependent manner

(A) The overexpression efficiency of YTHDF1 was validated by gRT-PCR in HepG2 and Huh7 cells. (B) Western blotting assays showing the protein levels of YTHDF1 and
PIK3R1 in YTHDF1-overexpressing HepG2 and Huh7 cells. (C) meRIP-gPCR analysis showing the mPA level of PIK3R1 detected in YTHDF1 -overexpressing HepG2 and
Huh7 cells. (D) PIK3R1T mRNA levels of HepG2 cells with or without YTHDF1 overexpression were examined using gRT-PCR. (E) The amount of PIK3R7 mRNA in various
polysome fractions was analyzed by gRT-PCR in HepG2 cells with or without YTHDF1 overexpression. (F) Schematic illustration of wild-type (YTHDF1-WT) and mutant
(YTHDF1-Mut) YTHDF1 constructs. (G) Protein levels of PIK3R1 in HepG2 and Huh7 cells transfected with YTHDF1-WT or YTHDF1-Mut. (H) gRT-PCR analysis showing the
levels of PIKBRT mRNA in HepG2 and Huh7 cells transfected with YTHDF1-WT or YTHDF1-Mut. () PIK3R1-specific gPCR analysis of the co-precipitated RNAs by a FLAG
antibody in RIP analysis. (J) The two m®A peaks among PIK3RT mRNA. (K) The two mPA peaks among PIK3R1 mRNA were confirmed by meRIP-qPCR in HCCLM3 cells. (L)

Protein level of PIK3R1 in HCCLMS cells co-transfected with empty vector, wild-type, or mutant FLAG-tagged YTHDF1 and wild-type or mutant HA-tagged PIK3R1. **p <
0.001; ns, no significance.

examined the effects of circRHBDD1 on ECAR, OCR, GLUT1, HK2, = HCC. Moreover, we constructed PDX mouse models and verified
and several metabolites in glycolysis. In vitro results showed that  the tumor-promoting effects of circRHBDD1 in vivo. PDX models
circRHBDD1 was closely associated with augmented glycolysis in  recapitulate the principal morphologic and genetic features of the
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original tumors and represent powerful resources for evaluating the
in vivo effect of novel therapeutic strategies.™

The PI3K/AKT signaling pathway orchestrates multiple metabolic
processes in cancer and plays a crucial role in the regulation of glucose
metabolism. As a regulatory subunit of PI3K, PIK3R1 activates PI3K/
AKT signaling to accelerate glycolysis.*’ In breast cancer, miR-155-
mediated PIK3R1 upregulation positively modulates glucose
metabolism through the FOXO3a/cMYC axis.*! Here, our results
demonstrated that circRHBDDI1 activated PI3K/AKT signaling
through PIK3R1. Upregulation of circRHBDDI led to elevated pro-
tein levels of PIK3R1. No statistically significant change in PIK3RI
mRNA, however, was observed upon circRHBDDI1 overexpression
or knockdown. Treatment with MG132 or CQ could not reverse
the decreased PIK3R1 protein levels in circRHBDDI1-silenced HCC
cells, indicating that circRHBDD1 might not affect the degradation
of PIK3R1 protein. We then performed polysome profiling analysis
and revealed that circRHBDDI1 facilitated the translation of PIK3R1.

To elucidate how circRHBDDI regulated the translation of PIK3R1,
we performed an RNA pull-down assay followed by mass spectrom-
etry, whereby YTHDF1 was demonstrated to interact with
circRHBDDI. As the most abundant post-transcriptional mRNA
modification, m®A is involved in numerous biological processes. Dy-
namic and reversible m°A modification is installed by m°®A methyl-
transferases (writers), recognized by m®A-binding proteins (readers),
and removed by demethylases (erasers). m®A participates in almost
every aspect of the RNA life cycle, including mRNA translation,
splicing, and stabilization.”> As an m°A reader protein, YTHDF1 rec-
ognizes m°A sites and promotes targeted mRNA translation.”
Reportedly, YTHDF1 augments EIF3C translation in an m®A-depen-
dent manner, thereby facilitating ovarian cancer tumorigenesis and
metastasis.”’ Recruitment of YTHDF1 to m°®A-modified TRIM29 par-
ticipates in the translation of TRIM29 in cisplatin-resistant ovarian
cancer cells."* The translation of FZD?7 is controlled by YTHDF1 in
gastric carcinogenesis.”” In the present study, we combined multiple
bioinformatics databases and meRIP assays and found that YTHDF1
promoted PIK3R1 mRNA translation in an m°A-dependent manner.
Functional deletion of the YTH domain blocks the m®A-binding capa-
bility of YTHDF1. We found that YTHDF1-Mut interrupted the inter-
action between PIK3RI mRNA and YTHDF1 and abolished the
increased expression levels of PIK3R1 protein in cancer cells. In addi-
tion to YTHDF1 identified by pull-down assay, other proteins may

also interact with circRHBDD1 and be involved in circRHBDDI1-
induced metabolic reprogramming in ways yet to be uncovered. The
involvement of m®A writers and erasers in the interaction between
YTHDFI and PIK3R1 still needs further investigation.

