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Pancreatic cancer is among the most challenging tumors to
treat, and due to its immune tolerance characteristics, existing
immunotherapy methods are not effective in alleviating the dis-
ease. Oncolytic virus therapy, a potential new strategy for treat-
ing pancreatic cancer, also faces the limitation of being ineffec-
tive when used alone. Elucidating the key host endogenous
circular RNAs (circRNAs) involved in M1 virus-mediated
killing of pancreatic ductal adenocarcinoma (PDAC) cells
may help overcome this limitation. Here, we report that the on-
colytic virus M1, a nonpathogenic alphavirus, exhibits different
cell viability-inhibitory effects on different pancreatic cancer
cells in the clinical stage. Through high-throughput circRNA
sequencing, we found that circRNA expression varies among
these cells. Further gain-of-function and loss-of-function ex-
periments have shown that circ-1584 can selectively enhance
the anti-pancreatic cancer effects of the M1 virus in vitro and
in vivo. Additionally, circ-1584 may negatively regulate miR-
578 to modulate the anti-pancreatic cancer effects of the M1 vi-
rus. Our findings lay the foundation for using circRNA as an
adjuvant to enhance the M1 virus efficacy against pancreatic
cancer.

INTRODUCTION

Pancreatic cancer ranks among the top 10 cancers in terms of both
incidence and mortality, with a mortality incidence ratio approaching
1."* The 5-year survival rate in the United States is approximately
13%, while in China it is only 7.2%." Pancreatic ductal adenocarci-
noma (PDAC) accounts for over 90% of exocrine pancreatic cancers,
making it the most common form of pancreatic cancer.” Following
surgical treatment, the remission rate for PDAC patients using cur-
rent radiotherapy and chemotherapy drugs is less than 10%, and these
patients are prone to drug resistance.’ Being the most immuno-resis-
tant type of tumor, PDAC does not benefit from immunotherapy,
except for less than 1% of patients with microsatellite instability-
high tumors who respond to US Food and Drug Administration
(FDA)-approved immunotherapy.® Due to the recalcitrant nature

of PDAGC, it is essential to identify new therapeutic targets and
develop specific drugs for pancreatic cancer.

As an emerging immunotherapy modality, oncolytic viruses (OVs)
can specifically replicate within tumor cells, lyse them, and induce tu-
mor-specific inflammatory responses, potentially overcoming PDAC
immune tolerance.” Currently, the OV T-VEC (talimogene laher-
parepvec)’ for melanoma and Delytact'® for malignant glioma have
been clinically approved, but no significant control effect on PDAC
has been reported.'”'* The OV M1, a nonpathogenic alphavirus,
has obtained orphan drug designation from the FDA. It is currently
undergoing a series of anti-tumor clinical trials in patients with solid
tumors (ClinicalTrials.gov: NCT06046742, NCT04665362, and
NCT06368921). The M1 virus has shown potential for PDAC therapy
both alone and in combination with other treatments.'*™'> The M1
virus does not kill all pancreatic cancer cells,'*'* and the reasons
for this inconsistent cytotoxicity are not well understood. The under-
lying mechanisms require further investigation.

Circular RNAs (circRNAs) are covalently closed endogenous biomol-
ecules in eukaryotes, classified as non-coding RNAs, and play roles in
regulating various diseases.'™"” circRNAs also regulate the progres-
sion of PDAC; for example, circRTN4 promotes the elevation of
oncogenic IncRNA HOTTIP expression by adsorbing miR-497-5p,
promotes epithelial-mesenchymal transition transformation of
PDAC cells, and accelerates PDAC progression.'® Other circRNAs
include circSLIT2" and

that promote PDAC progression
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circFOXK2,%° while circNFIB1,2! hsa_circ_001587,> and circ_
0047744, among others, can inhibit the progression of PDAC.**
circRNAs are involved in innate immune responses.”” circRNAs
can induce antiviral immune responses to inhibit viral infections;
conversely, viral infections can lead to the generalized degradation
of circRNAs.*® The circRNA AIVR promotes the expression of
CREB binding protein by adsorbing miR-330-3p, inducing the pro-
duction of interferon B, and ultimately inhibiting vesicular stomatitis
virus (VSV) infection.”” On the contrary, after VSV infects host cells,
viral RNA competitively binds to NF90/NF110, resulting in reduced
expression of circPOLR2A and circDHX34.”® Overexpression of
circRNAs may also promote the replication of viruses in host cells;
for instance, circ_0050463 overexpression promotes the replication
of influenza A virus in A549 cells,”’ and circPSD3 enhances the repli-
cation of Hepatitis C Virus and dengue virus in infected host cells.”
Due to the complex interactions between viruses and circRNAs, host
endogenous circRNAs may be key elements for the OV M1 to func-
tion in PDAC cells.

In this study, we observed that the M1 virus exhibited different cell
viability inhibition effects on different human pancreatic cancer cells,
with circRNA expression varied between BxPC-3 and Hs 766T cells.
circRNA sequencing (circRNA-seq) revealed a general reduction in
intracellular circRNAs following M1 virus infection. A large number
of differentially expressed circRNAs were identified in M1 virus-in-
fected Hs 766T cells and BxPC-3 cells, among which circ-1584
became a key circRNA for the M1 virus to inhibit PDAC cell viability.
Overexpression of circ-1584 enhances the inhibition of the viability of
the M1 virus against CFPAC-1 and Hs 766T cells and promotes repli-
cation of the M1 virus in these cells. Moreover, intratumoral injection
of a circ-1584-overexpressing lentivirus has been shown to enhance
the anti-tumor effect of the M1 virus in vivo, indicating that circ-
1584 can be used as an adjuvant to boost the antitumor efficacy of
the M1 virus. circ-1584 can directly bind to miR-578, inhibit the
expression of miR-578, and thereby affect the expression of down-
stream genes such as CLCN6, ZNF117, HABP4, and RARB to posi-
tively regulate the function of the M1 virus in pancreatic cancer.
This study provides a detailed understanding of the roles of circRNAs
in treating PDAC with the OV M1 virus and offers novel insights to
enhance the oncolytic effect of the M1 virus in PDAC by overexpress-
ing circ-1584.

