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N6-methyladenosine modification promotes
hepatocarcinogenesis through circ-CDYL-enriched
and EpCAM-positive liver tumor-initiating exosomes

Yanping Wei,?8 Jingbo Fu,’?® Hailing Zhang,*® Yan Ling,*® Xuewu Tang,>? Shuowu Liu,"? Miao Yu,'?
Fuyan Liu,"? Guokun Zhuang,'? Haihua Qian,’? Kecheng Zhang,® Pinhua Yang,® Xinwei Yang,® Qi Yang,'-?
Shennian Ge,"? Baohua Zhang,® Yexiong Tan,'?* Liang Li,"?* and Hongyang Wang"?/.7.*

SUMMARY

CircRNAs play multiple roles in a variety of cellular processes. We found that Circ-CDYL is highly enriched
in early HCC plasma exosomes. Moreover, EpCAM™ HCC cells and exosomes had significant Circ-CDYL
levels. We postulated that Circ-CDYL-enriched and EpCAM-positive exosomes would function as liver tu-
mor-initiating exosomes (LTi-Exos). As predicted, intercellular transfer of LTi-Exos activates the HDGF-
PIBK-AKT-mTOR and HIF1AN-NOTCH2 axes in recipient cells, promoting malignancy. Upstream, we
found that the N6-methyladenosine (m®A) modification of Circ-CDYL exerted its action in HCC cells
through a dual mechanism. First, it stimulated back-splicing processes via YTHDC1 to promote Circ-
CDYL biogenesis. Second, it facilitates the active sorting of Circ-CDYL into exosomes via hnRNPA2/B1.
Clinically, the combination of LTi-Exos and plasma alpha-fetoprotein (AFP) provides a promising early
diagnostic biomarker for HCC with an AUC of 0.896. This study highlights the effect and mechanism by
which m®A modification promotes hepatocarcinogenesis via modulation of the tumor microenvironment
by LTi-Exos.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related death worldwide in men, and its rising global prevalence high-
lights the need for effective strategies that can reduce the burden of tumors." Previous research has shown that neoplasm stage plays a crucial
role in determining HCC prognosis: the 5-year survival rate for all-stage HCC patients is disappointingly low at 14% overall.” However, the
S-year survival rate for patients with very early stage (Barcelona Clinic Liver Cancer stage 0, BCLC stage 0) and early stage (BCLC stage A)
HCC approaches 90% and 50%-70% after active surgical treatment, respectively.”> A subgroup analysis revealed that the optimal
median survival time for HCC patients with BCLC stage A is 53 months. The median survival time for patients with BCLC stages B/C/D is
only 16, 7, and 3 months, respectively.® Due to the significant difference in clinical outcome between patients with HCC at early and late
stages, the importance of early screening and diagnosis for HCC high-risk populations has been emphasized. Unfortunately, although accu-
mulating data encourage the early detection of HCC, the lack of specific symptoms in the early HCC,” the suboptimal performance of ultra-
sound examination,®” and the insufficient biomarker AFP for HCC screeningwo'” caused inevitable serious obstacles in the clinic. The inad-
equacies of currently available methods for HCC screening and early diagnosis necessitate the development of an innovative sufficient
surveillance modality in clinical practice.

Exosomes are specialized, nanosized, membrane-bound endocytic vesicles released by various types of cells through inward budding of
the limiting membrane of endosomes.'”"® Abundant cargoes of various DNA, mRNA, IncRNA, microRNA, and circRNA are encapsulated and
stabilized in exosomes, which enables them to transmit intracellular cargoes and participate in intercellular communication when they fuse
with target cells."*"> Exosomes secreted by tumor cells are implicated in the malignant processes of cancer.”>'® The role of exosomes and

their cargos in the diagnosis and progression of cancers such as pancreatic cancer,'” prostate cancer,'® and glioblastoma'? is anticipated to
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be crucial. However, the roles of liver cancer-derived exosomes in HCC malignancies, as well as the clinical significance of exosomal cargos in
the diagnosis and treatment of HCC, are poorly understood.

The recently discovered noncoding RNA called circRNA, which has a structure that is covalently closed and does not have 3’ or 5’ free ends, is
frequently expressed in a tissue- or developmental stage-specific manner.””' CircRNAs are unusually stable in biological processes due to their
constitutive resistance to exonuclease activity.”” There is accumulating evidence that exosomes containing circRNA in body fluids have been iden-
tified as promising diagnostic cancer biomarkers due to their selective cargo wrapping and similarity to the cells from which they originated.'*"?

One of the most common and abundant internal modifications in both coding and noncoding transcripts, such as circRNAs, is Né-meth-
yladenosine (m®A) modification, which is defined as methylated adenosine at the Né position.”> Multiple posttranscriptional processes
involving circRNAs are affected by m®A modification, including back-splicing,”* export,” stability,”® and translation.”’” Importantly, dysregu-
lation of m®A profiles has been implicated in the carcinogenesis and progression of HCC.?*? Although the two-by-two interrelationship be-
tween m®A modification, circRNAs, and HCC has been repeatedly demonstrated, it is not well understood whether m®A modification can
affect the initiation and progression of HCC by modifying circRNAs.

Our previous study clarified the intracellular function of Circ-CDYL, which is specifically elevated in the early HCC.>° We found that Circ-
CDYL promotes HCC through regulating the expression of mRNAs encoding HDGF and HIF1AN by acting as the sponge of miR-892a and
miR-328-3p, which enhances the stemness of HCC cells in sequence. However, the origin of aberrant expression of Circ-CDYL, and whether
Circ-CDYL exerts intercellular function in early HCC remain unknown. This study demonstrates that plasma exosomes from patients with early
HCC (BCLC stage 0 or A HCC) are enriched for Circ-CDYL, the circRNA that is most significantly increased at this stage. Intriguingly, more
EpCAM-positive cells and exosomes were produced by HCC cells in which Circ-CDYL was overexpressed. Moreover, Circ-CDYL expression
was higher in both EpCAM™ HCC cells and exosomes. Our working hypothesis was that this subpopulation of liver tumor-initiating exosomes
(LTi-Exos) enriched in Circ-CDYL and EpCAM would initiate tumor growth in the liver via the microenvironment. Consequently, circulating LTi-
Exos may serve as an ideal marker for the early diagnosis of HCC. Upstream, Circ-CDYL m®A RNA modification stimulated back-splicing via
YTHDC1 to promote Circ-CDYL biogenesis in HCC cells and sorting Circ-CDYL into LTi-Exos via hnRNPA2/B1. STM2457 inhibition of the m®A
writer METTL3 or Circ-CDYL methylation modification sites mutation inhibited the hepatocarcinogenic effect of LTi-Exos. Our data thus pro-
vide evidence that LTi-Exos may serve as a potential early screening biomarker and therapeutic target for HCC.

RESULTS
Circ-CDYL is enriched in exosomes from early HCC patients and in EpCAM™ exosomes secreted from HCC cells

Targeting very early-stage HCC directly enables the precise identification of early diagnostic biomarkers and therapeutic targets. Our pre-
vious microarray assay analyzed the differentially expressed circRNAs across the genome in BCLC stage 0 HCC tissues and nontumorous adja-
cent tissues and determined that Circ-CDYL is the circRNA with the greatest increase. Annotation of the circRNA probe revealed that Circ-
CDYL originated from the head-to-tail splicing of exon 2 of its parental gene, chromodomain Y-like (CDYL), a member of the Y chromosome
gene family that is specific to primates.*

To learn more about the Circ-CDYL secretion pattern, we next examined exosomes derived from the plasma of HCC patients at various
stages. Increased expression of Circ-CDYL was detected in exosomes isolated from BCLC stage 0 and A HCC patients compared with those
isolated from healthy controls (Figure 1A). Contrary to expectations, patients with BCLC stages B and C HCC did not exhibit significantly
elevated exosomal Circ-CDYL levels, which may have been due to the altered gene profile in each tumor stage.

To explore the origin of plasma-derived exosomal Circ-CDYL, a stable Circ-CDYL-overexpressing cell line and a knockdown cell line were
constructed with a lentivirus system using SMMC-7721 and HCCLM3 cells, respectively, based on the relative background expression of Circ-
CDYL (Figure 1B). We then purified exosomes from the culture medium of the constructed HCC cell line using ultracentrifugation. Purified
exosome samples exhibited similar sizes (diameters ranging from 20 to 200 nm) (Figure STA) and typical cup-shaped morphology (Figure S1B).
Furthermore, the identity of exosomes was confirmed by the positive exosomal protein markers TSG101, HSP70 and CDé3 and the negative
marker Calnexin (Figure S1C). Consistent with the expression pattern in parental cells (Figure 1B), the Circ-CDYL level was significantly higher
in exosomes released from SMMC-7721 cells stably overexpressing Circ-CDYL (Figure 1C). Inhibition of Circ-CDYL expression in HCCLM3
cells led to the opposite effects (Figure 1C). These results indicated that the high exosomal Circ-CDYL originated from HCC cells with
increased expression of Circ-CDYL.

Stem-like cells such as tumor-initiating cells (T-ICs) within tumors are a unique subpopulation of cells responsible for the initiation and pro-
gression of cancer. Liver T-ICs are characterized by several cell marker molecules, such as epithelial cell adhesion molecule (EpCAM), PROM1
(CD133) and CD24.%'~** We further examined whether Circ-CDYL, which is markedly highly expressed in very early-stage HCC, could affect
the characteristics of liver T-ICs. HCC cells collected from nonattached spheroids, where T-ICs are enriched,'® showed higher expression of
Circ-CDYL (Figure S2A). To further explore which subpopulation of T-ICs was associated with Circ-CDYL, we detected the proportion of T-ICs
with liver stem-like cell markers in constructed HCC cell lines using flow cytometry assays. We observed that overexpression of Circ-CDYL
especially elevated the proportion of EpCAM™" (Figure 1D) but not CD133* and CD24" liver T-ICs (Figures S2B and S2C). As a result, the pro-
portion of EpCAM™ cells decreased when Circ-CDYL expression was inhibited in HCCLM3 cells (Figures 1D, S2B, and S2C). Consistently,
ectopic overexpression of Circ-CDYL resulted in higher protein levels of EpCAM in HCC cells, while knockdown of Circ-CDYL showed the
opposite effect. The exosomal level of EpCAM was synchronized with that of intracellular EpCAM (Figure 1E). This trend was similar to the
expression pattern of exosomal Circ-CDYL synchronized with intracellular Circ-CDYL (Figures 1B and 1C).
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Figure 1. Circ-CDYL and EpCAM share close connections in HCC cells and exosomes

(A) The expression of Circ-CDYL was determined in exosomes isolated from the plasma of different stages of HCC patients (n = 24, 71, 21, and 20 for BCLC stage
0, A, B, C HCC, respectively) and 46 healthy donors.

(B) RNA expression level of Circ-CDYL determined by RT-gPCR and depicted by relative quantity calculation using the 22 2T value. Stable Circ-CDYL
knockdown HCCLMS3 cells and Circ-CDYL-overexpressing SMMC-7721 cells were constructed by a lentivirus system.

(C) RNA expression of Circ-CDYL in exosomes isolated from the cell culture supernatant of Circ-CDYL knockdown and Circ-CDYL-overexpressing HCC cells, as
determined using RT-PCR followed by agarose gel electrophoresis.

(D) The percentage of EpCAM-positive (EpCAM) cells determined by flow cytometry in Circ-CDYL-knockdown and Circ-CDYL-overexpressing HCC cells.

(E) Protein levels of EpCAM in the indicated cells and corresponding cell-derived exosomes.

(F) Circ-CDYL expression was determined in flow cytometry-sorted primary EpCAM* and EpCAM™ HCC cells using RT-gPCR.

(G) Circ-CDYL expression was determined in flow cytometry-sorted primary EpCAM* and EpCAM™ exosomes purified from the cell culture supernatant of the
indicated HCC cells.