RNA-binding proteins have been proposed to function as trans fac-
tors in the regulation of circRNA biogenesis. Reportedly, Quaking
could enhance circRNA formation by binding to the introns flanking
circRNA-forming exons and bring the circularized exons closer
together. Splicing factors, including EIF4A3, FUS, HNRNPL,
RBM20, and Mbl], have been found to modulate circRNA generation
in different biological settings.”” In silico analysis indicated several
binding sites of EIF4A3 in the flanking sequence of circRHBDDI.
Further experiments confirmed that EIF4A3 could bind to the up-
stream region of the RHBDDI pre-mRNA transcript and regulate
the expression of circRHBDD1. EIF4A3-mediated exon back-splicing
could be responsible for the upregulation of circRHBDD1 in HCC.

An impressive clinical benefit has been observed in a fraction of HCC
patients treated with anti-PD-1 therapy.’>"’ However, limited
response to anti-PD-1 therapy in most patients remains a major chal-
lenge.”® Recent single-cell sequencing studies have supported the
intricate interactions between HCC cells and the tumor microenvi-
ronment.*>** Cancer cell metabolic reprogramming can reshape the
landscape of the tumor microenvironment.”' The glycolytic activity
of cancer cells promotes the secretion of lactate and acidification of
the tumor milieu, which compromises the antitumor immune
response of T and natural killer cells.”* Reportedly, aerobic glycolytic
activity in human tumors is negatively associated with the efficacy of
immunotherapy.” In this study, we demonstrated that the combina-
tion of circRHBDDI1 inhibition and anti-PD-1 treatment could
achieve better antitumor efficacy. These results suggested that
circRHBDD1 could be a potential therapeutic candidate, alone or
in combination with immune checkpoint blockade, for HCC.

In summary, our findings indicated that circRHBDDI expression was
significantly elevated in HCC and promoted glycolysis in HCC cells.
Mechanistically, circRHBDD1 interacted with YTHDFI and
augmented PIK3R1 translation in an m°®A-dependent manner.
EIF4A3 might induce the upregulation of circRHBDDI1 in HCC.
Furthermore, circRHBDDI1 inhibition can synergize with anti-PD-1
therapy. Therefore, targeting the circRHBDD1/YTHDFI1/PIK3R1
axis may hold promise for HCC therapeutic modalities.

Figure 8. EIF4A3 promotes the expression of circRHBDD1

(A) The putative binding sites (sites a, b, and c) of EIF4A3 in the upstream and downstream regions of RHBDD1 pre-mRNA were predicted with the Circinteractome database.
(B) TCGA data suggested that the expression level of EIF4A3 was upregulated in HCC tissues compared with peritumoral tissues (p < 0.05). (C) EIF4A3 was associated with
unfavorable overall survival in HCC patients based on TCGA data (hazard ratio = 1.9). (D) Correlation analysis revealed that circRHBDD1 level was positively correlated with
the expression level of EIF4A3 in HCC tissues from cohort 1 (p < 0.001, r = 0.502). (E) Knockdown efficiency of EIF4A3 siRNAs was validated by qRT-PCR in HCCLM3 and
MHCC9O7H cells. (F) Western blotting assays verifying the knockdown efficiency of EIF4A3 in HCCLM3 and MHCC97H cells. (G) Expression levels of circRHBDD1in HCCLM3
and MHCC97H cells with EIF4A3 knockdown. (H) The overexpression efficiency of EIF4AA3 was validated by gRT-PCR in HepG2 and Huh7 cells. (I) Western blotting assays
verifying the overexpression efficiency of EIF4A3 in HepG2 and Huh7 cells. (J) Expression levels of circRHBDD1 in EIF4A3-overexpressing HepG2 and Huh7 cells. (K) RIP
assays confirmed that EIF4A3 could directly bind to the RHBDD1 pre-mRNA at sites a and b. (L) Mutants of both sites a and b restored the reduction in circRHBDD1
expression level in EIF4A3-silenced cells. *p < 0.05; “*p < 0.01; **p < 0.001; ns, no significance.
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Figure 9. CircRHBDD1 restricts anti-PD-1 therapy in HCC