RESULTS

The M1 virus has different inhibitory effects on the viability of
different pancreatic cancer cells

We tested the viability of eight human pancreatic cancer cell lines
(BxPC-3, MIA PaCa2, HPAC, PK-59, Hs 766T, SW1990, CFPAC-1,
PANC 10.05) after 48 h of treatment with various titers of M1 virus.

As shown in Figure 1, the M1 virus exhibits different levels of cell
viability inhibition against different pancreatic cancer cell lines. The
half maximal inhibitory concentration (ICsy) values were less than
10 MOI (multiplicity of infection) in BxPC-3, MIA PaCa2, HPAC,
and PK-59 cells, while those with ICs, values greater than 20 were
Hs 766T, SW1990, CFPAC-1, and PANC 10.05 cells (Figure 1A).
Based on these results, we classified BXPC-3, MIA PaCa2, HPAC,
and PK-59 as MI-sensitive pancreatic cancer cells, while Hs 766T,
SW1990, CFPAC-1,and PANC 10.05 were classified as M 1-insensitive
pancreatic cancer cells. We further analyzed the amount of M1 viral
genome by detecting the expression of the nonstructural gene NSI.
The results showed that, after being infected with the same titer of
M1 virus, the viral genomes present differently in different pancreatic
cancer cells (Figure 1B). Moreover, we detected the viral titer in the
culture medium, which provides a more accurate reflection of M1 vi-
rus infection and replication than measuring the expression of the M1
virus gene NS1 in cells. We collected the cell culture supernatant 72 h
post infection with the M1 virus and detected the viral titer in BHK-21
cells. Following M1 virus infection, the viral titer in the supernatant of
MI1-sensitive BxPC-3, MIA PaCa2, and PK-59 cells was elevated (Fig-
ure 1C). At the same time, we performed a correlation analysis be-
tween the viral titer and the area under the cell viability curve
(AUCQ), revealing that higher viral titers were associated with smaller
AUC values, indicating that cell viability inhibition was due to viral
replication (Figure 1C).

A large number of differentially expressed circRNAs in BxPC-3
and Hs 766T cells after M1 virus treatment

To evaluate whether circRNAs play an important role in the effect of
M1 virus on inhibiting PDAC cell viability, we treated BxPC-3 cells
(an M1-sensitive pancreatic cancer cell line) and Hs 766T cells (an
MIl-insensitive pancreatic cancer cell line) with 1 MOI M1 virus, fol-
lowed by circRNA high-throughput sequencing (Figures 2A and 2B).
Compared to BxPC-3 cells, Hs 766T cells exhibited a large number of
differentially expressed circRNAs, with 557 downregulated and
410 upregulated. Compared to M1 virus-infected BxPC-3 cells, 319
circRNAs were downregulated and 194 circRNAs were upregulated
in M1 virus-infected Hs 766T cells. Comparing M1 virus-infected
and uninfected BxPC-3 cells, 179 circRNAs were downregulated,
and 105 circRNAs were upregulated. In Hs 766T cells, 176 circRNAs
were downregulated, and 72 circRNAs were upregulated (Figure 2C).
The differential circRNAs are distributed across all chromosomes but
are most abundant on chromosomes 1 and 2 (Figure 2A). The length
of circRNA transcripts is mainly concentrated around 500 bp
(Figure 2B).

We first selected circRNAs that were differentially expressed between
BxPC-3 and Hs 766T cells as well as between M1 virus-infected

Figure 1. Pancreatic cancer cells respond differently to M1 virus treatment

(A) After M1 virus infection of pancreatic cancer cells at different titers for 48 h, the viability was detected by MTT assay. (B) After 48 h of M1 virus infection, expression of the M1
virus gene NS1 in pancreatic cancer cells was detected by gPCR. Each type of cell not infected with the M1 virus was used as a CTL, with the expression of NS1 normalized to
1; values less than 0.0001 were normalized as 0.1. (C) Top: viral titers in the supernatant of pancreatic cancer cell culture medium after M1 virus infection were detected.
Bottom: correlation analysis of viral titer and AUC. Data are presented as means + SD (*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001).
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BxPC-3 and M1 virus-infected Hs 766T cells, resulting in a total of
230 circRNAs. We then intersected these 230 circRNAs with those
differentially expressed in BxPC-3 vs. M1_BxPC-3 (sensitive) and
Hs 766T vs. M1_Hs 766T (insensitive), resulting in 15 circRNAs
(Figure 2D; Table S1). We then verified the expression of these 15
circRNAs in BxPC-3, M1 virus-infected BxPC-3, Hs 766T, and M1
virus-infected Hs 766T cell samples (Figures 3A and S1). Only the
expression of circ-1584 (hsa_circ_0031584) was consistent with the
sequencing results, showing higher expression in BxPC-3 cells and
a significant decrease after M1 virus treatment. Additionally, circ-
1584 expression was higher in MI virus-infected BxPC-3 cells
compared to M1 virus-infected Hs 766T cells (Figure 3A).