(H) Flow cytometry analysis showed the percentage of EpCAM™ exosomes released from Circ-CDYL-ectopically expressed HCC cells. Exos, exosomes; Con,
negative control using isotype antibody of anti-EpCAM,; LTi, liver tumor-initiating; NLTi, nonliver tumor-initiating.

To ascertain the relationship between Circ-CDYL and EpCAM, we further explored the correlation between the expression of these two
molecules at both cellular and exosomal scales. Statistically, we found that the intracellular expression level of Circ-CDYL was higher in
EpCAM* HCC cells than in EpCAM™ cells (Figure 1F). The exosomal level of Circ-CDYL in sorted EpCAM* exosomes was higher than that
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Figure 2. LTi-Exos boosted hepatocarcinogenesis via the tumor microenvironment by performing functions similar to tumor-initiating cells
(A) Diagram of LTi-Exos uptake. SMMC-7721 cells stably expressing mCherry-EpCAM fusion protein (marked cells, red) were cocultured with negative control
cells (unmarked cells) at a ratio of 1:1. After 24 h, the cell supernatant was removed, and all cells were dyed with actin-tracker probe (green) and DAPI (blue). White

arrows indicate EpCAM™ exosome cluster uptake by HCC cells.
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(B) The expression levels of Circ-CDYL in SMMC-7721 cells after incubation with LTi-Exos for 24 h and 48 h were determined.

(C) The percentage of EpCAM” cells was determined by flow cytometry analysis 48 h after treatment with LTi-Exos or NLTi-Exos. Con, negative control using an

isotype antibody against EpCAM.

(D) The proportion of T-ICs in SMMC-7721 cells was assessed by limiting dilution assay after incubation with LTi-Exos or NLTi-Exos for 48 h.
(E) Determination of spheroid formation in low-adhesion plates (upper). Colony formation was evaluated (below).
(F) SMMC-7721 cell proliferation was evaluated by CCK8 assay at different time points after incubation with LTi-Exos or NLTi-Exos.
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Figure 2. Continued

(G) After incubation with LTi-Exos or NLTi-Exos for 48 h, 5%10° SMMC-7721 cells were subcutaneously injected into male nude mice (n = 6). The tumors were
harvested, and their volume and weight were measured at 3 weeks after injection.

(H) Western blot showing the expression levels of HDGF, P85¢/P110B regulatory subunit of PI3K, phosphorylation of AKT and mTOR, c-MYC, HIF1AN, and
SURVIVIN.

in EpCAM ™ exosomes (Figure 1G). Circ-CDYL-overexpressing SMMC-7721 cells produced a significantly higher proportion of EpCAM™ exo-
somes (15.60% vs. 6.51%, Figure TH). Conversely, interference with Circ-CDYL expression in HCCLM3 cells led to a significantly decreased
proportion of EpCAM™* exosomes (18.20% vs. 3.07%, Figure TH). In addition, when flow cytometry analysis was executed, we found that
the proportion of EpCAM™* exosomes was markedly higher than the proportion of EpCAM™ parent cells. In SMMC-7721 cells and
HCCLMS3 cells, EpCAM" cells accounted for a mean of 1.64% and 7.78%, respectively (Figure 1D). However, in SMMC-7721-secreted exo-
somes and HCCLM3-secreted exosomes, EpCAM" exosomes accounted for 6.51% and 18.2%, respectively (Figure 1H). This result indicated
that EpCAM has an enriching effect in the exosomes secreted by HCC cells.

Based on these results, it is reasonable to assume that Circ-CDYL and EpCAM are very closely related at both the HCC cell and exosome
scales, and both may together constitute a specific HCC cell or exosome subtype. Because EpCAM™ liver cells are defined as liver tumor-
initiating cells,*” we postulated that this subpopulation of Circ-CDYL-rich and EpCAM™ exosomes will work as liver tumor-initiating exosomes
(LTi-Exos, orange frame, Figure TH). Accordingly, another subpopulation of EpCAM™ exosomes with low levels of Circ-CDYL could be re-
garded as non-liver tumor initiating exosomes (NLTi-Exos, Blue Frame, Figure TH).

LTi-Exos promote early hepatocarcinogenesis through the tumor microenvironment

Exosomes perform their functions by delivering biomolecules, including lipids, proteins, and RNAs, to recipient cells.** To investigate the
effects and functions of LTi-Exos-mediated intercellular communication, we utilized PKH26 to label the sorted LTi-Exos (orange frame, Fig-
ure TH) and then incubated them with SMMC-7721 recipient cells. The recipient cells, as anticipated, took up the PKH26-labeled LTi-Exos in
the culture supernatant (Figure S3A). To further simulate the process of natural formation and intercellular communication of LTi-Exos, HCC
cells stably expressing mCherry-EpCAM fusion protein (red) were cocultured with recipient cells (green). After the cell culture supernatant was
removed, we observed that EpCAM-positive exosome clusters were absorbed by recipient cells (Figure 2A).

Next, we functionally verified whether LTi-Exos can play a role in tumor initiation. After incubation, recipient HCC cells showed elevated
expression of Circ-CDYL (Figure 2B), indicating that the oncogenic Circ-CDYL cargo was delivered into the recipient cell by exosomes.
After 48 h of LTi-Exos treatment, more recipient HCC cells were transformed into EpCAM" T-ICs than NLTi-Exos-treated cells (Figure 2C).
In addition, the proportion of tumor-initiating cells estimated by limiting dilution assay increased (Figures 2D and S3B). LTi-Exos also signif-
icantly promoted spheroid formation (Figure 2E, upper), colony formation (Figure 2E, lower), and in vitro and in vivo cell proliferation
(Figures 2F and 2G) of recipient cells.

Mechanistically, we verified whether LTi-Exos can cause the activation of Circ-CDYL-driven signal transduction pathways in recipient cells.*
We found that LTi-Exos elevated HDGF expression, activated the PI3K P85 and P110 subunits and enhanced AKT phosphorylation at the Thr308
and Ser473 sites in sequence, which stimulated the downstream targets mTORC1, GSK-3B and C-MYC more efficiently than NLTi-Exos
(Figures 2H and S2D). Similarly, LTi-Exos increased the expression of HIFTAN and SURVIVIN more than NLTi-Exos (Figures 2H and S2D).

Overall, LTi-Exos performed functions similar to those of tumor-initiating cells to significantly promote early hepatocarcinogenesis through
the tumor microenvironment.

m®A modification of Circ-CDYL regulates the stem-like properties of HCC cells

The most common RNA base modification, m®A modification, may be essential for circRNA biogenesis and function. The consensus motif
"RRMGACH" (R = G or A; H = A, C or U) is favored for the alterations.>® To explore whether the aberrantly expressed Circ-CDYL in early
HCC is also subject to m®A modification, we first performed bioinformatic prediction. Several “very high confidence” potential m®A modifi-
cation sites were found in Circ-CDYL using the SRAMP (http://www.cuilab.cn/sramp/) analysis tools. Using a systematic analysis, six sites with
the most potential were chosen for further study (combined score >0.70). (Figures S4A and S4B). Furthermore, m®ARNA immunoprecipitation
(MeRIP) assays validated the m®A enrichment in the Circ-CDYL sequence (Figure 3A).

m®A modification is installed by a multicomponent methyltransferase complex (MTC), which is composed of core component methyltrans-
ferase-like 3 (METTL3) and methyltransferase-like 14 (METTL14) heterodimers.”® A previous study showed that METTL3 regulates the expres-
sion of RNA in a m®A-dependent manner.* To explore the function of m®A modification in Circ-CDYL, a stable METTL3-overexpressing HCC
cell line was constructed with a lentivirus system using SMMC-7721 cells (Ov-METTL3) (Figure S5A). Overexpression of METTL3 significantly
increased the level of m°A modification in Circ-CDYL (Figure 3B). Ligase-dependent absolute quantification analysis (Figure S5B) was pre-
sented for quantifying the m®A ratio at the 6 predicted modified loci with “very high confidence” from extracted total RNA (Figure 3C).
The methylation fractions of the endogenous specific sites were determined to range from 20.18% to 95.38% in the HCC cell line, among
which over 90% of the Circ-CDYL transcript was m®A-modified at sites 371 and 433, and approximately 75% of Circ-CDYL was modified at
site 116 in HCC cells (Figure 3C).

We next investigated the effects of m®A modification on Circ-CDYL and found that the expression of Circ-CDYL was remarkably elevated
by METTL3 (Figure 3D). In contrast, inhibiting METTL3 with STM2457, a selective and orally active METTL3 inhibitor, decreased the
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Figure 3. m®A modification of Circ-CDYL by METTL3 aided in HCC tumorigenesis

(A) MeRIP assay followed by RT-gPCR showed an enrichment of Circ-CDYL using an anti-m®A antibody.

(B) The relative proportion of m®A-modified Circ-CDYL was determined using the MazF-qPCR assay in METTL3-overexpressing SMMC-7721 cells and negative
control cells.

(C) Ligase-dependent absolute quantification of m®A modification at the predicted “very high confidence” m®A-modified sites in Circ-CDYL.

(D) Relative Circ-CDYL expression was determined in METTL3-overexpressing cells (left) and 48-h STM2457 (5 uM)/DMSO (1:1000 v/v)-treated cells (right) using
RT-gPCR.

(E) Cell proliferation was determined in the indicated HCC cells using a CCK-8 assay.

(F) Spheroid formation (upper) and colony formation (below) of the indicated HCC cells.

(G) Relative Circ-CDYL expression was determined in HCC cells after the indicated treatment.

(H and 1) Cell proliferation (H), spheroid formation (I, upper) and colony formation (I, below) of HCC cells with the indicated treatment.

(J and K) Tumors were collected from day 19 post tumor implantation in nude mice that had been treated with either STM2457 (50 mg/kg) or vehicle (J). Growth
curve of tumor were shown (K).

(L and M) Cell proliferation (L), spheroid formation (M, upper) and colony formation (M, below) of indicated HCC cell lines.

endogenous expression of Circ-CDYL in HCC cells (Figure 3D). These results indicated that the expression of Circ-CDYL could be positively
regulated by METTL3 in a m®A-dependent manner.

As ectopic overexpression of Circ-CDYL enhanced the stem-like properties of HCC cells,® we next investigated whether METTL3-medi-
ated upregulation of Circ-CDYL has a similar effect. We found that overexpression of METTL3 significantly promoted malignant cell prolif-
eration, spheroid growth and colony formation of HCC cells in vitro (Figures 3E-3F and SéA). Furthermore, the elevated level of Circ-
CDYL generated by ectopic overexpression could also be reversed by STM2457 (Figure 3G). As anticipated, STM2457 significantly inhibited
the increased malignant proliferation, self-renewal, and colony formation ability of HCC cells driven by ectopic overexpression of Circ-CDYL
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Figure 4. Circ-CDYL back-splicing reaction regulated by METTL3 and YTHDC1-dependent m®A modification

(A-C) Relative RNA levels of the circular transcript (Circ-CDYL), linear transcript (Lin-CDYL), and precursor (Pre-CDYL) in METTL3-disturbed HCC cells (METTL3
overexpression or inhibited by STM2457, respectively) (A), YTHDC1 overexpression (Ov-YTHDC1) or interference cells (Si-YTHDC1) (B), and METTL3
overexpression only or combined overexpression of METTL3 and YTHDC1 cells (C). Values were normalized against B-actin and expressed as relative
quantity with respect to negative control treatment set to a value of 1.

(D-G) Cell proliferation (D, E), spheroid formation (F, G, upper) and colony formation (F, G, below) of HCC cells with the indicated treatments.

(H) RIP assay using anti-YTHDC1 antibody, and IgG as a negative control. The enrichment of Circ-CDYL was determined by RT-qPCR assay and agarose gel
electrophoresis.

