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as a key regulator of circRNA biogenesis
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Abstract

Background Circular RNAs (circRNAs) are a class of non-coding RNAs generated through back splicing. High expres-
sion of circRNAs is often associated with numerous abnormal cellular biological processes. However, the regulatory
factors of circRNAs are not fully understood.

Results In this study, we identified PTBP1 as a crucial regulator of circRNA biogenesis through a comprehensive anal-
ysis of the whole transcriptome profiles across 10 diverse cell lines. Knockdown of PTBP1 led to a significant decrease
in circRNA expression, concomitant with a distinct reduction in cell proliferation. To investigate the regulatory mecha-
nism of PTBP1 on circRNA biogenesis, we constructed a minigene reporter based on SPPL3 gene. The results showed
that PTBP1 can bind to the flanking introns of circSPPL3, and the mutation of PTBP1 motif impedes the back splicing
of circSPPL3. Subsequently, to demonstrate that this observation is not an exception, the comprehensive regulatory
effects of PTBP1 on circRNAs were confirmed by miniGFP, reflecting the necessity of the binding site in the flanking
introns. Analysis of data from clinical samples showed that both PTBP1 and circRNAs exhibited substantial upregula-
tion in acute myeloid leukemia, further demonstrating a potential role for PTBP1 in promoting circRNA biogenesis
under in vivo conditions. Competitive endogenous RNA (ceRNA) network revealed that PTBP1-associated circRNAs
participated in biological processes associated with cell proliferation.

Conclusions In summary, our study is the first to identify the regulatory effect of PTBP1 on circRNA biogenesis
and indicates a possible link between PTBP1 and circRNA expression in leukemia.
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Background

An RNA molecule, lacking polyadenylation and exhib-
iting exon disorder, was uncovered in the 1970 s, later
recognized as circRNA [1, 2]. With the remarkable
advancements in RNA sequencing technology and the
emergence of bioinformatics, the exploration of circR-
NAs has undergone a remarkable surge. Nevertheless,
there remains an urgent necessity for further investiga-
tion to fully understand the intricate interactions of cir-
cRNAs with other molecules and to unravel the complex
mechanisms of their biogenesis.

It was demonstrated that circRNAs are generated
through back splicing, forming stable covalent closed
structures [3]. CircRNAs predominantly reside in the
cytoplasm or exosomes, exhibiting distinctive fea-
tures such as tissue-specificity, disease-specificity, and
high stability. CircRNAs encompass various biological
functions, with a key role as miRNA sponge [4]. More
precisely, circRNAs abundant with miRNA response ele-
ments can prevent the interactions between mRNA and
miRNA and consequently indirectly regulate the expres-
sion of target genes [5, 6].

CircRNAs have three primary modes of biogen-
esis [7]. The initial mode involves circRNA generation
through splicing on the pre-mRNA, achieved by the
sequential assembly of snRNP, catalyzing the joining of
the 5" donor site of the exon to the 3" acceptor site [8].
The second mode involves certain circRNAs containing

reverse complementary matches (RCMs) in their flank-
ing introns, forming double-stranded RNAs at splice sites
and producing circRNAs through alternative splicing. It
is noteworthy that short reverse complementary matches
can effectively promote cyclization [9]. Nonetheless,
the presence of reverse complementary sequences in
the flanking introns alone does not guarantee circRNA
production, as various other factors also influence cir-
cRNA formation. The third mode relies on RNA bind-
ing proteins (RBPs) to promote cyclization. It has been
confirmed that several RBPs, including QKI, Mbl, FUS,
NOVA2, ADAR, HNRNPM, and HNRNPL, play a crucial
role in regulating circRNA biogenesis [10-16]. It is not
clear whether there are other RBPs important in circRNA
biogenesis.

In this study, we analyzed circRNAs from 10 cell
lines and found that the motifs of RNA binding pro-
tein PTBP1 were enriched in the flanking regions of
circRNAs. The knockdown of PTBP1 led to remarkable
downregulation of the global circRNA level in K562
cells. These changes in circRNA expression were largely
independent from linear transcriptional changes of the
host genes. The regulation of circRNA biogenesis by
PTBP1 was additionally validated using PTBP1 RIP-seq
and a minigene reporter. Importantly, it was revealed
that PTBP1 binding on the intronic sequences on both
sides of the circRNAs played a crucial role in their back
splicing. RNA-seq data from clinical samples of acute



Wang et al. BMC Biology ~ (2025) 23:127

myeloid leukemia (AML) patients disclosed a signifi-
cant upregulation of PTBP1 and global circRNA levels,
further demonstrating an association of PTBP1 expres-
sion and circRNA biogenesis under in vivo conditions.
Simultaneously, PTBP1-associated ceRNA network
showed that differentially expressed circRNAs with the
highest network connectivity may constitute the core of
the regulatory network and are closely linked to AML
malignant proliferation.
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Results

