
PNAS  2024  Vol. 121  No. 46 e2317861121 https://doi.org/10.1073/pnas.2317861121 1 of 12

RESEARCH ARTICLE | 

Significance

 We highlight a noncanonical role 
of APE1 on miRNA precursors 
containing RNA G-quadruplex 
(rG4) structures. Specifically, 
APE1 modulates their folding, 
mainly through its N-terminal 
region and some residues in its 
catalytic domain. Moreover, we 
demonstrate that APE1 regulates 
the shuttling and accumulation 
of miR-92b between the nuclear 
and cytosolic compartments, 
opening unique perspectives on 
how APE1 may exercise its role in 
the miRNA maturation pathway. 
Additionally, miRNAs with rG4 
motifs in their precursors 
dysregulated after APE1 
depletion have significant 
prognostic value in real-world 
tumors, suggesting potential 
targets for cancer therapy. Since 
massive oxidation occurs during 
oxidative stress conditions, this 
work lays the basis for 
understanding the rG4-mediated 
mechanism of miRNA regulation.
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In the last decade, several novel functions of the mammalian Apurinic/Apyrimidinic 
Endodeoxyribonuclease 1 (APE1) have been discovered, going far beyond its canonical 
function as DNA repair enzyme and unveiling its potential roles in cancer development. 
Indeed, it was shown to be involved in DNA G- quadruplex biology and RNA metabolism, 
most importantly in the miRNA maturation pathway and the decay of oxidized or abasic 
miRNAs during oxidative stress conditions. In recent years, several noncanonical pathways 
of miRNA biogenesis have emerged, with a specific focus on guanosine- rich precursors 
that can form RNA G- quadruplex (rG4) structures. Here, we show that several miRNA 
precursors, dysregulated upon APE1 depletion, contain an rG4 motif and that their corre-
sponding target genes are up- regulated after APE1 depletion. We also demonstrate, both by 
in vitro assays and by using different cancer cell lines, that APE1 can modulate the folding 
of an rG4 structure contained in pre- miR- 92b, with a mechanism strictly dependent on 
lysine residues present in its N- terminal disordered region. Furthermore, APE1 cellular 
depletion alters the maturation process of miR- 92b, mainly affecting the shuttling between 
the nucleus and cytosol. Bioinformatic analysis of APE1- regulated rG4- containing miR-
NAs supports the relevance of our findings in cancer biology. Specifically, these miRNAs 
exhibit high prognostic significance in lung, cervical, and liver tumors, as suggested by 
their involvement in several cancer- related pathways.

APE1 | rG4 | miRNA | gene expression | oxidative stress

 In humans, a large quota of RNAs is not translated into proteins and constitutes the non-
coding fraction of RNAs ( 1 ). Within this class, microRNAs (miRNAs) and their precursors 
emerge for their increasingly recognized roles, being involved in several physiological and 
pathological processes ( 2 ,  3 ). miRNA biogenesis is finely regulated, starting with the RNA 
polymerase II–mediated transcription of a primary miRNA (pri-miRNA) that folds into a 
stem-loop structure, recognized and cropped by the Drosha-DGCR8 complex ( 4 ). The 
resulting transcript, called precursor miRNA (pre-miRNA), is exported to the cytoplasm, 
where its terminal loop is cleaved by Dicer, releasing a small duplex RNA, which is then 
loaded onto the Argonaute protein and, after the removal of one of the two strands, becomes 
part of the mature RNA-induced silencing complex (RISC) to specifically target the mRNA 
molecules based on complementarity with the seed region ( 5 ).

 Recent studies have described an alternative pathway of miRNA maturation specifically 
tuned to guanosine-rich pre-miRNAs, which involves the existence of a thermodynamic 
equilibrium between the canonical stem-loop and a noncanonical secondary structure 
called RNA G-quadruplex (rG4) ( 6 ). Analogously to DNA G-quadruplexes (G4s), rG4s 
are composed of stacks of guanine tetrads (called G-quartets) linked by Hoogsteen hydro-
gen bonds, mostly folded in a parallel topology with all strands following the same direc-
tion ( 7 ). Interestingly, this folded structure is more stable and compact than its DNA 
analogue, principally due to the 2’ hydroxyl group of the ribose ( 8 ). Several studies have 
shown that the presence of rG4s in miRNAs may affect their maturation process ( 6 ). 
Indeed, if present in pri-miRNAs, rG4s can inhibit Drosha-DGCR8 processing ( 9 ,  10 ); 
once present in pre-miRNAs, rG4s can inhibit Dicer activity ( 8 ,  11 ); whereas in mature 
miRNAs, rG4s can impede loading onto the RISC ( 12 ). Therefore, the consequence of 
this multilevel inhibition may lead to an aberrant miRNA maturation, impairing their 
ability to target mRNAs, thus potentially affecting several cellular pathways ( 13 ,  14 ). For 
these reasons, targeting rG4s in miRNAs and their precursors could be explored as a 
eligible therapeutic strategy. A very well-characterized example is represented by 
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pre-miR-92b, which is structured to form a stable rG4 at physi-
ological KCl concentrations ( 15 ). Mature miR-92b is clinically 
relevant, being overexpressed in several human cancers including 
cervical and gastric cancers, glioma, and non–small cell lung can-
cer (NSCLC) ( 16   – 18 ). It was shown that the stabilization of its 
rG4 by a locked nucleic acid resulted in a decreased maturation 
of the miR-92b itself, leading to the rescue of the expression of 
its target PTEN, thus sensitizing NSCLC cells to doxorubicin 
treatment ( 19 ).

 APE1/Ref1 (Apurinic/Apyrimidinic Endodeoxyribonuclease/
Redox Effector Factor 1) is a multifunctional protein, mostly known 
for its role as endonuclease in the base excision repair (BER) pathway, 
deputed to the repair of oxidative and nondistorting DNA lesions, 
and functioning as a redox hub for many transcription factors (TFs) 
( 20 ). In recent years, great attention has been paid to the noncanon-
ical roles of APE1 ( 20 ,  21 ). Indeed, APE1 mediates transcriptional 
regulation by modulating G4s at promoter regions and creating a 
platform for TF recruitment ( 22   – 24 ). In vitro experiments have 
demonstrated that APE1 maintains its endonuclease activity toward 
abasic (e.g., AP) sites embedded in G4s, although with a lower effi-
ciency when compared to duplex DNA ( 25 ,  26 ). Surprisingly, the 
N-terminal region of APE1 is essential not only for G4s binding but 
also for modulating the catalysis of the AP site cleavage. Remarkably, 
those activities largely depend on the ionic strength of the reaction 
and, above all, on the magnesium concentration ( 23 ,  25 ). 
Furthermore, the N-terminal portion of the protein presents several 
lysine residues, whose acetylation increased the cleavage ability of 
the protein and diminished the capacity to bind chromatin, due to 
the neutralization of its positive charges ( 25 ). Most interestingly, 
APE1 is involved in oxidized or abasic-pri-miRNA processing and 
stability during oxidative stress ( 27 ). Data from our laboratory have 
demonstrated that APE1 efficiently binds to pri-miR-221 and pri-
miR-222 in HeLa, HCT-116, and MCF-7 cell lines and that their 
processing is affected in APE1-depleted cells, resulting in an upreg-
ulation of PTEN, a target gene of both miRNAs, during oxidative 
stress conditions. Moreover, we showed that APE1 interacts with 
Drosha but not with DGCR8 and DDX5, suggesting that may affect 
the early phases of the microprocessor pathway and may compete 
with Dicer for the processing of some pre-miRNAs ( 27 ). Finally, 
APE1 is involved in controlling Dicer expression in NSCLC through 
APE1-regulated miRNA-33a-5p and miRNA-130b, thus contrib-
uting to epithelial–mesenchymal transition (EMT) mechanisms in 
cancer cells ( 28 ). Several studies have established that APE1, which 
is overexpressed in the nucleus and cytoplasm of many tumor types 
(e.g., hepatic, cervical, and lung), is involved in tumor progression 
( 29     – 32 ), thus representing an important target for cancer therapy 
( 21 ). However, the molecular mechanisms responsible for the tum-
origenic role of APE1 are still unclear but point to the not-repair-
related activities of the protein, including redox regulation and RNA 
metabolism. Recent data, including ours, suggest that APE1 may 
contribute to the expression of chemoresistance and tumor progres-
sion genes through posttranscriptional mechanisms involving 
miRNA regulation ( 27 ,  33 ,  34 ). To date, it is unknown whether 
APE1 is endowed with the ability to recognize oncogenic miRNAs 
(onco-miRNAs) in a sequence-specific manner or whether the pres-
ence of rG4s may play a role in its binding properties. Shedding light 
on these aspects could contribute to understanding the role of APE1 
in the tumorigenic process. Moreover, it is known that oxidative 
stress can cause damage to both DNA and RNA with detrimental 
effects on gene expression that could lead to chemoresistance onset 
( 35 ,  36 ). Accordingly, during oxidative stress exposure in cancer cells, 
damaged miRNAs might have important effects on gene expression 
( 35 ,  37 ,  38 ). As recently proposed, miRNA-bearing lesions, includ-
ing those containing AP sites or oxidized bases (e.g., 8-oxoG), seem 

to accumulate up to 10-fold or more during cancer development 
and oxidative stress exposure, acting as epitranscriptional regulators 
to rewire cancer gene expression ( 39 ). It is still unknown which 
proteins can specifically recognize and process oxidized miRNAs, 
whereas their in-depth study would be essential for understanding 
molecular mechanisms in miRNA quality control and developing 
eligible specific anticancer strategies. In addition, since AP sites or 
8-oxoG could significantly impact the stability and forming potential 
of rG4 structures, it is imperative to inspect these issues from a 
functional perspective. In this context, the ability of APE1 to recog-
nize and process damaged miRNAs ( 39 ), alone or in cooperation 
with other proteins, represents an interesting focus in cancer biology 
and a promising antitumoral target. Therefore, this study aims to 
investigate the involvement of APE1 in the stabilization/destabiliza-
tion effect of pre-miRNAs containing rG4 motifs, as this protein 
might regulate the equilibrium between the G4 itself and the canon-
ical stem-loop structure, thus impacting miRNA processing.