(A) Representative CT imaging of HCC patients treated with anti-PD-1 in the responder and non-responder groups. (B) Expression level of circRHBDD1 in the responder
group and the non-responder group (n = 18). (C) YTHDF1 expression was positively correlated with infiltration levels of immune cells in liver cancer according to TIMER
database by correlation analysis. (D) Pan-cancer analysis of the correlation between YTHDF1 and the expression levels of immune-associated genes. (E) lllustration of the
treatment plan for C57BL/6 mice subcutaneously transplanted with circRHBDD1-silenced or control Hepa1-6 cells. (F) Tumor volume was measured in the engrafted tumors.
(G) Tumor weight was recorded in the engrafted tumors. (H) Survival curves of mice transplanted with circRHBDD1 knockdown or control Hepa1-6 cells and treated with anti-
PD1 or IgG. (l) Immunofluorescence staining of CD8 in tumor tissues extracted from engrafted tumors of CB57L/6 mice. *p < 0.05; **p < 0.01; ***p < 0.001.

MATERIALS AND METHODS

Patients and tissue samples

To determine circRHBDDI1 expression, we enrolled two indepen-
dent cohorts of HCC patients. For cohort 1, 96 paired HCC tissues
and corresponding adjacent tissues were collected from patients
who received a hepatectomy at the First Affiliated Hospital of Nanj-
ing Medical University from 2017 to 2019. Cohort 2, used for sur-
vival analysis, consisted of 160 HCC patients undergoing a hepatec-
tomy between 2010 and 2015 at the First Affiliated Hospital of
Wannan Medical College. None of the included patients had
received chemotherapy or radiotherapy before surgery. Written
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informed consent was obtained from all patients before enrollment.
This study was conducted in accordance with the Declaration of
Helsinki. The study protocol was approved by the Ethics Committee
of the First Affiliated Hospital of Nanjing Medical University and
the Ethics Committee of the First Affiliated Hospital of Wannan
Medical College.

CircRNA sequencing

CircRNA sequencing using three paired HCC tissues and adjacent
liver tissues was performed by RiboBio (Guangzhou, China). In brief,
total RNA was extracted from HCC tissues and adjacent tissues using
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TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA purity was as-
sessed using an ND-1000 Nanodrop, and an Agilent 2200 TapeSta-
tion (Agilent Technologies, Santa Clara, CA, USA) was adopted to
detect RNA integrity. An Epicentre Ribo-Zero rRNA Removal Kit
(Ilumina, San Diego, CA, USA) was employed for rRNA removal.
RNase R (Epicentre Technologies, Madison, W1, USA) was used to
degrade linear RNA. Adapter ligation and enrichment with a low cy-
cle were performed according to the protocols of the NEBNext Ultra
RNA Library Prep Kit for Illumina. The purified RNA was then used
for cDNA synthesis and sequencing. CIRI2 and CIRCexplorer2 algo-
rithms were adopted to determine circRNAs. Differentially expressed
circRNAs (p < 0.05 and fold change >2) were identified based on the
DESeq2 package.

RNA extraction, RNase R treatment, and qRT-PCR

Total RNA was extracted from tissues and cells using TRIzol reagent
(Invitrogen). For RNase R treatment, 2 pig of total RNA was incubated
with 3 U/pg of RNase R (Epicentre Technologies) for 15 min at 37°C.
Reverse transcription was conducted using PrimeScript RT Master
Mix (TaKaRa, Dalian, China). qPCR was performed using TB Green
Premix Ex Taq (TaKaRa) on an ABI 7900HT (Applied Biosystems,
Foster City, CA, USA). The primers for qRT-PCR used in this study
are listed in Table S4.

FISH and immunofluorescence

Cells or tissues were fixed with 4% paraformaldehyde, permeabilized
with 0.5% Triton X-100 in PBS, and incubated in hybridization buffer
with circRHBDD1 probes overnight. 4',6-Diamidino-2-phenylindole
was used to stain the nuclei. All images were analyzed on a fluores-
cence microscope (Leica Microsystems, Mannheim, Germany). A
specific FISH probe for circRHBDD1 was designed and synthesized
by RiboBio.

For the immunofluorescence assay, cells or tissues were fixed in a 4%
paraformaldehyde solution, permeabilized in PBS with 0.5% Triton
X-100, blocked in 3% bovine serum albumin, and incubated with
the primary antibody at 4°C overnight. Following incubation with
the secondary antibody, the images were collected on a fluorescence
microscope (Leica Microsystems).