(Figures 3H, 3I, and SéB). In addition, subcutaneous injection of Circ-CDYL-overexpressing HCC cells into mice led to an increase in tumor
formation and growth rate, whereas administration of STM2457 in vivo was able to inhibit this effect (Figures 3J and 3K).

By constructing either wild-type Circ-CDYL or mutated m®A-modified sites of Circ-CDYL stably overexpressing HCC cells, we were able to
confirm the HCC-promoting function of m®A modification of Circ-CDYL. Notably, we found that overexpression of wild-type Circ-CDYL, but
not the m®A modification sites mutant equivalents, could promote spheroid growth, colony formation and cell proliferation (Figures 3L, 3M,
and S6C). These data showed that METTL3-mediated m®A modification of Circ-CDYL promoted HCC tumorigenesis.

m®A modification of Circ-CDYL regulates its biogenesis by promoting back-splicing

Several mechanisms, including back-splicing events® and stabilization,”® are used by m°A modification to regulate transcript levels. We
further studied the mechanism of m®A-dependent upregulation of Circ-CDYL. Actinomycin D pulse-chase experiments demonstrated that
neither METTL3 overexpression nor inhibition had a notable effect on the half-life of Circ-CDYL (Figure S7A). We next examined whether
the m®A modification regulated the back-splicing events of Circ-CDYL and found that METTL3 overexpression significantly increased Circ-
CDYL expression, paralleled by a decrease in its precursor transcript (pre-CDYL) (Figure 4A, left set), while METTL3 inhibition led to the
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downregulation of Circ-CDYL expression and accumulation of pre-CDYL (Figure 4A, right set). These results suggested a role of METTL3 and
m®A modification in the regulation of back-splicing events, which leads to the biogenesis of Circ-CDYL.

YTH domain containing 1 (YTHDC1) has been confirmed to regulate the back-splicing of circRNAs as an m®A reader.”** Thus, we then
examined the involvement of YTHDC1 in the back-splicing of Circ-CDYL. YTHDC1 silencing (Figure S7B) in the HCCLM3 cell line resulted in a
decrease in Circ-CDYL and was accompanied by an increase in pre-CDYL (Figure 4B, left set). Intriguingly, overexpression of YTHDC1 in the
SMMC-7721 cell line (Figure S7C) decreased the pre-CDYL level but had a moderate effect on the level of Circ-CDYL (Figure 4B, right set). This
phenomenon may be due to the low level of m®A modification in SMMC-7721 cells, resulting in the limited effect of YTHDC1 alone on Circ-
CDYL expression. To confirm this hypothesis, we simultaneously increased the levels of METTL3 and YTHDC1 in SMMC-7721 cells and found a
significant additive effect (Figure 4C).

Functionally, as expected, we found that simultaneous overexpression of METTL3 and YTHDC1 led to enhanced stem-like properties of
HCC cells as elevated expression of Circ-CDYL did, while silencing of YTHDC1 led to the opposite effects (Figures 4D-4G). Moreover, RIP-
gPCR with an anti-YTHDC1 antibody revealed that Circ-CDYL was enriched in the immunoprecipitated fraction (Figure 4H), indicating that
YTHDC1 binds to regions of circRNA that undergo circularization, which consistent with the results of a previous study.”*

Briefly, these results indicated a role for METTL3 and YTHDC1-dependent m®A modification in the regulation of the back-splicing reaction
of Circ-CDYL, which increased the cellular expression level of Circ-CDYL by promoting its biogenesis and subsequently augmented the stem-
like characteristics of HCC.

m®A modification of Circ-CDYL increased the exosome sorting of Circ-CDYL, thus enhancing the stemness of recipient cells
in HCC

We next examined whether méA modification affected exosomal Circ-CDYL. Consistent with the intracellular Circ-CDYL level, we also de-
tected increased Circ-CDYL levels in exosomes derived from the METTL3-overexpressing cell line (Figure 5A, left) and decreased Circ-
CDYL levels in METTL3-inhibited cells and corresponding exosomes (Figure 5B, left). Surprisingly, elevated levels of METTL3 resulted in a
higher fold change in Circ-CDYL levels in exosomes than in cells (Figure 5A, right), while exosomal Circ-CDYL decreased more than cellular
Circ-CDYL when METTL3 was specifically inhibited (Figure 5B, right), indicating that METTL3-dependent m®A modification promoted the
active sorting of Circ-CDYL into exosomes. However, ectopic overexpression of m®A sites-mutated Circ-CDYL could not increase exosomal
Circ-CDYL as much as the wild-type equivalent (Figure 5C), suggesting that the exosome sorting of Circ-CDYL, at least partly, is m®A modi-
fication dependent.

Furthermore, LTi-Exos generated from cells with ectopic overexpression of m®A sites-mutated Circ-CDYL (Circ-CDYLM* L Ti-Exos) failed to
elevate the Circ-CDYL level in recipient cells as LTi-Exos did (Figure 5D) and thus were unable to promote malignant proliferation, self-
renewal, and colony formation of recipient HCC cells (Figures 5E and 5F). Meanwhile, LTi-Exos promoted tumorigenesis of xenografts derived
from HCC cell lines in vivo more effectively than NLTi-Exos and Circ-CDYLM“* LTi-Exos (Figure 5G). These results indicated that LTi-Exos pro-
mote the stemness of recipient cells through m®A modification-dependent sorting of exosomal Circ-CDYL in HCC.

Activity of m®A-modified Circ-CDYL loading into exosomes is controlled by hnRNPA2/B1

Next, we investigated the molecular machinery that regulates the sorting of Circ-CDYL into exosomes. Heterogeneous nuclear ribonucleo-
protein A2/B1 (hnRNPA2/B1) has been reported as an “m®A reader”***” and a ubiquitous protein that controls RNA trafficking to exosomes.*
Subsequently, we determined whether hnRNPA2/B1 controlled the loading of m®A-modified Circ-CDYL into exosomes. RNA antisense pu-
rification (RAP) assays showed that hnRNPA2/B1 in HCC cells was pulled down by a probe that specifically targeted Circ-CDYL. However, m°A
sites-mutated Circ-CDYL could not enrich hnRNPA2/B1 effectively (Figure 6A). Moreover, specific binding of hnRNPA2/B1 to Circ-CDYL was
validated by immunoprecipitation of hnRNPA2/B1 followed by RT-gPCR of Circ-CDYL (Figure 6B). Circ-CDYL was amplified from hnRNPA2/
B1 but not IgG immunoprecipitates (Figure 6B), indicating an interaction between Circ-CDYL and hnRNPA2/B1 protein.

HNRNPA2/B1 silencing (Figure S7D) significantly decreased the levels of Circ-CDYL in exosomes derived from HCC cell lines with relatively
high expression of Circ-CDYL (HCCLM3-and Circ-CDYL-overexpressing SMMC-7721 cells, respectively) (Figures 6C and 6D, left). Notably, the
change in exosomal Circ-CDYL after hnRNPA2/B1 silencing was significant compared with that in the cellular Circ-CDYL level (Figures 6C and
6D, right), indicating that hnRNPA2/B1 could specifically stimulate the active exosome sorting of Circ-CDYL. However, when m®A modifica-
tion sites on Circ-CDYL were mutated (Circ-CDYLM"), hnRNPA2/B1 had a less significant effect on the exosomal level of Circ-CDYL than the
wild-type equivalent (Figure 4E). These results indicated that hnRNPA2/B1 regulates the active loading of m®A-modified Circ-CDYL into
exosomes.

LTi-Exos hold promise for early HCC detection and surveillance

Given that Circ-CDYL plays important roles in the carcinogenesis of HCC and is specifically highly expressed in exosomes purified from the
plasma of early HCC patients, we further elucidated whether Circ-CDYL could act as an early detection and surveillance biomarker for HCC in
the clinic. When the diagnostic accuracy of exosomal Circ-CDYL was estimated with receiver operating characteristic (ROC) analysis in early
HCC samples (Table S1), it presented an area under the curve (AUC) of 0.88 (95% ClI: 0.81-0.93), with a sensitivity of 78.95% and specificity of
86.96% (Figure 7A and Table S2). Circ-CDYL expression was closely associated with EpCAM levels, as shown before (Figures 1D-1G). We next
analyzed the relationship between Circ-CDYL and EpCAM in HCC clinical samples. As expected, early HCC patients had higher proportions
of EpCAM™ exosomes in plasma than healthy controls, which could effectively distinguish between healthy and early HCC with a sensitivity of
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Figure 5. LTi-Exos promote the stemness of recipient cells through m®A modification-dependent sorting of Circ-CDYL

(A-C) Exosomal Circ-CDYL levels were determined in METTL3-overexpressing HCC cells (Ov-METTL3) (A, left), STM2457-treated HCC cells (B, left), and HCC
cells overexpressing wild-type Circ-CDYL and Circ-CDYL with m®A-modified sites mutations. The ratio of cellular and exosomal Circ-CDYL to total cellular
and exosomal RNA of the indicated cells, respectively, was calculated using 27227 from RT-gPCR (A-C, right). Ratios were normalized against B-actin and
expressed as relative quantity with respect to negative control treatment set to a value of 1.

(D) The expression levels of Circ-CDYL were determined in SMMC-7721 cells after incubation with LTi-Exos derived from cells overexpressing wild-type Circ-
CDYL or LTi-Exos derived from cells overexpressing mPA sites-mutated Circ-CDYL (Circ-CDYLMYt LTi-Exos) for 48 h.

(E and F) Determination of cell proliferation by CCK-8 assay (E), spheroid formation in low-adhesion plates (F, upper), and colony formation (F, below).

(G) SMMC-7721 cells (5%10°% were subcutaneously injected into male nude mice. 5 pug of the indicated exosomes derived from HCC cell supernatant were
intratumorally injected every 3 days after tumor cell xenograft. Representative images of tumors harvested from mice in different treatment groups 19 days
after injection (left) and the tumor growth curve (right) are shown.

73.68% and specificity of 80.43% (Figures 7B and 7C). The proportions of EpCAM™ exosomes were positively correlated with the exosomal
level of Circ-CDYL (Figure 7D), indicating their potential synergistic effects and that these two biomarkers can be used together in clinical
practice.

By integrated assessment of EpCAM™ exosomes with highly expressed exosomal Circ-CDYL, this LTi-Exos biomarker enhanced the AUC
to 0.88 (95% Cl: 0.81-0.93), with a sensitivity of 84.21% and a specificity of 84.78% when diagnosing early HCC (Figure 7E). Comprehensive
comparison of diagnostic accuracy via Youden's index (sensitivity+specificity-1) showed that the LTi-Exos biomarker, which combined the
EpCAM™ exosome proportion with exosomal Circ-CDYL levels, showed higher diagnostic efficacy (LTi-Exos Youden's index = 0.6899) than
single factor uses (Exos Circ-CDYL Youden'’s index = 0.6591; EpCAM" Exos % Youden's index = 0.5411) (Table S2).
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Figure 6. hnRNPA2/B1 controls the dynamic sorting of m®A-modified Circ-CDYL into exosomes

(A) RNA antisense purification (RAP) assays using a biotinylated antisense probe of Circ-CDYL or negative control probe were performed using Circ-CDYL-
overexpressing HCC cells (SMMC-7721 Ov-Circ-CDYL) (left), and m®A sites-mutated Circ-CDYL-overexpressing HCC cells (SMMC-7721 Ov-Circ-CDYLMY
(right), followed by Western blot assays using an anti-hnRNPA2/B1 antibody.

(B) RIP assays using an anti-hnRNPA2/B1 antibody were performed. The immunoprecipitated Circ-CDYL was determined by RT-gPCR, followed by agarose gel
electrophoresis.