 Through bioinformatic analysis performed on a list of differ-
entially expressed miRNAs obtained from HeLa and A549 cells 
upon stable downregulation/reconstitution of APE1 protein ( 27 , 
 28 ,  40 ), we investigated the presence of rG4s in pre-miRNAs, 
finding that about 27% of those precursors contain an rG4-
forming motif. In vitro experiments, using a synthetic oligoribo-
nucleotide mimicking the rG4-containing pre-miR-92b, showed 
that APE1 can modulate the folding and stability of this structure. 
In addition, we analyzed the region of APE1 that binds the rG4 
motif contained in pre-miR-92b and compared this region with 
previously published contact surfaces between APE1 and different 
enzymatic targets such as DNA. Furthermore, we confirmed these 
data in HeLa cells by observing that APE1 can bind pri-miR-92b 
and that this binding is mainly mediated by lysine residues present 
in its unstructured N-terminal region. Finally, we showed that 
miR-92b subcellular localization in nuclei and cytosol is deeply 
influenced by APE1 expression, thus suggesting that APE1 could 
be an important regulator of miR-92b maturation and shuttling 
processes. A bioinformatic analysis, performed on the predicted 
rG4-containing miRNAs regulated by APE1, highlighted their 
prognostic significance in lung, cervical, and liver tumors. Finally, 
by functional enrichment analysis, we reported the involvement 
of these miRNAs in several cancer-related pathways, such as EMT, 
tumor progression, and immune evasion. All these results provide 
evidence for a unique layer of APE1 functions, which could medi-
ate its role in cancer development. 

Results

APE1 Depletion Causes a Dysregulation of rG4 Motif- Containing 
pre- miRNAs. Starting from a previously published list of miRNAs 
dysregulated upon APE1 depletion (n = 248, Dataset  S1A) 
obtained by Nanostring and RNA- seq analysis in HeLa and A549 
cell lines (27, 28, 40), we searched for their corresponding pre- 
miRNAs (n = 227) by using miRbase (41). Then, we examined 
the presence of rG4- forming motif sequences in the pre- miRNAs 
through a bioinformatic analysis using three algorithms (Material 
and Methods). In total, 61 of the initial 227 sequences were 
predicted to contain an rG4 motif at least by one tool, which 
indicated that about 27% of the pre- miRNAs, dysregulated by 
APE1 depletion, potentially contained an rG4 motif (Fig.  1A 
and Dataset S1B). Among 61 pre- miRNAs, 15 sequences were 
predicted by all three algorithms (6.6%) with above- threshold 
scores; 19 were predicted by both QGRS mapper and psqfinder 
(8.4%), while the remaining 27 were predicted by only one of 
the three tools (12%). We further observed that following APE1 
depletion, the number of dysregulated pre- miRNAs holding D
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rG4- forming sequences (26.8%) was comparable to the number 
of total predicted rG4- containing pre- miRNAs (27.5%) obtained 
from performing the same analysis on the whole human miRbase 
(Dataset S1 C and D), leading us to the hypothesis that APE1 
has a molecular role in the regulation of a substantial number of 
rG4- containing miRNAs.

 Next, to identify the pathways associated with up-regulated genes 
following APE1 depletion, we performed a pathway enrichment 
analysis, starting from experimentally tested target genes using the 
TarBase database ( 42 ), which houses a manually curated collection 
of experimentally tested miRNA targets. We then selected interac-
tions that were already validated in human cells (SI Appendix, Fig. S1  
and Dataset S2A ). Genes exhibiting upregulation were defined as 
those having an adjusted P -value < 0.05 and a positive log2(Fold 
Change) in APE1-depleted cells, compared to control cells, in at least 
one of the two cell lines examined (HeLa or A549). Our findings 
revealed that the up-regulated genes primarily participate in onco-
genic pathways such as the “p53 signaling pathway”, “Pancreatic 
cancer”, “Transcriptional misregulation in cancer”, “Small cell lung 
cancer”, “Proteoglycans in cancer”, and “Colorectal cancer”, further 
indicating the role of APE1 in cancer onset and progression 
(SI Appendix, Fig. S1 ). Notably, several up-regulated genes were sig-
nificantly enriched in the “Focal adhesion” pathway, implicating a 
role of APE1 in processes related to extracellular matrix organization 
and cell-to-cell interactions, whose dysregulation could lead to dif-
ferent human diseases including cancer. Indeed, focal adhesion 
proteins contribute to multiple aspects of cancer, including increased 
cell proliferation, resistance to apoptosis, elevated cell motility and 
invasion, and promotion of angiogenesis ( 43 ). In line with this result, 
we also identified significantly enriched pathways related to senes-
cence and the cell cycle, reinforcing the role of APE1 in those pro-
cesses (SI Appendix, Fig. S1 ). Finally, to explore the relationship 
among up-regulated genes and dysregulated rG4-containing miR-
NAs upon APE1 depletion, we built a miRNA–gene interaction 
network ( Fig. 1B  ) reporting the TarBase-validated interactions 
between each of the 61 rG4-containing miRNAs and the up-
regulated genes in common between the HeLa and A549 cell lines 
after APE1 depletion ( 42 ). Notably, we observed the presence of 
different interactions between rG4-containing miRNAs and up-
regulated genes following APE1 depletion. Intriguingly, miR-92b, 
located in the center of the network, regulates the expression of many 

up-regulated genes directly and indirectly, suggesting its pivotal role 
in the regulation of the expression of key genes associated with APE1 
depletion ( 27 ) ( Fig. 1B  ).  

APE1 Binds pre- miR- 92b and Modulates rG4 Conformational 
Changes. Given the role of APE1 in miRNA processing and in the 
regulation of G4 structures (23, 25–28), we investigated whether 
APE1 might bind rG4- containing miRNAs and modulate the 
folding of rG4 structures in miRNAs. To test this hypothesis, we 
chose pre- miR- 92b as a general model for our next investigations 
for the following reasons: i) pre- miR- 92b was predicted to contain 
an rG4 by all three tools with high scores and controls target genes 
already known to be regulated by APE1 (i.e., PTEN, DICER, 
CDKN1A); ii) pre- miR- 92b contains an rG4 motif that was already 
experimentally validated and characterized (15); iii) the stabilization 
of its rG4 represents an attractive therapeutic target (15, 19); and iv) 
its mature form (miR- 92b- 3p) resulted dysregulated both in HeLa 
and A549 cell lines after APE1 depletion (27, 28, 40).

 Based on the QGRSmapper analysis (reported in SI Appendix, 
Table S1 ), we first designed an rG4-forming sequence derived from 
pri-miR-92b and pre-miR-92b sequences (SI Appendix, Fig. S2A  ). 
This sequence, hereafter named pre-92b and highlighted in green, 
is entirely located in the pre-miR-92b sequence (SI Appendix, 
Table S1 ). This sequence was used for the following in vitro analyses 
with or without a fluorophore in the 5’-end. In our structure anal-
ysis, the nonfluorescent oligoribonucleotide was folded in a 50 mM 
K+  solution and then inspected by Circular Dichroism (CD) and 
NMR spectroscopies. The CD spectrum showed a positive (λmax  = 
263 nm) and a negative (λmin  = 242 nm) molar ellipticities, consist-
ent with a parallel-stranded rG4 (SI Appendix, Fig. S2B  ) ( 44 ), as 
confirmed by 1D 1 H NMR spectrum, indicating the formation of 
several imino peaks compatible with two or more conformers of a 
three G-tetrad rG4 in dynamic equilibrium (SI Appendix, Fig. S2C  ).

 Upon confirming the rG4-folding ability of the pre-miR-92b 
under these experimental conditions, we evaluated the ability of 
APE1 to bind the pre-miR-92b. First, we carried out a Northwestern 
blot (NWB) assay by analyzing equal amounts of BSA, GST, recom-
binant purified APE1 wild-type (APE1WT ), as well as the tagged 
APE1WT -GST protein ( Fig. 2A  ). After gel running and blotting, 
we renatured the proteins by serial dilutions of GdnHCl, and then 
we incubated the membrane with the soluble fluorescent probe. 

