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Metastasis, especially intrahepatic, is a major challenge for hepatocellular carcinoma (HCC)
treatment. Cytoskeleton remodeling has been identified as a vital process mediating intra-
hepatic spreading. Previously, we reported that HCC tumor adhesion and invasion were
modulated by circular RNA (circRNA), which has emerged as an important regulator of
various cellular processes and has been implicated in cancer progression. Here, we uncov-
ered a nuclear circRNA, circASH2, which is preferentially lost in HCC tissues and inhibits
HCC metastasis by altering tumor cytoskeleton structure. Tropomyosin 4 (TPM4), a
critical binding protein of actin, turned out to be the major target of circASH2 and was
posttranscriptionally suppressed. Such regulation is based on messenger RNA (mRNA)/
precursormRNA splicing and degradation process. Furthermore, liquid-liquid phase sepa-
ration of nuclear Y-box binding protein 1 (YBX1) enhanced by circASH2 augments TPM4
transcripts decay. Together, our data have revealed a tumor-suppressive cirtcRNA and, more
importantly, uncovered a fine regulation mechanism for HCC progression.
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Liver cancer is the fourth leading cause for cancer-related mortality globally, while hepa-
tocellular carcinoma (HCC) accounts for the majority of primary liver cancers (1). Despite
a comprehensive regimen available, the prognosis of patients with advanced HCC remains
poor (2). Early intrahepatic metastasis, especially micrometastases, is a huge challenge for
HCC treatment and prognosis improvement (2). An ascensive learning of the HCC
mechanism of progression could be the key to pharmaceutical development.

Cell migration is an essential step for tumor metastasis, especially in tumors from the
epithelium. During this process, cytoskeletal reorganization and remodeling are indispensable
(3,4). The mammalian cytoskeleton is one of the most complicated and functionally versatile
structures, involved in processes such as motility, adhesion, reaction to external forces, and
adaptation of cell shape (5). Previous studies, including ours, demonstrated that adhesion
with extracellular matrix (ECM) is closely related to HCC metastasis (6, 7). Meanwhile,
adhesion of tumor cells has been proven to be the start of cytoskeleton formation and down-
stream signals activation (8, 9). Furthermore, the cytoskeleton state [such as actin filaments
(F-actin), paxillin, etc.] could influence the interaction between cells and ECM (8, 9). Among
cytoskeletal proteins, tropomyosin 4 (TPM4) is a member of actin-binding proteins involved
in the cytoskeleton of nonmuscle cells, which could provide stability to the F-actin and regulate
other actin-binding proteins (10). Although TPM4 has been reported as an oncoprotein in
several malignancies, its upstream mechanism remains unclear (11, 12).

Precursor messenger RNA (pre-mRNA) splicing is a fundamental process in eukaryotes’
gene expression (13). In this process, alternative splicing is a major mechanism to shape
the expression pattern, and splicing regulators, like heterogeneous nuclear ribonucleop-
roteins (hnRNDPs) and serine/arginine-rich splicing factors, modulate the former (13). In
addition, lots of coregulators also participate in this process. Y-box binding protein 1
(YBX1), a well-known RNA-binding protein (RBP), could work with hnRNPs to form
a functional complex (14, 15) and regulate pre-mRNA splicing and mRNA decay (15-17).
YBX1 is a highly disordered protein with a fixed structure in the middle, which is suitable
for interactions with RNAs (18, 19). Intriguingly, intrinsically disordered was identified
to be the key characteristic for liquid-liquid phase separation (LLPS) of protein (20).

Active LLPS mediates membraneless compartment formation, thereby spatiotemporally
regulating many critical cellular processes, including pre-mRNA splicing (20). LLPS is
usually driven by weak and dynamic multivalent interactions, correlated with intrinsically
disordered regions (IDR) and scaffolding nuclear acid molecules (21). Meanwhile, non-
coding RNAs (ncRNAs), such as NEAT1 and SNHG?, could coordinate with RBPs and
induce LLPS in a concentration- or structure-dependent manner (22, 23). A recent study
also indicated that circular RNA (circRNA) VAMP3 drives LLPS of CAPRIN1 and
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promotes stress granule formation in the cytoplasm (24). How
ncRNAs influence LLPS has raised extensive attention in research-
ers. But more functional RNAs need to be identified in order to
draw the whole picture.

circRNAs are covalently closed single-stranded RNAs and proved
to be a widespread and functional RNA species (25). Depending on
their localization and interaction with other molecules, circRINAs
modulate transcription and splicing, regulate stability and translation
of mRNA, influence function and metabolism of proteins, and even
directly serve as translational templates in different biological and
pathophysiological conditions (25). In cancer research, accumulated
evidence showed a considerable role of circRNA during tumor ini-
tiation and progression (26, 27). However, there is still a long way
to go before circRNA could be applied in clinical settings.

Here, we performed in-depth analyses of circRNomics from
human HCC samples and identified circular RNA ASH2 (circRNA)
as a metastasis-suppressive circRNA. Phenomenologically, circASH2
sabotaged tumor cytoskeleton and attenuated cell adhesion.
Clinically, down-regulated circASH2 expression indicated a worse
prognosis of HCC patients. Mechanistically, circASH2 induced
LLPS of YBX1 and then regulated the hnRNPs/YBX1 complex. In
this way, circASH2 targeted TPM4 transcripts and specifically pro-
moted its decay. Finally, HCC progression was inhibited by a
TPM4-related cytoskeleton/tumor adhesion pathway.

Results

Identification of circASH2 as a circRNA Involved in HCC Metastasis.
Emerging pieces of evidence show that circRNAs are key signaling
regulators in HCC (27). To identify functional circRNAs involved
in HCC metastasis, we performed circRNA microarray analysis of
10 primary HCC tissues, including 5 highly invasive (HI: a. tumor
diameters were smaller than 3 cm; b. diagnosed as postsurgical
metastasis or recurrence) HCC tissues and 5 low-invasive (LI: a.
tumor diameters were larger than 3 cm; b. postsurgical metastasis
or recurrence negative) HCC tissues (SI Appendix, Table S1).
Here, we detected a total of 236 differentially expressed circRNAs
(Jlog,(fold-change)|> 1, P< 0.05) between the two groups. Among
the identified circRNAs, 226/10 circRNAs were up-regulated/
down-regulated significantly in HI HCC (Fig. 14).

Also, we analyzed published HCC circRNA microarray datasets
[Gene Expression Omnibus (GEO), GSE78520 and GSE97332,
SI Appendix, Fig. S1A]. We chose the top 250 circRNAs with the
most significant differences in expression in each dataset for sub-
sequent combined analysis (|log,(fold-change)|> 1, P < 0.05,
SI Appendix, Fig. S1B). By combining this result with our HI/LI
microarray analysis, we identified one circRNA, circASH2 (hsa_
circ_0006302), was declining while tumor cell becoming more
aggressive, implying a possible tumor suppressive role of cir-
cASH2. (Fig. 1 Band C).

We then validated circASH2 and its junction site in HCC cells
with designed specific divergent primers and Sanger sequencing
(Fig. 1C). Like most circRNAs, circASH2 also exhibits higher sta-
bility than ASH2 mRNA (mASH?2) (SI Appendix, Fig. S1 C and
D). These results demonstrated that circASH2 is a genuine circRNA
with the expected molecular structure and biochemical features.