PTBP1 was identified as the top pivotal RBPs governing
circRNAs

To investigate the profile of global circRNA expression,
we collected public transcriptome datasets from 10 cell
lines in ENCODE project. Through analysis of the iden-
tified circRNAs, we discovered a notable cell specificity
in circRNA expression, with over 25% of circRNAs being
unique to individual cell lines (Fig. 1A, Additional file 2:
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Fig. 1 PTBP1 was screened as a key RBP for the regulation of circRNA. A CircRNAs identified from 10 cell lines in ENCODE project and co-expressed
in other cell lines. Different colors represent circRNAs expressed in 1,2~ 4,5~ 7,and 8~ 10 cell lines, respectively. B CircRNA co-expression
networks. Each node represents a circRNA, and the node color indicates the cell line with the highest expression level of the circRNA. Each edge
represents the Pearson correlation coefficient greater than 0.9 between two circRNAs. € Numbers of RBP motifs in circRNA flanking introns in 10
cell lines. The x-axis represents different RBPs. Different colors of the lines represent different cell lines. D Gene expression levels of the top RBPs
with the largest numbers of motifs. FPKM was obtained from the ENCODE project. Four cell lines with the largest numbers of RBP motifs were
demonstrated. E Length distribution of circRNA flanking introns identified in K562 cell line with or without the PTBP1 motifs. F Pearson correlation

coefficient between PTBP1 and circRNAs across 10 cell lines
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Table S1). By constructing an elaborate co-expression
network for circRNAs, it was observed that the correla-
tions at the nodes of the network effectively distinguished
between different cell types (Fig. 1B). This implies that
both the nodes and the edges within the network exhib-
ited distributions that were specific to particular cell
lines. Collectively, these findings underscore the robust
cell specificity inherent in circRNA expression profiles.

To identify RBPs critically involved in circRNA regula-
tion, we analyzed the motifs of RBPs in 10 cell lines. Nota-
bly, many RBPs showed the large numbers of motifs in
the flanking introns of circRNAs in K562 cells (Fig. 1C).
PTBP1 and HNRNPL exhibited the highest expression
levels among the top 8 RBPs with the largest numbers of
motifs (Fig. 1C, D). Since one existing study has reported
on the regulatory role of HNRNPL in circRNA biogen-
esis [16], we have opted to focus our research on PTBP1.
To further elucidate the effect of PTBP1 on circRNAs, we
delved into the length distribution of the flanking introns
of circRNAs. Our analysis revealed that the flanking
introns of circRNAs harboring PTBP1 motifs were con-
siderably longer, a finding that sets them apart from those
without such motifs (Fig. 1E). We conducted an analysis
of the correlation distributions between PTBP1 and cir-
cRNAs, revealing a robust positive correlation between
the expression levels of circRNAs and PTBP1 (Fig. 1F).
This significant association implies that PTBP1 likely
exerts a crucial role in regulating the levels of circRNAs.
Taken together, we found that PTBP1 was abundant in
K562 cells and its motifs were enriched in the flanking
introns of circRNAs, demonstrating that PTBP1 may be
an essential circRNA regulator.

Knockdown of PTBP1 in K562 cells decreases global
circRNA levels and affects cell proliferation

To explore the impact of PTBP1 on circRNA biogen-
esis, we knockdown PTBP1 in K562 cell line (Addi-
tional file 1: Fig. S1 A, B) and generated circRNA-seq

(See figure on next page.)
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data from wild-type and PTBP1-knockdown cell lines.
The circRNA-seq libraries were constructed by diges-
tion with RNase R exonuclease to eliminate the inter-
ference of linear products. Then, circRNA identification
was accomplished by scanning the back splicing junction
sequences using CIRIquant and CIRCexplorer2 software.
The subsequent analyses focused on exon-compositional
circRNAs co-identified by both software packages. Spe-
cifically, the K562 wild-type libraries identified 7647 cir-
cRNAs, while the two knockdown cell lines identified
4944 and 5227 circRNAs, respectively (Fig. 2A, Addi-
tional file 2: Table S1). The counts per million (CPM) of
circRNAs in the knockdown group (shP1 and shP2) was
significantly decreased compared to the wild-type (WT)
group (Fig. 2B, Additional file 3: Table S2, Additional
file 4: Table S3).

To enhance reliability, we identified 49 overlapping
differentially expressed circRNAs in both knockdown
groups. The analysis revealed that the majority of differ-
entially expressed circRNAs were significantly downreg-
ulated, and this trend was consistent in both knockdown
groups (Fig. 2C). To investigate the changes in linear
transcripts, we analyzed the differential expression of
all linear transcripts using RNA-seq data (Additional
file 5: Table S4). The volcano plot reveals that there are
differentially expressed linear mRNAs (Additional file 1:
Fig. S2 A). However, the number of such differentially
expressed linear mRNAs is small when compared to total
number of linear mRNAs. Importantly, the abundance of
linear mRNAs corresponding to differentially expressed
circRNAs has not undergone significant changes (Addi-
tional file 1: Fig. S2 A). Meanwhile, the density scatter
plot of the knockdown groups, K562-shP1, demonstrated
a significant downward shift in circRNAs abundance
along the vertical direction, whereas the corresponding
linear transcripts abundance did not exhibit a significant
shift horizontally (Fig. 2D). Similar results were observed
for the other knockdown group, K562-shP2 (Additional