Fig. 1.   Predicted rG4- containing pre- 
miRNAs dysregulated upon APE1 si-
lencing control several up- regulated 
genes associated with APE1 depletion. 
(A) Number of rG4- containing pre- 
miRNAs predicted at least by one algo-
rithm and the related median predic-
tion score (Top); the list of pre- miRNAs 
predicted to have at least an rG4 by all 
three algorithms (Center); and the top 
ten pre- miRNA ranked by their normal-
ized prediction score, computed as the 
sum of each algorithm’s score scaled 
by the maximum obtained score for 
that algorithm (Bottom). (B) Network 
of miRNA–gene interaction for the 61 
miRNA present in the signature. Only 
up- regulated genes (P- value < 0.05 and 
log2FoldChange > 0) in both of the cell 
lines analyzed (HeLa or A549) were re-
ported. Each purple node represents 
a single miRNA while the edges rep-
resent the miRNA–gene target interac-
tion reported in TarBase. Up- regulated 
genes are reported as green nodes.
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Data showed that both APE1WT  and APE1WT -GST (lanes 4 and 
5) were able to bind the probe. The absence of any bands in the 
BSA and GST lanes (lanes 2 and 3) confirmed that the binding of 
the probe to APE1WT  was highly specific. Moreover, to assess the 
specificity of the binding, we performed a NWB assay by comparing 
the signal obtained from pre-92b with a polyU RNA sequence of 
the same length as the pre-92b probe, as negative control. As shown 
in SI Appendix, Fig. S2D  , a faint signal was observed with the polyU 
probe, as quantified and shown in the graph (SI Appendix, Fig. S2E  ), 
thus confirming the specificity of APE1WT  binding to the pre-92b 
probe. To further confirm these data, we carried out a UV-cross-
linking assay using increasing amounts of APE1WT  protein and a 
constant amount of pre-92b probe ( Fig. 2B  ). As indicated by the 
single asterisk, the observed band corresponded to the UV-cross-
linked complex between APE1WT  and the pre-92b. Specifically, 
APE1WT  was able to bind the probe in a dose-dependent manner 
(lanes 4-11) forming a 1:1 ratio complex of 43 kDa. Some higher 

molecular complexes were also observed as faint bands and high-
lighted by double asterisks. As expected, not all these bands were 
detected in the protein-free oligoribonucleotide kept at room tem-
perature (lane 3) nor in the protein-free oligoribonucleotide heated 
at 70 °C before loading (lane 2). To quantitatively evaluate the 
affinity between pre-92b probe and APE1WT , we performed a 
MicroScale Thermophoresis (MST) assay ( Fig. 2 C  and D  ). Keeping 
the pre-92b probe concentration constant but increasing APE1WT  
concentration, we obtained a dose–response profile and the fitting 
of the data allowed us to estimate an IC50  value of 1.6 ± 0.6 μM.        

 Since it was already known that APE1WT  facilitates the conver-
sion of DNA-duplex structures to G4s ( 23 ), in order to charac-
terize the possible involvement of APE1WT  in the folding process 
of rG4s, we performed a RNA electrophoretic mobility shift assay 
(REMSA) ( 40 ) with the recombinant purified protein (SI Appendix, 
Fig. S2F  ). In the presence of KCl and after favoring the probe 
denaturation by heating it at 70 °C, the unstructured probe 

Fig. 2.   APE1 binds pre- miR- 92b rG4 and regulates its folding equilibrium. (A) Representative NWB shows the binding between pre- 92b probe and the recombinant 
APE1WT untagged (lane 4) and tagged with GST (APE1WT- GST, lane 5). BSA and GST were used as controls (lanes 2 and 3). 1.5 µg of each protein was loaded on 
the SDS- PAGE gel and blotted on the membrane, as confirmed by the total protein staining. The membrane was incubated with the pre- 92b fluorescent probe 
(5 pmol). On the left, the electrophoretic marker (M) is loaded (lane 1), and the different molecular weights are expressed in kDa. (B) Representative UV- cross- 
linking analysis with pre- 92b probe (25 nM) and different amounts of APE1WT reported upon the image and expressed in nM. On the left, the electrophoretic 
marker (M) is loaded and the different molecular weights are expressed in kDa. In lane 2, the oligoribonucleotide was heated at 70 °C before loading, as control. 
(C) Thermophoretic traces of the MST assay between pre- 92b and APE1WT, with the relative fluorescence [expressed in (–)] on the y- axis and the MTS experiment 
time on the x- axis (expressed in s). (D) Binding isotherm of the MST signals versus the logarithm of APE1WT concentrations (µM). Experimental data derive from 
the average of two independent experiments. (E) Representative supershift REMSA gel with BG4 (lanes 4- 8- 9), IgG (lanes 2- 6), APE1 (lanes 3- 7- 9) antibodies (215 
nM), and recombinant APE1WT (25 nM) (lanes from 5 to 9), incubated with a constant concentration of pre- 92b probe (25 nM). pre- 92b was heated at 70 °C before 
being added to the reactions. The asterisks (**) and (***) indicate the APE1- bound band and the antibodies- shifted bands, respectively. (F) 1D 1H NMR spectra 
depicting 100 µM pre- 92b in 10 mM KPi buffer with KCl and 0.5 mM MgCl2. In red, the heterogenous folding pattern of different rG4 in a complex equilibrium. 
Green depicts the pre- 92b after incubation with 1 molar equivalent of APE1. The blue spectrum shows the 1:1.2 molar ratio of protein to pre- 92b. (G) Fluorescence 
study to monitor the structural conversion of an RNA duplex to an rG4 structure facilitated by recombinant APE1 protein. The APE1WT concentration (expressed 
in nM) and the relative fluorescence at 520 nm are indicated on the x-  and y- axis, respectively.
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resulted in a single band (lane 1). After adding APE1WT , multiple 
bands were observed (lanes 2-3-4, indicated by a single asterisk), 
whose intensity increased in an APE1WT -dose-dependent manner. 
This result suggests that APE1WT  aids in shifting the equilibrium 
of the RNA toward a different structure, likely an rG4. Interestingly, 
the polyU probe was not shifted by APE1WT  (lanes 5 to 8), con-
firming the relevance of the RNA secondary structure for stable 
APE1WT  binding, as we previously observed in the case of DNA 
( 45 ). The same assay was carried out by comparing the KCl buffer 
with the LiCl buffer (SI Appendix, Fig. S2G  ), which is known to 
destabilize G4 formation ( 46 ). The presence of APE1WT  increased 
the intensity of the retarded band in a dose-dependent manner, 
both in the KCl (lanes 2 and 3) or LiCl (lanes 5 and 6) buffer, but 
to a lower extent with the latter. Indeed, we observed a decrease 
of about 80% (SI Appendix, Fig. S2H  ), thus suggesting a compe-
tition effect between APE1WT  and LiCl in modulating the struc-
tural equilibrium of pre-92b rG4.

 To further support the hypothesis that APE1WT  recognizes and 
modulates the structural equilibrium of pre-92b probe, a supershift-
REMSA experiment was carried out ( Fig. 2E  ). In this experiment, 
we specifically used BG4 antibody, which has been validated in 
literature for its binding ability toward DNA and RNA 
G-quadruplex structures ( 47 ), an APE1 antibody directed versus  
APE1WT  and an IgG antibody as a negative control. Again, pre-92b 
oligonucleotide was heated at 70 °C before being added to the 
different reactions. When the BG4 antibody was incubated alone 
with the pre-92b probe, a supershifted band was observed, suggest-
ing that the folding of the rG4 occurs during the reaction incuba-
tion (lane 4). Epitope control IgG and APE1 antibodies were not 
able to shift the pre-92b probe (lanes 2 and 3, respectively), con-
firming the specificity of the BG4 antibody. APE1WT  alone was 
able to bind to the probe (lane 5) and the bound signal was 
increased when coincubated with IgG, although not shifted, as 
expected (lane 6). APE1 and BG4 antibodies were both able to 
supershift the APE1WT -bound pre-92b probe, equally alone (lanes 
7 and 8, respectively) and in combination (lane 9). Thanks to this 
experiment, and specifically to the BG4 antibody, we clearly 
showed that our pre-92b probe is folded to an rG4 in our REMSA, 
and that forms a complex with APE1WT  (lanes 7-8-9).

 We then hypothesized the role of APE1WT  in modulating the 
folding equilibrium of the rG4 structure. We analyzed the struc-
ture of the complex between APE1WT  and the pre-92b probe by 
solution-state NMR spectroscopy ( Fig. 2F  ). The 1D 1 H NMR 
spectrum of 100 µM pre-92b oligoribonucleotide in KPi buffer 
was recorded at 25 °C. The spectrum highlighted in red evidenced 
a complex imino peak pattern typical of rG4s. We could observe 
numerous imino peaks in the region of 10 to 12.5 ppm, indicating 
a heterogeneous folding pattern of different rG4s in a complex 
equilibrium. The green spectrum depicts the pre-92b probe incu-
bated with one molar equivalent of APE1WT  for one hour before 
recording the same number of transients. The imino fingerprint 
vanished in the presence of APE1WT , suggesting a potential 
unfolding of the rG4 into a single-stranded molecule, which can 
be in fast exchange with the water solvent and does not allow the 
formation of stable imino bonds among the nucleobases, as well 
as, the potential formation of higher-order aggregates. However, 
when we added pre-92b at a higher ratio (1:1.2 total molar ratio) 
to the NMR tube (blue spectrum), we observed the reappearance 
of some imino peaks, indicating a saturated level of the complex 
of APE1WT  with pre-92b at 1:1 interaction in which APE1WT  
modulates the folding behavior of the rG4.