Next, we examined the endogenous level of circASH?2 in several
human HCC cell lines and human liver cell line (LO2). Interestingly,
circASH2 was expressed at a relatively higher level in the nonmeta-
static lines (HepG2, Huh7) than in the metastatic cell lines
[HCCLM3 (high-circASH2HCC cell), HA22T, and SK-Hepl,
Fig. 1D]. In addition, ~49, 34, 13, and 8 circASH2 copies per cell
were estimated in Huh7, HCCLM3, HA22T, and SK-Hepl cells,
respectively (SI Appendix, Fig. S1E).
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Thus, it is reasonable to speculate that circASH2, as a circRNA,
might play a significant role in HCC metastasis.

Decreased circASH2 Expression Correlates with Poor Prognosis
in HCC. To verify the function of circASH2 in HCC, we analyzed
its expression in a clinical sample from a small group of 22 patients
(cohort 1). Consistent with the GEO dataset results above, circASH2
was hardly detectable in most HCC tumor tissue, compared to
matched nontumor tssues (Fig. 1E). Then, we reached a similar
conclusion with cohort 2 (11 HI and 21 LI HCC tissues), in which
HI tissues presented significantly lower levels of circASH2 than LI
tissues (Fig. 17). Consistent results were observed by FISH (Fig. 1G).
In a third cohort of 91 HCC patients (cohort 3) with follow-up
records (SI Appendix, Table S2), lower circASH2 expression in tumors
strongly correlated with shortened overall survival and disease-free
survival (DFS) (Fig. 1 H and J).

Collectively, these findings indicated a tumor-suppressive role

of circASH2 in HCC.

circASH2 Expression Is Negatively Regulated by DHX9 in
HCC. mASH2 was generally considered a tumor promoter and
overexpressed in HCC tissues (S/ Appendix, Fig. S1 Fand G) (28,
29). Therefore, we presumed that a posttranscriptional regulation
led to an adverse expression pattern of mASH2 and circASH2
in HCC. Our previous research identified that ADAR1 could
influence certain circRNAs generation (30), and enzymes sharing
similar function have been reported (31). Next, we detected the
expression of circASH2 and mASH2 after individually silencing
these enzymes, including DHX9, ADART1, and QKI (87 Appendix,
Fig. S1H). Only DHX9 silence, instead of ADARI1 or QKI,
enhanced circASH2 expression and consequently lowered mASH2
(Fig. 1/ and SI Appendix, Fig. S11). Notably, DHX9 was obviously
up-regulated in HCC evidenced by the data from cohort 1 and
The Cancer Genome Atlas Program (TCGA) cohort (S] Appendix,
Fig. S1 J and K) and further overexpressed in HI HCC tissues
(81 Appendix, Fig. S1L). Additionally, a high expression level of
DHXO9 correlated with poor prognosis of HCC patients (Fig. 17).

Taken together, the downregulation of circASH2 was, at least
partially, caused by the overexpressed DHX9 in HCC.

circASH2 Suppresses HCC Metastasis In Vivo. To verify the
impact of circASH2 in liver cancer, we conducted animal
experiments using three canonical HCC metastasis mouse
models. First, we constructed an orthotopic xenograft mouse
model according to our previous report (6). By detecting
circASH2 expression levels in injected cells and in situ tumors,
we demonstrated that the stably transfected cell lines could
consistently overexpress circASH2 (S Appendix, Fig. S2A).
In the 9th week, most mice (6/7, 85.7%) from the control
group developed multifocal lesions in the liver, which were
significantly inhibited (2/7, 28.6%) in the circASH2 group
(Fig. 2 A and B). When the mice were killed in the 12th week,
mice from the control group received more lung/gastrointestinal
tract (GI) metastasis, compared to the circASH2 group (Fig. 2C
and S7 Appendix, Fig. S2 B and C).

Second, we established a ragid tail vein injection model, by
injecting HA22T cells (1 x 10 cells per mouse) into the lateral
tail vein of the mouse in the control or circASH2 group (n = 8).
In the 6th week after injection, only 1/8 mouse (12.5%) in the
circASH2 group developed a lung metastatic nodule, whereas all
eight mice (100.0%) in the control group had evidence of lung
or bone metastasis (Fig. 2D). At 12th weeks, the circASH2 group
showed an obvious better prognosis, including an overall survival
and metastasis ratio (Fig. 2E and SI Appendix, Fig. S2D).
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The microarray analysis identified circASH2 as a metastasis-suppressive role and regulated by DHX9 in HCC. (A) circRNA microarray analysis of 5 Hl and

5 LI HCC tissues. Differentially expressed circRNAs (|log,(fold-change)|> 1, P < 0.05) were highlighted (up-regulated in HI: orange points; down-regulated in Hl:
green points). circASH2 is denoted by a black arrow. (B) A Venn diagram showing differentially expressed circRNAs within our microarray data and GSE78520
+ GSE97332 dataset. (C) Genomic loci and validation of circASH2. The unique backspliced junction fragment of circASH2 (divergent primers) was detected in
Huh7 cells by RT-gPCR and validated by Sanger sequencing. (D) Endogenous level of circASH2 in several human HCC cell lines (HepG2, Huh7, HCCLM3, HA22T,
and SK-Hep1) and a human liver cell line (LO-2). (E and F) The expression of circASH2 was measured by RT-qPCR in 22-paired matched HCC and nontumor
tissues (E, cohort 1, ***P < 0.001, paired Student’s t test), and 32 HI/LI HCC tissues (F, cohort 2, **P < 0.01, unpaired Student's t test). (G) Representative RNA
FISH images of circASH2 (red, 40 nM, 55 °C, 2 h) in nontumor tissues, LI HCC tissues, and HI HCC tissues. The nuclei were labeled with DAPI (blue, 1:100, R.T.,
5 min). (Scale bars, 100 pm.) (H and /) Kaplan-Meier curves showing overall survival (H) and disease-free survival (/) of 91 HCC patients (cohort 3) followed up
to 60 mo. Patients were separated by the median expression level of circASH2, using the Gehan-Breslow test. (/) The expression levels of DHX9, circASH2, and
mASH2 were detected by RT-qPCR after being treated with DXH9 siRNAs in Huh7 and HCCLM3 cells (mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, one-way
ANOVA test). (K) Representative IHC images of DHX9 (brown, 1:200, 4 °C, 2 h) in nontumor tissues, LI HCC tissues, and HI HCC tissues. The nuclei were labeled
with hematoxylin (blue, R.T., 5 min). (Scale bars, 200 pm.) (L) Kaplan-Meier curves showing overall survival of HCC patients from the TCGA cohort. Patients were
separated by the median expression level of DHX9, using the Gehan-Breslow test.

Third, consistent results were found in the intrasplenic injection
model. By injecting HCC tumor cells into the mouse spleen by a
surgical approach, liver metastasis was significantly prohibited in the
circASH2 group, while the spleen orthotopic tumor showed no dif-
ference in size (Fig. 2 Fand G and SI Appendix, Fig. S2E).