Fig. 2 PTBP1 regulates circRNA biogenesis and affects the cell proliferation of K562 cells. A Genome-wide distribution of all circRNAs identified

in wild-type (WT), shPTBP1-1 (shP1), and shPTBP1-2 (shP2) conditions (labeled with blue, gray, and yellow lines, respectively). The y-axis represents
the average counts per million mapped reads (CPM) in the range of 0—1. Some genomic regions of circRNAs with expression changes are

marked by red background. B Boxplot illustrating the expression levels of all the circRNAs identified in the WT, shP1, and shP2 groups. C The pie
chart depicts the number and proportion of circRNAs differentially expressed (DE) in either shP1 or shP2 group, or both groups. The heatmap
indicates the expression levels of circRNAs that were differentially expressed in both groups. Color bar represents the z-score of circRNA expression
levels. D The density scatter plot reflects the Pearson correlation of fold change of expression levels from circRNAs and the corresponding

linear transcripts identified in WT-shP1 group. E Fold change of expression levels of 10 selected circRNAs and corresponding linear transcripts
from RT-gPCR in WT-shP1 group. n= 3 biological replicates. Error bars are represented as mean + standard error of means (SEM). * p < 0.05; ** p<
0.01; ** p< 0.001; ns, not significant. Student’s t-test was used for statistical significance test (two-tailed, unpaired). F Correlation of fold change

of expression levels from transcriptome sequencing data and RT-qPCR data in WT-shP1 group. The gray areas represent 95% confidence intervals.
The R-squared value (R?) is shown in the upper left corner, representing the interpretability of the linear model, and indicating strong correlation
between transcriptome and RT-gPCR result in circRNA and corresponding linear mRNA analysis. G Fold change of cell numbers over 7 days in K562
wild-type and knockdown cell lines. *** p < 0.001
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file 1: Fig. S2B), suggesting that the regulation of these
differentially expressed circRNAs by PTBP1 is independ-
ent of the process of splicing of their pre-mRNAs to gen-
erate linear transcripts.

To further validate the differentially expressed circR-
NAs and their corresponding linear transcripts, we per-
formed RT-qPCR amplification on 10 selected circRNAs

log: fold change (sequencing data)

Time (days)

in two knockdown cell lines. Considering the levels of dif-
ferential expression and the challenges in designing spe-
cific primers, we ultimately selected top 6 downregulated
and 4 upregulated circRNAs for examination (Fig. 2E,
Additional file 1: Fig. S2 C, Additional file 6: Table S5).
Correlation analysis revealed that the transcriptomic data
were consistent with the RT-qPCR results, except for the
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linear transcripts of circRTN4 and circSAMDI11 (Fig. 2F,
Additional file 1: Fig. S2D). Furthermore, we observed a
drastic decrease in the proliferative ability of K562 after
knockdown of PTBP1 (Fig. 2G), indicating that PTBP1
may be essential for cell proliferation.

The regulation of circRNAs by PTBP1 is cell-type specific

To investigate the impact of PTBP1 on circRNA bio-
genesis across different cell types, we downloaded two
public datasets and analyzed circRNA expression in two
cell types after PTBP1 knockdown. CD34 +cells had
low circRNA expression, and global circRNA expression
did not change greatly (Additional file 1: Fig. S3 A). The
density scatter plot of the knockdown group showed that
the abundance of circRNAs and linear transcripts did
not shift significantly in their respective axes (Additional
file 1: Fig. S3 C). Despite this, a differential expression
analysis revealed that in CD34 + cells, there were 227 cir-
cRNAs downregulated and 174 circRNAs upregulated,
respectively (Additional file 1: Fig. S3E).

In contrast, circRNA abundance in HeLa cells was sig-
nificantly upregulated (Additional file 1: Fig. S3B), with
263 circRNAs downregulated and 603 circRNAs upreg-
ulated (Additional file 1: Fig. S3 F). Nonetheless, the
abundance of linear transcripts corresponding to these
circRNAs experienced a decline, as shown by the den-
sity scatter plots (Additional file 1: Fig. S3D). In these two
cell types, the expression levels of circRNAs exhibit an
extremely weak positive correlation and a negative cor-
relation with linear transcripts, respectively (Additional
file 1: Fig. S3 C, D). This indicates that these circRNAs
are regulated independently from the mRNAs also deriv-
ing from the host genes. Overall, the regulatory role of
PTBP1 in circRNA biogenesis may be cell-specific.

Characterization and identification of circSPPL3

as the target of PTBP1

We analyzed the junction ratio of 49 overlapping differ-
entially expressed circRNAs (Fig. 2C and D) in the two
PTBP1 knockdown groups and found that circSPPL3
not only possessed a high junction ratio ranking (Addi-
tional file 1: Fig. S4 A, Additional file 7: Table S6), but
also showed the most significant reduction in expression
(Fig. 2E).