Moreover, the back-splicing junction of circ-1584 was verified by
Sanger sequencing (Figure 3B). Using 1% agarose gel electropho-
resis, we detected the PCR products of BxPC-3 genomic DNA and
c¢DNA and found that only cDNA could detect circ-1584 using
divergent primers (Figure 3B). After treating RNA with RNase R,
the expression of circ-1584 did not reduce, unlike the relative linear
RNA ARHGAP5 (Figure 3B). This evidence indicates that circ-1584
is a stable circRNA. Then, we examined circ-1584 expression in eight
pancreatic cancer cell lines and found that, excluding Mia PaCa2,
circ-1584 expression was higher in the sensitive cells (BxPC-3,
HPAC, and PK-59) compared to the four less sensitive cell lines (Fig-
ure 3C). The expression levels of circ-1584 were reduced in these
pancreatic cancer cells infected with the M1 virus, except for except
for MIA PaCa2.

These results suggest that circ-1584 may be involved in the regulation
of M1 virus inhibition of pancreatic cancer cell viability.

circ-1584 potentiates the viability inhibitory effect of the M1 virus
on pancreatic cancer cells

To validate the role of circ-1584 in M1 virus inhibition of PDAC cell
viability, we utilized small interfering RNA (siRNA) knockdown of
circ-1584 expression and overexpression of circ-1584 using an over-
expression plasmid. In the BxPC-3 and PK59 cell lines, which were
sensitive to the M1 virus, knockdown of circ-1584 significantly
reduced the cell viability mediated by the M1 virus as well as expres-
sion of the M1 virus nonstructural gene NS1 and the M1 virus struc-
tural protein E1 (Figures 4A and 4C). We also overexpressed circ-
1584 in BxPC-3 cells and found that overexpression of circ-1584
increased M1 viral replication and M1-mediated cell viability inhibi-
tion (Figure S2A). On the other hand, in the Hs 766T and CFPAC-1
cell lines, which were resistant to the M1 virus, overexpression of circ-
1584 significantly increased inhibition of cell viability by the M1 virus,
along with a significant increase in the expression of the NS1 gene and
E1 protein (Figures 4B and 4D). After knocking down circ-1584 in Hs
766T and CFPAC-1 cells, there was a significant reduction in the

expression of the M1 virus gene NS1 and protein E1 within the cells,
but this did not diminish the cell viability-inhibitory effect of the M1
virus on these cells (Figures S2B and S2C). The reason may be that the
M1 virus itself does not exert an inhibitory effect on the viability of Hs
766T and CFPAC-1 cells. After BxPC-3, Hs 766T, PK-59, and
CFPAC-1 cells were treated with circ-1584 siRNA or plasmids for
24 h and then infected with the M1 virus for 72 h, the supernatant
of the cell culture medium was harvested, and the viral titer was de-
tected. The results, consistent with Figures 4A-4D and S2A-S2C,
demonstrated that overexpression of circ-1584 significantly increased
the viral titer of the M1 virus, while knockdown of circ-1584 signifi-
cantly reduced the viral titer (Figures 4E and S2D).

To determine whether the enhanced M1 viral replication in pancre-
atic cancer cells affects the oncoselectivity of the M1 virus in non-ma-
lignant pancreatic ductal cell lines, we overexpressed circ-1584 in
HPDEG6-C7 cells, a normal human pancreatic ductal epithelial cell
line in which the M1 virus does not inhibit cell viability (Figure S3A).
Neither overexpression nor knockdown of circ-1584 in HPDE6-C7
cells increased the inhibitory effect of the M1 virus on cell viability
(Figures S3B and S3C).

These findings suggest that circ-1584 enhances the M1 virus-medi-
ated inhibition of cell viability in pancreatic cancer cells without im-
pacting normal pancreatic ductal epithelial cells.

circ-1584 does not enhance the viability inhibition of other types
of cancer cells by the M1 virus

To verify whether circ-1584 also promotes the viability inhibition of
the M1 virus on other types of cancer cells, we tested the expression of
circ-1584 in non-pancreatic cancer tumor cells that are not sensitive
to other M1 viruses (Figures S4A and 5A). The expression of circ-
1584 in lung cancer (NCI-H226), breast cancer (MCF?7), liver cancer
(SK-HEP-1), and colorectal cancer (LoVo, HT-29) is not higher than
that in BxPC-3 cells. Additionally, the expression of circ-1584 in SK-
HEP-1, NCI-H226, and MCF7 cells was significantly lower than that
in BxPC-3 cells (Figure 5A). We then overexpressed circ-1584 in
NCI-H226, MCF7, and HK-HEP-1 cells by plasmid transfection (Fig-
ure S4B). Overexpression of circ-1584 in NCI-H226 cells enhances
the inhibitory effect of the M1 virus on cell viability (Figures 5B—
5D). However, the viability of NCI-H226 cells infected with the M1
virus after overexpression of circ-1584 was not lower than that of cells
only overexpressing circ-1584. Moreover, the overexpression of circ-
1584 cannot significantly increase the expression of the intracellular
M1 virus gene and protein after infection with the M1 virus
(Figures 5C and 5D). Overexpression of circ-1584 in MCF7 and
SK-HEP-1 cells did not significantly promote inhibition of viability
of the M1 virus in these cells, nor did it significantly increase the
expression of the M1 virus NS1 gene and E1 protein in host cells

Figure 2. A large number of differentially expressed circRNAs in BxPC-3 and Hs 766T cells after M1 virus treatment

(A) The distribution of differentially expressed circRNAs on chromosomes in BXxPC-3, Hs 766T, M1_BxPC-3, and M1_Hs 766T cell groups. (B) The distribution of the mature
length of circRNAs obtained by sequencing. (C) Differentially expressed circRNAs in four groups of samples. Red and blue indicate increased or decreased expression levels,
respectively. (D) A schematic diagram of the screening strategy for circRNAs that may be involved in the anti-pancreatic cancer activity of the M1 virus.
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(Figures 5C and 5D). These results suggest that circ-1584 may pro-
mote the M1 virus’s anti-tumor effects only in pancreatic cancer.