 Finally, to understand whether APE1WT  could affect the folding 
of the possible rG4 sequence in pre-92b from a duplex-like RNA 
structure, we performed a fluorescence spectroscopy analysis 

(SI Appendix, Fig. S2I   and  Fig. 2G  ). To conduct this experiment, 
a 3′-FAM-labeled pre-92b probe was annealed with a complement 
bearing a 5′ quencher (BHQ), and the sequence provided the two 
natural bulges predicted in the pre-mir-92b structure (SI Appendix, 
Fig. S2I  ). The protein was titrated into the RNA solution while 
monitoring the evolution of the FAM fluorescence as the structure 
switched from duplex to rG4 ( Fig. 2G  ). The experiment identified 
that APE1WT  could facilitate refolding of the duplex to an rG4 
with a midpoint of 400 ± 90 nM ( Fig. 2G  ) as happens for G4 in 
DNA ( 23 ).

 In summary, our data confirm the hypothesis that APE1 can 
bind rG4-containing pre-miR-92b and modulate the folding 
equilibrium of its rG4 structure.  

Lysine Residues within the APE1 N- Terminal Region are 
Required for Stable Binding to pre- miR- 92b. Recent works from 
our laboratory showed that APE1 binding to G4, both in DNA 
promoters and telomeres, highly depends on its N- terminal region 
(23, 25). To deepen the role of this region in the recognition 
mechanism of the rG4 sequence, we performed in vitro assays 
using recombinant purified APE1WT, together with APE1N∆33 
mutant protein, lacking the first 33 N- terminal residues, and 
APE1K4pleA protein, a mutant in which lysine residues 27, 31, 32, 
and 35 are replaced by alanine residues to reset the positive charges 
of the lysine side chains (25). First, we performed a NWB assay 
(SI Appendix, Fig. S3A and Fig. 3A) by loading equal amounts 
of APE1WT, APE1N∆33, and APE1K4pleA recombinant proteins 
and BSA, as a negative control, as demonstrated by total protein 
staining (SI  Appendix, Fig.  S3A, Bottom panel). As expected, 
APE1WT, APE1N∆33, and APE1K4pleA were able to bind to pre- 
92b probe with different strengths (SI Appendix, Fig. S3A, Upper 
panel); indeed, the APE1N∆33 quantified band was weaker than 
those of APE1WT and APE1K4pleA (Fig. 3A). Specifically, APE1N∆33 
lost 50% of its binding ability toward the pre- 92b probe compared 
to APE1WT (SD 0.13, P ≤ 0.001), while APE1K4pleA showed about 
a 32% decrease of its binding ability (SD 0.12, P ≤ 0.05) (Fig. 3A).

 Subsequently, as previously done for APE1WT , we investigated 
whether APE1N∆33  and APE1K4pleA  could form a stable rG4- 
containing pre-92b-protein complex. A UV-cross-linking assay was 
carried out using APE1N∆33  and APE1K4pleA  in comparison with 
APE1WT  ( Fig. 3B   and SI Appendix, Fig. S3B  ). Differently from what 
observed for APE1WT , the reactions between the probe and 
APE1N∆33  or APE1K4pleA  provided very weak signals, both corre-
sponding to the cross-linked adducts. Interestingly, APE1N∆33  lost 
almost 80% of its rG4-binding ability, while the reduction observed 
in the case of APE1K4pleA  mutant was close to 50% ( Fig. 3B  ).

 To confirm these data, we conducted an MST assay by using 
all abovementioned APE1 proteins ( Fig. 3C   and SI Appendix, 
Fig. S3 C  and D ). The fitting of the dose-dependent signals pro-
vided an IC50  value of 2.8 ± 0.3 μM in the case of APE1N∆33  
mutant protein. Conversely, in the case of APE1K4pleA , the fitting 
did not converge due to the lack of saturation values since this 
mutant exhibited limited water solubility with respect to the oth-
ers. To deepen potential differences in the biophysical behaviors 
of APE1 recombinant proteins, we evaluated their CD spectra 
upon temperature increase. While APE1WT  and APE1N∆33  exhib-
ited a cooperative unfolding process providing similar Tm  values 
(~44 °C) (SI Appendix, Fig. S3 E  and F ), we did not observe a 
cooperative mechanism, but rather the occurrence of aggregation 
upon temperature increase, in the case of APE1K4pleA  (SI Appendix, 
Fig. S3G  ). This aggregation propensity could explain the lower 
solubility. To better characterize APE1K4pleA  binding and structural 
equilibrium modulation toward pre-92b probe, we employed 
solution-state NMR spectroscopy (SI Appendix, Fig. S3H  ). As D
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shown in the 1D 1 H NMR spectrum (blue line), even in excess 
of APE1K4pleA  (1:1.2 total molar ratio), there was some remaining 
rG4 imino signature, indicating a weaker “unfolding” ability com-
pared to APE1WT  (red line, 1:1 total molar ratio) and, indirectly, 
a lower binding affinity to the RNA, thus confirming NWB and 
UV-cross-linking results.

 Finally, we used a fluorescence analysis to evaluate whether the 
N-terminal truncated mutant could regulate the rG4 folding from 
a duplex- structure, as happens for APE1WT . The experiment, 
shown in  Fig. 3D  , demonstrated that APE1N∆33  (pink line—  
780 ± 110 nM) could facilitate refolding to the rG4 at a twofold 
higher concentration than APE1WT  (purple line—400 ± 90 nM), 
demonstrating that the N-terminal region of the protein is nec-
essary for the rG4 folding regulation of pre-92b probe.

 Together, these data indicate that the N-terminal region of 
APE1 exerts a key role in the binding of the pre-92b and in the 
dynamic regulation of rG4 structures contained within.  

APE1 Interacts with pre- miR- 92b Sequence through its Canonical 
DNA Binding Interface. To investigate the interaction between 
APE1 and the pre- 92b probe, we performed 2D NMR spectroscopy 
(SI  Appendix, Fig.  S4A). 15N- 1H TROSY- HSQC experiments 
were performed using 60 µM of APE1 alone (green) and in the 
presence of 60 µM of pre- 92b probe (red). As already observed in 
previous published NMR and X- ray crystallography experiments 

for the apo- APE1 (48) and APE1- DNA complex structures (49), 
the N- terminal region of the protein is not resolved due to highly 
flexible and intrinsically disordered amino acids. Nevertheless, 
using the 2D NMR spectra, we were able to follow important 
chemical shift modifications to key residues during the titration 
with pre- 92b probe. In the apo form (green spectra), most residues 
were correctly identified, with aid from BMRB entry code 16516. 
Upon the addition of one molar equivalent of the pre- 92b probe, 
prominent modifications in the spectrum occurred. Those chemical 
shift modifications were categorized into three groups: i) the first 
group, composed of residues that disappeared after the addition 
of RNA; ii) a second group that was not visible in the apo form 
while they appeared in the spectrum after RNA inclusion (red 
overlay spectra), and iii) the third group, which corresponded to 
visible peaks in the apo form that were shifted during the titration 
due to chemical shift changes. The disappearance of the residues 
can be explained by the extensive line broadening during the 
titration and as the result of a moderate affinity (µM range) between 
those amino acids and the RNA molecule that are usually in the 
range of intermediate exchange regime (kex ≈ |Δω|). Between the 
disappearing residues localized in the canonical DNA binding 
region of APE1, we could find E216, T265, F266, M271, S307, 
and H309. For the second group, we detected the appearance of 
peaks at stoichiometric amounts, which led us to infer that the 
RNA molecule could induce conformational exchange processes. 