Subsequently, we proceeded with the biological
identification of circSPPL3. CircSPPL3 spans 1939 bp
(Chr12:120,782,655-120784593) and originates from
back splicing of exons 4—6 of the SPPL3 gene (Addi-
tional file 1: Fig. S4B). Primers were designed for the
back splicing junction site of circSPPL3, and PCR
amplification was performed using cDNA as a template,
which was identified by Sanger sequencing (Additional
file 1: Fig. S4 C). Digestion of circSPPL3 using RNase
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R exonuclease demonstrated that circSPPL3 was more
tolerant than linear RNA (Additional file 1: Fig. S4D).
We designed convergent and divergent primers to iden-
tify circSPPL3, and the results showed that the target
bands could be amplified (Additional file 1: Fig. S4E, F).

PTBP1 governs the back splicing of circSPPL3

via recognition of flanking intron motifs

To explore the characteristics of PTBP1 binding to
RNA, we generated RIP-seq data for PTBP1. From
252,221,548 clean reads, we identified 20,156 peaks and
found that PTBP1 mainly binds to introns (47.31%) and
promoters (37.36%) (Fig. 3A). Enrichment of PTBP1
binding sequences using HOMER software revealed
that the motifs were primarily UC repeats (Fig. 3B),
consistent with previous reports [17]. PTBP1 bind-
ing profiles upstream and downstream of back splic-
ing junction sites were analyzed separately, revealing
significant differences between the enrichment of dif-
ferentially expressed circRNAs and all circRNAs. In
differentially expressed circRNAs, the binding profiles
of PTBP1 were mainly enriched in introns adjacent to
the back splicing junction sites, but it was not observed
in all circRNAs (Fig. 3C). Meanwhile, we examined the
expression of circRNAs with different binding condi-
tions and found that the expression of circRNAs with
PTBP1 binding in the flanking introns was significantly
higher than circRNAs without PTBP1 binding in the
flanking introns (Fig. 3D).

To determine the specific regulatory site of PTBP1 on
circSPPL3, we examined the binding of PTBP1 in the
flanking introns of circSPPL3 (Fig. 3E). To facilitate the
subsequent validation of these regulatory sites, we con-
structed a minigene reporter. According to previous
reports, mutating UYYY to CCCC can effectively prevent
PTBP1 binding [18]. Multiple UYYY motifs were found
by scanning the circSPPL3 flanking sequences (Fig. 3F).
To assess the effect of PTBP1 binding, we first mutated
one RIP peak motif and two non-RIP peak motifs (Mt1)
located upstream. The relative quantification of circ-
SPPL3 using RT-qPCR revealed that PTBP1-mediated
back splicing of circSPPL3 was significantly decreased
compared to the wild type. We subsequently mutated
three non-RIP peak motifs (Mt2) located upstream.
Interestingly, these motifs, although lacking PTBP1 RIP
support, also showed similar results to Mtl. Mutating
one RIP peak motif and two non-RIP peak motifs down-
stream (Mt3) was found to also reduce PTBP1-mediated
back splicing of circSPPL3 (Fig. 3G). Our data indicates
that destroying the binding sites of PTBP1 on either side
of the intron of circSPPL3 locus was able to inhibit its
regulatory effects.
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for circSPPL3. The PTBP1-RIP peak motif is represented by two black triangular symbols, motifs unrelated to the PTBP1-RIP peak are represented

by one black triangular symbol, and yellow triangular symbols indicates that the motif is mutated. G RT-gPCR quantification of circSPPL3

from minigene reporters co-transfected with PTBP1 expression plasmid (PTBP1-overexpression) or empty vector in 293 T cells. Linear transcript
generated from the reporter was used for normalization. n= 3 biological replicates. Error bars are represented as mean + standard error of means

(SEM). * p< 0.05, ** p< 0.01, Student's t-test, two-tailed and unpaired

The presence of PTBP1 binding sites in flanking introns
facilitates circRNA biogenesis

MiniGFP was utilized as a model to validate circRNA
biogenesis in previous study [19]. This system splits
EGFP gene into two parts and inserts them into the vec-
tor in reverse order. The reverse complementary matches

(RCMs) on both sides of EGFP promote its cyclization,
allowing the expression of green fluorescent proteins
after the formation of circRNAs. To further confirm that
the binding of PTBP1 upstream and downstream of the
cyclization site can effectively promote circRNA bio-
genesis, we inserted UYYY motif sequences upstream
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and downstream of this model (Fig. 4A). Fluorescence
was generated after transient transfection of miniGFP
(Fig. 4B), and circGFP bands amplified from RT-PCR
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In the miniGFP system devoid of the UYYY motif, it
was observed that PTBP1 failed to induce an increase in
back splicing events leading to circGFP (Fig. 4D). Upon
insertion of a 10 X UYYY motif either upstream (Up) or
downstream (Down) of miniGFP, the results are the same
with the wild type and did not facilitate circGFP biogen-
esis. Coexistence of upstream and downstream PTBP1
binding sites (Both) resulted in a significant increase in
circGFP production compared to the wild type through
co-transfection with PTBP1 (Fig. 4D, Additional file 6:
Table S5). We found that effective promotion of circRNA
biogenesis is achievable only when PTBP1 binding sites
are concurrently present on both sides of the circRNA
locus (Fig. 4E).