(C-E) Exosomal Circ-CDYL levels were determined in the HCCLM3 cell line (C, left), Circ-CDYL-overexpressing HCC cells (SMMC-7721 Ov-Circ-CDYL) (D, left),
and m®A sites-mutated Circ-CDYL-overexpressing HCC cells (SMMC-7721 Ov-Circ-CDYLMY (E, left) after hnRNPA2/B1 interference (Si-hnRNPA2/B1). The ratio
of cellular and exosomal Circ-CDYL to total cellular and exosomal RNA of the indicated cells, respectively, was calculated using 2725CT from RT-gPCR (C-E,
right). Ratios were normalized against B-actin and expressed as relative quantity with respect to negative control treatment set to a value of 1.

a-fetoprotein (AFP), a traditional diagnostic biomarker of HCC, was also elevated in the plasma of early HCC patients in our study (Figure 7F).
However, the AUC of the AFP biomarker was disappointingly low at 0.70 (95% Cl: 0.62-0.77), with a sensitivity of 46.32% and specificity of 97.83%
for the diagnosis of early HCC (Figure 7G). The Youden's index of AFP was lower than that of the LTi-Exos (AFP Youden's index = 0.4415; LTi-Exos
Youden's index = 0.6899) (Table S2). We then combined the newly identified LTi-Exos with traditional AFP to diagnose early HCC and found that
the AUC increased to the optimal 0.90 (95% ClI: 0.83-0.94), with a sensitivity of 83.16% and specificity of 91.30% (Figure 7H). Logistic regression
analysis also indicated that LTi-Exos combined with AFP are both independent markers for the discrimination of early HCC patients, with odds
ratios (ORs) of 382.00 (95% ClI: 58.38-2499.40) and 494.27 (95% Cl: 74.48-3280.05), respectively (Table S2).

Taken together, LTi-Exos combined with conventional screening tools using AFP may have great promise for the early diagnosis of HCC or
for surveillance of the possibility of HCC occurrence in the healthy population.

DISCUSSION

Despite the rapid development in cancer therapy, advanced HCC patients have limited therapeutic options in the clinic and thus have a poor
prognosis. Fundamentally, insufficient sensitivity and specificity of the traditional surveillance test for HCC undermined the performance of
early HCC diagnosis. It is noteworthy to elucidate the underlying mechanism of tumorigenesis and investigate early diagnostic and surveil-
lance biomarkers for HCC.

By using a tissue microarray, the genome-wide differential expression of circRNAs in BCLC stage 0 HCC tissues and nontumorous adjacent
tissues was analyzed. Among the identified circRNAs, Circ-CDYL was the most markedly upregulated circRNA in tumor tissues of very early
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Figure 7. The combination of LTi-Exos and current screening methods based on AFP shows promise for the early detection of HCC

(A) ROC curve analysis was performed for early HCC (n = 95, 24 BCLC stage 0 HCC plus 71 BCLC stage A HCC) and healthy donors (n = 46) by estimating plasma
exosomal Circ-CDYL expression.

(B) ROC curve analysis was performed for early HCC (n = 95) and healthy people (n = 46) by estimating the proportion of EpCAM* exosomes.

(C) The proportion of EpCAM* exosomes was estimated in the plasma of early HCC patients and healthy controls using flow cytometry assays.

(D) Pearson correlation analysis between exosomal Circ-CDYL expression and the proportion of EpCAM* exosomes in the plasma of early HCC (n = 95).

(E) ROC curve analysis was performed for early HCC (n = 95) and healthy donors (n = 46) by combined EpCAM* exosomes with exosomal Circ-CDYL estimating
(LTi-Exos).

(F) AFP levels were estimated in the plasma of early HCC patients and healthy controls.

(G and H) ROC curve analysis was performed for early HCC patients (n = 95) and healthy donors (n = 46) by estimating the AFP level (G) and AFP combined with
LTi-Exos (H).

stage HCC. The CDYL gene is located on the Y chromosome and encodes a protein that assists in gene transcription suppression and nega-
tively regulates mammalian spermatogenesis and nervous system morphogenesis.”'*? Circ-CDYL is generated by the head-to-tail splicing
junction of the second exon of the CDYL gene. The specific high expression level of Circ-CDYL in very early stage HCC indicated a potential
oncogenic function of Circ-CDYL in liver neoplasm initiation.

Exosomes are a group of extracellular vesicles that carry and transfer bioactive molecules, including circRNAs, to mediate intercellular
communication. A recent study showed that tumor-derived exosomes are enriched in the plasma of patients.*® CircRNAs were discovered
to be transported by exosomes, which have been proposed as possible biomarkers for cancer.**** Therefore, we investigated the extracel-
lular release pattern of Circ-CDYL by directly studying plasma-derived exosomes from patients with early HCC. Elevated levels of Circ-CDYL
were detected in exosomes isolated from early HCC patients compared with those isolated from healthy donors. These findings point to the
high expression of exosomal Circ-CDYL in early HCC as a potential tool for developing a combined screening or early diagnostic biomarker
for high-risk populations.
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EpCAM s a popular marker of liver tumor-initiating cells.*” An in vitro assay confirmed that the exosomal Circ-CDYL RNA level and EpCAM
protein level were similar to those in their parental cells. Higher intracellular Circ-CDYL expression levels were detected in EpCAM™ cells and
undifferentiated spheroids, indicating that it may originate from liver T-ICs. Intriguingly, the proportion of EpCAM* exosomes was markedly
higher than that of EpCAM™ HCC cells. Furthermore, the proportion of EpCAM* exosomes increased when estimating the exosomes isolated
from Circ-CDYL-overexpressing HCC cells, indicating the selective enrichment of Circ-CDYL and EpCAM cargoes sorted in producer cells
before exosome release. In this study, we found that overexpression of Circ-CDYL increased the intracellular and exosomal EpCAM expres-
sion of HCC cell lines (Figure 1E). Preliminary study has been reported that EpCAM is a target of AKT/GSK-3p/B-catenin signaling pathway,"
which driven by Circ-CDYL as shown in this study (Figure 2H). Thus, we proposed that Circ-CDYL increased the EpCAM* exosomes because
exosomes derived from Circ-CDYL-overexpressed cells encapsulated more EpCAM.

Tumor-derived exosome cargoes can be transmitted into other cells, and recipient cells may subsequently take on oncogenic properties.*
Based on the evidence that Circ-CDYL-rich and EpCAM™ exosomes perform functions similar to those of liver tumor-initiating cells to pro-
mote the stem-like phenotypes of HCC, they have been termed liver tumor-initiating exosomes (LTi-Exos). We provided evidence for this
concept by elevating the expression level of Circ-CDYL, increasing the proportion of EpCAM™ cells, and promoting self-renewal in recipient
cells after incubation with LTi-Exos. Moreover, LTi-Exos significantly promoted the malignant growth of HCC cells both in vitro and in vivo. We
demonstrated in our previous study that Circ-CDYL promoted HCC by elevating the expression of HDGF and HIF1AN, which led to upregu-
lation of C-MYC and SURVIVIN via activation of the PI3K-AKT signaling pathway and derepression of SURVIVIN transcription via the NOTCH
pathway.*

m®A modification is deposited by the core heterodimeric complex composed of methyltransferase-like-3 (METTL3) and —14 (METTL14),
with METTL3 being the sole catalytic subunit, and it can be reversed by the m®A demethylases FTO and ALKBH5.?® Emerging studies have
demonstrated that m®A modifications are widespread in circRNAs, and the same m®A “writer, reader and eraser” machinery is involved as in
mRNAs.”* MeRIP assays showed that Circ-CDYL was enriched in the m®A-modified fraction. Bioinformatics analysis using SRAMP showed
| "very high confidence” predicted m®A sites on Circ-CDYL, among which the sites with combined score >0.7 were chosen, and
were further confirmed by ligase-dependent absolute quantification analysis.

METTL3 was identified as a m®A methyltransferase approximately three decades ago, and it is widely expressed in human tissues and plays
a role in various physiological and pathological processes.”® The elevated expression and oncogenic and cancer-promoting functions of
METTL3 were reported in several types of cancer, including HCC.?* For instance, METTL3 was demonstrated to promote HCC progression
by inhibiting SOCS2 expression via YTHDF2* and was also found to regulate the epithelial-mesenchymal transition (EMT) of HCC cells by
promoting the translation of SNAIL via YTHDF1.%¢ In this study, we demonstrated that overexpression of METTL3 could increase the ratio
of m®A-modified Circ-CDYL and elevate the expression of Circ-CDYL, while specifically inhibiting METTL3 enzyme activity using STM2457
led to the opposite effect. As expected, METTL3 enhanced the stem-like properties of the HCC cell line, and inhibiting METTL3 using
STM2457 could restrain tumor growth of HCC both in vitro and in vivo.

m®A modification regulates various aspects of RNA at the posttranscriptional level by enlisting m®A-reader proteins.®” In this study, we
determined that m®A modifications can regulate the action of Circ-CDYL via two distinct mechanisms: the first involves intracellular biogen-
esis and the preference for either linear or back splicing of pre-CDYL, and the second involves extracellular export via encapsulation into
exosomes.

YTHDF1-3 and YTHDC2 are cytoplasmic m°A-reader proteins that regulate mRNA stability and translation, whereas YTHDC1 is located in
the nucleus and has been demonstrated to regulate pre-mRNA splicing and export.”” In particular, YTHDC1 was shown to correlate with the
deposition of m®A in specific exons on pre-mRNA.?*?* Circ-CDYL is generated from exon 2 of its parental gene, CDYL.*® The interaction be-
tween YTHDC1 and Circ-CDYL demonstrated by RNA Binding Protein Immunoprecipitation Assay (RIP) assay indicated that YTHDC1 may
bind to exon 2 of CDYL. In agreement with previous evidence, we found that the alternative choice between linear and circular splicing of
CDYL can be regulated by YTHDC1, which contributes to the increase in Circ-CDYL. Moreover, we found that YTHDC1 overexpression in
SMMC-7721 cells was not able to significantly affect the back-splicing of Circ-CDYL alone, but when METTL3 and YTHDC1 were synergistically
overexpressed, the back-splicing preference of Circ-CDYL was observed, emphasizing that the combined action of METTL3 and YTHDC1 is
possibly required in the back-splicing reaction of Circ-CDYL.

Consistent with the cellular expression level of Circ-CDYL being positively related to its exosomal level, we found that the METTL3-depen-
dent m®A modification of Circ-CDYL synergistically elevated its cellular expression and exosomal levels. The ratio of exosomal to cellular Circ-
CDYL levels was greatly higher in the METTL3-overexpressing HCC cell line than in the negative control cells, indicating METTL3-dependent
active regulation of the sorting of Circ-CDYL to exosomes. However, cells ectopically overexpressing Circ-CDYL with mutated m®A modifi-
cation sites failed to produce exosomes with significantly higher levels of Circ-CDYL than their wild-type counterparts. LTi-Exos sorted from
exosomes originating from cells ectopically overexpressing Circ-CDYL with mutated m®A modification sites (Circ-CDYLM LTi-Exos) failed to
enhance cell proliferation in vitro and in vivo and spheroid formation as well as LTi-Exos from the wild-type counterpart. Moreover, ectopic
overexpression of wild-type Circ-CDYL enhanced the stemness of HCC cells, while m®A sites-mutated Circ-CDYL failed to do so. The possible
mechanisms may be as follows: (1) The active sorting of Circ-CDYL depends on its m®A modification status. Exosomes from m®A sites-mutated
cells incorporated less Circ-CDYL than their wild-type counterparts, which may in sequence lead to lower levels of liver cancer-promoting
Circ-CDYL in receiver cells than their wild-type counterparts. (2) m®A modification of mature Circ-CDYL may be associated with cell stem-
like phenotypes of liver cancer cells, so the Circ-CDYLM"* LTi-Exos-treated recipient cells could not develop significantly enhanced stemness
as the cells uptake LTi-Exos did. 3) Both the LTi-Exos and Circ-CDYLM"! LTi-Exos released from the parental cells may regulate the stem-like

Mechanistically, LTi-Exos also activated the signal pathway that elevated intracellular expression of Circ-CDYL did.
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properties of adjacent recipient cells, leading to integrated stemness alterations in HCC cells. In any case, HCC stem-like properties may be
transferred via exosomes in the tumor microenvironment.