circ-1584 promotes the oncolytic effect of the M1 virus in
pancreatic cancer in vivo

To explore whether overexpression of circ-1584 can promote the
anti-tumor effect of the M1 virus in animal models, we established
a tumor-bearing model by subcutaneously implanting CFPAC-1
pancreatic cells. When the tumors became palpable, the circ-
1584 lentivirus and M1 virus were administered (Figure 6A).
Consistent with the results in cellular experiments, the combina-
tion of the circ-1584 lentivirus and M1 virus significantly inhibited
the tumor growth of CFPAC-1 compared to other groups (Fig-
ure 6B). We further detected the expression of circ-1584 and the
M1 virus gene NSI in tumor tissue. As shown in Figure 6C, the
circ-1584 lentivirus significantly increased the expression of circ-
1584 and significantly increased the expression of the NSI gene
in the tumor. These results suggest that circ-1584 can serve as
an adjuvant to enhance the antitumor effect of the M1 virus in
treatment of pancreatic cancer.

circ-1584 directly adsorbs and downregulates miR-578 to
modulate the anti-pancreatic cancer effects of the M1 virus
circRNAs can regulate the expression of source genes, serve as a nat-
ural subcellular localization scaffold, interact with proteins, encode
and translate into polypeptides and sponged miRNA, and directly
regulate RNA.”"** The Circular RNA Interactome website (https://
circinteractome.nia.nih.gov/) predicts the ability of circ-1584 to
sponge miRNAs. Among these, there are 8 miRNAs with more
than 2 binding sites for circ-1584; namely, hsa-miR-1305, hsa-miR-
382, hsa-miR-513a-3p, hsa-miR-942, hsa-miR-578, hsa-miR-582-
3p, hsa-miR-593, and hsa-miR-607(Table S2).

Next, we detected the expression of hsa-miR-578, hsa-miR-1305, hsa-
miR-382, hsa-miR-582-3p, hsa-miR-593, hsa-miR-607, hsa-miR-942,
and hsa-miR-513a-3p following circ-1584 overexpression in PK-59
cells. Among the tested miRNAs, only miR-578 showed a significant
decrease after circ-1584 overexpression (Figure 7A). These results
suggest that circ-1584 may exert its function by downregulating
miR-578 expression.

We further utilized biotin-conjugated circ-1584 and miR-578 probes
to perform RNA antisense purification (RAP) experiments in BxPC-3
cells. Compared with the DNA control probe (S-probe), the circ-
1584-AS probe captured significantly more circ-1584 and miR-578
through RAP. In cells overexpressing circ-1584, the circ-1584-AS
probe captured more circ-1584, while the levels of miR-578 captured

by circ-1584 were reduced (Figure 7B), consistent with the results
shown in Figure 7A, indicating that circ-1584 significantly downregu-
lates miR-578 expression. Similarly, circ-1584 was significantly en-
riched in complexes with the miR-578 probe compared to the RNA
control probe (oligo probe) (Figure 7B). Further, fluorescence in
situ hybridization (FISH) experiments demonstrated the cytoplasmic
co-localization of circ-1584 and miR-578 (Figure 7C). These results
suggest that circ-1584 can adsorb miR-578.

To determine whether circ-1584 regulates the anti-pancreatic cancer
effects of the M1 virus by downregulating miR-578, CFPAC-1 cells
were co-transfected with circ-1584 or vector and miR-578 or
mimic-negative control (NC), followed by infection with the M1 vi-
rus. Cell viability and viral titers were then measured (Figure 7D).
Overexpression of miR-578 in CFPAC-1 cells abrogated the circ-
1584-induced enhancement of M1 virus-mediated cell viability inhi-
bition (Figure 7E). Additionally, miR-578 overexpression suppressed
the circ-1584-induced increase in M1 viral titers (Figures 7E and 7F).

Furthermore, we utilized miRTarBase (https://miRTarBase.cuhk.edu.
cn/) to predict target genes regulated by miR-578 and selected 10
genes (Table S2) that were reported in > 2 literature sources as being
regulated by miR-578 for validation. Following miR-578 overexpres-
sion in BxPC-3 and CFPAC-1 cells, we assessed the expression of
CLCN6, HABP4, RARB, ZNF117, AZI2, HNRNPU, PAPD7,
LOH12CR2, STPGI, and HOOK3 using qPCR. We found that only
CLCN6, ZNF117, HABP4, and RARB expression was significantly
reduced in both cell lines following miR-578 overexpression (Fig-
ure S5). Therefore, miR-578 may affect the anti-pancreatic cancer
action of the MI virus by regulating CLCN6, ZNF117, HABP4,
and RARB.