PTBP1 is simultaneously upregulated with circRNAs in AML
To determine whether PTBP1 exerts its regulatory influ-
ence through a conserved mechanism under in vivo
conditions, we collected a dataset of acute myeloid leu-
kemia (AML) clinical samples from the GEO database.
Significant upregulation of PTBP1 was observed in AML
compared to healthy samples (Fig. 5A). AML patients
with higher PTBP1 expression level experienced notably
lower survival rates compared to those with lower PTBP1
expression level, which indicates a potential contribu-
tion of increased PTBP1 expression to the progression of
AML (Fig. 5B). At the same time, the global circRNA lev-
els showed a significant upregulation in AML (Fig. 5C),
and the density scatter plot indicated a significant upward
shift in circRNAs expression along the vertical direction,
whereas linear transcripts expression did not exhibit a
significant shift along the horizontal direction (Fig. 5D).
More than 70% of differentially expressed circRNAs may
have PTBP1 motifs on both sides of the introns (Addi-
tional file 1: Fig. S5 A). Additionally, similar to previous
results in K562 cells (Fig. 2C, E), circSPPL3 expression
was significantly upregulated in AML compared to the
healthy group, consistent with the trend observed for
PTBP1. The junction ratio ranking of circSPPL3 in AML
was relatively high (Fig. 5E, F). Our preliminary obser-
vations indicate that PTBP1 could potentially influence
circRNA biogenesis in AML cells, with a tentative asso-
ciation observed in prognostic analyses [20].

PTBP1 may influence cell proliferation in AML

through the regulation of circRNAs

Acute myeloid leukemia represents a myeloid-origin
malignant hematological disease characterized by rapid
onset. Development of innovative therapies has contrib-
uted to an increase in the average 5-year relative survival
rate for leukemia. However, in developing countries like
China, the survival rate remains considerably low [21].
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To further explore whether PTBP1 is associated with
AML progression, we conducted gene set enrichment
analysis (GSEA) on 961 differentially expressed genes
between healthy and AML samples. The results revealed
that these genes were involved in endothelial cell prolif-
eration, endothelial cell metastasis, and mRNA splicing
(Fig. 6A—C).

To elucidate the connection between these differen-
tially expressed genes and differentially expressed cir-
cRNAs, we constructed a ceRNA network. We screened
differentially expressed circRNAs with PTBP1 motifs and
focused on 471 target differentially expressed genes regu-
lated by these circRNAs. Gene ontology (GO) analysis of
these target genes revealed that their cellular components
predominantly included the plasma membrane, extracel-
lular exosome and focal adhesion, etc. The molecular
functions encompassed protein homodimerization activ-
ity, receptor binding and protein kinase binding, etc. Bio-
logical processes included positive regulation of B cell
proliferation, MAP kinase activity, ERK1 and ERK2 cas-
cade, PKB signaling, and cell proliferation (Fig. 6D). The
KEGG pathway analysis revealed predominant involve-
ment in the FoxO signaling pathway, MAPK signaling
pathway, Rapl signaling pathway, Ras signaling pathway,
and TGF-f signaling pathway (Fig. 6E), which have been
proven to be associated with cell proliferation [22-26].

A previous study has confirmed that PTBP1 can pro-
mote the proliferation of AML cells [27], but the under-
lying mechanisms have not been elucidated. To explore
the potential targets through which PTBP1 enhances
cell proliferation in AML, we conducted a screening
within the ceRNA network. In the cell proliferation-
related ceRNA network ranked according to the degree
of connectivity, circFNDC3B, circABCC1, circRNF13,
circPRKCB, circITPR2, and circAGTPBPI were identi-
fied as potential hub circRNAs in this regulatory network
(Fig. 6F). Our study identified 78 miRNAs, including
miR-1236-3p, miR-1248, and miR-3065-5p, as poten-
tially residing at critical nodes within the regulatory net-
work, under the influence of these pivotal hub circRNAs
(Fig. 6F, Additional file 8: Table S7). These preliminary
observations hint at the possibility that PTBP1 might
have an association on cell proliferation in AML samples,
potentially through modulation of the expression levels
of certain core circRNAs when interacted with miRNAs.

Discussion

In the literature, PTBP1 has been shown to be able
to influence gene expression by regulating alterna-
tive splicing [28]. Nevertheless, the molecular mecha-
nism of PTBP1 regulating global circRNA biogenesis
is not reported. We found that depletion of PTBP1 in
K562 cells led to a reduction in global circRNA levels,
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associated with cell proliferation

as a potentially crucial target of PTBP1 regulation and
discovered that PTBP1 can regulate the biogenesis of
circSPPL3 by binding to intronic sequences on both
sides using a minigene reporter. Expression levels of both
PTBP1 and circRNAs were significantly upregulated
in AML samples. Patients exhibiting high expression of
PTBP1 experienced a poorer prognosis. The ceRNA net-
work indicated that PTBP1 and hub circRNAs might be
involved in the regulation of cell proliferation in AML.
CircRNAs generally exhibit lower expression compared
to linear RNAs, and lowly expressed circRNAs may be