Heterogeneous nuclear ribonucleoproteins (nnRNPs) control RNA splicing, export, modification, and localization at the transcriptional and
posttranscriptional levels. In mammalian cells, hnRNP A2/B1 is a central part of the hnRNP complex. HnRNP A2/B1 controls how RNA is pro-
cessed by binding to specific sequences. For example, it controls the sorting of miRNAs into exosomes by binding to specific motifs on RNA
species.”” Moreover, hnRNPA2/B1 has been demonstrated to bind to m°A-modified sites in the transcriptome in vitro and in vivo and is re-
garded as an “m®A reader”.”® However, whether it can regulate the exosome sorting of m®A-modified circRNA is still not quite clear. Here, we
found that m®A sites-mutated Circ-CDYL could not be effectively encapsulated into exosomes as wild-type Circ-CDYL, which further supports
the m®A-dependent exosome sorting of Circ-CDYL. Furthermore, we found that less Circ-CDYL was packaged into exosomes in HCC cells
after hnRNPA2/B1 interference, while hnRNPA2/B1 could not effectively regulate the exosome sorting of m®A sites-mutated Circ-CDYL as it
did wild-type Circ-CDYL, indicating that hnRNPA2/B1 controls the exosome sorting of Circ-CDYL in a m®A modification-dependent mech-
anism. Recently, other research suggested that hnRNPA2/B1 regulates m®A-modified RNAs without binding to the m®A motif directly, which
made it an “m®A switch” rather than an “m®A reader”.”® Uncovering the underlying mechanism of how hnRNPA2/B1 binds with and regulates
m®A-bearing transcripts requires further study.

Exosomes have the appealing potential to be optimal biomarkers for screening diseases, including cancer, due to their reflection of both
the genotype and phenotype of parental cells.** Thus, we further investigated the possibility of early HCC diagnosis and surveillance utilizing
these LTi-Exos. After analyzing the exosomes isolated from the plasma of BCLC stage 0 and stage A HCC patients, we proved the significantly
higher proportion of EpCAM™ exosomes and elevated Circ-CDYL and AFP levels in early HCC patients. The LTi-Exos reached an AUC of 0.88,
with a sensitivity of 84.21% and specificity of 84.78% when diagnosing early HCC. The diagnostic accuracy of LTi-Exos is better than that of
traditional AFP, with an AUC of 0.70 and a sensitivity of 46.32%. When LTi-Exos were combined with AFP, BCLC stage 0/A HCC patient sam-
ples could be distinguished from healthy subjects with 83.16% sensitivity and 91.30% specificity, and the AUC was enhanced to optimal 0.90.

Collectively, we identified the oncogenic effects of METTL3-dependent m®A modification of Circ-CDYL in HCC. On the one hand, Circ-
CDYL m®A modification elevates its cellular expression by promoting the back-splicing of Circ-CDYL via YTHDC1; on the other hand, Circ-
CDYL m®A modification increases the exosomal level of Circ-CDYL by promoting the active sorting of Circ-CDYL into exosomes via hnRNPA2/
B1, which increases the level of Circ-CDYL in recipient cells by regulating the tumor microenvironment. These two mechanisms synergistically
contribute to cancer initiation and progression. Circ-CDYL-enriched and EpCAM-positive LTi-Exos could be a potential biomarker for early
HCC detection. Combining these newly identified LTi-Exos with traditional AFP would be of great possibility for the early diagnosis of HCC by
liquid biopsy. Furthermore, it may be used as a surveillance indicator for the healthy or high-risk population of liver cancer in the future.

Limitations of the study

There are also several limitations to our study, including the fact that we did not investigate how each m®A-modified site on Circ-CDYL con-
tributes to its back-splicing and exosomes sorting. Future relevant research will be conducted.
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STARxMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

anti-m®A antibody

biotin-labeled anti-CD63 mAb
fluorescein-conjugated anti-EpCAM APC
fluorescein-conjugated anti-CD133-APC
fluorescein-conjugated anti-CD24-APC
isotype control antibody

rabbit polyclonal anti-CDé3

rabbit monoclonal anti-EpCAM

rabbit monoclonal anti-HDGF

mouse mAb anti-PI3K (P85a)

rabbit mAb anti-PI3K (P110B)

rabbit monoclonal anti-p-Akt (Serd73)
rabbit monoclonal anti-p-Akt (Thr308)
rabbit monoclonal anti-AKT (pan)

rabbit monoclonal anti-C-MYC

rabbit monoclonal anti-p-mTOR (Ser2448)
rabbit monoclonal anti-mTOR

rabbit polyclonal anti-p-GSK-3p (Ser9)
rabbit polyclonal anti-GSK-38

mouse polyclonal anti-HIFTAN

rabbit polyclonal anti-SURVIVIN

rabbit monoclonal anti-METTL3

rabbit monoclonal anti-YTHDC1

mouse monoclonal anti-hnRNPA2B1

rabbit monoclonal anti-B-actin

Synaptic Systems
Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Proteintech

AbCAM

AbCAM

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Abclonal

Abclonal

Santa Cruz

Proteintech

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Abclonal

Cat#202003; RRID:AB_2279214
Cat#353018; RRID:AB_2561676
Cat#369810; RRID:AB_2650907
Cat#397906; RRID:AB_2876721
Cat#382604; RRID:AB_2927986
Cat#400222; RRID:AB_2891178
Cat#25682-1-AP; RRID:AB_2783831
Cat#ab32392; RRID:AB_732181
Cat#ab131046; RRID:AB_11156674
Cat#13666S; RRID:AB_2798288
Cat#3011S; RRID:AB_2165246
Cat#4060S; RRID:AB_2315049
Cat#13038S; RRID:AB_2629447
Cat#4691P; RRID:AB_915783
Cat#13987S; RRID:AB_2631168
Cat#5536P; RRID:AB_10691552
Cat#2983P; RRID:AB_2105622
Cat#AP0358; RRID:AB_2771152
Cat#A0479; RRID:AB_2757212
Cat#SC-271780; RRID:AB_10709435
Cat#10508-1-AP; RRID:AB_2064048
Cat#86132; RRID:AB_2800072
Cat#77422; RRID:AB_2799899
Cat#9304; RRID:AB_10694208
Cat#AC026; RRID:AB_2768234

mouse monoclonal anti-GAPDH Santa Cruz Cat#SC-47724; RRID:AB_627678
mouse fluorescein-conjugated secondary antibody Li-Cor Cat#C926-32210; RRID:AB_621842
rabbit fluorescein-conjugated secondary antibody Li-Cor Cat#926-32211; RRID:AB_621843
Bacterial and virus strains

Circ-CDYL overexpression lentivirus GeneChem N/A

METTL3 overexpression lentivirus Heyuan Biotechnology N/A

YTHDC1 overexpression lentivirus Heyuan Biotechnology N/A

Biological samples

Human plasma using for exosomes analysis Eastern Hepatobiliary Surgery Hospital N/A

Chemicals, peptides, and recombinant proteins

TRIzol Reagent Invitrogen Cat#15596026

STM2457 MedChemExpress Cat#HY-134836

Actinomycin D MedChemExpress Cat#HY-17559

DAPI Beyotime Cat# C1002

Protease inhibitor cocktail and phosphatase inhibitor Beyotime Cat# P1046
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Western and IP buffer Beyotime Cat# P0013

DMEM BasalMedia Cat#L110KJ

Fetal Bovine Serum

Biological Industries

Cat#04-001-1ACS

Critical commercial assays

RNA Antisense Purification Kit BersinBio Cat#Bes5103
Magna RIP RNA-binding protein Millipore Cat#17-700
immunoprecipitation kit
Dynabeads kilobase BINDER kit Invitrogen Cat#60101
Cell counting kit-8 (CCK-8) Dojindo Cat#Cat# CK04
JetPRIME reagents Poly plus Cat#114-15
exoEasy Maxi Kit Qiagen Cat#76064
iScript™ cDNA Synthesis Kit Bio-Rad Cat#1708891
PKH26 kit Wayenbio Cat#ESQ-R-001
Actin-Tracker Green Beyotime Cat#C1033
Experimental models: Cell lines
HCCLM3 Cell Bank of Type Culture Collection N/A

of the Chinese Academy of Sciences
SMMC-7721 Cell Bank of Type Culture Collection N/A

of the Chinese Academy of Sciences
Experimental models: Organisms/strains
Mouse: BALB/c-Nude GemPharmatech Co. D000521
Oligonucleotides
Circ-CDYL RAP Probe sequence: RiboBio N/A
Circ-CDYL1: TTCAACCTTTCCCGTTAACA-3'bio
Circ-CDYL2: ACAATCCTTTCAACCTTTCC-3'bio
NC siRNA: sense: UUCUCCGAACGUGUCACGUdTAT Biotend Co. N/A
antisense: ACGUGACACGUUCGGAGAACTAT
YTHDC1 siRNA 1#: sense: Biotend Co. N/A
ACGUCUAUCCACUUCAAGCCCATJT antisense:
GCUUGAAGUGGAUAGACGUGCTdT
YTHDC1 siRNA 2#: sense: Biotend Co. N/A
AUACAGAUUGGAUUACGGCUGTJT antisense:
GCCGUAAUCCAAUCUGUAUUUCTIT
HNRNPA2B1 siRNA 1#: sense: Biotend Co. N/A
GGCUUUGUCUAGACAAGAAdTAT
antisense: UUCUUGUCUAGACAAAGCCATAT
HNRNPA2B1 siRNA 2#: sense: Biotend Co. N/A
GCUGCAAGACCUCAUUCAACTAT
antisense: UUGAAUGAGGUCUUGCAGCATdT
HNRNPAZ2B1 siRNA 2#: sense: Biotend Co. N/A
GGACCAGGAAGUAACUUUALTAT
antisense: UAAAGUUACUUCCUGGUCCATAT
Recombinant DNA
Circ-CDYL overexpression, see STAR Methods GeneChem N/A
Circ-CDYL™" overexpression, see STAR Methods GeneChem N/A
EpCAM-mCherry fusion overexpression, see STAR GeneChem N/A

Methods

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
METTL3 overexpression, see STAR Methods Heyuan Biotechnology N/A

YTHDC1 overexpression, see STAR Methods Heyuan Biotechnology N/A

Software and algorithms

ImageJ Schneider et al.*” https://imagej.nih.gov/ij/
GraphPad Prism 9 Graphpad Software https://www.graphpad.com
FlowJo BD Biosciences Pharmingen https://www.bdbiosciences.com
BioTek Gen5 system BioTeck N/A

LightCycler® 96 Real-Time PCR System Roche N/A

Other

Mastercycler Eppendorf Nexus GSX1

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Prof. Hongyang
Wang (hywangk@uvip.sina.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

HCC patients and clinical samples

Early HCC patients’ plasma using for exosomes analysis in this study were obtained from patients who were diagnosed and received surgical
resection at the Eastern Hepatobiliary Surgery Hospital, Shanghai, China. No patients received any preoperative anticancer treatment. All of
these patients are Chinese (Asian), including 77 males and 18 females. The ages of these patients ranged from 30 to 70, with a mean age of 60.
Detailed patient information is shown in Table S1.

HCC staging was determined by the Barcelona Clinic Liver Cancer staging system (BCLC). BCLC stage 0 HCC (very early stage HCC) was
defined as a single lesion <2 cm without vascular involvement or metastasis. BCLC stage AHCC (early stage HCC) is defined by a single lesion
between 2and 5 cm or <3 lesions each <3 cm, without portal vein thrombosis or extrahepatic metastasis. Late-stage HCC was defined as the
combination of intermediate (BCLC stage B HCC) or advanced HCC (BCLC stage C HCC). All research complied with the principles of the
Declaration of Helsinki. Patient samples were obtained following informed consent according to an established protocol approved by the
Ethics Committee of Eastern Hepatobiliary Surgery Hospital.