In summary, circ-1584 may enhance the anti-pancreatic cancer activ-
ity of the M1 virus by adsorbing and downregulating miR-578, which,
in turn, upregulates the expression of CLCN6, ZNF117, HABP4,
and RARB.

circ-1584 may serve as a precision biomarker for the M1 virus in
the treatment of pancreatic cancer

To evaluate the clinical relevance of circ-1584 to PDAC patients, we
performed immunohistochemistry (IHC) to detect the expression of
Zinc-Finger Antiviral Protein (ZAP), identified as a negative preci-
sion marker for predicting the efficacy of the M1 virus'* in tumor tis-
sues from 20 pancreatic cancer patients. We also used FISH to detect
the expression of circ-1584 (Figure 8). We found that the expression
of circ-1584 is negatively correlated with that of ZAP, suggesting that
patients with low ZAP expression, who are more likely to benefit from

Figure 3. circ-1584 is involved in the regulation of pancreatic cancer cells in response to the M1 virus

(A) gPCR verification of the expression of circ-1584 in four groups of samples. (B) Verification of the cyclization of circ-1584. Top left: the gPCR products amplified by
divergent and converged primers of circ-1584 were examined using 1% agarose gel electrophoresis. Top right: the black arrow indicates the back-splicing junction detected
by Sanger sequencing. Bottom left: relative expression of circ-1584 and linear ARHGAPS with or without RNase R treatment in BxPC-3 cells. Bottom right: schematic of circ-
1584 formation. (C) gPCR detected the expression of circ-1584 in the eight types of pancreatic cancer cells after M1 virus infection or non-infection. Data are presented as

means = SD (o < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001).
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Figure 4. circ-1584 promotes the killing effect of the M1 virus on pancreatic cancer cells
(A and C) BxPC-3 and PK-59 cells were transfected with SiRNA-NC or si-circ1584 and then infected with or without the M1 virus. The expression of circ-1584 was detected
by gPCR, cell viability was detected by MTT assay, expression of the M1virus gene NS1 was detected by gPCR, and expression of the M1 virus protein E1 was detected by

(legend continued on next page)

8 Molecular Therapy: Oncology Vol. 33 March 2025



www.moleculartherapy.org

M1 virus treatment, may also exhibit high circ-1584 expression.
These results indicate that circ-1584 might be used as a biomarker
to assess the response to M1 virus treatment.

DISCUSSION

In this study, circ-1584 was identified as a key factor in the differing
viability-inhibitory effects of the M1 virus on various pancreatic can-
cer cells. In BxPC-3 and PK-59 cells, knockdown of circ-1584 in-
hibited the inhibition of pancreatic cancer cell viability by the M1 vi-
rus, while overexpression of circ-1584 in CFPAC-1, Hs 766T, and
BxPC-3 cells enhanced the anti-pancreatic cancer effect of the M1 vi-
rus. The overexpression of circ-1584 enhances the antitumor effect of
the M1 virus, which is specific to pancreatic cancer and does not affect
the safety of the M1 virus for normal human pancreatic ductal cells.
circ-1584 may exert its anti-pancreatic cancer effect by acting as a
sponge for miR-578. Moreover, circ-1584 is negatively correlated
with the expression of the antiviral factor ZAP in pancreatic cancer
tissue, indicating that circ-1584 also has the potential to serve as a
biomarker for predicting the response to M1 virus treatment in
pancreatic cancer. Our findings offer new possibilities for enhancing
the oncolytic efficacy of the M1 virus against pancreatic cancer.

OVs, as a novel form of immunotherapy, are used to treat tumors pri-
marily by lysing tumor cells and releasing tumor antigens to activate
the tumor immune microenvironment.*® The OV T-VEC, which has
been used clinically, may not benefit PDAC patients because it carries
granulocyte-macrophage colony-stimulating factor but can promote
PDAC cell proliferation.34 However, T-VEC armed with CD40L
can significantly extend the survival rate of PDAC mice.”® Other
OVs that have been approved for marketing, such as Delytact (teser-
paturev/G47A), are also used in combination with focal adhesion ki-
nase inhibitors and immune checkpoint blockade (ICB) to effectively
inhibit PDAC in mice.”® Our previous studies have shown that com-
bination of the OV M1, NanoKnife (a phosphatidylinositol 3-kinase y
inhibitor), and ICB can more effectively inhibit tumor growth in
PDAC mice and prolong their survival rate in mice.'>*” These results
suggest that combined therapy with the M1 virus and other drugs is a
promising direction for curing PDAC.

circRNAs can exert their effects in various ways, and we found that
circ-1584 may function by inhibiting miR-578. Analysis using the on-
line websites KM plotter (http://kmplot.com/analysis/index.php?
p=background) and dbDEMC (https://www.biosino.org/dbDEMC/
index) revealed that miR-578 is underexpressed in pancreatic cancer
(Table S3), and its low expression is associated with a better prognosis
(p = 0.0091). miR-578 can participate in regulating the vitality,
apoptosis, colony formation, migration, invasion, angiogenesis, and
glycolysis of breast cancer cells.”*” miR-578 can regulate the progres-
sion of liver cancer by inhibiting the RAB7A and PSME3 genes.””

miR-578 can also affect the proliferation and migration of osteosar-
coma cells by regulating the expression of vascular endothelial growth
factor.*” All of these results suggest that miR-578 can regulate various
tumors, including pancreatic cancer. So, how does miR-578 regulate
the anti-pancreatic cancer effect of the M1 virus?

The downstream target genes regulated by miR-578 are CLCNG®,
ZNF117, HABP4, and RARB. CLCNG6 (also known as CLC-6) is a
member of the voltage-dependent chloride channel protein family,
capable of functioning as a chloride channel or a reverse transporter,
and its gene mutations can cause severe neurodegenerative dis-
eases.’'"*” Research on CLCNG6 in tumors is relatively scarce, with
most studies focusing on glioblastoma, and it can also serve as an in-
dicator of prostate cancer recurrence.*”** ZNF117 can regulate the
Notch signaling pathway by interacting with JAG2, thereby control-
ling the resistance of glioblastoma to temozolomide treatment.*’
HABP4, hyaluronic acid-binding protein 4, can regulate ribosomal
stability, bind with P53, and participate in the transcriptional regula-
tion of numerous genes, thereby controlling the cell cycle and
apoptosis.‘>*” Moreover, HABP4 is underexpressed in colorectal can-
cer.*® RARB is a member of the retinoic acid receptor family, is under-
expressed in pancreatic cancer tissue, and is involved in regulating the
mechano-vitality of pancreatic cancer cells.”’ In our sequencing re-
sults from BxPC-3 and Hs 766T cells, we also found that RARB is
more highly expressed in BxPC-3 cells compared to the M1-insensi-
tive Hs 766T cells. These results suggest that miR-578 may participate
in the anti-pancreatic cancer effect of the M1 virus by regulating
target genes.