undetected, which brings challenges in circRNA identi-
fication. To enhance circRNA enrichment before RNA
library construction, we employed RNase R exonuclease
to effectively minimize the interference from linear RNA.
Additionally, we employed two circRNA identification
software to reduce the false positive (Additional file 3:
Table S2). The partially differentially expressed circR-
NAs were validated using RT-qPCR (Fig. 2E). Employ-
ing higher-precision methods, such as third-generation
sequencing technology [29], has the potential to signifi-
cantly enhance validation efficiency.
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The binding sites of RBPs on the flanking introns of
circRNAs are crucial for regulating the biogenesis of cir-
cRNAs. We discovered that the expression levels of circ-
SPPL3 in the K562 cell line are notably high and are not
influenced by the expression levels of its corresponding
linear mRNA (Additional file 1: Fig. S4 A, Additional
file 7: Table S6) [30]. The downregulation of circSPPL3 is
most significant after the knockdown of PTBP1 (Fig. 2E).
We validated circSPPL3 in K562 cells (Additional file 1:
Fig. S4D) and analyzed the binding characteristics of
PTBP1 in the flanking introns of the regulated circRNAs.
We found that the motif of PTBP1 was characterized by
UYYY (Fig. 3B). Not all PTBP1 motifs are supported by
RIP-seq data, suggesting that although RIP-seq data is an
essential guide for detecting key binding sites of RBPs, its
role in predicting crucial binding sites for back splicing
may be limited. Through the construction of a minigene
reporter and different mutants for circSPPL3, we found
that the motifs in its flanking introns are essential for the
regulation of PTBP1 (Fig. 3G). This may indicate that the
simultaneous retention of PTBP1 motifs in both introns
is necessary for circRNA biogenesis.

In various types of leukemia, abnormal gene splicing
frequently occurs due to genetic mutations and other
factors [31, 32]. This aberrant genetic splicing typically
results in different exon combinations and contributes to
the heterogeneity of cancer cells. We observed a signifi-
cant upregulation of both PTBP1 and circRNA expres-
sion in AML samples compared with healthy samples
(Fig. 5A, C). We also found a higher number of signifi-
cantly upregulated circRNAs with high junction ratio
in AML (Additional file 1: Fig. S5B), such as circ/[RAK3.
Meanwhile, the high expression of PTBP1 is associated
with the low survival rate of AML patients (Fig. 5B),
highlighting the need for further experimental validation
of its impact on leukemia progression.

Through the establishment of a ceRNA network asso-
ciated with PTBP1, we identified that the majority of
target genes regulated by PTBP1 through the ceRNA
network were involved in cell proliferation (Fig. 6D, E).
This observation suggests that PTBP1 may promote cell
proliferation in AML, aligning with the findings of previ-
ous report [27]. In the cell proliferation-related networks,
we identified six hub circRNAs with the highest connec-
tivity (Fig. 6F). CircFNDC3B [33], circABCCI [34, 35],
circRNF13 [36-38], and circAGTPBPI [39], which differ-
entially express between healthy and AML samples, have
been discovered to be associated with the progression
of various cancers. Although circ/TPR2 has been rarely
reported, /TPR2 promotes the proliferation of hepatocel-
lular carcinoma cells and it has been shown to be a key
gene in prostate cancer prognosis [40, 41]. CircPRKCB
also exhibited significant differential expression in our
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K562 data (Fig. 2E), and the trend of change was consist-
ent with PTBP1, suggesting that it is conserved and plays
a crucial role in multiple types of leukemia. In summary,
the findings indicate that the proliferation of AML cells
may be linked to the expression of these hub circRNAs
and PTBP1, and additional wet lab experiments are nec-
essary to elucidate their regulatory interactions in the
future.

Conclusions

In this study, PTBP1 was initially identified as a pivotal
regulator of circRNAs through the analysis of transcrip-
tomic data across 10 distinct cell lines. The knockdown
of PTBP1 in K562 cells led to a significant reduction in
the overall abundance of circRNAs. Subsequently, we
employed a minigene reporter and a miniGFP system
to substantiate the molecular mechanism, underlying
PTBP1’s role in promoting global circRNA biogenesis.
Further analysis of data from acute myeloid leukemia
patient samples indicated the view that PTBP1 poten-
tially functions as a key regulator of circRNAs under
in vivo conditions. Additionally, we explored the poten-
tial involvement of PTBP1-associated circRNAs in bio-
logical processes pertinent to cellular proliferation. This
is the first report to describe the role of PTBP1 in regu-
lating global circRNA biogenesis. Our findings suggest
that circRNAs associated with PTBP1 could play a role
in cell proliferation in leukemia. Consequently, we con-
jecture that inhibiting PTBP1 activity may be a potential
therapeutic strategy for leukemia, which could be vali-
dated in future research.

Methods

Cell culture, plasmid construction, and transfection

K562 and 293 T cells were cultured in RPMI 1640 (Gibco,
C22400500BT) or DMEM (Gibco, C11995500BT)
medium supplemented with 10% FBS (Gibco, 10,099-141
C) and 1% penicillin—streptomycin (Gibco, 15,140,163) at
37 °Cin a 5% CO, atmosphere, respectively. The cell lines
were kindly provided by Prof. Gang Cao from Huazhong
Agricultural University, China.