Together, animal experiments strongly suggested that circASH2
could suppress HCC metastasis, including intrahepatic metastasis,
hematogenous metastasis, and implantation.

circASH2 Impairs the Cytoskeleton Assembly in HCC. Next,
according to endogenous circASH2 levels, we manipulated
circASH2 expression in four HCC cell lines by lentiviral
overexpression, small-interfering RNA (siRNA) knockdown, or
antisense oligonucleotide (ASO) silence (SI Appendix, Fig. S3
A-C). Intriguingly, during routine cell culture, we noticed that
circASH2 overexpression markedly promoted cell detachment
after trypsinization, while circASH2 silence rendered cells more
resistant to trypsin digestion (Fig. 34 and SI Appendix, Fig. S3D).
According to our previous work, these data suggested modified

PNAS 2023 Vol.120 No.30 2220296120

adhesion function of tumor cells (6). Considering the close
connection between cell adhesion and cytoskeleton formation (5),
we analyzed cytoskeleton status in circASH2-munipulated HCC
cells. The results showed that circASH2 could strongly suppress
F-actin and paxillin in tumor cells, which implied an impaired
cytoskeleton (Fig. 3B and ST Appendix, Fig. S3E).

To further verify our finding, we constructed a 3-dimensional
(3D) invasion system with Matrigel and found that circASH2
could cripple the tumor cell by down-regulating its invasion ability
(Fig. 3 Cand D). Meanwhile, the dynamic metastasis curve meas-
ured by the xCELLigence real-time cell analysis (RTCA) system
indicated that circASH2 reduced HCC cell mobility (Fig. 3E).
An analogous result was observed in transwell assays (Fig. 3 Fand
G). Alternatively, circASH2 silence triggered by specific ASOs also
impaired the cytoskeleton assembly and exhibited promotive
effects on HCC cell mobility (Fig. 3 H-K and S/ Appendix,
Fig. S3 F-1).

These in vitro results supported our findings about HCC metas-
tasis in animal and patient’s sample study.
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circASH2 suppresses HCC metastasis in vivo. (4, Left) In vivo image system (IVIS) images of HA22T tumors in the 9th week after transplantation (both

local growth and metastases are marked with orange arrows, n = 7). (Right) Tumor foci are quantified (mean + SD, **P < 0.01, unpaired Student’s t test). (B) Typical
images of HA22T tumors (#3 mouse in the control group and #5 the mouse in the circASH2 group) at the indicated time (both local growth and metastases are
marked with orange arrows). (C, Left) IVIS images showing pulmonary metastasis in mice scarified in the 12th week (metastases are marked with orange arrows, n =
7). (Right) Pulmonary metastases are quantified (mean + SD, ***P < 0.001, unpaired Student’s t test). (D, Left) IVIS images of HA22T tumors in the 6th week after rapid
tail vein injection (metastases are marked with orange arrows, n = 8). (Right) Tumor foci are quantified (mean + SD, **P < 0.01, unpaired Student's t test). (£) Kaplan-
Meier curves showing overall survival of 16 mice with indicated HA22T tumors followed up to 18 wk (**P < 0.01, Gehan-Breslow test). (F, Left) Liver images of HA22T
tumors in the 9th week after spleen injection (intrahepatic metastases are marked with blue arrows, n = 6). (Right) Intrahepatic metastases are quantified (mean + SD,
**%P <0.001, unpaired Student’s t test). (G) Typical HE staining images of HA22T tumors in the 9th week after spleen injection. Left: (Scale bar, T mm.) Right: (Scale bar, 100 pm.)

TPM4 Is Repressed by circASH2 and Functionally Relevant.
To address the mechanism of circASH2-regulated cytoskeleton
assembly, we generated a series of cell lines and performed
transcriptome analyses subsequently (S7 Appendix, Fig. S4A). In
total, seven genes were up-regulated, and five genes were down-
regulated in two si-circASH2 HCC cell lines (Fig. 44). We then
validated these candidates in different circASH2-overexpression
and circASH2-knockdown HCC cells by RT-qPCR (Fig. 4B).
Among them, only TPM4 [the excluded candidates either did
not have the desired expression trend (e.g., CRYAB) or were
not associated with the phenotype (e.g., CCND1)], a member
of the tropomyosin family of actin-binding proteins involved in
stability of F-actin (10), presented an accordant change in the
mRNA level with the transcriptome sequencing (up-regulated in
the knockdown group but down-regulated in the overexpression
group, Fig. 4 B and C). Moreover, TPM4 was also negatively
correlated with the HCC prognosis (Fig. 4D).

Next, circASH2-suppressed TPM4 expression was verified with
immunoblots in multiple cell lines (Fig. 4E). Meanwhile, TPM4
combined with F-actin as previously reported (10), and circASH2
inhibited intensity of both in fluorescence staining (Fig. 4F). We
also confirmed the expression level of circASH2, and TPM4 was
negatively correlated in patient samples analysis (cohort 2, Figs. 1G
and 4G; cohort 3, Fig. 4H). These results suggested a negative
regulation of TPM4 from circASH2.

40f12 https://doi.org/10.1073/pnas.2220296120

Cytoskeleton status was closely related to cell adhesion, focal
adhesion formation, and mobility (5-8). We analyzed the relevant
pathway by gene set enrichment analysis, and the result showed
that the FAK pathway, PI3K/AKT pathway, and the ECM~recep-
tor interaction pathway were significantly activated after circASH2
silence (SI Appendix, Fig. S4 B-D). Activation of these signals
could trigger a series of cellular biological behaviors which results
in tumor progression and invasion (4, 7). Similar results were
obtained by immunoblots (Fig. 4E).

To prove that TPM4 was indispensable for the circASH2-induced
function, we designed relevant assays by ectopic expression/dele-
tion of TPM4. The results showed that ectopic TPM4 restored
the FAK/PI3K/AKT pathway and strengthened the cytoskeleton
and completely discarded the effect of circASH2 (Fig. 4 [ and ).
A similar conclusion was reached when we deleted TPM4 in cir-
cASH2 knockdown cells, using the CRISPR/Cas9 system (Fig. 4
I and J). Furthermore, circASH2 inhibited cell adhesion, migra-
tion and invasion, which could be reversed by TPM4 manipula-
tion both in vitro and in vivo (S/ Appendix, Fig. S4 E-G).

Together, these epistasis analyses strongly suggested that cir-
cASH2 inhibits HCC cell adhesion and mobility by repressing its
downstream effector TPM4.