In conclusion, we found that circ-1584 can promote the anti-pancre-
atic cancer effect of the M1 virus both in vivo and in vitro. circ-1584
can act as a sponge for miR-578 to promote the expression of down-
stream genes, thereby enhancing the anti-pancreatic cancer effect of
the M1 virus. We also used clinical pancreatic cancer samples to
detect the expression of circ-1584 and the biomarker ZAP for
response to M1 virus treatment and found that the expression of
circ-1584 is negatively correlated with ZAP. The limitation of this
article is that we identified CLCN6, ZNF117, HABP4, and RARB as
downstream target genes of miR-578, but it has not yet been deter-
mined whether these target genes participate in the regulatory role
of the circ-1584/miR-578 axis on M1 virus replication and anti-
pancreatic cancer effects. Our findings lay a preclinical research foun-
dation for circ-1584 to become an OV adjuvant for treating pancre-
atic cancer.

MATERIALS AND METHODS

Cell culture and materials

The following human PDAC cell lines were used in this study.
BxPC-3 and CFPAC-1 were sourced from the National Collection

western blot (WB). (B and D) Hs 766T and CFPAC-1 cells were transfected with vector or the circ-1584 overexpression plasmid and then infected with or without the M1 virus.
The expression of circ-1584 was detected by qPCR, cell viability was detected by MTT assay, expression of the M1 virus gene NS1 was detected by gPCR, and expression of
the M1 virus protein E1 was detected by WB. (E) Viral titers in the supernatants of cell culture medium collected after knockdown or overexpression of circ-1584 in BxPC-3, Hs
766T, PK-59, and CFPAC-1 cells were measured. CTL, control. Data are presented as means + SD (*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001).
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Figure 5. circ-1584 cannot promote M1 virus killing of M1-insensitive non-pancreatic cancer tumor cells

(A) gPCR detected the expression of circ-1584 in M1-insensitive non-pancreatic cancer tumor cells. (B) MTT assay to detect the inhibitory effect of the M1 virus on cell viability
after overexpression of circ-1584 in M1-insensitive non-pancreatic cancer tumor cells. (C) After overexpressing circ-1584 in M1-insensitive non-pancreatic cancer cells,
gPCR detected the expression of the M1 virus gene NS1. (D) After overexpressing circ-1584 in M1-insensitive non-pancreatic cancer cells, WB detected the expression of
the M1 virus protein E1. h.p.i, hours post infection. Data are presented as means + SD (ns, no significance; *p < 0.05, **p < 0.01, ***p < 0.001).

of Authenticated Cell Cultures. Hs 766T, PK-59, and PANC 10.05
were sourced from Cobioer Biosciences. MIA PaCa2, and SW1990
are cell lines maintained in our laboratory. HPAC cells were pur-
chased from Guangzhou Jennio Biotech. HPDE6-C7 cells were pur-
chased from Nanjing Nanoeast Biotech. Lung cancer (NCI-H226),
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breast cancer (MCF-7), liver cancer (SK-HEP-1), and colorectal
cancer (LoVo, HT-29) cells are stored in our laboratory. MCF7,
CFPAC-1, SK-HEP-1, HPAC, MIA PaCa-2, Hs766T, HPDE6-C7,
and SW1990 cells were maintained in DMEM (Gibco, USA).
NCI-H226, BxPC-3, PK-59, and PANC 10.05 were maintained in
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Figure 6. Overexpression of circ-1584 in vivo enhances the oncolytic effect of the M1 virus in pancreatic cancer

(A) Schematic of the combination of the M1 virus and lentivirus. Vehicle/M1 virus and lentivirus were administered to nude mice on the 7th day after subcutaneously implanting
CFPAC-1 cells. M1 (intravenous, 1 x 107 PFU, 8 times), lentivirus (intratumoral, 1 x 107 PFU, 1 time). (B) Top: average growth curve of mouse tumors in each group. Bottom:
growth curves for each mouse in each group (n = 6 for each group). (C) Left: gqPCR detected the expression of circ-1584 in tumor tissues of mice in each group. Center: gPCR
detected the relative expression of the M1 virus gene NS1 in tumor tissues of mice in each group. Right: gPCR detection of M1 virus genome copy number in each group of
tumor tissues (n = 3 for each group). Data are presented as means + SD (**p < 0.01, ***p < 0.001, ***p < 0.0001). CTL, vehicle for M1 virus solution; LV, empty lentivirus; circ-
1584, circ-1584 overexpression lentivirus.

RPMI 1640 medium (HyClone). LoVo was maintained in Ham’s cillin/streptomycin (PS) (Gibco), at 37°C with a 5% CO, atmo-
F-12K medium. HT-29 was maintained in McCoy’s 5A medium  sphere. For all experiments, cells used in this study were passaged
supplemented with 10% fetal bovine serum (Gibco) and 1% peni-  no more than 10 times.
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Virus production and titer determination

The M1 virus (M1-c6vl strain) was produced in Vero cells and pro-
vided by Guangzhou Virotech Pharmaceutical. The M1 virus was
cultured in VP-SFM (Thermo Fisher Scientific) supplemented with
1% (v/v) MEM-NEAA and 2% (v/v) GlutaMAX (Thermo Fisher Sci-
entific). When approximately 80% of the Vero cells were infected and
showed a marked cytopathic effect (CPE), the supernatant was
collected, centrifuged at 3,000 x g and 4°C for 20 min, and stored
at —80°C.