The pcDNA6 plasmid served as a backbone for con-
structing the minigene reporter and its derivative
mutants. Employing human genomic DNA as a template,
exons 4—6 of the SPPL3 gene, along with 500 base pairs of
the adjacent intronic sequences, were amplified via PCR
using KOD FX polymerase (TOYOBO, KFX-101). The
amplified fragments were then seamlessly cloned into
the vector. The Basic Seamless Cloning and Assembly
Kit (TransGen, CU201-02) facilitated the introduction of
point mutations into the minigene (Mtl, Mt2, and Mt3).
This was achieved by employing primers that incorpo-
rated the desired mutations, allowing for the precise
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modification of the minigene sequence. The sequences of
primers are shown in Additional file 6: Table S5. MiniGFP
was generously provided by Prof. Yang Wang from Dalian
Medical University.

The Lipofectamine™ 2000 transfection reagent (Ther-
moFisher Scientific, 11,668—027) was utilized in conjunc-
tion with serum-free medium, opti-MEM (ThermoFisher
Scientific, 31,985-070).

RNA extraction and RT-qPCR

A total of 1x 107 cells were collected and lysed with TRI-
ZOL. Total RNA extraction was performed using the
EasyPure Kit (TransGen, ER101-01). Subsequently, 1 pg
of RNA was utilized in accordance with the instructions
provided by the ABScript II cDNA First-Strand Synthesis
Kit (ABclonal, RK20400) for reverse transcription. RT-
qPCR was performed on a CFX96 real time PCR machine
(Bio-Rad) using SYBR Green Mix. The thermal cycling
profile comprised the following steps: 95 °C for 3 min, 40
cycles of 95 °C for 10 s, 56 °C for 20 s and 72 °C for 30 s,
followed by a melt curve ranging from 65 to 95 °C with
increments of 0.5 °C for 5 s. The sequences of primers are
shown in Additional file 6: Table S5.

Western blot

Protein levels were assessed through western blot analy-
sis. Briefly, proteins lysed from cells were separated by
SDS-PAGE and subsequently transferred to a PVDF
membrane. The PVDF membrane was blocked with non-
fat milk powder and incubated with PTBP1 antibody
(MBL, RNO11P) and B-actin antibody (ABclonal, AC026).
Following this, HRP-labeled anti-mouse and anti-rabbit
IgG antibodies were employed as secondary antibodies.
Protein detection was accomplished using a chemilumi-
nescence system.

RNase R treatment

A total of 1 pug of RNA was subjected to treatment with or
without 10 U RNase R (Lucigen, RNR07250) for 50 min
at 37 °C in a volume of 10 pL, followed by inactivation
at 65 °C for 20 min. An equivalent quantity of untreated
RNA served as control for reverse transcription, PCR
amplification, and agarose electrophoresis.

CircRNA-seq

A total of 5x 10° cells were collected for RNA extraction.
The removal of rRNA was carried out using the rRNA
depletion module (ABclonal, RK20348). RNase R diges-
tion followed the protocol described above, and RNA
library construction adhered to the steps outlined in the
instructions for the RNA-seq Lib Prep kit for Illumina
(ABclonal, RK20303). RNA fragmentation was achieved
by adding 5 pL of 2 X Frag/Elute buffer. Subsequently, 10
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pL of fragmented RNA was combined with RT strand-
specific reagent for first-strand synthesis. Following the
second-strand synthesis reaction, purification was con-
ducted using AMPure XP magnetic beads (Beckman,
A63881). End repair and adapter ligation were followed
by another purification step and PCR amplification. RNA
sequencing was conducted on an Illumina HiSeq X Ten
system, generating paired-end 2 x 150 bp reads.

RIP-seq

RIP-seq was conducted following a previously published
protocol [42]. A total of 1x 107 cells were crosslinked
with 1% formaldehyde for 10 min at room temperature,
and the reaction was halted by adding 2.66 M glycine.
The lysed cells were sonicated to fragment DNA into
200-1000 bp fragments. DNase I (ThermoFisher Sci-
entific, EN0521) digestion at 37 °C for 30 min was per-
formed at a concentration of 250 U/mL. Subsequently,
5 pg of antibody was incubated with magnetic beads for
1 h at room temperature. Ten microliters of cell lysate
were reserved as control, and the remaining portion was
added to the magnetic beads for incubation at 4 °C over-
night. Library construction followed the RNA library
construction method described above. RNA sequencing
was conducted on an Illumina HiSeq X Ten system, gen-
erating paired-end 2 X 150 bp reads.

CircRNA-seq and RNA-seq analysis

The raw sequencing reads were processed with fastp [43]
to remove low-quality reads and adapters. CircRNAs
were identified using CIRCexploer2 [44] and CIRIquant
[45] software. CIRIquant was used to identify circR-
NAs by default parameters. During circRNA identifica-
tion with CIRCexplorer2, cleaned reads were mapped to
the hg38 reference genome by STAR [46] with specific
parameters: —chimSegmentMin 10 -readFilesCom-
mand zcat —outSAMtype BAM SortedByCoordinate.
CircRNAs identified by both software were subjected
to further analysis. The junction ratio was calculated by
CIRIquant using back splicing junction (BSJ) and for-
ward splicing junction (FSJ) reads as 2 * BSJ/(2 * BS]
+FSJ). To compare circRNA expression level between
samples, circRNA BS] counts was normalized using the
CPM (counts per million mapped reads) to remove bias
derived from sequencing depth. Differentially expressed
circRNAs were identified using edgeR [47] with a thresh-
old: log,|FC|> 1 and p value <0.05. ggplot2 R package
was employed to generate relevant plots.