circASH2 Promotes mRNA Decay by Physically Connecting
TPM4 Transcripts. To dissect the mechanism by which circASH2
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Fig. 3. circASH2 impairs the cytoskeleton assembly in HCC. (A) Trypsin digestion assay on 4 HCC cell lines with circASH2 overexpression [linearASH2 (580 bp)
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bars, 1 cm.) (B) Cytoskeleton formation in Huh7 cells with circASH2 knockdown and HA22T cells with circASH2 overexpression was shown by phalloidin staining
of F-actin (red, 1:200, R.T., 10 min) and immunofluorescence of paxillin (green, 1:200, R.T., 1 h), while DAPI was used to stain the nucleus. (Scale bar, 10 pm.)
(Cand D) In vitro 3D invasion assays were performed using 4 HCC cell lines with circASH2 overexpression or knockdown. The representative pictures are shown
(0), and the diameter of the sphere was measured and analyzed (D, *P < 0.05, ***P < 0.001, unpaired Student's t test or one-way ANOVA test). (Scale bar, 100
um.) (E) Real-time capture of 4 HCC cell lines (circASH2 overexpression or knockdown) migration was performed on the xCELLigence System and Real-time Cell
Analysis (RTCA) Dual Purpose (DP) Instrument over 48 h. Data were processed by RTCA Software 2.0 (***P < 0.001, two-way ANOVA test). (F and G) Transwell
assays with 4 HCC cell lines (circASH2 overexpression or knockdown). Representative fields of the porous membranes are shown (F, scale bar, 100 pm), and cell
numbers per field are quantified (G, means + SD, **P < 0.01, and ***P < 0.001, unpaired Student's t test or one-way ANOVA test). (H) Trypsin digestion assay on
Huh7 cells with circASH2 knockdown (ASO-circASH2). Cells without (=) or with (+) trypsinization were fix-stained with crystal violet and photographed. (Scale bars,
1.cm.) (/) Transwell migration assays with circASH2 knockdown (ASO-circASH2) Huh7 cells. Representative fields of the porous membranes are shown. (Scale bar,
100 um.) (/) 3D invasive ability of circASH2 knockdown (ASO-circASH2) Huh7 cells was measured, and the representative pictures are shown. (Scale bar, 100 pm.)
(K) Cytoskeleton formation in Huh7 cells with circASH2 knockdown (ASO-circASH2) was shown by phalloidin staining of F-actin (red) and immunofluorescence
of paxillin (green), while DAPI was used to stain the nucleus. (Scale bar, 10 pm.)

regulates TPM4 expression, we first determined the subcellular
localization of circASH2 by FISH and nuclear—cytoplasm
fractionation. Although circASH2 is an exonic circRNA, a
predominant nuclear distribution of circASH2 was found in HCC
(Fig. 5 A and B). Meanwhile, Argonaute 2 (AGO2) RIP further
verified that circASH2 might not function as a miRNA sponge
(81 Appendix, Fig. S5A). Besides, circASH2 did not possess the
ability to encode a polypeptide (ST Appendix, Fig. S5B). Moreover,
considering that both TPM4 mRNA and protein were prohibited
by circASH2 (Fig. 4 Band E), we believed that a transcriptional or
posttranscriptional regulation on TPM4 is induced by circASH2.
However, comparable TPM4 promoter luciferase activity was
observed when circASH2 was modulated, implying that a
posttranscriptional regulation is more likely (Fig. 5C).

Recent studies suggest that N6-methyladenosine (m6A), a most
abundant mRNA modification, could cause mRNA instability,
while circRNA might influence this process (32, 33). Intriguingly,
we found that circASH2 indeed promoted TPM4 mRNA

PNAS 2023 Vol.120 No.30 2220296120

degradation; however, in an m6A-independent manner (Fig. 5D
and SI Appendix, Fig. S5C). According to our previous study, cer-
tain circRNA might function as a molecular scaffold, thereby
influencing the substrate’s stability (6, 27). Inspired by nucleus
localization of circASH2 (Fig. 5 A and B), we performed FISH
and identified a marked colocalization of circASH2 and TPM4
transcripts (Fig. 5E). Next, we tested possible physical interaction
between circASH2 and TPM4 transcripts. Biotin-labeled enrich-
ment assays indicated that circASH2 could combine with not only
TPM4 mRNA but also TPM4 pre-mRNA (Fig. 5F). These data
strongly delivered an idea that circASH2 could specifically target
TPM4 transcripts and disturb its stability.

Considering the consensus sequence of TPM4 mRNA and
pre-mRNA, we designed a truncation map and identified that the
deletion of the 3" UTR nucleotide fragment of TPM4 mRNA
(TPM44¥UTRy markedly impaired the interaction of TPM4
mRNA with circASH2, while the absence of CDS domain
(TPM4°“PS) also weakened the binding (Fig. 5G). RNA loops

https://doi.org/10.1073/pnas.2220296120
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levels of 12 candidates detected by RT-qPCR after overexpressing or silencing circASH2. TPM4 is highlighted with a red box. (C) A volcano map showing overall
changes in gene expression (up-regulated in the si-circASH2 group: orange points; down-regulated in the si-circASH2 group: green points), and TPM4 was one
of the most up-regulated genes both in circASH2 knock-down Huh7 and HCCLM3 cells (denoted by orange arrows). (D) Kaplan-Meier curves showing overall
survival of HCC patients from the TCGA cohort. Patients were separated by the expression level of TPM4, using the Gehan-Breslow test. () HCC cells with circASH2
overexpression or knockdown were analyzed for TPM4 expression and other related signaling by immunoblotting with the indicated antibodies (1:1,000, 4 °C,
overnight). GAPDH was used as an internal reference. (F) Representative fluorescence images showing the expression levels and locations of TPM4 (green, 1:200,
R.T., 1 h)and F-actin (red) after circASH2 overexpression or knockdown, while DAPI (blue) was used to stain the nucleus. (Scale bar, 10 um.) (G) Representative IHC
images of TPM4 (brown, 1:250, 4 °C, 2 h) in nontumor tissues, LI HCC tissues, and HI HCC tissues. The nuclei were labeled with hematoxylin (blue). (Scale bars,
200 um.) (H) Correlations between expression levels of circASH2 and TPM4 in HCC tissues (cohort 3). RNA levels were determined using RT-qPCR and normalized
to GAPDH. The r values and P values were calculated using Pearson correlation analysis. (/ and /) Reexpression of TPM4 markedly abolished circASH2-mediated
inhibition on the cytoskeleton, while knockout of TPM4 largely revoked the function of circASH2 (/) Immunoblots with indicated antibodies; (/, Up) Representative
fluorescence images of the cytoskeleton, (scale bar, 10 pm.) (Down) Quantitative analysis on the fluorescence photos by mean fluorescence intensity (means +

SD, ***pP < 0.001, one-way ANOVA test).

are known to be the key structure to mediate the RNA interactome
(34). Hence, we constructed a structural model of circASH2 with
the lowest free energy according to a previous described method
(6) (Fig. 5H and SI Appendix, Fig. S5D). Hairpins (HR) mutation
based on the predicted model revealed that HR 1, HR4, HR7,
and HRY are related to circASH2 combination (Fig. 5/). Mutation
of all these four HRs (circASH2 ™) completely suspended the
interaction between circASH2 and TPM4 mRNA (Fig. 5/) and
consequently attenuated the prodegradative effect induced by
circASH2 (Fig. 5 / and K). Foreseeably, circASH2"" ™ also lost
the capability of weakening cytoskeleton formation and adhesion
of tumor (Fig. 5L and SI Appendix, Fig. S5E). Meanwhile, accord-
ing to sequence analysis, four fragments of TPM4 mRNA
(AATCATTGT, ATTTAC, TTCTTTC, and TAATAT) were
required for interaction with HR1, HR4, HR7, and HR9, which
are majorly localized in 3" UTR regions (SI Appendix, Fig. S5F).

In general, these epistasis analyses markedly indicated that cir-
cASH2 physically binds to TPM4 transcripts and facilitates its

https://doi.org/10.1073/pnas.2220296120

degradation, which represents a circRNA-induced posttranscrip-
tional regulation.