Fig. 3.   APE1 N- terminal region is necessary for pre- miR- 92b rG4 binding. (A) Histogram summarizing the different binding abilities obtained by NWB analysis 
toward pre- 92b between BSA, APE1WT, APE1N∆33, and APE1K4pleA, normalized on the respective total protein staining signal. The data are expressed as means 
± SD of six independent replicates. (B) Histogram summarizing the different binding abilities obtained by UV- cross- linking analysis toward pre- 92b between 
APE1WT, APE1N∆33, and APE1K4pleA, at two different doses (250 and 350 nM). The data are expressed as means ± SD of three independent replicates. (C) Overlay 
of the isotherms of MST assays between pre- 92b and the logarithm of APE1WT, APE1N∆33, and APE1K4pleA concentrations (µM). The binding isotherm for the MST 
signal between pre- 92b versus APE1WT, APE1N∆33, and APE1K4pleA concentrations is reported. Experimental data derive from the average of two independent 
experiments. (D) Fluorescence study to monitor the structural conversion of an RNA duplex to an rG4 structure facilitated by recombinant APE1 and APE1N∆33 
proteins. The protein concentration (expressed in nM) and the relative fluorescence at 520 nm are indicated on the x-  and y- axis, respectively. A P- value < 0.05 
is symbolized by a single asterisk (*), while a P- value < 0.001 is symbolized by three asterisks (***) and <0.0001 by four asterisks (****).
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Indeed, we observed peaks for residues localized in dynamic regions 
or undergoing conformational exchange, which were stabilized by 
interactions such as hydrogen bonds or salt bridges, often associated 
with specific binding. These peaks corresponded to amino acids 
directly involved in the ligand binding site, such as Y262 and 
M270. A few more peaks were observed but they could not be 
assigned unambiguously. We then plotted the disappearing and 
reappearing peaks, and the most significantly shifted peaks in the 
overlay of the apo (SI Appendix, Fig. S4B, peaks depicted in red) 
and the bound form (SI Appendix, Fig. S4C, peaks depicted in red) 
of APE1, with respective PDB accessing codes of 1BIX and 1DEW.

 The structural representation allowed us to clearly identify the 
involvement of the helix–hairpin–helix (HhH) motif, which is 
responsible for recognizing and binding many DNA targets, 
including G4s ( 22 ).

 Among the different amino acids that make part of the recogni-
tion and enzymatic site, apo-APE1 contains two important residues 
that were well conserved and undergo structural changes upon 
nucleic acid binding, e.g., R177 and M270 (cyan). These residues 
form a bridge-like structure that can be inserted into the major and 
minor grooves of RNA, respectively (purple for R177 and yellow 
for M270). Although we could not unambiguously identify R177 
in the spectrum, M270 reappearance made us believe that APE1 
binding toward the pre-92b probe is compatible with a classic bind-
ing mechanism observed in many other targets ( 50 ).  

APE1 Regulates the Maturation and Shuttling of miR- 92b in 
Cells with a High Prognostic Value in Real- World Cancers. We 
then evaluated the influence of APE1 on miR- 92b maturation in 
human cancer cell lines. First, the ability of APE1 to bind either 
the precursor form of miR- 92b, pri- miR- 92b, or its mature form, 
miR- 92b- 3p, was investigated by RNA immunoprecipitation 
(RIP) (Fig. 4A and SI Appendix, Fig. S5 A and B) analysis in HeLa 
clones (27) including i) SCR, which expresses only the endogenous 
form of APE1; ii) cl.3, a doxycycline- inducible knock- down (KD) 
model for APE1 protein; and iii) APE1WT (WT) and iv) APE1N∆33 
(N∆33) clones, expressing a Flag- tagged ectopic form of APE1 
in place of the endogenous ones. The input and the FLAG- 
immunoprecipitated materials, upon RNA extraction procedure, 
were reverse- transcribed and analyzed by qPCR. Pri- miR- 92b was 
successfully immunoprecipitated only in the WT clone whereas, 
as expected, no signal was obtained in both SCR and cl.3 clones 
(Fig. 4A). Furthermore, in accordance with the binding experiments, 
the N∆33 clone lost about 80% of the immunoprecipitated pri- 
miR- 92b compared to WT. We also investigated whether APE1 
was able to bind miR- 92b- 3p, the most expressed strand of 
the two mature forms of pri- miR- 92b (SI Appendix, Fig. S5B). 
Noteworthy, miR- 92b- 3p does not present any rG4- forming motif 
being cytosine- rich, and, in accordance, RIP analysis showed that 
the immunoprecipitated materials from the WT clone did not 
present any statistical enrichment of miR- 92b- 3p when compared 
to SCR and cl.3 clones. These results indicated that APE1 was able 
to bind rG4- containing pri- miR- 92b also in the cellular context. 
As pri- miRNAs are prevalently double- stranded, these data would 
also suggest that the rG4- structure in pri- miR- 92b could be in 
equilibrium with the double- stranded form.

 In a previous publication, we demonstrated that cell depletion 
of APE1 led to an impairment of pri-miRNA processing for some 
specific miRNAs ( 27 ). For this reason, we examined whether 
APE1 was also involved in the maturation of pri-miR-92b. We 
checked pri-miR-92b and miR-92b-3p expression levels in the 
above-mentioned HeLa clones by qPCR (SI Appendix, Fig. S5 C  
and D ). Specifically, pri-miR-92b levels were almost comparable 
between SCR and cl.3, with a slight decrease (15%) in the 

APE1-depleted clone, in line with what was previously described 
( 27 ,  28 ). Furthermore, when APE1 expression was rescued by 
expression of siRNA-resistant ectopic APE1WT  or APE1N∆33  pro-
teins, pri-miR-92b levels resulted comparable to the SCR. 
Moreover, we did not observe any significant changes in the levels 
of miR-92b-3p among the different clones (SI Appendix, 
Fig. S5D  ). These data indicate that APE1 is able to bind to the 
miR-92b precursor form, whereas its overall expression is only 
slightly influenced by APE1 depletion. Interestingly, recent works 
provided clear evidence of additional mechanisms of miRNA 
maturation and function by controlling their subcellular distribu-
tion and, in particular, the nuclear-cytoplasmic translocation ( 51 ). 
Specifically, nuclear miRNAs can regulate the biogenesis of other 
miRNAs or themselves by a regulatory feedback loop or directly 
targeting their primary transcripts in the nucleus. Moreover, 
nuclear miRNA localization has been associated with their target-
ing of nuclear-retained RNA transcripts, both coding and non-
coding. Thus, we speculated that APE1 could influence and 
regulate the distribution of miRNAs between nuclei and cytosol. 
First, we evaluated the impact of APE1 depletion in the subcellular 
localization of miR-92b-3p by quantification through Fluorescence 
 In Situ  Hybridization (FISH) analysis in HeLa clones (SI Appendix, 
Fig. S6  and  Fig. 4B  ). Under basal conditions (SCR), miR-92b-3p 
localization was both nuclear and cytosolic (red dots), being pre-
dominant in the nucleus. Upon APE1-KD (cl.3), miR-92b-3p 
was enriched in the nuclear compartment with the amount of 
nuclear miRNA significantly increased by about 43% compared 
to SCR, while its levels were significantly decreased in the cytosol 
by about 46% ( Fig. 4B  ). When APE1 expression was rescued by 
the ectopic APE1WT -Flag protein, the localization was comparable 
to SCR. Contrarily in the APE1N∆33  rescue, we observed a higher 
number of red dots compared to SCR and WT clones, in both 
nuclear and cytosolic compartments, probably because APE1N∆33  
lacks its nuclear localization signal and is located in the cytosol. 
We confirmed FISH data by performing quantitative measure-
ments through qPCR analyses on RNA obtained from nuclear 
and cytosolic compartment subfractionation. Thus, we isolated 
RNA and proteins from cytosolic and nuclear cell fractions from 
HeLa clones. First, we confirmed the efficiency of fractionation 
by performing a WB analysis (SI Appendix, Fig. S7A  ). Lamin A 
and tubulin antibodies were used as a control for the proper iso-
lation of nuclei and cytosol, respectively. APE1 was prominently 
nuclear in SCR and WT clones, while predominantly cytoplasmic 
in N∆33 clones, as expected. Afterward, we analyzed the levels of 
miR-92b-3p in the nuclear and cytoplasmic compartments by 
qPCR. In  Fig. 4C  , we showed that the APE1 depletion led to an 
accumulation of miR-92b-3p in the nucleus with a one-fold 
increase compared to SCR. The amount of cytoplasmic miR-
92b-3p slightly decreased in APE1-depleted cells. Following the 
ectopic expression of APE1WT -Flag, the localization of miR-
92b-3p was almost comparable to what was observed in SCR. 
Finally, the rescue with the ectopic APE1N∆33 -Flag protein showed 
a similar trend of enrichment in the cytosol supporting the FISH 
results, although not statistically significant. Moreover, in support 
of our findings, we performed the same experiment by using stable 
APE1 knock-out (KO) clones derived from U2OS cells from oste-
osarcoma ( 52 ), that express a comparable level of miR-92b-3p 
than HeLa cells (SI Appendix, Fig. S7B  ). Upon fractioning of 
nuclear and cytosolic compartments of control cells and two dif-
ferent APE1 KO clones (KO1 and KO2) (SI Appendix, Fig. S7C  ), 
we observed that, also in this case, miR-92b-3p was significantly 
enriched in the nuclei of both KO clones compared to control 
(SI Appendix, Fig. S7D  , blue bars). Again, no significant change 
was observed in the cytoplasmic compartment (brown bars). D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 "

U
N

IV
E

R
SI

T
A

 S
T

U
D

I 
D

I 
U

D
IN

E
 , 

B
IB

L
IO

T
E

C
A

 M
E

D
IC

A
" 

on
 N

ov
em

be
r 

7,
 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

15
8.

11
0.

24
5.

21
2.

http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317861121#supplementary-materials


8 of 12   https://doi.org/10.1073/pnas.2317861121 pnas.org

Overall, these data suggested that APE1 is involved in the matu-
ration process and shuttling between the nucleus and cytoplasm 
of miR-92b, thus regulating its amount in both compartments.