RNA-seq reads were aligned to the hg38 reference
genome using HISAT2 [48]. Gene expression levels
were quantified using StringTie [49] with the specified
parameters -e -G Homo_sapiens.GRCh38.96.gtf, and
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differentially expressed genes were identified through
DESeq?2 [50] with a threshold of log, |FC|> 2 and p value
<0.05.

To explore circRNA expression after PTBP1 knock-
down in other cells, RNA-seq and circRNA-seq data
for the CD34 +and HeLa cells were downloaded from
GSE106566 [51] and CRA001838 datasets (https://bigd.
big.ac.cn/gsa) [45], respectively. Additionally, RNA-
seq data for AML and healthy tissues were obtained
from GSE158596 [52] to investigate for the relationship
between PTBP1 and circRNAs in AML and construct the
ceRNA regulatory network.

CircRNA co-expression network construction

After obtaining circRNA expression from 10 cell lines in
the ENCODE project, the rcorr function of the Hmisc
R package (https://www.rdocumentation.org/packages/
Hmisc/versions/5.1-2) was used to calculate the Pear-
son correlation coefficients for each pair of circRNAs
across 10 cell lines. To improve the accuracy, circRNAs
with CPM >0.2 in at least one cell line and Pearson cor-
relation coefficient >0.9 were selected to construct co-
expression networks.

Analysis for RBP motifs in circRNA flanking introns

Long nonpolyA RNA-seq data of 10 cell lines, including
K562, A549, HeLaS3, and HepG2, were obtained from
the ENCODE project [53] (download link: http://hgdow
nload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEnc
odeCshlLongRnaSeq/). After circRNA identification in
10 cell lines, to collect reliable RBP resources, the RBP
position weight matrices (PWMs) present both in CISBP-
RNA [54] and RBPsuite [55] databases were obtained for
subsequent analysis. MEME-FIMO [56] was employed
to scan RBP motifs in the sequences of circRNA flanking
introns with p value <0.0001.

RIP-seq analysis

After aligning the cleaned reads to the human refer-
ence genome hg38 by HISAT?2, the low mapping quality
reads were filtered with -q 30 using SAMtools [57], and
PCR duplicates were subsequently removed using picard
(https://github.com/broadinstitute/picard). MACS2 soft-
ware [58] was performed to call peaks with parameter:
-f BAMPE -B -g hs, and genomic region annotations of
peaks were conducted using ChlIPseeker [59] (promoter
defined as transcription start site +2 kb). Additionally,
visualization files in bw format were generated using
deepTools [60] bamCoverage (—normalizeUsing RPGC,
—bin size 10). Subsequently, motif enrichment analysis
of PTBP1 peaks was performed using HOMER [61] with
the parameters (findMotifGenome.pl: -len 6).
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CeRNA network construction

The differentially expressed circRNAs in AML were
scanned with MEME-FIMO with p value <0.0001, and
the circRNAs with PTBP1 motif in flanking introns or
body were used for ceRNA network analysis. Potential
miRNAs binding to these circRNAs were predicted using
Miranda [62], with stringent parameters: score >200, E <
—7, and -strict. Subsequently, miRNA-mRNA interac-
tions were predicted by TargetScan [63], and the results
overlapping with miRTarBase [64] database, which
stores experimentally validated miRNA-mRNA interac-
tions, were remained. The results were filtered based on
circRNAs having the same expression trend as the tar-
get differentially expressed genes. Six upregulated hub
circRNAs related to cell proliferation were selected for
presentation.

Gene function enrichment analysis

The results of differentially expressed genes in AML were
filtered based on p value <0.05. After sorting these genes
based on log, fold change, the gene set enrichment analy-
sis (GSEA) was employed to examine the enrichment of
genes in pathways related to proliferation, migration, and
mRNA splice site selection using the enrichplot R pack-
age [65]. Additionally, differentially expressed genes in
the constructed ceRNA network were subjected to GO
and KEGG enrichment analyses using DAVID database
[66]. Relevant figures were visualized using circlize [67]
and xenrichplot packages.

Statistical analysis

Except specifically labeled, data are presented as the
mean of three biological replicates, error bars represent
the mean # standard error of mean (SEM), and statistical
significance was performed using Student’s ¢-test (two-
tailed, unpaired): ns, no significant difference, * p< 0.05,
** p<0.01, *** p< 0.001, **** p< 0.0001.
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circRNAs  Circular RNAs

ceRNA Competitive endogenous RNA
AML Acute myeloid leukemia
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GSEA Gene set enrichment analysis

GO Gene ontology
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FSJ Forward splicing junction
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