Animals

The 4-6 weeks old male nude mice were housed in individual microisolator cages with free access to sterile water and irradiated normal food
in a specific pathogen-free facility. Experiments were conducted by following the criteria outlined in the Guide for the Care and Use of Lab-
oratory Animals, prepared by the National Academy of Sciences and published by the National Institutes of Health (NIH publication 86-23;
revised 1985). All animal care protocols and experiments were reviewed and approved by the Animal Care and Use Committee of the Lab-
oratory Animal Research Center at the Eastern Hepato-biliary Surgery Hospital, Second Military Medical University.

Cell lines and cell culture

The HCC cell lines HCCLM3 and SMMC-7721 were obtained from Cell Bank of Type Culture Collection of the Chinese Academy of Sciences
(Shanghai Institute of Cell Biology), and cultured at 37°C in an atmosphere containing 5% CO, and routinely cultured in DMEM supplemented
with 10% fetal bovine serum. Cells were passaged every 1-2 d to maintain logarithmic growth.
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In vivo xenograft experiments

For the exosome in vitro treatment experiment, a total of 5x 10° SMMC-7721 cells were injected subcutaneously into the flanks of male nude
mice (4-6 weeks old, n = 6) after 48 hours of incubation with 1 ng of LTi-Exos or NLTi-Exos. The subcutaneous tumors were harvested 3 weeks
after injection.

For the exosome in vivo treatment experiment, a total of 5%10°> SMMC-7721 cells were injected subcutaneously into the flanks of
male nude mice (4-6 weeks old, n = 5). Then, 5 ng of LTi-Exos or NLTi-Exos were injected intratumorally every 3 days after xenograft
implantation. The subcutaneous tumors were harvested 19 days after injection. Tumor volume was calculated as follows: V (mm?) = width?
(mm?) x length (mm)/2.

Ethics approval and consent to participate

All research complied with the principles of the Declaration of Helsinki. Patient samples were obtained following informed consent according
to an established protocol approved by the Ethics Committee of Eastern Hepatobiliary Surgery Hospital. All animal care protocols and ex-
periments were reviewed and approved by the Animal Care and Use Committee of the Laboratory Animal Research Center at the Eastern
Hepato-biliary Surgery Hospital, Second Military Medical University.

METHOD DETAILS
RNA antisense purification (RAP) assay
For the RAP assay, an RNA Antisense Purification Kit (Bes5103, BersinBio, Guangzhou, China) was utilized. Biotinylated probes for Circ-CDYL
and a negative control probe were produced by RiboBio Co. (Guangzhou, China).

RAP assays were performed according to the previous study.*® For each RAP experiment, lysate from 2*108 cells, 40 pmol of probe, and
40 pl streptavidin-coated beads were used. HCC cell lines were crosslinked with 1 mg/mL 4’-aminomethyltrioxalen (AMT), a psoralen-deriv-
ative crosslinker used for fixing RNA-RNA hybrids, for 15 minutes on ice and then lysed on ice. The homogenized lysate was hybridized with
probes (mixture of probe Circ-CDYL1 and Circ-CDYL2) for 180 min. Following hybridization, the streptavidin-coated magnetic beads were
resuspended in the lysate mixture and incubated at 37°C for 30 min with rotated mixing. Following incubation, RNA was eluted by resuspend-
ing the beads twice in 50 pL RAP Elution Buffer and incubating at 95°C for 2 min. Then, the eluate was collected. Finally, the eluate protein was
collected, and Western blot assays were performed.

MC®A-RNA binding protein immunoprecipitation (meRIP) assay

MeRIP was performed using a Magna RIP RNA-binding protein immunoprecipitation kit (17-700, Millipore) and a Dynabeads kilobase
BINDER kit (60101, Invitrogen) according to the manufacturers’ instructions and previous study.”” In brief, Dynabeads were incubated with
anti-m®A antibody (5 ng; Synaptic Systems, #202003) for 1 h at room temperature. Precleared cell lysates were incubated with antibody-con-
jugated beads for 1 h at 4°C. Beads were washed five times, and binding complexes were eluted and subjected to RT-gPCR assay as
described above.

Ligase-dependent absolute quantification of the m®A modification fraction at specific sites in RNAs

The ligase-dependent absolute quantification of m®A modification was performed by Aksomics (Shanghai, China). In brief, total RNA isolated
from the HCCLM3 cell line was pretreated with RNase R. RNA spikes (100 pM) were added to 1 ug RNA and mixed with 20 nM probe L, 20 nM
probe R, and 1xT3 ligation buffer (NEB). Then, the samples were incubated at 85°C for 3 min and cooled to 35°C for 10 min. The sample and
the standard were subjected to real-time PCR. The RNA content corrected for m®A methylation of the target gene site for the sample= (Total
cDNA concentration of target gene - cDNA concentration of target gene site not m°A methylated) * RNA spike in RNA concentration/cDNA
concentration concentration of RNA spike in.

MazF-dependent quantification of m®A modification in RNAs

The MazF-gPCR m®A modification assay was performed by Aksomics (Shanghai, China). In brief, total RNA isolated from the HCCLM3 cell line
was pretreated with RNase R. Then, the RNA sample was divided into two equal parts, and MazF (20 U/pl) was added to one part for digestion.
MazF-treated and untreated samples were simultaneously subjected to cDNA synthesis, followed by a qPCR assay. The relative m®A
modification level of the samples was calculated by 274 2€T,

CCKS8, spheroid formation, and colony formation assays
CCK8: HCC cells were seeded in 96-well plates at a density of 2x 10 cells per well. The viability of HCC cells was determined by Cell Counting
Kit 8 (Dojindo, Japan) and measured at OD450 nm with the BioTek Gen5 system (BioTeck, USA) at 0, 24, 48, 72, 96 hours after seeding.
Spheroid formation: HCC cells were seeded in é-well low-adhesion plates at a density of 3x10° cells per well. After 2 weeks, spheroids
were observed using ImageJ software (NIH Image).
Colony formation: HCC cells were seeded in é-well plates at a density of 3x 10° cells per well. After 2 weeks, spheroids were observed using
ImageJ software (NIH Image).
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Limiting dilution: Cells were seeded into 96-well ultralow attachment microplates (Corning) at doses from 500 to 5 (8 wells per dose) and
incubated under spheroid conditions for 2 weeks. Based on the frequency of wells without colonies, the proportion of T-ICs was determined
using Poisson distribution statistics and L-Calc Version 1.1 software (Stem Cell Technologies, Inc., Vancouver, Canada).

Lentiviral infection
Lmut

The lentivirus for overexpression of Circ-CDYL, Circ-CDY! and EpCAM-mCherry fusion was produced by GeneChem Company (Shanghai,
China), and that for overexpression of METTL3 and YTHDC1 was produced by Heyuan Biotechnology (Shanghai, China). Lentiviral infection
was carried out according to the manufacturers’ instructions. HCCLM3 cells and SMMC-7721 cells were infected with the concentrated virus at
a multiplicity of infection (MOI) of 20 in the presence of 8 ng/mL polybrene (Sigma) for 10 hours. The expression of Circ-CDYL in the infected
cells was validated by gRT-PCR. Puromycin (1 ng/ul) was used to screen infected cells according to the manufacturers’ instructions.

For the Circ-CDYL and Circ-CDYL™" stable overexpression system, the “flank strategy” was used to form Circ-CDYL. Briefly, specific intron
sequences at both ends of mature circRNAs were constructed, which could promote the formation of circles. The sequence (the capital letters)
and the two ends of the loop arms (lowercase letters) needed to build the lentivirus are as follows.

Circ-CDYL

gccagaaatgtactgacgttcttaataattgataggtgcagacctttgegttcttaattaaagagecactcegtggetgtaggectetgeccacaagatacagagtcacatgetgeccccaggatg

caagctgatgcttttatagtaactgcagatgtaataacagattctaggtatttcttcagtaacgtatggaggcactgtgtcacataactctegttcatgtgagtagecggaagatctctcttecatttacg
cttcagatgttaaggtagtagaatttgtcacggtgataaaacgtgcttacaaggcagggttgtgtgaattgataaatttgatccaaaatgtattggtcatecatttcaatgattaacagcatctecattg
aaagatgttagtgtaaaattaattaaaaccaagatttgaaaataacctgatcgctctagactgttttattacaatcaagtatgatgttctctgttgacctttttagttttaattgagtgcttctgaatgatacttg
tgatacagatcatatgtttctttgatggcagtttcacaccacagaaggttctcagegcecttgtageteattgetgtcaccactccaggcetgttgectgggtgecegetgetggaaccctgggatgacc
aggcacagctgcagatgectcgagcetgctccagecatgagtgtggaaaccaactcggtggtcaggcttcaacacagaaatagcagagageccctttcagtcacaagaaacataagtcacctaa
tgcatatccacacgttctcagcataaaaatttagcatcttgtttgacttactttcagggaaattgtccacaacccaaatggcectattactattttattgaggttgcagaagagatcattttatcatctattgt
ggtttttgctatttttgatgtttcctaatgaaacttgcacttttccccccaaattttgatttttttaaaactatttttttecttttatgaacagGTTGAAAGGATTGTTGACAAAAGGAAAAATA
AAAAAGGGAAGACAGAGTATTTGGTTCGGTGGAAAGGCTATGACAGCGAGGACGACACTTGGGAGCCGGAACAGCACCTCGTGAACT
GTGAGGAATACATCCACGACTTCAACAGACGCCACACGGAGAAGCAGAAGGAGAGCACATTGACCAGAACAAACAGGACCTCTCCCA
ACAATGCTAGGAAACAAATCTCCAGATCCACCAACAGCAACTTTTCTAAGACCTCTCCTAAGGCACTCGTGATTGGGAAAGACCACGAA
TCCAAAAACAGCCAGCTGTTTGCTGCCAGCCAGAAGTTCAGGAAGAACACAGCTCCATCTCTCTCCAGCCGGAAGAACATGGACCTAG
CGAAGTCAGGTATCAAGATCCTCGTGCCTAAAAGCCCCGTTAAGAGCAGGACCGCAGTGGACGGCTTTCAGAGCGAGAGCCCTGAGA
AACTGGACCCCGTCGAGCAGGGTCAGGAGGACACAGTGGCACCCGAAGTGGCAGCGGAAAAGCCGGTCGGAGCTTTATTGGGCCCC
GGTGCCGAGAGGGCCAGGATGGGGAGCAGGCCCAGGATACACCCACTAGTGCCTCAGGTGCCCGGCCCTGTGACTGCAGCCATGGC
CACAGGCTTAGCTGTTAACGGGAAAGgtgagtgtctagggagctgctcaggcteccgtggtgatcccagagggctegggtecttctctagagatcaggecttgagetgggeag
agtccggggcttetcacggeatetgctggagecttgcagagatttcgecttetectttettegetggaagectttgatatttctettaattcggeaactagttttttctgtgtaattcgecatccacagactg
tgctaccacactgacttgctttaaacagtatctcectctaactaggttattaggtgataagtttttacagcaagtttctgaagcetgtctacctttcttcacctctgaagtgetgagtcttgtetegtgttaag
cgttttcttctaagtgtggccageattgatacagaagtgcaggttcttattttgetcatctgtgtgaatacccaggaatgectttcagtgggagegttgctaacccagcagagectttgggageegg
gctegtttetetgttgtgatcggeagtgecaggtgecattgettceccecegtcagageccagtetgectggeaccggtggtgtectetgttttactcteatceccageccegetectgggtte.