The circASH2/hnRNP Complex Accelerates mRNA Degradation
via Nonsense-Mediated Decay (NMD). Since circASH2 directly
bound to TPM4 mRNA/pre-mRNA and possibly functioned as a
complex scaffold (25, 35-37), we supposed there should be other
functional cofactors to mediate TPM4 mRNA/pre-mRNA decay.
To prove our hypothesis, we successfully enriched circASH2 and
coisolated a number of its potential binding proteins for mass
spectrometry (MS) analysis (Fig. 64 and SI Appendix, Table S3).
Gene ontology analysis implied circASH2 combined proteins
notably related to mRNA splicing and stabilization (Fig. 6B).
Interestingly, a series of hnRNPs were identified in MS and further
verified by immunoblot (Fig. 6 A and Cand S/ Appendix, Fig. S6
A and B).

hnRNPs, including more than 20 major proteins (hnRNPAO-
hnRNPU), are the key parts of the spliceosome and responsible for
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Fig.5. circASH2 promotes mRNA decay by physically connecting TPM4 transcripts. (A) Subcellular localization of circASH2 (red) in Huh7 cells revealed by FISH.
Nuclei were labeled with DAPI (blue). (Scale bars, 10 pm.) (B) RT-qPCR detection of circASH2 from the indicated compartments of Huh7 cells and HCC tissues (n = 3).
GAPDH mRNA and U6 RNA were used as reference RNAs from the cytoplasm and nucleus, respectively. (C) Dual-luciferase reporter assay of the TPM4 promoter
(-2,000~0 bp) in si-NC and si-circASH2 HCC cells (n.s., not significant, unpaired Student's t test). The firefly luciferase activity is normalized to the Renilla luciferase
activity (firefly luciferase/Renilla luciferase) and presented as relative luciferase activity. (D) RT-qPCR detection of TPM4 mRNA in circASH2 overexpression or
knockdown HCC cells treated with 2 pg/mL actinomycin D for the indicated times. The dashed line shows the half-life of TPM4 mRNA (mean + SD, ***P < 0.001,
two-way ANOVA test). () Representative FISH images of circASH2 (red) and TPM4 transcripts (orange, 40 nM, 55 °C, 2 h) showing a marked colocalization of
them in Huh7 and HCCLM3 cells. DAPI (blue) was used to stain the nucleus. (Scale bars, 10 pm.) (F) The circRNA pulldown assay confirmed that circASH2 could
bind with TPM4 mRNA and TPM4 pre-mRNA (treated with 10 pM isoginkgetin for 48 h). mRNA/pre-mRNA of GAPDH and p-actin were used as a negative control.
(G, Top) Cartoon depicting the structure and sequence of TPM4 mRNA (including full-length transcript and 3 different truncations). (Bottom) TPM4-knockout
HCCLM3 cells were reconstituted with TPM4™, TPM425YR TPM44PS, and TPM44% VTR respectively. RT-qPCR was used to detect the circASH2-enriched TPM4
mMRNA levels in indicated cells (means + SD, *P < 0.05, ***P < 0.001 and n.s., not significant, unpaired Student's t test). (H) The predicted secondary structure and
HR (1 to 14, denoted by red circles) of circASH2 was made by Mfold 2.3 software. Meanwhile, a schematic illustration of circASH2 mutations used in this study
is shown. I. HA22T carrying indicated circASH2 plasmids (WT or HRmut) were used for detection of circASH2-TPM4 mRNA interaction. The enrichment level of
circASH2 coisolated by TPM4 mRNA pulldown was detected by RT-qPCR. (/) RT-qPCR detection of TPM4 mRNA in indicated HA22T cells treated with 2 pg/mL
actinomycin D for the indicated times. The dashed line shows the half-life of TPM4 mRNA (mean + SD, ***P < 0.001 and n.s., not significant, two-way ANOVA
test). (K) Endogenous TPM4 level and FAK activation in HA22T cells expressing WT or HRmut circASH2 were analyzed by immunoblots. GAPDH was used as an
internal reference. (L) The state of cytoskeleton in indicated HA22T cells was shown by phalloidin staining of F-actin (red) and immunofluorescence of paxillin
(green), while DAPI was used to stain the nucleus. (Scale bar, 10 pm.)

regulating splicing of freshly transcribed RNAs (38). A remarkable
combination between citcASH2 and hnRNPs implied that cir-
cASH2 might interfere TPM4 transcripts’ stability via splicing reg-
ulation. To prove this, we applied three mRNA splicing inhibitors
[Madrasin, isoginkgetin, and hinokiflavone] and found that TPM4
suppression induced by circASH2 is significantly attenuated, in a
dose-dependent manner (Fig. 6D and SI Appendix, Fig. S6C). In
most scenarios, mRNA that has undergone aberrant splicing tends
to enter the process of NMD instead of translation (39, 40) and
results in a rapid degradation of mRNA and suppression of the cor-
responding gene. To verify this, we blocked the NMD pathway by
specific inhibitors [e[F4A3-IN-1 and NMDI14] and found that
circASH2-induced TPM4 downregulation is impeded (Fig. 6£ and
SI Appendix, Fig. S6D). Furthermore, deletion of UPF1, the key
component of the NMD pathway (40), could lead to a similar con-
clusion (Fig. 6 Fand G).

PNAS 2023 Vol.120 No.30 2220296120

These data demonstrated that, in HCC cells, circASH2-induced
TPM4 downregulation relied on the pre-mRNA splicing and
NMD process, in which the hnRNPs complex functions as a key
regulator.

circASH2/hnRNP-Induced TPM4 mRNA Degradation Is YBX1
Dependent. MS analysis of the circASH2 interactome revealed
YBX1, awell-known RBP implicated in pre-mRNA splicing (16, 17)
and mRNA decay (17, 41, 42), ranked as the top circASH2-
binding protein (Figs. 64 and 7A4). YBX1 is one of the first
recognized prespliceosome associated proteins (43) which usually
functions coordinately with hnRNPs inside the nucleus (14, 15).
During splicing, YBX1 could function in recognition of a specific
sequence of pre-mRNA and recruit splicing factors (e.g., hnRNPs)
(19). To further illustrate the role of YBX1 in our model, we
conducted a series of experiments.

https://doi.org/10.1073/pnas.2220296120 7 of 12
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circASH2/hnRNP complex accelerates mRNA degradation via nonsense-mediated decay. (A) A diagram showing potential circASH2-binding proteins

identified by MS (listed in the order of unused value). hnRNPs are highlighted with red boxes. (B) Gene ontology (GO) analysis of circASH2-interacting proteins,
including molecular function (MF), biological process (BP), and cellular component (CC). (C) Three representative hnRNPs (nnRNPA1, hnRNPD, and hnRNPK) were
confirmed as circASH2-binding proteins by immunoblot analysis in Huh7 and HCCLM3 cells. (D) HA22T cells overexpressing circASH2 or control vector were
treated with Dimethylsulfoxide (DMSO), Madrasin (10 to 20 uM), isoginkgetin (5 to 10 pM), or hinokiflavone (5 to 10 pM) for 48 h. The endogenous TPM4 level
was probed, while GAPDH was used as an internal reference. (E) HA22T cells overexpressing circASH2 or control vector were treated with DMSO, elF4A3-IN-1
(5 to 10 pM), NMDI-14 (5 to 10 uM) for 48 h. The endogenous TPM4 level was probed, while GAPDH was used as an internal reference. (F) UPF1 was depleted
in HA22T cells, and circASH2-induced downregulation of endogenous TPM4 was assessed by immunoblot analysis. GAPDH was used as an internal reference.
(G) RT-gPCR detection of TPM4 mRNA at the indicated times in indicated HA22T cells treated with 2 pg/mL actinomycin D. The dashed line shows the half-life of
TPM4 mRNA (mean + SD, ***P < 0.001 and n.s., not significant, two-way ANOVA test).