 Finally, to explore the prognostic power of rG4-miRNAs regulated 
by APE1 in different cancer types, we retrieved both miRNA expres-
sion and clinical data of TCGA samples for cervical squamous cell 
carcinoma and endocervical adenocarcinoma (TCGA-CESC), lung 
adenocarcinoma (TCGA-LUAD), and liver hepatocellular carcinoma 
(TCGA-LIHC). These specific tumor types were chosen to be con-
sistent with cellular models used in this work and in our previous 
studies. For each dataset, we computed a Prognostic Index (PI) to 
stratify subjects into “High risk” and “Low risk” groups, based on 
both miRNA expression and association with overall survival (OS). 
In particular, the subject’s PI was computed using multivariate Cox 
regression coefficients and the expression values of selected miRNAs 
for which expression data are available in the corresponding TCGA 
dataset (46 miRNAs in TCGA-LUAD and TCGA-CESC and 16 
miRNAs in TCGA-LIHC). Subjects were then stratified into two 
groups, based on P -value optimization. Finally, Kaplan–Meier curves 

and a log-rank test were used to summarize data and compute the 
associated P -value. The OS rates were significantly different between 
the “High risk” and “Low risk” groups in all the analyzed datasets 
(TCGA-CESC,  Fig. 4D  , High risk = 95 and Low risk = 178, P -
value = 5 × 10−14 , Hazard ratio Low risk/High risk = 0.17, TCGA-
LUAD, SI Appendix, Fig. S8A  , High risk = 142 and Low risk = 285, 
 P -value = 1 × 10−12 , Hazard ratio Low risk/High risk = 0.33, TCGA-
LIHC, SI Appendix, Fig. S8B  , High risk = 118 and Low risk = 221, 
 P -value = 3 × 10−8 , Hazard ratio Low risk/High risk = 0.37) suggesting 
that the expression of the miRNA signature is significantly associated 
with a different OS probability and supporting their potential prog-
nostic value in the three analyzed cancer types. To identify the min-
imum miRNA signature associated with changes in the survival rate 
and to prioritize miRNAs based on their contribution, we then fitted 
a Cox regression model with LASSO penalization. The resulting 
LASSO lambda coefficients were used to rank miRNA based on their 
importance. In this case, miRNAs showing a coefficient equal to 0 
have little to no impact on the signature and were thus excluded from 
the minimum signature. In particular, the minimum signature is 

Fig. 4.   APE1 binds pri- miR- 92b in HeLa cells and influences the nucleo- cytosol localization of miR- 92b- 3p in HeLa cells. (A) Validation of APE1 binding toward 
pri- miR- 92b in HeLa cell clones by RIP analysis. Data are represented as fold change percentage of the amount of immunoprecipitated target on the amount 
of the target present in the total input RNA (% INPUT) and normalized to APE1WT. Data are expressed as means ± SD of two independent replicates. (B) Scatter 
plot of FISH analysis representing normalized individual values of miR- 92b- 3p in the nuclear (in blue) and cytoplasmic (in brown) compartment of HeLa clones 
silenced for endogenous APE1 expression. Nuclear and cytoplasmic miR- 92b- 3p dots were counted for each cell, using DAPI as a nuclear mask and APE1 as a 
cytoplasmic mask. The number of dots of miR- 92b- 3p was normalized on the number of dots of actin mRNA per each cell, in each compartment. The right axis 
corresponds to the nuclear miR- 92b- 3p levels, while the left one to the cytoplasmic miR- 92b- 3p levels. Data are expressed as means ± SD of two independent 
replicates. (C) The histogram shows the expression levels, measured by qRT- PCR, of miR- 92b- 3p in the nucleus, normalized on miR- 484 and miR- 196 levels, and 
the expression levels of miR- 92b- 3p in the cytoplasmic compartment, normalized to miR- 16- 5p levels in HeLa clones. Expression levels are normalized with 
respect to SCR. Data are expressed as means ± SD of three independent replicates. (D) Kaplan–Meier plots in the TCGA- CESC dataset show the different OS 
rates of subjects belonging to the “High risk” and “Low risk” groups, stratified based on the PI calculated from the miRNA signature. Results have been reported 
from 0 to 2,000 d, as sample size afterward is too small to perform statistical inference. A P- value < 0.05 is symbolized by a single asterisk (*), while a P- value < 
0.01 is symbolized by two asterisks (**), < 0.001 by three asterisks (***), and < 0.0001 by four asterisks (****).
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composed of the following miRNAs in the three datasets analyzed: in 
TCGA-CESC mir-642a, mir-1275, mir-1250, mir-1249, mir-296, 
mir-541, mir-320a, mir-1292, mir-1226, and mir-328 (SI Appendix, 
Fig. S8C  ), in TCGA-LUAD mir-1246, mir-3911, mir-320d-2, mir-
92b, mir-328, mir-3940, mir-584, mir-1292, mir-940, mir-3195, 
mir-3187, mir-134, mir-1250, mir-541, mir-185, mir-642a, mir- 
 200c, mir-615, mir-636, mir-9-1, mir-3928, mir-3615, mir-671, mir-
877, mir-139b, and mir-675 (SI Appendix, Fig. S8D  ), and in TCGA-
LIHC mir-1249, mir-3127, mir-197, mir-139, mir-1226, and 
mir-1250 (SI Appendix, Fig. S8E  ). Finally, to confirm the prognostic 
power of the minimum miRNA signature, we computed the PI using 
the LASSO lambda coefficients instead of the Cox coefficients. In this 
way, only miRNAs having a lambda coefficient different from 0 are 
considered. Subjects were then stratified into the “High risk” and “Low 
risk” groups based on P -value optimization, and a Kaplan–Meier curve 
along with a log-rank test was used to test the difference in the OS 
probability between the two groups. Interestingly, the minimum 
miRNA signature was still able to explain the difference in the OS 
probability between the two groups in all the analyzed datasets 
(TCGA-CESC, SI Appendix, Fig. S8F  , High risk = 122 and Low 
risk = 151, P -value = 6 × 10−8 , Hazard ratio Low risk/High risk = 
0.27, TCGA-LUAD, SI Appendix, Fig. S8G  , High risk = 159 and 
Low risk = 268, P -value = 9 × 10−13 , Hazard ratio Low risk/High 
risk = 0.32, TCGA-LIHC, SI Appendix, Fig. S8H  , High risk = 114 
and Low risk = 225, P -value = 4 × 10−11 , Hazard ratio Low risk/High 
risk = 0.30).

 These results, together with additional analysis on their target 
genes (SI Appendix, Fig. S9 ), supported the hypothesis that a 
major role of APE1 in tumor progression could be ascribable to 
its regulation of rG4-containing onco-miRNAs.   

Discussion

 rG4-containing miRNAs are recently emerging as dynamic post-
transcriptional regulators of gene expression ( 53 ). Their folding 
and shuttling are controlled by RNA binding proteins (i.e., hnRN-
PA2B1, FUS, NCL, NPM1, etc.), RNA helicases (i.e., DHX36, 
hnRNP H/F), cations (i.e., Na+  and K+ ), and small molecules that 
are usually planar chromophores such as fused aromatic polycyclic 
systems, macrocycles, and nonfused aromatic systems with flexible 
structural motifs, making them highly dynamic ( 54 ). Recent data 
underline an emerging regulatory function played by rG4s in 
miRNA-maturation through Drosha and Dicer inhibition and a 
potential role in physiological and pathological liquid–liquid 
phase separation mechanisms ( 55 ,  56 ). In addition, several lines 
of evidence have shown that the presence of rG4s in pre-miRNAs 
is in equilibrium with the canonical stem-loop structure, and may 
regulate the maturation of some miRNAs, such as miR-63b, miR-
1587, miR-26a-1, miR-1229, miR-3620-5p, pre-let-7, and miR-
92b ( 15 ,  19 ,  57   – 59 ), thus offering a unique layer of gene 
expression regulation. Since dysregulation of miRNA biogenesis, 
as well as the quality control mechanisms of damaged miRNA 
processes, are emerging as hallmarks of cancer progression, it is 
essential to understand the regulatory aspects of these processes. 
In particular, defining the regulatory role of noncanonical struc-
tural elements, including rG4s, on miRNA function, maturation, 
shuttling, and processing would represent a step forward in trans-
lating these mechanisms into therapeutic opportunities for 
 personalized medicine.

 The literature has highlighted the importance of APE1 in gene 
expression regulation as well as the mediation of G4 structures in 
DNA ( 22 ,  26 ,  60 ). Indeed, through its redox domain, APE1 acti-
vates several TFs ( 32 ), by preferentially binding to G4 of several 

gene promoters, such as KRAS, NEIL3, and VEGF ( 22 ,  26 ,  60 ), 
and induces the formation of transcriptional hubs, enhancing gene 
expression. APE1 also regulates gene expression through posttran-
scriptional mechanisms involving miRNAs ( 21 ,  27 ,  32 ,  61 ). One 
example is represented by the expression of PTEN tumor suppres-
sor, which is regulated by APE1 by two complementary mecha-
nisms ( 27 ,  62 ). Indeed, APE1 activates the Egr-1 transcription 
factor through its redox domain, enhancing PTEN gene expres-
sion ( 62 ), while it also regulates miR-221/222 maturation, which 
posttranscriptionally targets PTEN, leading to its mRNA degra-
dation ( 27 ). Given all these roles of APE1, the present study was 
conceived and designed to address the involvement of APE1 in 
the regulation of rG4-containing miRNAs.