The titer of the M1 virus and the titer of the M1 virus in the superna-
tant of cell culture medium infected with the M1 virus was deter-
mined in BHK-21 cells. The virus or the supernatant of the virus-con-
taining culture medium was diluted in nine gradients at a ratio of 10
times and then used to infect BHK-21 cells for 72 h. After infection,
the expression of GFP and the presence of CPE were detected using a
fluorescence microscope. The virus titer was calculated using the
Spearman-Karber method to determine the 50% tissue culture infec-
tious dose (TCIDs).

Cell viability assay

Cells were seeded in 96-well plates at 3,000 cells per well in 100 pL of
medium. After 48-72 h of infection with the M1 virus at different
MOIs, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) was added (5 mg/mL), and the virus was incubated at
37°C for 1-2 h. The MTT-containing medium was removed, and
the formazan crystals were dissolved in 100 pL of DMSO. The optical
absorbance was measured at 570 nm using a microplate reader (Bio-
tek Synergy H1).

circRNA-seq

Total RNA was extracted using TRIzol reagent (Invitrogen, USA) ac-
cording to the manufacturer’s protocol. RNA quality was assessed
on an Agilent 2100 Bioanalyzer (Agilent Technologies, USA) and
checked using agarose gel electrophoresis. After total RNA was ex-
tracted, rRNAs were removed to retain mRNAs and non-coding
RNAs. The enriched mRNAs and non-coding RN As were fragmented
into short fragments and reverse transcribed into cDNA. Second-
strand cDNA was synthesized. Next, the cDNA fragments were puri-
fied, end repaired, poly(A) added, and ligated to Illumina sequencing
adapters. Then, the second-strand cDNA was digested. The digested
products were size selected, PCR amplified, and sequenced using Illu-
mina HiSeq 4000 by Gene Denovo Biotechnology (Guangzhou,
China). The obtained raw data were filtered to obtain clean data for
analysis. Then, rRNA data and mRNA data were removed, and finally

circRNA was identified using find_circ and CIRI2 software. EdgeR
software was used to compare the expression level of each circRNA be-
tween samples.

Quantitative real-time PCR

Total RNA was extracted from tumor cells or tissues using TRIzol re-
agent following the manufacturer’s protocol. RNA was reverse tran-
scribed into cDNA using the Evo M-MLV (Accurate Biotechnology,
China). PCR was performed with SuperReal PreMix Plus (SYBR
Green) (Tiangen, China), and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as an internal control. qPCR was per-
formed to detect the genomic copy number of M1 virus in tumor tis-
sues using the FastKing one-step RT-qPCR kit (Probe) (Tiangen).
The primers and probes are shown in Table S4. The reaction condi-
tions were as follows: initial denaturation 1 cycle, 95°C for 15 s,
60°C for 15's, 72°C for 30 s, (40 cycles), melting curve 1 cycle, cooling
1 cycle. Data were analyzed according to the comparative 27*4¢*
method.

RNase R treatment

Total RNA from cells was extracted using TRIzol reagent and subse-
quently divided into two aliquots. One was used for RNase R diges-
tion, and 2 pg of total RNA was mixed with buffer and incubated
for 15 min at 37°C in 2 U/mg RNase R (Beyotime, China). The other
aliquot was the control, which was treated with 0.2 puL of diethyl py-
rocarbonate water. GAPDH was used as the internal control.

Plasmids, siRNA, cell transfection, lentivirus construction, and
stable strain construction

The sequence of human circ-1584 was generated through chemical
gene synthesis and cloned into the lentiviral vectors (LV, pCDH-
CMV-MCS-EF1-PURO) and pcDNA3.1 plasmid (GENCEFE,
Wuxi, China) to construct the overexpression vectors. siRNAs spe-
cific to human circ-1584 were synthesized at GENCEFE and used
to transiently silence the expression of circ-1584. Mimics of miR-
578 and NC mimics were synthesized at GENCEFE. According to
the manufacturer’s protocol, the aforementioned vectors, siRNA,
and mimics were transfected using Lipofectamine 3000 transfection
reagent (Invitrogen, USA). The sequences are listed in Table S5.
The transfection efficiency of overexpression and knockdown was de-
tected using RT-qPCR.

The LV plasmid and LV-circ1584 plasmid were transfected into
HEK293T cells for 72 h, and the medium supernatant was collected.
The collected medium supernatant was centrifuged at a speed of

Figure 7. circ-1584 regulates the anti-pancreatic cancer effects of the M1 virus by adsorbing miR-578

(A) After overexpression of circ-1584 in PK-59 cells, gqPCR was used to detect the expression of 8 miRNAs. (B) The interaction between circ-1584 and miR-578 was detected
by gPCR after RAP of BxPC-3 cell lysates utilizing probes conjugated to biotin with circ-1584 and miR-578. (C) The interaction between circ-1584 and miR-578 was detected
by FISH assay using a Cy3 conjugated circ-1584 probe and a FAM-conjugated miR-578 probe in BxPC-3 cells. (D) In CFPAC-1 cells, circ-1584 and miR-578 were
overexpressed simultaneously, and the expression of circ-1584 and miR-578 was detected by gPCR. (E) In CFPAC-1 cells, after simultaneous overexpression of circ-1584
and miR-578, the M1 virus was used for infection, and MTT was used to detect CFPAC-1 cell viability. (F) In CFPAC-1 cells, after simultaneous overexpression of circ-1584
and miR-578, the M1 virus was used for infection, and viral titers in the medium supernatant were detected. Data are presented as means + SD (*p < 0.05, **p < 0.01,

=5 < 0.001, ***p < 0.0001).
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Figure 8. Negative correlation between circ-1584 and ZAP was detected in pancreatic cancer patient samples
(A) In 20 cancer tissues of pancreatic cancer patients, IHC was used to detect the expression of ZAP. FISH was used to detect the expression of circ-1584. The scale bar for
the 400x photo represents 50 um. A relative quantitative chart is shown on the right. n = 20. (B) Correlation analysis between ZAP and circ-1584; n = 17.