First, we confirmed the interaction of circASH2 and YBX1 by
circRNA-pulldown immunoblot (Fig. 78), RNA immunoprecipi-
tation  (S] Appendix, Fig. S7TA) and colocalization staining
(81 Appendix, Fig. S7B). Second, YBX1 knockout completely sus-
pended the connection between circAHS2 and several major
hnRNPs, suggesting that YBX1 is necessary for circASH2-hnRNPs
complex assembly (Fig. 7C). Third, YBX1 immunoprecipitation
successfully enriched TPM4 mRNA/pre-mRNA, and such enrich-
ment was impaired after circASH2 knockdown (Fig. 7D). Fourth,
YBX1, circASH2, and TPM4 transcripts strictly overlapped in the
staining image of the HCC nucleus (Fig. 7E). Finally, deletion of
YBX1 completely abrogated the biological effects of the circASH2/
TPM4 axis on HCC cells, including the cytoskeleton and cell adhe-
sion (Fig. 7 Fand G and SI Appendix, Fig. S7 C and D). It should
be noted that deletion of YBX1 up-regulated the TPM4 protein level
in HCCLMS3 but failed to do so in low-circASH2 ones (HA22T,
Figs. 1D and 7F). Meanwhile, the protein level and subcellular local-
ization of YBX1 remained intact after modulating circASH2
(SI Appendix, Fig. S7 E and F).

To furt}aller' deta}l thehinteraction mechanisrﬁ, l\”‘Nektc{un_cated YBX1
as YBXlA anine/proline-rich domain (APD)’ YBXlAco shock domain (CSD)’ and

YBX | ACerminal domain (CID) Ny i dentified that the CSD fragment was
necessary for circASH2 binding (Fig. 7H and SI Appendix, Fig. S7G).
Meanwhile, interaction simulation implied that YBX1 and TPM4
bound to the allopatric region of circASH2, respectively (ST Appendix,
Figs. S5F, S7H, and S71). Moreover, mutation on predicted binding
sites of circASH2 (circASH2"®*™) not random mutation (cir-
cASH2™™! and circASH2™"*™, the same number of bases distant
from the predicted binding site are mutated), impaired the connec-
tion with YBX1, in vivo and in vitro (Fig. 7 /and /). Similarly, cir-
cASH2YBXI™U 3150 led to circASH2 function loss (Fig. 7 K'and L
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and S/ Appendix, Fig. S7)). Further mapping of the circASH2
mutant fragment indicated that 61 to 64 nt, 80 to 84 nt, and 526
to 530 nt regions of circASH2 were indispensable for YBX1 binding
(Fig. 7M and SI Appendix, Fig. S7K).

The above-mentioned data demonstrated YBX1 featured in
the circASH2/hnRNPs/TPM4 axis and, according to the YBX1
knockout assay (Fig. 7C) and in vitro binding assay between
recombinant YBX1 and circASH2 (Fig. 7K), we believed that
circASH2 directly interacted with YBXI, followed by recruiting
hnRNP:s to form a functional complex to regulate TPM4 tran-
script splicing.

Intranuclear YBX1 Undergoes LLPS. A very recent publication
reported that certain protein would concentrate on specific mRNA
via LLPS and regulate its translation (44). On the other hand,
hnRNPs are closely related to LLPS (45). In our study, we noticed
that YBX1 formed obvious puncta (dia. >0.5 um) and overlapped
with circASH2 and TPM4 transcripts in the nucleus (Fig. 7£ and
SI Appendix, Fig. S7B). Therefore, we wondered whether such
concentrating puncta were induced by LLPS.

According to previous reports, IDRs could be one of the deci-
sive factors to mediate LLPS (21). By analyzing the YBX1 protein
sequence, we found that CTD of YBX1 is highly disordered, both
for a disorder score and a prion-like domain (PrLD) score
(PrD-like, one of the most typical disorder sequences, Fig. 84 and
SI Appendix, Table $4). Next, we expressed YBX1 s FD_GEp,
YBX12*"P_GFP, and YBX14“'P _.GFP ectopically based on the
disorder score in HCC cells (S Appendix, Fig. S84), and the
results showed YBX1 condensate in the nucleus observed in the
YBX1""-GFP and YBX1**"°-GFP groups but disappeared in the
YBX1%“™P _GFP group (Fig. 88 and SI Appendix, Fig. S8B).
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Fig.7. circASH2/hnRNP-induced TPM4 mRNA degradation is YBX1-dependent. (A, Left) circASH2-binding proteins purified by circASH2 pulldown were separated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by silver staining. The indicated protein bands (denoted by the red box)
were cut from gel and used for mass spectrometry (MS) analysis. (Right) Several YBX1 peptide fragments were identified by MS. (B) Detection of endogenous
YBX1 following circASH2 pulldown from Huh7 and HCCLM3 cells, while circPABPC1 was used as a negative control. (C) Immunoblot analysis showed that
YBX1 KO impeded the interaction between circASH2 and hnRNPs (represented by hnRNPA1, hnRNPD, and hnRNPK) in HCCLM3 cells. (D) RT-gPCR was applied
for detection of endogenous TPM4 transcripts immunoprecipitated with YBX1 (1:100, 4 °C, overnight), while circASH2 knockdown can weaken the efficiency
(**P < 0.01, and ***P < 0.001, unpaired Student’s t test). (E) circASH2 FISH (red), TPM4 transcripts FISH (orange), and anti-YBX1 immunofluorescence (green,
1:200, R.T., 1 h) staining showing colocalization of these three molecules (arrowheads) in Huh7 and HCCLM3 cells. Nuclei were labeled with DAPI (blue). (Scale
bars, 10 pm.) (F) HCC cells with or without YBX1 KO were transduced with the circASH2 vector (HA22T) or si-circASH (HCCLM3). TPM4 expression was determined
by immunoblot analysis, while GAPDH was used as an internal reference. (G) Cytoskeleton formation of indicated HCC cells was shown by phalloidin staining of
F-actin (red) and immunofluorescence of paxillin (green), while DAPI was used to stain the nucleus. (Scale bar, 10 pm.) (H, Top) Cartoon depicting the structure
and sequence of YBX1-3xFlag. (Bottom) Huh7 cells were transduced with YBX1™-3xFlag, YBX14/PP-3xFlag, YBX14“P-3xFlag, and YBX14‘"°-3xFlag, respectively.
Immunoblot analysis was used to detect the YBX1-3xFlag enriched by circASH2 pulldown. () HA22T cells were transduced with circASH2"T, circASH2Y8¥1mut
(mutation in the YBX1-binding site), or 2 random-mutant circASH2 (the mutation sites were distant from the YBX1 binding site), respectively. Immunoblot
analysis was used to detect endogenous YBX1 enriched by circASH2 pulldown. (J) For the in vitro binding assay, 2 ng recombinant YBX1-His was incubated with
circASH2™T, circASH2"™ 1™ or 2 random-mutant circASH2 (purified from HA22T cells overexpressing different types of circASH2 and immobilized on 20 pL
beads), respectively. After coincubation, the beads were magnetically separated and washed 5 times with wash buffer. circASH2-bound YBX1-His was detected
by immunoblots. (K) The endogenous TPM4 level and FAK activation in HA22T cells expressing circASH2"" or circASH2"®'™ were determined by immunoblot
analysis. (L) Cytoskeleton formation in indicated HA22T cells was shown by phalloidin staining of F-actin (red) and immunofluorescence of paxillin (green), while
DAPI was used to stain the nucleus. (Scale bar, 10 pm.) (M) HA22T cells were transduced with circASH2"", circASH2YB¥'™Ut circASH28™%4m1t circASH279-84mut
CircASH2%194MU and circASH2327231™ respectively. RT-qPCR was used to detect the circASH2 enriched by anti-YBX1 immunoprecipitation.