 In recent years, we aimed at the identification of those miRNAs 
whose expression is regulated by APE1 using different cancer cell 
lines ( 27 ,  28 ,  61 ). Surprisingly, among these miRNAs, we found 
that 27% contained an rG4 motif in their immature forms 
( Fig. 1A  ). We employed miR-92b as a model, for the reported role 
of the rG4 structure present in its precursor form (pre-miR-92b) 
in regulating its maturation ( 15 ,  19 ), and as it targets PTEN, 
whose expression, in turn, is regulated by APE1 at the transcrip-
tional and posttranscriptional levels ( 27 ,  62 ). Here, we showed 
that APE1 is able to bind the pre-92b probe with a binding affinity 
in the low micromolar range, and dynamically regulate the rG4 
structure within ( Fig. 2 ). Binding experiments performed using 
Li+  as counterion, which is known to disrupt G4 structures, are 
suggestive of an important role played by rG4-secondary struc-
tures as requirements for the stable binding by APE1 (SI Appendix, 
Fig. S2 G  and H ). However, additional experimental rigorous 
proof of this hypothesis should be reached. Moreover, another 
recent work by our laboratory supports our hypothesis that APE1 
preferentially binds to rG4 ( 40 ). In this work, we characterized 
APE1’s ability to bind miR-1246, which contains an EXO motif 
predicted to form an rG4 structure. Specifically, the use of a scram-
bled sequence in which the EXO motif was disrupted, led to a 
loss of APE1 binding ability. This finding reinforces our hypothesis 
that APE1 specifically binds to rG4 structures.

 Of interest, we observed that the 33 N-terminal region of APE1 
and, in particular, the lysine residues at position 27/31/32/35 are 
directly involved in the stabilization of the binding between APE1 
and the rG4-containing pre-miR-92b ( Fig. 3 ). These findings are 
in agreement with our previous evidence, underlining the rele-
vance of these lysine residues in modulating the activity of APE1 
on different RNA molecules ( 23 ,  25 ,  63 ). In addition, we showed 
that important flexible residues, such as the RM bridge and other 
residues located in the catalytic domain and the hydrophobic 
product pocket, are key players in the interaction with pre-92b 
probe (SI Appendix, Fig. S4 ).

 Noticeably, FISH and qPCR cellular assays pointed out that 
APE1 cellular depletion causes miR-92b nuclear retention ( Fig. 4 ) 
and these data are compatible with the general hypothesis that 
APE1, through its ability to modulate rG4 structures present in 
the precursor form of miR-92b, is involved in the maturation/
shuttling process of the mature miR-92b, thus possibly contrib-
uting to miRNA biology and the posttranscriptional control of 
gene expression ( 64 ). Whether APE1 may act as a “simple chap-
erone” for rG4-containing miRNAs or take part in the enzymatic 
process involved in their maturation is currently unknown and 
should be further investigated.

 Intriguingly, we observed that genes targeted by rG4-containing 
miRNAs, in turn, regulated by APE1, are associated with several 
pathways related to cancer onset and progression in the LUAD, 
CESC, and LIHC datasets (SI Appendix, Fig. S9 ). Besides 
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canonical cancer-related pathways like “small cell lung cancer” and 
“hepatocellular carcinoma,” we also highlighted more specific path-
ways related to cell proliferation and apoptosis. Finally, it is also 
worth mentioning that pathways related to cell-to-cell and cell-to- 
extracellular matrix interactions are enriched with APE1-regulated 
miRNAs suggesting a role of APE1 in the EMT.

 As previously described ( 32 ,  65   – 67 ), APE1 is overexpressed and 
serum-secreted in hepatocellular (HCC), NSCLC, and colon (CRC) 
cancers, representing a poor-outcome prognostic/predictive factor 
and an emerging anticancer target. Moreover, APE1 regulates onco-
miRNA maturation and decay of oxidized- and abasic-miRNAs and 
can be secreted by cancer cells through extracellular vesicles ( 66 ,  68 , 
 69 ). By analyzing TCGA datasets, we showed that the expression 
profile of rG4-containing miRNAs regulated by APE1 represents a 
promising tool to define a signature that clearly separates patients 
into two distinct groups characterized by a significant difference in 
the OS probability ( Fig. 4D   and SI Appendix, Fig. S8 ). This suggests 
the existence of a relationship between miRNA expression and sur-
vival in patients affected by lung, cervical, and hepatocellular cancers 
and confirms the important prognostic value of those miRNAs in 
the analyzed cancer types.

 Herein, we provided evidence that a considerable number of 
APE1-regulated miRNAs (about 27%,  Fig. 1A  ) contain putative 
rG4 structures which could be hypothesized to be directly bound 
and modulated by APE1, but some important questions still 
remain: i) which is the mechanism of regulation of rG4-free miR-
NAs; ii) how other rG4-containing miRNAs, not regulated by 
APE1, are controlled; iii) which is the role of APE1 protein partners 
(such as hnRNPA2B1 or FUS) in regulating its action, as recently 
shown for secreted miRNAs ( 40 ). Considering that i) rG4 structures 
present in immature miRNAs could hinder the processing activity 
of Dicer and other processing factors, thereby significantly affecting 
the miRNA maturation process ( 6 ), and ii) our current data show-
ing that APE1 cellular depletion leads to nuclear retention of miR-
92b, it is possible that the lack of a significant enrichment of 
rG4-containing miRNAs among those dysregulated by APE1 
( Fig. 1 ) may be due to missing information in the datasets currently 
available in our laboratory. Indeed, these datasets were obtained as 
deregulated miRNAs upon APE1 silencing starting from total cell 
extracts, without employing any specific cellular subfractionation 
procedures. For this reason, to address this issue, we believe that the 
next efforts should be focused on the identification of those miR-
NAs that are dysregulated in the nuclear and cytosolic compart-
ments upon APE1 depletion to possibly better highlight the 
enrichment of rG4-containing miRNAs. As of now, work is ongo-
ing in our laboratory to address this point. Furthermore, several 
RNA helicases and additional RBPs, including some recognized as 
APE1 interactors, are able to control a distinct subset of rG4 ( 7 ). 
This suggests that specific combinations of RBP/RNA helicases may 
regulate different subsets of rG4s, supporting our findings that 
APE1 could not be the only regulator of rG4-containing miRNA, 
but highlights the potential existence of distinct “regulons.”

 Overall, we believe that this study paves the way for unique 
perspectives in understanding the role of this unconventional 
DNA repair protein in the regulation of gene expression and that 
additional future studies should appropriately address.

 As recently proposed ( 39 ), after genotoxic treatment, damaged 
miRNAs including those containing AP or 8-oxoG sites, seem to 
accumulate up to 10-fold or more in cells, having fundamental 
effects on gene expression ( 70 ), and an important epitranscriptional 
regulation on cancer development. Whereas, in duplex DNA, the 
electron holes can travel over long distances (from 100 s to 1000s 
bp) until reaching a GGG site (as found in G4 motifs) with a low 
redox potential site, thus forming an 8-oxoG, in the case of RNA, 

this does not happen to the same extent. Currently, the frequency 
of AP and 8-oxoG sites in miRNAs is still unknown. It is plausible 
that guanine oxidation may rewire miRNAs by differentially reg-
ulating redox-dependent cancer development as well as the mod-
ulation of miRNA processing and decay during genotoxic stress 
may be part of the executive mechanism of chemoresistance ( 39 ). 
Not least, the biochemical mechanisms responsible for the repair 
of oxidized bases and the generation of AP sites in miRNAs remain 
unknown. On these topics, the ability of APE1 to recognize and 
process miRNAs containing both AP and 8-oxoG sites, alone or 
in combination with additional proteins such as hnRNPD ( 71 ) or 
PCBP1 ( 72 ), may represent an interesting subject of investigation 
focused on defining the regulatory functions of rG4s present in 
several miRNAs ( 39 ,  70 ), and for understanding the molecular 
mechanisms of miRNA quality control with the ultimate goal of 
developing eligible specific anticancer strategies. Future work in 
our laboratory will be devoted to addressing these issues.  

Materials and Methods

Bioinformatic rG4 Prediction, Functional Enrichment, and Network 
miRNA–Gene Analysis. We examined the presence of rG4- forming motif 
sequences in the pre- miRNAs through a bioinformatic analysis using three 
algorithms, namely QGRS mapper [score threshold = 19, (73)], pqsfinder [score 
threshold = 47, (74)] and G4Hunter [score threshold = 1,2, (75)].

To identify deregulated pathways associated with APE1 KD, we have performed 
an enrichment analysis using ClusterProfiler by querying the KEGG database (76) 
on the union of up- regulated genes from HeLa and A549 cells (q- value < 0.05). 
In order to decipher the regulatory miRNA–gene network of the 61 miRNA signa-
ture, we retrieved the associated target genes from TarBase. For further detailed 
information, refer to SI Appendix.