Circ-CDYL™"* (bold letters refer to the mutant sites)

gccagaaatgtactgacgttcttaataattgataggtgcagacctttgegttcttaattaaagagecactccgtggetgtaggectetgeccacaagatacagagtcacatgetgeccccaggatge
aagctgatgcttttatagtaactgcagatgtaataacagattctaggtatttcttcagtaacgtatggaggcactgtgtcacataactctegttcatgtgagtagcggaagatctctcttecatttacgct
tcagatgttaaggtagtagaatttgtcacggtgataaaacgtgcttacaaggcagggttgtgtgaattgataaatttgatccaaaatgtattggtcatecatttcaatgattaacageatctecattga
aagatgttagtgtaaaattaattaaaaccaagatttgaaaataacctgatcgctctagactgttttattacaatcaagtatgatgttetctgttgacctttttagttttaattgagtgcttctgaatgatactt
gtgatacagatcatatgtttctttgatggcagtttcacaccacagaaggttctcagegecttgtagcteattgetgtcaccactccaggetgttgectgggtgeccgetgetggaaccctgggatga
ccaggcacagctgcagatgectcgagetgcetccagecatgagtgtggaaaccaactcggtggtcaggcettcaacacagaaatagcagagageccctttcagtcacaagaaacataagtcace
taatgcatatccacacgttctcagcataaaaatttagcatcttgtttgacttactttcagggaaattgtccacaacccaaatggectattactattttattgaggttgcagaagagatcattttatcatctat
tgtggtttttgctatttttgatgtttcctaatgaaacttgcacttttccccccaaattttgatttttttaaaactatttttttecttttatgaacagG TTGAAAGGATTGTTGACAAAAGGAAAAA
TAAAAAAGGGAAGACAGAGTATTTGGTTCGGTGGAAAGGCTATGACAGCGAGGACGACACTTGGGAGCCGGAACAGCACCTCGTGAT
CTGTGAGGAATACATCCACGACTTCAACAGACGCCACACGGAGAAGCAGAAGGAGAGCACATTGACCAGAACAAACAGGACCTCTCC
CAACAATGCTAGGAAACAAATCTCCAGATCCACCAACAGCAACTTTTCTAAGACCTCTCCTAAGGCACTCGTGATTGGGAAAGACCACG
AATCCAAAAACAGCCAGCTGTTTGCTGCCAGCCAGAAGTTCAGGAAGAACACAGCTCCATCTCTCTCCAGCCGGAAGATCATGGACCTA
GCGAAGTCAGGTATCAAGATCCTCGTGCCTAAAAGCCCCGTTAAGAGCAGGTCCGCAGTGGACGGCTTTCAGAGCGAGAGCCCTGAG
AATCTGGTCCCCGTCGAGCAGGGTCAGGAGGTCACAGTGGCACCCGAAGTGGCAGCGGAAAAGCCGGTCGGAGCTTTATTGGGCCCC
GGTGCCGAGAGGGCCAGGATGGGGAGCAGGCCCAGGATACACCCACTAGTGCCTCAGGTGCCCGGCCCTGTGTCTGCAGCCATGGC
CACAGGCTTAGCTGTTAACGGGAAAGgtgagtgtctagggagctgctcaggctecgtggtgatcccagagggctegggtecttctctagagatcaggecttgagetgggeag
agtccggggcttctcacggeatctgetggagecttgcagagatttcgecttctectttcttcgctggaagectttgatatttetcttaattcggeaactagttttttctgtgtaattcgecatecacagact
gtgctaccacactgacttgctttaaacagtatctecctctaactaggttattaggtgataagtttttacagcaagtttctgaagetgtctacctttcttcacctctgaagtgcetgagtettgtetegtgttaa
gcgttttcttctaagtgtggecageattgatacagaagtgcaggttcttattttgctcatctgtgtgaatacccaggaatgcectttcagtgggagegttgctaacccagcagagectttgggagecg
ggctegtttetetgttgtgatcggeagtgcaggtgecattgcettcccecgtcagageccagtetgectggcaccggtggtgtectctgttttactctcatccccagececgcetectgggtte.
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For the EpCAM-mCherry fusion, METTL3, and YTHDC1 stable overexpression system, the sequence of gene of interest to build the lenti-
virus was as follows.

EpCAM-mCherry fusion

AGGTGTCCACTCCCAGGTCCAACTGCACCTCGGTTCTAAGCTTCTGCAGGTCGACTCTAGAGGATCCCGCCACCATGGCGCCCCCGCA
GGTCCTCGCGTTCGGGCTTCTGCTTGCCGCGGCGACGGCGACTTTTGCCGCAGCTCAGGAAGAATGTGTCTGTGAAAACTACAAGCTG
GCCGTAAACTGCTTTGTGAATAATAATCGTCAATGCCAGTGTACTTCAGTTGGTGCACAAAATACTGTCATTTGCTCAAAGCTGGCTGCCA
AATGTTTGGTGATGAAGGCAGAAATGAATGGCTCAAAACTTGGGAGAAGAGCAAAACCTGAAGGGGCCCTCCAGAACAATGATGGGCT
TTATGATCCTGACTGCGATGAGAGCGGGCTCTTTAAGGCCAAGCAGTGCAACGGCACCTCCATGTGCTGGTGTGTGAACACTGCTGGG
GTCAGAAGAACAGACAAGGACACTGAAATAACCTGCTCTGAGCGAGTGAGAACCTACTGGATCATCATTGAACTAAAACACAAAGCAAG
AGAAAAACCTTATGATAGTAAAAGTTTGCGGACTGCACTTCAGAAGGAGATCACAACGCGTTATCAACTGGATCCAAAATTTATCACGAG
TATTTTGTATGAGAATAATGTTATCACTATTGATCTGGTTCAAAATTCTTCTCAAAAAACTCAGAATGATGTGGACATAGCTGATGTGGCTT
ATTATTTTGAAAAAGATGTTAAAGGTGAATCCTTGTTTCATTCTAAGAAAATGGACCTGACAGTAAATGGGGAACAACTGGATCTGGATCC
TGGTCAAACTTTAATTTATTATGTTGATGAAAAAGCACCTGAATTCTCAATGCAGGGTCTAAAAGCTGGTGTTATTGCTGTTATTGTGGTTG
TGGTGATAGCAGTTGTTGCTGGAATTGTTGTGCTGGTTATTTCCAGAAAGAAGAGAATGGCAAAGTATGAGAAGGCTGAGATAAAGGAG
ATGGGTGAGATGCATAGGGAACTCAATGCAGGAGGTGGAGGATCAATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAG
GAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTA
CGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTAC
GGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTG

ATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGC
GGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGAC
GGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGC

CAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAA
CAGTACGAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGTAACTCGAGTCCATCGATACTAGTCTGTGGA
ATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAG

GTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACT

CCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTITTATTTATGCAGAGGCCGAGGCC
GCCTCTGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCCCGGGAGCTTGTATATCC
ATTTTCGGATCTGATCGCCACCATGACCGAGTACAAGCCCACGGTGCGC.

METTL3

ATGTCGGACACGTGGAGCTCTATCCAGGCCCACAAGAAGCAGCTGGACTCTCTGCGGGAGAGGCTGCAGCGGAGGCGGAAGCAGGA

CTCGGGGCACTTGGATCTACGGAATCCAGAGGCAGCATTGTCTCCAACCTTCCGTAGTGACAGCCCAGTGCCTACTGCACCCACCTCTG

GTGGCCCTAAGCCCAGCACAGCTTCAGCAGTTCCTGAATTAGCTACAGATCCTGAGTTAGAGAAGAAGTTGCTACACCACCTCTCTGAT

CTGGCCTTAACATTGCCCACTGATGCTGTGTCCATCTGTCTTGCCATCTCCACGCCAGATGCTCCTGCCACTCAAGATGGGGTAGAAAGC
CTCCTGCAGAAGTTTGCAGCTCAGGAGTTGATTGAGGTAAAGCGAGGTCTCCTACAAGATGATGCACATCCTACTCTTGTAACCTATGCT
GACCATTCCAAGCTCTCTGCCATGATGGGTGCTGTGGCAGAAAAGAAGGGCCCTGGGGAGGTAGCAGGGACTGTCACAGGGCAGAAG

CGGCGTGCAGAACAGGACTCGACTACAGTAGCTGCCTTTGCCAGTTCGTTAGTCTCTGGTCTGAACTCTTCAGCATCGGAACCAGCAAA
GGAGCCAGCCAAGAAATCAAGGAAACATGCTGCCTCAGATGTTGATCTGGAGATAGAGAGCCTTCTGAACCAACAGTCCACTAAGGAA
CAACAGAGCAAGAAGGTCAGTCAGGAGATCCTAGAGCTATTAAATACTACAACAGCCAAGGAACAATCCATTGTTGAAAAATTTCGCTC

TCGAGGTCGGGCCCAAGTGCAAGAATTCTGTGACTATGGAACCAAGGAGGAGTGCATGAAAGCCAGTGATGCTGATCGACCCTGTCGC
AAGCTGCACTTCAGACGAATTATCAATAAACACACTGATGAGTCTTTAGGTGACTGCTCTTTCCTTAATACATGTTTCCACATGGATACCTG
CAAGTATGTTCACTATGAAATTGATGCTTGCATGGATTCTGAGGCCCCTGGCAGCAAAGACCACACGCCAAGCCAGGAGCTTGCTCTTAC
ACAGAGTGTCGGAGGTGATTCCAGTGCAGACCGACTCTTCCCACCTCAGTGGATCTGTTGTGATATCCGCTACCTGGACGTCAGTATCTT
GGGCAAGTTTGCAGTTGTGATGGCTGACCCACCCTGGGATATTCACATGGAACTGCCCTATGGGACCCTGACAGATGATGAGATGCGC
AGGCTCAACATACCCGTACTACAGGATGATGGCTTTCTCTTCCTCTGGGTCACAGGCAGGGCCATGGAGTTGGGGAGAGAATGTCTAAA
CCTCTGGGGGTATGAACGGGTAGATGAAATTATTTGGGTGAAGACAAATCAACTGCAACGCATCATTCGGACAGGCCGTACAGGTCAC

TGGTTGAACCATGGGAAGGAACACTGCTTGGTTGGTGTCAAAGGAAATCCCCAAGGCTTCAACCAGGGTCTGGATTGTGATGTGATCGT
AGCTGAGGTTCGTTCCACCAGTCATAAACCAGATGAAATCTATGGCATGATTGAAAGACTATCTCCTGGCACTCGCAAGATTGAGTTATT
TGGACGACCACACAATGTGCAACCCAACTGGATCACCCTTGGAAACCAACTGGATGGGATCCACCTACTAGACCCAGATGTGGTTGCA

CGGTTCAAGCAAAGGTACCCAGATGGTATCATCTCTAAACCTAAGAATTTATAG.