3,000 x g for 20 min and then filtered through a 0.45 pm filter to
obtain the lentivirus. Finally, the lentivirus was concentrated in a
100 KDa ultrafiltration tube and centrifuged at 3,000 x g for
20 min to a titer of 1 x 10® plaque-forming units (PFUs).

The unconcentrated LV and LV-circ1584 lentivirus were infected
with BxPC-3 cells, and puromycin (5 pg/mL) was screened for 10—
12 days to obtain polyclonal stable strains.

Tumor model and treatment protocols

Female BALB/c nude mice aged 6-8 weeks were injected subcutane-
ously with 2 x 10° CFPAC-1 cells on the right side. On day 7, the
tumors grew to an average size of 50 mm?. Then, the tumor-bearing
mice were randomized into 4 groups with 6 animals per group. The
treatment strategy is shown in Figure 6A. M1 virus tail vein injection
1 x 107 PFU/mice, lentivirus intratumoral injection 1 X 10’ PFU/
mice. The control group received 1 x 10”7 PFU/100 pL empty
lentivirus (control [CTL]), and the circ-1584 group received
1 x 107 PFU/100 pL circ-1584 lentivirus. The M1-treated mouse

14 Molecular Therapy: Oncology Vol. 33 March 2025

group was treated with M1 virus (1 x 107 PFU/300 pL) while
receiving lentiviral treatment.

The tumor volume and body weight of each mouse were monitored
every 3 days. Tumor volume was measured with a Vernier caliper
by using the following formula: V = (length x width?)/2.
When tumor size reached 1,500 mm?>, mice were sacrificed. The
tumor tissues and spleens of mice were collected for subsequent
experiments.

The mouse experiments were performed under the protocol approved
by the Animal Ethics and Welfare Committee of Sun Yat-sen Univer-
sity. The experiments were conducted according to the Guide for the
Care and Use of Laboratory Animals, 8th Edition.

Western blotting

Tumor cells were lysed by protein lysate buffer containing protease
inhibitor cocktail (TargetMol, China), proteins were extracted, and
the protein concentration was detected by Bicinchoninic Acid Assay
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Kit (Invitrogen, USA). Protein samples were separated by SDS-PAGE
and transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, USA) for immunoblotting. The PVDF membranes were
incubated overnight at 4°C with primary antibodies, including
GAPDH (1:1,000) (60004-1-Ig, Proteintech, China), PB-actin
(1:3,000, AF7018, Affinity Biosciences, China), and anti-El
(1:1,000, produced by Beijing Protein Innovation). Then, the mem-
branes were incubated with the corresponding horseradish peroxi-
dase-conjugated secondary antibodies and detected with ECL Plus
(Millipore, USA). Images were visualized using the ChemiDoc
XRS+ System (Bio-Rad) and analyzed by the Bio-Rad Image Lab
5.2.1 software.

IHC assay

Paraffin sections of human pancreatic cancer tissue samples from the
Department of Pathology of the First Affiliated Hospital of Sun Yat-
sen University were deparaffinized and hydrated by xylene and
ethanol gradient. Antigen retrieval was performed, and endogenous
antigens were blocked by 3% hydrogen peroxide. After blocking the
non-specific antigen with 3% BSA blocking solution, the sections
were incubated with the ZAP antibody (1:3,000, PA5-31650, Thermo
Fisher Scientific, USA) at 4°C overnight. After washing off the ZAP
antibody, the sections were incubated with the secondary antibody
for 20 min, followed by Diaminobenzidine staining and nuclear coun-
terstaining. Finally, the sections were dehydrated and mounted, and
image data were collected using the JiangFeng digital slide scanner.

FISH

We detected the expression of circ-1584 in paraffin-embedded sec-
tions of pancreatic cancer tissue from patients using FISH, as well
as the cellular localization of circ-1584 and miR-578 in the BxPC-3
circ1584 stable cell line. The FISH experiment was performed accord-
ing to the manufacturer’s protocol for the FISH kit (Bes1001, Bersin-
bio, China). The 5'-biotin-circ-1584-3'-cy3 probe and the 5'-biotin-
miR-578-3'-Fluorescein phosphoramidite (FAM)probe used for
hybridization were purchased from GENCEFE. The probe sequences
are listed in Table S5. The prepared fluorescent slides were photo-
graphed using a confocal electron-scanning microscope.

RNA Antisense Purification (RAP)

The biotin-conjugated circ-1584/mi-578 probes and corresponding
CTL probes were used for RAP experiments. A total of 8 x 107 cells
each of the circ-1584 overexpressing BXxPC-3 stable cell line and the
LV-BxPC-3 stable cell line were collected, and the RAP assay was per-
formed according to the manufacturer’s protocol of the RAP kit
(5103-3, Bersinbio). RAP RNA was isolated with TRIzol reagent
and analyzed by qPCR.

Data analysis

The data were analyzed with GraphPad Prism 8 software (GraphPad,
San Diego, CA, USA). All results were expressed as the mean + SD.
The statistical significance of the differences was evaluated by a
two-tailed Student’s t test or a two-way ANOVA as indicated in the
corresponding figure legends.
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