Synthetic Oligoribonucleotides. For NWB, REMSA, UV- cross- linking, and 
MST analysis, we used a twenty- nucleotide long oligoribonucleotide with 
the following sequence 5’- CCGGGCGGGCGGGAGGGACG- 3’. For CD analy-
sis and fluorescence spectroscopy, the oligoribonucleotide sequence was 
5′- CCGGGCGGGCGGGAGGGAC- 3’. In all experiments, these oligoribonucleo-
tides were indicated as pre- 92b. For further detailed information regarding the 
synthesis and annealing, refer to SI Appendix.

Expression of Recombinant Proteins and FPLC Purification. Expression of 
human recombinant GST- tagged and untagged APE1WT, APE1N∆33, and APE1K4pleA 
proteins was obtained as explained in ref. 25.

SDS- PAGE, Western Blotting (WB), and Northwestern Blot (NWB) Analysis. 
SDS- PAGE and WB were conducted as explained in ref. 27. The primary antibodies 
used and their dilution were the following: APE1 (NB 100- 116, mouse, monoclo-
nal, 1:2,000, Novus); β- tubulin (T 0198, mouse, monoclonal, 1:2,000, Merck); 
and lamin- A (ab8980, mouse, monoclonal, 1:1000, Abcam).

The NWB assay was performed as explained in ref. 71 and incubated with 5 
pmol of the labeled oligoribonucleotides. After washing, the membranes were 
scanned by an Odyssey CLx scanner and analyzed by ImageStudio Software (Li- 
Cor Biosciences).

REMSA and UV- Cross- Linking Analysis. RNA Electrophoretic Mobility Shift 
(REMSA) reactions were prepared in a final volume of 20 μl, by incubating the 
indicated doses of APE1 recombinant protein with 25 nM of the oligoribonucle-
otides. The oligoribonucleotides were heated at 70 °C before being added to the 
reaction, which was carried out in rG4 buffer containing 20 mM Tris- HCl pH 7.4, 
100 mM KCl, 0.5 µg/µl BSA, and 0.25% glycerol. For the supershift REMSA, the 
following primary antibodies (215 nM) were used: BG4 (MABE1126, mouse, 
monoclonal, Merck); APE1 (NB 100- 101, rabbit, polyclonal, Novus); and IgG 
(sc- 69917, rat, monoclonal, Santa Cruz Biotechnology). The reactions were incu-
bated for 20 min at RT and then added with 2 μl of Orange Loading Dye (Li- Cor 
Biosciences). The samples were then run on a 4% or on a 15% native PAGE gel 
at 60 V for the first 15 min and then increasing at 80 V for the remaining 60 or 
100 min (respectively, for the 4% and 15% gel) at 4 °C in TBE 0.5 X.D
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For the UV- cross- linking analysis, the reactions were prepared in a final vol-
ume of 20 μl with the indicated doses of APE1 recombinant protein and 25 nM 
of the oligoribonucleotide, in rG4 buffer. The reactions were incubated for 30 min 
at 4 °C and then UV- cross- linked at 0.2 J/m2. The samples were then added 
with Laemmli 4X and heated at 95 °C for 5 min. The samples were run on a 12% 
SDS- PAGE gel.

After running, REMSA and UV- cross- linking gels were scanned by an Odyssey 
CLx scanner and analyzed by ImageStudio Software (Li- Cor Biosciences).

MicroScale Thermophoresis (MST) Experiments. MST experiments were car-
ried out with a Monolith NT 115 system (Nano Temper Technologies) equipped 
with 20% LED and 40% IR- laser power. For the assay, a 16- step serial dilution (1:1) 
procedure was performed, with the final concentrations of 12.5 μM for APE1WT, 
13.5 μMfor APE1N∆33, and 5 μM for APE1K4pleA; pre- 92b probe was added in each 
tube at a final concentration of 625 nM. The samples were filled into standard 
capillaries, and measurements were carried out at 25 °C in a buffer containing 
25 mM Tris- HCl pH 7.5, 100 mM NaCl, 50 mM KCl, and 1 mM DTT. Experimental 
data derive from the average of two separate experiments. The equation, used for 
fitting data at different concentrations, was implemented by the Prism GraphPad 
7.0 software with the equation nonlinear regression log (inhibitor) vs. response 
(three parameters).

Circular Dichroism (CD) Analysis and UV and Fluorescence Spectroscopies. 
CD experiments and UV and fluorescence spectroscopies were conducted as 
explained in ref. 23. For additional information, refer to SI Appendix.

Cell Culture and Compounds. HeLa cells and stable clones were grown as 
indicated in ref. 27. U2OS cell clones were grown as indicated in ref. 52.

RNA Extraction and Quantitative Real- Time PCR (qRT- PCR). For the separa-
tion of nuclear and cytosolic RNA, we followed the protocol in ref. 77. Total, nuclear, 
and cytosolic RNA pellets were resuspended in Qiazol, and RNA was extracted 
using the miRNeasy kit (Qiagen), according to the manufacturer’s instructions. 
For qRT- PCR information, refer to SI Appendix.

RNA Immunoprecipitation (RIP) Analysis. RIP analysis on HeLa cell clones 
was performed as previously described in ref. 27.

Fluorescence In Situ Hybridization (FISH) analysis. HeLa cell clones, treated 
with doxycycline for 10 d (27), were seeded ontocoverslips in 24- multiwell 
and allowed to grow to 60- 80% confluency. Coverslips were stained using the 
ViewRNATM Cell Plus Assay Kit (ThermoFisher), according to the manufacturer’s 
instructions. The detection of the targets was carried out using miR- 92b- 3p Type 1 
probe (VM1- 10117- 01, ThermoFisher), miR- 16- 5p Type 1 probe (VM1- 10232- 01, 
ThermoFisher), and ACTB, human Type 4 probe (VA4- 10293- 01, ThermoFisher). 
APE1 was stained by using anti- APE1 antibody (NB 100- 116, mouse, monoclonal, 
1:100, Novus) and Alexa® 633 secondary antibody (A211050, mouse, polyclonal, 
1:100, Invitrogen). All images were captured by confocal microscopy (Leica) in 
z- stack. Maximum projections were analyzed using ImageJ software.

NMR Titration. Both 1D and 2D NMR experiments were recorded on a Bruker 
Advance III 700 and 800 MHz spectrometer equipped with a liquid TXI 1H/13C/15 
N/2H probe. Samples (3 mm NMR tubes) were prepared in Kpi buffer 10 mM 
K2HPO4/KH2PO4, 50 mM KCl, 2 mM MgCl2, and 0.2 mM TCEP at pH 6.8. D2O (8%) 
was used as reference. APE1 was used at 100 (1D) or 64 (2D) µM. In the 1D 1H 
NMR experiments, the water signal was suppressed using excitation sculpting 
with gradients (zgesgppe; d1=2 s; 512 scans; time domain=64 k). We used 
Transverse Relaxation- Optimized Spectroscopy (TROSY) to acquire the 2D titration 
spectra. Each residue has been identified by the −NH from its backbone connec-
tion and assigned using the deposited data from PDB structure 1BIX and 1DEW 
together with data available at the BMRB entry 16516. NMR data were treated 

using TopSpin 4.1, NMRFAM- Sparky (Bruker Biospin) (78), and the structure anal-
ysis was performed with UCSF Chimera (79). For the representation of chemical 
shift variations, we only considered peaks that were unambiguously identified, 
and they were mapped on the surface of APE1WT. The following criteria were 
used: The addition of RNA to the NMR tube containing APE1WT led to a decrease 
of intensity for several peaks, while some peaks completely vanished, such as 
those corresponding to W67, Y87, T97, R177, R181, L182, F232, T265, C310, and 
I312. Other peaks were shifted, such as (in ppm values), V69 (0.5), L72 (0.05), K98 
(0.05), Gly147 (0.12) D216 (0.23), N226 (0.35), M271 (0.07), and K273 (0.03).

Survival Analysis. The prognostic value of selected miRNAs was evaluated 
in three datasets retrieved from The Cancer Genome Atlas (TCGA) including 
Lung Adenocarcinoma (TCGA- LUAD), Cervical Squamous Cell Carcinoma, and 
Endocervical Adenocarcinoma (TCGA- CESC), and Liver Hepatocellular Carcinoma 
(TCGA- LIHC). For further detailed information, refer to SI Appendix.

Statistical Analysis. The results are presented as means ± SD, and data analysis 
was performed with the Prism GraphPad 7.0 software. For comparisons between 
multiple groups, ordinary one- way ANOVA was used. In all tests, adjusted  
P- values < 0.05 were considered statistically significant. *P ≤ 0.05; **P ≤ 0.01; 
***P ≤ 0.001; ****P ≤ 0.0001.

Data, Materials, and Software Availability. Raw Data have been 
deposited in Open Science Framework (OSF) (https://osf.io/jch3g/?view_
only=4639cd6e2ed3447c9c7cc3496392ee83) (80). All study data are included in 
the article and/or supporting information.
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