YTHDC1

ATGGCGGCTGACAGTCGGGAGGAGAAAGATGGAGAACTTAATGTTCTGGATGATATTTTAACTGAAGTACCAGAACAAGATGATGAACT
GTATAATCCAGAGAGTGAACAAGATAAAAATGAGAAAAAGGGATCAAAAAGAAAAAGTGATCGAATGGAATCTACTGATACCAAACGAC
AAAAGCCTTCTGTCCATTCTAGACAACTGGTTTCTAAGCCACTGAGCTCATCTGTTAGCAATAACAAAAGAATAGTTAGTACAAAAGGAAA
GTCAGCCACAGAGTATAAAAATGAGGAATATCAAAGATCTGAAAGAAACAAGCGTCTAGATGCTGATCGGAAAATTCGTCTATCAAGTAG
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TGCCTCCAGAGAACCTTATAAGAATCAACCTGAAAAAACCTGTGTCCGGAAAAGGGATCCTGAAAGGAGGGCCAAATCTCCTACGCCA
GATGGTTCTGAGAGAATTGGGCTTGAAGTGGATAGACGTGCAAGCAGATCCAGCCAGTCTTCTAAGGAAGAAGTGAACTCTGAAGAAT
ATGGCTCTGACCATGAGACTGGCAGCAGTGGTTCTTCTGATGAGCAAGGGAACAACACTGAGAATGAGGAGGAAGGAGTGGAAGAAG
ATGTGGAGGAAGATGAAGAAGTAGAAGAAGATGCAGAAGAAGATGAAGAGGTGGATGAAGATGGAGAGGAGGAGGAGGAAGAGGAG
GAGGAGGAAGAGGAGGAGGAGGAGGAGGAAGAAGAAGAATATGAACAGGATGAGAGAGACCAGAAAGAGGAGGGAAATGATTATG
ACACTCGAAGTGAGGCCAGTGACTCTGGTTCTGAATCTGTTTCCTTCACAGATGGGTCTGTCAGATCTGGTTCAGGCACAGATGGATCAG
ATGAGAAAAAGAAGGAAAGGAAGAGAGCTAGAGGCATATCTCCAATTGTTTTTGATAGAAGTGGAAGCTCTGCATCAGAGTCATATGCA
GGTTCAGAAAAGAAGCATGAGAAATTATCATCTTCCGTTCGTGCTGTCCGAAAAGATCAAACCAGTAAACTCAAATATGTGCTTCAAGAT
GCAAGATTTTTCCTCATAAAGAGTAACAACCATGAGAATGTGTCTCTTGCCAAAGCGAAGGGTGTATGGTCCACGCTCCCTGTAAATGAG
AAGAAATTAAATCTTGCATTTAGATCTGCAAGGAGTGTTATCTTAATATTTTCTGTCAGAGAGAGTGGAAAATTTCAAGGGTTTGCAAGAC
TTTCTTCAGAATCACATCACGGAGGATCTCCTATACACTGGGTGCTTCCAGCAGGAATGAGTGCTAAAATGCTGGGAGGTGTCTTTAAAA
TTGACTGGATTTGCAGGCGTGAATTACCCTTCACTAAGTCGGCTCATCTCACCAATCCTTGGAATGAACATAAACCAGTAAAGATCGGAC
GTGATGGACAGGAAATTGAACTTGAATGTGGAACCCAGCTTTGTCTTCTGTTTCCCCCCGATGAAAGTATTGACTTGTATCAGGTCATTCA
TAAAATGCGTCACAAGAGAAGAATGCATTCTCAGCCCCGATCACGAGGACGTCCATCCCGTCGAGAACCAGTCCGGGATGTGGGAAGG
CGTCGACCAGAAGATTATGATATTCATAACAGCAGAAAGAAACCAAGGATTGACTATCCCCCTGAGTTTCACCAGAGACCAGGGTATTTA
AAGGATCCACGATACCAGGAAGTGGACAGACGATTTTCAGGAGTTCGCCGAGATGTGTTTTTAAATGGGTCCTACAATGATTATGTGAGG
GAATTTCATAACATGGGACCACCACCACCTTGGCAAGGAATGCCCCCTTACCCAGGAATGGAACAACCTCCACACCATCCTTACTATCA
GCACCATGCTCCACCTCCTCAAGCTCATCCCCCTTACTCAGGACATCATCCAGTACCACATGAAGCAAGATACAGAGATAAACGAGTAC
ATGATTATGATATGAGGGTGGATGATTTCCTTCGTCGCACACAAGCTGTTGTCAGTGGCCGGAGAAGTAGACCCCGTGAAAGAGACCGG
GAACGAGAGCGAGACCGCCCTAGAGATAACAGACGAGACAGAGAGCGAGATAGAGGACGTGATAGAGAAAGAGAAAGAGAGCGATT
ATGTGATCGAGACAGAGACCGAGGGGAGAGAGGTCGATATAGAAGA.

siRNA transfection

The siRNAs for YTHDC1 and hnRNPA2B1 were purchased from Biotend Co. (Shanghai, China). Transfection was performed with JetPRIME
reagents (Poly plus, Illkirch, France) according to the manufacturers’ instructions. Briefly, 2*10° cells were seeded into é-well plates 24 hours
before transfection. For each well, 10 ul (20 uM storage concentration) siRNA was added to the JetPRIME buffer. Mix by pipetting up and
down. Then, JetPRIME was added to the siRNA duplexes and homogenized by vortexing immediately for 1 second. Incubate for 10 minutes
at room temperature to allow transfection complexes to form between duplexes and JetPRIME. Then, the transfection mix was added to 2 ml
of cell culture medium to a final concentration of 100 nM siRNAs. Finally, homogenize by gently swirling the plate.

Exosomes purification
The exosomes were purified using ultracentrifuge according to previous study.”

For cell-derived exosomes purification, cell lines were cultured in DMEM containing 10% exosomes-depleted FBS. After 48 h of culture, the
cell culture medium was collected, and centrifuge through the following step: (1) Centrifuge 10 min at 300 x g, 4°C. Discard the pellet. (2)
Centrifuge 20 min at 2,000 x g, 4°C. Discard the pellet. (3) Centrifuge 30 min at 12,000 x g, 4°C. Discard the pellet. Filter the suspension
through a 0.22-pm filter. (4) Centrifuge 90 min at 120,000 x g, 4°C. Discard the supernatant. (5) Resuspend the pellet with 1 mL PBS. Centrifuge
70 min at 120,000 x g, 4°C. Discard the supernatant and collect the exosomes pellet.

For plasma-derived exosomes purification, 3 mL of venous whole blood samples of patients were collected using an anticoagulation tube
(containing EDTA) (GDO50EK2, Gongdong). The blood sample were centrifuged 10 min at 1,500 x g, 4°C, to collect 1 mL of plasma, and
centrifuge through the following step: (1) Dilute plasma with triple volume of PBS, centrifuge 30 min at 2,000 x g, 4°C. Discard the pellet.
(2) Centrifuge 45 min at 12,000 x g, 4°C. Discard the pellet. Filter the suspension through a 0.22-um filter. (3) Centrifuge 90 min at
120,000 x g, 4°C. Discard the supernatant. (4) Resuspend the pellet with 1 mL PBS. Centrifuge 70 min at 120,000 x g, 4°C. Discard the su-
pernatant and collect the exosomes pellet.

Exosomes identification

The identification of exosomes was performed by Echobiotech (Beijing, China). Exosomes were isolated from the cell culture supernatant of
HCCLM3 and SMMC-7721 cells using ultracentrifugation. Exosomes were examined and photographed by electron microscopy using nega-
tive staining. Exosomes markers were detected using Western blot assays. The size of the exosomes was tested with a ZETASIZER Nano se-
ries-Nano-ZS (Malvern, England).

Flow cytometry analysis of exosomes

Flow cytometry was used to analyze the exosomes phenotype derived from cultured HCC cell or HCC patient plasma. Exosomes purified from
cell supernatant or HCC patient plasma were coincubated with biotin-labeled anti-CDé3 mAb (353018, Biolegend, San Diego, CA). Next,
streptavidin beads were added and incubated for 2 h at RT. The bead/anti-CDé3Ab/exosomes complexes were then coincubated with
the fluorescein-conjugated monoclonal antibodies anti-EpCAM APC (369810, Biolegend, San Diego, CA) or with the isotype control
(400222, Biolegend, San Diego, CA) at 4°C in the dark overnight. The samples were analyzed using a Beckman MoFlo XDP™ flow cytometer
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(Beckman Coulter, USA). The analysis of the raw exosomes flow cytometry data was performed according to a previous study.’’ The positive
gate was set at the point where <2% of the isotype control was positive. The results are presented as relative fluorescence values (%).

For LTi-Exos and NLTi-Exos subpopulation sorting, the final volume of samples was increased to 1 ml using 0.5% BSA in PBS before sorting.
The samples were analyzed using a Beckman MoFlo XDP™ flow cytometer (Beckman Coulter) and sorted using a Beckman MoFlo XDP™ flow
cytometer smart sampler (Beckman Coulter).

Exosomal RNA isolation and PCR analysis

Exosomal total RNA was isolated from cell- or plasma-derived exosomes using the exoEasy Maxi Kit (76064, Qiagen) following the manufac-
turer’s instructions. The total amount of RNA for each reverse transcription reaction was 100 ng, and the complementary DNA template was
prepared using an iScript™ cDNA Synthesis Kit (1708891, Bio-Rad) according to the manufacturer’s protocol. The complementary DNA was
amplified in a reaction mix of SYBR Green (Takara) using a LightCycler® 96 Real-Time PCR System (Roche) according to the manufacturer’s
instructions.

Exosomes labeling

Purified exosomes from HCC cell line supernatants were labeled using the red fluorescent lipid dye PKH26 kit (Wayenbio, ESQ-R-001)
following the manufacturer’s instruction, and then incubated with SMMC-7721 cells at 37°C for 12 hours. The cocultured cells were then fixed
and labeled using Actin-Tracker Green (Beyotime, C1033) following the manufacturer’s instruction.

STM2457 treatment

For in vitro treatment, HCC cell lines were treated with STM2457 at a final concentration of 5 uM or DMSO (1:1000 v/v) for 48 h. For in vivo
treatment, xenografted nude mice were given intraperitoneal injections of 50 mg/kg STM2457 or vehicle every day.

Flow cytometry analysis of cells

Cells were collected and incubated for 30 min with 1% bovine serum albumin (BSA, Gibco) in PBS to block nonspecific antigens. Conjugated
antibody (EpCAM-APC: 369810; CD133-APC, 397906; CD24-APC, 382604, Biolegend) incubation for cells was performed at 4°C for 10 mi-
nutes. The samples were analyzed using a Beckman MoFlo XDP™ flow cytometer (Beckman Coulter).

Western blot

Cell lysates were prepared with lysis buffer (Beyotime Biotechnology, China) and centrifuged at 12,000 x g for 20 min to collect the super-
natant. Protein concentrations were determined using the bicinchoninic acid (BCA) assay. Immunoblotting was performed using specific pri-
mary antibodies as shown in key resources table. Immunocomplexes were incubated with the fluorescein-conjugated secondary antibody and
then detected using an Odyssey fluorescence scanner (Li-Cor, Lincoln, NE).

Actinomycin D treatment

HCC cells were plated into six-well plates. After 4 h, cells were treated with actinomycin D (5 pg/mL) or DMSO (1:1000 v/v), and collected after
0, 1, 4, 8, and 12 hours of treatment.

RNA isolation and PCR analysis

Total RNA was isolated from cells using TRIzol Reagent (Invitrogen, USA) following the manufacturer’s instructions. The complementary DNA
template was prepared using oligo (dT) random primers and Moloney murine leukemia virus reverse transcriptase (Promega, USA) according
to the manufacturer’s protocol. After reverse transcription, the complementary DNA template was quantitated using real-time PCR technol-
ogy. The primers used in this study were designed using the Primer-BLAST tool provided by www.ncbi.nlm.nih.gov. cDNA was amplified in a
reaction mix of SYBR Green (Takara, Japan) with a LightCycler 96 Real-Time PCR System (Roche, Basel, Switzerland) according to the man-
ufacturer’s instructions. The mRNA levels were normalized against B-actin in cell and tissue lysates. Real-time PCR experiments for each gene
were performed on 3 separate occasions.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed with SPSS 18.0 software. Qualitative variables were analyzed by the chi-square test or Fisher's exact
test. For continuous variables that obey the normal distribution, Student's t test was used to compare the differences. Otherwise, variables
with an abnormal distribution were compared using a nonparametric test. Differences between groups were compared using analysis of vari-
ance (ANOVA) when applicable or a nonparametric test. Correlation analysis was performed using the Pearson correlation coefficient
method. Unless otherwise specified, the results are presented as the means + standard deviations (SD). All statistical tests were 2 sided,
and p < 0.05 was considered statistically significant. In each graph, otherwise specifically mentioned, *p < 0.05, **p < 0.01, ***p < 0.001.
NS stands for “not significant”.
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