Also, we dynamically observed that two YBX1 puncta coalesced  disrupted by 1,6-hexanediol (S Appendix, Fig. S8F). Consistently,
into a larger one (Fig. 8C and SI Appendix, Fig. S8C), indicating the CTD fragment was also indispensable for LLPS of YBX1
that YBX1 puncta possesses the liquid-like property. A similar  in vitro (Fig. 8F). To further verify the liquid-like properties of
LLPS feature was obtained by fluorescence recovery after pho-  these condensates, we performed a FRAP assay, confirming that
tobleaching (FRAP) (Fig. 8D and SIAppendix, Fig. S8D).  photobleaching the YBX1-GFP droplets resulted in a rapid recov-
Additionally, 1,6-hexanediol, a LLPS inhibitor, led to disassembly ery of fluorescence within 4 min (Fig. 8G). In addition, the
of YBX1 puncta (8] Appendix, Fig. S8E). These findings suggested orthogonal experiment indicated that an increased YBX1 concen-
that YBX1 undergoes LLPS in vivo. tration and proper NaCl concentration promoted droplet forma-

Next, we purified YBX1-GFP from stable transfected cellsand ~ tion, in which YBX1 started to form liquid-like droplets at 2 uM
performed phase separation assays with polyethylene glycol 8000  (Fig. 8 and S/ Appendix, Fig. S8G).

(PEG8000, a molecular crowding agent). As expected, YBX1-GFP Opverall, these results suggested that YBX1 could undergo LLPS
formed droplets over time in vitro (Fig. 8£), which was also both in vivo and in vitro. Importantly, the CTD fragment of
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Fig. 8. Intranuclear YBX1 undergoes LLPS enhanced by circASH2 and is indispensable for circASH2 signals. (A) Intrinsically disordered region (IDR) prediction of
YBX1. (Top) Predictions of prion-like domains (PrLDs) and disordered regions. (Bottom) Schematic illustration of YBX1 structural domains. (B) Huh7 cells transfected
with YBX1P-GFP, YBX1°“™°-GFP, or YBX1"*"P-GFP were analyzed by confocal microscopy. Representative pictures are shown. (Scale bar, 10 um.) (C) Time-series
fluorescence microscopy analysis of YBX1-GFP puncta in Huh7 cells. The Bottom row shows a zoom-in view of two fusing puncta. [Scale bar, 10 pm (Top) and
2 um (Bottom).] (D, Left) Representative micrographs of YBX1-GFP puncta before and after photobleaching in Huh7 cells. (Scale bar, 10 pm.) (Right) Quantification
of fluorescence intensity recovery in the bleached region of YBX1 puncta. (F) Small droplets fused into larger ones over time in vitro. (Scale bar, 5 pm.) (F) Phase
separation assay of truncation mutants of YBX1 in vitro. The YBX1™-GFP and YBX1““*®-GFP phase separated into liquid-like droplets, whereas YBX1““"°*A">_GFp
and YBX1““"°-GFP failed. (Scale bar, 5 pm.) (G, Left) Representative micrographs of YBX1-GFP puncta before and after photobleaching in vitro. (Scale bar, 2 pm.)
(Right) Quantification of fluorescence intensity recovery in the bleached region of YBX1 puncta. (H) Representative fluorescent images of phase separation
behaviors of different concentrations of purified YBX1-GFP in different concentrations of NaCl (with 5% PEG8000). (Scale bar, 5 pm.) (/, Left) Representative
fluorescent images of YBX1-GFP in control and circASH2-silenced HCC cells. (Scale bar, 10 pm.) (Right) Quantification of YBX1-GFP puncta number in control and
circASH2-silenced HCC cells (mean + SD, **P < 0.01 and ***P < 0.001, unpaired Student's t test). (/) In vitro phase separation of purified YBX1-GFP with or without
addition of 50 ng/uL different kinds of RNAs. circPABPC1 and tRNA were used as a negative control. (Scale bar, 5 pm.) (K) In vitro phase separation of purified
YBX1-GFP with 50 ng/uL circASH2 with or without addition of 20U RNaseA or 20U RNaseR. (Scale bar, 5 um.) (L) In vitro phase separation assay showing that
circASH2 promotes YBX1 LLPS in a dose-dependent manner. (Scale bar, 5 pm.) (M) In vitro phase separation assay showing that circASH2"" facilitates YBX1"'-
GFP, instead of YBX1““™°-GFP, phase separation, whereas circASH2"®™ |oses the function. (Scale bar, 5 um.) (N) YBX1-KO HCC cells (HCCLM3 and HA22T) were
reconstituted with YBX1™, YBX1°**?, YBX1°“P, and YBX1°“"°, respectively. Inmunoblots were used to detect the endogenous TPM4 level in the indicated cells.

YBX1, as a highly disordered region, is indispensable for such a (Fig. 8K). Meanwhile, the orthogonal experiment demonstrated a
biological process. positive correlation between the circASH2 concentration and droplet
formation of YBX1 (Fig. 8L and SI Appendix, Fig. S81). Finally,
YBX1-LLPS Is Enhanced by circASH2 and Is a Prerequisite of  such enhancement could be eliminated by cither circASH2YBXImue
circASH2 Signals. It has been reported that RNAs could participate  or YBX1*“*°-GFP (Fig. 8M and ST Appendix, Fig. S81).
in LLPS-related events (22, 23). Our data indicated that circASH2 Then, we investigated whether YBX1-LLPS is the require-
specifically colocalized with YBX1 condensates (Fig. 7F and  ment for circASH2-induced s_iﬁgnals and function. We con-
SI Appendix, Fig. S7B), and we logically investigated whether structed and reexpressed YBX1* -Flag, YBXIAAPD—Flag (retains
circASH2 regulated YBX1-LLPS. In vivo, we found that YBX1 the ability to occur LLPS as well as to combine with circASH2),
puncta formation was attenuated in circASH2 knockdown cells YBX14¢ -Flag (cannot bind to circASH2), and YBXIACTD—Flag
(Fig. 81), while overexpressed circASH2 increased YBX1 puncta (loses the ability to occur LLPS) in YBX1-KO HCC cells,
and circASH™™ failed to do so (S/ Appendix, Fig. S8H). respectively. The result indicated that only when YBXIretains
In vitro, circASH2YBX1-GFP was coincubated with circASH2, the ability to occur LLPS and to combine with circRNA could
circPABPC1, and tRNA, respectively, and only circASH2 successfully  circASH2 suppress TPM4 expression (Fig. 8 V). Consistently,
promoted YBX1 condensation formation (Fig. 8/). Moreover, such ~ HCC cytoskeleton staining and digestion assay verified that
enhancement could be prohibited by RNase A, not RNase R, =~ YBXI1-LLPS is a prerequisite of circASH2-induced signals
suggesting that YBX1 droplet formation was facilitated by cirtcRNA (87 Appendix, Fig. S8 K and L).