Seahorse metabolic analysis

ECAR and OCR were measured using a Seahorse XF Glycolysis
Stress Test Kit and Seahorse XF Cell Mito Stress Test Kit (Agilent
Technologies) according to the manufacturer’s protocols. In brief,
1 x 10* cells/well were seeded into Seahorse XF 96-cell-culture
plates and then loaded into the Seahorse XF 96 Extracellular Flux
Analyzer (Agilent Technologies). For ECAR measurement, glucose,
the oxidative phosphorylation inhibitor oligomycin, and the glyco-
Iytic inhibitor 2-deoxyglucose were sequentially added at the indi-
cated time points. Oligomycin, the mitochondrial uncoupler
carbonyl cyanide p-trifluoromethoxy phenylhydrazone, and the
mitochondrial complex IIT inhibitor antimycin A plus the mito-
chondrial complex I inhibitor rotenone were sequentially injected
for OCR detection.

Measurement of lactate production, G6P, and ATP levels

Cells were seeded into 96-well cell-culture plates and incubated over-
night. After starvation for 2 h, the supernatant was harvested for mea-
surement of lactate production using the L-lactate Assay Kit (Abcam,
Cambridge, UK). The levels of cellular G6P were measured using a
Glucose-6-phosphate Fluorometric Assay Kit (Cayman, Ann Arbor,
MI, USA), and an ATP Determination Kit (Thermo Fisher Scientific,
CA, USA) was used to determine ATP levels according to the manu-
facturer’s instructions.

PDX mouse model

We used NOD/SCID and BALB/c mice to construct PDX models of
HCC as previously described.”® In brief, primary tumor tissues from
HCC patients undergoing hepatectomy were kept in ice-cold culture
medium supplemented with 1% penicillin/streptomycin and cut
into approximately 2-3 mm?® fragments in 100 L of 50% Matrigel
(BD Biosciences, San Jose, CA, USA). The tissue samples were then
implanted subcutaneously into the flanks of NOD/SCID mice. En-
grafted tumors were harvested when they grew to 1-2 cm’® and
spliced for serial transplantation in BALB/c nude mice. When the
engrafted tumor volume reached approximately 50 mm?, an intra-
tumoral injection of 10 optical density circRHBDDI plasmids,
empty plasmids, cholesterol-conjugated circRHBDDI1 siRNA, or
negative control RNAi was performed every 3 days for 3 weeks. Tu-
mor volume and weight were measured, and the tumors were pro-
cessed for qRT-PCR, FISH, and IHC assays. Animal studies were
approved by the Animal Welfare and Ethical Committee of Wannan
Medical College.

RIP and meRIP assays

RIP assays were performed using a Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (EMD Millipore, Billarica, MA, USA) ac-
cording to the manufacturer’s instructions. In brief, cells were lysed
using RIP lysis buffer containing protease and RNase inhibitors
(EMD Millipore). The cell lysates were then incubated with anti-
bodies against AGO2 (Abcam), EIF4A3 (Abcam), YTHDF1 (Cell
Signaling Technology, Beverly, MA, USA), FLAG (Sigma-Aldrich),
or nonspecific IgG antibody (EMD Millipore), respectively at 4°C
overnight. The meRIP assay was conducted using a Magna MeRIP
m°A Kit (EMD Millipore) based on the manufacturer’s protocol.
The immunoprecipitated RNA was isolated and subjected to qRT-
PCR analysis.

RNA pull-down assay

The circRHBDD1 pull-down assay was performed using a Magnetic
RNA-protein Pull-down Kit (Thermo Fisher Scientific) in accordance
with the manufacturer’s protocol. The biotin-labeled sense and anti-
sense probes were designed and synthesized by RiboBio. In brief, total
RNA was incubated with biotin-labeled probes for 5 min and strepta-
vidin magnetic beads (Invitrogen) for 30 min with rotation. Unbound
RNA was washed away, and RNA-protein binding buffer was added.
The supernatant was obtained for silver staining, mass spectrometry,
and western blotting.
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Statistical analysis

Statistical analyses were performed using SPSS 26.0 (IBM, Armonk,
NY, USA) and GraphPad Prism 8.0 (GraphPad Software, La Jolla,
CA, USA) software. Data are shown as the mean = standard error
of mean. A two-sided Student’s t test was used to analyze the differ-
ences between groups. A paired t test was used to evaluate the differ-
ences in circRNA expression levels between tumor and peritumor
samples. The chi-squared test or Fisher’s exact test was adopted to
analyze the association of circRHBDDI levels with clinicopatholog-
ical variables. Survival distributions were estimated by Kaplan-Meier
curves with the log-rank test. The prognostic value of circRHBDD1
was assessed using a Cox proportional hazards model. The correlation
between EIF4A3 and circRHBDDI levels was analyzed using Pear-
son’s correlation coefficient. A two-tailed p < 0.05 was considered sta-
tistically significant: *p < 0.05; **p < 0.01; **p < 0.001; ns, no
significance.

Additional experimental details are included in supplemental mate-
rials and methods.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.omt0.2022.02.021.
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