100f 12 https://doi.org/10.1073/pnas.2220296120 pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2220296120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220296120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220296120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220296120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220296120#supplementary-materials

Collectively, circASH2 could accelerate the occurrence of YBX1
LLPS both in vivo and in vitro, which is also essential for the
transmission of the circASH2-TPM4 signals.

Discussion

Metastasis is responsible for most of cancer-related deaths,
which is a multistep process and requires dramatic remodeling
of the cytoskeleton (4). Cells could communicate with the exter-
nal environment through the cytoskeleton, thereby receiving
external signals and guiding behaviors such as pseudopodia
formation, migration, and invasion (5). Once the state of the
cytoskeleton is changed, the conduction of various signaling
pathways would be affected, such as the FAK-PI3K-AKT path-
way, Hippo-YAP/TAZ pathway, Rho pathway, etc (7). For
instance, the cytoskeleton directly regulates the interaction
between integrins and ECM, followed by affecting the phos-
phorylation state of FAK (7). Then, phosphorylated FAK could
drive downstream signaling cascades, such as the PI3K-AKT
pathway observed in our model. As one of the major cytoskeletal
networks, the actin cytoskeleton is the collection of F-actins
with their accessory and regulatory proteins (e.g., TPM4)
(10, 46), functioning as primary force-generating machinery in
cells (47). In this study, we identified TPM4 as an oncoprotein
that promoted HCC metastasis by stabilizing the actin
cytoskeleton.

Subcellular localization of circRNAs is a cue for finding their
function and mediated mechanism (25). Generally, circRNAs con-
taining intron-derived sequences prefer to localize in the nucleus,
whereas exonic circRNAs are largely localized to the cytoplasm
(48,49). Recent studies already demonstrated that exonic circRNAs
could also function in the nucleus (50-52). In our study, circASH2
was mainly located in the HCC nucleus and interacted with several
critical RBPs to modulate mRNA/pre-mRNA splicing. Considering
YBX1 enriched more in the cytoplasm, circASH2-induced LLPS of
nuclear YBX1 is more specific and informative for future research.
Meanwhile, how exonic circRNAs enriched in the nucleus or shut-
tled to the cytoplasm remains unclear. According to Huang et al.,
deletion of Drosaphila DExH/D box helicase (Hel25E) could lead
to nuclear accumulation of long (>800 nt) circRNAs, suggesting that
the length might be one of the determinants (53). Another case is
mitochondria-encoded circRNAs (mecciRNAs), which were tran-
scribed and largely accumulated in mitochondria (a portion could
be exported to cytosol) (54). Although evidence suggests that PNPase
might participate in mecciRNA-related transportation (54), further
study is still urgently needed. Overall, distribution and transporta-
tion of circRNA are not well investigated yet and require more
attention.

Intracellular mRNA homeostasis is essential for cell survival and
function, among which NMD is one of the best characterized and
most evolutionarily conserved mechanisms (40). Basically, mRNAs
harboring a premature termination codon (PTC) are selectively
degraded by NMD (39, 40). In our study, we found that specific
inhibitors or UPF1 deletion could suspend circASH2-induced
signal, indicating that NMD should be the way out of modulated
TPM4 transcripts. Whether circASH2-YBX1-hnRNPs induced a
PTC in TPM4 transcripts is worth further study. Besides, NMD
prefers to influence mRNAs with an unusually long 3" UTR
(>1,000 bp) (40). Therefore, major TPM4 transcripts that naturally
owned a long 3’ UTR (>1,600 bp) could be one of the reasons for
its NMD-related degradation, and circASH2-induced splicing
might be able to enhance such a scenario. Among the hnRNDPs,
hnRNP L was the one that mostly correlated with NMD, according
to recent publications (55). Generally, hnRNP L could protect
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mRNAs from NMD degradation, especially in tumors (55). In our
study, a bunch of hnRNPs was identified to interact with circASH2.
Although there is a lack of direct evidence in other hnRNPs-NMD,
hnRNP-induced splicing events, such as alternative splicing, are
very likely followed by NMD or alternative splicing coupled to
NMD.

In this study, circASH2 functions as a scaffold to assemble
YBX1, hnRNPs, and TPM4 transcripts to form a complex and
lead to TPM4 transcripts’ decay. An intriguing question is whether
such a complex was TPM4 transcript specific. According to immu-
nofluorescence experiments of YBX1, only nuclear YBX1 was
distributed in several locations, while the cytoplasmic one was
widely spread. With the almost perfect colocalization of circASH2,
YBX1, and TPM4 transcripts, we believed that circASH2 induced
a very specific regulation of TPM4 here. This also provided a
possibility for other circRNAs to modulate such regulation in
different genes, through a similar complex (YBX1/hnRNDPs) or a
diverse one.

Intracellular LLPS provides an explanation for how a cell effi-
ciently organizes various molecules to perform a specific reaction
or activity, in a temporal and spatial manner. LLPS participates in
many cellular processes and in cancer research; accumulated evi-
dence indicates that LLPS participated in various tumor biological
processes (20, 56). RBPs, such as YBX1, are prone to undergo
LLPS (57). We first reported that intranuclear YBX1 could
undergo LLPS, and more importantly, this process was promoted
by circASH2. Similarly, Long noncoding RNA (IncRNA) has also
been reported to mediate LLPS in certain circumstances (23). In
our model, phase separation strengthened the concentration of
YBX1 in the TPM4 transcript region and logically enhanced
YBX1/hnRNP complex—mediated editing. Moreover, we dissected
the mechanism detail of YBX1-LLPS in our study, including the
necessary fragment of YBX1 for LLPS and possible function for
downstream cellular behaviors. These results highlighted our
findings and provided insights for deep cancer mechanism
dissection.

circRNA-based research has reached a very significant achievement
over the past decade (25). In cancer biology, circRNAs serve as tumor
suppressors or oncogenic drivers through various mechanisms (26).
Here, we revealed that circASH2, a nuclear circRNA, was
down-regulated in HCC, which conforms to the knowledge that
cancer cells often exhibit a reduction in global circRNA abundance
(25). More importantly, circASH2 remodeled tumor cytoskeleton
via suppressing TPM4 and exerts a significant antimetastatic activity
in vivo and in vitro. Mechanistically, circASH?2 facilitates the LLPS
of nuclear YBX1 and targets TPM4 transcripts by assembling a com-
plex with hnRNPs. Such a circRNA/YBX1/hnRNP complex inter-
fered TPM4 transcript splicing and led to its accelerated degradation
(SI Appendix, Fig. S9). Our research provided a circRNA-induced
tumor regulation mechanism, which linked cytoskeleton, mRNA
splicing, and LLPS together. With more confidence for
circRNA-related drug development (58), we believed that our study
would benefit liver cancer treatment in the future.

Materials and Methods
Details of this section are included in S/ Appendix, Materials.

Data, Materials, and Software Availability. RNA-seq data and circRNA
microarray data have been deposited in the Gene Expression Omnibus (GEO)
under accession number GSE236039 (59) and GSE235991 (60), respectively.
All other study data are included in the article and/or S| Appendix.
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